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Introduction

In the fall of 1986 Dr. Samuel N. Goward and Dr. Donald E. Petzold submitted a
competitive grant application to the NASA AVIRIS Investigators Program. The
intent of this study was to conduct a simple comparison between ground reflectance
spectra collected in Schefferville, Canada and imaging spectrometer observations
acquired by the AVIRIS sensor in a flight of the NASA ER-2 Aircraft over the
Schefferville, Quebec region. The high spectral constrasts present in the Canadian
Subarctic appeared to provide an effective test of the operational readiness of the
AVIRIS sensor. We had found in previous studies carried out in this location that
various land cover materials possess a wide variety of visible/near infrared
reflectance properties. Thus this landscape would serve as an excellent test of the
the sensing capabilities of the newly developed NASA AVIRIS sensor. An
underlying hypothesis in this study is that the unique visible/near infrared spectral
reflectance patterns of Subarctic lichens could be detected from high altitudes by this
advanced imaging spectrometer developed by NASA. Secondarily we proposed to
investigate the relation between lichen occurrence and as a predecessor to the use of
lichens as an indicator of the boreal forest-tundra ecotone dynamics.

The original grant only requested funds for the summer of 1987, to support field
studies in Schefferville, Quebec. This grant was accepted for funding and research
activities were initiated in June of 1987. During the summer of 1987 a field team of
three researchers travelled to Schefferville and remained in residence for
approximately a month. Considerable ground spectra and related microclimatic
measurements were collected during this time. Unfortunately, technical and
operation problems with the AVIRIS sensor and the ER-2 NASA aircraft prevented
collection of AVIRIS data over the selected study site. In an effort to accomplish the
research objectives additional funds were sought for 1987-88 to continue the study,
which were granted in the fall of 1987. Again, in the summer of 1988, a team of two
researchers travelled to Schefferville and spent approximately one month carrying
out field studies. Again, technical difficulties prevented the operation of AVIRIS
over the Schefferville region. In 1988 we requested a no-cost time extension to
December 1989 and we delayed final reporting throughout the summer of 1990, with
the hope that AVIRIS operations would be rectified prior to that time . This has not
occurred. It has therefore not been possible to test the basic hypothesis of this study.
There were however several steps accomplished in the ground studies that have
established the basis for such a data comparison, if the AVIRIS observations are ever
collected. These results are discussed in the following sections

Research Activities

The field studies in Schefferville focussed on two primary objectives: collection of
ground spectra to compare with the AVIRIS observations and analysis of
lichen/microclimate relations to ascertain the indicator role of lichen species in the
SubArctic environment.
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Spectroscopy

The spectral reflectance measurements were carried out the a Spectron Engineering
SE-590 Visible/Near Infrared spectrometer. This sensor collects contiguous spectra
at a nominal 3 nanometer resolution (15 nanometer precision) in 240 spectral band
passes extending from 0.38 pm to 1.1 pm. The operational procedures included
calibration against a barium sulfate panel. Measurements were collected from a
tripod approximately 1 meter above the land surface. The instrument optics were
always oriented at 90° from the principle plane of the sun and at 45° from Nadir.
This configuration closely approximates near nadir measurements as long as the
sun is above 60° solar zenith angle. In the second year, we also experimented with
the ultraviolet Spectron sensor but produced inconclusive results. We had hope to
employ the Shortwave Infrared sensor (1.1 pm - 2.5 pm) but it was not available for
use during this time period.

A summary report of the field spectroscopy was published in Remote Sensing of
Environment in 1988 (Petzold and Goward, 1988). We were able to document the
high spectral contrast present in this subarctic environment. In particular, lichen
species display a VIS/NIR reflectance spectra which is relatively unique to these
unusual life forms. The unique spectral pattern may be of great value in future
global-scale studies of the Northern Hemisphere Boreal Forest-Tundra Ecotone.

Microclimate

If lichen species might provide a useful indicator of growth conditions in the
subarctic, the manner in which they vary with microclimate must be better
understood. A series of transects were observed in the Schefferville area to
characterize the the variations in plant species mix as a function of altitude and
aspect in the Schefferville region. Meter quadrants were periodically sampled across
the transects. In particular, the proportionate contributions of lichens, mosses and
vascular plants under these variable conditions was of fundamental interest.

It was found in general that proportion lichen presence increased with increasing
altitude and/or exposure (to wind).  This observation confirms that lichen presence
is indicative of more “tundra-like" environments. However, observations of
north-facing versus south-facing slopes found that lichens are in greater abundance
on south-facing slopes whereas mosses increase in north-facing conditions. This
suggests that lichen presence is also indicative of more moisture-limited
environments under these SubArctic conditions. Thus the role of of lichens as an
indicator of the Boreal Forest-Tundra Ecotone is convolved with local to regional
soil moisture conditions. This material served as the basis for a Master's Thesis for
Ms. Theresa Mulhern and has been published in Arctic in 1987 and the Proceedings
of the Eastern Snow Conference, June 1988.
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Conclusion

The combination of the microclimate analysis with the field spectroscopy data
provided an excellent basis to examine the AVIRIS observations and assess the
potential of using the unique lichen spectra to characterize the local and regional
variations in environments which define the Boreal Forest-Tundra Ecotone.
Unfortunately the AVIRIS observations were never forthcoming during this study
and it was therefore not possible to assess the ultimate objective of this study. We
hope that some time in the future acquisition of the requisite imaging spectrometer
observations will be possible over the Subarctic vegetation systems present in the
Schefferville, Quebec region.

Late in the study period, we did acquire the JPL imaging spectrometer processing
software and have implemented it on a HP Unix workstation. We have been
prepared for sometime, to process and reduce the AVIRIS observations from
Schefferville. We would still take advantage of this opportunity if it presented

itself.
4

One more positive outgrowth of this study has been the funding of Ms. Theresa
Mulhern's doctoral work under a NASA Research Fellowship to investigate the
potential of using Coastal Zone Color Scanner observations to map the extent and
position of the Northern Hemisphere Boreal Forest-Tundra Ecotone. That study
was fundamentally stimulated by the research carried out under this grant. As is
often the case it is difficult to predict exactly where a particular research study will
direct future investigations.
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Appendix A

Publications and Presentations of Studies
carried out, in part, under NASA Grant NAGW-1142
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SUBARCTIC L1cH ACHTINVING EGUILTBRIVM Wi TH THELE MICROCLIMATIC-
TOPOGRAVEIC i WVIRGNL by Theresa Mulhera, University of Marvland,
Collepe Pare, Maryland (0742,

DI overtng Tionen interactions with limatic/terrestrial
envirpaments wili contribute tv o lmate-vegetatiou modebling and
encourape studivs of Jichens as cldmatic indicators.  This research
focuaned o acternining relationships bretween (1) mic roclimate/tupo-
graphy aod Jichen digtratutions; and (23 lichen spectral teflectances
and lfchen ccoiopy. Ciadina stellaris, In size and water content,

reflect wicroclimatic elfferen induced by slopes of opposlng au-
peet,  Stercocavlon paschele and Cladonia rangiferina prefer sheltered,
mekfe often created Ly topugraphic Irregularities. High reflectance
ot Cladinae may be o protvctive mechanism against overhwating in ex-

poscd cavir ns.

THE ROLE CF CLIMATIC INDICES FOR ZVALUATION OF RECENT
LOUISIANA FLOODING VARIABILITY, Robert A. Muller and John M.
Grymes, Louisiana 5tate University, Baton Rouge, Louisiana,
70803.

Is repetitive regional flooding during recent years in
Loulsiana associated with landuse and river-basin management
or climatic variability? Streamflow data for regional rivers
rarely extend back 50 years, but data sets clearly show
much higher floodpeaks in recent years. Climatic data sets
for the climatic divisions of the National Climatic Data
Center have been extended back to the late 19th century.
Water-budget modeling suggests that recent flooding is
associated with the wettest period of this century. The
divisional data sets do not index specific floods on the
regional rivers very closely, but they provide additional
information for policy and management .

WIND VELOCITY GRADIENTS MEASUKED ON A TRANSVERSE DUNE
by Kevin R. Mulligan, 2606-C North Tustin Avenue,

Santa Ana, Califormia 92705

Vertical and horizontal velecity gradients measured on a
transverse dune show that flow acceleration strongly afiects
the turbulence structure of wind. These findinps suggest that
calculated values of shear velocity are largely dependent upen
the Leight and location of wind speed measurements, as well as
the strength of the prevailing wind. Moreover, if Bagnold-type
transport equations are used to calculate rates of sand
transport on a dune, wind speeds measured above a height of
0.2 m may underestimate transport on the windward face and
overestimate transport near the brink.

THE ROLE OF PLANNERS IN FOSTERING INDUSTRIAL GROWTH FROM WITHMIN
THEIR LOCAL COMMUNITIES by John R. Mullin, University of Massachu-
setts (Amherst), 01003 and Jeanne H. Armstrong,*President, LangUse,
Inc., Hadley, Massachusetts, 01035

The authors' research and action recommendations focus on the
pressing need for planners to work for industrial growth from
within their communities through niding the development of "incuba-
tor {ndustries”, small fndustrial firms with growth potential.
Plinners are urged to identify local small industrial firms, to
examine their specific problems and prospects, and to initlfate eco-
nomic development strategies that foster growth of small firms thst
have taken root in their communities. Findings of Incubator Indus-
try Surveys in three Massachusetts communities are summarfzed, and
the 1ink between the gathering of detailed local dats and effective
artion strategies {8 examined.

RADIOACTIVE WASTE MANAGEMENT POLICY AND THE POTENTULAL FOR
LOCATIONA(. CONFLICTS IN CANADA, by C )
University of Oklahoma, Norman, th,

The purposc of this paper s Lo exsmine tadioactive wastoe
management. policy in Canada and (5 assess the potential tor
locational conflicts given current policy. In the Canagian
context procedures for gublic participation in the sit iy
process have not been carefuliy contempinted, ord ;roce lures
for resolving siting conflicts and coping with eaternal
effects have not been anticipated. This paper explores :he
possibility of developing such procedures.

THE EARLY SVCLUTION CF THe BACIERLA IN [id 24010 koo lON
CF COLONIAL MAAICC by Wichael :. Murjhy, iniversity of
Texas at Austin, Auctin, Texas 78751,

In the Bajio regicn of colonial Mexico, an early
landscape of small, irrigated apgricultural rrejeztics
evolved intc a patterr of hacierdas similor to trhat cf
other parts of Cen%ral Mexicu with very differ.nt carly
histories. A commcn <enominater may be found in tne
culture ol the Lparish settler, specifically in the fact
that the culture lacked an agrarian ethic and was per-
vaded by a dynamic ¢f class exploitation. Cnc may
plausibly infer that the hacienda system tccr form
because it representcd a form of landholdirg consistent
with these cultural patterrs.

THE STRUCTURE OF MAQRI TERRITORY 1IN NEW ZEALAND by
Brian Murton, Unfversity of Hawaii, Honolulu, Hawali
96822

The concept of existenatfal space 1s used to visually
interpret the way in which the Maori of New Zealand
structure territory. Emphasis is placed on the location
and the spatlal layout of the marae, a complex which
includes a meeting house, dining hall, and an open area.
Marae are primary centers of meaning in Maori culture
and society. Symbolism {n the landscape of the marae

is related to concepts of tmportance in contemporary
Maori soclety.

BLACK SUBURBANIZATION AKD THE METROPOLITAN OPPORTUNITY STRUMTURE

by Holly Myers-Jones, Virginia Polytechnic Institute ard State
University, Blacksburg, virginia 24061.

With the movement of jobs, retail services and other activities
from the central city, subursanizing tlacks are moving into a ro-
structured metroyoiitan environment. This enviornment is <on-
siderably different frem that which existed during the cora of
widespread white suburbarization. The oppoertunity structure of o
metropelitan region can no lcnger be defined in terms of g
simplistic central city/suburban dichotomy. Biack suburbanizetion
is analyzed in a sample of twelve SMSAs with rospect tc the ex-
isting metropolitan opportunity structure, Attention 1s fucused on
the relationship between the lacation of suburban jobs and the
selection of particular suburbs by black households,

LAND UON TRPANHITION IN THb
¥anues Gtate Univer: R

SANSAS HIGH PoALNS by M. Teaane ey,
Parhattan, Kansas  60b00,

Ir the Yansas Migh b.ouns, intensive cropland agrcoultare
has been strongly anfluen_ed by the availability of water to
irrigation, Since surtate Lourees are regligible, ground«iter
from the Ogaliala Aquifer 35 the critical source f{or lrrigatson
water, PResulting signif: ant depletinn of the Aguiler has loed
to several adjustiments by resource manager ... In conjure ton
with implementation of 1 T1tutional forces assocs 1ed with
passige of the Kansas Si-us lwater Paragement Dristyact A v, o
Une strategies are changing. Although therv o a0 trerd 1wt
using land tor wore water officient cropt, thils peract e hae
Acb anclule sbandoning SrroGatinng an oWorcho Ul o Cotevert s g
space adjusting techrigue.,

ORIGINAL PAGE (s
OF POOR QUALITY

—



MICROCLIMATIC CHARACTERISTICS OF  VECETATION HABITATS ACROSS A
BOREAL FOREST-TUNDRA  ECOIONI. by D.E. Petzold, University of
Wisconsin, River Falls, Wl 54022, and T. Mulhern, University of
Maryland, College Park, MD 20742.

Detailed vegetation and microclimatic surveys of two slopes of
bpposing aspect across the boreal forest-tundra ecotone of central
huebec-Labrador revealed the existence of four distinct vegetation
habitats which were determined by exposure to wind and solar
Fadiation. These exposure conditions affected the distribution
Df lichens and vascular plants across the ecotone. It appeared
bhat lichen growth was not related to edaphic factors such as
50il pH, moisture, and organic' content on these slopes. Cetraria
|nivalis, Alectoria ochroleuca, and Cetraria nigricans reached
-heir maximum density in the most exposed habitat of minimal shrub
browth.  There, snow depths were less than 30 cm, there was mno
httenuation of the solar beam, and the aerodynamic surface roughness
hveraged 1.2 cm. Cladina stellaris (''caribou moss'') was ubiquitous
ind a generalist in habitat preference. Moderately exposed habitats
pxhibited the greatest species diversity. In that habitat birch
hiubs and  spruce trees began to dominate the surface vegetation.
Their canopy depleted the solar beam by 32/ and increased surface
roughness to 20.3 cm. The most protected habitat was characterized
by the growth of dense birch and alder thickets which reduced
solar radiation receipts at the ground surface by 477% and increased
furface rouchness to 50.2 cm. These corditions promoted the
uxuriant growth of mosses while limiting the growth of lichens
o openings in the thicket. The data further indicated that slope
spect was a significant factor in determining vegetation growth
atterns. Compression of habitats was observed upon contrasting
he NNE-facing slope with the SW-facing slope.

(3 . . Jrvr :
\ Ay - S o T
e {en X Soqon
v 3 "
: ! /
gy A r
2] // N
R o

ORIGINAL PAGE IS
OF POOR QUALITY



VEGETATION-SNOW DEPTH RELATIONSHIPS IN THE BOREAL FOI\FST-

TUNDRA ECOTONE OF EASTERN CANADA

by
Donald E. Petzold®
and
Theresa Mulhern

Department of Geography
University of Maryland
College Park, ND 20782
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ABSTRACT

Snow depth was found to influence the morphology of plants and speciee diversity and
predoainance slong & vegetation grsdient betvesa & forested valley bottos and the adjscent
exposed ridgetop. Upland habitats, with maximus swov depths less then 30 om, produced the
most exposed vegetation communities. These were dominated by 8 1ichen-beath asscoation,
stoney earth ciroles, and an sbeent or poorly developed shrud layer. Strong winds wvere
responsible for snow removal from these sites. At the other extreme, woodland snow depths
exoeed 100 ocm, drifting 1s common, and snowpacks say persist until early summer. In this
mosb protected envirenment, vasoular plants, particularly well-developed black spruoe trees
and dense birch thiokets, predoainate and lichens are virtually sbeent.

Snow depth variations provide differing siorchabitats in which competing vasoular and non-
vagscular plants may develop. In addition to comaen olimatic data, snovw depths and
distribution are useful tools for the biogwogrepher and plant ecologlst for understanding
vegetation dynamios 1n high latitude enviromments.

. . INTEODUCTION

The impact of snow on the earth's surfece ineludes physiosl, biologioal and geo-
graphical occmponents. The presence of snow on the landsoape i1nfluences the interaction
between the biotlc and ablotic reslss. Two important characteristios of snow cover are
depth and distribution. Snov distribution bhelps determine the annual energy budget of the

epresent address: Departsent of Goo;raphy. University of Wisconsin-River falls, River
Falls, WI 5h022
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aarth due to its reflactivity of solar radiationg 1%t influences Lthe presence or absence of
certaln types of vegetation (H11tunen, 1980); and it controls photosynthettc activity and
sead germination (Richardann and Salisbury, 1977). The depth of snowcover controla the
degraa of pratection provided to plants and animals from harsh winter conditions it
ragulates Lhe 1ight environment of underlying vegetation {Richardson and Salisbury, 19773
and it provides insulation from extremeé temperature fluctustions by limiting heat losses
from the earth's surface,

Snow controls the climatte environment of the subarctie and high latitude reglons of
the world because 1t covers the surface for six to ten months of the year. Yet, topo-
praphic variations introduce variabllity in both the distribution and depth of snowcover
over a small area, JTn the eastern Canadian subarctic, the regular ridgn and valley
topography of the .abrador Trough leads to an observable change in vegetation froa wooded
valley bottoms to barren tundra ridgetops. puring winter, an equally obvious snow depth
gradient is evident from ridgetop to valley bottom where the crests are often blown free of
snow while the woodlands may be blanketed by as much as 2 m of snow, Such a gradient may
occur over a 1 i transect with an elevational drop of only 200 m.

We believe that the correspondence between the observed vegetation gradient and the
snow depth gradient in this region is not coincidental. It appears that physiognomic
varistions, as well as species composition, of the natural vegetation along these
topographical transects are related to the presence and depth of wintertime snowcover.
Such relationships have been studied in Finnoscandia since the 1ate nineteenth century
{Clark et al., 1985) and recent {ntereat has focussed on remote sensing applications to
anowmelt hydrology. Relatively 1little discussion has centered on North American alpine and
high latitude regions. Thus, the objective of this paper 18 to discuss the relationship
between vegetation type, species distribution, and snow depth along topographio gradients
i{n the eastern Canadlan subdarctic. We will almo attempt to identify snov depths which are
assocliated with the development of distinct vegetation nabitats and species dominances
along the vegetation gradient.

DATA AND METHODS

*Detailed vegetation surveys were conducted along two slopes of opposing asgoct of a
ridge located approximately 30 on WY of the Sehefferville, Quedso townsite (58° R3' N,

65° 49* W). The study area 1s devold of antbropogenio i{nfluences and there was o evidence
of recent fire. The vegstation surveys were compiled from five rendom throws of a I1x1e
quadrat at 5 a elevational intervals along the sleope transect. The WiM-facing slope had 21
sample levels (100 ® elevational decrease) along & 600 m transeat. The Si-facing slope had
15 sample lavels (70 m elevational deoreass) along & 500 w transect. The ridgetop vas
chracterized by tundra vegetation (lichens, heaths) snd stoney earth circles {(periglacial
features) while open lichen woodland coaprised the valley bottoms (see Figure 1). Soils
along these slopes are young, poorly developed, aoidie, and have & low organio oontent
(Mulhern and Petzold, 1988).

The climate 18 censidered to de continental subsrotie and is oharsoterised by low
monthly mean temperstures («22.2° € tm Janvarysy +12.5° C 4in July, 8t Schefferville), a
threes month growing season, and a mean snnual precipitation of 705 sm, of which half falls
as snow (Petzold, 1982). Strong and persistent winds prevail over the region, flowing
prodoninantly from the NW in every season,

Surrogate snow data were obtained from two sourcess average bdirch shrub heights and
scar levels on spruce tree trunks. Chernov (1985) stated that the tops of ®iroch, willow
and alder shrubs growing on the tundra are werismed of " due to snow abrasioa such that
wyhen the thickness of the snow is messured, ... it reaches exsctly the sase height as that
of the bushes® (p. 57). Thus, we measured the heights of five to ten birch shrubde (based
on their abundance) at each sanple level to produce an average surrogate snow depth

value. A similar effect 13 observed in the growth habit of mature spruce trees at the
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t.reecline, There,
{mmediately above the
the trunk (Marchand,

2).

1987),

wind blown snow and {ra particlss completely remove folinga at and

snow surflace, rasulting in the development of an elongated soar along
facing the direction of prevailing wintertime winds (see Figure
Foliage below tha snov 1avel remains lush and healthy,

whils unprotected needlesn

exhibit greatest mortality rates (Hadley and Smith, 1986) and bud and branch damage 1s

impediately
sdge of the trunk scar olosaest to ground level

greatast
that the
long-term level of snow cover at each tree.
every tree growing at the treeline,
There ware, however, only

transects.
Figure 1. Tundra-dosipated ridgetop, Tigure Z.
elevation 705 m a.s.l.
{foreground) which grades
downslope to a wooded valley
bottom, elevation approx.
ABSULTS

1. Correspondence of Surrogate Snow Data Types

at elevations upslops f

above the snow level (300tt et al., 1987). It appeers, therefore,
represents the average sinioum
These lower soar levels were measured for
ron the wooded valley hottonms.
13 mature trees to measure st O sample levels along these

Abresion soar on black spruce
tres at the tresline in
subarotic Quebes. Note the
healthy branches at the lower
lower level of the trunk.
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Twn purpones nre anrynd by Alasusaing the ralationship hatuwean birch shrub heighta and
trea acrRr lavels na aurrogatn snow dapth data. Firat, the small number of trees exhiblting
abrasion ncars produced the nand for further evidence of thelr viability as anow depth
indtientora. second, by using two differant sources of natural evidence to obtain surrogate
snow depth, we can be more certain of the appropriateness of applying these surrogate data
to understand vegetation dynamics along these slopes. To assess the correspondence between
the two surrogate data sets, a simple linear regression was porfor-ed on matched palrs of
data for the sample levals whare both tree scar and birch height measurements were
available. Figure 3 indicates a very closa, direct relationship betwveen the two snow depth
indicators. The slope of the regression equatlion suggests an exact correspondence at all
levels along thess slopes, but there 13 a constant 5.5 cm growth differential in the birch
shrub haights. It appears that both snow depth indicators are comparable and
intarchangeable; however, the results must be used with caution because of the small number
of data pairs used to establish this relationship.

rigure 3. Relationship between mean biroh heights (HR) and the
lower level of trunk scars {TSL) on trees growing at the
tree line between tundra ridgetop and adjnoent wooded
valley bottoms. ’

2. 8nov Depth Veriations Along the Slopes

Average surrogate snov depthe are plotted in the seattergrams of Figure A for each
slope. As expected, snow depths generally 1noreased dowmslope towvard the valley bottom.
Birch shrubs did not grow on the orest of the ridge, hence we assume that the ridgetops are
blown free of & protective snow lager throughout mech of the winter sesson, A short
distance downslops, however, prostrate biroh hug the surfsce, finding ocomplete protection
under a snow layer as shallow as 10 om. Meen annual SNOV depths approach 1.3 = at the base
of the slopes, affording the highest degres of protection to the underlylng vegetation.

Generally, snow depths along the WNE-facing slope were less than those along the M-
facing slope. This was particularly evident at mideslope elevations. Slope orientation
with respect to the prevalling KW winds appears not to be a gontributing faotor because the
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llan snov depths along the SU-facing slope, derived from birch height and

'10“ Ba.
spruce trunk soar data.

Pigure Ub, HMesn snov depths along the MNE-faoing slope, derived from Wirch neight snd
ar data.

spruee trunk sc
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ridge 1s ortented NW-SE, thus windia gemerally blow parallel to the ridgecrests in this
region. The NNE-Tacing slope exhibited many more local variations in topography with
sevaral terraces oceurring along the transect. The step-like terraces triggered snow
driftirg which introduced noise in the general snow depth-elevation relationship of Figure
b, We have cbeerved deep, extensive snovw packs on the lee side of these terraces, near
the bottom of the NNE-facing slope, as late as early-July.

3. Snow Depth-Vegetation Relationships

The Aistribution of surface cover types and constituent 1ichen spacies 1s presented by
Petzold and Mulhern {1987). These data were grouped further by considering the protection
afforded by wintertime snowcover/sumrertime birch canopy development. Four distinct vege-
tation associations emerged from this grouping. The firat category 19 predominantly a
}1ichen-heath assoctation of upslope-ridge crest locations. This includes a total of nine
gample levels along both transects. There, snovw depths averaged leas than 30 cm and birch
shrubs conatituted less than 5% of the surface cover. Spruce trees were not observed in
this vegetation association, In such an axposed habitat, a mixed lichen mat dominates the
surface with 60-70% coverage. Minimal protection from the strong, dessicating, and of ten
abrasive winds is afforded the existant vegetation. Low snow depths and thelr correspond-
ing lichen-heath vegetation cover are not restrioted to upslope locations. Terracs lips
along the NNE-faeing transect also exhibited similar characteristics, for example at eleva-
tions of 660,670 and 685 = a.s.1l,, as can be seen in Figure ab. Such a displacement is not
observed on the SW-facing slope.

The second oategory, low shrub tundra (as defined by Bliss (1981)), 1s characterized
by average snow depths of 20-60 cm. The surface is still dominated by mixed lichens (65-
754 coverage); however, birch shrubs and krummhols (dwarfed) apruce are more evident on the
landscape. Nine sample levels at mid-slope elevations comprised this category. Although
the protective snow cover 13 deeper and the dirch are taller, the surface remains rala-
tively exposed to strong winds and intense solar radiation. The birch-spruce cover, being
only 10-15% of the surface, 18 not sufficient to snsure a atable snow cover from year to
year. We believe that this vegetation assooiatiom mey be blowa free of snow during part of
the winter season. This is based on our observation of an unususlly high’ incidence of
branch and bud tip abrasion of the birch shrubs found in this habitat.

Forest tundra (Bliss, 1981), commonly oalled open lichen woodland, constitutes the
third “grouping of vegetation-snow depth characteristics. Here, tall birch and mature
spruce trees become & dominant component of the landsoape, such that the development of a
woodland is apparent (tree densities are greater than 103 and shrubs oonstitute 10-20% of
the surface cover). On these slopes, 13 sample levels were included in this category.

Snow depths average between 60 and 100 om and the snow peck persists longer than in any
other vegetation assosiation. Because the strusture and density of the woodland produces a
more protected environment, bud abresion of the shrud layer is not ocamon. Lichens
comprise a smaller ( 35-60%), but atill significant ocmpoment of the surface cover. These
1ichens have adapted to more protected, mesio habitats and are dominated by the “reindeer
mosses® (i.e., lichens of the genus, Cledina). The relatively molst, shaded surface
beneath trees and shrubs allows the dsvelopment of & ®oSs carpet which constitutes approxi-
mately 25% of the surface vegetation.

The last category, tall shrub tundra (Bliem, 1981), 18 8 relatively smsll component of
the vegetation gradient along these slopes and inoludes five ssmple levels, Slope terraces
induce drifting which produce mean Snow depthe of greater than 100 om. As a result of this
protection, vascular plant species predominete and shrubs grov 4n dense thickets. Such
dense shrub growth attenustes solar radistion and prevents ventilation of the surface, thus
redueing evaporation. This results in the development of a moist habitat oondueive to
extensive moss growth and effectively elininates lishens. Shrud thiokets may be associated
with spruce woodlands or may develop independent of tree growth,
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Snow 1s a climatic agent which is aotive for half of the year in this subarctio
environment; yet, its offects may be experienced by the vegetation throughout the growing
season as well. Many of these effects are immediately apparent after a snowfall (i.,e., bud
abrasion, trunk soarring)., Others may be less noticeable, becauss they are {nternalized
with other climatie and edaptic factors by the vegstation. 1In this article we ars assuaing
that that birch shrub heights and minimum tree scar levels are a manifestation of both the
internal and extermal impacts of snow on the vegetated surface. Despite the 1imited sample
aize of our data set, it appeara that both snow depth surrogates contain the ssme informa-
tion and are in agreenant.

Based on our results, snov depth variationa contribute to the compstition between
vascular and non-vascular {1ichen) p\nnt' growth. An average wintertime snow depth of less
than 30 cm, assoclated with an unstable snow pack, provides an apparent advantage to non=-
vascular plants because they are batter able to survive the effacts of a persistent
exposure to sbrasive, dessicating winds and to greater fluxes of solar radiation.

There is a dichotomous relationship between anow depth/distribution and the vegetation
which grows beneath it. Initially snow benefits the vegetated surfece, acting as a
proteotive cover which allows plants to reach their maximum height and development. Once
the vegetation achieves equilibrium with the snew miaroenvironment, the vegetation plays an
active role in the depth snd distribvution of the snow, Trees and dense thickets servas to
trap snow and trigger drifting. Suoh a mutual interrelationship also has been suggested by
Clark et al. (1985) for subarctic vegetation in Finland,

This study has implications at the maoroscale as well. The changes in vegetation that
we obnerved along these NOO and 600 m transects mey be considered analogous to an
observable 1atitudinal-vegetation gradient from the spruoce woodlands of Sept-Isles, Quebec
(50° N), to the subarctic tundra Tound on southern Baffin Island at 62° ¥ (Aleisandrovs,
1980). In snow-dominated environments of the world, the certainty of surface-based snov
measurements is diminished, beoause of the incrsased frequency of drifting in treeless or
sparsely-treed environments. Therefore the use of surrogate snov data 1s an additional
neans.of assessing snow and vegetation dynamios in northern latitudes of the world.
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Reflectance Spectra of Subarctic Lichens

DONALD F. PETZOLD AND SAMUEL N. GOWARD

Dogvretoent of Ceegraphy, Cnier g of Margland, Coallege Pask, Morgland 20712

Lo hens cotntitute @ major portinn of the ground cover of gl latitude envirormnents, but httle has been reported
concerng their in utu solar spectral reflectance properties Knowledge of these properties 1s fimpartant for the
rerpretation of remotely sensed observations fron high latitude regons. as well as in studies of lngh Lutitude ecology

and energy badance cimatology - The spectral reflectance of common boreal vascular plants is sunidar to that of

vasoalar plaits of the undlatitudes The domuuant bchens, in contrast. duplay vanable reflectance patierns movsible
waveienuths, The relative reflectance peak at 035 gm, common to green vegetation, i absent or mdishmet m spectra
af pervasive boreal forest and tundra chens, despite the presence of chilorophyll m the inner aigal celly Licherns of the
dominant genas, Cladma . display stronug absorption of ultraviolet energy and short-wavelength bliue gt relative to
therr absorption in other visible wavelengths. Since the Cladinae donumate hoth the surface vegelabon in open
woodlands of the bored forest and the low arctic tundra, their unusual spectral reflectance patterus will enable
aceurate wonitoning of the boreal forest-tundra ecotone and detection of its vigor and movement in the future

Introduction

Spectral measurements of reflected
solar radiation are betoming an im-
portant means of studying terrestrial
phenomena (Goetz et al., 1983). The con-
tribution of these measurements to vege-
tation research is particularly significant,
with implications for both mapping vege-
tation patterns and analyzing the bio-
physics  of vegetation (Kumar and
Monteith, 1981; Goward et al., 1985:
Asrar et al., 1984). The value of vegeta-
tion spectral measurements occurs as a
result of the unique spectra that photo-
synthetically active green vegetation pro-
duce. Most earth surface materials dis-
play ramplike reflectance spectra, either
increasing reflectance with wavelength for
soils and common manufactured materi-
als or decreasing reflectance with wave-
length for ice, snow, and water (Krinov,
1947, Swain and Davis, 1978). The pho-
tosyinthetically  aclive  components,  pri-
marily leaves, of vasceolur plants (green
vegetation) produce steplike reflectance

CElevier Sowence Pablishung Coo biae 1SR
52 Vandettalt Ave | New York, NY 10017

spectra with low reflectance in the visible
spectrum (0.4-0.7 pm), high reflectance
in the near infrared (0.7-1.3 pm), and
moderate reflectance in the shortwave in-
frard (midinfrared) wavelengths (1.3-2.5
pm).

At latitudes greater than 30° in the
northern hemisphere, lichens, an auto-
trophic life form based on a symbiotic
relation between fungi and algae, become
a significant component of vegetation
conununities and terrestrial land cover. In
open lichen woodlands of central and
northern Canada, lichens constitute 707%
or more of the ground cover observed
from above the woodland canopy
(Lechowicz et al,, 1984). The unusual
visual appearance of lichens, ranging from
off-white and pale green to grey and
Dlack, suggest that hichen  reflectance
spectra may differ from those of green
vascular plants (Petzold and Rener, 1975)
and thus affect interpretation of vegeta-
tion palterns at high northern Latitades
with anudtispectral observations. Speetra
of anspecified crastose rock lichens have

LN 27T Sh S350
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been  presented by Satterwhite et al.
(1983), and laboratory spectra of lichens
have been discussed by Gauslaa (1984).
[lowever, the paucity of in sifu lichen
reflectance spectra reported in research
literature and their marginal quality
(Kkrinov, 1947; Steiner and Cuterman,
1966) led us to carry out field measure-
ments in the Canadian subarctic during
the summers of 1984 -1985.

Ficld Site and Measurement Technique

Meusurements were taken in the vicin-
ity of Schefferville, Quebec (54°48'N,
66°49'W) with the support of the McGill
University Subarctic Research Station.
Sampled vegetation communities range

TABLE |

Surface Types. Recorded by a Barnes Model 12-1000

DONALD E PETZ0LD WD SAMUPL N COWARD

from closed canopy spruce woodlands to
open tundra, depending on the elevation
and exposure of the site (Hare, 1958;
Petzold and Mulhern, 1987).

Two instruments, provided by the
Earth Resources Branch, NASA/God-
dard Space Flight Center, were used to
obtain measurements: a Barnes Model
12-1000 Modular Multiband Radiometer
(MMR) and a Spectron Engineering SE-
590 Spectrometer. The MMR instrument
is an eightband spectral radiometer
(sensing seven reflected and one emitted
spectral radiance bands), configured for
this experiment with filters matching the
spectral bandpasses on the Landsat
Thematic Mapper (TM) instrument, as
well as one additional spectral bandpass

Mean and Standard Deviation (5D) of Spectral Band Reflectance (") of Selected Subarctic

Modular Multiband Radiometer
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REFLECTANCE SPECTHA OF SUBARCTIC LICHENS

at 1.20-1.30 pm (see Table 1 for band
wavelengths). The SE-590 instrument
measures 240 contignous spectral bands,
with a nominal bandwidth of 3 nin, from
0.38 pm to L1 pm. Since the radiant
sensitivity of the silicon detector degrades
rapidly past 1.0 um, reflectance data past
that point have not been presented in this
analysis. Each instrument was fitted with
a 20° ficld of view lens. [For further
instrument description, se€ Wwilliams et al.
(1984).] Measurements Were taken under
clear sun conditions between the hours of
1000 and 1500 local time. Instrument
calibration was achieved by successively
viewing a panel of BaSO, of known re-
flectance and the target of interest. Com-
pletion of one measurement pair (calibra-

.
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tion plus target) required less than 1 min
for each instrument. The instruments
were tn'pod-nmnntcd, raised 2 m above
and orented 90° from the
azimuth position of the sun and 43° from
the target surface. Once a target was
selected, five measurement pairs were
collected with variance introduced by
shifting the instruments 0.5-1.0 m later-
ally across the surface, between each
measurcment. By visual assessment, only
sites with complete vegetation cover were
sclected for sampling. The MMR and
SE-390 instruments were positioned such
viewed similar, but not pre-
Thus, there may
between the cor-
1-8 and Table 1.

the target,

cisely the same targets.
be minor discrepancies
responding data of Figs.

+10SD.
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Mean and standard deviation of live

FIGURE 1

m subarctic woodlands of eastern Canada
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FICURE 2. Mean and standard deviation of five reflectance spectra of a birch shrub ( Betrda glandulosa) growing

on the tundra.
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FIGURE 3 Mean and standard deviation of five reflectance spectra of exposerd tundea sort of stoney earth G les

(Munvell color 3YR3/4-dark redidish brown).

ORIGINAL PAZE IS
OF POOR QUALITY



45

35 ¢

% REFLECTANCE
8

25 ¢
| .
20
!
15 *
‘ e T e - +10SD.
10 l T T — T T Mean
\ o -t -108D.
gL T
l
|
SRS e —
35 A5 55 65 75 85 95 1.05
WAVELENGTH (um)

FIGURE 4. Mean and standard deviation of five reflectance spectra of an asphalt airport runway, Schetlerville,
Quebec.
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FICURE 8. Mean and standard deviation of five reflectance spectra of a mixed lichen mat (pale green-yellow)
cotnprised primarily of Cladina stellaris, with scattered Cetrania nivalis, and Alectoria ochrolcuca growing on an
exposed tundra ridgetop. ’
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FICURE 7. Mean and standard deviation of five reflectance spectra of Stereocaulon pase hale (gray) growing on the
tundra in moderately exposed habitats.
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FIGURE 8. Mean and standard déviation of five reflectance spectra of Cetraria ericetorum (medium-dark brown)

growing on the tundra.

Surface Reflectance Characteristics

Representative SE-590-derived spectral
reflectance patterns of major surface
covers of the eastern Canadian subarctic,
as well as an asphalt runway for refer-
ence, are presented in Figs. 1-8. Corre-
sponding spectral band reflectances, ob-
served by the MMR radiometer, are listed
in Table 1. Reflectance patterns of typi-
cal green vegetation, soil and the
Schefferville airport runway (Figs. 1-4)
are representative of what has been typi-
cally observed in most other landscapes
(Ungar et al, 1977, Swain and Davis,
1978; Williams et al., 1984). The only
difference among spectra of the sampled
green plants is the magnitude of the re-

flectance, not the general pattern of re-
flectance.

In contrast, the dominant lichens of the
genus Cladina (Reindeer Moss) are char-
acterized by greater reflectance in the
visible wavelengths and a more gradual
reflectance increase at 0.7 pm (9-12%
increase for lichens compared to a 25%
increase for dwarf birch and a 16% in-
crease for black spruce). From 0.7 to 0.9
pm, both Stereocaulon paschale and the
mixed lichens exhibit similar reflectances,
while Cladina stellaris reflects a greater
proportion of the near-infrared irradi-
ance. However, there is stronger absorp-
tion of longer ultraviolet (UV-A) and short
wavelength blue energy, as compared to
the other visible wavelengths, by the off-
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white colored C. stellaris (Fig. 5 and the
pale green-yellow ixed lichiens (Fig. 6),
which is predominantly C. stellaris with
seattered thalli of Cetraria nivalis, and
threads of Alectoria ochroleuca. The gray
lichen, S, paschale (Fig. ™). does not
display as strong an ultraviolet radiation
absorption band, suggesting physiological
contrasts between species that may be a
function of habitat. A less common but
visually distinct tundra lichen, Cetrariu
ericetorum (medium-dark brown), ex-
hibits strong absorption of all visible
wavelengths and a gradual reflectance in-
crease at 0.7 um. However, reflectance n
the near and middle infrared wavelengths

increases markedly to a level equivalent

to or higher than that of the light-colored
lichens (Fig. 8, Table 1). For all lichens,
the water absorption band at approxi-
mately 0.95 pm is less distinct than in
vascular plants, indicating lower intercel-
lular reserves of water in lichen thalli
growing in a natural air-dried state. This
is a common state for most ground lichens.
They have no roots and cannot draw soil
moisture, so that they dry rapidly after a
rainfall.

Discussion

The reflectance patterns of common
lichens of the eastern Canadian subarctic
are unique; they absorb photosyntheti-
cally active portions of the solar spectrum
i a manner unlike vascular plants com-
mon to environments of lower latitudes.
Reflectance differences among common
subarctic lichens are due in part to the
variable pigmentation of the lichen thal-
lus which we believe to be related to the
ecological niches which they occupy in
the boreal forest-tundra ecotone. The
pigments respousible for coloration are

DONALD F PETZ0LD AND S AME EL N COWARD

secondary metabolic byproducts of the
fungal component (Hale, 1983): however,
most pigments have not yet been ideuti-
ficd and their physiological and climatic
significance has not been determined
(Hale, 1985, persoual cotntnunication).
Lichens of the shaded woodlandy and
exposed tundra environments should have
different light responses to maintain opli-
mal levels of photosynthesis. It appears
that the density of pigmentation of the
outermost cell layer of the thallus is in-
versely related to the level of light energy
which is transmitted to the inner algal
cells in which photosynthesis  occurs
(Laudi et al., 1969; Hale, 1983). That is,
high levels of pigmentation are an adap-
tive and protective response of the lichen
to high levels of incident solar radiation.
A general correlation of heavily pig-
mented lichens with open habitats has
been suggested, although no evidence has
been presented to support this (Laudi et
al., 1969; Richardson, 1974). Visual in-
spection of the pervasive C. stellaris sup-
ports this idea. This species grows equally
well in the open tundra as in spruce
woodlands of the boreal forest (Petzold
and Muthern, 1987). It appears to be
darker, more yellow in color and more
compact in structure in exposed habitats,
while its podetia (erect, bulblike structure
bearing the fungal fruiting bodies) are
larger and its color is visibly brighter and
pale green in more protected habitats.
Certain lichen acids and pigments have
been found to increase the opacity of the
outer fungal layer, thereby reducing in-
tensities reaching the light-sensitive algal
layer (Ertl, 1951). The algal component,
Trebouxia, of the Cladinae may benefit
from higher fungal opacity since this alga
species seems to tolerate lower light in-
tensities better than nonlichenized algae
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(Hale, 1983). This inverse relationship be-
tween pigiment dgensity and ambient Tight
intensity is supported by results reported
by Petzold and Rencz (1975) as well as
by the results reported herein.

The C. stelluris ineasurements, exem-
plificd by the patterns shown in Figs. 5
and 6. indicate that they utilize an ad-
Jditional  strategy beyond low  pigment
density for adaptation to low light habi-
tats of boreal woodlands. The Cladinae
absorb a high proportion (96--98%) of the
ultraviolet radiation striking their surfaces.
Rao and LeBlanc (1965) found that
atranorin, a colorless, fluorescent sub-
stance produced by the fungal compo-
nent, emits energy at a peak of 0.425 pm,
corresponding to the absorption compo-
nent of chlorophyll in the blue wave-
lengths. This fluoresence is not, however,
absorbed by pigments of the outer fungal
layer. Thus, this substance appears to
support lichen algal photosynthesis by
providing fluoresced light in blue wave-
lengths from intercepted ultraviolet radia-
tion, which is more frequently available
in diffuse low light intensities of wood-
land habitats, as well as under moderate
snow covers (Caldwell et al., 1980).

The light-colored S. paschale reflects
more than twice the ultraviolet radiation
of the Cladinae {compare Figs. 5 and 7).
This may be attributed to the less pro-
tected heath-lichen tundra commumity in
which S, paschale flonrishes. Its habitat
is characterized by higher incident fluxes
of dircet and global solar radiation since
it grows near sparscly foliated  Betula
glandulosa (a birch shrub) of less than
1.0 v in height on the trecless tundra:
however, it rarely grows completely un-
protected by a vascalar plant canopy.

Dark pigmented lichens of the open
tindra exhibit Jow albedos (Petzold and

I8

Renez, 1973). These habitats are subject
to perhape the most severe climatic stress
found in the boreal zone. Between lati-
tudes 52°N and 36°N tundra is confined
generally to barren ridgetops and is suby-
jeet to lower temperature, high solar radi-
ation intensities. and strong winds, which
effectively remove protective snowcover.
The extremely low reflectance, and thus
strong absorption of C. ericetorum, in the
visible and near-infrared wavelengths
(Fig. 8§). appear to be an adaptation to
ensure adequate heating of the lichen
thallus under stressful environmental con-
ditions of rapid sensible heat loss associ-
ated with persistent, strong winds and

- low temperature.

Conclusion

The reflectance spectra of lichens dif-
fer from that of vascular plants in the
visible portion of the solar spectrum ap-
parently as a result of their symbiotic
character and resultant photosynthetic
system. More research is nceded to
evaluate the nature and purpose of lichen
fungal pigmentation in lichen photo-
synthesis and physiology. Lichens exhibit
a stepped reflectance pattern similar to
green vascular plants; but the depth of
the visible - near-infrared step is char-
acteristically smaller, and there is a greater
contrast in visible and ultraviolet reflec-
tances of the dominant lichens.

These differences between lichens and
vascular plants will affect spectral vegeta-
tion indices, such as the nonmalized dif-
ference vegetation index (NDVI), which
contrasts near infrared and visible spec-
tral reflectances (Goward et al. 19R5;
Norman, 1956). For example, the increas-
ing significance of lichiens in vegetation
communities north of 50?2 latitude may in
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part explain the steep gradient of de-
creasing spectra vegetation index values
observed at high latitudes on the North
American continent (Goward et al., 1985).
That is. a completely lichen-covered
surface may produce NDVI values which
could be interpreted as a sparse cover of
green vascular plants. The shortest band-
pass wavelengths of the Landsat TM
(0.45-0.32 pm) do not adequately cap-
ture the contrasts between lichen and
green vascular plants to remedy this con-
fusion between complete lichen ground
cover and partial vascular plant ground
cover. This points to the need to deploy
new terrestrial sensor systems through
which such contrasts may be observed.
The value of such observations may be
appreciated in the context of current
forecasts for global climate warming
(Hansen et al., 1981). In addition to their
relative abundance (and in some regions,
dominance) in northemm ecosystems, it
appears that boreal and low arctic lichens,
particularly of the genus Cladina, may be
sensitive indicators of climate change of
the regional scale or larger. While well
adapted to moderately dry, cool, low light
climatic conditions of woodlands
(Carstairs and Oechel, 1978), C. stelluris
and other Cladinae would not be able to
tolerate warm, moist and/or high light
conditions, caused by large-scale, long-
term climatic change. Their death or de-
terioration would result from change to-
ward warmer, wetter conditions since
fungal hyphae live off sugars produced by
the associated algal cells, and, in a contin-
ually moist environment, the fungi be-
come too active and eventually kill off the
algae through parasitism (Hale, 1985,
personal communication). It appears that
the perfect environment for lichen

DONALD E PETZOLD AND SAMUEL N COWARD

domination of the boreal woodlands i
one which is cool and mesic to allow g
balanced metabolism by the fungal com-
ponent. A marked trend toward regional
warnting and increased swunmer rainfall
should cause a rapid degradation of the
lichen understory of the boreal woodland
and an apparent retreat northward of the
bouandary of the lichen understory with
replacement by herbaceous species cur-
rently found southward of 32°N in central
Quebec-Labrador. If climate warming is
to occur, the greatest temperature in-
creases are predicted to occur at high
latitudes (Hansen et al., 1981). Some of
"the earliest ecologial evidence of climatic
change should be apparent in changes in
the vigor and distribution of lichens in
subarctic regions. Current knowledge of
the functioning and distribution of arctic
and subarctic ecosystems is limited. Re-
motely sensed observations in the ap-
propriate spectral wavelengths should
greatly improve this knowledge.

The unusual spectra of lichens offer the
possibility of using multispectral observa-
tions to conduct detailed studies of
subarctic and arctic ecosystems. In par-
ticular, the unique absorption pattern ob-
served in the ultraviolet and blue wave-
lengths for the dominant Cladinae, in
contrast to their visible wavelength re-
flectance, should provide sufficient infor-
mation to identify the substantial pres-
ence of lichens in vegetation communities
with spectral ineasurements. Together
with their pervasive growth in open boreal
woodlands today, the spectral reflectance
patterns of these lichens will enable accu-
rate monitoring of the borcal forest -
tundra vegetation gradient and detection
of its vigor and movement in the future.
However, most current satellite observing
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systenns are not quited for such research
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becawse the spectral Dands observed do daa, Yo (1954), Infrared and visible reflec-

not include the near ultraviolet and blue
spectral regions necessary to identify the
dominant Cladinae. Future scnsors, such
as the HIRIS aund AMODIS instnunents
proposed for the FOS (Earth Observing
System), may remove this limitation if the
appropriate spectral and jadiometric con-

figuration is implemented (NASA, 1956).
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Detailed vegetation surveys of two slopes of opposing aspect across the
becreal forest-tundra ecotone of central Quebec-labrador revealed the
existence of four distinct exposure habitats which affect lichen
distributions. However, lichen growth was not related to edaphic factors,
such as soil pH, moisture, and organic content on these slopes. Cetraria
nivalis, Alectoria ochroleuca and Cetraria nigricans reached their maximum
density in the most exposed habitat of minimal shrub growth, while Cladina
rangiferina was more abundant in the more protected environs of the
woodland. Cladina stellaris was ubiquitous and a generalist in habitat
preference. The moderately exposed lichen shrub - lichen woodland exhibited
the greatest species diversity. The data further indicate that slope aspect
is a significant factor in determining vegetation growth patterns. Campres-
sion of habitats was cbserved upon contrasting a NNE-facing slope with a SW-

facing slope.

Nomenclature follows R.S. Egan 1987. A fifth checklist of the lichen
forming, lichenicolous, and allied fungi of the continental United States
and Canada. Bryologist 90: 77-173, for lichens; H.A. Crum, W.C. Steere &
L.E. Anderson 1973. A new list of mosses of North America north of Mexico.
Bryologist 76: 85-130, for mosses. The herbarium of the McGill University
Subarctic Research Station, Schefferville, Quebec, Canada was consulted for
vascular plant identification.
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INTRODUCTION

The preeminent role of climate in the natural distribution of vegetation
is a fundamental principle of phytogeography . This principle has served as
the basis for the develcpment of climatic-vegetation classifications such as
those of Képpen, Thornthwaite, and Holdridge (Tuhkanen 1980). Koppen (1900)
suggested that plants may serve as metecrological instruments, representing
an integration of several climatic elements. Due to the regularity of the
ridge and valley topography of the Labyador Trough, a topographically induced
vegetation gradient characterizes mo'st of the slopes of the region.
Vegetation—climate interactions at this latitude result in the development
of arctic tundra at itssmthermostexbentinthemrthernhemisphere
(Ahti 1977; Aleksandrova 1980) .

The significance of such a topographically induced vegetation gradient
must not be underestimated. Indeed, the extreme change in vegetation, from
flora typical of boreal forest to that of the tundra, along a relatively
small ground distance, such as 400-600 m transect, may be regarded as
analogous to a much longer, latitudinal vegetation gradient. This
altimdinalquempordstomed\ameinvegetatimwhidlocwm
pbetween 51° N and 64° N: spruce forest typical of the southern boreal
forest near Sept-Iles, Qusbec, grades into vegetation typical of the middle
belt of the subarctic tundra, as found on South Baffin Island (Aleksandrova,
1980). The existence of the small scale latitudinal vegetation gradient is
well-documented (e.g., Koppen 1900, 1936; Thornthwaite 1931, 1948; Holdridge
1947, 1966; and for Quebec-Labrador, Hare 1950; Rustich 1939, 1979; Payette

1983; Rousseau, 1968). In contrast, detailed study of topographically-
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jinduced, large scale vegetation gradients in the eastern canadian subarctic
is lacking, although such study would enable close scrutiny of the
jnteraction between the bioctic and abiotic realms.

A transect from valley bottom to adjacent ridgetop allows one to cbsexrve
the diminished stature and presence of boreal floristic elements until only
relict islands of spruce woodland or prostrate pranches of }runmholz birch
remain in scattered pockets, cheltered by micro-relief from harsh climatic
conditions. Concurrently, and in contrast, the presence ard prevalence of
the non-vascular plant form, lichen, increases £rom valley bottom to
ridgetop. The dominance of lichens is notable in that, to the human eye,
the most predominant species, Ccladina stellaris (which has habitat affinities
ranging fram open woods to tundra), appears very pbright, and may be mistaken
for sumertime sSnoWw in the subarctic landscape (for example, Figure 1).
Although C. stellaris is the most prevalent 1ichen in northern Quebec—
labrador, its photographic brightness (Figure 1) conceals the presence of a
variety of other 1ichens such as the gray Stereocaulon paschale (arctic-
poreal affinities); the dull gray Cladina rangiferina (arctic-temperate
affinities): the powdery straw-yellow Cetraria nivalis (arctic-alpine and
poreal affinities): the yellow-green Alectoria ochroleuca (arctic-alpine
Affinities); and the black lichen, cetraria nigricans (low arctic affinity) -
Although other regions of the boreal forest-tundra ecotone may be character—
jzed by other plant associations (e-9- moss, larch, willow), the greatest
interest here is in the unique domination of the light colored, terricolous
1ichens. Support for such focus may be found in Aleksandrova (1980), as she

noted the prevalence of a well developed ground cover of lichen in the
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To understand the change in vegetation-type predominance from boreal to
h-y.istothermic species, an energy balance perspective may provide unique and
wzful insights into the definition of distinct exposure habitats. Such an
nyxroach would entail consideration of habitat preferences of dominant
] j~hens by considering their tolerance of exposure to or protection fram
erslar irradiance. Therefore, the objective of this paper is to define
¢vpocure habitats which will provide greater understanding of the transition
petween vascular and non-vascular (lichen) plant damination along the

vegetation gradient in the boreal forest-tundra ecotone.
STUDY ARFA AND RESFARCH METHODS

The setting for the research is a geologically young and climatically
rigorous landscape near Schefferville, Quebec (54° 48' N, 66° 49' W). The
region is situated in the Labrador Trough of the Canadian Shield. The
jandscape is characteristic of former glaciation, with gently rolling ridge
and valley topography, oriented northwest to southeast, and a predominance of
glacial lakes. Deglaciation occurred about 6,000 years BP, and therefore
young, acidic and mutrient poor soils prevail. The regional climate is
characterized by low monthly mean temperatures (-22.2° C in January, and
12.5° C in July), a three month growing season, and a mean annual
pmcipitation of 785 mm, of which almost half falls as snow (Petzold 1982).
Winds are strong and persistent, averaging between 3.5 and 6.0 m sec
throughout the year, flowing predaminantly fram the NW in every season;
there is no calm season. Ridgetops above 700 m in elevation are typically

underlain by discontimous permafrost. Lichen-heath tundra is associated
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with cold, exposed ridgetops while lichen woodland daminates valley bottams
(Petzold & Mulhern 1987).

Upon campletion of a thorough investigation of potential study sites,
two transects were identified which represented a transition from a wooded
valley bottam to an adjacent lichen-heath tundra ridgetop. These research
areas, studied during July of 1986 and 1987, were: Transect I, a 400 m
long, Sw-facing slope alorg Boundary Ridge in Labrador; and Transect II, a
600 m long, NNE-facing slope along Boundary Ridge in Quebec. The transects
were approximately 30 km WNW of the town of Schefferville, Quebec, in a
natural setting, undisturbed by fire and devoid of anthropogenic impacts.

The transects camplement each cther as they represent opposing aspects of the
same ridge and have mean slope jinclinations of 12.1° and 12.4°, respectively.

The methods employed for site selection along the transects and in vege-
tation analysis are detailed by Petzold & Miulhern (1987). Simple survey
techniques identified data sample levels at every 5.0 m decrease in elevation
fram the ridge crest such that there were 15 sample levels along the SW tran-
sect and 21 along the NNE transect. Five throws of a wooden 1 x 1 m quadrat,
along the elevational contour, were used to define individual data sites at
each sample level. Using a quartered quadrat for scale, ground cover per-
centages were estimated, and the presence, height and type of shrub/tree
shelter were noted.

Other vegetation data collected at the sites included mean podetial
diameters of Cladina stellaris (at the widest point of the podetium for 30
replicates per sample level); scar lengths on spruce tree trunks and the

average heights of birch (Betula glandulosa) and alder (Almus crispa) shrubs,
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which were used to as surrogate data to determine mean winter snow depths
(Scott et al. 1987; Chernov 1985).

Wind and solar irradiance data were collected at one representative
site in each habitat. Casella anemcmeters with 12.7 cm cups were placed at
heights of 50, 100 and 175 cm above the surface of the lichen, moss and/or
herb layer. Wind speed data were collected at half hour intervals for four
to five days in each habitat. Fram these data, representative surface
roughness lmS, 2o, could be calculated following a procedure discussed
by Sellers (1965). The value, Zo, is the level above the surface where the
wind speed is theoretically reduced'to zero by the roughness or structure of
the surface. Solar irradiance was measured in an open, uncbstructed location
near the study site (Ky) amd similtanecusly at the level of the surface
vegetation (Kif) to determine depletion by the shrub and tree canopy
(1-K+g/K4) . Two recently calibrated Lintronic Dome Solarimeters, sensitive
to solar irradiance in the wavelength range, 0.3 to 3.5 um, were used to
collect these data at half-hourly intervals over a four to five day period
in each habitat type.

At each site a soil sample was extracted and placed in a sealed plastic
bag (15 x 20 cm). Soil depths rarely exceeded 3 cm before rock was
encountered; however, deeper soils were encountered in the valley woodlands.

In the laboratory, fresh weight, oven-dried weight (oven temperature, 105°C)

__apd baked weight (oven temperature, 500°C) of the soil samples were

determined, in accordance with procedures outlined in Hesse (1971), so that
soil moisture and organic content could be calailated.

Live lichen samples were collected from each site for the analysis of
relative water content. The lichens were weighed three times to determine

ORIGINAL PAGE IS
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theixr fresh, turgid, and oven—dried weights. Relative water content was then
calculated as discussed by Slatyer (1967) -

To study community diversity alond the transects, diversity indices or
weighted measures of species propOrtions were employed. pielou (1975)
cbserved that commumnity diversity is dependent upon poth the number of
species present and the relative proportions of those species. Thus, two
ratio techniques were erployed to gerive types of phytospectra which would
reflect both of these considerations. These ratios were:

RSC = S%i/TSXsy x 100% (1)
where RSC = relative surface cover of one surface cover type

sxy = percent of surface cover wg" in habitat i

and PSC~= Sxy/5EXi X 100% (2)
where PSC = pmportioml surface cover

s¥xj = the sum of all surface COVers in habitat i.
These ratios represent the proportions of species present at each sample
level pelonging to each habitat as they wére computed from mean values of
percent surface cover for each sample 1evel for poth traverses. Classifying
the results of equations (1) ad (2) in conjunction with other vegetation
characteristics enabled the definition of distinct vegetation habitats alord

these slopes-

BACKGROUND

Traditionally, vegetation habitats have peen defined by the natural
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enviromment which supports a certain association of flora. From the time of
Humboldt (1807), climatic ccnditions have been considered in the development
of habitat types. However, it is usually a predefined vegetation unit or
commnity which is linked to certain general growth conditions that are able
to support the vegetation (e.g., Hasse 1986; Table 1). While the establish-
ment of such links are not inaccurate or inappropriate, we believe that a
consideration of surface vegetation's exposure to prevailing winds and solar
jirradiance, the ultimate supplier of energy to the earth-atmosrhere systen,
may determine a priori the development of certain vegetation types and
tendencies of species to form associatié:ns. It is evident that surface
utilization of available solar irradiance and exposure to wind will also
influence, either directly or indirectly, the following: sensible heat flux
to the air (thus air tanperature); evapotranspiration (thus moisture content
of the vegetation and air above it); soil moisture; organic decomposition
rate; soil temperature (thus soil microfaunal activity); etc. These
conditions together may determine the envirorment in which certain species
grow. However, such a simplistic view of the importance of exposure neglects
the influence of other preexisting conditions such as the underlying geology,
soil type and chemistry, and surface/subsurface drainage. Such edaphic
factors may be important locally. For exanple, a flat slope terrace will
capture sufficient soil moisture to allow the dense, luxuriant growth of a
birch thicket amongst low shrub tundra on adjacent steeper slopes. Though
the growth of such a thicket is not induced by climate, its presence will

affect the distribution of solar irradiance at and the wind exposure of the

ground surface beneath. There, diminished fluxes of available solar
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irradiance will influence the vegetation species capable of developing at
the ground level.

Aleng these slopes, lichens dominate the surface cover (54%) while
vascular plants comprise 27% of the surface and mosses, 15%. Exposed soil
and rock account for the remaining 4% of the surface cover; however, they
occur mest frequently at the highest elevations due to the development of
stoney earth circles associated Qith underlying permafrost (Annersten 1964).
Furthermore, lichen cover decreases downslope as vascular plant
(particularly birch shrub) and moss growth increases (Petzold & Mulhern
1987). The definition of vegetation habitats along these transects which
cross the boreal forest-tundra ecotone will focus on the prevalence of
terricolous lichens! in relationship to surface exposure to wind amd to
solar irradiance. Details of the vegetation distributions along these
transects is provided by Petzold & Mulhern (1987). The purpose here is to
delimit habitats by analyzing vegetation characteristics at each of the
sample levels along the two slope transects.

The abundance and size of birch shrubs were the primary diagnostic ele-
ments for the development of habitat definition. These characteristics of
birch shrubs were chosen because (1) ﬂmeygzwatallelevatimsalorgthese
slopes and became more abundant downslope; (2) their proportion of the
surface cover is inversely related to that of lichens (Petzold & Mulhern,

1987); and (3) birch shrub heights reflect maximm wintertime snowcover and

lorustose saxicolous lichens are not reported. Exposed rock surfaces
camprise about 2% ofthegrourdccveralongtrmeslopesaninotall
rocks are lichen covered. Thus, saxicolous lichens constitute an
insignificant proportion of the vegetation in the region.
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thus indicate relative exposure to abrasive, dessicating, and cooling winds
(Chernov 1985). The relationship between birch heights and elevation along
the opposing slopes is shown in Figure 2. Although scatter is caused by the
microrelief of a terraced landscape, the downslope increase in birch heights
is consistent along both slopes. The calculated regression lines are plotted
to help visualize the individual relationships; however, corresponding equa-
tions and other statistics are meaningless, so they are not given. Not only
do birch heights increase downslope, put the girth, leaf density and number
of plants are also noticeably greater. This is the result of decreased

wind, greater protective snow depths, and warmer effective temperatures at

lower elevations.

HABITAT CATBGORIES

Four exposure habjtats were cbserved along these siopes. The criteria
used for their definition are presented in Table 1. The most exposed
habitats were found at the highest elevations of the ridge, including the
crest; however, they were not 1imited to those elevations. Habitats which
afforded least protection for the surface vegetation had such sparse shrub
growth that itwasmtevidentmthelarﬂswpeasshowninl-‘igure 3. The
few shrubs here were very low growing or prostrate and had relatively few
jeaves. Such conditions are typical of the circumpolar low arctic. The
correspmﬁenceoftheecposedhabitatswiththeridgetcp is the direct
result of strong, prevailing NW winds blowing the crests free of a protective
SNOWCOVEr . Shmbsprotmdingabovethescantuplandsnoomverwouldbe

exposed to cold, dryi:x;airarﬂvmldhavetheirgrwthb\ﬂSprmmedbywiJﬁ

abrasion, thus producing the cbserved birch growth characteristics. The
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pattern of snow cover also determines the distribution of plant communities
through its effects on soil moisture and the disposition of solar irradiance
(Webber 1974) . Ridgetops in this region with no or minimal snowcover and
elevations above 700 m are usually underlain by permafrost, thus assuring
cold soil temperatures throughout the year. It appears then, that exposed
habitats will be cooler, drier, windier and will have greater solar receipts
year rourd. This is corrcborated by the 1ow surface roughness length and
lack of irradiance depletion associated with this habitat (see Table 2, data
columns 4 and 5). These data indicate that the total flux of solar radiaticn
is available to the surface vegetation, and turbulent eddies, which are
responsible for sensible heat, water vapor and momentum exchanges between
the surface and overlying atmosphere, came closer to approaching the surface
vegetation than in any other habitat. On the north-northeast-facing slope,
the exposed habitat may pbe found farther downslope (as noted by the larger
sample level mumbers) than on the southwest-facing slope.

A short distance downslope, moderately exposed habitats were observed.
Noticeably denser, taller birch growth characterized this habitat, although
pale colored lichens common to the exposed tundra continue to dominate the
surface vegetation. The surface is still exposed, put the birch shrub cover
jncreases from 5 to 15 percent with an average height of about 0.5 M (see
Figure 4). In response, the calculated surface roughness length increases
and 12 percent of incident solar irradiance was attenuated by the birch
shrubs as noted in Table 2. The vegetation typical of these moderately
exposed conditions is described by Bliss (1981) as low shrub tundra of the

low arctic.
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In moderately protected habitats, the introduction of trees to the land-
scape indicates a noticeable visual change in the vegetation (Figure 5) as
well as a substantial increase in surface protection. In addition to sparse
tree growth, birch shrubs continued to increase in size and density,
approaching 1 m in height and 20% surface cover. The increased density of
the tree and shrub cancpy produced a dramatic, almost threefold increase in
both the surface roughness and 1rrad1ance depletion (Table 2). With
turbulent eddies unable to approach the surface, evaporation from the surface
vegetation is reduced, so the vegetation (and the soil beneath) remains
moist and shaded. These conditions pfovide moderate protection for the low
growing surface vegetation (see Table 1). Pale colored reindeer lichens
still comprise a substantial portion of the surface (30-45%) and remain
visually distinct. Total lichen cover, however, decreased substantially
from that of either of the exposed habitats. This habitat is associated
with the northern boundary of the boreal forest, approaching the tree line,
and is often termed open lichen woodland or forest tundra (Bliss 1981;
Payette 1983).

The most protected habitats (Figure 6) consist of dense shrub growth
which may or may not be associated with spruce woocdland. There were rela-
tively few occurrences of this habitat along the transects, where they were
found on flat terraces along the lower levels of the slopes. The terraces
interrupted surface and subsurface drainage which produced increased soil
moisture and dense vascular plant growth. The synergistic effect of such
verdant plant growth also helps maintain high levels of soil moisture. This
results fram the 150% increase in surface roughness produced along the

gradient between the moderately protected and protected habitats. Such
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conditions are detrimental to the growth of many lichens, since abundant
moisture may cause rapid food consumption by the fungal camponent with
cannabalization of the algal component (Hale 1985). In this habitat, lichen
growth is minimal. Iow surface light levels (solar irradiance depletion
approaches 50 percent at ground level) also may prohibit lichen growth (see
Table 2). Only Nephroma arcticum, a hygrophilous, foliose lichen, grows well
over moist hummocks and moss, beneath trees and dense shrubs. The step-like
topography of the terraces also induces snhow drifting (in late June, 1586
and early July, 1987 several deep, extensive snow patches were present on
the terraces of the NNE-facing slopej . Such deep snow would protect the
shrubs from bud abrasion, allowing them to attain dense growth in excess of

1 m in height.
ammmmnmnmmnmmmm

GENERAL TRENDS

The proportional surface cover data (Tables 3 and 4) for the four
general surface cover types (lichen, moss, vascular plants, soil/rock),
reveal distinct variations in surface cover predominance based on habitat
exposure. Along the southwest-facing slope, lichens dominate in exposed and
moderately exposed habitats, moss cover peaks in the moderately protected
habitat, vascular plants prevail in the protected habitat, while exposed
soil and rock are cammon only in the exposed and moderately exposed
habitats. The north-northeast-facing slope exhibits similar habitat exposure
related predaminances; however, the trends are more pronounced among the

surface covers, with the exception of moss cover. For example, there is a
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steeper gradient in total lichen cover from the moderately exposed to the
moderately protected habitats. Further example of the more pronounced
gradation in surface cover is evinced by vascular plant and exposed soil/rock
cover. Vascular plant cover increases substantially in the protected habitat
(e.g., as demonstrated by the relative surface cover of B. glandulosa in
Figure 7f), while exposed soil/rqck cover decreases rapidly from the exposed
to the moderately exposed habitats. Although moss is prevalent in the
moderately protected and protected habitats on the north-northeasterly

transect, this exposure preference is much more apparent on the southwest-

facing slope.

TRENDS OF SELECTED SPECIES

The most habitat specific lichens (A. ochroleuca, C. nigricans, and C.
nivalis) are most abundant in the most exposed corditions, as illustrated in
the plots of relative surface cover in Figure 7 a, b, c. The less cammon N.
arcticum is also habitat specific to protected habitats along these slopes.
Members of the first three species are a major component of surface
vegetation and form an integrated lichen mat together with C. stellaris on
the open tundra. The development of such a homogenecus mat leads to the
appearance of uniform brightness, as seen in Figure 3. In this habitat, the
most notable deviation in surface brightness occurs as a result of the
sporadic presence of stoney circles which are often bordered by the black
lichen, C. nigricans, and scattered vascular plants.

Several vascular plants grow in or next to the lichen mat, but their
occurence is scattered. They include prostrate branches of B. glandulosa,

as well as low-growing heaths such as Empetrum nigrum (black crowberry),
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Arctostaphylos alpina (alpine bearberry), Phyllodoce caerulea (mountain
heath), and Vaccinium vitis-idaea var. minus (mountain cranberry).
Occasionally small tufts of Diapensia lapponica and individual plants of
Rubus chamaemorus (cloudberry) may be found. Lycopodium annotinum var.
parngens (bristly clubmoss) is scattered amongst lichens or under birch
shrubs. Bryophytes are uncommon in this habitat due to the low availability
of moisture; however, Racamitrium lanuginosum may grow near stoney earth
circles or rock outcrops. Krummholz spruce were virtually absent from this
habitat.

A similar mixed lichen mat dominétes the moderately exposed habitat, but
with the noted absence of C. nigricans, which is able to grow only in the
most exposed envirorments at this latitude. Vascular species were also the
same as those found in the exposed habitat, with increased growth of B.
glandulosa. The other noticeable characteristic of this habitat is the
development of moss hummocks within the lichen-heath. These so-called “dry
hummocks" are comprised primarily of Dicranum elongatum and infrequently
Polytrichum juniperinum (Dunnett 1969), and are responsible for the increase
in moss cover in this habitat,

Although the proporticnal surface cover of lichens decreases
considerably from that of the exposed habitat categories, the moderately
protected woodland habitat exhibits the greatest diversity of both lichen
and vascular plant species. This is due to the existence of exposed, lichen-
daminated patches between spruce trees, at one extreme, while the trees
provide a protected envirorment for the vegetation growing beneath them, at
the other extreme. Thus, a wide range of microenvirorments comprise this

habitat.
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The habitat specific arctic lichens cannot campete successfully in the
chaded ervirorment provided by the spruce woodland and increased birch
growth, thus they are absent fram the moderately protected habitat. The
1ichen ground cover of the woodland floor is comprised of large areas of a
single species, usually C. stellaris (e.g., see Figure 7d) and less
frequently, C. mitis, C. rangiferina, and S. paschale. The latter is most
cammon in microdepressions, <mall drainage gullies, and on slopes covered by

jate-melting snowpacks. It is our impression that the distribution of S.

is more plentiful in areas adjacent‘to our transects. C. rangiferina reaches
its greatest relative surface cover in this habitat, as shown in Figure 7e.
It is most plentiful near the edge of spruce tree and birch shrub branches
such that it receives moderate fluxes of solar radiation. Exposure to
extremes of solar irradiance limits its growth.

Surfaceshadingprwidedbythetre%anidenserbixthgrwthallws
mosses camman to moist surfaces to grow in the protected habitats; Sphagmum
species and P. juniperimm are the most prevalent.

In the most protected habitat, birch and alder thickets growing among
scattered spruce trees daminated the surface vegetation. Fewer lichen
species are able to grow well on the typically moist surface beneath such
dense vegetation. This habitat exhibits the smallest diversity of
vegetation. The dominant bryocphytes are the same as those first detected in

the moderately protected habitat.
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MICROENVIRONMENTAL REIATIONSHIPS

To elucidate the significance of exposure, several soil and vegetation
characteristics were also analyzed, including C. stellaris podetial
diameters, B. glandulosa heights, C. stellaris relative water content, and
soil moisture, organic content, and pH. These data were utilized to
determine the microenvirorment within the defined exposure habitats. The
edaphic data (Table 5) indicate no apparent trend in camparison of habitat
exposure extremes: PpH is generally consistent, but shows a slight decrease
with surface protection, downslope (é similar weak trend was also found by
Moore (1987, personal commmication), who suggested that it was due possibly
to lower productivity of the tundra), while soil organic content and moisture
fluctuate without indication of any pattern. These results counter evidence
provided by Rouse & Kershaw (1973) that soil moisture and organic content
contribute to the formation of a vegetation gradient. In contrast, our
results further support the idea that exposure of surface vegetation to
climatic elements is most important for urderstanding the transition between
boreal forest and tundra plant communities in the eastern Canadian subarctic.

The habitat characteristics of Table 2 are related to the microclimate
and growth characteristics of surface vegetation. C. stellaris podetial
diameters increase as surface protection increases, and are generally larger
on the southwest-facing slope. Birch heights also indicate similar
tendencies, in that they grow to greater heights on the southwesterly
transect and their heights increase fram the exposed to the protected
habitats. Notably, the podetial size of C. stellaris is directly related to

the height and protection afforded by B. glandulosa, as illustrated in
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Ficqure 8. As the height of B. glandulcsa increases, protection of surface
lichens from rapid thallus dehydration increases tl{rough diminished wind
speed (as evidenced by the greater roughness lengths shown in Table 2) ard
less exposure to solar irradiance. Under more exposed upslope conditions
lichens minimize their evaporative surface area, SO podetial diameters
decrease and individual podetia.pmtrude less above the lichen mat. Thus,
it appears that C. stellaris demonstrates phenotypic plasticity in different
microenvirorments. These results agree with those of Kershaw & Rouse (1971),
in that podetial diameters were smaller when C. stellaris grew in xeric,
exposed habitats. |

The relative water content of C. stellaris also reflects the influence
of protection from dessication which a shrub layer provides. On both slopes
the relative water content of C. stellaris is lowest in the exposed habitat
of the ridgetop. In the more protected habitats downslope, relative water
contents are consistently higher, although there is no trend toward the most
protected envirorment. These results contrast Kershaw's (1975) conclusion
that C. stellaris on ridgetops held more water than the valley bottom
phenctype. ILower relative water contents on the southwest~-facing slope
indicate the existence of higher evaporative stress due to greater intensity

of solar radiation and receipt of the prevailing northwesterly winds.
CONCLIUSIONS
Habitat exposure induces significant microenvirommental variations with

which the vegetation must interact. The vegetation patterns along these

slopes indicate that hekistothermic species dominate the exposed habitats,
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while boreal species are limited to the protected habitats. On these slopes,
the equivalent of the latitudinal boreal forest-tundra ecotone is apparent,
as a substantial change in lichen dominance occurs between the moderately
exposed and moderately protected habitats.

The protection provided by winter snow (as represented by birch shrub
heights) further amel iorates the subarctic winter climate in the protected
habitats. Iarson & Kershaw (1975) have noted that snow depths greater than
20 cm effectively diminish snow-air interface temperatures. For those
species capable of tolerating the dessicating winds and cold temperatures of
an exposed ernviromment, such as lichens and heaths, ridge crests blown free
of snow would provide a longer effective growing season.

By studying the microenviromment within these habitats, one begins to
understand the significant role which energy exchange between bioctic and
abiotic realms plays in the development of the natural distribution and
morphology of vegetation. This is corrcborated by the variations of both
surface roughness and solar irradiance depletion by habitat. larson and
Kershaw (1976) have called attention to the significance of energy exchange
at the plant level by studying surface area to weight ratios, thallus shape,
and degree of clumping of thalli for Alectoria nitidula, A. ochroleuca,
Cetraria nivalis, and Cladina stellaris. They found that A. nitidula, A.
ochroleuca, and C. nivalis had relatively lower resistances to evaporation,
in contrast to that of C. stellaris. Species with low resistances were
those which are known to thrive in xeric envirorments. This corroborates
our results which show their prevalence in sun and wind exposed habitats
which are generally snow-free. Larson & Kershaw (1976) also noted that

single thallus occurrences of C. stellaris are found where the lower branches
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nt spruce trees provide an additional boundary layer. We also

single thallus forms of C. stellaris in protected habitats, where

.portional surface cover is least. Furthermore, the podetial

. of the single thallus forms of C. stellaris were largest in the
This increases surface roughness which lowers resistance

Generally in exposed habitats,

| habitats.
ation (larson & Kershaw 1976) .
iith smoother surfaces exhibit greater resistance to the diffusion
vapor into the atmosphere and have adapted to the dessicating
2nt

3, reflected in its podetial size and surface roughness, illustrates

in which they dominate. ,[THus, morphological variation of C.

rtance of studying the envirormental bicphysics of plant species and

{ies to understand the natural distribution of vegetation.
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Table 3. Proportional surface cover (%) by habitat - SW-facing slope transect.

Moderately
Surface Exposed Exposed Protected Protected
Cover Habitat Habitat Habjtat Habitat
1. Lichens
Alectoria ochroleuca 5 1 _ —
Cetraria nigricans 1 — —_ -
Cetraria nivalis 8 1 — —
Cladonia amaurocraea + 1 1 —
Cladonia cristatella 1 1 1 —_—
Cladonia uncialis — 3 1 —
Cladonia sp. 1 4 + 1
Cladina mitis - + 10 1
Cladina rangiferina 1 6 7 20
Cladina stellaris 53 , 158 38 27
Nephruma arcticum — —_ + +
Stereocaulon paschale _ -— 2 —_
TOTAY* LICHEN COVER 71 75 59 48
2. Vascular Plants
Alrus crispa —_ —_ + 1
Betula glandulosa 3 6 9 27
Carex sp. 1 + 3 2
Empetrum nigrum 8 3 1 2
Ledum groenlagdlctm - 1 -— -
Picea mariana™ 5b Jb 2 - s
Vascular sp., other 1 1 27" 1~
TOTAL* VASCULAR COVER 17 13 16 32
3. Mosses 19 6 24% 19t
4. Exposed soil/rock 11 6 1 1’

NOTES: + trace occurrence; less than 0.5% average surface cover.
* subtotals may not equal the sum of camponents due to round-off
error.

a. Only includes branch tips within study quadrats; tree densities were 10-18%
based on 900 m? .

b. primarily Arctostaphylos alpina, Salix uva-ursi, Vaccinium vitis-idaea var.
minus, and hycopodium annotinum var. pungens.

Cc. primarily of the family Poaceae, Corrus canadensis, V. uliginosum var.
alpimm, and L. annctimm.

d. primarily Racamitrium lamg .

e. primarily R. lamginosum, Dicramm elongatum, Ptilidium ciliare.

f. primarily Sphagmm spp., Polytrichum juniperimm.
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Table 4. Proportional surface cover (%) by habitat - NNE-facing slope transect.

Moderately Moderately

Surface Exposed Exposed Protected  Protected
Cover Habitat Habitat Habitat Habitat
1. Lichens
Alectoria ochroleuca 18 10 -— —_
Cetraria nigricans 4 —_ - -
Cetraria nivalis 7 2 + —_
Cladonia amaurocraea + 1 + -_—
Cladonia cristatella -_— + + -—
Cladonia uncialis —_— - + -—
Cladonia sp. —_ + 1 -
Cladina mitis -_ + 1 +
Cladina rangiferina 3 9 13 4
Cladina stellaris 34 43 17 1
Nephroma arcticum — — + +
Stereocaulon paschale + 1l 3 1
TOTAL* LICHEN CQOVER 65 66 35 7
2. Vascular plants
Alnus crispa -— -_— 2 +
Betula glandulosa 3 13 17 57
Carex sp. 1l 2 3 . 2
Empetrum nigrum 4 4 9 11
Ledum groenlaxd'dlann 1 + 4 -_
Picea mariana — b +, 1c
Vascular sp., other 5b : 2 17 1™
TOTAL* VASCULAR COVER 14 21 38 72
3. Mosses 109 12% 26t 22t
4. Exposed soil/rock 11 1 + —

NOTES: + trace occurrences; less than 0.5% average surface cover.

* subtotals may not equal the sum of camponents due to round-off
error.

a. Only includes branch tips within study quadrats; tree densities were 10-
18% based on 900 m? surveys.

b. prnnanly Arctostaphylos alpina, Salix uva-ursi, Vaccinium vitis-idaea
var. minus and ILycopodium annotimm var. pungens..

c. primarily of the family Poaceae, Cormus canadensis, V. uliginosum var.
alpimm, and L. annotimm.

d. primarily Racamitrium lanuginosum.

e. primarily R. lamuginosum, Dicramm elongatum Ptilidium ciliare

f. primarily Sphagmm spp., Polytrichum juniperimm.
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Table 5. Edaphic characteristics (mean values per habitat)

HABITAT Number of pH Organic Content
Sites Sampled*

SW Slope

Exposed 3 4.3

Mod. Exposed 4 4.2

Mod. Protected 6 4.2

Protected 2 3.9

NNE Slope

Exposed 6 4.3

Mcd. Exposed 5 4.2

Mod. Protected 7 4.2 ‘

Protected 3 4.2

*Five replicates were taken at each sample site.

(%)

47
23
14
20

32
29
35
27

Soil Moisture
(%)

240
158
120
244

131
108
149
115
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Aerial photo of open lichen woodland in southwestern labrador,
taken at a height of approximately 1630 m above grourd level.
The dark vegetation is spruce trees (typically Picea mariana)
and the light colored surface is lichen, predominantly Cladina
stellaris.

The relationship between birch shrub heights and elevation along
opposing slopes of the same ridge.

Vegetation cover of the exposed habitat at the ridgetop. The
typical surface cover is camprised of lichen-heath turdra and
exposed soils of stoney earth circles.

Low shrub tundra of the moderately exposed habitat. Note the
appearance of sparse birch shrub growth.

Open lichen woodlard of the moderately protected habitats.
Widely spaced black spruce and birch shrubs provide a range of

to wind and solar irradiance for the surface
vegetation of lichens and mosses.

Dmsehirdlarxialderskmxbgrwthofthemostprctected
habitat. The leaf canopy intercepts a large enough proportion
of solar irradiance; few 1ichens are able to grow cn the grourd.

Mean relative surface coverage (calculated by Equation 5) of a.
Alectoria ochroleuca, b. Cetraria nigricans, c. Cetraria
nivalis, 4. Cladina stellaris, e. Cladina rangiferina, ard f.
Betula glandulosa in each habitat.

The relationship between mean birch shrub heights and C.
stellaris podetial diameters for all vegetation habitats and

slope aspects.
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Figure 7 (d-f).
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Figure 8.
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