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ABSTRACT

The multivariate examination of nitrogenase activity in two

populations of the lichen Peltigera canina is described. Only a

small increase in activity was observed with increasing radiant flux '

-density and a marked but relatively eonsta%t temperature optimum was }
noted for bothvarietiesthat was independent of all other varizbles.
However, very large rate changes were observed for all light-levels
and temperatures throughout the year. The influence of snowmelt on
subsequent rates of nitrogenase activity is also.desoribed. While
/‘,temperaturewas intimately involved in the velocity of the recovery of
nitrogenase activity after snowmelt, the prime requirement appeared
to be‘one of-light.
Lichens are believed to be extremely resistant to high
teuperature stresa when dessicated. A reexamination of ttis congept

for several temperate and northern populations of lichens in- the

8enera Peltigera and Stereccaulon indicated that some air-dry lichen

fnalli can be extremely sensitive to even,moderate levels. of heat
stress whereas othersexhibited a considerable degree of heat resistance.
These differential levels of thermal resistance correlated exactly udth
the ecology of these populations. Thermal sensitivity was identifed

as an important influence in the succession of plant species following
forest fire and it is suggested that thernmal stress may be one of the

dominant parameters in the ecology of lichens.

(111)



Lichens are also believed't9 be extremely resistant to highi_
light levels when in the air-dry state. A reexégination of this concept
identifed light stress as another ecological factor of considerable

importance to sowme lichens.

A seasoqal adjustment of net photosynthetic capacity is described

' for the woodland population of Peltigera canina. Changes in the maximal

rates of net photosynthesis and respiration correlated strongly with
concurrent éhanges in the leaf canopy. The seasonal adjusﬁment of net
phqtosynthetic rates is conéidered to be essential to the success of
the organism which must adapt to a continually changing light environ-

ment. )
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Eecfion-l.‘

'INTRODUCTION |

} R /;‘1
| | N
The reports of nitrogen fixation in or upon lichen thalli date

back more than 50 years. However, no definitive results were published

until those of Bond and Scott (1955) from experiments on Collema E£ranosum

and Leptogium lichenoides.using the heavy isotope lSN. This work was

subsequently extended by Scott (1956) using Peltigera praetextata and
R b

Watanabe and Kiyohara (1963) with Peltigera virescens. These reports

established that lichens with a blue-green algal phycobiont could reduce

atmospheric nitrogen and it can now be assumed that any lichen with

Nostoc, Calothrix or chtonema.as.thc‘phycobiont is capable of nitrogen
fixation (Millbank, 1977). . Follawing these earlier publications, a number
of lichens were investiéatéd by means of 15N2 and althougg the required
techniques were cumbersome and the equipmentlexpensive, force of necessity
stinulated the development of procedures in which 15N2-studies could be
carried out under field conditions (Stewart, -1967). Using such techniques,
Fogg and Stewart“(1968) described the gross effects of temperature on the

fixation of elemental nitregen by Collema pulposum and Stercocaulon Sp.

in the An;arctic. Simultaneously, a novel and revolutionary technique
for the demonstration and assay of nitrogenase activity was being
developed which involved the reduction of acetylene to ethyvlene by the
nitrogenaée enzyme complex. The versatility of the method has made it
equally épplicable in the field and in the labératory and it has resulted

" b R ‘
in a surge of analytical activity unpredecedented in N2 fixation research



2,

(Burns and Hardy, 1975). Its sengitivity and other advantages have

 fostered laboratory and field exnerimentation which had previously been

technically unfeasible and thus has been used to establish the nitrogen-

'fixing ability of a wide range of organisms inoluding a variéty of

'lichens (see Millbank, 1975). The  extensive array of nitrogen-fixing

organisms stimolaied interest, in the environmental control of nitrogenase
activity with a'physiological—ecological perspective wﬁich was directly

or indirectly focused on the nitrogen cycle within selected communities

.and ecosystems. The mapping of global-nitrogen—fixing activity remains

as the ultimate goal which is essential to understahding and evaluating

- -

the role of nitrogen fixation on a world scale.

J Recent’ studies have examined the environmental control of

nitrogenase activity in lichens with the experiments conducted elither in

the field or under more stringently controlled conditions in the laboratory.

For example, the effect of temperature on the rate of ni;rogenase
activity has been surveyed in several lichen specias. Hiteh and
Stewart'(l9?3), Kallio et al., (1972), Kallio (1973): Kelly and Becker

(1975), Maikawa and Rershaw (1975), Englund {1978), Kallio and Kallio

(1978) etc. have al] feported 3 range of temperature optima for nitro- "

genase activity. In a similar fashion, the intensity of light (Hiteh

and Stewart, 1973; Kallio et al., 1972; Kalllo, 1973; Kelly .and Becker

>

.1975; Englund, 1978), the presence or absence of light (MacFarlane

et 21., 1976; Kershaw er al., 1977; Buss-Dapell, 1977a) and thalius

moisture (Henriksson and Simu, 1971; Hitch and Stewart, 1973:; Kershaw
1974; Xershaw and Dzikowski, 1977) have all been investigated in some

detail. Unfortunately, the temporal and spatial limitations of the

i— e
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experimental meihdds as employed have penmitted only uni§aria:e or
bivariate experimenéﬁl designs; Even when more than twq variables were
examined, the experimental framework remained qnaltered. For instqnée,
Hitch and Stewart (1973) examined the response'of nitrogenase activity
in three lichens to thallus moisture content, thallus temperature and
light intensity. In experiments examiﬁing the Eésponse to light
intensity, the expeéimental Teplicates were held at maximum saturation
whereas when thallus moisture content was varied, all experiments were

performed ‘at a constant single light intensity. Cléariy these

experiments do not show the interaction of variables. Thus, the attempt

-

of some ecologists to seek correlations between single factors and
single responses of organisms has sometimes led to arronecus
conclusions and conflicting results. Many environmental characteristics

are closely correlated and most ecological svstems are so complex that

- multiple correlation is the rule rather than .the exception. This

situation presents considerable difficul;ies in the field where
uncontrolled envirommental fluctuations may become confounded with

the experimental wvariates. The complexities of an almost unlimited

number of variables and their interrelationships can, however, be more
sharply defined in the laboratory. Controlled emvirommental facilitieél
liberate the experimenter fromthe vagarious nature of chejwéather and
enables the experimen;g to be replicated in time as well as in space. Thus
an adequate description.of'the environmgntal control of selected
physlological processes and their ecological ramifications requires

the basic data to be derived from factorially arranged experiments.

Such experiments display the important secondary or tertiary interactions



among the. variables controlling the physiology of the organism.

This thesis concerns itséif'with exam;ning the réiﬁtionship
between the éistfibution of plants and the ph&siolqgical aqaptations
. ligking them to measurable physical characteristics of gbe surfaces on

which they grow. More specifically, the study involved the multivariate

examination of nitrogenase activity in two populations of the lichen

Peltigera canina collected from deciducus woodland in southern Ontario
and from an open and exposed xeric roadside in the.Muskokalnegion of
~central Ontario. The responses of nitrogenase activity for both species
were examined as a fumetion of thallus meisture, thallus temperature,
radianL flux density, the time of the year and the influences of |
snowcover with the experiments arranged factorially to produce a
physiological data matriw for each collection. A secondary Iinteraction
between niltrogenase activity and high temperature po;nted_to the
potential impbrtance of high temperatures and the contrasting micro- 8
climates of the two respective hagitacs. Thesé results lead ultimately
to a reexamination of the concept of thermal stress as an ecological
factor ia lichens of fundamental importance which has been severely

! ,
neglected. The examination of thermal stress was consequently extended

to northern populations of Peltigera and Stereocaulon from equally

diverse habitats. Thermal sensitivity was identified as a deminant

~
influence governing the succession of lichen species following forest
fire and was strongly correlated with the gross ﬁicroclimatic'changes )

accompanying this natural process. The multivariate theze was developed

further with the examination of light as another neglected ecological



. . ) C "\
parameter of substantial impacf. Specifically, light stress was
recognized as,aﬁ important facdtor in the ecology of some lichens in the
dessicated state. in-gdditiogi the adjﬁstmént'of ﬁgt photosynthetic -

capacity in respomse to a seasonally changing light environment was

documented for the woodland populétion of Peltigera canina in some

detall. -
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Section 2. o ‘ A -

METHODS

(2;1) The Nitrogenase Assay

Y
. —— .
Before the advent of the acetylene-reduction technique, several
methods were employed to examine nitrogen fixation (see Burris, 1974).

Fundamentally, the most satisfactory method was, and still is, the

measurement of the uptake of 15N—euriched NZ' This constitutes an

2

absolute methéd of comparatively high sensitivity, but it requires the
use of relatively expensive 15 2, the ‘subsequent analysis .requires the
use of 8 mass spectrometer and the sensitivity of this method is less
than that of acetylene reduction. lAn alternative appfoach, némely the
sﬁbstitution of aceiylene as the substr;te for niérogenase,was firsc
Teported by Schollhorn and Burris (1966) and Dilworth (1966). The
product ethylene, a hydrocarbon which is readily sepérated by gas
thomatography,can be measured in low concentration with a hydrogen flame
i;ﬁizacion detector (Purnell, 1962). Shortly after this initial discovery,
Sloger and Silver (1967), Stewart et al. (1967) and Hardy er al. (1968)
repdrted\the use of the-éethod for measuring nitrogenase activiey.
Because of the extreme flexibility of this method, it has been
possible to make nuzerous measuremeunts either under a ranée of environ-
zentally-controlled conditions in the'laborachy or in the field, where-
as earlier methods limited experimentation tec a2 few samples. The method

has permitted field studies om both higher and lower plants that were

impractical previously. It has alsc been exmployeq extensively In studies
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of biological_N fixation in laaes, streams and the ocean. The method
is simple, sensitive and inexpensive dnd hence has been widely adopted
as a measure of Nz fixation, hnndreds of publications in which it has
been used already have appeared in the literature. Despite the wide—
spread appeal, it should be emphasized that it constitutes an indirect
measurement rather than a direct measurement of N2 fixation.
In detail the method used in this investigation was as follows:

nitrogenase . activity of- lichen thalli of both the genus Peltigera and

the genus Stereocaulon was estimated by acetylene reduction. A Pye-Unicam

series 104 gas chrcmatograph fidted with two hydrogen flame ionization
detectors and two 1. 6m glass colpmns packed‘with Poropak R, 50-80 mesh,
was used throughout. The columns were run at 50°¢ with argon as carrier
flowing at 75ml/min and with hydrogen and air for the detector flame
flowing at 75ml/min and 600ml/min-respectively._ The attentuaticn was
set at 20x10? and.siénals were amplified and then recorded on a twin

pen Rikadenki recorder. Recorder deflections appeared as sharp peaks
from the base line; peak beight was calibrated against known standards
and was accurate to about 2ppm. The calibration was linear for the flcw
rates and attepuation settings noted for the gas chromatograph and for

all attenuation settings on the recorder. Results were erpressed as

nanomoles of ethylene produced per gram dry weight of lichen material

'(80 C, 12 hrs) per hour. Acetylene reduction has ot been expressed in

terms of potential biolog_cal Yz fixation because 2 proper conversion

factor was not determined (see Discussion). ‘ *
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(2 2) Seasonal Changes in Nitrogenase Activity

-,

(2.2 l) Seasonal Changes in Nitrog%nase Activity of P canina

var. praetextata and P. canina var. rufescens
_— 3=

P. canina var. EEZEtextata was collected from a wooded area north

S

of Waterdown, Ontario while P. canina var. rufescens was collected in the

Muskoka region. of central Ontario from a very exposed and xeric habitat

<.

adjecent to a highway. P. canina var. Eraetextata was .collected in July,

September and December 1975 and in March, Mhy and July of 1976 while

P. canina var. rufescens was collected in July, September and December,

1975 and in May and July of 1976. It should be emphasized that material

was never collected from under snow for this series. Exterimental

lichen material wae collected dry in tie field and stored in a Conviron
L

growth chamber at 50 microEinsteins m-2 se (uE m s ) ‘and a 12/12 n

day/night cycle. Storage temperatures were maintained at 10% night and

15°% day -for all collections. This set of conditions in the growth chamber

.represented the standard pretreatment of all experimental material for

.

this particular series, and was an essential experimental control. Ptior
to an experiment, individual lobes of material were dissected from the
outside margin of the lichen mats and soaked overnight for 12 hours im
distilled water at ZOOC-and a radiant flux density of 450uE m-zs-l. This
pPretreatment also setved to avold a hydration response characteristic

of some species in this genus (MacFarlane et al., 1976). Soaking
tﬁbperature controls at 10°C, 20°C and 30% showed an identical pattern
of response to subsequent experimental condltio;s acd accordingly 20°%

was used throughout the remainder of the experimental series. In a
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further series of controls it was established that there was no significant

loss of nitrogenase aétivity as a result of the length and conditions of

4

storage. Material was not kept longef than three weeks but in fact
retains its viability under the described conditions for up to six weeks.

Dead lichen thalli were used as controls and showed no gas exchange.

Similarly, live thalli were tested for natural ethylene production in the

absence of acetylene and none was detected.
The experimental system necessary for this study required the
measurement of nitrogenase activity in each species as a function of

-

temperature, thallus moisture content, light intensity, time of year and.

contrasting habitats to form a physiological data matrix. , The matrix of
nitrogenase activity was established for both species with light

intensities of 75, 150,<30Q‘and 450uE m-zs_l and with temperatures of

5°, 10°, 15°, 20°, 25°, 30°, wad 35°C at all levels of thallus mois:ure..
The light regime was representative of conditions fouad on—éhe forest
floer ranging from full summer canocpy conditions to du%;}and‘rainy days
in-the spring and fall. Fluorescent light tubes were used to pfovide
the required radiant flux densities as measured using a Lazbda quantum
sensor (400-700nm) at the‘é;allus surface. A spectroradio;eter was used
to check the spectrum of the fluorescent tubes and showed only a small
contribution in the infra-red with a maximumlat 600nm. Experimental
temperature control was obtained using a Conviron model E7 growth
chamber equipped with specially designed cooling equipment which provided
additional temperature buffering at the colder temperatures. Instead of

using 20ml serum vials of standard design, 16éml gas exchange cells

were used in order to examine the moisture interactions with nitrogenase
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activity. These were used with ground glass covers sealed with Dow-
Corning high vacuum grease and with small syringe ports for removal of
gas samples (see Larson and Kershaw, 1975a for details). ?es;s'were

. 3

conducted to show that the grease is impervious to acetylene or ethylene
and unless otherwise- stated, tﬁese gag-exchange cells were used throughout
all experiments. Thallus temperature was méasured with embedded.mi;fo-
thermocouples (see section 2.3.2 for details) and throughout each
experiment, thallus temperature was controlled to within 1 C. This

. temperature control was achieved by control of the air temperature
around the gas exchange cells. Through the use and correct positioning
of two blower-type fans inside the-growth chambér, thailus temperatures
were tyﬁically +1°C of the chambgr air temperature for all light °
intensities used. ¥ .

Prior to each experiment, excess surface‘moisture was shaken off
each thallus reélicate and the initial level of saturation was thus
typical of wet field conditions. ‘Saturated lichen ﬁhalli were then
placed in the‘gas exchange cells uﬁder given experimental conditicns.

A l.6ml gas sample was removed and l.6ml of purified acetylene
(Matheson Coi) was replaced to effect a 10% acetylene-air mixture. An
ratmosphere of 10-20% acetylene gave consistent results and removed the
requirement of a nitrogen;free atmosphere necessary at lower acetyiene
concentrations. (Millbank, 1972; Kershaw, 1974). This was confirmed by
experiment and a 10X by volume acetylene-air atmosphere was used
throughout 2l1l experimental.seriés. The plaqts were sealed in the gas

exchange cells for one hour. At the end of the incubation period, a

il gas sample was removed and injected into the gas chromatograph for
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analysis.' The lichen material was then removed, weighed on an

’ analytical balance and the process repeated until the thallus was air-

dry. Thus each replicate sample showed the respoﬁse of nitrogenase
activity to thallus water content from the saturated to the air-dry
state. All experiments.used fivé‘reﬁliéates at each light and temperature
level. Means were calculafed within 50X thallus molsture classes and
the results were expressed as a mean level of activity for each experiment
ﬁq in nanomoles of ethylene produced per gram oven dry weight of experimental
Lﬁmﬁterial ﬁSO?C, 12 hrs) per hour. -

-

(2.2.2) “iight and Temperature Interactions with Nitrogenase

Activity from P. canina var. praetextata and P. canina

‘var. rufescens Collected Under Snow -

¥

Peltigefa canina var. rufescens was collected in the Muskoka

region of central Ontario in January, 1978 from under 50cm of snow. Lichen
material was kept dark and cold after collection and ‘was returned to the

laboratory immediately where it was stored in growth chambers at 2°¢C and

L]
n

in continuous darkness. Upon collection, P. canina var. ruféscens was

saturated but not frozen and as a necessary control was maintained in
this gondition by frequent spraying with a mist of distilled water.

. o
Subsequently, nitrogenase activity was assayed at temperatures of 5,

15°, 25°

’ 35%. Handling and pretreatment of experimental material
was as described in section 2.2.1. Four replicate thalli and 20ml
vials were used for each experimental temperature. -;Thalli were kept

saturated during each experimént and the use of 20ml vials allowed the

comparison of results with earlier studies (i.e. Kershaw, 1974; Maikawa



. and Kershaw, 19%?; MacFarlane et al., 1976; Kershaw et al., 1977). After.
the‘exeﬁ&nation‘of nitrcgenese-activity in material kept under dark cold
storage conditions, the experimental material was placed in a Conviron

growth chamber set at a 150/1000 day/night temperature regime with a 12 hr

- photoperiod (300uE mﬂzs-l) and kept moist with frequent misting of

.

distilled'water for a further two weeks. Nitrogenase activity was then
reekamined as before. '
‘The confounding and interecticg effects of light and temperature
on the reéover& of nitrogenase activity after a simulated snow melt
¢ould not be seperated within the confines ofzthe present experimental .
design. Accordingiy, P..canina var. Eraetextata and P. canina var. o
1/////)’ igfescens were collected from under the snow in their respective habitats
' uring March, 1978 and pretreated'as before. -Experimental material was
subsequently stored in Convirom growth chambers under the following 12 hr

temperature and light regiﬁes: .2 /0 C day/night thermoperiod with

. _- l - -
either 450pE m 2s or OuE m 2s } photoperiod and lSO/IOOC
thermoperiod and either 450uE 11:“25-l or QuE m_zs-l daylight illumination.
Twenty ml vials were used throughout, four replicate thalli were kept

saturated for all etperiments and nitrogenase activity was assaved at

25°¢ and 3001LE m 25 ; every second day for an eight day peried.

(2.3) Thermal Stress

(2.3.1)‘ Therwal Stres¥ in P. canina var. praetextata and P.

canina var. rufescens

3 .
Replicate thallf of P. canina var. praetextata were collected
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in the air—dry state from deciduohs uoodland in Waterdown.Ontario and

P. canina var. rufescens from an open xeric roadside habitat in Muskoka,
Ontario. The material was returned within hours of ‘collection and, stored

at 15% with a 12 hr .Photoperiod of 300uE m 2s -1 for two days to allow
further equilibration with the humidity of the laboratory. Subsequently,
the material was stored alr-dry (10Z oven dry weight) in Conviron growthpﬂst\
chambers at 25°, 35° » and 45°C with a 12 hr photoperiod-of 300uE m 25 1 Eé)
for varying experimental periods up to 40 days. Nitrogenase activity

was examined to assess the 1eve1 of damage to each population over time.
Experiments were run'at 25 °¢ and 300LE m 25-1 and four replicates were

used for each treatment temperature. Further evidence of thermal stressl
was obtained by examining the rates of net photosynthesis and respiration
using infra—red gas ann1y51s on both populations. Gas exchange was

measured using a Beckman 865 infra-red 83s analyzer and the closed
experimental systen desecribed by Larson and kershaw'(lQ?Sa) Incubation
dishes (100ml) each with ar injection side. arm closed by a rubber septum
were used throughout the experimental series. Three-mlllilltre gas.

samples were inJected into a carrier ‘8as of 200ppm CO2 in N (see'farson

and Rershaw, 1975a for further details). Three replicates from 25 and

45° Storage were examined after 27 days of storage treatment at these

temperatures,

(2.3.2) Microclimatdc Factors

The measurement of temperature differences in the two contrasting

-

habitats was achieved using thermocouples with their characteristie high

sensi*ivity, accuracy and low radiation errors, (Tanner, 1963; Pieters
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and Schurer, 1973). The thermocoupfles used in this study were comstructed

.

of 42° (0.064mm) gﬁagg copper~conspantan wire to maximize the above

characteristics. Probes were built with five sensing.junctions and an ice

reference temperature of 0°C was used and maintained with an Omega electronic

ice reference cell. Calibration from millivolts to degrees Celsius is

approximately linear from 0-70°¢ (Figure 1) and accurate to within 1% of

~— .
the temperature difference between the measuring and reference junction
(Schimmelpfennig, 1975).. '
- LTS ‘ .
It was essential to find woodland and roadside locations which
were, in Juxtaposition to one another so that thallus temperétures could be

- - -
r
neasured simultaneously. None were found in Ontario but a suitable site

was located near Pellston in northern Michigan. Thallus temperature

probes were embedded into three replicate whole lichen clomes in situ

——

and temperatures were measured simultaneously from the woodland and the
. h

adjacent roadside. The resultant signals were stepped through a muif%y

Ehannel autcmatic stepping switch every three minutes and were recorded on a
Rikadenki strip-chart recorder housed in a tent gome 30m distant (see Field .
et al., 1974 for details). Radiant flux density was also measgred every 15

nin with a Lambda quantum sensor held horizontally level at the surface of

the three lichen clones in their respective habitats. An average of three
figuresibas takemrand recorded. Ihis-entire procedure was repeated.for

" a éeccnd site which was located about 0.6km from the first. Temperature

data were recorded on June 22, 26; July 8, ;; 10 and 11, 1977 for Site 1

and on July 17, 22 aad August 3, 1977 for Site 2. Surface weather

. N
. observations recorded at the Pellston airport 2.5km away were obtained

for the above-noted days from the U.S. Natiomal Climatic Data Centre in



~and temperature in °c for copper-constantan thermoc

Figure 1

v

The relation between éhermoelectric voltage in absolute millivolts
. —

—_—

ouples. (After

Schimmelpfennig, 1975).
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Asheville, N.C. (Appendix A). e

-

{2.3.3) Thermal Sensitivitv in Northern Populations of Pq}tigera

and Stereocaulon

.
Northern populations of Peltigera scabrosa from spruce-lichen

-

woodland and P. canina var. rufescens from a 25 ¥r old Surn were collected
at-Hawley Lake in the Hudson'Bay lowlands of northern Ontario (SAOZO‘N,
SQQZO'W), duriﬁg late Septemﬁer, 1377." Lichen material was collected

and allowed to dry indoors for 24 h;urs at ambient temperatures (8°-10°¢
day, 9°C night)}, then packed in plastic bag§ and shipped south in two
-days. Experimental material was thenlgzored at 15% for two further

dafs to allow moisture levels to equilibrate with‘those of the laboratory
(16°2 of the ovendry weight). Daylight illumination for P. canina var
fuféscens wa; 300uE qrzs—l while P. scabrosa was exposed to 25pE m_zs_l.
Following this pPretreatment, ihermal siress conditions were established
on the air-dry material at temperatures of 250, 300, 350, 400, and 45°¢

o

o o .
for P. scabrosa and 25 » 357, and 45°C for P. canina var. rufescens.
> SEaaresa =

These 12 hr day temperatures were coupled with a 12 hour night at 15°%¢.
Dayvlight illumination remained unchanged from the pretreatment ;égipg:“
The storage temperature modifications were Incorporated into the
experimental design based en pPreviously collected field data (section -
2.3.2) and essentially represented much more realigtic day/night

tecperature yegimes than the continuous slorage temperature treatments

in previous experimental designs. Storage light intensities were

algo modified in keeping with the light levels encountered in the



natural habitats. Nitrogenase activity was assayed_ at 25°Cfand 300uE m_zs-l
for five feplicates from each storage ;ondf?ion for both species up to
periods of 30 days.

Stereocaulon paschale was collected from spruce lichen woodland

in the Abitau-anvegan Lakeé’regicd of the Northwest'Territories
(60°21'N, 106°54'W) during November, 1977. Mats of S. paschale were
collected in dry conditions and packed over linen bags of silica gel
in plastic boxes for transportation to the.laforatory. Transit time
was limited to a maximum of two days. The lichen mats were subsequently
storedlin Conviron growth chambers at 15°C and a 12 hr photoperiod of
300pE m_zs_l for two dagg to allow moisture equilibration. Lichen
mate}iql was then stored air-dry in growth chi?bers with 12 hr thermo-
periods of 25°/15°, 35%/15°, and 45°/15°C and 300uE @ 2s~) for 21 days.
Nitrogenase activity was assayed at 25% and 300uE m-zs_l for five
replicates at weekly intervals;

" In June, 1978, Peltigera aphthosa was collected from dense

spruce-lichen woodland at Hawley Lake, northern Ontario. Experimental
matgrial was dried, and shipped south as described for other Peltigera
species collected.in this area. Upon its arrival, P. aphthosa was
stored at 10°C and a 12 hour photoperiod of 25pE m_zs_l for a minimum
of two further days. Subsequently, the experiﬁental material was

stored in growth chambers with 12 hr day/night periods of 150/150,
25%/15°, 35°/15°, ang 45°/15°C at 25uF 0 25T for periods up to 24 days.
The 15°%¢ storage treatment was included as a necessary control in the

experimental design because some prelicinary results suggested that the

250/1500 storage treatment could be stressful over long periods of time
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‘to some of the more sensitive lichen speciéé. Nitrogenase activity was
\ ° ~ - . .

examiﬁes at 20°C, 300uE mhzs-lland four replicates were uéed=throughout.

Y

(2.3.4) Net Photosynthetic Responses to Thermal Stress in

~

P. canina var. praetextata and P. canina var. rufescens

P. canina var. praetextata and P. canina vﬁr. rufescens were
collected during the first w§ek of Sepgembér, 1878 in Waterdown, 0nt§£io
and Huskoka; Ontario respectively. After being collected dry in the
fiel&, experimental material was returned to the‘labordtory within hours
and stored in growth chambers at 15°C for a minimm of two days. P.
canina var. Eraetextaté coliected from the woodland beneath a full
canOp; was stored under a 1’11perlod of 25uE m 25 -1 while P. canina var.
rufescens was maintained with a 12 hour daylength of 300iE m 2 l. After
the experimental material had equilibrated with ambient humidity, thermal
stress experiments were initiated by storing the lichens in growth
chanbers with a 12 hr thermoperiod of 15°/15°, 25%/15°, 35°/15°, and
450/1500; storage light intensities for both species remained unchanged.
Six replicates from each storage temperature (three each for photosynthesis
and respiration) were dissected from whole clones and soaked ‘overnight
at 15° C prior to the experiment. The 15 /lS C storage treatment served
as 2 mnecessary control in light of previous resulfs and matefial from
this temperature was rum at the beginning and the end of the experimental
serles. Net phdtosynthesis and respiration were monitored at 25°¢ and

150uE = 2 1.
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(2.4) Light Stress and Light-Mediated Seasonal Adjustments of Net

Pho tosyn thetic Capacity d

(2.4.1) Light Stress in Peltigera aphthosa

Peltig\rg aphthosa was collected from dense spruce-lichen wood-

land at Hawley Lake duxing October, 1978. Collection, pretreatment and
shipping details we were a described in section 2.3.3. Upon its arrival,
P. aphthosa was stored in growth cham?ers at 15% and with a 12 hr
Photoperiod of 25uE m-zs-l for a minimum of rwo days. One half of the
experimental material was then stored at 15%¢ and a 12 h photoperiod of
450-6001E m 2s -1 for periods up to 30 days.‘ Nitrogenase activity was
assayed at 25°% and 300uE m 2s for five replicates fcllowing an

overnight soaking at 15°C.

(2.4.2) Light—Mediated‘SeasonalAdiustmentsbf Net Photos¥nthetic

Capacity in P. canina var. Draetextata

One clone of P. canipa var. DPraetextata was collected in Waterdown

and returned to the lsboratory within minutes: The experimental waterial

v

was placed in a growth chamber at 15°¢ and alzh photoperiod of

25uE mnzs_l. Lichen material was usually damp when collected in the
late afte;?oon and was kept saturated with distilled water until its
use the followidg day. Net photosynthesis was examined on the next day
for three replicates at each 1ight level of 450, 150 and OuE o 2s™L apa
25°C. ‘This light intensity 2ﬁries was amplified by the addition of cne
further light level at 75uE m—zs—l. After all.the-leaves had fallen,

lichen material was collected and stored as before but at 300uE m_zs_l

rather than at 25.E mbzs_l. Experizental material was collected on



A

Al

September &; actober 1, and October 19, 1978. Weekiy collections were made
on October é7, Névémber 3, and November 11, iQié to accommodate the rapid
changes in the canopy that we?e taking place. Based on the work of .~
Kerspaw (1977b, c), extra material was collected on October 27, when

the canapy was completely devoid of leaves and Peltigera clones growing

on the fore;t floor were exposed to naturally high levels of incident
radiation (> 1000upE m_zs—l). After examining net photosynthesis .and
Tespiration (see '2.3.1) experimental material.was sto;ed‘at 15°C and a

12 hour photoperiod of 25pE m-zs'—1 for two further weeks. Thalll were
kept moist with frequeﬁt misting of dis:illed wat€r. Subsequently,

net photosynthesis was examined as before at 450, 150, 75 and OuE m_zshl ‘

and 25°C
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Section 3.

(3.1) Seasonal Changes in the Nitrogenase Activity "of 2; canina var.

RESULTS

praetextata and P. canina var. rufescens

L4

In previous studies of N2 fixation in lichens, the effects
of various environmental parameters such as light, temperature and
moisture have beén investigated but only in a univariate or bivariate
manner. This has resulted in a tendency to obscure_any seasogzi
_varlation in the.rate of nitrogenase aptivity and to mask any non-linear
responses which might have otherwise been recdgnized. Recent Vork by
Kershaw (1977b, c) has shown substantial.seasonal variations of net
photosyanthetic ad?ivity in_the genus Peltigera and it Qa; therefore

essential to examine nitrogenase activity for seasonal fluctuations.

Peltigera canina var. praetextata and P. canina var. rufescens were

selected for detailed examination because of thelr relative abundance,

their proxiﬁi;y to the laboratory and their contrasting habitats.

(3.1.1) The Effect of Light Intensitv on Nitrogenase Activity

.

The physiological data matrices for Pelticera canina var.

praetextata and P, canina var. rufescens are given in Figures 2 and 3
respectively. There is no significant increase in nitrogenase activity
ith radiant flux density although, typically, the rate is greater at

-2 1 -2 -1 :
450E = s than at 75kE = s 7. This pattern of respoase is evideat

. at all experimental temperatures and throughout the seasons.



Figure 2

4
The nitrogenase activity (mmols CZH-&'h l-mg l) in Peltigera canina
Var. praetextata at all levels of thallus moisture, under 75, 150, 300

1

N
and 450uE m © s © illumination, and at 5, 10, 15, 20, 25, 30 and 35?(2.
The data matrix was established for July 1975 (0); October 1975 (&),

December 1975 (e ), March 1976 (u_), May 1976 (4), and July 1976 (m).
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- | It is immediatelycapparent for both species that there is a

~ . '(\ -
- (3-1.2) The Effect of Thallus Moisture on Nitroéenase Activicy
| 3 — : )

For all cells of both matrices with ‘the. exception of- 35 c,

»
(see section 3.1.3 ) P. caninm var. Eraetextata.and P. canina var.

rufescens exhibit a maximum and relatively stable' rate of nitrogenase

"-..h I - . o~

. activity between 200% and 400% relative water conEent. Beldb 200Z

-

saturation, the rate -of acetylene reductiondeclinessharply and nitrogenase
activity ceases completely in a range from ?0 to '100% relative moisture
content. ‘It is also evident thatsboth species possess very'ﬁindlar water
holding capacities.

(3.1.3) The Effect of Temperature on Nitrogenase Activity

o
[

very pronounced responsé of nitrogenase activity to temperature at all

light levels throughout the yRar (Figures 2 and 3). Typically, minimum
levels of nitrogenase activity were obtained at 5°C while maximum .
fixation was observed in the temperature range 200—3000. At 35% however,

nitrogenase activity declined extremely rapidly after the first incubation

and apparently reflected the sensitivity, of the nitrogenase enzyme

system~to high temperatures. This response was largely-independent of

the season and was particularly pronounced in P. canlna var. praetextata

(Figure 2). This phenomenoch was reexamined in a further series of

[

" experiments which followed the time course of pitrogenase activity in

saturated| thalli of P. canina var. praetextata maintained at 35°C (Figure

4). The pattern of response under constant saturation levels was very
similar to the drying response (Figure 2) and apparently the rapidiy

declining;activity is thus a function of high témpe:Eture rather than
; : S N :

- v

~
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) Figure 3
The nitrogenase activity (mnols CZH‘Q'-h“1 'mg—l) in Peltigera canina
var. rufescens at all levels of thallus nolsture, under 75, 150, 300

and 450uE~m "2 ™ f1iumination, and ac 5, 10, 15, 20, 25, 30 and 35%.

The data matrix was established for August 1975 (o), October 1975 (ay),

December 1975 (o), May 1976 (A) August 1976 (m).
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the loss of thallus moisture. Subsequently, nitrogenase activit} was
restarted in the experimental 35°C replicates by soaking at 20°¢C for Lwo
hours, confirming the interpretation that heat inactivation of the.

. . o
nitrogenase system occurs at 35 C.
>

(3.1.4). Seasonal Variation in the Rate of Nitrogenase Activity

Both P. canina var. praetextatda and P. canina var. rufescens
show very substantial seasonal rate changes in nitrogenase activicy for all
combinations olegght intensities and temperatﬁres. Extremely low
levels of fixation were recorded throughout the matrix for P. canina var.
praetextata in the summer of 1975. However, by the end oﬁ September of
that year, niltrogenase activity had increased to an average of 2.5-3.0
nﬁols C2H4;h-:l'-mg-l fgr the 20°{§0°C cells of the matrix. By December
1975, very large increases in the rate of acetylene reduction were—
.observéd for all.cclls in the matrix with a maximum rate of 14-15 nmols
CZH&-h—l-mgul at 25°-30% over all‘iigﬁt intensitie;. These very
nigh rates of activity declined by March and then remained more or less

| constant until May, 197é- In mid July, 1976, the potential to fix
nitrogen had declined to the September 1975, level.

The seasonal pattern of "acetylene reduction by P. canina

var. rufescens was basically similar. In July and August of 1975,

nitrogenase activity on average was low and ranged frem 1.5 nmols
~ ‘
‘ - -l —l F= v —l —l
Czha-h *‘mg  to a maximum of 2.5 nmols Czha-h *off © at temperatures
o ) - s . ‘ .
of 15°C and 30 C respectively. By October 1975, nitrogenase acriviey

il

 had Increased markedly above the suzmer rates with paxinum levels
¢ . Lyt - - £ o < C
of activity at temperatures of 25°-30%. By Decexber of that vear

rates of ‘acetylene reduction had inereased still further to an



. Figure 4

The time course of nitrogenase activity in Peltigera canina var.

>

-2 -1
praetextata in water saturated thalli at 35°C and under 300uE m s

1llumination.

R
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average of 6.5-7.0 mmols C,H,*h " -mg = at 30°. By sumer 1976, the

lh?Ele of nitrogenase.activity had declined considerably to aéproximately
fhé:1975 fall and winter rates. -Thus in both species, seasonal changeé
in nitrogenaée activity were large bur fﬁere—was no appreciable differeace -

in temperature optima or response- to increasing radiant flux demsities

or moisture content.

(3.1.5) Light and Temperature Interactions with Nitrogenase

~ . Activity in P. canina var. praetextata and P. canina

var. rufescens Collected Under Snow

‘Séme previous research studies in the genus.PeltiEera have
dealt separately with the iight and temperature interactions with
nitrogenase activity (e.g. MacFarlame et al., 1976; Kershaw et al., 1977).
It was of interest to extend the investigation of light and temperature
Anterrelations to the recovery of nitrogenase activity following a
naturally impos;d extensive cold and dark period. It_Became apparent
that previouély Teported rates of acetylene reduction for Peltigera
canina differed considerably from those observed during the course of

' this work (see Maikawa & Kershaw, 1975). “Since portions of the
experimental material that were used-in earlier studies were collected
from under thesn;q,:he potential effect of snow cover on subée@uent
rates of nitrogenase activity needed clarification. |

The level of nitrogenase activity for thallus replicates of

P. canina var. rufescens collected from under 1z of snow is.given in

Figure 5. Very low rates of acetylene reduction are evident at all

2

temperatures for both 300uE m-zs_l and OpE m s-l illumination. After
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" two weeks of storage 4t a 12 hr photoperiod of 300uE_m_23-1/Lnd 150/1000,‘

" the rates of nitrogenase activity increased almost two fold for all
temperatu?es and light levels (Figure 5). Clea&ly, thése results

eétablish that both light and temperature-are significantly involved in the
recovery of nitrogenase activity after gnowmelt but the assessment of the
rélative contributions of each required further experimentation.

2; canina var. praetextata and P. cénina vgr. rufescens collected

from under the snow in March, 1978 show & similar pattern of nitrogenase

activity (Figure 6 and 7). Replicate thalli of P. canina var. praetextata
stored at a 12 h thermoperiod of 15°7iboc day/night temperature and a 12 h
photoperiod of BOOﬁE m-zs_1 show a remarkable‘récovery in their rates of
nitrogenase activity afterAeight days under these storage conditions (Figure
6). Nitrogenase activity was gppfoximately 0.5-0.7 nmols C2H4-h_1-ﬁg-l after
the first day and hadlsldwly increased by &5§ two to 1.2 nmols Czﬁé-h_l-mg—l.
By day 4, the rates had more than doubled and by day 8, rates Af acetylene
reduction reached a maximum of 8.8 nmols CZHA-h-l-mg_l. The }esponse of
aitrogenase activity in replicates stored at 300uE m_25-1 but ag a constant
temperature of only 2% showed a similar but less rapid resurgence of
activity. After eight days at these sto?agé conditions{#rates of adétyleng
reduction which initially were ¢. 0.75 nmols Céﬁé-h_lag-l had reached a '14)
maximum of 2.5 nmols CZHafhwl-mg-l. Conversely'nitrogenase activiry remainea
relatively low and constant from Teplicates kept in the dark at both 150/10o
and 2°C over the entire tiﬁe series.

The pattern of recovery for P. canina var. rufescens was

again similar but in éome instances was marke&dly slower (Figure 7).

s

The rate of acetylene reduction increased in replicates stored atz a 12 h
thermoperiod of lSO/lOOC day/night temperature and a 12 h photoperiod

of 300:E m—zs_l from the day 1 respomnse and reached a maximum of 3.9
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Figure 5

L

The time course of nitrogenase activity in Peltigera canina var.

rufescens in water saturated thalli under 0 and 300gE m_zs—l
illuﬁination and at 5, 15, 25 and 35%. Experimental replicates which
had been collected from under 1 m of snow were initially assayed for,

nitrogenase activity (e ) and then after two weeks of storage at

300 E and 15°/10° (o).

-
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Figure 6

iy

The time course of nitrogenase activity in Peltigera camina var.

praetextata in water saturated thalli which had been collected from

under snow and stored moist under the following conditions: a 12

hour photoperiod of either 500uE ﬁ—zs—l or QuE mhzs_l with either a

12 hour thermoperiod of 15°/10°C or at a constant 2°C.

[
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Fiéure 7

The time course of nitrogenase activity inPeltigera canina var.

fufescens in witer saturated thalli which had been collected ffom
under snow and stored moist under the following conditions: a 12
" hour photoperiod of elther 300nE m-zs-} or QuE m—25—1 with either a

12 hour thermoperiod of 150/10°C or at a constant 2°C.
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n@olg CZHA-hTI-mg-l after 8 days. In comparison with P. canina var. —

praetextata under identical storage conditions, this lower value suggests
a higher light requirement in P. canina var. rufescens for comparablel
rates of recovéry. The rate oﬁ recovery at a constént 2°C and a 12 h
photoperiod of BOduE m_zs_l was again slower than that at‘15°/10°C énd
identiéal lighting thus“illtstréting tﬁe effect of low temperature.
Irrespectiﬁé‘of storage temperature, lichen thalli kept in continuous

darkness exhibTfed very low levels of nitrogenase activity. Whilst again

temperature is intimately involved in ﬁﬁe velocity of the recovery, the
J
Prime requirement appears to be one of light.

{3.2) Thermal Stress '

[ “

The very low leveis of nitrogenase activity that were®observed

in summer collections of P. canina var. praetextata during 1975 were

intefpreted as a response to an‘ﬁndsgally hot Hry summer ., Furthermoré,
the thermal inactivation of nitroéenése at 35% which‘was most pronounced
in the woddiand species; suggested thaé temperature stress may figure
largely in tﬁe séasonal responses af nitrogenase. These depressed

Summer rates were subsequently induced under controlled conditionms in.

. the laboratory-by storing lichen thalli air-dry at a codtinuous

'ftéﬁperature of 35°C with a 12 h illumination of 300uE m-2s-1_ Afrer 27

days of this ecologically unrealistic storage treatment, rates ok

nitrogenase activity were ¢. 1.0 nmol CZHa-h_l-mg_ and were very

\ :
comparable with thz\lcw summer values observed in the earlier stages of
this work (Figure 2). However, replicate thalli of P. canina var.

praetextata appeared to be extensively damaged in that leaching of green

pigments occured during subsequent hydration and after 40 davs,

-

af
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nitrogenase activity could not be detected.'
These observations were contrary to the long-held belief that .
lichens are ccmpletely resistant to high temperature when air-dry and

accordingly, a reexamination of. this long—standing concept was under—

taken (see section 3.2.1).

(3.2.1) Thermal Stress in P. cenina var. praetextata and P.

t —_— ——

canina var. rufescens

The effect of up to 40 days of thermal stress at 25 35 and- 45°¢
~ on nitrogenase activity in both populations of Peltigera is given in
Figures 8a and 8b. RepJEsentative levels of .nitrogenase activity in

P, canina var. praetextata and P. canina var. rufescens are 10-15

nmols C2H4 l-mgfl and 5—7 nmols C2H4 *h -1, g-L'respEc;ively (Figures
2 and 3). Contrcl Teplicates stored at- 25°C for 40 days exhibited
-closely comparable rates. The activity of the P. canina var., Eraete\tata
-replicates stored at 45 C however declined rapidly from a maximum of
. 12 nmols C,H,*h Jf.-m.g—l on day 1 down to 1.5 nmols Czﬂa-h "Lt by ‘day
27. Only a trace of activity was present by day 34 and no activitf
whatscever could be detectedpby day 40 (Figure 8a). At 35°% etorage,

there was also a clear decline in nitrogenase activity in P. canina var.

praetextata throughout the experiment but rates of c. 2.0 nwols C2H4

-ﬁ_l-mg 1 were still evident after 40 days. Conversely, nitrogenase

activity in P. canina var. rufescens was paintained at c. 4.0-6.0 mmols

Czﬁé-hhl-mg_l throughou: the entire experimental storage and time series

in marked contrast to the responses of the woodland va*iety (Figure 8b).

...\.'
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?iguré 8

The nitrogenase activity of (a) Peltigera canina var. Praetextata and

of (b) Peltigera canina var. rufescens after air-dry storage at

- -

temperatures of 250, 350, and 45°C. Thallus saturation is expressed

as a percentage of the final oven dry weight of each replicate.

~
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I

Net photosynthetic rates in P. canina var. praetextata exhibited
a-similar pattern of response to the thermal stress treatment (Figure

'.9a) After 27 days of treatment at 25° C, P. canina var. praetextata was

unaffected and its rates of net photosythesis and respiration were
consistent with previously reported values (Kershaw,‘1977b, e¢). After
27 days, the 45°¢ storagé treatment had reduced the rate of'net
photosyﬁthébis to 20 percént of the control, without any. concurrent
changes in respiration rate (Figure 9a). The data for P. canina var.
rufescens (Figure 9b) show clearly that the rates of net photosynthesis
and respiration were unaffecte& by the storage treatment. Thus, the
responses of photosynthesis and respiration for both species closely

paralleled those observed for nitrogenase activity.

(3.2.2) Microclimatiec Factors

-

The contrasting habitats of P. canina var. praetextata and

2+ canina var. rufescens and their differential thermal sensitivies
appeared to be closely interrelated. It was éssential to document the
field temperatutre regimes of these two populations in order to assess
this apparent correlation . This information would also indicate the
degree of realism of the storage temperatures used in ;revious experimental
designs compared with thosefactually encountered in the field.

_ Thallus temperatures in the two diverse habitats measured
simultaneocusly with embedded microthermocouples, showed marked
differences. Thallus temperatures for P. canina var. praetextata in the

'woodland,under'fullcanopy;onditions,recorded on June 22 (summer solsficc)

and June 26, 1977 (Figure 10 and 11) remained below 30°C for most of the



i,

Figure 9

The respira%ﬁon (Lower pair of curves) and net photosynthetic response
(upper pair of curves) of (a) P. canina var. praetextata and (b) P. canina

var. rufescens after 27 days of air-dry storage Ft 25°Cl(o——————o) and

45°% (e e). Thallus saturation is expressed as a percentage of the .

final oven dry weight of each replicate.

-——
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Figure 10

Thallus temperatures and radiant flux density recorded for (a) P. canina

praetextata and (b) P. canina var. rufescegt on 22 June 1977 for

three replicate thalli.
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Figure 11 .

Thallus temperatures and radiant flux density recorded for (a)
. . N
P. canina var. praetextata and (b) P. canina var. rufescens on 26

- June 1977 for three replicate thalli.

D



|

(-8 31) ALISN3IQ X174 INVIAYY

-

s E

-—

8§ §

&

]
—
o o

§ .

[31

006

oozt

ye iz 8l Sl (4 6 |

1

T = T ! T

0z

-10%

/ . -109

1|||\l‘. -. @ .
E-cs.___lp.zu: _“... ) . K ) oL

-10E

’ x_ov

(Do) IUNLVYILWIL



39

-

day. In the early even;l,ng, th.';tllus -temperatures were, for a brief
period, slightly in excess of 30°C‘as a result of sunfleck activity;

In contras‘t, thallus temperatures for P. canina var. rufescens on the.
adjacent roadside rose rapidly and tisgue temﬁhratures in excess of

60 C were recorded at solar noon (Figure 10.and 11). The relative
inputs of radiant energy measured in the two habitats merely reinforces
these extreme differences. Maximum air temperatures recorded at the
Pe;%séon airport for June 22 and 26, 1977 wefe 27.2°¢ and 30. 6°C
respectivel;. Both days, in faet were emceptional with bright, sunny
skies very little cloud cove; -and little or no wind (Appendiw a).
!Rgillus temperatures and surface weather observations Tecorded on

July &, 9, 10, and 11, 1977 for Site 1 and on July 17, 22 snd August 3,
1977 for Site 2 shew a similar pattern and have Been summsrized in

Appendix A"
PP e

f

(3.2.3) Thernfls Sensitivitv in Northern Populations of Peltigera

and Stereocaulen

The overriding. influence of temperature has been commonly cited-
as having the most profound effeect on plant distributions especilally
on a global scale (i.e. Kellmas, 1975). Thus the importance of thermal
strebs as an ecological paraﬁeter influencing the distribution of two

pOpulations of Peltigera pointed to the necessity of examining a wider

range of 1ichens frem diverse geographical locales. Peltigera scabrosa
and P. aghtho were selected as representative of low-arctic mature
spruce-moss woodland where the former isfrestricted. to the cool"

shaded closed canopy conditions. 2& cénina var. rufescens growing on an

[P R

P
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, exposed 25 yeéiSEId burn adjacent to the mature Spruce-moss woodland was
selected as typical of the early colonizers following forest fire and
was expected to be completely analogous to the southern Ontario population

both in its response to- thermal stress and to the extreme surface micro-

climate. Stereocaulon Egschale forms an integral component of relatively
open spruce—lichen woodland covering extens}ve areas in the Northwest

, Territories but it does not enter the successional sequence until 60-80

-

years. after the initial burn. Kershaw (19773;'1978) has emphasized the

extreme microclimate of these recently burnt surfaces and the extreme

"

thallus temperature conditions. The inference of the earlier work.
suggested a level of adaptation in the initial lichen colonizers which
_:enabled them to-survive the stressful surface conditions successfully.

Accordingly, the potential effect of thermal stress on Stereocaulon

_baschale also _required examination.

The remarkable level of thermal sensitivity of Peltigera scabrosa.

appears to be strongly correlated with its ecology (Figure 12). Control

replicates for the nitrogenase experimental series were stored at 25 /15 c
" and showed an average level of activity of 1. 0 to 1.5 nmols 02H4'h -1 mg-l
comparable with the day 1 replicates which had been stressed at 30° /15
35°/15°,740°/15° and 45°/15%. Afrer 21 days at 30°/15° and 35%/15%
storage temperatures, tne Retential to fix elemental. nitrogen had

been completely eliminated. The decline in nitrogenase activity at

450° /15° and 45° /15% dav/night storage temperatures was even more
dramatic in that acetylene reduction decreased swiftly after day 1 ~

and ceased in only 14 days under these experimental conditions.

The extreme sensitivity observed in this specles suggests that



N

-

3

Figure 12

The effects on nitrogenase activity (nmols Czﬁéfh—l'mg-l) as a measure -

of thermal stress in'Peltigéra scabrosa. Thallus saturatiom is

-

expressed as a percentage of the final oven dry weight of each réplicate. - -

’
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Figure 13

The effects on nitrogenase activity (nmols_czﬁa'h-l'mg_l) as a measure

———

of thermal stress in a low arctic population of Peltigera canina var.
rufescens. Thallus saturationm is expressed 3s. 2 percentage of the

final éven.dry welght of each replicate.
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even the 2] day control replicates at ZSOLESOC were alsb-slightly
stressed (see Discﬁssion).' Conversely, nitrogenase activity in P. canina

var. rufescens)qulected from the adjacent 25 yr old burn was maintained

. . ;
throughout the 23 day storage time series (Figure 12) and contrasted s

sharply with the results obtained for‘thé~woodland species. The stresé

treatment was discontinued at this point since, although surface

températures in excess of SOOC'are experienced over burnt surfaces -under
full radiation conditions in midsamper (Rouse 1976, Kershaw 1977a, 1978),

it highly unlikely that such- a sStress level would be maintained coﬁtinuously

for more than three weeks. Conversely, the longer experimental stxess

-

eriods used on the southern po ulationsvere chosen to simulas ic
P . pop | | vaae—at?p
Symmer temperature stress periods which frequently rum for 5 or 6

')
Y
weeks in southern Qntario.

The result of 21 days of thermal stress at day/night storage
cne0 40 0,,.0 0,0 -
regimes of 257/15°, 35°/15° and 45 /15°C on nitrogenase activity of

2

.Stereocaulgg_ggschale is given in Figure 14.

After only 7 days-stress at ASOC, levels of nitrogenase—
activity were redu;:gd- from a maximum of c. 0.5 nmols CzHa-h-l'm'g-l | L
to 0.2 nmols CZHA-h-l-mg—l and éctiéiﬁywas entirely eliminated after a
three week stress pefiod. The replicates stored at 35% day, 15°C
night temperatures showed a gradual decline in nitrogenase activity with the
with final valués of only 0.15 nmols CZHafh-l-mg_l after 21 days. The
épparent decline of activity in the 25%¢ control replicates‘probably
reflects.a considerable dégree of variution in nitrogenase activity and

the range of cephalodial numbers in this species rather‘tﬁan a2 real

Stress response (see Discussion).

o



Figure 14

-
- »

The effects on nitrogenase activity (mmols C2H4‘h-1:mg_l) as a measure

of thermal stress in Stereocaulon Paschale. Thallus sfturation is

. . A
expressed as a percentage of the final oven dry weight of each

replicate.
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Figure 15

The effects on nitrogenase activity (nmols CZH 4 h—1 mghl) as a measure

of thermal stress in Peltigera 'aph;:hosa. Thallus saturation is

3

expressed as a percentagé of the final oven dry weight of each

replicate.
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o .
Storage temperature regimes of 25 /15° and 350/150 have little

effect oq_the nitrogenase activity of Peltigeralgphthosa‘ (Figure 15).
However, at'45°/15°C day/night temperatures, nitrogénase activity had
declined after 24 days. and replicates hadllost more than 60'percent of
their'potential to fix nitrogen. In comparison with the response
-oEserveﬁ for P. scaﬂrosa which esseﬁtially grows In the same habitat;
the comparative thermal resisﬁance of z;.éghthosa was surprising and

indeed unexpected. ~Presumably, iﬂtrould require several additional days

at this storage treatment temperature to eliminate nitrogenase activity

altogether and in this respect, it cquely resembles the responses

observed for the southern woodland specles, ‘P. canina var. praetextata.
Lanina Draetextaca

(3.2.4) Net ?hotosynthetic Responses to Thermal Stress in

-7 P. canina var. praetextata and P. canina var. rufescens

?rovisional data for P. camina var. praetextata and P. canina
var. rufescens (Figure 9) suggested that net photosynthesis was much
more sensitive to thermal stress than was nitrogenase activity.
Accoréi;gly, net photosynthesis and respiration were Teexamined over
a 22 day stress period in more detail (Figures 16 and 17). The.45°/15°C
storage replicates shéwed a sharp decline in net photosynthetic rates from a
normal maximum of 5.5-6.0 mgcoz-hnl_-g_l down to c. 3.5 mgqoz-h-l-g—l by day
f. By day 21 these severely stressed replicates were not even reaching
compensation under 150uE m_zs“lillumination. _Unéer 2 storage stress of
35°715% day/night temperatureé some reduction in net photosynthesis

was evident after 14 and 21 days and consequently, this particular stress

.-



Figure 16

The effects on net pRotosynthesis and respiration (mg Cpé'h_l-g_l) as

a2 measure of thermal stress in Peltigera canina var. praetextata. - Thallus

saturation is expressed as a percentage of the final oven dry weight’

of each replicate.
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Figure 17
»

The effects on net photosynthesis and respirationm (mg COz'h_;-g—;) as

a2 measure of thermal stress in Peltigera canina var. rufescens. Thallus

saturation is expressed as a percentage of the final oven dfy welght
. ST

of each replicate.
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treatment was extended for ar additional 11 days, when a further marked

decline of net photosynthesis was observed (Figure 16). Conversely, °
l ’
rest.ration was largely” unaffected by the temperature stress with the

-exception of the rep]icates stored at 45°C where, after 21 days, there

was a substantial decrease frem maximm values of c. 2. Omg"O -p71 -2 -1

to 0.8 mgCO\SE - While the results fo" P c-_anina var. rufescens

are scmewhat more variable (Figure 17) npet photosynthesis and respiration

Texain- essentially unaltered after 22 days at a1l storage treatment
-

temperatyres. o ) B \ .
<. : > :
- \ '

(3.3) Light ess ‘and L:Lght-\ied:x.ated Seasonal Ad_]ustment of Ket

Phogosynthéric Canacit)'

(3.3.1) Light Stress-im Peltigera aphthosa

. N

A previous casval observation on 2pparent chlorophyll photooxidation

in thalli of Peltigera aphthosa stored air-dry under 2. 12 kr photoperiod .

.2 -1 . ' o .
of ¢. 300:E » “s ~ ard a coastantr temperature of 15°C for several weeks

Pointed to light as 3 possible stress factor in some liehens. Accorgingl}',
the effect of light stress oo =i ._.""‘ogenase activity was examined under

conzrolied conditions (see section 2.4.1) and the resultS are givea in

Figure 18. Rates of airrogenase activity for Peltizera zphthosa after

6 dzys aader 2 12 h Photoperiod ‘of 450-600.E m 2 l aad a eonstnnt 15%

are maximal.:r_t, c. 1.5 mﬁo“:_:sl".cz'.”:_{;-h_l-mg-l‘. Tnereefter; nitrogenzse

activisy &:llnen o 1.0 .zmols CZE&-h_lomg—.l 3) de}' 14 and

by day 30 rates had &clmed still £ wrihex Jto 0.5-0.6 mmols €2~ -l.?g-l_
This g:adna.. deciine in Aitrogpaase a'::iw'i\f‘? was é:companied by 2 N

prog:ess:x.ve.:_v bleached zpdearance of the experimenta2l replicares over



~-Figure 18

Tne effects on nitrogenase activity (mols Czﬁa'h-l'mg_l) as a measure

of light stress in Pe;tigé}a aphthosa. Thallus saturation is expressed

- -
[y

as a percentage of the final oven dry weight of each replicates

—-h
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Figure 19

The’ visible effects of lighc stress on air-dry thalli of Peltigera

aEht 82 stored for 30 days under a 12 hour photoperiod of 450-600pE
-2 -1

® s ~ and a constant 15°%C (right). Control Teplicates were.stored

air-dry at an equivalent temperature and photoperiod but at 25pE

m_zs-l i1lumination.
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' - : -2 -1
‘the time series (Figure 19). Control replicates kept under 25uE m “s

light regime and 15°¢ day/night :emperatures‘were unaffected both in their

appearance and their rates of acetylene rejjﬂtion (Figure 18).

(3 3.2) Light Mediated SeasonalAdjus.ments of Net Phatosynthetic

Capacity in Peltig_;a canina var. praetextata

The,rates-of.both net pﬁotosynthesis and respiration observed -

during .the thermal stress experiments on P. canina var. praetextata

(section 2.4.3) were considerably different _than published values for ’

this species under comparable experlmental conditions (see Kershaw,‘ -
i§77b,?c). Unfortunately, Kershaw 'only collected his material during
November—December or April-May and néve? under full canopy conditions
as was the expepimental material for the above investigations. The
marked differences in the two data seﬁs appeared to bgbstrongly
correlated with the rather distinct light envirénments.to which the
experimental material had been exposed and under wﬁich it had been
collected. It was hypothesized that some adjustment in the.capac;ty
of net photosynthesis must take place iﬁ‘cpncert with the subsfantial
changes in the spectral distribution of incident radiation on the
forest floor that occurs annually during leaf fall. It was thus
essential to document the ratee of net photosynthesis and respiration
for P. canina var. praetextata before, during and after leaf fall.
Accordingly, experimental material was collected ¢nd tested during the -

first week of September and October, during mid-October and then at

&

-
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ﬁeekly intervals during the last twﬁ weeks of October and the first_
two w.eeks in b'lolxlrember toaccommodate the r'apid changes .::h?t_:-were taking
place in the canopy; The results of tﬁese experiments are given'in
Figure 20). Three basic and important péints emerge from these data:

* First, the rate of respiration ;ncreased from September to
November whichwas reflected in and 1£§gely responsible for the chagéing

<
overall pattérn of net photosynthesis. At mgximum saturation, mé&n
maximal rates of resplration for September 4, October 1, October 19,
October 27, November 3 and November 11 were-l.9,02.2, 2.7, 3.1, 3.6 and
3.2 mg (:02-1':-]'-3—1 respectively (Figure 20). Throughout this experimental
‘work, standard errors of the means were in the range of 0;5—0.8 ng
Cdzoh_;-gﬂl. The mean rate of net pho;osynthesis at maximum sa:ur#tion,
on the other hand, was just above the compensation point for thé
September &4, October 1, October‘lg, and October 27 collections for all
light levels. However, as the rate of respiration continued to increase{
the rate of net photosynthesis became respiration dominated andwas not
coﬁpensated at any light 1evei for both the November 3 and November 11
.collections. The rates and patterns of net photosynthesis and respiration
at maximuﬁ saturation would now Bn;égabarable to those reported by
Kershaw (1977b,:c) who noted mean maximal rates of respiration of 4.0
mgCOé'h—l-g~1 and heavily depressed rates of net photosynthesis at
maximum saturation for experimental replicates collected during early
December. ) '»; X |
Seéondly, this seasonal trena in tha ratgzof respiration was
tiatched by concurrent érends in tﬁe‘rates of ne% photoéynthesis at the
-2 -1

‘lower light levels of 75 and 1S50LE m—zs-l but not at 450pE m “s
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Figure 20

b

Seasonal adjustments of net photosynthetic capacity (mglcoz'h_1°§_1)

for Peltigera canina wvar. pbraetextata. Thallus saturation is expressed

. \ .
as a percentage of the final oven dry weight of each replicate.

Collection dates were as follows: (é) September 4, 1975; (b) October
1, 1978; (c) Qctober 19, 1978; (d) October 27, 1978: (e) November

3; 1978; (f) November 11, 1978.
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' which occurred‘between October 19 and October 27. The pattern of
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This suggests that only some of the adjustment in the rate of net photo-

synthesis can be explained by concurrent changes in the rate of

‘respiration. Mean maximal rates of net photosynthesis at a quantum

flux density of 150uE m-zs-l for September 4, October l‘and'October i9
were 5.3, 5 2 and 4.9 mgCOz-h-l'g_l respectively Thereafter, mean”
maximal rates of net photosynthesis declined sharply and on October 27,
November 3 and November 1l were 3. 3 3 3 and 3 9 mgCO 471 184 -

respectively. These values are regarded as typical rates of net photo-_
synthesis for this time of year (c¢f. Kershaw, 1977b, c). This abrupt
decline in net photosynthesis was correlated with complete leaf fall
response at 75uE mﬁ%s-_ 11lumination is again similar but is not as

marked (Figure 20). Mean maximal rated of net photosynthesis declined

from 2.5 and 2.0 mgCOz-h_l-g_l on, October 19'and 27 respectively to 0.9

and 1.5 mgC~, b gt on November 3 and 11. Under 450uE m 2571 illuminatign,

\.-

the mean maximal rate of netphotosynthesisremained very high and o
relatively constant. Values were observed in a range from 6.8 mgC0,+h -1 gil

to 7.8 mgCOz-h 1- for all collections except on October 19 when an

exceptionally high wean rate of 8.7 mgCOZ-h-l-g—l was recorded (Figure 20).

—— - >

Tnirdly, it should be noted that these very high rates of net
photosynthesis, particularly at a quantum flux density of 450 and 150

pE m—zsfl, have not been reported previously and are exceptional in this

' regard. However, only a portion of these elevated rates of photosynthesxs

can be attributed to 2 decreased rate of respiration (see below).

3
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Recent evidence by Kershaw (1977b) has shown the existence of
thermal acclimation in g:_caﬁiha var. ‘praetextata to temperatures which

corresponded to equivalent ambient temperature levels in the field.

without any significant change in respiration rate and
remarkable degree of homeostasis‘during $pring, summer and early winter.
Kershaw (1977¢) further showed that this thermal acclimation could be
induced experimentally under éontrolled conditions in the laboratory
but only during. the épring and fall. T#ué, there appeared to be a
stroﬁg seasonal component to the direction of the induced_EE?rmél
acclimation of photosynthesis in ﬁhat low température acclimation could.
not be induced during midfsumme;: Similarly, high temperature
acclimatioh could not be induced during midrwinter;

Therefore, taking ipto consideration the High level of

+ 4

physiological plasticity of P. canina var. praetextata exhibiteq at

this time of year, an attempt was made to induce an adjustment of ﬁet
photosynthetic capacity in the laboratory. Lichen material collected
on October 27 that had been exposed to naturally high levels of

incident radiation was examined for its rates of net photosynthesis

and respiration (Figure 20) and then §E3;;E_E;; two weeks at a constant

. temperature of 15°C and a 12 hr photoperiod of 25uE ;—25—1 which
effectively simulated the low light full canopy conditions that prevailed
a few weeks earlier. This was also a realistic light storage treatment

in another sense; clomes of P. canina var. praetextata growing on the

forest floor are frequently covered with fallen leaves or a light

snowfall for brief periods during this time of year. Fourteen days
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later, net photosynthesis and resoiration.wefe'examined-es before at

radiant flux demsities of 450, 150, 75 and O pE n2s71 |
After two weeks under the experimental storage conditions

(15° c, 25uE m 25 ), the rates of net photosynthesis and respirarion

chauged markedly except under ASOuE mfzs-l illumiration where the rate

remaioed at‘e.‘S.O mgCOz-h-} (Figure 21). Heau maximal rates of

net photosynthesis under 75pE m 2 =1 illumination increased from 2.0

to 3.4 mgCOz-h_]'-g_1 vhile under 1S0,E m ~2s71 illumination, the

equidalent figures were 3.3 to 6.2 mgCO -hﬁl-g-l. Rates of net
photosynthesis under—~150uE o_zs illumination had returned to the
high values in excess of 5 mgCOz-h 1 3_1 characteristic of the rates
obsexved both on September 4, October 1, and October ig (Eigure 20)
and in ;he 15° and 25% storage temperature treatment of the thermal
Stress series on P. tanina var. praetextata (Seetion 3.2.1., Fiéure 15).
7 The mean maximal rate of respiration at maximum saturation had decreased
 from 3.1 to 1.7 mgCO -h l-g-l and was comparable with the rates
observed during early Sepﬁember. The adjustment of photosynthetic
“capacity had almost doubied the rate of net photosyofhesis under

-} illumination and nearly halved maxiial rates of respiration

1504E n2g
at maximum saturetion. While the effects of this storage treatment
(15°C, 25uE m—zshl) on eubsequent Tespiration contributed to some
increase in net photosynthetic rates, in view of the suBstantial‘adjust—
ments in photosynthetiolcapacicy unQeo 75 and ISOuE m-zshl illumination
(Figure 20, 21), these changes could largely be photosynthetie in natyre.
This interpretagion ig reinforced by .the constancy of the Tresponse at
—23-1

4504E m 1llumination (Figure 20, 21).



" The ihduction of changes in net photosynthetic capacity (mg CO,h

e e .

Figure 21

-1 -1
g )"

for Peltigera canina var. praetextata. Experimental replicates which

had been collected on October 27, 1978 (-——-——-—-—J were stored moist
for two weeks under 1ow‘light conditions (25uE m 23 1) and reexamined

). Thallus saturation is expressed as a'percentage of the

(
final oven dry weight of each replicate.
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Section 4.

DISCUSSION

‘The environmental control of nitrogenase activity in-liéhens has
not been examined preyiously in any depth. The lack of a multivariate
approach has largely obscured aﬁy collinearity between envirommental
factors and any seAsonal adjustments of nitrogenase actlvity. The work
reported here establishes the exi&gggpe of an innate seasonal rhythm of
nitrogenase activity which is quite different to the seascnality of
nitrogenase activity_desgribed previously by other authors. It would
suggest that a considerable degrée of metabolic complexity exists in
;eltigefa which may be adaptive. This iefel éf physioclogical adaptation
may provide for relatively high growth rates which ultimately_ailow

Peltigera to compete successfully with closely associated gogg'species
-on the woodland floor or equally to est;blish and exploit the harsh regime
of a roadside envirconment prior to its final elimination by the slow
establishment of higher plants.

Classically, tﬁ%_explanation of the ecology.of a lichen has been
sought largely in terms of its net photosynthetic response ts temperature,
;oisture and lighé altﬂough-other physiclogical aspects have been
considered. Studies Sy Bliss and Hadley (1964), Adams {1971a, b),
gungel (1972), Lange (1969);-K5renlampi (1971) and Lechowicz et al.,
(1974) attempted to demonstrate the adaptation of phyéiolégical patterns
to large scale climatic differences in selecred lichen populations. Other
inQesfngtions such as those by Harris (1972), Lechowicz and Adams

(1873, 1974), Larson and Hershaw (1975a, b, c) and Kershaw (1977b, <)

also attecpted to uﬂderstaﬁd the spatial distr ribution of lichens based
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on photosynthetic patterns:but only in relation to small scale micro-

. climatic differentation. Unfortunately, many of these studies were
univariate in their experimental approach and many have not adequately
demonstrated ¢lear relationships between the distribution of plants, their
physiological characteristics and the physical parameters of the
’.environments in which they grow. However,- the considerable ecological

implications of the concept of thermal stress and equally light stress '

that some lichens are particularly well adapted to the environments in which

-

they dre growing.

(4.1) The Environmental Control of Nitrogenase Activiey - ’

The selection of the appropriate experimental design to demonstrate
seasonal differences was extremely important as discussed in Section 1.

Peltigera canina var. Praetextara and P Lanina var, rufesceﬂ% were the

species best suired to this approach. It was lecessary to examine the . \\““'"
response of nitrogenase activity in both populations as a function of |

thallus moistyre content, thallusg temperature, radiant flux density,

the time of year and the influences of snewcover with the experiments

arranged factorially. Wish some simple Bodiffeations, the avaiiable

methods for the exazinatioc ©f the response of nitrogenase activicy

in lichens t0 environmental factrors proved to be very suited

S
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. toa study of this type. Physiological data matrices were pfoduced

for each collection. “The degree of variability among replicates

was large on occassion but clear responses of enzyme activity to environ-
mental influences could be discerned throughout the year and a censiderable
volume of ecologically .interpretable data was obtaised. .
. Although light is a genersl'requirement for nitrogenase activity
and there is a marked increase in activity with increasing 1ight\levels
up to ¢. 75uE m- 2s (Cox and.Fay, 1969), in P. canina var. praetextata
and'P. canima var. rufescens, there is apparently no further marked

rate increase at higher llght levels of 75~450uE m 2s (Figure 2, 3).
Other previous studies of the relationship between light and nitrogenase
activity in both free liﬁing blue-gfeen algae (Stewart, 1965; Fogg and
Sfewsrt,¥968; Henriksson et al., 1972; Englund and Meverson, 1974;
"Jones, 1977¢) and in lichens (Kallio at al., 1972; Kallio, 1973; Hitch
and Stewart, 1973; Crittenden and Kershaw;1979) also sﬁew little inter-. —\\.
action between high light and ?itrogesase activity. Stewart (1974)
ssmmarizesthe information for the effects of light intensity on .

ter;estrial blue-green algae and states that there is a general but not

always a very direct correlation between llgh; intensitv and nitrogen

fixation in natural ecosystems. Thus the abiliCy to fix nltrogen at

low light intensities suggests that this ray be an adaptation to shade

or darkness. For instance, Kershaw et al. (1977) have found that

nitrogenase activity continues in da-kness for seve*al hou s at

temperatures of 15°C and less. .They note that‘in temperage‘latitudes shen
periods of darkness are less than 12 hours in dusacion, nitrogen fixation

could continue throughout the night, unimpaired by the absence of lighz,

A
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given that an adequate carbon reserve is available. At night, moist.

thalli would not dry further, temperatures typically wduld be 100—15°C ’
and a considerable proportion of the annual nitrogen budget could be )
accumulated under these conditions. Nevertheless, the ultimzte source of
reductant for the nitrogenase reaction is derived from photosynthesievﬁhich
provrdes 4 pool of substrates (Stewart 1977). The subsequent Processes,

_ some of which are dark reactions » Supply electrons for nitrogenase and thus
any factor which regulates the size of this pool may affect nitrogenase
activity. .

Maximum rates of nitrogenase actirity can be sustained at relative

moisture contents above 200X for both P. canina var. Ekgetextata and

‘ P canina var. rufescens (Figure 2, 3). Data presented b; Larson (1977)‘
suggest that thallus moisture in excess of c. 200% of the dry weight is
held as superficlal films and droplets. It is probable therefore thdt
Trates of nitrogenase activity are dependent upon variacion in the

mass_ of water held within the interstices of the thallus but- independent

of the extent of surface moisture. The response of nitrogenase activity

in Peltigera canina var. aetextata and P. canina var. rufescens to
pels: Zanina o2 E5cens

variation in thallus moisture content contrasts markedly with that “of net
CO exthange (Figure 16, 17) which may often be strongly dependent upon
both internal and external water loading. The low diffusiviry of COZ in
water compared with air has been fwplicated by Crittenden and Kershaw
(1979) as an important rate-limiting fector in very wet thalli{. Large

quantities of surface water have been noted by these authors to be

correlated Jith depressed CO fixation rates published for a number of species

-
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{1.e. Smith 1962 Larson and Kershaw 1975b, c,.Kershaw 1977b, c; Kershaw ‘

and Smith 1978) However, at maximum saturation, the rate of respiration

-

ts also at a, maximum and this certainly must be taken into account in any.

diSCussion of the apparently depressed rates of net photosynthesis when

-

experimental thalli are ecmpletely saturate& An optimup water content
may also play a role in the shape of the net photosynthetic response curve.

The high partial pressure of C2H2 in the 8as exchange cells and its high'

solubility in -water probably accounts for the relatively unimpaired rates:

of acetylene reduction at equally high levels of thallus ‘moisture.

P. canina var. praetextita and P. canina var. rufescens are-

_very similar both in thedir water,ﬁolding capacity and the thresnold water
content at uhich nitrogenase ceases. Hitch and Steuart (1973) found

similar threshold values for nitrogenase activity in Collema crispum

Lichina confinis and Peltigera rufescens with nitrogenase activity

ceasing at water contents of less than 80-90% of the oven dry weight.

Kershaw (1974) investigated the moisture relations of four Peltigera

species with regpect to nitrogenase activity and found threshold values
-, . .

ranging from approximately.SO-IOOZ relative moisture content. Similar

threshold values have been reported for Peltigera hthosa (Kallio et al.,

1976) and Stereccaulen paschale (Crittenden and Kershaw, 1979) and this

concurs with data presented.in the thesis for_Peltigera scabrosa (Figure 12),

P. canina var. rufescens frcm'HaGley Lake (Figure 13), Stereccaulon

paschale (Figure 14) and Peltigera aphthosa (Figure 15, 18). Clearly,

there 1s a2 minimum moisture requirement for nitrogenase activiecy 4in
lichens of about 75% of their oven dry weight.  This minimum value is
Independent of temperature, quantum flux density, seasonal variation and

habitat preference. The absence of any difference in the pattern of
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“response of nitrogenase activity to this threshold value in the several ,

populations used’ throughout these experiments is puzzling, perticularly .

in view of their distinct and contrasting hahitats.

-l\

- Maximm nitrogenase activity ha¥, g.rally been observed between

-

20 and 30 C for a variety of nitrogen-fixing organisms and the data

presented for P. canina var. praetextata and P. canina var. gggescens-

-

is no exception (Figure 2, 3). Waughman (1977) has found a temperature

optimum of 20 -30 C for several leguminous and non—leguminous plants, while

-Pattnaik (1966) and Fogg and ‘Than-Tun (1960) reported a temperature

optimum in the range of_30 -35°¢ for free living blue-green algae.
Similar optimum. temperatures for nitrogenase activity have been reported

in a range of lichen species: for example, 20°C in Lichina confinis and

35°%¢ in Peltigera rpfescens (Hitch and Stewart, 1973); lSOC'in Solorina

crocea and Nephroma areticum (Kallio et al., 1972); 16-21°C in Peltigera

canina (Maikawa and Kershaw, 1975); 30°C in Lobaria pulmonaria, Sticta

weigellii and Le ptogium cyanescens elly and Becker, 1975); 25°-35° C

in Stereocaulon pg;chale (Kallio, 1973 Crittenden and Kershaw, 1979)

and 20° -30° C for Peltlgera aphthosa (Kallio and Kallio, 1978; Englund,

1978). However, two aspects of the data call for add*tional comment.

firstly; the different pattern of nitrogenase activity at 35°C with

.respect to moisture and light compared with the pattern at- all other

temperatures and secondly, the complete absence of any seasonal

temperature adjustment of optimal rates. The normal relationship between
thallus moisture coatent and nitrogenase activity at e.g. 5- 30°¢

. L]
shows that activity is maintained during thallus dr}ing until

+
approximately 200% thallus saturation. The activity then decreases

rapidly. At 35% however, the activity is not maintained but
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falls-rapidly in an'almost linéar fashion. Since this same pattern of
response is evident if the. experimental replicates are simply held ar a
constant level of thallus saturation, the rapid lirear decrease of
nitrogenase activicy is interpreted as resulting solely from high
temperature stress. A similar deactivation of nitrogenase activity at

35° C has also been reported by Kershaw et al., (1977) and Jones (1977d)

The constancy of the temperature optimum of nitrogenase activity

irrespective of the season is. surprising in view of the very substantial .

seasonal adjustment of net photosynthetic cemperature optima found in some

‘Peltigera species (Kershaw, 1977b1 c). In mid—summer the temperature

s -
'optimum for net photasynthesis is at 30 -35° c, in early summer the optimum

is at 25°%¢ andrsin spring and fall at 15° c, corresponding-with the prevailing ‘

amBient temperatures- The data presented show no evidence of any seasonal

) change in the opﬁimum temperature for nitrogenase activity but point to

the very, marked temperature sensitivity of the nitrogenase reaction,.
This 1s a fact of some considerable and practical importance -dn field
work where the femperature cannot be controlled (see belowj- The range

. i
in temperature emploved in these studies covers muchk of the temperature

variasion within which nitrogenase operates in nature. Thus. the Pronounced
response to temperature elicited under controlled laboratory conditions
Suggests that temperature could potentlially be g principal rate

determinant of nitrogen fixation in the field.

There are considerable changes in the absolute rate of

nit*ogenase activity at different times of the year. Seasonal variation
- <

o*\pitrogen ‘ixation in lichens has been repor tec by Hitch and Stewars

(19)3) and‘Kallio and Kallio (I975) and in free living blne-green algae

!



by Horne 4nd Goldman (1972) and Horne and Carmiggelt" (1975) . All of these

studies measured nitrogenase activity in situ and the rate changes were

- +

directly related to light, temperature and moisture. Since these
eovitonmental parameters have a marked seasonal distribution, there was

a corresponding seasonal distribution of nitrogenase activity. However,
the data presented infig;reSZ and 3, obtained under rigorously controlled
experimental conditions Treveal a seasonal pattern of. activity independent
of the direct: effects of the field levels of light, temperature and
moisture. This intrins{saghythm may be ultimately related tro environ;
mental patterns.throughout A season but not in an immediate and direct

sense. The mechanism of this marked rate change is obscure; Harris (1972)

has suggested that seasonal changes in algal numbers in Parmelia caperata

may be significant but no evidence has been found for seasonal cﬁanges

in blue-green algal cell numbers in P. canina var. praetextata. There

is, however, aiconsiderable body of e;idence documenting seasonal changes
in plants. The marked seasonal levels of net poetosynthesis in sub-arctic
lichens (Larson and Kershaw, 1975b, ¢, d) and temperate lichens

~ .o '
(Kershaw 1977b, ¢) and the equally marked seasonal changes of dartk

nitrogenase activity in Peltigera polvdactvla (Kershaw et al., 1977 are

of particular significance(GS"are the seasonal chanres of dry weight
carbohyd\ste content, glucose andaspa*aglneabsorption and nitrogen
content reported by Smith (1961) for P. polvdactvla and the seasonal

changes in nitzogzzzsé)activity reported for Stereocaulon paschale by

HuSs-Danell (1977b) and Crittenden and Kershaw (1879). Kershaw (1977b, <)
and ﬁcrshaw et al., (1977) have emphasized the importance of the supply of

endogenous carbohydrate at particular times of the year. The large
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increase in endogenous pools of carbohydrate normallf seen in higher
plants in response to cold temperatures and reduced daylength (Levitt

1972) may aIso be evident in lichens. This could, in part explain the

-
Fl

seasonaldifference:both in the response to the addition of glucose and
" mannitol in the light/dark interacti ons wit nitrogenase activity
A -t
,(MacFarlane et al., 1976; Kershaw et ~ 1977) and in the large increases

in the winter and spring rates of acetylene reduction for P. canina var.

-Praetextata and P. camina var. rufescens. With an increase of stored

carbohydrate, there is preshmably‘more energy availlable for the nil{ogen

fixation process both in the light amd in the dark. o

The very low rates of July 1975 which were especially pronounced

in P. canina var D raetextata occurred after 2 very hot and, dry period

—
whereas the equivalent data for July 1976 wlth much higher rates /of

nitrogenase activit) (Figure 2) were representatlve of a muck’cooler and
- s .
wetter summer, Thus temperatures of 30°C with continuously dry conditions
o \ : J
could be largely responsible for the lpé levels of activity in the surmer,

effectively representing the high temperature sensitivity of the nxt*ogenase

-

lsystcm (see Section 4.2).
"The influence of snowcover and snowmelt on subsequent rates of

nitrogenase activiry in lichens has largely been ignored and rarely
tox

controlied for in both laboratory and field settings. The problem seems‘

to have revplved arouad she inability of SOEEIUVESelgGEO'S particularlv in

AL
-.-‘:T.A' "

the field, to appreciate and/or dissociate the complexity and ;gtegﬁ'
. ';.,-" -

aF

rplations of snowcover and the resultant changes in lenvironmental parameters

which ultimately control the phvsio’ogw of the organisms In question. In

general, the two ruﬁdamenﬁal effects of snow cover are to lower the
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.
surface temperatures to c. -5. 0 to 0°% and elither to eliminate or

drastically reduce ambient light levels. The. ocurrence of low températures
- will also severely limit the availability of liquid moisture and tﬁis, in
itself, will severS;y impair wost physiological processes. These *
considerations must also be integratEd'over the entire winter period of
snowcover which is typically of several weeks in duration at this latitude.

Obviously, the relative levels of both temperature and radiant energy under

snow will be governed by ambient air temperatures and the depth of" the

snoupack For instance, as little as Scm of powdery snow reduces the

-

level of irradiance to 25% of uncovered su“face values {(Huss-Danell, 1977b).

- . The rate of recovery of nitrogenase activity of P. canina var.

-

-
Praetextata and P. canina var. rufescens after snowmel: was, like most
2iogtextata Lanina Iulescens

-

. " physiological processes, very temperature dependent (Figure 5,.6, 7).

The constant but insignificant level of nitrogenase activity from dark
replicates for both species can be attributed to the light pretreatment

prior to the first assay. There is some evidence that the nitrogenase
: .
enzyme system is unstable at cold temperatures (Dua and Burris, 1963; * !

Havstead et al., 1970; Kallio et al., 1972; Kallio, 1973), and this has
&

been implicated by Cr;ttenden and Kershaw (1979) in the loss of functional
nztrogenase activity in lichens during winter months. These authors
have strongly suggested that only Iow temperatures or prolonged frost
episodes are involved in nitrogenase inactivation before snowfall and

£ after snownelt ao® this is interpreted as a key factor causing the seasonal

- ( Va}iation in potential nitrogen fixing activity in S. paschale. While

-

sozme of the seasonal activity reported by these_authors is closely linked

- »
[y

with the seasogal distribution of envirommental factors, no clear
. r
1



evidence was preséhted to suggest that low temperatures per se were

. Solely responsible for the observed petterns of seasonal nitrogen

. fixation. Unquestionably, nitrogenase activity will be reduced by low
tempefatures aigures 2, 3,5,6,7 providing, of course, ‘that there
exists sufficient liquid Boisture. In constrast to nitroézhase activity,
it Has been shown that there is a wmarked photosynthetic adaptation to
temperathre in lichens which-closely corre5ponds to* the prevailing seasonal
temperatures (Larson and Kershav 1975c, d; Lershaw 19773 ¢; Kershaw

and Smith, 1978). Again, providing that sufficient liquid moisture. is )
avalilable, net'photosynthesis will continue to supply the needed
rednctant and carbon‘reserves fpf the nitrogenase reaction although at
probably reduced rates. While the effects of temperature will fignre
largely in the decline of nitrogenase activity following 4 thick
snowcover, the abrupt elimination of radiant energy is more likely to

be the dominant influence. ‘Thus MacFarlane et al., (1976) have shown °
that nitrogenase activicy declines.sharplf in the absence of light

while Kershaw et 51:, (1977) extended the above work to show that-this
decline of nitrogenase activity in the dark is temperature dependent.
Further these studies clearly illustrated that nitrogenase activitv can
continue in the dark for extended periods of time at 5° and 15°C and
"that dark nitrogenase,act1v1ty was dependent on aerobic conditions. This
' strongly implicates respiratipn as a source of energy in the dark (see
Bottomley‘and Stewart 1977). The immediate physiological impact of a
deep snowfall will therefore be an abrupt cessation of rhotosvnthesis

- concurrent with a_sharp decline in nitrogenase activity followed by a
moTe-gradual reduction in the rate of nitrogenase activity with tinme.

»

. e -
Low temperatdres will reduce the rate of respirationm to ninimal levels
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activity will be in evidence for P. canina var. praetextata and P. canina
var. ruf;scens until early'spring. This is corroborated by previous
Studies indicating‘that nitrogenase activity in lichens beneath snowbeds
is completely suppressed. (Alexander and Kallio, 1976; Huss-Danell,

1977b, Critteénden and Kershaw, 1979) of that actiyity beneath snow was
below the sensitivity of the assay techniques employed (Englund and
Mayergzn 1974) . Following snowmelt, Physiological reactivation in

the lichen will ensue rapidly. The recovery rate of nitrogenase activigy
will be impeded by prevailing Jow temperatures (Figure 6, 7) and

continued intermittent frost, a view also shared by hallio et al., (1976),

Alexander and Kallio (1976) and Crittenden and Kershaw (1979). That

Teestablishment of activity can be rapid suggests that the mechanism

invelved could largely.be éne of enzyme synthesis or light activation
of the. €nzyme or both and may not be due to an 1ncrease in the numbers
of the blue—green phycobiont (ef. Harrls 1971).
The effect of snowcover ‘on seasonal nitrogenase activity in
P. canina va7/,nraetextata and P. canina var. rufescens was not discovered
in the earlier phases of the work because neither of these species was
collected frem under the snow. December collections were made before
the first snow*all to facilitate the selection of the
experimental material. The only "winter™ collection was made in March

1976 for P. canina var. Praetextata and this followed a two week



thaw which exposed collected lichen clones to moderately ‘cool temperatures,

full saturation and full daylight.

’ Clearly, the investigation of the envirommental control of
nitrogenase activity demands as a prerequisite a laboratory based multi-
veriate approach. The lack of control in field stuoies of, for instance,
temperature and previous thallus history (MacFarlane et al., 1976) could
account for the diecrepancies in the Teported temperature optima for
nitrogenase activity in lichens. Fleld studies of nitrogenase activity
must be coﬁpled with more stringent determinations under controlled
conditioos in the laboratory. The seasonal components of nitrogenase,
comprieing both an endogenous and exogenouo rhythm, will contribute pery
significantly to the marked variation in the absolute rates of acetylene
reduction for a' single species reported in the literature. Thus some

of these published rates of nitrogenase activity and the estimates of
total nitrogen fixed per year are of questionable value. Rarely have
previous studies considered the multivariate nature of the environmental
control of nitrogenase activity nor has a proper conversion factor been
determined. It has become customary to use a conversion factor of 1/3
Nz reduced per acetylene reduced based on the fact that acetylene .
reduction is a 2 electron and K, reduction a 6 electron transfer.
However, experimentally a value of 1/3 seldom, if ever, is found. Values
of the ratio reported in the literature vary widely (1/4-173) so it is
apparent that no standard comversion value is reliable for interpreting

acetylene reduction in terms of nitrogen fixation. The primary reason

for the variable conversion.factor appears to be related to the unusual
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efficiency of electron transfer to acetylenme as employed experidﬁhtally

-

(see Burris,.1974 for an account). Unless a conversion factor 1s .

.~

determined under"the specific experimental conditions it is unwarranted
Y

to attach quantitative significance to the nitrogen fixation rates based

on acetylene reducticn alone. r—-j>

- 3. .
(4.2) Thermal Stress as an Ecological Factor in Lichens

Temperature_&as.long been recognized as having a most pronnunced
influence on plant distributions largely through dits effect on the
availability of moisture and its relation to physiological and biochemical
reaction rates, this subject has been a&equately treated in several |
publications (Watts, 1971;Larcher,_l975; Kellman, 1975; Bannister,

1676 etc.), &t detaila of which need not be elabqtated here. An
imnortant izzzjderation in plant distributiod mechanisms however.is the
ioncept of_thetmal extremes since they may not only limit physiological

_ processes but may also cause the death of the whole or part of the plant

and thus either completely eliminate it from a particular habitat or '

. Teduce its competitive vigour. Consequently, a study of the resistance

- -
of plants te, for instagce,'high temperatures provides insights into

their ecology.

The apparent high temperature semsitivity of the nitrogenase

enryme and the seasitivity of P. canina var. praetextata to continuOLs

but moderate levels of the*mal stress necessitated an examination of

these factors to assess their role in contrelling the distribution of

" the species. The preliminary observations of thermal stress confirmed -
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the interpretatﬁio:.t of the low summer rates of nitr_egenase activity in
Peltigera bgt also pointed to thermal Stress_as an ecological paramefér'.'
of considerablg impo;tance. The literature documenting the éffecfs'of
thermal stress on plants is extensive and has been reviewed by Levitt
; (1972) Kappen (1973) and Alexandrov (1977) However," the published
.works pertaining ‘to the lichens and mosses CLange 1953, 1955, 1959;

Biebl 1967e; 1968) which have been widely acclaimed and acknouledged have
largely obscured the ecological significance of thermal stress as an °
_ecological factor (see below). Eistorically, the problem has always
revolved around the choice of an exact criterion which could be used -

to measure the effects of heat stress on plants in some-absolute way
(Levitt, 1972). Further dlfflculties have also arisen over the method .
of application and duration of the heat stress period. Typically, stress
;emperatures of 70° -100% have been used on the lichens for a duratien ofi
30 minutes followed by assessment of the heat injury several days later. -
Thus, the temperatuyre of a 30 migute heat *reatﬁen; that suppressed
respiration ihtensity in the lichens by S0% was chosen as z criterion

for the assess;ent of thermal injury. Consequently, Langé (1953) showed
a correlation between the thermal resistance of lichen species from the
éxposed Fulgensietum continengale, chgracteristic ofhgpqn, dry; hot
places in southwest Germany which toierated up to 100°C. This result
contraétgd with that obtained for the mountainous epiphytes, (Usneetum

PN - -

barbatae) which were already severely damaged at around 75°C. The

4

actual stress temperatures that were used were all highly wnrealistic
ecologically and probably seidom occur naturallv. Thus, in the ajr-dry

state, the heat resistance of most lichens has been summarized by many

-
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authors (e.g. Kappen, 1973; Farrar, 1973; Hale 1974; Raven et al., 1976), as

¢
”

"extreme and exceptional" or "poikilohydric plants in this ‘state are
insensitive and -can survive any temperatures occurring naturally on the
earth", (Larcher, 1975).. On the other hand, hydrated lichen thalli do not

~

differ from other kinds of plant tissue; their limits of heat resistance

range from 35° to 46°%¢ (Lange, 1953). Alexandrov {1977) has extended
s :

the above conclusions and suggests that the dramatic enhancenent of the

thermostability of dessicated mosses and lichens can readily be explained

by the well-knowm difference in the response of solubilized and dehydrated
pProteins to thermal dena:uration. A heat treatment in the order of 120-

150 C is required to denature dehydrated pProteins, whereas these same ¢
proteins in a water solution are éenatured at temperatures ground 60-70°%.

-t

In contrast, the ecologically-based approach used throughout this

thesis has takeqanvsevere decline in one or any of the -three basic

lichen metabolic processes, (photosynthesis, respiration or nitrogenase
activity) over a three to four week stress period as indicative of a
thermal stress response. Death oay not ensue directly from the stress

and recovery may be possible but the resultant reduction of competitive

'abglit? sequentlally integrated over a field season will lead to the

potential elimination ef such non-adapted species from a stressful‘
environment. Based on the microclimatic daté; erperimental stress
temperatures were deliberately chosen at a reelistic level._ Surface
te:perat&res of 45% in tbe open- are commonly encounte*ed for periods
of 3-4 weeks during hot, dry susmmers. Consequentl y, the data presented

denonstrated- the severe Yoss of ‘zmerabolic capacity in some lichen species

and hence a reduction in their ability to compete at a maximal level
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or to survive when stressed by quite‘Poderate temperatures.

The microclimatic temperature measurements on. the open roadside iz
indicated maximum surface temperatures of ¢. 60°C which agrees well

with maxima reported by Lange (1953), Rouse (1976) and by Kappen

.

(1973) who has summarized the literature .on a great number of measurements

of temperature maxima in poikilohydric plants. Kappen concludes that,

for exposed boundary layer conditions in temperate climates, temperatures

.range from 50 -60°c. While these temperatures may seem at the outset

to beexcessiveand abnormall§ high, the microclimatic considerations of .

open and exposed situations can account for these extremes and

pus)

’

‘contrast markedly with the microclimatic features characteriging
Cemperate and northern.woodlands. The single largest and most important
difference between the two habitats is .in tﬁeir reeeﬁtion of_sblér energy.
The shielding of the ﬁlant canopy draetically tcduces the incident solar
radiation reaching the forest floor to c. 2-5% (Figure 22). The

difference in receotion of solar radiation at the two dlstinct surfaces has
important ramifications in a nunber of respects. From the energy

balance equation, soler radiation or Q* is partitioned between the latent

heat of evapotranspiration LE, sensible heating of the atmosphere K and

heating of the subsurface layer G in the form: ‘///

Q* = LE + E + ¢ (W

;t is evident that any differential in Q* must be accompanied by an
equivalent change in the terms on the righ:t side of.equation (1).

A greater absorption of solar radiation in the open exposed areas will
creale very high surface radiative temperatures and will result in large

effective long-wave radiation losses. Rouse (1976) has reported that



Figure 22

\

The attenuation of radiation in woodland and in adjacent exposed aréas.

v

" 0f the incident photoéyn:hetically active radlation, 107 is reflected
(R) from th-e upper sruface -of the canépy. . Different amounts of the
radiation that penetrates the woodland are absorbed in each layer,
de.pendi_n;g, on fhe structure. I;:x the fofest, the greatest absorptf.on of

- radiation occurs at the crowns of the trees, while inethe.open and -

.ﬁsed areas, maximum absorption incident radiation above the canopy

5\

reaches the woodland floor. (After Larcher, 1975).
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surface temperatures can rise as high as 65% 3 over fresh burps in the

Northwest Territories and diurnal :emperature ranges are extteme at up

‘

to 45°C. ' The development of high soll-surface temperatures ;s-enhanced
by dry soil-surface conditions and low evaporation rates. Both of these
effects lead to a strong sensible heating of the soil. 1In contrast,

less solar radiation will be ébsorbed in temperate and northern woodlands

and there will be a much lower long-wave radiation loss.

the fact that plants can lessen their radiational “heat load by latent
and sensible heat losses so that their relative temperatures will remain
near the ambienﬁ air temperature. Soil temperatures, prior to snowmelt

will likely not differ substantially between the two different

-habitats thus the high soil temperatures which are achieved in the earf}

suxzer in exposed areas are probabl due to a large subsurface heat_flux
during and immediately after snmowmelt. Since winter soll temperatures
are much the same, the strong early summer soil heating is matched by a
late summer cooling so that over the year, the G term from equation (1)
tends to :ero.( Busé l§76). The depth of snow in the two different
areas will alse be i 'ortant.. There will, on average, be less snow in
the oﬁzn areas‘than‘in the woodland and this will result in less melt-
water for soil replenishment in the spring. The snow will‘m&Lf earlier
so.that the soil is exposed to the evaporative processes sooner.
Evaporétion rates will initially be high thus "depleting the surface
soil moisture by early to mid-summer; all of the incoming radiant energy
will now be realized in the sensible heat terz B of equation (1).

Clearly, the sensible heat flux in mid-surmer will be cons‘derablv é:eater
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over exposed surfaces than over Ahe forest floor. Rouse (1976) notes that

" this would be expected from the very large temperature gradients which

develop between these exposed surfaces and the overlying atmosphere.

All bioclogical activity at the exposed surface and within the
first few centimetérs of soil must \%ne to terms with these temperature

. o : .
extremes. Thus a maximum stress tempiyature of 45°C would not be

excessive and is certalnly not stressful to populations adapted to high

surface temperatures. However, it is highly stressful to some low =
arctic species or temperate sPeciéé characteristic of shaded locations.
Conversely, above the boundary layer and under- shade conditions, temperatures

o . ;
in .excess of 35°C are rarely encountered and in this case it is not

-
surprising to find marked stress responses at 45%c. . The indications of

- o o c
severe stress at 25 and 35 C correlate well however with the

microclimate of some northern shade specles (see below)

-

The degree of thermal sensitivity of the two populations of

P. canina assessed by the examinarion of net photosynthesis, respiration

and nitrogenase activity integrated over 2 period of 3-4 weeks correlates
exactly with their contrasting ecology and microclimatic considerations

discussed above. Larcher (1975) notes that the resistance to

*

tenperature extremes 1s an advantage to any plant, but especially to

those that must avoid competition; these cannot establish themselves under
favourable temperature conditions and are found only in open and therefore,

microclimatically extreme habitats. Thus P. canina var. rufescens as

~

a result of 1ts relatively high growth rate (Hale 1974) and its tolerance

to high temperatures can establish and fully exploir the harsh rpadside
¥ exp
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environment prior to its final elimination by the slow establishment -

of higher plants. Alexandrov (1977) suggests tﬁat the bioclogical
signiffcance of such differential thermal sensitivity would appear to be
that the heat resistant species must POssess more :hermostable protein//

in order to avoid thermal denaturation since the latter would eventually

—either seiously impair the functicn of the -organism or eventually result

in its death. The nature.of the damage due to heat stress is obscure
but appears to be.associated with extensive rupturing vf algal cell

membranes ' in P. canina var. praetextata. Leaching of green pigments

occurs immediately during subsequent hydration and would be interpreted !

. by Alexandrov (1977) as a lack of conformatlonal flexibility of membrane

-~

protelue in this species. The low summer rates, of nitrogenase activity
observed for P. canima var. practextatz were interpreted as a response to
a hot dry suﬁmer (MacFarlane and Kershaw, 1977) and the data presented in
this thesis adequately confirms this observation. The low summer rates
subsequently returned to normal values by early winter; this obeervation

points to a potential for Tecovery from natural levels of stress.

Stereocaulon paschale, a species of open low arctic spruce-lichen

woodland in the Northwest Territories is a dowinant component in the
successional sequence following forest fire. The thermal sensitivicy of
S. paschale fn the air-drv state is o% considerabie interest in this
regard. The post fire recovery period in lichen woodland has been
documented by Maikawa and Kershaw (1976) and it is apparea: that there

is a delay of c. 60»ears before Stereocaulon eaters ehe ‘succession.

Rershaw (1977a) has suvggested that the relatively extreme surface

DO
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microclima:e of the' burnt surfaces (Rouse, 1976; Kershaw and Rouse 1976;

]
-

b hershaw et al., 1975) 1is largely responsible for this long delay in the
development of the mature lichen surface of these low-arctic woodlands.

KerShaw (1978) has documented air temperatures up to 48°¢ at a height of

2um above the cr e lichen Biatora‘granulosa which colonizes recently

\\burut gurfaces. Conversely, in the open lichen woodland, temperatures
oﬂly briefly exceeded 40°C but with the usual level of csnopy shading,
temperatures reuainedigslou 30% (see Kershaw, 1978 for dstails); Kershaw

Rvihd Smith (1978) have suggested thar'the surface températurc of the
earlier stages of the guccession is too ercessive for‘;he survival of
§;:gaschale and its entry into the succession is dela§cd'for 60-80 years
duriug which time the extreme surface microclimate is anmeliorated bf
the following processes: The gradual acqumulation of an organic lav r which
is acccmpanled by an enhanced reteation of soil moisture thus resulting
in a substantial Teduction of the sensible heat flux (Rouse 1976; Kershaw
1977s). A concur:unt tree growth leading tc a sharp decrease in solar
radiation. The combination of these two processes results in a uuch
cooler average Surfacetemperatureuhich can now be successfully colonized
by S. paschale. Thus the long successionzl sequence leading to the fipal

establishment of Stereoccavlon woodland 15'seen'by Kershaw and Smith (1S.78)

as primarily a function of the thermal sensitivity of Stereocaulon.
These microclimatic observations correlate extremely well wich
the response of aitrogenase activity to therzal stress for S. paschale

Figure 14). Kershaw and Szith (1978) and YacFarlane and Kershaw (1972)

have shown that S. paschale capnot m=aintaia its photosynthetic capacity
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~after even 12 hours of ASOC,stress—aﬁd thus it is not likely that it,

s

would survive in a surface regipe where temperatures-in-gxcess of-&SQC
have been recorded. Similarl ;~the long term stress effects which are
évident at 35°% offer a reasonable explanation fér the 66—80 year delay
of the appearance of Stereocaulog into the succession following forest

* -
fire. The slow establzshment of Alectoria ochroletrca and A. divergens

which are important components in the final development of lichen heath
in the low arctic has also been attributed to an ameliorated surface
microclimate (sce Kershaw and Smith, 1978 for details).

The extreme thermal sensitivity of Peltigera scabrosa, a species

. . v
which is restricted to closed canopy conditions in low arctic woodland,

was initially surprising but in retrospect stgbngly correlates with the
cbserved distribution of this species. The low arctic closed canopy
spruce-mﬁss woodland represents the final ﬁ?gZegsional stage in the

regovery following forest fire (Maikawa and Kershaw 1976). Temperacures
will rarely be above 20°C and the observed sensﬁtivity to a tﬁermal

stress of only 25%¢ (see also MacFarlane and Kershaw, 1978, 1979) presumably

will limit Peltigera scabrosa to these cgol shaded conditions. Conversely,

the thermal resistance of Peltibara aphthosa, a species which grows
actually intermingleé with P. scabrosa was again unexpected. However, it
does enter thg successional sequence ;gEgr fire much earlier fhan P.
scabrosa where it ini:i;lly becc:es'esﬁablished iz the vicinity of seedling
spruce irees. Thus, it =uv‘have to withé:and ambiez; temperatures of 35°%

under perlodic full radfaticn conditions and apparentliv retains this

level of thermal tolerance in mature closed canopy woodland while losing
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its ability-to tolerate even moderate.lenels of'illuminetion (see
below).

Physiological plant ecology is concerned fundamentally with
the modiflcation of plant metabolie Processes by the fluctuating
external influences of the environment. During the last two decades,
a considerable amount of work has been done in tﬁe Eutecological—
physiological field of lichens and a great bulk of information has

accumulated. The experimental approaches employed have attempted to

~

explain the ecology of a lichen in terms of irs ner photosynthetic (and

4

to a lesser extent nitrogenase) Tesponse to temperature, moisture and
llght (e.g. Stalfel;f’fé39 Ried, 1960 Lange, 1965; 1969; Harris, 1969,
1972; Lechowicz and Adams, 1973, 1974 Lechowicz et al. 1974; Larson and |
hershaw 19755, ¢, d: Kershaw 1975, 1977, ¢ ete.). Despite the absence-
of a unified approach in experimental design or the lack of control of,
for instance, seasonal acclimation of net photosxntheszs in lichens.
(Stalfelr 1939; Larson and Kershaw 1975a, b, .c; Kershaw 197}b, ¢}, the
collective resulrs Tepresent a':emarkably similar set ol multivariate
responses of net photoefnthesis gor 4 conslderable array of specles.

It would seem that the level of differences that-has been Teported

has not on most occasions, been sufficiently large to explain more
fully the ecology of a épecies. The similarity of responses suggests
that perhaps more Intensive physiological or, in ﬁﬁﬁtl bibchermical
Investigation 1is Tequired to best dissect the excesﬁlvely conplex

cultifactorial nature of ecological interrelationshiﬁ‘. A neglecced

and alternacive avenue Involves the exazination of thg\resis:ance to

)
{
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tﬁermal extremes (both high and low terfperatures) ranging from complete
thermal tolerance to extreme thermal seﬁsitiYity;1this-presents another
continuous variable wh}ch considerably advances the unaerstandfng of the
physidlogical egongy of }ichens on several éeééraphical scales. TFor .
instance, the interpretation ofthephysiol;gical ecology of lichens

ranging from the tropics to the high arctic becomes more tengbie in light

-~

of the dominant nature of thermal Stress as an eccological parameter while

k4

the responses of net photosynthesis, respiration and nitrogenase activity \\

to moisture, teﬁperatﬁre, light and season within which ecologists have

: ‘ s .
been attempting to spek a complgfffggplanation of a lichen's' ecology may;
in fac:;-ﬁlay ap infleriqr role. IHowever;-although thermal tolerance
may be a domirnant factor,\other httributes of the metibolic proces;es of

-

the lichens in questfon wifll most certainly be involved.
s ' v

- Frem the data predented in this thesis, it appears that the
most sensitivice indicator qf thermal stress i; photosynthesis, the
capacity for nitrogenase aétivity being maintained much longer. ‘ﬁespiration
is much more resistant still to heat étress with rates only being affected
by the most extreme temperatures used and then only after a
integrated period of 2-3 weeks. These observations concur with comments
by Larcher (1975) who notes that photosynthesis is particularl§ vulne;able
o heat sf&ess while respiration is disturbed primarily by cold
temperatures. Moreover, sincé a2 lichen is approximately 90% fungal
tissue_on a dry weight basis, fespi:ation can be considered to be téls
largely fungal incﬁrigin. Thus the zmveobiont would appear to possess

considerably greater tolerance to thermal stress than the algal component.

N

\

\

o



! v

84

Either the resistance of the respiratory prbcess to heat or the differential

thermal resistance of the mycobiont and phycobiont or both may well

* account fox the very extreme temperatures required by Lange (1953) to

obtaln any stress response at all from the manY“lichens he examined
simply because thermal stress was being assessed by measuring the rate

of respiration only.

-

(4.3)-’Light as an Ecological Factor in Lichens

The effects of moderate levels of illumination on nitrogenase
p .

activity of air-dry thalli of Peltigera aphthosa were very surprising

indeed in view of recent statements by Raven and Curtis (1970) and Raven

et al., {(1976) who have summarized the biology of lichens ;ﬂ'the following
: i
manner: 'when the lichen dries out, photosynthesis ceasés and in.this
state of shspended animation, blazing sunlight or great extremes of heat
and éold can be endured". The decline of nitrogenase activity was
paraileledby'a simiiar response in net photosynthesis; Kershaw and
MacFarlane (1979) Qhowed that the rate of net photosyntﬁesis for P. aphthosa
was barely c;mpengated after 21 days under the experimental stress
conditions (1500; 450-606uE m—zs-l) while respiration remained
unaffected. .As noted previously, P. gphthosa enters the succession at
Hawley Lake, Ontario follcwing forest fire at a comparative_ly early

stagc but it is also very abundant on. the floor of the mature and adjacent

spruce-moss woodland where It grows-intermingled with Peltigera scabrosa

and the moss Ptilium crista-castrensis. It has been demonstrated

(Kershaw and MacFarlane, 1979) that the gemeral level of thermal
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. 'tolerance for P. aphthosa remains essentially unchanged despite the gross

ek
-

micr0climatic differences betueen the contrasting surfaces (see Section
4.2). The independence of the spatial and temporal consideracions of ‘the

thermal sensitivity of this species contrasts, in part, ith the effects,

-

of radiant flux demsity. Since P. aphthosa initiallybefomes established on

'_recently burnt surfaces in the vicinity of seedling spfuce, it may

periodically be necessary to tolerate full radiation/conditions. In

contrast, ligﬁt levels in the mature SPruce-noss odland will probably

range from c. 25-100pE m 2 l, and levels of 1llumémation higher than this

will result in progressive photooxidation and bleaching of thalli of

2;_aghthosa'in the air-dry state.. It should be emphasized here that -the

lichen thalli wore at very low levels of thallus moisture content and
L]

the resnlts must be qualified in these terms (see below) Similarly

. preliminary evidence suggests that the closely associated moss, Ptilium

-~

crista-castrensis; 1is substantially more light sensitive than P. aphthosa
(Kershaw and MacFarlane, 1979). This agrees with comments by Levitt . (1972)
who notes that the most extreme sensitivitv to light is shown by the shade

plants belonging to the lower group of plants, the algae and mosses. "The

~ . -

relatively low but constant rates of nitrogenase activity that were in
evidence even after 30 days under mﬁderate light stress levels point to am
potential for recovery in P. aEhtHosa. Unfortunately, a moist series was

not run in parallel. This would have been of considerable interest

v

since these experimental results.would provide additional data
—

on tﬁe-extent and rapidity of the injury or.the possibilicty of

complete repair, recovery and adaptation o the €levated light levels.

A
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The detriﬁental effects of growing higher plants from shaded
habitats in strong light includipg the destruction of chlorothll and
changes in the chloroplast marﬁhoiogy_have been well established (Gauhl
1969, 1970; Montfort, 1950; Munding, 1952) but to this author's kmowledge
ne previéus phyé&élogical-data exists wﬁich illustrate; fhe concept ofi
light stress as an important envirommental factor in the eéology of
some lichens. The physiologicél and morpholegical protective mechanisms -
separating the sun and ghade races of P. aphthosa, are at present, obscure.
Pigmentation has béen interpreted as being a protectio? against high
levels of incident radi#;;on (Bifter, 1901; Galloe, 1908; Laﬁdi et al.,
1969) while Hampton (19735;showeddiffercntiai amounﬁs of the photosynthetic
pigments chquophyll ay phycoerythrin and phycocyanin between sun and
shade forms of P. caﬁina. Morphologically, the thickness of the upper
cortex has ;lso been fmplicated in influencing the light intensity B
reaching the alga and hence is regarded as a protec;ive'mechanism against
chlor;phyll.oxidation._ For instance, the same lichen species growing
in full sunlight developed an upper cortex about twice as thick as that

of a specimen from a shaded habitat as shown by Bitter (1901) for

Hypogymnia physodes, Tobler (1925a) for Xanthotia parietina, Galun (1963)
. . : !

for Buellia canescens and Looman (1964) for Lecanoréi}eptans. Ertl (1951)

extended these investigations and demonstrated a relationship between

cortex thickness and habitat for Peltigpera praetextata, Peltigera canina

.

. _
and Solarina saccata. In view of these observations, it would be of

-

interest to examine aspects of pigmentation ih the sun and shade races
b

of botﬂ Peltigera-aphthosa and F. canina. Equally, an ultrastructural
oy
; *

PR 5 SR W P
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| study and a'more rigorous examination of.ligh£ stress Iin the two ecotypes
for both species might'be enlightening. —

The Seasonal a@justﬁent of net photosynthetic capacity in

Peltigera canina va;.sgraetextata'Eorrelates extremely ﬁell with
concurrent clanges in the canopy and the -subsequ?nt changes in the
radiant energy spectrum iﬁcideyé on the forest floor. Under full canopy,
low light condiﬁions, ver& ﬁ&gh'maximal fates of .net photosynthesis

were observed and were-ﬁccompanied by low maximal rates of respiration.
In concert with leaf fall and the opening of the canopy, maximum rates
of net photosynthesis declined to épproximately one-half of the

previous rétes while the maxdmum rate of respiration'increased almost.
two-fold. It shouldbe borme in mind that the relationship between these
two processes is not linear, i.e. a doubling of the respirationm rate
does not necess;rily result in thé‘reduction of net photosyhthesis .

by a factor on ome-half. The existence of photorespiration (CO, compensa-

2

tion peint t=50-70 ppm CO. at 25°C and 300uE.m_25_1) and the non-linear

2

and differential responses of net photosynthesis and respiration in relation

to thallus moisture content negate any comparison of this kind.|\ However, the
™~ ) :

high rates of net photosynthesis observed under full canopy conditioms, \can,

in part, be attributed to a decrease in the ratg/bf respiration. Ha/ is

(1969) has shown the existence of a greater phﬁéosynthetic efficiency (based

on respiratory changes) in tree base forms of Parmelia physodes and
'regards this as a positive adaptation to growth under shade conditioms.
Conversely; Hampton (1973) has found that concentrations of the photo-

éynthetic pigments phycoerythrin, phycoyanin and chlorophyll a were




substantially higher 1n:specimens of P. canina collected under dense
shade than sun specinens of P. canina growing on an open roadside.
Beneath the full canopy and thus in green-rich (or red deficient) light
or in light of'low intensity, synthesis of phycoerythrin which absorbs

maximally in the green region of the spectrumis stimulated (e.g. Holm-..

-

Hansen, 1968; Haury and Bogorad, 1977). "Recent evidence by Scheibe

(I972) indicates that a phytochrome-like pigment may regulate the
responses of blue-green algae to light qualirty.

Th; correlation between the magnitude of the rates of net
photosynthesis and respiration and the light environment ﬁnder which the
plént was either grown or exposed has been obsérved previously. TFor example,
Bjarkman‘(l968), in a study of sun and shade.species representing different
téxonomic groups of herbacecus plants, found that the shade plants
exhibited low dark respiration rates and low compensatioﬁ p;ints compared
with the sun species, which: showed dgrk respiration rates 5-8 times higher
and comparatively higher compensation points. Berry (1975) a}so supports
the contention thaé leaves qf plants developing in high light.havé high

rates of respiration. Patterson (1975) in a study of photosynthetic

acclimation to irradiance in Celastrus orbiculatus noted that the low

Irradiance plants had respiration rates less than half as great as the

high irradiance plantg. The lower respiration rates in the plants grown
under low Illumination contributed to the ‘higher net photosyﬁchetic rates of
such plants when they were measured at low light intensity. The reduced
respiration rate was also reflected in the low light compensation values for

these plants. With high irradiance during growth, the respiration rate

ek RE & ek W
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increased and this resulted in\higher light compemsation values. Harris

;j (196%) found some evidence for seasonal variation in respiration rates for

Parmelia caperata and P. ghzsodes which appeared to be st;ongly Eorfelated
with changes iﬁ the canopy. He hypothesized rhat these changes could be )
attrihﬁted.to a prolonged period of -high photosynthetic activity brought
on by high water availability énd high light intensity before the canopy
closed, Inlthis reéard, it 4s completely arcalogous to the situation
described here for P. canina var. praetextata. - |
The laporatory-induced increase in net photosynthetic Eapacity
in P. canipna var. praetextata illustfateg‘a remarkable degrge of physiological
plasticity. Maximal rates of net photosynthesis were almost doubled
while maximal rates of respiration {at maximum saturation) wére reduced
A-Ey a factor of approximately one-half. Thus, the rates of both net
bhotosynthesis and respliration were comﬁarable with those observed earlier
under low light full canopy conditiqns but the induced physiological
-changes occured' In a considerably shorter period of time. Unfortunately,
the induction experiﬁent involving net photoéyntﬁétic capacity was only
performed once and only after the experimental material had been stored

25-1) for two weeks. The shortage of experimental

at low light (25pE m
material and above all, the lack of time precluded any other approach.
It would be of interest to determine the rapidity of the response and
the extent of any seasonal limitations. This undertaking would involve
the examination of the rates of net photosynthesis and respiration in
the spring afrer snowm;it, during bud break and on inte full canopy

development. A pigment analysis and a documentation of the changes in

the spectral distribution on the forest fiocor might also prove to be
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n
enlightening. The entire investigation would then, of necessity, require
repetition during the fall. While no comment can be made regarding the
rapldity and the seasonal limitation of the adjustment in net photosynthetic
capacity in P. canina var. praetextata, there is some evidence to suggest
that such physiological changes can be expeditious in other species

with both seasonal and directional restrictions. Kershaw and MacFarlane

(1979) discovered an identical response in Peltigera scabrosa.

Replicate ;ir-dry thalli which had been stored at high light levels
(3004E muzs ) and a coastant temperature of 15° C were subsequently
stored at low levels of irradiance (25uE m 25 ) at the same

temperature. Maximal rates of net photosynthesis doubled while maximum |
rates of/;espiration 2lso increased almost two-fold when compared to
che.rates observed for the controls. Experimental replicates were
subseduently returned to the high light treatment whereupon the rates of
net photosynthesis end respiration reverted to the previous control

levels. These changes occured in a period of 2 days. Kershaw (1977b, c) —

has obsérved that P. canina var. praetextata can acclimate its net

——
—

photosynthetic op;lmum.to a2 range of temperatures in either directidn Ft-
critical periods &urisg the spring and fall. These rapid alterations in
net photosyntbetic optima were subsequently isduced under laboratory
conditions within 24 hours and without any concurrent changes in the

rate of respiration. 1In the case of white clover, lowc.ing the
illuminetion from 70 to ll-W/mz resultsd is a g;;;ual drbp of the
respiration rate to less than half its oriéinal level (McCree and
q\béhtoncdi§66). Raising‘the illumination to the original level brought

the respiration rate back to its initial value. The.adaptations occurred
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within 24 h;urg of the light change and permitted the plants to grow at . .
lighé levels which were below the compensation ﬁoint fo; the unadapted
Plants but not below that of the adapted plants. Hatch et al., (1969)
showedthaé-the photosynthethjc ?a:es of fully expanded maize and
Amaranthus leaves changed ovér a period of 6 days on transfer of the
plants from low to high light intensity, or vice.vefsa, to become
comparable with the rate of control plants grown continuously under the
sameflight intensitﬁy. In these experimentg, changes in the levels of

PEP ;arboxylase and‘pfruvate dikinase accouptéd for the altered
photosynthe;ic rates.

Thus.it seéms that several physioclogical factors are'modified
when plants are exposed to light of different quality apnd level of
illuminance. However, there 1s no consensus of opinion concerning any.
one specific factor as the érime cause of the altered photosynthetic
capacity and its relation to concurrent chanées in the rate of respiration.
Nevertﬁeless, thé'adjustment of net photosyntheric cap;city to

_irradiance appears to be,straiéhtfo;ward. The ability to adapt to different’
irradiaﬁce levels is clearly an advantage since this results in either

thé availability of a greater number of baﬁitats or ﬁhe abilitf to grow
successfully under a continually fluctuating light environment. Tt;is

may be a strategy that is especially well developed in Peltigera to
;ompénsate for the otherwise éx:rezely varied and limiting environmentall
growth conditions. Tﬁe maximum rates of net photosynthesis reported here
for P. canina wvar. praetextata are apparently in excess of all of the

previously dobumented rates in lichens (see Kershaw, - 1977b, ¢ and
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and Kallio and Kirenlampi, 1975). These high rates of net photosynthesis

are essential éince{EL canina var. praetextata appears to -compete

éctivgly with 2 number of woo@land mosses which have rates in excess of
3 mg Ct)zoh'-l-g_1 (Stalfelt, 1937). For P. canina var. praetextata to be

successful in maintaining a relatively high growth rate and to compete

|
1

successfully with the assoriated moés species of the woodland floor will

demand not only-a continual adjustment of the optimal photosynthetie

Y

‘rate but also a high-rate of'protéin synthesis compared with other lichen

species. Hale (1974) notes that it is axiomatic that lichens grow slowly
and he presents a nufber of published records which, taken as a whole,
provide some basis for this generalization. However, #some of the highest

growth rates ever published for lichens have been recorded for Peltigeré f

canina and P. rufescens (Frey, 1959). In view of Frey*s work and in

light of the substantial physiological data presented in this thesis

and in related pdblicétions, Peltigera canina is probably an exception.

to this statement and as a lichen, it may be unique physiologically.
This might explain its widespread and‘continental distribution which

ranges from southern Latin America to subarctic Canada (see Hale, 1969).

—
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Section 5.

SUMMARY

1. A multivariate examination of nitrogenase activity was

'undertaken in twe populaticns of the lichen Peltigera canina collecred

frdm depiduOus woodland and from an open and exposed xeric roadside in
southern Ontario. The resppnges of nitrogenase activity were examined
as a funétion of thallus moistﬁre, thallus temperature, radiant flu;
density, the time of.year and tyf influenceslof snow cover with the
experiments arranged factorially to produce a physioiogical data matrix
for each collection. Only a small increase in nitrogenase activity
with increasing radiant fiux‘density was evident but a marked temperature
optimum at 250—30°C was observed for both varieties. This temperature
optimum was indepenaent gf lighec intensiiy, thallus moistur; and .
seasons. Maximum nitrogenase activity could be sustained at relative
moisturé\contents greater éhan 200% of the oven dry weight.. Despite
the concfasting habitats. the chreshola water content at which
nitrogenase ceased was approximately 75% of the oven dry weight and

was Iindependent of radiant flux density, temperature, season and
habitat preference. Of o;tstgnding interest however were the very
large rate changes occurring throughout the vear. The seasonal changes

in nitrogenase activity were clearly evident for both ﬁopula;ions at all

. temperatures and light levels. The inflvence of radiant energy was

identified as a prérequisite for the initial recovery of nitrogenase
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activity in Peitigera canina after snowmelt'uhile the effects of

temperature were directly linked to the velocity of this recovery.

2. A secondary interaction between seasonal ‘nitrogenase
activity and elevated temperatures pointed to the potential importance
of high temperatures and the contrasting microclimates of the two
respective. habitats. Responses to thermal stress in terms of net
Photosynthesis, respiration and nitrogenase gctivity were documented
for both P. canina var. graezextata and P. canina wer. rufescens.
Subsequcntiy; thallus temperatures were measured with embedded micFo—
thermocouples simultaneocusly in the two diverse habitats. 'I'he'
differential level of thefmal sensitivity correlated exaetly Qith the
cecology of these two populations. The examination of thermal resistance
was consequently extended to northern populations of Peltigera and

Stereocaulon frem equally diverse habitats. Thermal sensitivity was

identifieq as a dominantrinflgence governing the succession of lichen
species following forest fire and was £ound te be strongly correlated
with the gross microclimatic changes accompanying this natural process.
Furthermore, the studies suggested that thermal sensitivity could be one
of the dominant parameters in the ecologv of llchens and c761d equally
be important for other poikilohvdric plants. . {
3. Dessicated thalli of Peltigera aphthosa were found to be.

vVery susceptible to quite moderate levels of radfant ©lux density as:
indicated by a progressive loss of net photosynthetic potential which
was matcﬁed by photooxidation of the chlorophyll of air-dry experimental
replicates. Thus the ﬁultiv§ria5e thene was developed further with the

recognition of light stress as another ecological parameter of
. . ,’ .
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considerable importance to some lichens.

-

4. Seasonal adjustments of net photosynthetic capacity were

documented for the uoodland variety of Peltigera canina. These

alterations were largely manifested in substantial changes in both the
Pattern and the maxim rates of net_photosynthesi; at& féépiration and
/dhre strongly correlated w;th & progressive opening of the canopy with
leaf fall. The adjustment of net photosynthetic capacity was
,subsequently induced inlthe laboratory. This potential for seasonal ,
-adjustment of net photosynthetic rates was considered to be essential
to the success of the organisz which must adapt.to a3 continually -

changing light environment.
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- APPENDIX MAM

TABLE 1

* KEY TO SURFACE WEATHER OBSERVAT IONS

SKY AND CEILIS . B

Sky cover contractions are'in ascending order. Figures preceding
contractions are heights in hundreds of feet above station. Sky
cover contractions are:

CLR Clear: Less than 8.1 sky cover
"SCT Scattered: @.1 to 6.5 sky cover
BKN Broken: @.6 to $.9 sky cover
. OVC Overcast: More than #.9 sky cover A
- Thin (Whén prefixed to the above symbols)
-X Partial obscuration: f.1 to less than 1.9 sky hidden by
precipltaticn or obstruction to vision (bases at surface)
X Obscuration: 1. f) sky hidden by precipitation or obstruction to
vision (bases at surface)

Letter preceding height of layer identiflesceilinglayer and indicates
how ceiling height was obtained. Thus:

E Estimated V . Immediately
height ' following -
Measured . mumerical
Indefinite value,
indicates a
variable -
celling

VISIBILITY

Reported in statute miles %Ed fractions (V=Variable)

CODED .PIREPS ¥

Pilot reports of clouds not visible from ground are coded with ASL
height data preceding and/or following sky cover contraction to
indicate cloud bases and/or tops, respectively. UA precedes all

~ PIREPS .
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Table I (continued) -
WEATHER AND OBSTRUCTION TO VISION SYMBOLS
A  Hail IC  Ice crystals S Snow
BD Blowing dust IF  Ice fog SG Snow grains
BN Blowing sand IP  Ice pellets SP Snow pellets
BS Blowing snow IPW Iece pellet showers SW Snow:showers
D ' Dust K ' Smoke ' T Thunderstorms
F  Fog L Drizzle : T+ Severe thunderstorms
GF  Ground fog R Rain ‘ ZL Freezing drizzle
H Haze RW  Rain showers ZR  Freezing rain

Precipitation intensities aré indicated thus: ~Very Light; — Light;
., {no sign) Moderate; + Heavy

WIND . : ' -

Direction in tens of degress from true north, speed in knots. @$p@p
indicates calm.. G indicates 8usty. Peak speed of gusts follows G or
Q when gusts or squall are reported. The contraction WSHFT followed
by GMT time group in remarks indicates windshift and its time of
occurrence. (Knots.X 1 1S=statute mi/hr.) o

EXAMPLES : 3627-§6¢ Degrees, 27 knots;

! 3627G40=360 Degrees, 27 knots, peak
speed in gusts 4@ knots

DECODED REPORT

* Kansas City: Rehord observation, 1500 feet scattered clouds, measured

celling 2508 feet overcast, visibility 1 mile, light rain,'smoke, sea-
level pressure 1013.2 millibars, temperature 58°F, dewpoint 560F,

- wind 1839, 7 knots, altimeter setting. 29.93 inches. Rumway @4 left,

visual range 200f feet variable to 48@F feer. Pilot reports top of
overcast 550 feet.

R
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Table I (continued)

RUNWAY VISUAL RANGE (RVR)®

RVR is reported frem some stati
prior to observation are givin

~ precedes RVR report

TYPE OF REPORT

The omission of type—of~re§ort

observation for the hour specif

of-sequence, special observation is identified by the letters "Sp"
. following station identificatio

"PIT SP $715-X M1 OVC". A spec
change in one or more elements.

APEA FORECASTS

are 18-hoyr avaiation forecasts

ons. Extreme values during 10 minutes
in bundreds of feet. Runway identification

-

data-identifies a scheduled record
ied in the sequence heading. An out-

o and a 24-hour clock time group,; -e.g.
ial report indicates a significant

]

"

- J——

. -
Plus a 12-hour categorical outlock

prepared 2 times/day glving -general descriptions of clour cover, weather
22¢ frontal condfitions for an area the size of several states. Heights
©f cloud tops, and icing are referemced ABOVE SEA LEVEL (ASL); ceiling
heights, ABOVE GOUXD LEVEL (AGL); bases of cloud layvers are ASL

unless indicated. Each SIGMET
also serve to amend the Area To

-

SIGMET OR AIRMET -

Lessages warn airmen in £light

squalllines,thunders:orns, fog
severe z2d extreme conditions o
coacemmns less severe conditions
or to relatively inexperienggd

RAVAID voice chanrels.

¥

or AIRMET affecting an FA area will
recast. : .

OT potentially hazardous weather as

» icing and turbulence. SIGMET concerns
£ importance to all aifrcra‘t. ATRMET
which may be hazardous to some-alrcrafe .
pilots. Both are broadecast by FAA or '

-

-
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-~ Table I (continued) -

-

TERMINAL FORECASTS

contain information for specific airports on expected ceiling, cloud
heights, cloud amounts, visibility, weather and obstructions to vision.
and surface wind.” They are issued ¥ times/day ‘and are valid for 24
hours. The last six hours of each forecast are covered by a categorical
statement indicating whether VFR, MVFR, IFR or LIFR conditions are -

expected. Terminal forecasts will be wgi:ten in the following form:

" CEILING: Ideptified by the letter "C"

CLOUD HEIGHT?? In hundreds of feet above the station
(ground) - , i - :

CLOUD LAYERS: Stated in ascending order of height -

VISIBILITY: In statute miles but omitted ifnover 5 miles

WEATHER AND OBSTRUCTION TO VISION: Standard weather and
obstruction to vision symbols are used-

SURFACE WIND: 'In tenms of degrees and knots; omitted when
less than 1¢ ' ’

EXAMPLE OF TERMINAL FORECAST

DCA 221¢1f: DCA Forecast 22nd day  sky obscured, visibility 1 mile

of month - valid time 192z-1¢Z. in moderate snow showers. 12Z

19 SCT C18 BXN S5SW — 3415G25 OCNL C58 BKN 3312G22: At 127 becoming

C8 X 1SW: Scattered clouds at ceiling 5¢@@ feet broken, surface
- 1909 feet, ceiling 1809 feet broken, wind 33¢ degrees 12 knots Gusts

visibiliry 5 miles, light snow to 22. @4Z MVFR CIG: Last 6

showers, surface wind, 348 degrees hours of FT after @42 marginal

15 knots Gusts to 25 kdfots, VFR due to ceiling.

occasional ceiling 8 hundred feet

- . ;r. )
WINDS AND TEMPERATURES ALOFT (FD) FORECASTS

are a 12-hour forecasts of winad direction (nearest 10° true N) gnd
speed (knots) for selected flight levels. Temperatures aloft (°C) are

included for all but the 3900-foot level.
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Table I (continued)

EXAMPLES OF WINDS AND TEMPERATURES ALOFT (FD) FORECASTS: .
‘- FD WBC 121745 '

BASED ON 121200Z DATA

-

-

VALID 130000Z FOR USE 1800-0300Z. TEMPS NEG ABV 24000

T

3000 6000 9000 12000
BOS _.
3127 3425-07 3420-11 3421-16
JFK

3026 3327-08 3324-12 3222-16

At 6000 feet ASL over JFK wind

oinug 8°C o

TVWEB (CONTH“K%B TRANSCRIBED WEATHER BROADCAST)

Individual route forecasts cove
of the route. By requesting a
Troute weather for a 12 or 18-ho

" Plus a synopsis can be obtaiped

18000 24000 - 30000 . 34000 33000

3516-27 3512-38 311649 .292451h 283451
3120-27 °2923-38 284248 285150 28579

from 330° at 27-knots and temperature

.’\’ .

ring a 25 nautical mile zone eiﬁher side
specific route number, detailed en
ur period (depending onm forecast issuance)
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TABLE II
é}

S:urface weather obse.rvationsr recorded at Pellston, Michigan, U.S.A. for

- .

"

. June 22, 1977 e
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TABLE III ~

-

Surface weather observations recorded at Pellstbn, Michigan, U.S5.A. for

. © June 26, 1977
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Figure 23

Thallus temperatures and radiant £lux deﬁsity recorded for (a)

E. canina var. praetextata and (b) P. canina var,

8, 1977 for three replicate thalli (Site 1).

rufescens on July
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TABLE IV

~

Surface weather observations recorded at Pellston,

July 8, 1977

-

Michigan, U.S.A. for _
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Figure 24

- Thallus temperatures and radiant flux demsity recorded for (a)

P. canina var. praetextata and (b) P. canina var. rufescer. on July

9, 1977 for three replicate thalli (Site 1).



0
00t
009
006

m.
m 00ZL
m
om 0041
9 -
m
S 0081
m 001z
3 0
#
i)
" 00
009
006
1748

e

J
4

AVa 30 FWIL

\ .

Aysueiup yon

o

09

2
(3l 3UNLYYIdWEL




. ‘ . . -"1\

TABLEG"
L

Surface weather observations recorded at Pellston, Michigan, U.S.A.‘for

July 9, 1977
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Pigure 25 '

_ Thallus temperatures and radiant flux demsity recorded for (a) '

2. camina var. praetextata and (b) P. canins var. rufescens on July

10/}.‘9’7/7 for three replicate thalli (Site 1).
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Surface weather observations recorded at Pellston, Michigan, U.S.A for

July 10, 1977
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. Figure 26

Thallus :emperatures and radiant flux density recorded for (a)

P, canina var. Eraetextata and (b) P canina var. rufescens on July

11, 1977 for three reblicate thalli (Site 1). o
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TABLE VII
]
Surface We.ather observations recorded at Pellston, Michigan, U.S.A. for

! July 11, 1977
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Figure 27

Thallus temperatures and radiant flux density recorded for (a) {EEE§

P. canina var. Eraetextata and () P canina var. rufescens on July

17, 1977 for three replicate thalli (Site 2).
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TABLE VIII

Surface weather observations recorded at Pellston, Michigan, U.S.A. for

July 17, 1977 - i

;’\ )
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Figure 28

'Ihallus temperatures and radiant flu:r. density recorded for (a)

P. Lanina var. Eraetext:ata and ) P canina var. rufescens on July

22, 1977 for three replicate thalli (Site 2).
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Surface weather o.’zser_vations Tecorded at Pellston,

July 22, 1977 )
o
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Figure 29

Thallus - temperatures amd radiant flux density recorded for (a)’

E- candna var. praetextata .and (b) P. canina var. rufescems on August

3, 1977 for three replicate thalli (Site 2).
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TABLE X

Surface weather observatioqs recorded at Pellston, Michigan, U.S.A. for

August 3, 1977
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