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Abstract. CO, exchange rate in relation to thallus water
content (WC, % of dry weight) was determined for 22
species of lichens, mainly members of the genera Pseudo-
cyphellaria and Sticta, from a temperate rainforest,
Urewera National Park, New Zealand. All data were
obtained in the field, either using a standard technique
in which the lichens were initially wetted (soaked or
sprayed, then shaken) and allowed to slowly dry, or from
periodic measurements on samples that were continuous-
ly exposed in their natural habitat. A wide range of WC
was found, with species varying from 357 to 3360% for
maximal WC in the field, and from 86 to 1300% for
optimal WC for photosynthesis. Maximal WC for li-
chens, wetted by the standard technique, were almost
always much less than the field maxima, due to the
presence of water on the thalli. The relationships between
CO, exchange rate and WC could be divided into four
response types based on the presence, and degree, of
depression of photosynthesis at high WC. Type A lichens
showed no depression, and Type B only a little at maxi-
mal WC. Type C had a very large depression and, at the
highest WC, CQO, release could occur even in the light.
Photosynthetic depression commenced soon after opti-
mal WC was reached. Type D lichens showed a similar
depression but the response curve had an inflection so
that net photosynthesis was low but almost constant, and
never negative, at higher WC. There was little apparent
relationship between lichen genus or photobiont type
and the response type. It was shown that high WC does
limit photosynthetic CO, uptake under natural con-
ditions. Lichens, taken directly from the field and allow-
ed to dry under controlled conditions, had net photosyn-
thesis rates that were initially strongly inhibited but rose
to an optimum, before declining at low WC. The limiting
effects of high WC were clearly shown when, under sim-
ilar light conditions, severe photosynthetic depression
followed a brief, midday, rain storm. Over the whole
measuring period the lichens were rarely at their opti-
mal WC for photosynthesis, being mostly too wet or,
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occasionally, too dry. Photosynthetic performance by the
lichens exposed in the field was similar to that expected
from the relationship between the photosynthetic rate
and WC established by the standard procedure.
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Rainforest — Diffusive resistance

Lichens are poikilohydric plants with a thallus water
content that tends to equilibrate with the water status of
the environment. Water contents may alter quite rapidly
with wetting or drying phases dependent on the supply
of water and on evaporation. Lichen metabolism, espe-
cially photosynthetic production, is strongly affected by
changes in water content. Air-dry lichens often have only
5-10% water content (on a dry weight basis), with a
negative water potential of thousands of bars, and are
metabolically inactive. With increase in water content,
respiratory processes are initially activated, and then
positive net photosynthesis occurs at water contents
around 20% for green algal lichens, and over 100% for
cyanobacterial lichens (see Lange et al. 1988). Photosyn-
thesis subsequently increases almost linearly with hydra-
tion until optimal CO, uptake is reached. Water short-
age, without doubt, limits primary production of lichens
in many habitats, and several experimental field studies
have shown special adaptations of lichens to dry con-
ditions in arid and semi-arid habitats (see reviews by
Kershaw 1985; Kappen 1988). Lichens can colonise these
extreme sites because of their ability to photosynthesise
at low water potentials, and to take advantage of mini-
mal water in the form of dew, fog or even, in the case of
green algal lichens, high relative humidity.

At thallus water contents greater than those allowing
optimal CO, exchange, lichens in some laboratory stu-
dies (Kershaw 1985) show strongly depressed CO, ex-
change, even to the point of no net photosynthesis or
CO, release only. This depression is the result of high
thallus CO, diffusion resistances produced by excess
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water within, or on, the thallus (Lange and Tenhunen
1981; Cowan et al. 1992; Green and Lange 1993). How-
ever, in contrast to the considerable information avail-
able about photosynthesis at low water contents, little
appears to be known about the ecological relevance, if
any, of very high water contents (see Green and Lange
1991). It is an important question whether the water
content of lichen thalli could become so high under
natural conditions as to reduce primary production.

For desert, semi-desert and even mediterranean sites,
either suprasaturation of lichen thalli does not occur, or
periods of maximal hydration are so short that their
negative impact on CO, fixation can probably be neg-
lected (see Lange et al. 1985; 1991). For foliose and
fruticose lichen species growing in a local xerothermic
steppe formation near Wiirzburg (Hahn et al. 1989), and
in a dune habitat at an island in the North Sea (Bruns-
Strenge and Lange 1991; Lange and Bruns-Strenge
1991), the highest water contents that occur in the field
approach the range for photosynthetic depression but do
not greatly influence the annual carbon balance of these
lichens. Longer periods of supraoptimal water content in
lichen thalli occur in the arctic tundra, and may be more
important as a factor affecting photosynthetic produc-
tion in those habitats (Hahn 1991; Hahn et al. 1993). If
high thallus water content really is a problem of ecologi-
cal significance for lichens one would expect it to be most
obvious in very wet terrestrial lichen habitats, such as in
tropical or temperate rainforests.

In contrast to lichens of arid and polar regions, there
is little literature on the physiological or ecophysiological
aspects of photosynthesis of rainforest lichens. Green
and his coworkers have addressed various aspects of
water relations and CO, exchange of rainforest species
from New Zealand. Some lichens were found to have
a strong depression in net photosynthesis when very
wet (Green and Snelgar 1981a, b), which seemed to be
related to thallus structure (Snelgar et al. 1981a, b;
Green et al. 1985). Low discrimination against °C,
especially in cyanobacterial rainforest lichens, was inter-
preted as being the result of high thallus diffusion resis-
tances during photosynthesis after hydration with liquid
water (Lange et al. 1988). In all of these laboratory
experiments, no general differences were found between
photosynthesis in relation to water content of rainforest
lichens and species from other regions. Whether in-
creased diffusion resistances in constantly moist con-
ditions in the rainforest would actually be detrimental
could only be resolved by field studies. However, no
work is known to us in which water contents and CO,
exchange of lichens have been measured under such field
conditions.

During a period of wet spring weather in October/
November 1991, we recorded microclimate, water con-
tent, photosynthesis and respiration of many typical li-
chen species in the temperate rainforest of the Urewera
National Park, North Island, New Zealand. CO, ex-
change was continuously monitored under natural con-
ditions, and its dependence on water content, light and
temperature was also determined. Comparison of the
two sets of results allows conclusions to be reached about

the relative importance of the different environmental
and plant parameters for primary production of the
different lichen species. Here we report on the effect of
thallus water content on the CO, exchange of 23 typical
macro-lichens, focusing especially on thallus suprasa-
turation which was found to occur commonly in the
rainforest.

Materials and methods

Research site

Measurements were carried out in the spring (last days of October
and first half of November 1991) in the temperate forest in the
Aniwaniwa valley, Urewera National Park, Waikaremoana, New
Zealand. The forest was dominated by Nothofagus menziesii, Ixerba
brexioides and Dacrydium cupressinum and supported a high diver-
sity of well-developed macro-lichens. Annual precipitation at this
site is about 3000 mm. As normal for that time of year, the period
of our measurements was wet with rain every day except one and,
on two days, the rainfall was more than 175 mm. Average air
temperature was around 10° C, ranging from near zero to almost
20° C. The measuring period was divided into two parts: initially,
the instrumentation was set up within the forest, and typical shade
species were studied. Subsequently, lichens from the edge of the
forest and from the open were investigated. The experimental li-
chens are listed in Table 1; nomenclature follows Galloway (1985).

Methods

Three different instruments were used to measure lichen CO, ex-
change, climate parameters such as air temperature, air humidity,
photosynthetic active photon flux density (PFD) and atmospheric
CO, partial pressure (Tarnawski et al., unpublished data). Diel
courses of CO, exchange were monitored by means of a CO,/H,0-
porometer (Walz Company, Effeltrich, FRG), and adjacent to this
apparatus, a click-cuvette (Walz Company) was also installed. Rap-
id measurement of CO, exchange was possible in both systems. The
air stream in the small gas exchange chamber could be kept at
ambient temperature conditions or controlled at constant tem-
peratures near ambient. A third minicuvette system (Walz com-
pany) was operated in a tent nearby. The latter instrument allowed
CO, exchange measurements under fully controlled temperature,
light and humidity conditions so that photosynthesis could be
investigated in relation to various factors. When required, artificial
illumination was provided by lamps with fibre optics (KL 1500
electronic, Schott Glaswerke, Wiesbaden, FRG). All CO, measure-
ments were done by Binos infra-red analysers (Rosemount, Hanau,
FRG) operated in the differential mode. Open, flow-through sys-
tems were used and CQO, could be measured to +0.1 ppm, or to
within 0.1 ppm CO, for the minicuvette. CO, exchange of the
lichens was related to thallus dry weight (4 days at 70° C), projected
area (whenever possible, determination by an area meter, LiCor,
Lincoln, Nebraska, USA), thallus carbon content (elementary
analysis; CHNO-Rapid, Foss Heraeus, Hanau, FRG), and
chlorophyll ¢ (cyanobacterial lichens) or total chlorophyll a+5
(green algal lichens) content (as determined by Ronen and Galun
1984; see Arnon 1949; Arnon et al. 1974). All the techniques used,
together with general methodological considerations, are described
in more detail in Lange et al. (1983), Bruns-Strenge and Lange
(1991), and Lange et al. (1991).

For measurement of photosynthetic and respiratory CO, ex-
change, the lichen thalli were fixed in wire-mesh baskets (3.8 cm
diameter, 1-1.5 cm height, mesh width 1.6 mm). In these dim ever-
green rainforests, foliose lichen thalli tend to grow horizontally,
either on tree trunks or branches, thus maximising light intercep-
tion. We tried hard to expose the experimental samples together



with their wire-mesh baskets in their natural position on a fallen tree
log which had a dense cover of (partly identical) lichens and mosses.
Thallus water content (WC) was determined by quickly weighing
trays plus lichens on an electronic digital balance (PM 460, Mettler,
Giessen, FRG; accuracy: 1 mg), and was related to the thaltus dry
weight as a percentage. High thallus water content is a critical
measure with lichens (see Lange and Matthes 1981) because water
droplets can externally adhere to the thalli, for instance at the
branchings of fruticose species. Therefore, maximal water contents
can vary greatly from sample to sample. For standardization, in all
of our experiments in which we studied the dependence of
photosynthesis on water content, maximal hydration was achieved
by first submerging the thalli in, or spraying them with, rain water,
followed by vigorous shaking to remove water drops and, finally,
blotting the baskets with paper tissue. When monitoring the diel
CO, exchange responses, the samples were not shaken before they
were exposed in the porometer cuvette. This was considered neces-
sary because some of the species, e.g. Pseudocyphellaria rufovires-
cens, can store water externally as droplets in small cavities on the
upper surface (Green et al. 1985). As a result, much higher water
contents (termed water holding capacity) were reached during the
CO, exchange measurements in the field than with the specimens
prepared for other experiments. Whenever possible, several repli-
cates of a species were used. Time constraints and the overall aim
of an investigative, general survey, did not always allow this, but
when several replicates were studied they gave similar results.

In addition to the porometer measurements in which the natural
responses of the lichens over diel courses were studied, two types
of experiments were carried out in order to establish the relationship
between CO, exchange and thallus water content. (1) Maximally
moistened, freshly collected lichen samples were enclosed in the

Table 1. Description of the experimental lichens and the extremes
of their water content (in % of thallus dry weight): the species are
arranged according to increasing values of maximal experimental
water content. “Maximum experimental” is the highest water con-
tent when the thalli are soaked and subsequently shaken, so that
adherent water drops were removed. “Maximum field” is the high-
est water content of the thalli found under natural conditions in
their trays, including adhering drops and water at the surface of the
thalli. “Minimum field” is the lowest water content found naturally
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minicuvette at 15° C and 150 pmol m ™2 s~ PFD. CO, exchange
was measured as soon as steady-state conditions had been attained;
samples were then weighed, and exposed for a short time outside
the cuvette in order to cause some water loss. CO, exchange was
then once again determined. This procedure of decreasing water
content stepwise was continued until no further water loss occurred.
Typically, such an experiment lasted for several hours. (2) In other,
equivalent, experiments the samples remained enclosed in the click-
cuvette for longer periods, up to 24 h, at selected temperature and
light intensity, and their CO, exchange was monitored every min-
ute. Relative humidity was decreased in steps so that very slow
water loss took place. The thallus was weighed at appropriate
intervals to monitor water content. This method generated WC-
dependent courses of net photosynthesis for which the water con-
tent had changed only very slowly with time thus avoiding large
gradients in water potential across the lichen thalli. In the event,
both methods produced similar response curves, indicating that the
quicker water loss in the first approach did not cause irregular
drying of the lichen thalli.

Results
The range of lichen thallus water content

Lichen species showed very large differences in thallus
water contents even when under apparently identical
rainforest conditions (Table 1). Fully soaked and subse-
quently shaken thin, heteromerous, foliose species such

during the measuring period. Water relation types are listed accord-
ing to the definition given in the text. Description of the species
follows Galloway (1985). G indicates green photobionts without or
with (G*) cephalodia, BG indicates cyanobacterial photobionts. PS
means that the species can be a partner of a photosymbiodeme.
Structure of the different species is characterised with respect to the
upper (us) and for the lower surface (Is) of the thalli. Whether the
experimental material was studied and collected in the shaded
habitat of the forest of or in the open clearing is also indicated

Maximum Maximum Minimum Type
experimental field field
Pseudocyphellaria colensoi, G* 189 1175 19 D
foliose, large lobes, yellow medulla, pseudocyphellae (Is),
isidia, soredia; australasian; forest, tree trunk and branches
Sphaerophorus macrocarpus, G 222 1022 37 A
fruticose, crowded branches, cortex continuous; endemic;
forest, corticolous, tree trunk
Sticta latifrons, G* 261 949 24 B
foliose, large thallus lobes stalked, cyphellae (Is) numerous;
endemic; forest, tree trunk
Pseudocyphellaria coronata, G* 269 - - D
foliose, like P. colensoi; australasian; forest, tree trunk and
branches
Usnea xanthophana, G 340 496 11 B
fruticose, erect or pendulous, no isidia, pseudocyphellae or
soredia; endemic; forest, branches, lower canopy
Pseudocyphellaria homoeophylla, G* 352 824 23 C/D
foliose, large orbicular thallus, pseudocyphellae (Is);
endemic; forest, tree trunk
Pseudocyphellaria delisea, G* 357 706 5.4 C

foliose, orbicular, lower surface tomentose, pseudocyphellac
(Is); austral; forest, branches of trees
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Table 1. (continued)

Minimum
field

Maximum
field

Maximum
experimental

Type

Pseudocyphellaria faveolata, G+
foliose, spreading, loosely attached, upper surface
reticulate-faveolate, pseudocyphellae (Is) verruciform;
austral; forest, tree trunk and lower branches

Usnea rubicunda, G
fruticose to subpendulous, reddish, spinules and fibrils,
pseudocyphellae, isidia; cosmopolian; forest, branches, lower
canopy

Pseudocyphellaria dissimilis, BG
foliose, linear-laciniate, isidia, pseudocyphellae (Is) minute, deep
shade; australasian; forest, tree bole

Pseudocyphellaria lividofusca, G+
PS; foliose, thallus thick, loosely attached, lower surface
tomentose, pseudocyphellae (Is, us); endemic; forest, tree trunk

Cladina leptoclada, G
fruticose, multi-branched podetia in tufts, no soredia, cortex
cottony; palaeotropical; clearing, on soil

Cladia sullivanii, G
fruticose, pseudopodetia branching dichotomous, walls
perforate, dark medulla filling central canal; australasian;
clearing, on soil

Sticta caliginosa, BG
foliose, stalked, fragile, isidiate, cyphellae (Is) sunk in tomentum;
australasian; forest, tree bole

Pseudocyphellaria rufovirescens, G+
PS; foliose, thallus spreading, shallowly faveolate,
pseudocyphellae (Is); endemic; forest, tree trunk

Menegazzia pertransita, G
foliose, closely attached to bark, thallus perforated, without
isidia or soredia; endemic; forest, tree branches

Pseudocyphellaria murrayi, BG
PS; lobate-foliose, loosely attached, lower surface tomentose,
pseudocyphellae (Is), maculate (us); endemic; forest, tree trunk

Pseudocyphellaria pubescens, G*
foliose, loosely attached, lower surface densely tomentose,
pseudocyphellae large (Is); endemic; forest, tree trunk

Cladia retipora, G
fruticose, pseudopodetia coralloid, in cushions, walls
perforated, forming network; australasian; clearing, on soil

Sticta filix, G*
foliose, lobes palmate, almost erect, stalked, cyphellae (Is)
pock-like; endemic; forest, tree trunk

Coccocarpia palmicola, BG
foliose, orbicular, adjacent, isidia becoming coralloid,
rhizines dense; pantropical; forest, tree trunk

Collema laeve, BG
foliose, membranous, gelatinous, homoiomerous, thallus
irregularly folded; australasian; forest, base of tree boles

(Nephroma australe, G*)
foliose, lobate, without isidia, soredia or pseudocyphellae;
australasian; forest, tree trunk

367 1318 24 C/D

398 478 14 B

417 1841 32 D

476 1679 33 C

489 680 14 C

494 358 9.0 C

502 955 28 A

613 3116 71 D

747 2310 20 B

759 2307 34 C

811 1899 44 B/D

813 668 16 B
1011 1663 32 D
1175 2451 92 C

2237 3357 563 B

- 928 50 -

as Pseudocyphellaria colensoi and Sticta latifrons contain
water equivalent to about twice their dry weight. In
contrast, after the same experimental treatment, the ho-
moiomerous Collema laeve contained 10 times more
water. These differences remain when water content is
related to thallus area instead of thallus dry weight.

Collema laeve holds water in its thallus equivalent to
more than 2 mm of precipitation.

There is no doubt that all the species studied, under
natural conditions, reached the maximal hydration
which could be attained experimentally by submerging
and soaking the thalli. The maximum natural water hold-



ing capacity was, in almost all cases, much higher than
maximal content after removing the externally adhering
water. Collema laeve holds more than 33 times its dry
weight of water. During the measuring period, times of
suprasaturation with water were interrupted by short
phases of dehydration. All species investigated experi-
enced low water contents, at least briefly, and most be-
came so desiccated that the lower moisture compensation
point of net photosynthesis was reached or at least ap-
proached.

Photosynthetic responses of three species, with ex-
treme differences in maximal water contents, are illus-
trated in Fig. 1. Maximal rates of chlorophyll-related net
photosynthesis (NP) of around 15 nmol CO, mg} s~!
were similar for all three species. However, optimal rates
of CO, fixation were reached at very different water
contents. Pseudocyphellaria faveolata attained maximal
rates of photosynthesis at a WC of 86% (Fig. 1), whereas
the thallus was water-saturated at 367% (see Table 1).
This water content was lower than the moisture com-
pensation point of Collema laeve, which achieved pos-
itive CO, exchange only at a WC higher than 433%, and
maximal CO, exchange rates at water contents greater
than 1300%. Coccocarpia palmicola showed an inter-
mediate response.

Dry-weight related water content has most often been
taken to be the most suitable basis for representing the
physiological effect of water content in lichens. Neverthe-
less, it can be influenced by thallus dry matter density,
and for instance, a high thallus mineral content can
impact calculations of WC. Therefore, water content of
the experimental lichens was also related to other bases.
Area-related water content (Fig. 1, middle) can be cal-
culated as a precipitation equivalent (mm water) held in
the lichen thallus. When thallus water is related to
chlorophyll content {Fig. 1, bottom), it is an indication
of water available per unit of photobiont. In both of the
latter cases, the general pattern for the three species
displayed remains the same as when water content was
related to thallus dry weight.

Response of net photosynthesis at supraoptimal water
contents

There are large and, in terms of primary production, very
important differences between the species with respect to
their gas exchange performance at supraoptimal thallus
water content. It was found possible to subdivide these
performance differences into four types that were in-
dependent of the absolute water-holding capacity (Fig. 2).
Although there is always the risk that future, more exten-
sive work will require a revision of this grouping, which
is the product of a relatively small number of species
sampled, this subdivision was found to be very helpful in
the physiological and morphological analysis of the li-
chens’ response to high levels of hydration. Only two spe-
cies, Sphaerophorus macrocarpus and Sticta caliginosa,
did not show depressed photosynthesis at their highest
water contents and retained maximal rates of CO, fixa-
tion from about 60% to maximal thallus water content
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Fig. 1. Chlorophyll-related net photosynthesis (NP, CO, uptake
positive) in relation to water content (WC) for the three extremely
different species Pseudocyphellaria faveolata, Coccocarpia pal-
micola, and Collema laeve. Water content is related to thallus dry
weight (percentage, fop), to projected thallus area (volume water per
area, i.e. precipitation equivalent, middle), and to thallus
chlorophyll content (bottom). The last data point for each response
curve represents the maximal water content attained after soaking
and subsequent removal of adbering droplets

(Fig. 2, Type A). A slight depression near thallus satura-
tion occurs in the species of type B but, in group C,
depression begins at around 50% of maximal water con-
tent and increases steadily until almost no positive CO,
exchange was found at maximal water content. Cladia
sullivanii respires even at the highest water contents.
These changes are the consequence of decreasing thallus
CO, conductance. The release of respiratory CO, at
extremely high water contents can be explained as the
result of the development of a high CO, diffusion resis-
tance between a CO, source and the photobiont (Cowan
et al. 1992). The latter workers studied Ramalina maci-
formis where a similar net CO, loss was achieved by
infiltration of a thallus with water. In the fourth group
(D), a depression of net photosynthesis is also present at
thallus water contents greater than optimal. However,
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the response curve shows an inflection point so that the
low rates (10-25% of the optimum) attained at water
contents around 60% of maximum remain almost con-
stant until thallus saturation. The affiliation of all studied
species to these groups is included in Table 1.

Occurrence of high thallus water contents in the field

Species belonging to the response types C and D, show
a very strong depression of their net photosynthesis at
high water contents. Not only can these water contents
be attained by artificial soaking of the lichen thalli, they
are also substantially surpassed by maximal lichen water
contents under natural conditions in the field (Table 1).
High water contents in the range that would be expected
to cause strong photosynthetic depression were certainly
not rare or exceptional events. They occurred frequently
during our measuring period for the species of the forest
interior and could last for long periods.

The range of thallus water content for the daylight
(i.e. potentially photosynthetic) hours of 8 days are
depicted for the cyanobacterial Pseudocyphellaria dissi-
milis (Fig. 3) and for the green algal P. faveolata (Fig. 4).
Data are missing for November 4 and 5 when rainfall was
so heavy that the instrumentation was flooded and no
readings could be taken. However, thallus water contents
of the lichens on those days must have been at least equal
to those on the preceeding, drier day. During these 8
days, both lichens had water contents optimal for net
photosynthesis only for brief periods. For most of the
daylight hours they were far too wet for optimal CO,
exchange, reaching more than 1000% WC on 3 Novem-
ber, with drops of water standing on the thalli. The lowest
WCs on this day were 664% and 526% for P. dissimilis
and P. faveolata, respectively.

Diel courses under natural conditions for Pseudo-
cyphellaria pubescens (type D) are analysed in Fig. 5.

WC, % of maximum

Nov, 8

Nov. 7

Nov. 6
NOV. 3 see—
mev— NOV. 2
Nov. 1
——————— OCt. 31
Oct. 30, sample 2 e—————
——— Oct, 30, sample 1

Pseudocyphellaria dissimilis

NP, nmol mg-1s-1

T T T
0 200 400 600 800 1000

WC, % of dry weight

Fig. 3. Chlorophyll-related net photosynthesis (NP) of the cyano-
bacterial Pseudocypheliaria dissimilis in relation to water content
(WC; dry weight basis). The horizontal bars show the range of
water content of the same species under natural conditions during
the daylight hours on the days indicated during the measurements
mn 1991

The thallus water content (ordinate) has been subdivided
into sections according to net photosynthetic rates, and
then overlain with the diurnal courses of WC for 7 days.
On 4 days (31 October, 6, 7, 8 November) and most
probably also on the very wet days 4 and 5 November,
WCs were so high that the lichen never had a water
content which would have allowed more than 25% of
optimal photosynthesis (at saturating light and at the
given temperature). On 2 days, optimal water contents
did occur, however only temporarily for a few hours,
until the thallus either became too dry (I November) or
was again too wet due to rain (8 November). On the
driest day, 2 November, optimal water content was



reached only during the early morning hours. The lichen
then dried out but, even on this day, the lower moisture
compensation point for CO, exchange was not reached.
This dry phase lasted only for the remainder of the day
until it rained, and the water content increased again to
more than 600% during the night. For the majority of the
measuring period, the net photosynthetic rate of this
species would be expected to have been substantially
limited by the high thallus water content.

Demonstration of net photosynthesis limitation by high
water content in the field

Proof that net photosynthesis was actually depressed by
high water contents under field conditions was provided

Nov. 8

T —————— OC1. 31
Oct. 30, sample 2 se—————

N ———— Oct. 30, sample 1

97 Pseudocyphellaria faveolota

NP, nmol mg-1s-1
(=29
1

0 200 400 600 800 1000
WC, % of dry weight

Fig. 4. Chlorophyll-related net photosynthesis (NP) of the green

algal Pseudocyphellaria faveolata in relation to water content (WC;

dry weight basis). The horizontal bars show the range of water

content of the same species under natural conditions during the day-

light hours on the days indicated during the measurements in 1991

Pseudocyphellaria pubescens

309

by the following experiment, carried out on a day when
Pseudocyphellaria pubescens had attained a water content
of more than 1000% after rain in the night and then dried
to about 800% at midday. A sample was tranferred into
the cuvette, where it was subsequently kept at constant
illumination (about 150 pmol m~2 ™1 ), air temperature
between 11 and 12° C and at a relative humidity which
was slowly decreased from 87 to 72%. For the first 4 h,
WC decreased from 811 to 265% (Fig. 6, lower panel)
with little change in lichen net photosynthesis (Fig. 6,
upper panel). But, with further drying NP suddenly in-
creased from 3 to more than 13 nmol mg~* s~ ! in little
more than 20 min. Maximal net photosynthesis was
reached at a WC of about 150%, and further drying of
the sample resulted in loss of photosynthetic activity. The
time course clearly shows that, when collected from the
field, the lichen was incapable of high rates of photosyn-
thesis because of the unfavourable thallus water content.
P. pubescens has a type D water-content response (see
Fig. 2). The time course also shows the small range of
water content over which water films, which initially
greatly depress photosynthesis, appear to break, allow-
ing optimal rates of carbon gain to be achieved.
Changes in CO, exchange rate with change in thallus
water content during normal diel measurement courses
also demonstrated the deleterious effect on photosyn-
thesis of supraoptimal water contents. Conditions on 7
November were especially suitable for such a comparison
because of a sudden increase in thallus water contents in
the middle of the day. Temperature varied only between
7.9 and 10.9° C and relative humidity was close to satura-
tion. Before noon, lichen water content stayed almost
constant at moderately low levels, allowing rather high
rates of net photosynthesis for most of the species. At
noon, heavy rain quickly soaked the thalli to almost
maximal water-holding capacity and they remained in
that condition until night fell. Figure 7 shows the depen-
dence of CO, exchange on incident PFD for four species,
as extracted from the diurnal courses of photosynthetic
activity. The light responses of CO, exchange are com-
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Fig. 6. Time course of chlorophyll-
related net photosynthesis (NP, above)
and water content (WC, below) of
Pseudocyphellaria pubescens. The experi-
ment began at high natural water con-
tent of the lichen, and the thalli dried
out subsequently (see text for further

description)
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Fig. 7A-D. Chlorophyll-related net

photosynthesis (NP) in relation to in-
cident photon flux density (PFD) under
natural conditions at low (before rain,
open symbols) and high (after onset of

rain, filled symbols) water content
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N
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-2 Pseudocyphellaria murrayi

Pseudocyphellaria dissimilis

(7 November 1991). The four diagrams
represent species which belong to the
four photosynthesis versus WC response
types (see Fig. 2): A: Sticta caliginosa;
B: Sticta latifrons; C: Pseudocyphellaria
murrayi; D: Pseudocyphellaria dissimilis
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pared before and after midday, i.e. before the rain (at low
thallus water content), and after the rain (at high water
content). Sticta caliginosa (type A response, Fig. 2, with
no depression of photosynthesis even at maximal water
content) had almost identical PFD response curves over
the range 0-35 umol m~2 s~! , which was the highest
PFD reached during this day (Fig. 7A). In contrast,
representatives of all of the three other types, namely
Sticta latifrons (B), Pseudocyphellaria murrayi (C) and
P. dissimilis (D) show saturation of photosynthesis at
lower PFD in the afternoon although response at low
PFD remained the same. In the afternoon, light satura-

tion was reached at a very low PFD of 10 umol m~2 s~ 1.

20

T

30 40

PFD, pmol m-2g- 1

The high water content of the thalli allowed only small
rates of net photosynthesis in the afternoon compared to
the rates under otherwise indentical photosynthetic con-
ditions in the morning. All lichens showed an increased
respiration rate after the rainfall which, in itself, would
tend to slightly lower net photosynthesis.

Light response of net photosynthesis in relation to
thallus water content

Water content dependencies of CO, fixation (see Fig. 2)
were established in routine experiments at an incident
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Fig. 8. Chlorophyll-related net photosynthesis (NP) of Pseudo-
cyphellaria coronata, in relation to incident photon flux density
(PFD) at the indicated thallus water contents (%¥WC, dry weight
basis)

PFD of 150 umol m~? s~ 1. At this PFD, photosynthesis
was light-saturated, at least for the shade species from the
interior of the rainforest. This is clearly shown in Fig. 8
in which light response curves for Pseudocyphellaria cor-
onata at six different water contents are depicted. Highest
rates of photosynthesis were attained at water contents
between 147 and 96% and, under these conditions, light
saturation took place at about 100 pmol m~2 s~ !. Both
lower and higher water contents decreased the rates of
net photosynthesis and, above a WC of 300%, CO,
uptake was small and almost undetectable. Furthermore,
there was a tendency for both the apparent quantum use
(the initial slope of the light response curve) and the
moisture compensation point to decrease with water con-
tents above and below the optimum value. Similar re-
sponse patterns were also found for other rainforest
species. These results explain lichen performance at
changing water contents under their natural field con-
ditions, as illustrated for 1 day in Fig. 7.

Discussion

The studies reported here are the first of this kind on
rainforest lichens in the field. They cover only a relatively
short period of time, and extrapolation from the results
must, therefore, be a matter for caution. Although some
days were exceptionally wet, even by rainforest stand-
ards, suprasaturation of lichens was not confined to
those days, but was frequent, and optimal thallus water
contents occurred only for short periods. It is considered
that the results are most probably of general applicability
for these forests.

An astonishing range of maximum water content was
found between species. Maximal dry-weight related thal-
Ius water content, or the water content which allows
optimal net photosynthesis, is more than 10 times larger
for the homoiomerous Collema species than it is for some
of the thin, foliose Pseudocyphellaria species. These dif-
ferences were retained when water content was related to
carbon content of the thalli, to chlorophyll content, or
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to projected thallus area, suggesting that they represent
fundamental characteristics of water economy. The
worry that water contents often used in laboratory stud-
ies were unnaturally high can certainly be laid to rest, at
least for this type of species, since these values were
almost always exceeded in the field.

It has long been known that the structure of lichens
can lead to depressed CO, fixation at high thallus water
contents (Stocker 1927) due to increased thallus CO,
diffusion resistances (Lange and Tenhunen 1981). In our
investigation this depression did not always occur and a
wide range of responses of net photosynthesis to thallus
water content was found. Some species (categorised as
types A and B; see Fig. 2) apparently do not suffer
greatly from high diffusion resistances at maximal water
content. Their net photosynthesis is not, or only slightly,
depressed even when they are thoroughly soaked. The
majority of species, however, are strongly affected by
supraoptimal water contents. Apparently very frequent
(40% of the species studied) is response type D, in which
the WC-dependent NP curves, after a strong, initial fall
as water content increases, show an inflection point, and
no CO, release was observed even though net photosyn-
thesis could be very low, and almost at compensation. It
seems that an external water film develops and covers the
lichen thallus, allowing only a very reduced rate of CO,
transport. Changes in the thickness of this water film,
once established, probably have only a small effect on
total diffusion resistances (Green and Snelgar 1982). The
time course of CO, exchange during drying supports this
explanation with the steep rise in CO, uptake occurring
over a brief period of time and a change in thallus water
content, explicable as the point in which the water film
becomes discontinuous (see Fig. 6). This phenomenon
has been previously reported for Sticta latifrons thalli
which had been soaked and then selectively dried on
either the upper or lower surface (Green et al. 1982). In
that case the difference between the two water content
response curves was almost as great as the difference
between types C and D reported here, further emphasis-
ing the importance of water location to CO, exchange by
lichens. Interestingly, although for most of the species the
classification into one of the response types was unequiv-
ocal, and replication of experiments on the same species
led to the same results, some transients and changes
in response did occur and these were normally between
types C and D. From the results of Kershaw (1977)
Peltigera canina would be classified as type C, but be-
haved as type D for Lange and Matthes (1981). Similar
drying responses, with an increase of net photosynthesis
to an optimum as the lichen dries, are already known
from laboratory experiments with many other species,
such as Ramalina maciformis (Lange and Tenhunen
1981) and Umbilicaria aprina (Kappen and Breuer 1991).

Few correlations seem obvious between degree of
depression, or response type, and known anatomical or
morphological structures of the experimental species
used here. For instance, the two species which show no
depression at high water contents (type A) differ greatly
from one another. They are Sricta caliginosa, with well-
developed cyphellae, and the fruticose multi-branched
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Sphaerophorus macrocarpus with a coutinuous cortex.
Both Usnea species studied belong to type B with only
a small depression, and this may reflect the scattered
structure of their photobiont layer and their thin cortex
which might avoid formation of high diffusion resis-
tances. But in the same group one also finds the fruticose
Cladia retipora, and foliose species like Menegazzia per-
transita and the stipitate Sticta latifrons. The genus
Pseudocyphellaria is well represented in both types C and
D. Some consistent differences might be expected be-
tween green algal and cyanobacterial lichens since the
latter are known to apparently possess a more effective
carbon transport system that would work to ameliorate
the influence of a high diffusion resistance (Badger et al.
1993). None, however, are obvious, and lichens with
both photobionts are found in type A (no depression)
and in type C (large depression). This might reflect the
dominant influence of the mycobiont; however Pseudo-
cyphellaria rufovirescens (green algal) and P. murrayi
(cyanobacterial) are members of a photosymbiodeme
pair with the same mycobiont, but one is type C and the
other type D.

The surprisingly wide diversity of reponses found in
lichens to high thallus water content has probably under-
pinned some of the differences and problems in the lichen
literature. In particular, there has been a long-running
debate over whether or not serious CO, exchange de-
pression, sometimes to only respiration, occurs at high
thallus water contents. Kershaw (1985; see especially
Kershaw 1977) found such responses regularly in his
experiments. These results were not confirmed by Lange
and Matthes (1981) who claimed that such CO, release
at high water content could only be understood as a
consequence of metabolic reactions which were influ-
enced by the degree of hydration. They found it difficult
to understand how the biochemical mechanism of
photosynthesis could be affected by changes in the
amount of water in the thallus, when such changes occur-
red under conditions where water potential would not
alter, being almost zero. Although this argument may
still be applicable to dark respiration, in which Kershaw
(1985) often found a continuous, increasing response to
water content, even in the supraoptimal range, it no
longer secems to be sustainable for changes in net
photosynthesis. Cowan et al. (1992) have calculated the
distribution of CO, diffusion resistances within the cor-
tex and the medulla of the lichen thallus for different
degrees of hydration in relation to the carboxylation
resistances of the photobionts. They showed that a water
content is reached at which some of the respiratory CO,
of the mycobiont is not reassimilated even if the internal
CO, partial pressure around the photobiont is very low.
This CO, then diffuses to the outside because diffusive
resistances in that direction are smaller than towards the
photobiont. This satisfactorily explains the experimental
results which are summarised by Kershaw (1985) and
which are shown by some of the species here, those with
response type C.

Morphological explanations for the variability in
maximum water content and for the different responses
at high water content are not yet available, and a large

and important field for functional-anatomical studies
remains. The interaction between thallus structure, water
content and CO, exchange is an area of considerable
interest. Several Pseudocyphellaria and Sticta species
have been investigated by Green et al. (1985), with the
emphasis on clarifying diffusion pathways. Pseudo-
cyphellae and cyphellac, which are mainly found on the
lower side of the thalli and which characterise these
lichens of the Stictaceae family, proved to be major CO,
exchange pathways (Green et al. 1982) and were inter-
preted as special anatomical adaptations to maintain
CO, flux in the hydrated thallus. Water loss, on the other
hand occurs over the whole thallus surface of these fo-
liose lichens (Green and Snclgar 1982). Inside the
medulla, protected CO, diffusion pathways, which might
be waterproofed by lichen substances (see Honegger
1991), are considered to maintain CO, supply to the
photobionts. All of these mechanisms are apparently of
limited success, because depression of net photosynthesis
or even total loss of net carbon fixation may still occur
at high water contents.

The high lichen biomass indicates that rainforests
offer a favourable environment for these organisms;
nevertheless lichens seem to be constrained by several
factors. Extreme dimness during most of the daylight
hours and the danger of photoinhibitory damage by
short light flecks with high intensities are limitations
often considered in connection with the rainforest hab-
itat (see Demmig-Adams et al. 1990a, b). Surplus of
water has now been shown to constitute an additional
environmental factor which reduces lichen photosynthet-
ic productivity. High lichen cover in these forest environ-
ments is often concentrated in relatively drier places, e.g.
the upper canopy, and this may reflect the preferences of
lichens for microsites which provide some water loss in
order to avoid long-lasting suprasaturation. In the wet-
test habitats, lichens scem to become outcompeted by
bryophytes which, apparently, are better able to handle
large amounts of liquid water and maintain a reasonable
photosynthetic CO, fixation at the same time (see Green
and Lange 1993). Thus, the distribution of the different
lichen species in the rainforest might, to a considerable
extent, be determined by differences in morphological
and in functional adaptation to high thallus water con-
tents.

In a following communication we shall report diel
courses of CQO, exchange and water relations of the
different rainforest lichens, which will show species-
specific peculiarities in response patterns to carbon gain
attained under a variety of weather conditions. As a next
step of the analysis we plan investigations into the ana-
tomical and morphological structure of the different lichen
types with respect to their water-content related photo-
synthetic performance.
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