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ODJE~AL AFlSTRACT 

It has been :!Iuggest.ed tha·t the h1Rh polyol concentrations 

of lichens function ta buffer aga1nst stree's, at the cost of 
/III 

lowered production. We Invest1gated' th1e hypôthesis. ' A , -1 

quan,tltat1ve study of 10S8 of pOlyols through leaka~e from, 

rewetting d'ry lichens was done for 21 5ubarctic lic,hen 

species. The Quanti tif of polyol lost was proportional tn 
" 

the polyol concentration present. 
" .... 

In some species the total 

ralnfall inp:uenced lost. We the Quantity 
? 

of polyol 

conclude t.hàt J eakap;e of polyol must be a major part,of the 

lichen carbon budget, because da:1(l.y growth rates are of the 

aame arder of magnitude as leak~ge. S1nce 105S ls 

proportiona] to polyol concentration, th1s supports the 

hypothesis that~ polyol concentration affects production. 

If polyols buffer agaif)st stress, then highElr polyol 

concentrations should he round ln lichen . species 1n less 

favora?~e en'9ironments. This predi,ctit")n was. not confirmed. 

In~tead lichens with higher satur~tlon water 'contents and in 

more . favorable env ironments had polyol 
• <l1 

concentrations. We suggest that polyol conQentration may be 

functioning to affect osmotic potential or metabolic rates, 
, 

thus , allow1ng more carbon uptake. e Hlgh polyol 

concentrations may be one lichen strategy to incrf:!ase 

~ 
production which ~ 1e effecqve 

saturation wate r contents. 

. . . 

/ 

in lichens with high 
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RÈSt1Mf: OEHER AL 

Il • été rsuggé~ que les fortes concentra tions en polyols 

particulières aux lichens ont une ronction tampo~ dans cies 

e~tuatlons de stress. Les faibles taux de croissances des 
.f 

, 
lichens ,. seraient aUSSi une consequence de cette 

spéCialisation. 
\ , 

Cette hYP01fhese a été examiné dans cafte 

présente th~se. Une étud,e Quanti ta,tive' de~a pertes en 

'polyols par écoulement suite 'a la ré-hydratation des lichens 

secs chez 21 
, ----_ JJ-

entreprise. La 

~ ," 
especes de lichens sub-a rctiQues fût 

<b 

quantité de polYOlS perdue est 

p'roportionelle à la Quantité présente avant ré'-hydratation. 

.. ., 
Chez quelques, especes les precipitations totales influencent 

la 
., , 

quantite de ,de croissance polzolS perdue. 
V l' 

\. ,.. 
du meme ord re 

Les taux 

jourtlal1ers étant de· 'grandeur que l'ampleur 

des pertes par écoulement, nous concluons Que l,écoulement 

de polyols "" doit etfe une composa n te du budp;et . carbonique 

chez les lichens. Comme ces pertes Bont propOl"tionelles a 
la concentration en polYOls, ceci supporte) 'h,ypothèse seJon 

, 
laquelle la concentra'ticn en polyols affecte la croissance. 

Si les pOlyols exercent un effet tampon contre le stress, 

alors de fortes concentrations de polyols devraient être , 

associées aux especes de lichens particul1~res aux habitats 

moins favorables. Cette prédiction ne fÛt pas confirmée par 
If ",. 

les, present résultats. Au contraire, " les espaces ayan,t des 
y 

...: .. 
contenus en eau t,plus eleves 8U ,pOint de satura tion et vivant 

dans des habitats plus favorables ont de' plus forte!!! 

concentrations en polyols. Nous 
'\ 

\ 

concentratiOn en pOlyols a pOSSiblement pour t'onction d'agir 

sur' le potentiel osmotique ou les ... taux lIetabol1ques, 

111 



p.,..ettant a1ns1 une plus gr.nde rixation de c.rbone. De, 

rortèa concentrations en polyols const1tuerajent 

possiblement une str8~g1e ravorabl~ chez 

ror<té teneur en eau au po1nt de t\aturat1on pour aUQ;lDenter 
' .. 

leurs taux de croissance. 
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PREFACE 

As permitted by the regulat.1ons of the Facul ty of Graduate 

Studies and Researc.h, thi! thes1s 18 composed of two 

articles to be submitted for pUblication \ with the 

co-authorship of my advisor ) Martin J. Lechowicz. As 

required, a general introduction and a summary have been 

added ta combine the papers into a unified thesis. In aIl 

cases, l am the first author and am primarily responsible 

for the content and presentation of the papers • 
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In ,Q"I:'::; Fal"ral" publisheô 'J:is phvsiolol2:icaJ bufferlnp; 

~vpothesis (F'arrar, ,07/): Farrar ~nd ~ith, 1Q7'::;). Be had 

observed that the liqhen's rNlpanse ta clessication and 

recoverv from dessication was hjp;h rates of turnover throu~h ~ 

reSPiration and deoletion ln the pol vol pool, whi le the 

proteins and other insoluable materi'aJ were l''elativelv 

unaffected. He sUP;p;ested' that the Î'J..chen' s respanse to 

stress, partjcu}ar)v recovel"v 'from 1 !lessicatlon, 1s 

respiratorv loss. 'Ravinp; such hi,lZh pol vol concentrations 

restricts such 1055 te the pol vol poo]. 
'\ 

'1'he bol vol p001 1s 

therefol"e a bu(fer for the proteine and structural matel"la'l 

ap;ainst environmental ·stress. Lichens are often <tessicated. 

'l'he need to maintain a hip;h pOlvo] content could therefol"e 

account for the 10W rates of svnthesj s of macromolecules, 
J 

1-)1gh allocation to polyo] (Farrar, 1Q 7 8), and tl'\e ]ow net 

annual production of lichens. 

'l'houp;1-J Parrar presentel1 this irlea simp}vas a rVPothesl!:', 

the idea of physiolo~ica}. b~fferin~ Is widel v referred to in 

subsequent ecoDhvsiolop;icaJ ] iterature (Mathes & l<'ejg~, 108~: 

~wlev, 1Q7Q: Lawrev,1Q84: Hil1,1 Q 81), becausé of Us 

explanatorv value. It sup:p;ps ts a mechanism for recoverv 

from dessication and an identifiable a] location of carbon to" > 

recove rv. It ,;us ti fies the hi p;l) ,pol vol concentrations and 

low production rates of lichens. fvforeover 1t has predictive 

--value. Tt sup;p;ests that distribution and production of 

lichens should r be correlated w1 th pol vol concentrations. 

" 
,Though Many authors have sugp;ested that physiological 

bufferinp; mav explain a ~i Vin phenomenon (Lechowicz. 198,'; 

xi 
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~j 11, ,OA1) none have tji "ect' v tes tee! the ohvs; 0' o12:j ca' 

hufferin/2: hvpothesls. 

'rhe ohvRio1oQ;1cal evj~encp for thts hvoothes 1s is 

amb1~uous • Recoverv ('rm stress mav reoui re enpr~v, and 

thjs ener~v mav resu~t rran respiratio'h of' polyols, but this 

l' _ cioes n<?t imp'v tl:lat hill:h 'eve1s of POlvo,;.s are necpssarv t'or 

recove l'''V. In mOSS5es 1 t hal'\ heen shown that resa turat i on ~ 

respiration ig :}t least part1v uncouplert frorn AiP production 

(~wlev &: fCrochko,1QP"::l). 'l'hus thE' '055 of' pOlYOl throu~h 

resaturation respiration as wel 1 as that frarl leachinp; mav 

hé waste!"ul, t>ut 1='a"rar (107h) arllues that it is the rü!;h 

10ss of polyols that requ1res maintenance of hip:h pol vol 

concentrations in order to ensure that adeauatp poJvols are 

present. <' 
" 

One~J exar'llne the effect of ohenomena that cause pol vol 

deo1etion jn the lichen. P01yols are lost dur1.nll recoverv 

rroo dessication • and durinp: a short activitv 'period there ,.. 

(l='arrar,1 Q76). "'he phvsiolo~ical bufferin~ hvpothesi~ thus 

orerlict~ that manv short activitv perlodR Will impair 

fIletaboJ ism. '-"etabolic rates are lessened nv short activitv 

periods (Farr;>r'"a7~: Link ~ ~ast'l"Q~ll). ant1 .this is 

correlated Wl tt"1 low~r Dolvo~ concpntratlons. Put otr:er· 

explanations may be oroposed for the deleterious efff'lcts of 

short wett1ng~ such as nutr1ent loss throuQ;h' eachinl!: or 

incomplete rep 1r of membranes or prot~1ns. 
1 

'l'herefore 1n this thesis l intend more direct tests of 

phvsiological bufferinp: _hypothes1s. The relationship 

between polvol concentration, the more easlly measured 

xii 



,! 

f 

. " 

( 

---~ 

v:\riah' e, 
.l-

and a"ocl3t1 on to pol vnJ:9, the more d1 r"1cu] t 
~ 

variahle affectinQ; production, can he part1v establ ished bv 

lookin~ at leac~inQ; of polyols uoon rewp.ttin~. The leakage 

of polyols 13 exppcted te ~ onp reason for the hlgh 

turnover of polyols (Farrar,1Q7n) and it Is ey.Dected to be a 

functlon of the DO]VO} concpntration (~imon,1Q7U). 

The phys iolop:tcal - buffer hvpothesis is an ecolOll:ica] 

hypothesls becausp. 1t su~~ests 'that the po'vo] allocation 

func~ions to resist stress. ~he most approprlate test ia an\ 
. 

ècolo~ical one: is allocation to pOlyols a functlon of the' 

distrlhutlon of the Jichen soecie:9? Confirmation of this 

hvpothesls wou1d not slmpJV suppOrt the hvpothesis,but a]so 

" make predictions about the reJation of Droductlon to 

distribution. 
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A quantitative description or the leaohing or polyolS 

ln 2' spec1e!l or subarctio lichens 

By Susan A. DUdley and Martin J. Lechowicz , 

\ 
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~·Abstraot. Liohens have been observe~ to lose polvols through 

leakage upon rewetting, but no quantitative analysie of 

these 10sses exlste. W~ observed the leaohing of 23 epecles 

of subarctlc lichens by eynthetlc rain at varlous 

Intensltl~s. Average polyols leached for each speoles was 
1) 

strongly correlated wlth the average polyol ooncentratlon of 

the species. Speoles had different responses to ralnfall. or 

those species that dtd ~ve a slgnificant response to 

ralnfa11 the majority had increased leaching wlth Increased 

total ra1nfall, l'ather th an respondlng to rainfall 

'" Intenslty. The blomass lost through through leaehlng 18 of 

t~e same order of magnltude as I1terature values for datIy 

relative growth rates for these lichens. This strong~y 
. .;1 

suggest~ that 10ss of polyols through leaching is a major 

portion of the oarbon balanoe of subarotie ,liohens. 

\ 
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INTRODUCTION 

Lichens have!- 'IoN production rates because of the1r ION 

photosyntheti~ rates and their poikl10hydric water ~conomy 
, 0 

(Farrar,1Q76b; Kallio and Karenlampi,1975). Using equat10ns 

predicting net photosynthesis as a function of lichen water 

content, light levels and tissue temperature (Lange et 

al,1Q77), yearly carbon uptake has been estimated quite 

weIl ror desert lichens. Desert lichens are primarily 

Netted by dewand water vapor (Kappen et al.,197Q); however 

Nettin~ by liquld Nater causes resaturation respiration and 

leakage of solutes artel' rewetting (Farrar, 1976b) A 

transi~nt period of major lea,kage occura in dessication 

tolerant plants that 5eems to be assoclated with temporary 

dessication induaed membrane damage (Ohlrytsa & Bewley., 1977; 

BeNIey,1979). Therefore raln-Netted ltihens, unlike the 

desert lichens Lan,ge studied, have a time dependaht 10S5 of 

carbon artel' wett(ng, which compllaBtes estimates of the 

carbon balance. Lechowicz (1q81) had good agreement between 

measured growth r~tes and simu~ated productivity uslng a 

model that included the initial 105s of carbon dioxide 

through resaturation respiration. But the hlgh polyol 
i!Y 

content of lichens (Lewis & Smith,1967a) together with the 

high rates of leakage expeated (Dhindaa & Matowe,1981) imply 

that leakap;e of polYOls upon rewett1ng may alao be an 

, important Rart or the carbon balance. 

EarIier studies of Ieakage of pOlyolS have either been 

qualitative 

the lichens 

(Cooper & Carroll,1978) or have 

l~d 1n solution (Farra; & 
\ 

been done with 

Smith, 1976) and 

so the results \ are not userul for predloting Quantltles of 

3 
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polyol~ leached in naturè. The period'of leakage trom the 

celle ia over .,!th!n a rew minutes of rewettlng 

(B'ewley, 1q19~, but the per!od of leachlng of polyols trOlD 

the thallus should be known to relate climatic data to 

predictions of leaching. tlle intensity of ralntall 1, 

expected to affect the rates of leakage because a rapid 

Inrush of water may displace membranes (Bewley, 1919), and 

. . because low intensitles may allow the lichen to take up 

polyols from the free space once membrane repa!r i8 

complet~d (Farrar & Smith,1976). The amount of 105s i8 

expected t':J be influenced only by the concentration gradi~nt, 

and to have a 10w 0.0 (S1mon,197~). The purpose of this 

study. Is two-fold: to test if leakage of polyol~ ls a 

significant part of the lichen carbon balance, and ti> 

attempt to predict leakage' as a function of the polyol 

concentration, the rainfall intensity and the duration of 

raine 

.. 
" 
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METHODS AND MATERIALS 

Collections of 21 lichen specles were made ,near 

SchefferVille ln subarctlc Quebec ln September,1Q83,.a 
, 

subarctic area unusua1ly rich in species (Waterway et 
~ 

al. , 1984.) • "'hese fo11ose and fructicose specles are frc;e, 

alpine tundra, subalpine heath, open lichen woodland and 

closed spruce-moss f~rests, the major habitAt types in the 

area where lichens are round ,(Waterway et al., ,QB4), and 

have distributions from arctic-to-temperate to arctic. 

The lichens were collected during a rain to avoid damagin,; 

the brittle and fragile tips. The wet lichens were collected 

ln paper bags, dried at room temperature, and sh~~ped by air 

to Montreal. Thev ~were stored air-dry at room temperature 

and analyzed within a month. 

Lechowicz (1983) demonstra~ed that lichens show a gradient 

in physiologieal activitv from the growin,; tips to the 

senescing bases. To control for such~ within-thallus .. 
differences in activity and to sample equivalent portions 

-across aIl s~cies, we used a11 of intact thalli with living 

c( green) algae. Microscopie examination of al gal 

distribution and external color gradients were used to 
, 

declde what part of the thalli wowld be used in experiments • 

. In these experiments each repl1cate 18 composed of severai 

thjl1i, to glve a high dry weight of tissue in each leaphing 

trial. 

Synthetie rain lias generated by a Bete-:-Fog synthetic rain 

nozzle oriented to ppcSjeet the water vertlca11y; tq.e rain 

thererore raIls with on1y the acceleration of gravity. The 

lIater used· was tap water rlltered through activated -car~ •. 

. 5 

\ 

j 
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At any point ln the sample gr1d the Inten~lty of the rain 

shadow vai'ied across the area and between trials. The 

d1rre~nt raln intensltles ln these experlments Nere 

generated by pls:c1ng the lichen sample in places of 

dlfferent expected Intenslt1es and measur1ng the f1n~ 

Intenslties recelved. Air-dry lichen repl1cates were placed 

in plast:ic mesh baskets that were ln turn placed ln large 

plastic containers that allowed aIl rainfall passlng through 

the lichens ta he collected. Arter leaching, the lichens 

~ 0 
Nere dned at 100Ç, weighed to 0.0' g, and analyzed for 

polyol concentration. The leachate was collected, weighed 

for measurement of rain intensity, and sampled for analysis 

of" polyols in the leachate. The subsample lias weighed, 

concentrated by evaporation te a lmoNn weight, and frozen 

un til analys1s. 

We used a periodate reduction assay for polyols modified 

rrom Lewis and Smith (1967b). The modifications Nere a 

simplet and more èffecti ve method' of purification and a 

sample blank to correct for .color in t~ sample. Each 

lichen r,eplicate. was dried at 'OOC~ and ground iota powder. 

Two replicate analyses of this powder were done. ~a11'" 

samples of approXima,tely 0.'0 g of lichen pONder were drled 

at 100é: èooled in a dessicator, weighed to O.OOOlg, and 

extracted three times with 10 mIs. bo1ling 80J ethanol. The 

three extracts were pooled. The ethanol was evaporated off 

onder an. air stream at about 4OC~ The solution was 

saturated witt! ammonium 8ulphate and left overni~ht. The 
,f 

followlng day , the solution was f"iltered' and made up to 50 

mIs in a volumetrie flâ~k. 
• 

. \ 
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The polyol concentration i8 estimated by the reduction in 

periodate, a reaction specifie for polyols. Three minutes 

after mixing 
\) . 

the samp'le C 1 ml sample solution, 1 ml lM pH 

4.50 acetate buffer, and 1 ml sodium metaperiodate 

8olutionCO.500 g/l)) 18 read .at 260 hm on an ultraviolet 

spectrophotometer. Concentration in mannitol equlvalents Is 

estimated from absorbance using , mannitol standard curve. 

The reagent blank Is 1 ml d18till~d ~o, 1 ml buffer and 1 

ml c> sodIum metaperioda,te. A sample blank wa8 also read for 

each sample- 1 ml sample solution, 1 ml buffer and 1 ml 

water. , The leachate solutions were treated as the purifled 

1 

sample solutions were. 

Final results for leachate concentrations are expressed as 

(g pol",QJ, leached 1 g lichen dry weight) x 100. Tissue polyol 

concentrations are expressed as Cg polyols/g lichen dry 

weight) x 100 and are the sum of pol vols present in the 

tissue artel' leachlng and polyolS leachedfor the samp~e. 

Original polyol concentrations before wetting would alsp 

include pol vols resplr-ed durlng resaturation respiration in 
It 

the ex periment , but this wa8 not measured. 

A tlme, course of polyol loss was done for Cladina 

stellaris. Four samples were leached at 3 mm 1 hour 

rairtfall for one hour. The leachate was collected at 15 

minute intervals and polyol concentration analyzed. 

In the prediction of leakage experiment it was intended to 

~ analyze polyols leached as function of polyols present and 
'" 

rain intensi ty • We attempted to vary intensity while 

holding total rainfall constant by subjecting lichen to 

rainfall of 6mm 1 hour for 1'3 minutes, 3 mm / hour for 30 
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minutes, 01" 1. '5mm 1 hour' for 60 minutes. Because of .the 

uncontrolled variance in intensitv, however, total rainfall 

al~o varied and was measured. For 11 species we had 

suffic1ent material for nine repl1cates, three at each time. 

For the other species three repl1cates,'were leached at 30 

minutes. 

For the time course of leaching a linear regression was 

calcula ted of leaching ~hrough time, us ing the Genera 1 

Linear Model procedure of Statist10al Analysis Systems 

version 82.4 (SAS Institute, 1982) and choosing the model 
\ 

wlth good residuals and the h1ghest correlatiop coef'f'icient. 

Preliminary scatter p"ldts for the predicqon of polyol 

leached suggested that a differential response to ra1nfall 

existed between" species. We theref'ore regressed polyol 

leached on polyol present uslng average' values f'or each 

species. The response to rainfall was done sep~ra tel y for 

each species ~here nine replicates had beez{ done. Multiple 

regressions were calcula ted of' pol vol leached as a function 

of polyol present and one of the three rainfall variables 

total ra1nfa11, rain intensity, or time leached. 

" . 
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RESULTS 

The best f'it model for leaching as a function of time 

calculated f'rom the four replicates of Cladina stella ris is 

log (leachate) = -, .004 +' -O.030Ctime) 

(p=O.0001,r2=0.80) (Figure 1). Neither intensity nor polyol 

concentration had a significant effect ,on the polyols 

leached for these four curves. There appears to be a 

negative e~ponential loss of polyols over Ume, with the 

majority lost in the first 15 minutes,' and over 90% lost 

within 30 minutes. 

o Polyols lost through leakage(Figure 2) for 21 species are 

directly proportional ta polyols present; 

polyols leached: -O.OaB.O.14(poly:ol concentration) 

p:O.0001,r2:0.71. Using average values per species give~ a 

bet.ter fit model than using a11 replicates, probably because 

the variance between replicates for each spec1es is high. 

The rainf'all responses vary between species (Table 2). 

t:'ive species show no response at aIl ta the rainfall 

variables. One species showed a small increase in leaching 

with increased rain intensi ty. Bryoria laneatris lost lesa 

pOlyols during the longer rains. Five species had a 

signif'icant correlation of polyols leached with total 

rainf'all: four had varYing degrees of positive correlation, 

and Stereocaulon paschale showed lower leaching of polyols 

with increased ralnf'al!. Rainfalls varied from ta 3 mm, 

while intensity varied between 1 and 6 mm/hour., 'l'here was 

no correlation between intensity and ralnt'all. 

" 9 
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DISCUSSION· 

'l'he exponentially declinlng 1055 of polyols was similar to 

that reported, for other dessication tole rant plant tissues' 

(Bew1ey,1979) since the polyols are from cell contents 
~ ., 

temporarilv exposed because of leaky memb~anes (Slmon, 1974) , 
and "repair of membranes starts wi thin ,the first few minutes 

(Bewley, 1979) af,ter rewetting. The exponen,tial decline of 

1058 15 also the pattern shown by leakage of polvel for 

immersed lichens (Farrar and Smith,1976), of amino acids for 

immersed mosses .(Dhindsa &, Be~ley, 1977) and of the mineraI 

nutrients potassium and nitrogen from lichens immersed in a 

solution (Lang et a1.1976), and under natural l'ain1'a11 

(Crittenden,1983). Millbank (1982) saw the Mme amount of 

nUrogen leached fl'OID lichens whether rained upon 15 or 60 
~ 

minutes after dampening, suggesting that the major 1055 18 

occuring w!thin the first 15 minutes after wetting. 

The resu1t that polyols are leached as a function of the 

pol vol coocentration of the lichen is consistent w!th the 

theorles of leaky membranes, since amount of leakage is 

expected to he a function of the concentration 

gradientU~1mon, 1974). The rate of leaching observed here is 

low; DtJindsél" &, Matowe (1981) round that 20~ to I)O~ of 

rubidium leaked out of a dèsslcation to1erant moss "immersed 

in water. This difference is likely attributable to the 

method of wetting; rainfall perhaps allows uptake of the 

leached mate rial before It is washed out "(Farrar & 

SIIlith', 1976). Crittenden (1983) notes that considerable 

potassium, is leached from immersed Stereooau1on pascha1e, 

.,hile the same lichen under natural rainfall shows little or 

10 
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no 1055 or potassium. 

~Ul'ces of' the polyol leached may be both the cytoplasm 
1 

t'and the extracellular space, sinee 1n lichen wi th green 

algae polyols are transfel'red between algae and fung1. One 

of the studles specles, Pel tigera scabrosa, has only 

t blue-green algae, whlch transfer gluCO~e to the fungus, but 

ft does have a hlgh rate df leakage, Buggesting that much 

leakage Is from the .cytoplasm. The Quantity of polyol 

'b leached may wel,1 vary depending on lichen pretreatment; in 

mosses more leakage is se en from rapidly drled samples then 

s10w1y dried ones (Dhindsa & Miltowe, 1981). The. rspldfty of" 

drying may weIl Inf'luenee the amount of extracellular 

polyol, sinee transfer ln some lichens on1y oecurs st 
, 

saturation (MacFarlane & Kershaw, 1982). That POlyol 101515 

continues through the l'ainfall is unl1kely, sinee the 

diffusive transfer of pol vols appears Quite efflcl~mt; 

fungal ablil1ty to tske up polyol Is high (r,olllns &. 

Farrar,1 Q 78) and HilH 1976) found it diffieult to wash out 

the glucose transferred ln his study 15 peel es • 

Tt was hypothesi.zed that aIl species would show a sim1lar 

and positive response of polyols leached to rain in~ensltY'. 

lmstead specles varled in the!r responses, wlth almost halr 

'Of them showlng no response to rain, ,and the majori ty of the 

other species having incl'eased leachlng wlth increased total 
, 

rainfall. One source of variation May he the speeies 
l:> 

speC1fie b rate of rehydratlon under similar raine Crtttenden 

(1983) also sees more leaehing of nltrogen with h!gher total 

rainfalls rather than rain intensl tlês. The negaUve 
" 

correlation of leaching to total ralnrill roI' Stereocau1on 

11 
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paschale needs more investigat:ion. sinee 1t may he a chance 

rela tionship. Any more detalled conclusions on which 

species show tesponses to rainfall should be avoided because 

sample sizes for each species are small and the experiment 

was not designed to show an effect of total rainrall. It is 

interesting, however, that the two Peltigera species"'"exhibit 

the strongest response to rainfall • They were round in low 

stress environments (Dudlev & Lechowicz, in prep). In 

mosses, differenees in repair rate~ of' membrane damage 
----------- - - -

between 'a dessieation-tolerant and -sensitive speeies have 

bee~ observed (Dhindsa & Matowe, 1981) • 1f accurate 

predictions of leaching of polyols for a given speci~s are 

neede-d a more detailed study should be done but generally it 

appears that the polyol concentration of the lichen 15 the 

o 

Most imp9rtant variable to predict polyols leached. 

Kallio and Karenlamp1( 1975) and Karenlamp1( 1971) have 

measured dally relative growth rates for some of the· 

reindeer lichens studied here. In summer their growth rate 

is 0.03 to 0.8 percent increase in dry welght pel" day, 

within an order of magnitude of the leaehing expected by one 
. 

rainfall for these species (Fig. 2). Therefore ross of 

biomass thçpugh leaching can he considered a" signJficant 

proportion of the carbon budget. 

These results a1so have interesting implications for the 

physiological buffering hypothesis of Farrar (' 936a) • , Th~se 

results show that a h~gh concentration of polYOls results ln 
, 

a higher 1055 of biomass through leaching, . and within a 

species a-hiSher polyol concentration also results ln higher 

resaturatlon respiration (Smith "and Holesworth, 
, " 

1973) • 
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" Therefore the losses trom the polyol pool upon rewetting are 

proportional to the polyol concentration. Lichens will 

replenish their poly.ol concentration trOll! either 

photosynthesis (Farrar,1976a) or 8to~ed compounds (Cowan et 

al.,1979). Theretore a'high polyol con~entratlon implies a 

oontinued high allocation to "polyols, 8S Farrar (1976a) 

Implies. 

These results demonatrate that leaching of polyol! la 

occu~lng during natural raintall. The rates ot l~aching are 

high enough to ~e of considerable importance to the 

production rates. Speeies respond differently to ralnfall 

and thls May have physiologieal or ecological interest, but 

leaohing can be slmply predicted as a function of the polyol 

conoentration. 

~ . 

/' 
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Table 1. The study spec1es and the acronyms u8ed to 1dentifY 

them in subsequent tables ~nd figures • .... 
Speoies name 

Aleotori!l oohroleuca (ffot't"m.) MassaI. 

!leotoria sarmentosa (Ach.) 

Acronym Number 

of 

replicatee 

ALOCH 9 

ALSAP q 

Bryor1a lanestris (Aoh.) Brodo&D. Hawksw. BRLAN q 
\ 

Bryoria nltidula~·(Th. Fr.) Brodo! D. Hawks.. BRNIT rq 

Cetrar1a aeliael (Hary ex Sohaerer) Nyl. 

Cetraria islandica (L.) ACh\ 
'\. 

Cetrar1a n1srigans Nyl. 
\ 

Cetrarla nlva11s (L.) Ach. 

Çladlna mitia (Sandst.) Hale&Çulb. 

Cladina rangifer1na (L.) Rann. 

Cladlna stellar!s (Opiz) Brodo 

Cladonia amaurocraea (Floerke) Schaerer 

Cladonie bellldiflora (Ach.) Schaer. 

Cladon!a gracilis (L. )W11ld. 

Cladon!a subfuroata (Nyl.) Arn. 

'Cladonia sulphurina (Michx.) Fr. 

Nephroma arotlcum (L.) Torss. 

PeHigera aphthosa (L.) Wl11d. 

Peltigera scabrosa Th. Fr. 

Stereocaulon paschale (L.) Fr. 

Umbilicsr1a probo8c~dea (L.) SChrad. 

cmEL 

CEISL 

CENIG 

CENIV 

CLHIT 

CIaRAN 

CLSTE 

CLAMA 

CLBEL 

CLORA 

CLSUB 

CLSUL 

tlEART 

PEAPT 

PESCA 

STPAS 

UMPRO 

3 

3 

3 

3 

'3 

3 

4 

3 

q 

3 

9 

3 

9 

q 

9 

9 

9 
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Table 2. The slope of' leachinf!; on each of' the ralnfall variables ror cP 

eaoh specl'es. "-p=O.Ol,'-p=0.05, no entry-p 18 not sign1flcant. AIl 

probahil1ties at'e of the slope of the variable ln a multiple regression 

wlth polyol concentration as the second independent variable and polyol S 

leaohed as the dependent variable. 

/ 

Specles Total Rain Duratlon 

Aoronym Rai nt'a Il Intensity of Ralnfall 

A LOCH 
" \ 

ALSAR 0.10" 

BR LAN -0.006' 

BRNIT 

CLBEL 

CLUN 0.07' 

CLSUB 

NEART .. 
PEAPT 0.36' 

PESCA 0.40' 

STPAS -0.40' 

UMPRO 0.10" 

, 
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Figure 1. The Ume course of leach1ng of four rep11cates of Cladina 

stellaris. The different symbole denote the 1ndiyidual repl1catee. 

1 
1 
1 
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Figure 2. Leaching of polyols versus the concentration of polvols in t~e 

thallus. The points are average values for each species. 
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Chapter 2 

COrrelations between POlyol levels, morphology and habitat 

in lichen~: a test of the 'physiologlcal bufferlng' hypothesis. 

SUsan A. Dudley and Martin J. Lechowicz 
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Abstract. The physiologieal buffer bypothe~is propo~es 

that lichens allocate carbon to pol vols as a method for 

toler~ting stress. The amount of allocation to polyols 

should stronp:lY affect the rate of production of lichen 

species. We test the hypothesis that lichens living in 

less favorable habitats have higper polyol 

ooncentra tions • Favorableness can be considered an 

• 
inverse function of the probabill ty of short wettings, 

since short wettings cause lo~s of polyols. 

For 23 species q( li~ens no positive correlation 

fetween any measure 

concentration was 

of short 

round. 

wetting perio4~ and polyol 

'"" Instead higher'~,PolYol 

concentrations were found in lichen species with higher 

saturation water contents and growing in more favorable 

environments. 

'!'he physiological buffer hypothesis is not 

\ 

.uPPOr~ 
by these resul ts. Of the other functions that have been 

\ 

proposed for polvols only that of lowering the osmotic 

potential would aceount for differing allocation to 

polyols. The lower osmotie potential caused by higher 

polyols does not necessarily account for the observed 

correlation be,tween polyols concentration and saturation 

water content. But the combination of high saturation 

vatel' contents and high polvels May allow the lichen to 

take up water vapor and beeome metabolically active, 

allowing more carbon uptake than lichens remainlng 

dormant. Thererore rather than greater polyol ~llocation 

lowering production, high polyol concentrations mey be 

one lichen strategy for increasing production. 
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INTRODUCTION 

A great deal is known about patterns or photosynthesis 

and respiration in lichens (Lawrey,1984), but as with 

higher·plants growth is not slmply a f~nctlon of oarbon 

uptake but also of patterns of carbon allocation (Mooney 

"and Chiarello,1983). Lichens production is known to he 

somewhat uncoupled from photosynthesis(HlI1,1981; Bewley 

and Krocko,1983); Farrer (1976a) suggests t~at the hlgh 

allocation of photosynthate to polyol (sugar aloohol)' 

compared to structural compounds or non-soluble storage 

compounds explains this lack of relation. The impact of 

polyol allocation to production dan only he predicted if'-

~he function of polyols is better understood. 

Tt is known that pol,yols are important metabolically, 

being the primary respiratory substrate! of lichens as 

weIl as the form ln which photosynthate 19 transferred 

between the alga and the fungus (Farrar, 1973). The 

concentrations found in the lichen are Qulte hlgh, from 1 

to 10J of the dry biomass, depending on species (Lewis 

and Smith, 1967a) . 

Farrar ( 1976b) suggested that the high polyol 

concentrations of lichens are a means for tolerating the 
~ 

stresses imposed by desslcation and rewet tins. He 

observed that under a severe environmental reglme aIl 

108S Qf ... oarbon was from polyols: no loss was from 

proteins or other insoluble material. He suggested that 

the polyol pool il!! a 'physiologieal buffer' agalnst 

stress. " . The function of the polyol pool 19 suggested not 

to he a physico- chemlcal one, but simply to he a store 
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of resplratorv substrate for recovery from stress, to be 

used for resaturation respiration' and repair after 

dessicatlon. 

Polyols are metabolized for 'resaturation respiration' 

which occurs tmmedlately upon rewetting and decliries 

gradually" over time (Smith and Molesworth, 1973). 

Presumably this provides energy ,for recovery and repair, 

though in mosses, another ,poikllohydric plant, ' 

resaturation is at least partIy uncoupled from ATP 
• 

production (Bewley and Krochko, 1983). 'T'he polyol 

concentration must suffice to provide energy for 

subsequent wettlng perio~s sinee the lichen May dry 

D before it 
~~~ 

\ 
replenishes its polyol pool. Thererore 

according to the physiological burfering hypothesis 

polyol concentration should be higher ir the lichen is 

more Iikely to be subjected to brief wetting periods. 

The physiologicai buffer hypothesis implies that 

higher production will be round in less stressful 

environments. Tt proposes that lichens trade 

produetivity for stress reslstance. JUgher pol yol 

concentrations imply greater allocation of photosynthate 

to polyols (Dudley and Lechowicz, in prep) and t,he 

physlologicâl buffer hypothesis Implies that at least 

some of ,the photosynthate allocated to polyols will be 

lost to the enviroment. Therefore lichens liVing ln 

Iess favorable environments should ) have lower 

produetivity beeause of high physiological burrering, and 
/ 

that th!s productivity should be less eoupled with 

photosynthetle rates than for liohens liVing in more 
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favorable habitats. The 'physiologieal burfering' 

, '1 hypothesis predlets that specles Ij,vlng in leas favorable 

habitats should have hlgher polyol concentrations. If 

thb prediction 18 born out it would support both the 

physiol~glcal ' but'ter hypothesis !tselt as well as the 

hypothesis that productivlty and envlronment are , 

correlated ln lichens. J 

,. 

" 

--
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METHODS AND HATE'RIALS 

Site 

We dld the study near Schefferville in subarctic 

Quebec, an area unusually rich in plant species. 80th 

aretic and tempera te species can he round there, and the 

reglon Is characterised by Picea mariana Cladina 

stellaris' woodlands (Waterway et al, 1984). We chose a 

site that containè.d a variéty of microhabitats and a 

-
large number of species w! th!n an area of' less than 0.25 

square kilometers. The general habitat types found in 

this site -- alpine tundra, J subalpine heath, open lichen 

woodland and closed spruce forests -- gi ve the range of 
\ 

moisture regimes of' the Schefferville Bréa where lichens 

are f'ound (Wa terway et al. , 1 q81t) • It ls reasonable to 

asslJlDe that the entlre si te experiences identical 

weather, therefore differences in the probability of 

stress will be caused by overhead canopy interception of 

rain causi~ differ~rtbes in the number ot' short wetting 

events, and by dif'ferences in the dryness of the 

environment. 
l' 

Experimental design and sampling 

Each observation was based on a microsite: a fairly 

d~nse population ot' the study species in an area of 1 to 

:1 square meters. After preliminary survey of aIl ~ 

potential microsites, 21t microsites wi th 2'1 dif'ferent 

species were chosen (Table 1). A11 field observations 

for a species were made at its lIicrosite and lichens for 

lab work were collected at or very near the microsite. 

Va colleoted liohens twioe: the rirst collection in 
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August ,q82 for studies or evaporatlve resistance and the 

seoond collection in September '98~ for studies of 
'. 

pOlyols and saturation .,ater content. Bath times .,e 
/ 

oollected during a rain to avold damaging fragile tips. 

The wet lichens Nere colleeted in paper baga, dried at 

room temperature and shipped. to MeGill. The 1982 

oollection .,as frozen at -20C untll used, and the 1983 

collection .,as kept at room temperature and analyz6d 

.,ithln a month. 

Leehowicz (198:0 demonstrated that lichens ShON a 

gradient in physiologieal aetivity from the growing tips 

to the senescing bases. '1'0 control for sueh 

within-thallus differences in aetivity and to sample 

equivalent portions aeross aIl speeles .,e used aIl of an 

intaot thallus with living (green) algae. Microscopie 

examlnation or algal distribution and external color 

gradients Nere UBed to decide .,hat part of the thallus 

would he used in experiments. 

Rain 

Beeause aIl the lichens studied occur in such a small 

area no cl1matic dU"ferences in number of short wetting 

events are expected. Since canopy interception of 

rainfall may, however, differ between microsi tes, Iole 

oompared ralnrall at the different mierosites. Five 

bottle and funnel rain gauges Nere plaeed around the 

oirollllference of each micros! te, or vi th the corticolous 

l lohens among the branches of the tree. Meas urements 

( .. ere taken only ir the foliage vas dry at the onset of 

raine Six rainfalls were recorded; the rain collected .. as 
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WP'Rheri to 0.0 1 11, Anrl then converteri to milli.metre~ 

rainfal J p~r storm. We averap;eci the rainfal' 9f the r:; 

rain ~aup;es at pac" microsite and took the l1;f!ometrjc mean 

of the s1x ex~riments as the rain. valuJor each 

microsite. No true overhead canopy storBRe occured: even 

in 10w rainfa,lls al 1 microsjtps received some rain Qut 

overhead canopv reduced th e rainf'aJ 1. 

1)rvinp; 

'l'he probahilitv of' short activity periods increases with 

the water eV800ratj on rat~ of the l tchen. 1<'vaporation in 

lichens in a physical process, not a phVsiolop;jcal one. 

'l'he evaporation rate 113 a+"fected by both the environment 

Of the lichen and thf! Ijchen morDhology (Larson and 

Kershaw,1 Q :I)) but un' ike plants with stomates the lichen 

cannat control water , oss. '1'he evaparaU on rate of th e 

lichen 1.13 descr1bed by the fo"owing eOllatjon froM L<'Irson 

and !(ershaw( 1Q7(;) 

evaporation rate: &v (F.s('T'o):"Ea) 
r{ a) +r( t ) 

Eq. 1 

'T'he boundarvlaver re31stanceof' th"e lichehto water 

10S8, r(a), decl"E'asf"S with ;ncl"ea~ed wind. '1'l1e interr>a' 

resistance of' the li.chen to djffufllon. ,,(n~ 113 a 

functton nt the adsorotion prooertif's of' thf> th",' Jus 8.nà 

:1 s a power functinn of the tha' lus water content (Hoffman 

and Gates, 1 9 70: Lechowicz. 10 7(i) • Constants in the 

equatlon are f' the densitv of air ~ c', the heat capacitv 

of the air: À, the ] atent heat of vaporization: andy , 

~ 

the psychometrie constant. Es(tO) ia the vapo!" Pl"'essure 

l' 
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a,t the lichen thallus, assumed to he the saturation vapor 

pressure at the lichen' sur~ac~ temperature. Ea is the 

vapor pressure of the atmosphere. Evaporation rate here 

is expressed as gC H20)/g (dry wt) /s rather than per an2 

even though evaporation ls a surface prope'rty, because a 

lichen cap have a high evaporation rate per unit surf'ace 

area yet 10se water fairl y slowl v; it is the drving rate 

or the whole lichen that lnterests us. 

Index of favorableness 

Index of favorableness measures stress level at each 

microsite. It integrates al1 the envi ronmental effe"cts 

on drying rate. Equation shows that evaporation rate 

or the lichen increases wi th windspeed a1d radiation and 

decreases wt'th environmental vapor pressure. These three 

variables of'ten vary over the lichen thallus (Kershaw and 

Field, 1q75) • To estimate the overall effect on drying 

rate of these variables we measured the evaporation rate 

of a 'standard sponge'. Lichens hold water in capillary 

spaces, bV matric adhesion and osmotlcally. Sponges have 

only matr-ic and intercapillary water storage. 

Nevertheless Binee !DOS t water in lichens ls held 

utrlcally and in intercap1l1ar-y spaces the manner of 

sponge drving approximates that of lichen dr-ying. The 

sponges should theref'ore r-espond to the same 

environmental variables as lichens do while havlng 

unif'orm internaI resistance, al10wing a comparison of 

external inf"luences on drying rates. 't'hus they can he 

placed in roughlv the same envlronment as the lichens, 

wUl respe.nd similarly to the environment, can he asslDed 
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to have equal evapo ra ti ve re~istances, and give 

slmu1taneous measurements for aIl 24 microsites. 

At t[he start of 1982 field season 10 sponge sites were 

plaoed randomly ln to each micros i te. The lichens present 

and any other vegetation were removed in a 5 x 5 -cm area. 

We did eight experlments. At the start of each 

expe riment we wet ted the sponges wi th an average 3 ml pel' 

sponge (equivalent to an absolute water content of 240~), 

watered' the mlcrosite to simulate a brief wetting, placed 

out the sponges, and recorded the time out at e$ich. 

microsite. Every half hour, we collected at random one 

sponge from each of the 24 microsites and weighed it to 

,0."001 g. Reaul ts are expressed as absolute water 

content(AWC) ,~'g H2,.O/g sponge dry wt) at time(minutes) 

slnce placing out. Ve regressed AWe against time for the 
..., 

tiret four sponges collected ln seven experiments, fÜ ving 

rates of wa ter loss for the first three hours of the 

drYing Course. The slope, which 13 the negative of 100 

Umes the evaporation rate, ls taken as the index of 

favorableness: the higher the index the moister the 

, environment. 

Evaporative resistance 

The morphology of the lichen modifies its wetting 

reglme. The ratio of biomass to evaporatlng surface, the 

strength of the adheslon of' water to the thallus, and the 

boundary layer reeistance constitute the evaporative 

~ 

resistance and affect the speed at which the lichen comes 

into eQullibrium vith !ts envlronment. We measured total 

evaporative ,.eslstance (ra+,.1) at lm/s windspeed over the 
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course of drying using the method of Larson and Kershaw 

Lichen evapo5'ation rate, thallus and air 

temperature, and atmospheric vapo!" pressure are monltored 
1 

in a wind tunnel as the lichen drys. The air speed was 

'.0 mIs. For each spec1es we d1d three repl1cates, each 

repl1cate comprising several in di viduals. At each 

measuring intervaT both internaI resistance and relative 
. 

water content (RWC) (absalute water content/saturation 

water contentx100) were calcula ted. Absolute water 

content (AWC) i8 the g H;l,0 present/g lichen dry wtx100. 

Saturation water content (SWC) is g ~O at saturation/g 

lichen dry wt' x, 00. We fit a power curve mOdel, log 

resistance =a + b log (RWC), for each spec1es. Though 

these parameters describe the evaporative resistance of 

lichens, ta compare species we need one number which 

integrates both measures. 'l'he drylng time of the lichens 

ln the same environmental condi tians will ... differ 
o 

dependin~ on the resistances. 'l'herefore the time to dry 

15 a logical measure of evaporative reistance, and one 

that Is impl1ci tIy defined in the drying equation. We 

calèulate the time taken to dry ta a given RWC under 

1.dentical conditions using the drying equation. Redefine 

thel constant tenns as k. ---Define the vaper pressure 

gradient equal to v. '!'hen 

evaporation=kv I~esistance. This equation 1.8 actually a 

differential equatioa. since res1stance=a(RWC) b and 

evaporat1.on rate 1s the change in water content over Ume 

and is eQual to dAWC/dtx100. 
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d(AWC) 
dt(100) 

= kv :: 
1O"(RWC)-

d(RWC) x SWC 
dt x 100" 

d(RWC)XRWC"= kvdt x 10~ 
10 SWC 

~L 

Integ~ting both sides 

bTI ~ 
(RWC) = kvt x 100 + C 
b+1 1O'SWC 

At t:O! RWC=100. Therefore 

t(minutes)= 10 (RWC"+I _100'-rl )SWC 
kv :x 100" x 60 

Eq. 2 

Eq. 3 

Eq. 4 

Eq. 5 

.... 

We used equation 5 to calcula te time from 100% to 5% RWC, 

assum~ng a11 lichens at 20C· ln an atmosphere at 2 OC- and 

50% humidity, and ignoring differences that evapora tional 

coo11ng and absorbance of à radiation may cause in 

temper'-a ture. 

saturation water content 
\ r 

The saturation' water content of the lichens ls the 

weight of water that i8 held by the lichen after comple·te 

wetting. It affects the evaporative resistance since. it 

. 18 the amount of. water with which the lichen starts the 

drying course, and it varies with the morphology of the 

l 1chen. Lichens placed on a plastic mesh platform wére 

" 
subjected to synthetic rain using a Bete Fog synthetic 

rain nozzle for 15 to 60 minutes. Lichèn and platform 

were then weighed. Weight of the wet lichen was 

calculated as weight of lichen and platform minus dry 

weight of platform and minus an estimate of water 

droplets adhering to the platform. 

Polyols 

We "ed a periodate reduction . assay for polyols 

modified from Lewis and Smith (1967b)". The modifications 
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were a simpler and more eff'ective purification technique 

and the addition of a samp1e bIanlc. ·For each species 

severa1 individuais were dried at 100 C: OOIDbin~d, and 

ground to give an average sample for the speoies. We dld 

tllO replicate analyses of this pOllder ~or each specles. 

SlDall samples of approximately 0.10 g or 'gl"ound lichen 

tissue were dried at l~O C: weighed to 0.0001 g and 

extracted 3 tilDes with boll:f.ng 60. ethanol. - The three 

extracts were pooled. The ethanol vas evaporated off. 

The solution wàs saturated w!th ammonium sulphate and 

1eft- overnight. The fOllowing day the solution was' 

tlltered .and made up to 50 mIs. Th~ polyol concent,ation. 

- ' .. ' 
i8 estimated by the reductlon in periodate a reaction 

that is specifie for polyols. The sample (1 ml sample 
.Ii 

solution, 1 ml sodium metaperiodate solution (O. 500g/1) , 

, ml 1H acetate buffer pH 4.5) i8 raad 3 minutes after 

- mixing at 260nm on an ultraviolet speetrophotometer. The 

reagent blank is 1 ml H:LD, , ml perioda te, and ml 

buffer. A sample blank (' ml 'A",O, , ml bufre 1", 1 ml 

solution) was a1so read for each solution. Concentration 

... 
of the sample solution was estimated from a mannitol 

standard curve. No attempt was made to determine what 

polyolS were present. Final results are expressed ln (g 

polyol/g dry "t)x100. The average of th'e tNO rep1icates 

ls the species polyol concentration. 

Data analyst8 

General Linear Models and Correlation procedures t'ra. 

the Stati~tical Analysis System Version 82.4 (SAS 

Institute,1962) were perfol"lled on the data. Normal:f.ty is 

, , 
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assumed because aIl varlat>les are the !Deans or .everal 

observations . 
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RESUL"S 

of~ polvol concentration (Ftgure ls 

slmllar to that reported in the 11 tera ture and polyol 
i' 

concentrations :!hov 
'1 eight-fold variation between r 

/ 

specles, surficient'/ to test the hypothe:!is. 170 11 ose 
• JI 

lichens have the 
l ,:; 
Mghest polyol cone,entrations; ranging 

frOll 4 to 9~. Cladlna :!te llari8, the a bundant reindeer 

,lichen of the open lichen wood lands , had the lowest 

pOlyol concentratio,n at 1 J and Alectoria oChroleuca, the 

.oat abundant lichen in the alpine "tundra, ~ho had a 10v 

POlyol content at ,. 5J. Except roI' the foliose lichen 

there Is no .arked s1milarlty or polyol concentrations 

vithin genera. 

The~ were rev site:! vith any reduction of" rainrall 

by overhead canopy (Figure 2). It vas assumed, thererore, 

that the index of favorabieness cou Id be used to indicate 

differences ln probabllity of short wettlngs. 

The time courses of sponge wa ter contents vary more 

striklngly wi th1n the mpjor habitats than between them. 

(Figure 3, Table 2). Df fferenees in drying rates are 

assoclated wi th the growth fOrln of the lichen as well as 

the er'lvironment. For the forest lichens the highest 

indices of favorableness were for the lichens growing in 

..ass(CLRAN,PEAPi,I;L""·UR), the lichens on trees and logs 

had the lovest indice:! of favorableness 

(BRUN ,ALSAR , CL SUL) while mat lichens had values between 

these extremes (CLSUB,CLSTE). Ridge and heath lichens, 

so11 tary lie hem! gr-oving on earth ( BRNIT ,CLCOC ,CLDEL) or 

rock (UMPRO} tended to have indices of' 



t'avorableness while lichens growinp; in mlxed or pure mats 

( STPAS,CLAMA, CENIV,ALOCH) had high indices of 
'1 

ravorableness. 

Lichens can modif'y the lengths of their activlty 

periods by 'thelr evaporative resistance. The reslstance 

- RWC (Fig. 4) curves differ in both of the estimated 

parameters for the resistance-RWC relationship which are 

!Dean re~:1.stance (a) and rate of change in resistance as 

RWC decreases (b) (Table 2). Foliose lichens have 

higher slop~s than fructicose lichens: complexly brahched 

lichens have some of the lowest resistances and simple 

~ruct1co~e lichens have some of the highest resistances. 

Under identical conditions drying times are estimated to 

vary from nine minutes for Bryoria nitidula to 101 

minutes for Peltigera aphthosa (Fig. 8), reflecting 

,dirferent rates of approach to equilibrit,UII with the 

envirorment. 

Saturation water content d~es not determine length of 

wetting period. It was origina11y measured as ,a 

subsidiary variable in the evaporative reslstance 

equations but we are Including 1t as a primary 

Independant variable because 1t was f'ound to he 

\ 

correlated wi th polyol concentration ('l'able 3). The 

saturation lIater contents we obtained are higher than 

those cOIDIIIon1y reported ln the li terature (Lange and 

Mathes,1981) because of the method lote used. The usual 

.ethod 1~ to immerse the lichenB for severai minuteB and 

then either shake or blot them te remove surface vater. 

'nlia _tbod _y both supersaturate the internaI thallus 
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and remove the surface water. Dirf'erences ln the Mount 

of the surface water has been shown to affect drylng 

Umes of' l1cli.éns (Snelgar and Green, 1 q81 ) " 

In~ex Of/ifa vorableness is t~e major measure of the 

probal1 ti ty of short wettings: the physiologieal buffer 

hypothesis predlcts that index of favorablenes8 wlll be 

""7 negatively correlated with polyol concentration. Thil!! 

reeult i8 not seen. Table 3 shows the correlation 

matrix. The 1argest observed correlation ls between 

polyols and saturation wa ter content (Fig 5) • This 

corre la tian was unexpected and isn' t easlly explicable --

moet of' the water i8 he1d outslde the cytoplasm 
v 

(Harris, 1976)' while the majorlty of' polyols are inaide 

the ce11s. Havlng a high saturation water content does 

not alwaya reaul t in a long drVlng time; the correlation 

between these variables though pos! tl ve, 18 not 

slgn1ficant (p=O.06). 

Index of favorableness and evaporati ve resi8tance 

Interact to de termine the probablli ty of short wetting 

periods. Tt had been previously observed that lichens 

living in xerlc habitats w11l be less. re8istant to vater 

108S (Larson and Kershaw, lQ76), but our resuJts do not 
~ 

conform to that general1zation (Fig. 6). Our index of 

t'avorableness results are somewhat anomalous; the index 

ot' favorabléness for Cladina stellaris, the abundant ut 

lichen of' the mesle lichen woodlands, is lower than that 

ot' Alectoria ochroleuca, the abundant ut lIchen of the 

more xerie alpIne tundra. Thls ls perhaps explaiDed 

because 1~ pure speeles llats there la a dIrect causal 
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relationship between evaporative resistance and index of 

t'avorablenessj the lower the evaporative resistance of 

the lichens, the higher the evaporation rate of the 

lichens, and s1 nce th e sponges are surrounded by the 

v 

.aporating lichen species, the moister the environment 

ot' the sponges. Temperature and mo1sture profiles are 

quite dif"ferent within the mat than ln the ambient 

envlronment (Kershaw and Field, 1975). 
(» 

Cladina rangi t'e rina 

has a low evaporative resistance ,but lives in a nroist 

environment. This species . has a wide range of 

distributions and ls often found ln more xeric 

enviro1'lllents. The other major outl1ers ta the suggested 

positive relatlonship between .evaporative res1stance ,and , , 
index of favorableness are the cup lichens Cladonia 

coccifera and Cladonia sulphurina, the fo1108e lichen 

Omblilcaria proboscidea, and the arboreal frutlcose 

'" Iryoria lanestris, which have h1gh evaporative 

resistances and low indices' of favara bleness. The cup 

lichens are abundant ln early succession after f1re in 

the Scheft'e rville reg10n. The functional sign1 ricance of 

a correlation between evaporat1 ve res1stance and index of 

t'avorableness 1s evasion ot' h'eat stress (Mathes and 

Feige, lq83); perhaps these outliers are unusually heat 

resistant when moist. 

Index of" favorableness and evaporative rel51stance 

togethel' are the determinants ot' short acU vit y periode 

t'or the lichens in our sites, but no slgnit'icant 

oorrelat1on or polyols as a t'unction or, both these 

variables wu t'ound. The only slgnlr10ant lIultiple 
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regresslon shows that polyol concentration of a apecies 

ia higher if the saturation water content of the species 

ls hlgh and if the index of favorableness of the 

micr,osite la high, (Fig. 7)' 

polyols=1.68+0.0039(SWC)+1.922{lndex of tavorablenesa) 

(p[O~0001,r2=O.46.) This result la contrary to the 
il 

predictions of the physiological butrer hypotheala 0, 

.. ",-~-"~'- -
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DISCUSSION 

find that polyols are MOst strongl y correlated 
. 

with saturation water content, a morphological variable 

important for lichen water relations. This is contrary to 

the predictions of the physiologicàl buffer hypothesis 

which suggeats that lichens allocate polyols .solely in 

response to the environment. The physiologieal buffer 

hypothesis suggested' that the index of favorableness 

should be negatively eorrelated polyol 

concentration. But allocation to pol vol is clearly not 

in l''esponse to greatel" pl"obablli ty of stress sinee, 

controll1ng for saturation watel" content, high polyol 

concentra tions are found wlth hlgh index of 

favorableness. 'l'he physiologieal evidence, for the 

physiological buffering hypothesis 18 ambiguou8 (Bewlay 
1 

and Krochko, 1Q83)" 50 that thls type of eco10g1cal test 

U both necessary and decisi ve. Our reaul ts do not deny 

any l'ole of p~l yols in providing enel"gy for recovery from -.. 
dessieation, but do refute the hypothesis that high 

allocation of photosynthate to polyols is due to 

'bufrering' agalnst stress. 

To predict the effect of polyol al location on 

production a hypothesis for the function of polyol 

concentration is needed. A number of functlons have. been 

proposed for polyols st orage , protection or 

.acromolecules during dessicatlon and freezlng, enhanclng 

photosynthee1s by promoting production, and lo.wering 

oemette potentlaI(Lewis and Smith, 1967a; Ferrar, 1976b). 

'nie firat two rolea are unI1kely. Storage' is not a 
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logloal runctlon, 81noe an ,1nsoluable compound such as 

starch would be less vulnerable to leakage. AU the 

,lichens we studied are equally sùbject to dessieation and 

t'reezing; the hypothesis of protection of macromolecules 

would predlct the same pattern of allocation as the 

phY8iologio~1 but'ferlng hypothesis (Hill, 1981) There Is 

literatul"'e support for the hypothesis that polyols at'fect 

lIletabollc rates. For example polyol concentratlon was 

oorrela ted w1th photosynthetic rate over the course of a 

severe wetting and drying regime (Fal"'rar,1Q76a). Feedlng 

a 11chen polyols speeds photosynthetic recovery (Groulx 

and Leohowlez,unpubl) in subsequent recovery from 

dessication. The possible implications of the lowered 

osmotic potential eaused by higher polyol concentrations 

are qui te interes tlng. The passesion of a high osmotle 

potential will not prevent the lichen from drylng when 

the environment 113 dry, but 1t may well ext~nd Ha 

aetivi tv perlod. The envlronmental conditions in which 

lichen ia aeU ve and the time the lichen takes to dry 

may deteMmlne whether it 113 positive or negative carbon 

balanoe. 

Ne1 ther the enhanoement or photoeynthesis nor the 

lowerlng of osmotlc potential hypotheses explàln the 

results we obtained. Though increasing polyol 

concentration in a given "lichen lIi11 decrease it8 oemotle 

potential and so should 1ncrea8e 1te saturation water 

content, this mechanism ean not be assumed to be the 

cause or the the correlation in liohen spec1es between 

saturation wster content and f)Olyol concentration. It is 
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helieved tha} MOSt differences in saturation water 

contents between species are because of differences ln 
\ 

extracellular water, not eytoplasmic water, though no 

studles on the distribution of water in the thallus have 

been done fol" lichens (Harris,1976). 

It may be that highel" polyol concentrations increa~e 

carbon uptake; either the lower osmotie potentlal could 

extend the time the lichen can photosynthesize 01" the 

" 

stimulation of photosynthesis could increase the rate at 

which the lichen takes up carbon. These gains must then 

he balanced against the high losses of polyol through 

leakage upon l"esaturation.CDudley and Lechowicz,ln prep) 

whlch are proportional to polyol concentration. We would 

deduce from our results that in lichens living in more 

ravorable environments and w~th higher saturation water 

contents the gains are grJater than the losses. The 

lowered osmotic potential may allow the lichens to avoid 

some of the losses, sinee wetting by water vaper could 

occu!' and 1t do es not cause resaturation respiration 0.r 

leaohing. 

Why saturation water content cou1d affect carbon uptake 

is uncertain: saturation water content has not often been 

vlewed as an important variable fol" lichen productlvity. 

Lichens with high SWC have been observed to have lover 

depression of net photo~ynthesls at high th al lus water 

content (Turk, 1Q83), perbaps because they have a looser 

)thallUs (Reid,1960) that allows more diffusion of C02. 

If wBter 15 lost frOID walls and lntercellular spaces 

b'efore 1t Is lost from oe11s as Dllks and Prooter (1983) 

/ 
\ 

-, 
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imply occurs ln mosses, then high SWC allows metabolic 

activity at lower RWC. Water potential of thè 

~nvironme,nt and water content of the lichen are directIy 

related (Brock,1975) but thls relation varies between 

lichens, depending on how tightly water is bound. 

Saturation water content May be correlated wi th the 

\ 
matric potential of the extracellular spaces because it 

i5 the weight of water that can be held against gravi ty. 

The relation between the saturation water content and the 

distribution of water between the cells and the 

extracellular spaces is not known, but our results imply 

that it Is the key relation. 

No evidence has been found to support the hypothesis 

the polyol pool ls present as a mechanism for stress 

tolerance. The evldence suggests that polyols serVe to 

lower osmotic potential, which could determine under what 

conditions the lichen ls active. The implication is that 

rather th an polyol allocation lowering production, j t ls 

one of the strategies by which a lichen can increase 1 ts 

opportunities for production; the loss through Increased 

leaching and resaturation respiration can presumably be 

ba~anced t;>y the gain in carbon uptake under some 

envlronmental conditions. ~herefore it cannot be assumed 

that lichens wlth hlgher polyols wl11 have lower rates of 

production. But i t is perhaps signi ricant that the two 

Most abundant lichens ln subarctic Quebec, Cladina 

atellaris and Alectoria ochroleuca, have very low polyol 

concentrations, while the lichens with the highest polyol 

concentrations are IIOre rare species round in isolated 

j 
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spot" Id th1n the forests. Perhaps lichens wh1ch are able 
'\ 

to m1n1m1ze polyol allocation are the Most successful 

spec1es. 1.. 
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Table 1. The study species and the acronyms used ln subsequent 

figures and tables. 

Species name Acronym 

Aleetoria ochroleuea (Hof'fm.) MassaI. A LOCH 

Aleetorla sarmentosa (Ach.) ALSAR 

Bryoria lanestrls (Ach.) Brodo&D. Hawksw. BRUN 

Bryoria nitidula (Th. Fr.) Brodo& D. Hawksw BRNIT 

Cetraria dellsei (Bory ex Schaerer) Nyl. 

cetraria islandica (L.) Ach. 

cetraria nigrlcans Nyl. 

cetraria ni val1s (L.) Ach. 

Cladlna mitia (Sandst.) Hale&Cul b. 

Cladlna rangiferina (L.) Harm. 

Cladlna stella ris (Op1 z) Brodo 
\1 '1 1 

Cladonia amaurocraea (Ii'loerke) Schaerer, 

Cladonia bellidif'lora (Ach.) Schaer. 

Cladonia coccifera (L.) WiIld. 

'Cladonia gracl1is (L. )W1l1d. 

Clad~ia subfurcata (Nvl.) Arn. \, 

Cladonia subfurcata (Nyl.) Arn. 

Cladonia sulphurina (Mlchx.) Fr. 

taadonia turgida (Ehrh.) Hofrm. 

Nephroma aroUe \.ID (L.) Torss. 

Pel tigera aphthosa (L.) Wllld. 

Peltlgera seabrosa ,Th. Fr., 

stereocaulon paschale (L.) Fr. 

CEDEL 

CEISL 

CENIG 

CEli!IV 

CLMIT 

CLRAN 

CLSTE 

CLAMA 

CLBEL 

CLCOC 

CLGRA 

CLSUA 

CLSUB 

CLSUL 

CL'I'UR 

NEART 

PEAPT 

PESCA 
J 

STPAS 

46 



l' 

Umbilicaria proboscidea CL.) Schrad. UMPRO 
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Table, 2. Estlmated parameter-s for the -regr-ess!ons 
. -.-..., 
log (resis tance ) :;8+b(log(RWC» and AWC=a+b(trime). 

'1 
Enporative reaistahce Dr-ylng Inde.x 

< 
Acronym a b 1'2 . P b r2 P , 

A LOCH -0.22 -1.60 .0.82 0.0001 228 -0.73 0.48 0.0001 . 

ALSAR '" °-0.99 
'i;'} 

-1.18 0.82 0.0001 228 -0.85 0.70 0.0001 

BRLAN -1.62 -0.80 0.58 0.0001 215 -1.37 0.61 0.0001 

BR RI'!' -1.33 -1.20 0.85 0.0001 226 -'.32 0.80 0.0001 

CEDEL -0.47 -1.50 0.80 0.0001 228 -1.03 0.61 0.0001 

CEISL -0.64 -1.25 0.81 0.0001 221 -0.80 0.47 0.0001 

CERIO - 1.31 ':0.98 0.71 0.0001 231 -1.21 0.76 0.0001 

CENIV -0.93 - 1.17' 0.92 0.0001 2411 -0.77 0.49 O.QOOl 

CLAMA -1.35 -0.97 0.88 0.0001 231 -0.57 0.31 0.0004-
" 

CLBEL -0 •. 12 -1.52 0.94 0.0001 2211 -0.49 0.26 0.0'015 

CLCOC -0.93 -0.92 0.Q2 0.0001 232 -1.30 0.64 0.0001 

éLGRA. -0.99 -1.12 0.86 0.0001 235 ,-0.53 0.29 0.0007 

CLMIT -0.74 - 1.52 0.95 0.0001 237 -0.81 0.42 0.0001 
f 

CLRAN -0.79 -1.38 0.86 0.0001 234.
1
, -0.02 0.00 0.8798 

CLSTE 0.05 -1.59 0.87 0.0001 237 -0.89 0.54 0.0001 
Q 

CLSUA -0.85 -, .26 0.88 0.0001 2L16 -0.63 0.28 0.0008 

, CLSUB -1.40 -0.97. 0.93 O. ~OO' 243 -0.80 0.41 0.0001 
0 

CLSUL -0.35 -1.42 0.93 0.0001 231 ., .04 0.60 \ 0.0001 

CLro~ ~ -0.55 -'1.39 0.95 0.000' 237 -0.43 0.16 0.0144 

NEART - 1.31 -1.03 0.94 0.0001 237 -0.61 0.31 0.0004 

PEA,t -, .01 -0.76 0.88 0.0001 244 o. )6 0.01 O.~999 

PESC! ' -1'.35 -0...,~,5 0.85 0.0001 233 -0.44 0.28 0.0009 

' . 
' . 
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'!'able ~earson correlàtion aatrlx ror 

"p=.{)1 • 

a11 variables. ·_p=O.O~, 

Polyols Rain Drylng Evaporative Saturation 

Index Resistance W8ter Content 

Raln , -0.18 

Drylng 0.33 -0.23 

Index 

Evaporative 0",37 -0.11 0.35 , 

Resistanoe 

Saturation 0.59·· -0.26 -0.0. 0.39 

Vater Content 
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Figure 1. A frequency h1st:.ogr .. of the polyol concentrations 

'of the lStudy apee1es. 
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Figure 2. A rreQuen~y histogr8lll of the logarithmlc means of 

the ralnfall of six storms for the twenty-four m1cros1tes. 
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Figure 3. The estimated regresslon 11nes or absolute 

water'content as a functlon of tlme for the 24 microsltes. 
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F!gure ~. The estimated regres5ion I1nes of resistance te water 1088 

as a function of relative water content for the 

" 2~ lichen 5pecies. 
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Figure 5. Scatter plot of' polyol concentration of each species 

\ versus its saturation water content. 
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Figure 6. Scatter plot of evaporative resistance (minutes to 

dry from 100SRWC to 5%RWC) versus index of favorableness. Closed 

squares are non pure mat-forming lichens, 
~ 

open squares are pure mat-forming 

liehens. 
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F1gur.e 7. Polyol concentration as function of saturation 

water content and index of favorableness. The ahaded plane 
, . 

i5 the fitted regression plane. Closed circ les are species 

above the regression plane, open cl.rcles are spe,eies belbw 

the regression plane, and lines represent magnit,ude of the 

residuals. 
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arlvance~ the understanrlin~ 

of the ecolo~lcal si~ificancè of POlVO' concp.ntrations in 

11chens. Pre] iminal"V 

conC'"entrations COUJ\ be 

worl< had 

lmport~nt 

su~~ested that pol va] 

results demonstrate that P01VO~ concentr~tlQn~ are indeed 

important. hut not for the reasons previou~lv ~uP:R:ested. 

polyols are a fIl2,or draln on the carnon ba'ance under 

these l()sse~. "'''e map:nlturlp f)" Dolvo} Joss l'" much h1l1;her 

than loJa1 hPen "orevlousl v SUSDPcted. Tt a~ ~o . provide~ 

evlrlence tr.qt a' location ta pol vols must he in oroportion 

to the P0~ '10' Dresent. ~e 2rp:ue as other~ havp ln the • 

oast, that 001vo' concentr<l.tlon must hl' l/'TlpC'lrtant tn 

We rave orovlded evidence a~ain~t a /'Tlaior treorv ln the 

11 cl-Jen pcnnhvs 10: o~lcal 1 i te-rature, 

bufferlng hvoothe:ns. 'T'"e maior oredlction it makes, that 

OO~VOl conce~tratlon srou~n be h;~her i0 ~lc~en~ ln less 

[ 

ravorable epvironments, was falsi~ied. ~nstp8d a re'~tlor 
,< 

bptwpen Do'vn] concertratlor a~rl saturatlon water contpnt 

was founc1 • a new anri unexpected resul t, and 

!:'U'l:Q;ests tl;at saturation wat",r content deserve'3 more 

consirleratlon as a variable ln J ichen production. 

{ole sU.II;.I1;est new theories for the function of poJyoJ 

concentration, ones that make quite different predictions 

for the relation hetween polvol concentration and -

production. Instead or hiRh polvol allocation lowerin~ 

A1 
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P"(')(1ur.tio n , 

su~gested, we au~~e~t that hi~her Polvol concentration, bv 

al tering the rates of Ila~ excharuz:e and the depef)dencv of' 
./ 

~as excha~e on envlronrnental moi sture 1 eveJs, mav allow 

~ig;her carbon ll;a 1 n undf'r sornE! ~ets of' envlr-onmp.ntAl and 

lklth these sets of result~ provirle a me ans for unifvlnll; 

~as exchanlle studies and allocation atuciies: w@ sUQ;~est 

that pol vol concentration affects rel ation bptwep.n g;as 

exchanQ;e and environm@nt, and the leachinll of polvol mav 

weI} be the cost of having hiilh 

]evels • 

c\on 

( 

uptake at 10w water 
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