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Abstract

The exchange of carbonyl sul"de (COS) between lichens and the atmosphere was investigated under natural "eld
conditions. Using dynamic enclosures #ushed with ambient air, we demonstrate that lichens act as a major sink for
atmospheric COS in the investigated ecosystem. Diel courses of the exchange are shown in an open oak woodland
ecosystem at a rural site in central California. The measurements were distributed over a variety of weather conditions
during the dry (May/June) and the wet season (Nov/Dec). The physiological parameters (CO

2
exchange and thallus

hydration status) plus environmental variables (temperature, irradiance, atmospheric humidity and ambient COS mixing
ratio) were recorded. Lichens are capable of continuous uptake of COS in the dark as well as in the light, depending
mainly on their moisture status. Results indicate that the uptake is additionally dependent on temperature and COS
ambient mixing ratio. Enzyme inactivation by high temperature denaturation demonstrate that the uptake is under
physiological control. Light and thus photosynthetic activity do not have a direct in#uence on the uptake rate. Under
these "eld investigations the COS uptake on a dry weight basis ranged between 0.015 and 0.071 pmol g~1 s~1. On
a thallus surface area basis the sink strength is comparable to the uptake by higher vegetation. ( 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Carbonyl sul"de (COS) is the most stable and most
abundant reduced sulfur gas in the atmosphere. It is
photodissociated as well as photooxidized to form SO

2
(Chin and Davis, 1993). SO

2
is subsequently converted to

sulfate aerosols. Aerosols directly cool the earth by re-
#ecting sunlight, and the particles may act as seeds for
cloud condensation (CCN) and thus increase the re#ec-
tivity or albedo of clouds in the lower troposphere
(Andreae and Crutzen, 1997). In the stratosphere COS
serves as an important source for the stratospheric aero-
sol layer (Crutzen, 1976; Meixner, 1984; Hofmann, 1990;

Engel and Schmidt, 1994) which can intensify the de-
struction of the stratospheric ozone layer (Roche, 1994;
Fahey et al., 1993; Solomon et al., 1993) and in#uences
the earth's radiation budget (Turco et al., 1980). As a con-
sequence it is important to assess global sinks and sour-
ces of COS.

The understanding of the global COS cycle is still
poor, re#ected by a seriously unbalanced budget with
sources exceeding sinks by a factor of two (Chin and
Davis, 1993; Johnson et al., 1993), although no temporal
trend in the tropospheric mixing ratio of COS was
observed during the past decade (Bandy et al., 1992;
Rinsland et al., 1992; Thornton et al., 1996). Recently,
Andreae and Crutzen (1997) proposed a correction to-
wards a more balanced budget by changing the soil
source strength into a soil sink strength, an assumption
which was made owing to "ndings of Castro and Gallo-
way (1991) and DeMello and Hines (1994) and which is
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supported by recent investigations of other research initi-
atives (Kuhn et al., 1999; Kesselmeier et al., 1999; Sim-
mons et al., 1999). While vegetation is recognized as
a major tropospheric sink (Taylor et al., 1983; Brown and
Bell, 1986; Goldan et al., 1988; Chin and Davis, 1993;
Kesselmeier and Merk, 1993, Kesselmeier et al., 1997,
Andreae and Crutzen, 1997), recent laboratory investiga-
tions revealed that lichens possess the potential to take
up COS in the same range as vascular plants, compared
on the leaf versus thallus surface area according to Gries
et al. (1994). Although some interspeci"c variation occur-
red among the 14 species investigated, deposition rates
reached a relatively uniform level. In contrast to higher
plants, the uptake of COS was dependent only on the
thallus moisture content and thus on the physiological
activity of the lichens. Because no investigations of li-
chens and COS exchange under natural "eld conditions
have been carried out to our knowledge, considerable
uncertainty exists about the potential role of lichens in
the global COS budget, even though lichens may be
dominant components on about 8% of the terrestrial
land surface (Ahmadjian, 1995) and are important con-
stituents of various ecosystems.

Lichens are not plants, but symbiotic associations con-
sisting of populations of green algae and/or cyanobac-
teria (photobiont) and a fungal tissue (mycobiont).
Because lichen dominated ecosystems cover extensive
terrestrial habitats, their COS uptake may be important
for the world's sulfur budget. The fruticose, epiphytic
lichen species Ramalina menziesii occurs along the west
coast of North America, covering an enormous latitudi-
nal distance from southern Alaska to central Baja Cali-
fornia (Rundel, 1974). Its reticulate thallus dominates the
epiphytic community of central coastal California with
a few stands as far east as the Sierra Nevada, often
forming a dense, pendulous canopy and having bi-
omasses as high as 600}700kg ha~1 (Larson et al., 1985;
Boucher and Nash III, 1990; Knops et al., 1996). The
thallus morphology ranges from relatively coarse nets in
sunny, inland areas to thin "laments in foggy, coastal
regions (Larson, 1983; Larson et al., 1985; Rundel, 1974).
During studies at a rural research station in California,
we investigated the exchange of COS between lichens
and the atmosphere using dynamic enclosures #ushed
with ambient air.

2. Methods

2.1. Site description

This study was performed in an open oak woodland at
the Hastings Natural History Reservation in Monterey
County, central California (36323@N, 121333@W; 490m
asl). The reservation is located in a side valley of the
Carmel Valley approximately 40 km from the coast. The

area is characterized by a Mediterranean climate with
hot, dry summers and a mean annual precipitation of
524mm, which is restricted primarily (90%) to the wet
season between November and April (Knops et al., 1996).
The landscape includes a mosaic of mixed evergreen
forest, deciduous oak woodland, oak savanna and
chaparral (Gri$n, 1977). The oak woodlands are com-
posed of relatively even-aged trees that rarely exceed
5 m in height. Fruticose and foliose lichens are a con-
spicuous component of the ecosystem. According to
Knops et al. (1996), Ramalina menziesii is the most com-
mon (78%), epiphytic, fruticose lichen followed by Usnea
sp. (20%). They occur abundantly on oaks and a variety
of other substrates. The vegetation found in the Hastings
Reservation (in central Monterey County, California) is
typical for the coastal mountain ranges. The region is
regarded as rural to remote with minimal local anthropo-
genic in#uences.

COS exchange rates between lichens and the atmo-
sphere were investigated in May/June and November/
December, 1994. Of the 11 sampling dates presented
here, six were in winter and "ve in summer. Laboratory
investigations with the same system as applied in the "eld
were made at the Max Planck Institute for Chemistry in
Mainz, Germany.

2.2. Cuvette system

We applied an open, dynamic (#ow-through) cuvette
system consisting of two cylindrical chambers of 0.09m
in height and 0.145m in diameter (internal volume of
1.5 l; Fig. 1), made of Te#on "lm supported by two
external PVC skeletons. One cuvette acted as the sample
(lichen) cuvette; an identical but empty one, as a refer-
ence. All surfaces in contact with the sample gas were
made or covered by Te#on or Te#on "lm. Previous
studies demonstrated that the applied Te#on "lm (FEP)
shows no interference with trace gases tested such as
organic acids (SchaK fer, 1992), monoterpenes and isoprene
(Kesselmeier et al., 1996), and reduced sulfur compounds
(Kesselmeier et al., 1993, 1999) and is fully light per-
meable in the spectral range of 300}900nm.

In order to obtain quasi-ambient conditions inside the
enclosures, they were constantly #ushed with outside air.
The air #ow was regulated and monitored using mass
#ow controllers. The air inside the chamber was well
mixed by a Te#on propeller driven by a magnetically
coupled motor attached outside. With a constant #ow
rate (Q) of 1 l min~1, a complete turnover of the air
within the cuvette was achieved approximately once
every 1.5 min. Air and thallus temperatures within the
cuvette were continuously recorded with te#onized ther-
mocouples. Photosynthetically active radiation (PAR)
was measured with a LiCor quantum sensor (LiCor,
Lincoln, NE, USA) outside the chamber, and relative
humidity recorded with a temperature}relative humidity
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Fig. 1. Sectional view of the dynamic cuvette system.

probe (Model 133Y, Vaisala, MalmoK , Sweden). For de-
termination of the gas #uxes, air samples were taken
continuously for COS analysis (0.1 l min~1) and for CO

2
exchange. Both chambers were checked regularly for
trace gas ad- or desorption.

The gas exchange rate (F) was calculated according to
Eq. (1) from the measured concentration di!erence (li-
chen chamber: *c"c

-*#)%/
!c

3%&%3%/#%
), the chamber #ush

rate (Q) and the reference thallus dry weight (dw).

F"*c
Q

dw
. (1)

Exchange rates obtained with enclosure techniques
may not be extrapolated directly to the natural (undistur-
bed) "eld situation, as chamber measurements generally
cause an alteration of the trace gas mixing ratio. For
a quantitative description of this e!ect and for comparing
measurements with di!erent methods, the concept of the
deposition velocity of a gas is used (see, e.g., Hicks et al.,
1987). Deposition #uxes are assumed to be proportional
to the ambient air concentration (c) and are therefore
normalized to the so-called deposition velocity (v

$
):

v
$
"

F

c
. (2)

2.3. Analysis of trace gases

Reduced sulfur compounds were sampled by cryogenic
trapping and quanti"ed by a gas chromatograph (GC)
equipped with a #ame photometric detector (Hofmann
et al., 1992). Control measurements of the empty cuvettes
were conducted regularly in order to evaluate possible
chamber losses or contamination problems of COS

inside the enclosure. No e!ect of the chambers could be
detected within the precision of our system. The GC was
calibrated with samples obtained from a permeation tube
(VICI Metronics) device. Sampling e$ciency for COS
was 100% (Hofmann et al., 1992). The relative precision
of the measurements was 100$6%, based on the repro-
ducibility of consecutive samples over a 2-day period
with 90 ppt (n"26) and 710ppt (n"25) COS standards.
The overall, absolute accuracy is estimated to be
100$10%, based on the standard deviation of calib-
rated samples (permeation device) injected on a daily
basis (n"60). The following assumptions were made to
calculate the errors of the COS exchange rates: 6% error
for the COS measurements of the reference cuvette (p

3
)

and of the lichen cuvette (p
"
), 5% error in the cuvette

#ow (p
Q
) determination, and 1% in the dry-weight (p

$8
)

determination. The total #ux error (p
F
) from di!erence

measurements can be obtained by using the error propa-
gation method according to Doer!el (1984):

p
F
"S

[(c
3
p
3
)2#(c

"
p
"
)2]

(c
3
!c

"
)2

#p2
Q
#p2

$8
. (3)

Quanti"cation of CO
2

and water vapor exchange was
achieved by a standard infrared gas analyzer (Model
6262, LICOR, Lincoln, NE, USA) in the di!erential
mode. It was maintained in a temperature-insulated box
controlled at 403C to prevent signal #uctuations due to
temperature e!ects as well as water condensation. Fur-
thermore, all tubings downstream of the cuvette were
insulated and heated to 403C.

2.4. Protocols employed

Because of their poikilohydric nature, metabolic activ-
ity of lichens varies greatly with the prevailing moisture
content of the thalli (Lange and Tenhunen, 1981). During
the "eld campaign, lichens were sampled and incubated
in the cuvette, either moistened naturally by precipitation
or wetted arti"cially with deionized water. Prior to incu-
bation in the cuvette, surface water was removed by
slightly shaking and blotting the thallus and the fresh
weight was determined gravimetrically. Gas exchange
measurements started 0.5 h after closing the cuvettes. The
water content during the measuring period was then
calculated according to the LiCor readings of water
evaporation. Immediately after each measurement
period, the lichen sample was weighed to determine its
"nal water content and then oven-dried at 1003C for 24 h
for dry-weight determination. All thallus-water content
values were expressed as percent of oven dry weight.
Conditions inside the cuvette did not exactly match the
ambient conditions outside. Temperature increased dur-
ing sunshine by (23C, and the relative humidity inside
the chamber was increased temporarily owing to evapor-
ation from the wet lichen thallus. Consequently, the
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Table 1
Ranges of COS uptake rates (pmol g~1s~1) between lichens and the atmosphere on a dry weight basis measured under summer and
winter conditions at the Hastings "eld site. Only periods with continuous data under stable conditions are listed. Nat., natural
moistening by rain or fog; art., arti"cial moistening with deionized water

Date Range Water content ¹ Ambient COS Species Remarks
(pmol g~1s~1) (%) (3C) (ppt)

06 June 1994 0.06$0.004 107!101 11$1 439$29 R. menziesii Summer, nat.
14 June 1994 0.04$0.005 191!148 6$2 424$55 R. menziesii Summer, art.
24 June 1994 0.02$0.01 147!80 11$4 345$15 R. menziesii Summer, art.
25 June 1994 0.02$0.004 184!138 11$1 348$7 U. sp. Summer, art.
15 June 1994 !0.005$0.015 22!15 6$3 368$29 R. menziesii Summer, dry
07 June 1994 0$0.005 45!20 12$5 483$48 R. menziesii Summer, dry
24 Nov 1994 0.07$0.01 262!148 6$2 308$15 R.menziesii Winter, art.
03 Dec 1994 0.03$0.006 85!36 9$4 358$41 R. menziesii Winter, art.
05 Dec 1994 0.047$0.007 202!83 7$2 349$16 R.menziesii Winter, nat.
04 Dec 1994 0.06$0.013 144!80 10$1 348$23 U. sp. Winter, art.
08 Dec 1994 0.034$0.003 128!116 !3$1 273$9 R. menziesii Winter, art.
10 Dec 1994 0.015$0.005 104!60 1$1 316$15 U. sp. Winter, art.

Fig. 2. Diel cycle of the thallus-water content of a lichen inside
the cuvette (calculated by means of the LiCor readings) com-
pared with the waterloss of an extra thallus treated the same way
but kept outside of the cuvette (resolved gravimetrically).

vapor pressure de"cit as well as the water loss by the
lichen decreased. The period of physiological activity due
to a higher water content of the thallus was therefore
extended inside the cuvette. Fig. 2 shows the delayed
dehydration of Ramalina menziesii inside the cuvette
(calculated from the LiCor readings) compared to the
gravimetrically determined water loss of a reference thal-
lus outside of the cuvette. During the summer periods,
especially under conditions of high light intensity, we
occasionally observed slight condensation on the inner
surfaces of the chamber after incubation of a well-wetted
thallus. In this case the calculated thallus-water content

of the investigated lichen represents slower drying than
actually occurring.

For laboratory investigations the same procedure as
described above was employed. Lichen thalli were trans-
ported in an air-dry state via airplane and stored at room
temperature. They were moistened at least 1.5 h prior to
experimentation.

3. Results

We investigated the diel and seasonal behavior of COS
exchange between lichens and the atmosphere, compar-
ing measurements in May/June (dry season) and Novem-
ber/December (rainy season). Table 1 gives an overview
of the exchange rates observed in the dry and rainy
season. COS deposition was found in the range of
0.015}0.071pmol g~1 s~1 on a dry-weight basis. Fluc-
tuations can be related to the temperature and
thallus-water content as shown below. Under summer
conditions with nearly no rain, the lichens normally do
not show any activity for a long time but recover quickly
after moistening and reach similar exchange rates as
found under winter conditions, when the organisms are
more often wet enough to be physiologically active.
Natural (rain/fog) and arti"cial moistening always sus-
tained comparable activities. The gas exchange of lichens,
which is dependent on physiological, morphological
and anatomical features of the thallus, is above all a
function of the eco-physiological characteristics of the
(micro)habitat. Thus, out of the 11 days of measurement
presented in Table 1, "ve diel courses are selected to
represent the range of environmental conditions and the
species variety of this habitat in further detail. (Figs. 3}7).
The microclimatic conditions are characterized by
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Fig. 3. Diel cycle of the COS uptake by Ramalina menziesii
together with the thallus-water content and the eco-physiolo-
gically relevant parameters measured on 5 December 1994.
Open squares represent test measurements of the empty cuvette
system. Error bars of COS uptake indicate the total #ux error
derived from di!erence measurements according to Eq. (1). Er-
ror bars of the ambient COS mixing ratio indicate the precision
of the system ($6%).

Fig. 4. Diel cycle of the COS uptake by Ramalina menziesii
together with the thallus-water content and the eco-physiolo-
gically relevant parameters measured on 24 November 1994.
Open squares represent test measurements of the empty cuvette
system. Error bars as in Fig. 3.

Fig. 5. Diel cycle of the COS uptake by Ramalina menziesii
together with the thallus-water content and the eco-physiolo-
gically relevant parameters measured on 6}7 June 1994. Error
bars as in Fig. 3; note the di!erent scales for the summer period.

photosynthetically active radiation (PAR), relative hu-
midity (rh), temperatures inside the cuvette and ambient
COS mixing ratio; the physiology is represented by the
thallus-water content and the assimilation/respiration of
the lichen.

On a cold and rainy day in December (5 December
1994; Fig. 3), representative for the rainy season, relative
humidity was close to 100% throughout the whole day,
only slightly reduced during short periods of clear sky
and rising temperatures during daytime. Dense cloud
cover and fog events are re#ected by the low light regime.
A thallus of Ramalina menziesii, moistened to a water
content of about 200% by preceding natural rainfall, was
inserted into the cuvette the evening before (20:00 h).
Owing to the high relative humidity, the water content
decreased only slowly during the night; and the lichen
remained well hydrated (upper diagram) even during
a temporary increase in temperature (middle diagram)
during daytime. The "nal water content was still '80%
when the thallus was taken out of the cuvette, sustaining
physiological activity during the whole measuring peri-
od. The bold solid line in the middle diagram shows the
CO

2
gas exchange rate, documenting respiration during
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Fig. 6. Reproduction of the diel cycle of the COS uptake by
Ramalina menziesii with cuvettes covered by aluminum foil. The
pattern without photosynthetically active radiation parallels
those presented above indicating that COS exchange is not
directly linked to photosynthesis. Error bars as in Fig. 3.

Fig. 7. Diel cycle of the COS uptake by Usnea spec. together
with the eco-physiologically relevant parameters measured on
4 December 1994. Error bars like in Fig. 3.

nighttime and photosynthesis during the daytime.
Photosynthetic activity paralleled closely #uctuations
in the light intensity (lower diagram). After sunset low
respiratory activity was registered again.

Parallel to the physiological activity represented by the
CO

2
exchange rate, Ramalina menziesii showed a high,

persistent COS deposition rate during the whole day
(Fig. 3, upper diagram). The uptake, already observed
during nighttime, increased initially during daytime with
only slight dehydration of the thallus, accompanied by an
increase of temperature and ambient COS mixing ratio
after sunrise (07:30h). After a further rise of temperature
the COS uptake declined gradually with dehydration of
the thallus. Mean COS uptake values during the night
(0.046$0.006 pmol g dw~1 s~1; n"6) did not di!er
signi"cantly from the daytime values (0.048$0.008
pmol g dw~1 s~1; n"15) (t-test; a"0.01). The ambient
COS mixing ratio did not show a pronounced diel cycle
during this day (middle diagram). Remarkably, the slight
decrease in COS mixing ratio at 10:30 h was directly
followed by a reduction of COS uptake.

Similar climatic conditions were found on the evening
of 24 November 1994 (Fig. 4). Because there was no
natural rainfall in spite of dense cloud cover, the lichen
was arti"cially sprayed with deionized water to promote

physiological activity, resulting in 250% thallus-water
content. Owing to a low ambient relative humidity, dehy-
dration was accelerated compared to the pattern de-
scribed above. After sunrise with increasing temperature,
the evaporation rate rose drastically, leading to a thal-
lus-water content of ca. 30% shortly after 12:00 h. At "rst
the CO

2
exchange responded similar to the pattern de-

scribed above, but dropped sharply after 10:00 h owing to
the on-going water loss. The COS deposition rate of
0.063$0.008pmol g dw~1 s~1 (n"5) during night-
time was followed by a distinct increase directly after
sunrise. A peak of COS deposition was then followed by
a sharp decline of the COS uptake paralleled by a drop of
photosynthesis. Again the temporary boost of COS de-
position in the early morning hours was accompanied by
an increase in temperature and ambient COS mixing
ratio. During the winter as well as during the summer
period, we frequently found signi"cant diel cycles of
atmospheric COS mixing ratios with high values during
daytime and a drop by about 150 ppt during the night.
Additionally, the mean COS daytime background mix-
ing ratios were a!ected strongly by seasonal di!erences,
with higher values during summer (465$77 ppt) as
compared to wintertime (375$56 ppt; Kuhn et al.,
1999).

Owing to the climatological conditions in the summer
period (e.g., little precipitation, high temperature and low
relative humidity), the lichens of this ecosystem remain
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Fig. 8. Indication of the physiological background of the COS uptake by Ramalina menziesii. COS uptake as a function of water content
of an active thallus (living control, closed symbols) compared to a dead thallus (inactivated, open symbols). The CO

2
exchange indicates

the physiological state of the thallus. Error bars of COS uptake indicate the total #ux error derived from di!erence measurements
according to Eq. (1).

dry most of the time and are thus physiologically inactive
(Matthes-Sears et al., 1986). The only natural precipita-
tion event during our campaign was on 6 June 1994
(Fig. 5). After being moistened by a light nighttime
drizzle, the lichen was inserted into the enclosure shortly
before sunrise. Because of a dense cloud cover in the early
morning hours, the commonly observed steep increase of
light intensity to approximately 2000 lmol m~2 s~1

(PAR) and an ambient temperature shift to almost 303C
was postponed until after 10:00 h on this speci"c day.
Despite the short-term moistening after a long summer
period of dryness, the CO

2
exchange (respiration/assimila-

tion) started immediately within a range comparable to
the winter values. Owing to the rapid drying, R. menziesii
became inactive very soon as temperature rose during the
day. Without any further wetting, the thallus-water con-
tent of the lichen increased only slightly because of the
relative humidity at the subsequent nighttime. Lichens are
able to utilize not only rain as source of water for hy-
dration but also fog, dew, or even atmospheric water
vapor to become physiologically active (Lange et al., 1986;
Nash III, 1996). According to laboratory studies by Run-
del (1974), the water content of R. menziesii in equilibrium
with an atmosphere of 90% rh at 253C reaches 34% of dry
weight, a water content that is the approximate minimum
for gross photosynthetic activity of this species in the
"eld (Matthes-Sears et al., 1986). Our lichen barely reach-
ed this limit, re#ected by the very low CO

2
exchange rate

during the next morning (Fig. 5, middle diagram).
The same is the case for COS. An uptake rate of the

well-hydrated thallus in the same range as for the winter
period was followed by a sharp decline of the exchange
activity with progressing dehydration. Under these con-

ditions, a slight condensation e!ect at the inner surface of
the chamber led to a delay of the calculated dehydration
(calculated by LiCor readings) compared to the actual
water loss by the lichen in the cuvette. For the rest of the
day the lichen did not exchange any signi"cant amount
of COS, a behavior which was representative for most of
the summer period (data not shown).

Gries et al. (1994) found in laboratory studies that the
COS exchange is not in#uenced by irradiance conditions.
To evaluate the e!ect of natural radiation and thus the
impact of photosynthetic activity under "eld conditions,
both cuvettes were covered by aluminum foil for one day.
As shown in Fig. 6, the lack of photosynthetically active
radiation is re#ected by the lack of assimilation. The
on-going respiration decreased during the night owing
to very low temperatures (!53C) and was temporarily
enhanced during a short period of higher temperature
up to 183C before dehydration started. However, even
without photosynthetic active radiation, the normal
COS uptake pattern could be observed; i.e., a moderately
even uptake during the night, a temporary increase of the
uptake paralleled by a rise in temperature and COS
ambient mixing ratio during the morning, and a sub-
sequent inactivity due to dehydration shortly afterwards.
It is remarkable that not only the respiration is still
signi"cant at temperatures below 03C (see, e.g., Lange,
1965; Kappen et al., 1995, 1996) but also the COS uptake
mechanism is still operative, although the mean uptake
values during this night of 0.034$0.004 pmol gdw~1 s~1

are somewhat lower than those reported above.
Besides R. menziesii, the second most frequent lichen

species in this habitat, Usnea sp., was investigated for its
trace gas exchange behavior. This species is likewise
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Table 2
Comparison of the COS uptake potential of lichens with some data for higher vegetation given as calculated deposition velocities related
to projected leaf area surface or complete thallus surface

Species Deposition velocity (mm s~1) Reference Type of measurement

Ramalina menziesii )0.28 This work Field
Picea abies 0.5 Huber, 1994 Field
Phaseolus vulgaris 1.4 Taylor et al., 1983 Laboratory
Glycine max 3.1 ibidem
Lycopersicon escul. 0.4 ibidem
Vegetables! 0.25}0.6 Kluczewski et al.,1985 Laboratory
Grass 0.75 ibidem
Crops 1.3}3.3 Goldan et al., 1988 Laboratory
Glycine max 1.25}1.7 ibidem
Rapeseed 1.1}1.5 Kesselmeier, Merck, 1993 Laboratory
Corn 0.3}0.9 ibidem

!Spinacea oleracea, Allium cepa, Lactuca sativa, Rhaphanus sativus, Brassica oleracea.

a fruticose one and, in general, it showed a similar COS
uptake behavior in the same range as R. menziesii. An
example of continuous activity over the period of one day
during the winter campaign is shown in Fig. 7. There was
high relative humidity even during daytime and no dis-
tinct diel cycle of temperature and COS ambient mixing
ratio. The uptake value of the "rst-half of the day of
0.069$0.01pmol g dw~1 s~1 is signi"cantly di!erent
(t-test, a"0.05) from the values of the second half of
0.047$0.003pmol g dw~1 s~1, most probably owing
to the reduced thallus-water content decreasing below
100% after 11:00 h. Water content is a critical parameter
for lichen activities showing an optimum behavior (Gries
et al., 1994; Nash III, 1996).

Both biological and physicochemical parameters
might potentially explain the observed COS deposition.
To examine whether the uptake activity is dependent on
a functioning physiology, a lichen was killed by heating it
in an oven at 1003C for two days. Its trace gas exchange
was investigated afterwards in the laboratory. The lichen
was moistened and enclosed in the cuvette and then
gently dehydrated under dark conditions over the course
of several hours (Fig. 8). The control thallus showed a gas
exchange behavior as expected, with high COS uptake
and high respiration rates while being wet and decreasing
activity during the course of dehydration. Conversely, the
e!ect of overheating led to a complete physiological
inactivity as demonstrated by the absence of any signi"-
cant CO

2
exchange. Accordingly, there was no uptake of

COS over the whole range of thallus-water content, ex-
cluding physicochemical deposition on the wet thallus
surface as a signi"cant contributor to the observed
exchange.

Under "eld conditions in the natural habitat of the
lichens, we never detected any signi"cant exchange of
sulfur compounds other than COS; i.e., hydrogen sul"de
(H

2
S) and dimethyl sul"de (DMS) exchange were not

detected. For both investigated lichen species, this is in
contrast to laboratory investigations of Gries et al.
(1994).

4. Discussion

The results of our studies clearly show that lichens are
a considerable sink for COS under natural "eld condi-
tions. The COS uptake rates of the two fruticose lichen
species, Ramalina menziesii and Usnea sp., investigated
under natural "eld conditions were found in the range of
0.015}0.071pmol g dw~1 s~1 and con"rm laboratory
studies of Gries et al. (1994), though they found slightly
higher values between 0.02 and 0.14 pmol g dw~1 s~1.
For a quantitative comparison between di!erent types of
COS consumers, we normalized the measured exchange
rates to deposition velocities by dividing them by the
COS mixing ratio inside the chamber. After conversion
from a dry weight to a surface area basis according to
Gries et al. (1997) deposition velocities were calculated
(Table 2). A COS deposition velocity of up to
0.28mm s~1, observed under the actual conditions of the
Hastings Reservation, is listed together with laboratory
and "eld data of COS uptake by higher vegetation as
found in the literature. On a leaf area versus thallus
surface basis, the data are comparable to those for higher
vegetation, which is considered as the main sink for COS
on a global scale (Chin and Davis, 1993). This compari-
son shows the capacity of lichens as a sink for COS.
However, as already shown in laboratory investigations
(Gries et al., 1994), a high thallus-water content is crucial
for the COS uptake as well as for the general physiology,
i.e., the CO

2
exchange. In contrast to higher vegetation,

lichen gas exchange is not under stomatal control.
Lichens lack both stomates and the cuticle found in most
vascular plant leaves and therefore exchange gases over
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their entire surface (Nash III, 1996). Physiological inac-
tivity of the lichen due to dehydration corresponds to the
decline of its gas exchange, which is negligible over many
hours of the day or many days. Desiccation of lichens is
dependent on thallus morphology and the microtopogra-
phy of their habitat. Their gas exchange is restricted to
periods with high relative humidity, predominantly at
low temperatures prevailing during the nighttime.

Although the thallus-water content appears to be the
major limiting factor for the COS exchange, the ambient
COS mixing ratio and the temperature are also impor-
tant. Whenever the hydration status allowed optimal gas
exchange, an increase in COS ambient mixing ratio co-
incided with a corresponding increase of COS uptake. In
contrast, no direct in#uence of light and thus photosyn-
thetic activity could be observed. The triggering function
of water content, ambient COS mixing ratio, and temper-
ature was also reported recently for the consumption of
COS by soils in laboratory studies (Kesselmeier et al.,
1999) as well as in the "eld (Simmons et al., 1999). The
close relationship between physiological activity, water
content, and COS uptake points to a biological basis for
the consumption. Nevertheless, both, biological and
physicochemical parameters, might be involved in the
revealed COS exchange behavior, as governed by the
amount of available water, ambient COS mixing ratio,
and temperature.

To di!erentiate between a physiologically regulated
COS uptake by the lichen and a physicochemical depos-
ition on the wet surface, the exchange behavior of a dead
thallus surface was examined. No signi"cant uptake of
COS was detectable over a wide range of thallus-water
content, proving the physiological nature of the COS
consumption. Hydration and hydrolysis are too slow to
signi"cantly account for the rates measured (Ferm, 1957),
especially since hydrolysis of COS is only enhanced un-
der alkaline conditions and the surface water pH of the
investigated lichen was 4.3}4.7 (n"7). Hence, the COS
consumption process is assumed to be the biological
hydrolysis of COS to H

2
S and CO

2
, enzymatically

catalyzed by carbonic anhydrase (Protoschill-Krebs and
Kesselmeier, 1992; Protoschill-Krebs et al., 1995, 1996;
Kesselmeier et al., 1999). Carbonic anhydrase is ubiqui-
tous in plants, animals and in bacteria (e.g., Atkins et al.,
1972; Badger and Price, 1994; Karrasch et al., 1989).
Therefore, we assume that the same enzyme also con-
sumes COS in lichens, and thus provides a main meta-
bolic pathway to supply sulfur to lichens growing in
remote areas. Further experiments and a more detailed
parameterization are needed to con"rm this suggestion.

A biological feature for an enzymatic process is the
enhanced metabolism in correlation with the substrate
concentration and the temperature, leading to either
a saturation or optimum e!ect, respectively. Within our
"eld data we found evidence for e!ects of both, tem-
perature as well as ambient atmospheric mixing ratios.

Temperature but also COS mixing ratios may vary sig-
ni"cantly. As reported recently, a distinct diel cycle of the
COS ambient mixing ratio with high concentrations dur-
ing daytime and low values in the night was observed in
summer as well as in winter. The COS mixing ratio
regularly dropped by approximately 150 ppt during the
night in both seasons (Kuhn et al., 1999). Ambient COS
mixing ratios which are lower and more variable than
those often cited in literature were also reported recently
by Simmons et al. (1999). During daytime the atmo-
spheric boundary layer is generally well-mixed owing to
thermal convection and is therefore characterized by
small concentration gradients and changes. In contrast,
at night radiative cooling of the land surface creates
a stable thermal strati"cation in the lower troposphere,
and this has a strong damping e!ect on the turbulent
vertical mixing. Together with frequently low windspeed,
this leads to a limited height extension of the nocturnal
boundary layer (NBL), i.e., the layer that is interacting
with the surface through turbulent mixing. The regularly
observed depletion of COS during night time was thus
indicative of the existence of a strong regional nocturnal
net sink.

The impact of lichens on the local COS budget com-
pared to di!erent compartments of the Hastings ecosys-
tems is compiled by Kuhn et al. (1999). The authors
concluded that, under optimal conditions, lichens repres-
ent a substantial sink strength beside the soil and the
vegetation of the Hastings ecosystem. In contrast to more
humid coastal regions, the physiological activity at
Hastings is restricted almost entirely to the rainy months
in winter (Matthes-Sears et al., 1986). Rain, dewfall and
fog are the main moisture sources for the lichens. Though
representing an important sink during the wet seasons,
lichens cannot be considered to play a substantial role in
the COS exchange in summer, when they rarely reach the
minimum thallus-water content needed for a signi"cant
gas exchange. Taking into account the ranges of COS
deposition found during the "eld experiments at Hasti-
ngs, we may estimate the overall sink strength for this
region. The biomasses of the most abundant lichen spe-
cies R. menziesii and U. spec. in the Hastings reservation
amount to 75.4 g m~2 (Boucher and Nash III, 1990). The
dry-weight-based exchange rates reported here, range
between 0.015 and 0.071 pmol g~1 s~1. For a calculation
of the hours of total physiological activity, which de-
pends mostly on the moisture content of the lichens, we
took into account the seasonal and annual gross photo-
synthetic activity estimated by Matthes-Sears and Nash
III (1986) for the lichens at the Hastings reservation and
divided those values by a mean value of CO

2
uptake of

4 mg CO
2

g~1 h~1, i.e. 50% of the maximum uptake rate
measured under laboratory conditions (Matthes-Sears
et al., 1987). COS is taken up also under dark conditions,
only depending on the lichen moisture content. As the
lichens are wetted by rain or dew, but will dry out early in
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Table 3
Ranges of estimated COS uptake in g ha~1 a~1 during the dry
and rainy seasons for three consecutive years based on physiolo-
gical data of gross photosynthetic CO

2
uptake according to

Matthes-Sears and Nash III (1986). For details see discussion in
the text

Dry season Rainy season Annual total

1981 1}5 4}21 5}26
1982 2}8 5}22 5}29
1983 2}11 6}29 8}40
Average 2}8 5}24 7}32

the morning under sunlight conditions, the time of gen-
eral physiological activity is much higher than that of
photosynthetic activity. Therefore, we multiplied the
hours of photosynthetic activity by a factor of 4 (e.g.
8 h of dark activity following evening dewfall and 2 h ac-
tivity in the light of the following day) to reach the total
hypothetical physiological activity. This way, the esti-
mates for the total annual COS uptake by the lichen
biomass at the Hastings reservation ranges between
5 and 40 g ha~1 a~1 depending on the minimum/max-
imum rate of the determined COS uptake rates (Table 3).
The predominant uptake occurs not in summer but in the
rainy season under optimal conditions due to frequent
rain and/or dewfall. This total annual range is in close
accordance with the budget calculation by Gries et al.
(1994), who calculated a COS uptake rate of 17}40 g
ha~1 a~1 for this type of ecosystem based on laboratory
COS exchange data.

Extrapolation to a global estimate of lichen COS up-
take is impossible at this time. To our knowledge there
are no estimates for global lichen biomass, although
Ahmadjian (1995) claims approximately 8% of the
earth's terrestrial surface is dominated by lichens. More
importantly, physiological activity patterns of lichens in
relation to environmental variables is known for rela-
tively few locations (Kappen, 1988; Nash III, 1996).
Nevertheless, taking into account all the lichen mats of
the arctic and subarctic, all the forests with abundant
lichen epiphyte biomass and all the open rock and soil
surfaces covered by lichens, one can begin to build a case
for lichens being important in the global COS budget.
On global and regional scales, missing sinks for COS are
often discussed in the literature. Intriguingly two exam-
ples occurred over regions where lichen dominant eco-
systems are abundant. Johnson et al. (1993) documented
an unexplained 19% reduction in ambient COS mixing
ratios along a path immediately west of Hudson Bay,
Canada, a region where Kershaw (1978, 1985) has inves-
tigated many lichen dominated ecosystems. According to
Fried et al. (1993), peat, mosses and vascular plants were
not su$cient to account for the observed depletion. The

second example is from Thornton et al. (1996), who
documented a similar COS depletion in trophospheric
air masses passing across arctic and subarctic regions of
northeastern Siberia. Because of the abundance of lichens
in such northern ecosystems, it would be interesting in
the future to document the degree to which lichen mats in
such ecosystems can assimilate COS.
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