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I. Introduction 

Water relationships of lichens differ greatly from those of vascular plants. 
Lichen thalli do not have a stable water balance. They passively follow the 
fluctuations of atmospheric humidity. On the contrary, vascular plants 
because of their unique anatomical and morphological structure and 
physiologically active regulation of vital functions can maintain a relatively 
constant water content despite changes in environmental conditions, and 
can balance water content with the water content of the soil. These two 
types of water relations were designated by Walter (1931) as (l)poikilo-
hydric, with fluctuating humidity, and (2) homoiohydric, with relatively 
constant humidity. These terms stress that the transition from the poikilo-
hydric organization to the homiohydric one is as important for plant life as 
the transition from the poikilothermic state to homoiothermic state is in the 
animal kingdom. 

All lichen thalli have the poikilohydric type of water relations.* A few 

*Some flowering plants whose vegetative organs have the ability to "revive" after absorbing 
sufficient moisture after drying out also belong to the poikilohydric type, i.e., representatives 
of the Gesneriaceae such as Ramondia serbica, R. pyrenaica, and Haberlea rhodopensis and some 
xerotic tropical ferns, such as Ceterach cordatum, C. officinarum, Myrrothamnus flabellifolia, 
and Notholaena eckloniana. 
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mosses can regulate their hydrature to a certain extent (Aleksiev and Gusiev, 
1935; Aleksiev, 1937; Buch, 1945, 1947). 

Lichens are one of the most characteristic groups of poikilohydric plants. 
Their anatomical and morphological structure differs greatly from that of 
vascular plants in that the lichen thallus is weakly differentiated. 

The specific differences between lichens and vascular plants in regard to 
water relations are as follows: 

1. Lichens do not have specific organs for the absorption or the transpira
tion of water. Both functions are carried out directly by the thallus surface. 
Thus, transpirational protection, similar to that found in vascular plants, is 
absent. Water is easily lost by evaporation from the thallus surface. 

2. Unlike vascular plants that accumulate intercellular water, lichens 
are characterized by extracellular water accumulation, i.e., water is con
tained in swollen hyphal walls, in the gelatinous sheaths of blue-green 
phycobionts, and in intercellular spaces. There are no data on the water 
content in the cytoplasm of lichen components. However, as Hilitzer(1927) 
and Smith (1962) noted, the cellular water of lichens must be small com
pared with the general water content of the thallus. Both absorption and 
loss of water are caused by the colloidal-chemical properties of the lichens 
and are similar to analogous properties of agar gel. It should be noted, how
ever, that one must not overestimate the importance of physicochemical 
processes of lichen water relations, as was done by many researchers (Bach-
mann, 1922, 1923; Goebel, 1926a; Stocker, 1927; Hilitzer, 1927; Degelius, 
1935). Such an approach is not profound enough, since the state of water 
relations is determined by the metabolism of living matter that influences the 
state of the cytoplasm (Gusiev, 1959). 

There is general acknowledgement that the area of water relations is an 
important ingredient of a plant's metabolism and is interconnected with the 
other aspects of metabolism, specifically with the processes of respiration, 
photosynthesis, synthesis of protein, synthesis of nucleic acids, and macro-
ergic combinations (Gusiev, 1968; Gusiev et al., 1969). 

Although the basis of these notions stems from data obtained with 
homoiohydric plants, poikilophytes and lichens undoubtedly have analo
gous relationships. However, detailed physiobiochemical studies of lichen 
water relationships must remain the subject of future research. 

II. Water Absorption 

A. Absorption of Liquid Water 

Simple field observations suggest that absorption of liquid water by dry 
thalli of most lichens is a rapid process. Experiments (undertaken by various 
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researchers under laboratory conditions) give us a more concrete idea of the 
rate of this process (Stocker, 1927; Hilitzer, 1927; Kolumbe, 1927; Degelius, 
1935; Ellee, 1939; Ried, 1960b; Blum, 1964). These data of the rate of lichen 
saturation have significant discrepancies because of the differences in the 
measurement techniques. All the studies show an extremely high rate of the 
absorption of liquid water by lichens. Lichens are similar to ahydrophilic 
gel in the manner of liquid water absorption. More than half of the water 
contained in a saturated thallus is absorbed within one-quarter of the time 
it takes to achieve saturation. Such a quick rate of absorption is of great 
importance for lichens in nature (Stocker, 1927) because in order to absorb 
liquid water they have at their disposal, and for only relatively short periods 
of time, only the moisture of atmospheric precipitation (rain, fog, dew, or 
melting snow). 

According to Stocker (1927) and Smith (1961), it takes foliose and fruti
cose lichens 1-2 minutes to achieve full saturation. 

In our experiments (Blum, 1964), the time* required for saturation for 
most of the investigated fruticose and foliose lichens was 2-4 minutes, for 
gelatinous lichens (Collema cristatum and C flaccidum) about 6 minutes, and 
for Dermatocarpon vellereum and D. miniatum about 9 minutes. The crustose, 
wandering, desert lichens Aspicilia esculenta and A. fruticulosa achieved 
saturation in 17 and 26 minutes, respectively. 

Despite the very high rate of liquid water absorption of lichens in general, 
there are species of "nonwettable" lichens. Sievers (1908) found that a 
thallus of Calicium chlorinum encrusted with nonwettable "lichen sub
stances" did not become saturated even after 6 hours immersion in 
water. 

Once the initial rapid uptake of water by lichens is over, the thalli often 
can absorb considerably more water during a prolonged immersion of 
several hours. The free spaces take up water rapidly but then the water con
tent in the thallus increases due to the increased ability of colloids to retain 
water. We call such a phenomenon a state of "oversaturation." Our experi
ments showed that this state was most pronounced with Ramalinafarinacea 
and R. fraxinea. During a 15-hour immersion, their thalli absorbed, respec
tively, 60 and 82% water in addition to the amount initially absorbed during 
the 30-second immersions. Umbilicaria grisea and U.hirsuta took up addi
tionally only 8.2 and 7.7% water, respectively. Other investigated species 
were of intermediate values. 

*The time required for saturation was determined by 30-second consecutive immersions. 
This time is somewhat less than the real time the thallus takes to become fully saturated, since 
we fail to take into account related activities, such as removing the thallus from the water, 
removing liquid water from its surface, weighing, and returning the thallus to the water. 
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Β. Absorption of Water Vapor 

The ability to use atmospheric moisture is a striking feature of the lichen's 
water relations. Except for some epiphytes, higher plants are inferior to 
lichens in this respect. But, according to new data (Breazeale et al., 1951; 
Slatyer, 1956; Hubner, 1960, Samuilov, 1963), the ability to absorb atmo
spheric moisture, specifically during night hours with the increased 
atmospheric humidity may not be unimportant for the water relations of 
higher plants. 

The ability of lichens to absorb water vapor from a saturated atmosphere 
was recorded long ago (Zukal, 1895; Sievers, 1908; Muller, 1909). Later, the 
lichen's ability to absorb water from a nonsaturated atmosphere was also 
proved (Bachmann, 1923; Hilitzer, 1927; Kolumbe, 1927; Pavillard, 1939; 
Butin, 1954; Heatwole, 1966). 

Being similar in its character to the absorption of liquid water and also 
displaying a typical picture of swelling, the absorption of water vapor is 
several thousand times slower. In a humid atmosphere the water content of 
a thallus will slowly increase until it reaches a constant equilibrium value. 
The higher the relative atmospheric humidity, the higher is the equilibrium 
water content in the thallus and the longer it takes to reach equilibrium. 

Studying how fast air-dried lichens absorbed water vapor from a non-
saturated atmosphere, Stocker (1927), Smyth (1934), Ellee (1939), and 
Quispel (1943) found that the equilibrium water content was achieved in 6 to 
9 days. According to Muller (1909) and Hilitzer (1927), even 14 days was 
not sufficient time for the lichens that they studied to reach equilibrium 
value with a saturated atmosphere. Kolumbe (1927), Cuthbert (1931, 1934), 
and Butin (1954) found that thalli required only 1 to 3 days to reach their 
equilibrium water content, but their results obviously cannot be considered 
as reliable. It seems likely that the authors used atmospheres of lower relative 
humidity than 100%. 

In our experiments, some of the 27 investigated lichens (i.e., Aspicilia 
esculenta and A. fruticulosa) placed in a saturated atmosphere (relative air 
humidity 100%) still continued their absorption of water even after 22 days. 
However, the rate of saturation was infinitesimal. 

The content of water in thalli that are in equilibrium with vapor pres
sure in a saturated atmosphere is lower than that attained after the 
absorption of liquid water because in a saturated atmosphere the lichen 
does not contain capillary-drawn liquid water in its thallus and water on 
its surface. According to the data obtained by a number of authors (Smyth, 
1934; Ellee, 1939; Quispel, 1943; Butin, 1954) saturation by water vapor 
reaches a level of 50-75% of the maximum amount of water in a thallus 
saturated with liquid water. However, Ried (1960b) doubts the reality of this 
data and considers the findings to be overstated because of the possibility of 
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water condensation on the thallus surface in a completely saturated atmos
phere. 

The results of our experiments have shown that the relationship of water 
content in the thallus when the lichen is in a saturated atmosphere (in 
equilibrium with vapor pressure) to the water content in a thallus saturated 
by liquid water differs greatly in lichens. The lowest values were shown 
by Collema flaccidum (14%), C cristatum (20%), Aspicilia esculenta (22%), 
and A. fruticulosa (23%). The highest values were held by Cetraria islandica 
(64%) and Dermatocarpon miniatum (68%). For most fruticose and foliose 
lichens the relation between the water content in the thallus in equilibrium 
with vapor pressure of the saturated atmosphere and the maximum satura
tion with liquid water was within 40-50%. 

The study of the lichen's ability to use water vapor from a nonsaturated 
atmosphere is of particular interest. The main part of the water in a vapor 
state absorbed by lichens enters the thallus only at a relative humidity that 
is above 90%. For foliose and fruticose lichens placed in an atmosphere 
with a relative humidity of 95%, Butin (1954) and Ried (1960b) found that 
the maximum amounts of water absorbed by the thalli were 30-50% of the 
water content of thalli fully saturated with liquid water. These findings were 
confirmed by our experiments (Fig. l)(Blum, 1965). The absorption of water 
vapor as well as liquid water to a certain extent depends on anatomical and 
morphological peculiarities of lichens. That is why various species have 
marked differences in the rate and amount of water vapor absorbed from 
equal relative atmospheric humidities. These differences become more pro
nounced with the increase of water vapor content in the atmosphere. 

A noticeable divergence in the rate of water vapor absorption can be 
observed also in different specimens of the same species (Kolumbe, 1927). 
As a rule, highly sorediate or isidiate thalli absorb water vapor much more 
intensively than forms in which these structures are lacking or are poorly 
developed. This advantage of sorediate forms in water-vapor absorption is 

Relative humidity in % 

FIG. 1. Water-vapor absorption in relation to relative humidity ( / - 3 0 ° C ) . 
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considered by Kolumbe as a compensation for the lower amount of liquid 
water in their much drier habitat. However the question of the ecological 
meaning of soredia and isidia remains open. The literature lacks reliable 
data on this subject. According to Du Rietz (1924) and A. N. Oxner (personal 
communication) the formation of highly sorediate and isidiate forms is 
caused mostly by atmospheric pollution. 

The ecological importance of the lichen's ability to use atmospheric 
humidity was recognized long ago (Fries, 1831; Kolumbe, 1927). There are 
even indications (Smith, 1962) that for some unwettable lichens, i.e., Calic-
ium chlorinum, atmospheric water vapor is the only source of moisture. 

Some researchers (Stocker, 1927) feel that water vapor is of small im
portance for lichens and consider that they need liquid water for their 
assimilation activity. A conclusive answer to this question was given by 
precise and convincing laboratory and field experiments carried out by 
Lange and Bertsch (1965), Bertsch (1966), and Lange (1969). It was found 
that as a result of water-vapor absorption, air-dried thalli in a latent state 
could become reactivated and reach almost optimum photosynthesis. In 
Lange's (1969) experiments, dry thalli of Ramalina maciformis from the 
Negev desert placed in an atmosphere close to saturation were reactivated 
in 6-8 hours and reached photosynthetic levels that were 90% of the 
maximum possible value. Reactivation occurred not only in the saturated 
atmosphere but also in a nonsaturated atmosphere with a relative air humidity 
of about 80-85%. The net photosynthesis of R. maciformis in an atmosphere 
with a relative humidity of 90% was one-fourth of the maximum value. No 
other form of plant life has this ability. 

The ecological importance of a lichen's ability to absorb water vapor from 
the atmosphere was displayed convincingly by Lange's (1969) field experi
ments. In the morning when the atmospheric humidity remained high and 
there was no dew, the water content of R. maciformis, exclusively due to 
water-vapor absorption, reached 31% of the dry weight. This water content 
was sufficient for 3 hours of net assimilation after sunrise, until the thallus 
temperature rose to 20° C. According to Lange et al. (1970), not only fruti
cose but.also foliose and crustaceous lichens in natural habitats are able to 
manage without liquid water, absorbing moisture directly from an atmo
sphere that contains large amounts of water vapor at night. Thus, because of 
their ability to absorb water vapor from the atmosphere, lichens have the 
following advantages: First, they can achieve a positive metabolic balance 
during periods when liquid water is not available in their habitat. Second, 
during prolonged dry periods the lichen's photosynthetic apparatus is not 
inactive and its high stability is ensured. This remarkable ecological ability 
to use water vapor from the atmosphere makes it possible for lichens to exist 
in extremely arid regions where conditions are unfavorable for the growth 
of most kinds of plants. 
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According to Follmann (1967) some hydrotic lichens that are found on the 
seacoast of warm arid regions have an additional advantage for water-vapor 
absorption. As a result of sea-spray evaporation these lichens, i.e., Chio-
decton cerebriforme, Roccella portentosa, Roccellaria mollis, develop a salt-
crust film that significantly contributes to water-vapor absorption. Tiny 
inorganic crystals on the surface crust of some lichens, in particular on 
Umbilicaria papulosa, can act as condensation nuclei and thus facilitate the 
uptake of atmospheric water vapor (Showman and Rudolf, 1971). 

III. Mechanism of Water Absorption and Water 
Conduction to the Thallus 

Goebel (1926a,b) and Stocker (1927) were the first to find the reasons for 
rapid liquid-water absorption by lichens. Water first enters all the capillary 
and air spaces between the hyphal and algal cells. Thus, a large surface area 
of hyphal walls immediately and simultaneously swells. This phenomenon 
explains the extremely rapid water absorption by the thallus during the 
first moments of absorption. 

Thallus hyphae have certain specializations, i.e., there are swollen and 
aerial hyphae. Goebel (1926a) claims that swollen hyphae may be of two 
types: thin-walled with large inner spaces and thick-walled. Between these 
two types, transitional forms are naturally observed. Swollen hyphae are 
easily moistened and thus they are very important for the absorption and 
preservation of water. Aerial hyphae are incrusted with lichen acids and 
are practically unwettable. Thus, the availability of a certain amount of 
air necessary for photosynthesis of the algal partner is always ensured. 

At the initial stage of the dry-thallus saturation, water absorption by the 
cytoplasm appears to be an ordinary swelling process, for in a dehydrated 
state cytoplasm is not semipermeable. The latter ability is restored only 
after the cytoplasm swells. At this time osmotic forces causing cytoplasmic 
water conduction become effective (Stocker, 1956). 

After the absorption of water from the adjoining walls, the cytoplasm 
comes into balance with the swelling cell membrane (Renner, 1933). As soon 
as the semipermeability of the cytoplasm is restored, osmotic forces begin 
to act until the absorption and swelling forces are in equilibrium with the 
atmospheric humidity (Stocker, 1956). A very slow rate of water-vapor 
absorption is explained by its slower diffusion compared with liquid water. 
Water vapor is condensed mostly by the cell walls (Muller, 1909; Mayer 
and Plantefol, 1924; Stocker, 1927; Goebel, 1930). Attaining equilibrium 
with a vapor-saturated atmosphere is very slow. Because of the thick hyphal 
walls and swollen cortex, the difference between vapor pressure and thallus 
water content becomes small. Showman and Rudolf (1971) state that the 
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algal layer may act as a sink, absorbing moisture until an equilibrium is 
reached with the adjacent tissues and, ultimately, with the water vapor in 
the atmosphere. 

Very little is known about the osmotic pressure of the cells of lichens. 
Using Neubauer's (1938) measurements of the water content of lichen thalli 
in atmospheres with low relative vapor pressure humidity over a saturated 
solution of NaCl, Barkman (1958) calculated that the osmotic pressures of 
lichens were 300-1300 atmospheres. However, according to Smith (1962), 
much of the water in the thallus is held external to the cytoplasm in the cell 
walls, and thus these remarkably high values for osmotic pressure are not 
applicable only to the living cell contents. Barkman's estimates should be 
regarded as analogous to the estimates of the osmotic pressure of gels. 

The most reasonable hypothesis for the mechanism of liquid water absorp
tion is that it is mainly a process of imbibition by cell walls which act as a 
hydrophilic gel. The fine structure and composition of hyphal walls is of 
great importance for water retention during the process of swelling. How
ever, one must not overstate the part of physicochemical processes of the 
lichen's water relationships. I do not agree with investigators, i.e., Smith 
(1962) in particular, who consider the water-relation process to be purely 
physical and who rule out the influence of metabolic processes. Showman 
and Rudolf (1971), who studied water relations of Umbilicaria papulosa in 
living and dead thalli and also in cellulose models, were more discreet in 
their statements. Although they spoke of water-absorption and water-loss 
processes as physical functions, this was not stated categorically: "Although 
it appears from these results that the living condition influences water-vapor 
uptake, this is apparently a consequence of the physical nature of the system 
rather than of the metabolic processes involved." Unfortunately, at present 
we do not have experimental data testifying to the active influence of metab
olism on water absorption and loss by lichens. Such evidence was recently 
obtained for mosses (Karimova, 1971), a group of plants that ecologically 
have much in common with lichens, and this supports my contention that 
metabolic processes influence water relations. Studies of the importance 
of respiration in water relations of Climacium dendroides have shown that 
water uptake and loss are a combined process, involving both the physical 
process of diffusion when filling an empty space and the biochemical pro
cesses connected with expending energy at further water conducting into 
the cell. I feel that the absence of similar information for lichens may be 
explained by the lack of precise experiments. 

The mechanism by which water passes from the cortex to the inner tissues 
is not known although the process is evidently a rapid one. It is only known 
that water is conducted into the thallus by capillaries among the cells, by 
swollen cell walls, and, according to Sievers (1908) and Stocker (1956), by 
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the cellular cytoplasm. It is a remarkable feature of most lichens that while 
the rate of centripetal conduction of water through a dry cortex is very 
rapid, the rate of longitudinal conduction along the cortex is very slow and 
limited—even in lichens with longitudinally oriented cortical hyphae, such 
as Teloschistes flavicans (Cuthbert 1931). Trying to explain this mysterious 
phenomenon, Smith (1962) supposed that the intermicellar spaces in the 
hyphal walls were specifically oriented in a centripetal direction. Further 
evidence for such a hypothesis must come from the studies of the fine struc
ture of hyphal walls. The thick cell walls offer no significant barrier to water 
conduction into the cytoplasm. The proof of this is evident from the fact 
that the respiration of air-dried lichens increases greatly after moistening. 
However, until Smith's hypothesis of intermicellar spaces in cell walls is 
confirmed, it is difficult to speak of the degree of the barrier for water con
duction into the cytoplasm. The process of water-molecule conduction 
through cytoplasmic membranes is complicated and is not understood even 
in higher plants cells. Slatyer (1967) claims that the diffusing molecule can 
cross the lipid layer of the cell membrane when it possesses the minimum 
kinetic energy needed to break the van der Waal's forces encountered be
tween the adjacent — CH 2 groups of lipid chains and can separate the lipid 
molecules. This, according to Slatyer, may be the manner in which a "pore" 
is created, a transient structure closing again when the kinetic energy of the 
hydrogen bonds between successive diffusing water molecules drops below 
the energy of the surrounding lipid molecules. At low temperatures (Slatyer, 
1967), it is possible that only transient pore development occurs because 
most of the diffusing water molecules are single or transient files rather than 
continuous files. With increasing temperature, however, the extent and per
manence of the pores may increase until, above the critical temperature, 
the activation energy would be such that water-filled pores could be effec
tively maintained. At this stage the low temperature coefficient value of 
water transport is similar to that for the viscosity of water, which implies a 
minimal resistance to water transport. 

The dependence of water-transport rate upon temperature may help to 
explain why lichens are less able to take up liquid water and water vapor with 
decreased temperatures (Kolumbe, 1927; Smyth, 1934). However, I doubt 
whether the rough techniques used to measure saturation could detect the 
temperature dependence of the saturation process. 

The data on water absorption by upper and lower thallus surfaces is con
tradictory. Nylander (see Elenkin, 1921) claimed that water is absorbed only 
by the upper surface, and the lower one along with rhizinae does not parti
cipate in the lichen's saturation. Berdau (1876), however, found that the 
lower surface of crustaceous and noncrustaceous lichens can conduct sub
stratum solutions. But, he noted that the upper surface absorbed water at a 
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higher rate and more easily that the lower one. Zukal (1895) noted the 
advantage of the lower surface of some foliose lichens in water absorption. 
He paid much attention to the bundle of rhizinae and noted rapid conduction 
of colored solutions by rhizinae (Elenkin, 1921). However, the experiments 
by Poelt and Baumgartner (1964) in which water along the rhizinae surface 
failed to rise showed that the long rhizinaelike strands of Squamarina type 
were unable to conduct water actively, while rhizinae of a more 
primitive type with a thick weft of hyphae could take up capillary-held liquid 
water and could conduct it farther into the thallus. The main function of 
rhizinae is supposed to be mechanical, i.e., as attaching organs. The absorp
tion of water and nutrients by the dead basal part of the podetia of Cladonia 
rangiferina was shown by Barashkova (1963). According to Sievers (1908) 
and Bachmann (1922), the lower cortex is of great importance for liquid-
water absorption by crustaceous lichens. In the central axis of Usnea, which 
consists of longitudinal hyphae joined by a chondroid substance, the rate of 
water conduction is as small as on the base of some fruticose lichens. In 
experiments with Usnea the rate was only 1 mm/hour (Goebel, 1926b). This 
testifies to the fact that such structures serve primarily mechanical functions. 

Thus, the question of the mechanism of liquid-water and water-vapor 
absorption and the question of water conduction in the lichen thallus needs 
further detailed study. 

IV. Water Contents of Thalli 

Numerous authors give contradictory data regarding water content of the 
saturated thalli of the same lichen species. Such discrepancies are due mostly 
to subjective causes, i.e., methods of investigation and techniques of 
measurement. Objective differences based on a specimen's anatomical and 
morphological traits and other properties are also important. However, ac
cording to Hilitzer's (1927) statistic calculations and our data (Blum, 1964, 
1965), these differences are not very significant, at least for nongelatinous 
lichens. Unfortunately, for many studies the results cannot be compared 
because of the different methods used to calculate the water content of the 
thallus; for example, grams per 1 gram of dry weight, percentage of the 
absolute dry weight, and percentage of the air-dry weight. While compar
ing the data of different authors about water-retention ability of lichens, it is 
important to consider the degree of liquid water removal from the thallus 
surface and also the time of saturation. The importance of the latter is 
proved by the results of our experiments, presented in Table I, where lichens 
are ranked according to the increase of absolute values of water content in 
an "oversaturated" state within the limits of different species. 
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T A B L E I 

W A T E R CONTENT OF DIFFERENT LICHENS IN RELATION 

TO THE TIME OF SATURATION 

Water content 
( % o f d r y 

weight) reached 
in the state of 

saturation after 
consecutive 30-

second 

Water content in an "over-
saturated" state (% of dry 

weight) after immersion of the 
saturated thallus for 

Lichen immersions 5 minutes 1 hour 15 hours 

Aspicilia fruticulosa 116 117 121 131 
Aspicilia esculenta 129 130 137 147 
Cladonia rangiformis 118 119 127 133 
Cladonia crispata 133 134 141 148 
Cladonia gracilis 125 123 137 151 
Cladonia furcata 126 128 243 155 
Cladonia uncialis 129 134 144 158 
Cladonia mitis 140 142 149 158 
Cladonia rangiferina 145 149 160 167 
Anaptychia ciliaris 120 144 153 157 
Cetraria islandica 109 133 149 165 
Umbilicaria grisea 152 157 161 165 
Umbilicaria hirsuta 157 161 164 169 
Umbilicaria pustulata 197 201 203 209 
Hypogymnia physodes 128 152 166 171 
Hypogymnia tubulosa 202 210 215 219 
Parmelia ryssolea 122 127 141 174 
Parmelia vagans 124 131 148 173 
Parmelia prolixa 160 167 185 205 
Parmelia sulcata 151 158 173 213 
Ramalina fastigiata 139 142 149 174 
Ramalina farinacea 141 149 193 225 
Dermatocarpon miniatum 142 150 164 185 
Dermatocarpon vellereum 149 156 169 201 
Bryopogon implexus 162 168 175 196 
Bryopogon jubatus 145 149 158 219 
Lobaria pulmonaria 150 180 193 199 
Usnea hirta 154 163 183 214 
Pseudevernia furfuracea 185 191 208 216 
Evernia prunastri 149 173 212 248 
Xanthoria parietina 174 178 188 227 
Peltigera polydactyla 247 252 263 286 
Peltigera rufescens 254 264 277 288 
Peltigera canina 275 284 305 319 
Collema cristatum 394 398 432 474 
Collema flaccidum 566 588 609 738 
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Summarizing the existing data about water-retention ability of lichens, we 
can say that the saturated water content of most fruticose and foliose lichens 
lies between (130) 150-300% of the dry weight. Ried (1960b) indicated that 
crustaceous lichens are comparable in this respect to noncrustaceous forms. 
Much higher values—from 400-1300 and even 3900%*—have been obtained 
from gelatinous lichens (Jumelle, 1892; Sievers, 1908; Salomon, 1914). Such 
high water contents in saturated thalli of gelatinous lichens can presumably 
be explained by the ability of their phycobionts (blue-green algae) to hold 
large amounts of water in their thick gelatinous sheaths. However, studies 
by Moser-Rohrhofer (1965) with a polarizing microscope of the gelatine of 
Collema showed that this gelatine is formed mainly by the fungus and not by 
the alga as was previously thought. The cells of Nostoc have their own thin 
gelatinous walls and unlike the fungus gelatin, which contains chitin, the 
algal walls contain only cellulose. 

Jacobs and Ahmadjian (1969), who examined the ultrastructure often 
foliose and fruticose nongelatinous lichens, found a thick (up to 1 μτη) fibril
lar material of a polysaccharide nature surrounding the fungal cell wall. A 
similar extracellular polysaccharide was also found between the cells of the 
Trebouxia phycobiont. This substance supposedly facilitates the water reten
tion ability of the thallus. 

Most lichens, except gelatinous forms, accumulate less water during 
saturation than other cryptogamic plants (fungi, algae, and mosses). Water 
accumulation in the thallus is very uneven. Different parts of the thallus and 
its layers contain different amounts of water. There are no data about the 
water content of mycobiont and phycobiont cytoplasm, but it is considered 
to be small. 

There are contradictory data regarding water content in the medulla of a 
saturated thallus. Tobler (1925) reported that the medulla of saxicolous 
lichens absorbs much less water than the cortex and algal layer. Tobler 
referred to Beckmann's (1907) observation with Haematomma. But, accord
ing to Bachmann (1923), in the thick thallus of Gyrophora vellea, water ac
cumulates mainly in the medulla. In experiments by Smith (1960), the medul
la of Peltigera polydactyla contained 25% more water per unit of the dry 
weight than the upper cortex and algal layer. Goebel (1926a) found that the 
central axis of an Usnea species contained about one-third of all the water in 
the saturated thallus. Applying nonaqueous staining techniques Showman 
and Rudolf (1971) found that most of the water in a saturated thallus of 
Umbilicaria papulosa was held in the algal layer. 

The well-developed hypothallus of some species is of great importance for 
the absorption and accumulation of water. Goebel (1926a), for example, 

T h i s value is given by Jumelle (1892) for Collema sp. 
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noted that the lower part of the thallus of Pannaria mariana var. radiata has 
a cushion of thick black branching rhizoids that overhang the thallus edge 
and readily absorb liquid water. A similar function was noted by Degelius 
(1935) for the hypothallus of Parmeliella plumbea and by Bachmann (1923) 
for the hypothallus of Pannaria pezizoides and Placynthium nigrum. 

Bachmann (1922, 1923) recognized another efficient device for water ac
cumulation, namely the dead algal cells that make up necral layers in the 
thallus. A highly developed hyponecral layer was discovered by Bachmann 
in silicate lichens, i.e., Aspicilia laevata var. albicans, Lecanora badia and Le
cidea fuscocinerea. This layer explains the high absorption ability of these 
lichens. It should be noted, however, that the great importance of the necral 
layers for the water relations of the lichens as described by Bachmann is 
questionable. He may sometimes have confused the medulla with the necral 
layer. Bachmann (1922) described lichens on silicate substrates whose 
medulla could be designated as a hyponecral layer if it contained dead, 
empty algal cells. 

There are not any experimental data about the role of hypothallus and 
necral layers in the water relations of lichens. 

The water content of a lichen thallus is closely correlated with the water 
content of the air. After a dry, sunny day the water content of Umbilicaria 
dillenii and U. pustulata was 6.4% of the dry weight (Scofield and Yarman, 
1943). Neubauer (1938) obtained values for the water content of six epiphytic 
lichens on beechwood that ranged from 2% (Parmelia caperata) to 14.5% 
(Usnea dasypoga). Field measurements by Lange (1952) during periods of 
severe drought with thallus temperature often above 60° C showed that 
the minimum water contents of the investigated lichens ranged from 2% 
(Collema multifidum) to 8.9% (Candellariella vitellina) of the dry weight. 

Thus, although in certain periods the water contents of lichens may be 
very low, the thalli do not dry out completely under natural conditions. 

Water content of the thalli may rise considerably when there is dew. 
Stocker (1927) observed that epiphytic lichens such as Evernia prunastri, 
Hypogymia physodes, Pseudeverniafurfuracea, Ramalinafraxinea, Usnea hirta, 
and epigaeic lichens, such as Cladonia rangiferina, increased their water con
tent as a result of dew absorption by about 50% of their dry weight. Butin 
(1954) found that the water content of Pseudevernia furfuracea rose from 10 to 
60% of the dry weight during the 10 hours of night when there was dew and 
then dropped back to 10 % during the 6 hours after sunrise. Scofield and Yar
man (1943) showed that the water content of Umbilicaria dillenii (= mammu-
lata) and U. pustulata rose after nightfall when there was dew by 85.4% 
and 112.3% of the dry weight, respectively. Lange (1952) gave the following 
values of water content in lichens after nightfall when there was dew: 
Cladonia sylvatica, 50%; C. rangiformis var. pungens, 73%; and Peltigera 
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canina, 116.6% of the dry weight. A lower water content in the thallus after 
dewfall was observed by Kershaw and Rouse (1971) for Cladonia alpestris. 
It was about 12% saturation. However, even at this water content the lichen 
had a net assimilation of 35% of the maximum. Thus, the ecological impor
tance of dew as a source of sufficient moisture to reactive lichen metabo
lism is significant. Dewfall at night, according to Lange (1969) and Lange et 
al. (1970), who conducted field experiments in the Negev Desert, caused re
activation of all the investigated lichens and ensured considerable photo
synthesis and a positive metabolic balance during several morning hours. 

Mist also influences the water content of a thallus. Stocker (1927) con
sidered misty days to be especially favorable for lichens because small drops 
of water carried by the wind assure the thalli of an even and prolonged 
moistening. Also, even on dense, foggy days the amount of diffused light 
(according to Stocker) is sufficient for assimilation. The ecological impor
tance of mist is great because of its ability to retain water loss in the thallus 
(Butin, 1954). 

Stocker (1927) claimed that the frequency of mists and their density were 
more important for the geographic location of lichens than the amount and 
frequency of rain. Degelius (1935), however, felt that the quantity and, 
especially, the yearly distribution of rain precipitation was more important 
for the distribution of ocean lichens than the frequency of mists. He observed 
that there are regions with a high frequency of mists where ocean lichens are 
completely absent and regions with rare fogs but with an abundant develop
ment of oceanic species. 

The maximum saturated water content of lichens under natural conditions 
is achieved only during rain showers and for short periods thereafter. Ac
cording to Stocker (1927) and other investigators, lichens do not achieve 
their maximum water saturation after a heavy, but short rain because water 
streams down from their thalli. Thus, even during humid periods, lichens are 
almost always in a state of insufficient saturation. The peculiarity of their 
gas-exchange processes is closely connected with this ecological property. 
Stocker (1927) showed that Lobaria pulmonaria and Umbilicaria pustulata 
reached their optimum assimilation at 70-75% of their maximum saturation. 
Stalfelt (1939) obtained similar data for Ramalina farinacea and Usnea 
dasypoga. At water contents above the optimum level the rate of photo
synthesis decreases. Stocker (1927) supposed that the decrease in the rate of 
photosynthesis in saturated thalli (i.e., at a water content higher than op
timum) was due to the reduced rates of gaseous diffusion through the thallus 
to the algal layer because of the swelling of the cortical hyphae and filling of 
the capillary spaces with water. According to other authors (Smyth, 1934; 
Ellee, 1939; Butin, 1954; Ensgraber, 1954), the investigated lichens in-
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creased their assimilation until they were completely saturated. This discrep
ancy was analyzed by Ried (1960a). He found a clear relationship between 
thallus anatomy and the level of optimum water content for photosynthesis. 
The thicker and denser the thallus and the more that it is covered by a 
cortex, the lower the optimum water content for maximum photosynthesis. 
The smallest optimal level (65% of the maximum saturation) was that for 
Umbilicaria cylindrica. This thallus is covered with a thick upper and lower 
cortex. The highest optimum water content (90%) for photosynthesis, except 
for aquatic lichens, was that for Peltigera canina, which lacks a lower cortex 
and has a friable medulla. These results enabled Ried to interpret the earlier 
contradictory data. 

The aquatic lichens, Verrucaria elaeomelaena and Porina lectissima, had 
maximum rates of photosynthesis even in a saturated state. Carbon dioxide 
could naturally penetrate the algal layer of these lichens only in solution. On 
the contrary, the optimum photosynthesis of the amphibian lichen Derma
tocarpon fluviatile was at a water content less than 100% of saturation. The 
study of the gas interchange of different ecological groups of lichens, in 
relation to water content of the thallus, requires more detailed investigation. 
The peculiarities of gas interchange cannot be explained solely by differ
ences in thallus morphology and structure. The lichens' physiological re
action to conditions of fluctuating saturation level is undoubtedly connected 
with their ecological type. This statement may be confirmed by the data of 
Rouse and Kershaw (1971) that the optimum rate of net assimilation for 
Cladonia alpestris was at 52% of thallus saturation. In this way the authors 
explain the absence of this mesoxerotic species in very wet habitats. 

V. Water Loss 

Water loss from the thalli is mostly a physical process, like water absorp
tion, and it is a very rapid process. Field observations have shown that 
saturated thalli dry out within a few hours in dry weather. 

Studying water loss by saturated thalli under laboratory conditions, 
Stocker (1927) and Hilitzer (1927) found a linear relationship between the 
loss of most of the water and time. They also found that loss of the remaining 
water was slower. The rates of water loss from lichen thalli under various 
conditions of temperature and atmospheric humidity, have also been 
measured by Sievers (1908), Bachmann (1922, 1923), Degelius (1935), Ellee 
(1939), Scofield and Yarman (1943), Magdefrau and Wutz( 1951), Ensgraber 
(1954), and Ried (1960b). However, since most of these experiments were 
not carried out under constant conditions the data cannot be used for the 
ecological evaluation of the rate of water loss by separate species. In this 
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respect, the experiments by Hilitzer (1927) and Ried (1960b) are more 
valuable since they were conducted at constant temperature and air humid
ity. Hilitzer, who found the mathematical expression of the dependence of 
the evaporating rate on the degree of thallus saturation and the deficiency of 
air humidity, concluded that this ratio (coefficient k) is unique for each 
species and can be characteristic of its ecological amplitude. The truth of 
this statement will be considered a bit further. 

As was already mentioned, lichens cannot reserve water for relatively 
long periods of time regardless of environmental conditions. They do not 
appear to have special devices for transpiration protection. Zukars(1895) 
idea that the cortex plays an essential role in retarding water evaporation 
was disputed by Goebel (1926b, 1927) and Stocker (1927) who stressed the 
significance of hyphal water reserve. Quispel (1943) considered the protec
tion of the algae from drying out by the fungus, although effective only for 
several hours, to be a peculiar buffer in that hyphae prevent rapid changes in 
humidity. At the same time the ability of lichens to dry out quickly protects 
them from ruinous overheating in a saturated state. 

The relation of the cortex thickness to the aridity of the habitat, stated 
in a number of investigations, does not appear to be natural. In some cases, 
lichens in dry habitats have a more developed cortex than lichens of shady, 
humid habitats (Bitter, 1901; Ertl, 1951). In other cases, there is a striking 
lack of correspondence in this respect (Gallite, 1908). 

As noted earlier, Hilitzer (1927) considered the rate of water evaporation by 
thalli to be a very important ecological factor. He separated all the investi
gated species into the following ecological groups according to the rate of 
evaporation values: (1) xerotic species; (2) mesotic species; (3) aerotic and 
subaerotic species; (4) skyotic and psychrotic species. It is striking that 
there is not a single classification principle in this ecological diagram. 
That is why the ecological groups, singled out according to more or less 
close values of the coefficient k, are in most cases of an artificial character 
and do not reflect natural relationships. Our experiments (Blum, 1965) con
form well to Hilitzer's conclusion about xerophytes having mostly an in
creased value of the coefficient k, which, nevertheless, is not sufficient to 
prevent the lichen from drying out during the day. However, we found that 
such mesotic species, such as Cetraria glauca, C hepatizon,&ndCladoniasqua
mosa, and mesohygrotic species, such as Leptogium saturninum and Nephro
ma resupinatum (in Hilitzer's experiments), had rates of evaporation that 
were very close to those of xerophytes. Also, the studied xerotic forms, Cla
donia rangiformis, Peltigera rufescens, Umbilicaria grisea, U hirsuta, and U. 
pustulata, did not show considerable advantages in water retention com
pared with the lichens of other ecological groups. Mesohygrotic Peltigera 
polydactyla, mesotic P. canina, and xerotic P. rufescens did not show consider
able differences in the rate of water loss (Blum, 1965). 
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Thus, we may assert, that although the evaporation rate of lichens is 
unique and relatively constant under uniform conditions for every species, 
it cannot serve as a satisfactory criterion for their ecological evaluation. 

VI. Conclusions 

Studying the features of the water relations of lichens we can better com
prehend the peculiarities of this process for various groups of vegetation. It 
is the lichens' water relations that predetermine, in the main, their striking 
ability to exist under extreme environmental conditions both in arid deserts 
and in the frostbound Arctic and Antarctic. This vast geographic distribution 
of lichens is due to their evolutionary adaptation to unfavorable drought 
periods and is of a complex character. Under unfavorable conditions their 
metabolic processes are slowed, they attenuate, they become latent, while, 
on the other hand, they revive rapidly and make the most of short, favorable 
periods. Quick water loss by lichens and lack of special devices for transpira
tion protection is one of the ways of their physiological adaptation to 
xerotic conditions. The ability of lichens to dry out quickly protects them 
from insolation which is dangerous for a wet thallus. The process of gelifica-
tion of cytoplasm during the lichen's dehydration prevents its submicro-
scopic structure from infringement and coagulation (Genkel, 1946;Genkel 
and Pronina, 1968; Genkel et al, 1970). 

Besides the lichen's universal physiological adaptation to drought due to 
quick dehydration, there are some anatomical and morphological peculiar
ities which allow them to prolong slightly their relatively short assimilation 
activity. Mostly it is the protection of the algal cells by fungal hyphae which 
serve as a peculiar buffer that prevents rapid changes in humidity (Quispel, 
1959). 

Blue-green phycobionts hold large amounts of water in their thick gelati
nous sheaths. Some lichen forms have features of "xeromorphous" struc
tures, i.e., a thick and solid cortex, cortical hairs, white pruina, etc. Many 
investigators see protective adaptation of the organism from water loss in 
such structures of lichens and mosses (Sapegin, 1910; Elenkin, 1921; Bach
mann, 1922; Dombrovskaya, 1963,1964,1970). Besidestheirprimefunctions 
(mechanical, photoprotective), these structures sometimes give certain small 
advantages for water retention in some lichen forms. However, the state
ments about the "xeromorphous" structures of lichens and mosses in dry 
habitats as effective xerotic adaptation appear untenable and are often not 
confirmed by experiments (Blomquist, 1929; Ochi, 1957; Clausen, 1952; 
Melnichuk, 1961; Blum, 1965). It is appropriate to mention here that features 
of "xeromorphous" structure are not found in all lichens of arid habitats. 

One can understand a lichen's adaptation to xerotic conditions only by 
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studying the inner molecular and biological mechanisms of adaptation to 
extreme environmental conditions. Since rapid dehydration involves all 
lichen-cell ultrastructure, we can speak of a certain latent period under these 
conditions when all vital processes are strongly inhibited. If during dehydra
tion and saturation the cell structures that are responsible for biochemical 
functions, are not damaged irreversibly, then after the latent period all vital 
processes are reactivated. The species' ecological resistance depends on the 
relation of reactivation rates of these processes. Therefore, from the point of 
view of the present state of ecophysiology, the differences of various ecolog
ical types among lichens lie not in the quantitative criterion of water rela
tions, but in reactivation rates of photosynthesis, respiration, and oxidative 
phosphorylation after the latent period and in preserving a normal cor
relation of these processes. 
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