Biogeosciences, 9, 2938945 2012 A ]
www.biogeosciences.net/9/2935/2012/ ‘GG’ Biogeosciences
doi:10.5194/bg-9-2935-2012 -
© Author(s) 2012. CC Attribution 3.0 License.

Observations of the uptake of carbonyl sulfide (COS) by trees under
elevated atmospheric carbon dioxide concentrations

L. Sandoval-Sotd-*, M. KesselmeieP, V. Schmitt?, A. Wild 2, and J. Kesselmeiet

IMax Planck Institute for Chemistry, Biogeochemistry Department, Hahn-Meitner-Weg 1, 55128 Mainz, Germany

2|nstitute for General Botany, University of Mainz,iMerweg 6, 55128 Mainz, Germany

3Institute of Medical Biometry and Informatics, Univ. of Heidelberg, Im Neuenheimer Feld 305, 69120 Heidelberg, Germany
“now at: Hochschulelir Life Sciences FHNW, Gmndenstrasse 40, 4132 Muttenz, Switzerland

Correspondence tal. Kesselmeier (j.kesselmeier@mpic.de)

Received: 17 January 2012 — Published in Biogeosciences Discuss.: 23 February 2012
Revised: 5 July 2012 — Accepted: 6 July 2012 — Published: 3 August 2012

Abstract. Global change forces ecosystems to adapt to el-L Introduction

evated atmospheric concentrations of carbon dioxideJCO

We understand that carbonyl sulfide (COS), a trace gas whic/\side from sulfur dioxide (S@), carbonyl sulfide (COS) is

is involved in building up the stratospheric sulfate aerosolthe most abundant sulfur gas in the atmosphere with rel-
|ayer, is taken up by Vegetation with the same triad of ative constant mixing ratios of 450-500 ppt and a lifetime
the enzymes which are metabolizing §Q@e. ribulose-1,5-  of more than two years (Khalil et al., 1984; Mihalopoulos
bisphosphate carboxylase/oxygenase (Rubisco), phosph&t al., 1991; Bandy et al., 1992; Barnes et al., 1994; Kjell-
enolpyruvate carboxylase (PEP-Co) and carbonic anhydras&fom, 1998; Montzka et al., 2007; Barkley et al., 2008).
(CA). Therefore, we discuss a physiological/biochemical ac-Due to this long lifetime, COS can be transported up into
climation of these enzymes affecting the sink strength of vegihe stratosphere where it contributes to stratospheric ozone
etation for COS. We investigated the acclimation of two Eu-chemistry (Crutzen, 1976; Andreae and Crutzen, 1997). In
ropean tree specieBagus sylvaticandQuercus ilexgrown  times of low volcanic activity, COS may serve as a source of
inside chambers under elevated £@nd determined the ex- Sulfur to the stratospheric aerosol layer by conversion to sul-
change characteristics and the content of CA after a 1-2 yfuric acid (Junge et al., 1961; Crutzen, 1976), contributing to
period of acclimation from 350 ppm to 800 ppm &QVe the backscattering of radiation energy into space. Thus, the
demonstrate that a compensation point, by definition, doestratospheric cooling effect by the COS derived sulfate par-
not exist. Instead, we propose to discuss a point of uptakdicles can be regarded to approximately cancel the warming
affinity (PUA). The results indicate that such a PUA, the CA tendency as caused by the direct radiative forcing by the trace
activity and the deposition velocities may change and maydas COS within the troposphere (Bi et al., 2012).

cause a decrease of the COS uptake by plant ecosystems, The global budget of COS has been estimated as being bal-
at least as |ong as the enzyme acclimation to, @Onot anced within the ranges of uncertainties (Watts, 2000; Kettle
Surpassed by an increase of atmospheric COS. As a consét al., 2002) However, this balance is a matter of debate both
quence, the atmospheric COS level may rise causing an infor the sources and the sinks, especially with regard to terres-
crease of the radiative forcing in the troposphere. Howeverlrial vegetation which acts as the main sink for this trace gas
this increase is counterbalanced by the stronger input of thignd which is reported to be heavily underestimated (Notholt
trace gas into the stratosphere causing a stronger energy rét al., 2003; Mu et al., 2004; Sandoval-Soto et al., 2005;
flection by the stratospheric sulfur aerosol into spacéiiBr ~Campbell et al., 2008; Suntharalingam et al., 2008; Van Di-
etal., 2012). These data are very preliminary but may trigge€st and Kesselmeier, 2008). This is valid for the Northern

a discussion on COS uptake acclimation to foster measureHlemisphere, whereas the Southern Hemisphere seems to be
ments with modern analytical instruments. strongly influenced by the oceans (Montzka et al., 2007).
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The biological background for the uptake of COS by veg- 1995). Long-term observations, however, are not known to
etation is understood to be the combined action of the carus. Besides enzymatic acclimation, a reduction of stomatal
boxylation enzymes Ribulose-1,5-bisphosphate carboxylasesonductivity under long-term elevated g@nrichment also
oxygenase (Rubisco; EC 4.1.1.39), Phosphoenolpyruvateontributes to the acclimation of photosynthesis (Herrick et
Carboxylase (PEP-Co; EC 4.1.1.31) and the key enzyme cal., 2004). Thus, the growth of plants under elevated, CO
bonic anhydrase (CA; EC 4.2.1.1), which were previously may cause an acclimation to the €&vailability by reducing
reported to be involved in the exchange of carbon diox-the stomatal uptake as well as enzymatic activities. Reduc-
ide (CQ) and carbonyl sulfide (COS) (Protoschill-Krebs tion of stomatal apertures will seriously affect the deposition
and Kesselmeier, 1992; Protoschill-Krebs et al., 1995, 1996pf COS which is taken up through the stomata (Sandoval-
Schenk et al., 2004; Yonemura et al., 2005; Notni et al.,Soto et al., 2005). A decrease in the CA activities as a conse-
2007). This enzymatic model consisting of three enzymesguence of elevated CQwill affect the metabolic COS con-
assigns a key role for CA and has been confirmed very resumption by plants, as demonstrated earlier with the green
cently by Stimler et al. (2011). Furthermore, the close rela-algaChlamydomonas reinhardtivhich adapts to high C©
tionship between COS and G@Qptake enhances discussions levels by decreasing its CA activity (Protoschill-Krebs et al.,
to use COS as a tracer for canopy photosynthesis, transpird-995).
tion and stomatal conductance (Wohlfahrt et al., 2012; Seibt In view of our knowledge as briefly reviewed above, we
et al., 2010). The role of CA has also been demonstrated imay postulate the hypothesis that elevated @Othe long
cases of lichens and soils (Kesselmeier et al., 1999; Kuhn anterm will lead to a decrease of enzymatic activities and thus
Kesselmeier, 2000; Van Diest and Kesselmeier, 2008), thuso a shift of potential compensation points, which reflect the
demonstrating the dominant role of this enzyme which is ob-ambient concentration at which the consumption balances
viously also responsible for the toxicity of inhaled COS due production resulting in a net flux of zero (Kesselmeier and
to metabolization to hydrogen sulfide (Thiess et al., 1968;Merk, 1993; Conrad, 1994; Lehmann and Conrad, 1996;
Chengelis and Neal, 1980). Of special interest within thisSimmons et al., 1999; Conrad and Meuser, 2000). Elevated
context are recent findings about the identification of a CS CO, will trigger a decrease of the enzymatic activities, which
hydrolase acting similarly to carbonic anhydrase by splittingis balanced by a higher GQavailability. Thus, the CQup-

CS into HpS and CQ in a thermophilic Archeon obtain- take may not decline, but a CA acclimation may lead to a
ing energy from reduced sulfur compounds (Smeulders et al.reduction of the COS uptake due to a lower metabolic sink
2011). as long as the uptake is not also enhanced by higher substrate

Changes in the enzyme’s activities will have consequencesgi.e. COS) concentration. Furthermore, increase@ @fth-
for the exchange of C®and COS between plants and the out an increase of COS may lead to a competitive inhibition
atmosphere. Elevated atmosphericGfan cause an imme- of the COS consumption. Thus, changes in the COS uptake
diate increase of photosynthetic gOptake. However, on a capacity should become visible in a shift of a potential com-
long-term basis this initial stimulation of photosynthesis is pensation points. Therefore, we investigated the acclimation
often followed by a decline which is obviously caused by a of two European tree specigsagus sylvaticaand Quercus
decrease in activities of the carboxylating enzymes Rubiscoilex, grown inside chambers under elevated,Ca&nd deter-
PEP-Co and CA. Acclimation of Rubisco is well established mined the exchange characteristics and the content of CA af-
(Drake et al., 1997; Moore et al., 1999; Stitt and Krapp, 1999;ter a 1-2 yr period of acclimation from 350 ppm to 800 ppm
Possell and Hewitt, 2009), though the mechanism of this kindCOs.
of acclimation is a matter of debate (Rogers and Ellsworth,

2002). A decrease of Rubisco and PEP-Co activities would ]
lead to a loss of COS uptake capacity by these enzymes. 1 Matérials and methods
contrast, fewer reports are available for CA, though an ac- .

L . 2.1 Plant material and growth

climation of the key enzyme CA might have even stronger

impact. High CQ levels caused a decrease of CA activity in Tpe tree species (3—4yr old) investigated were holm oak

cucumber (Peet et al.,, 1986) and cotton (Chang, 1975). ARyercus ilex..) and European beeclrdgus sylvatica..).
increase of the CA mRNA steady state level was found ingrom March 1998 to February 2000, the trees were grown
Arabidopsis(Cervigni et al., 1971), whereas enzyme activ- j, 4 greenhouse at 2% under a 1212 h light—dark regime

ities and their transcript levels were reduced in pea plants,;ih 3 light intensity of 600 pmol m?s~2 of photons (PAR)
grown under elevated GO(Majeau and Coleman, 1996). anq 4 relative humidity of 70 %. GOconcentrations were
These observations are in close accordance with Sage (Zoozadjusted using pure GGrom commercially available cylin-
who reported about a potential reduction of the CA gene tranyears and held constant at 800 ppM @20 ppm) or at about
scription. Also, the green algahlamydomonas reinhardtii 35 ppm (with some variation between 330 to 450 ppm). For

adapts its CA activity to an increase in the environmentaljetails see Peuser et al. (1995) and Peuser and Wild (1996).
CO; level with a decrease in the enzyme activity (Spencerhree individuals of each tree species were investigated.
et al., 1983; Coleman et al., 1984; Protoschill-Krebs et al.,
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2.2 Enclosure system (cuvettes) and gas exchange 2.3 Determination of carbonic anhydrase activity

measurements
Carbonic anhydrase (CA) activity was determined in leaf ho-

Measurements of COS exchange were time consuming anthogenates (leaf extracts) by an electrometric technique ac-

had to be spread over several days up to a few weeks. Tabledording to Wilbur and Anderson (1948). This method mea-

gives an overview of the measurement schedule in order taured the pH drop caused by the catalytically driven @3-

note potential seasonal effects. sociation at 0C. The CA activity was given in dimensionless
Gas exchange of enclosed tree branches (6—10 leaves) wasits according to Porter and Grodzinski (1983) comparing

investigated using a dynamic (flow-through) Teflon film cu- the speed of the pH decrease with and without the enzyme

vette system consisting of a plant measuring and an emptyleaf extract).

reference cuvette with 91 of volume each. The Teflon FEP

film (0.05pm thickness) was obtained from Norton Saint- 2.4 Statistical analysis

Gobain performance plastic (Germany). This cuvette system ) ) ) I
has been operated in previous studies &ehet al., 1992; The linear relationship between substrate availability and the

Kesselmeier et al.. 1993. 1996° Kuhn et al.. 2000: Sandovall/Ptake rates was assessed statistically by the analysis of the

Soto et al., 2005). The system was designed for measurd-€arson’s correlation coefficient relating the COS concentra-
ments of volatile organics and sulfur compound gas exchangi®n in the reference cuvette to the ;é(change rate. Further
in the laboratory as well as in the field, and to have minimalinNformation was obtained regarding tie of the regression
effects on such trace gases. All experiments were performednalysis of the linear model
inside a climate chamber with identical conditions as com-

. F = cr+e (Modell 2
pared to the growth chamber. Trace gas sampling was accom- PotPrer + ( ) )

panied by measurements of ambient,COO; exchange and  with F andcg indicating the exchange rate (dependent vari-
transpiration by an infra-red gas analyzer (LiCor 6262, LiCor able) and reference cuvette concentration of COS (indepen-
Inc., Lincoln, Nebraska, USA). Transpiration rates anc,CO dent variable), respectivelgo and 81 reflect the regression
exchange were calculated based on the concentration diffezpefficients and the residuals.

ences between the outlet ports of the branch cuvette and the For further analysis, the linear model was extended by in-

empty cuvette (see below). Stomatal conductances were catroducing the C@ concentration under which the trees were

culated according to von Caemmerer and Farquhar (1981rowing during the experimentC,) accompanied by the

with cuvette air temperatures assigned as leaf temperaturesinteraction betweerr and CO, (cg * CO,) leading to the
COS and CQ@ mixing ratios were adjusted by mixing more complex model:

purified compressed air gas mixtures derived from a per-

meation device (Haunold, Germany) with COS permeationF = Bo+B1cr+B2C0x+Ba(cr *COz)+¢  (Model 2) (3)
tubes (VICI Metronics, Santa Clara, California) and £O . ) ) ) )
from a pressurized bottle (Messer-Griesheim, Germany). FotVith f2 andfs again 2ref|ect'|ng the corresponding regression
details see Sandoval-Soto et al. (2005). COS concentratiori€O€fficients. AgainR provides information about the qual-

were adjusted between 230—1700 ppt (10-70 nmd)m ity of the model. Furthermore, p-values indicate the signif-
COS was quantified by an automated in situ analysisiC@NCe for the exchange trigge@0, and cg x CO;. Here,

of volatile sulfur gases by real time sampling at both cu- the values of type Ill sum of squares (SS) are taken into
vettes according to von Hobe et al. (2008). With a home@ccount. If the influence oEOQ; is significant, both groups

built automated Sulfur Gas Analyser (SUGAR), sulfur com- Within one data set (one tree) are different. Significance con-
pounds were cryogenically trapped, thermally desorbed an§€™Ming the interaction indicates that both groups within the

analyzed by gas-chromatographic separation and flame@nalyzed data set are significantly different if projected to the
photometric detection. y-axis (F). Finally, interaction may also indicate differences

Gas exchange ratesF] were calculated according to ©f the linear slope.

Eq. (1) Besides these analyses regarding the linear relationship of
exchange rate and COS concentration, several mean value
F=Ac(Q/A) (1)  comparisons were performed by the two-sided Student's t-

test. The null hypothesis that no difference exists between
rT}he two meangt1 and o was tested against the alternative
with an existing difference, i.e.,

considering the concentration differences between the sa
ple and reference cuvette\{ = csamplecref; [PMOl m—3])
and the chamber flush rat@{ [m—3s71]). All exchange
rates were related to the enclosed leaf area[in?]). Leaf Ho: 1= versus H: w1 # uo. 4
area was determined by a calibrated scanner system (Scan-

JET IICX with DeskSCAN II; both Hewlett-Packard, USA), Again, corresponding p-values indicate the significance of
and SIZE 1.10 (Mller, Germany). For details see Sandoval- the results. A p-value less than 5% indicates a significant
Soto et al. (2005). difference.
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Table 1. Schedule of measurements of trees grown constantly under the indicase@@@es beginning in March 1998. Three individuals
of each tree species in each growth regime were consecutively measured.

COo regime  Measurement
(ppm)  window

Fagus sylvatica 350 27 August—15 September 1998
800 15 September-23 September 1998
350 5 July-13 July 1999
800 8 June-28 June 1999
350 8 October—1 November 1999
800 13 September—7 October 1999

Quercus ilex 350 8 June-20 August 1998
800 21 July—4 August 1998
350 29 April-5 May 1999
800 19 May-1 July 1999
350 17 December—26 December 1999
800 7 February—17 February 2000

The group comparisons were carried out with each tree Due to the variable COS concentrations, the deposition ve-
and for each measuring period comparing the influence of théocities for COS (Table 2) were derived from the slope of the
two CO, concentrations. Thus, means of leaf conductanceregression line plotting the exchange data against the refer-
CA and the deposition velocities of COS and £¥&re com-  ence gas phase COS concentration. Generally/dbeswas

pared. lower under elevated COHowever, these differences were
All above mentioned statistical analyses were performednot significant with p-values 0.05 in the case of all beech
with SAS, Version 9.1. data, and in the case of holm oak for the April/July 1999 data.

The differences of the point of uptake affinity (PUA), a Furthermore, it has to be noted that a general acclimation
new term to understand the correlation between COS contrend, i.e. a development dfjcos with incubation length,
centration and uptake in the absence of a compensation pointyas not observed for beech, whereas a steady increase in the
were checked by the 95 % confidence intervals of the linearcase of holm oak under elevated £might exist.
model 1 forF = 0 (Sigma Plot 11). As elucidated in the introduction, the uptake of COS is
based on the consumption by the enzymatic triad Rubisco,
PEP-Co, and carbonic anhydrase (CA), with CA regarded as
the key enzyme. Table 2 gives an overview of the amount
of CA activity measured within the leaves of the tree indi-
viduals growing under elevated GOA decrease of the CA
activity under elevated COwas found in the case of holm
Elevated CG was expected to affect several physiologi- oak in April/July _1999 and December_ 19_9_9/February 2000,
cal parameters reflecting gas exchange under acclimatioftthough these differences were not significant.
conditions. Table 2 gives an overview of leaf conductances )

(COND; mmolnT2s-1), CO, and COS deposition veloci- 3.2 Cor_relatlon between COS upta_ke and

ties (Vg; mms1; quotient exchange rate/concentration and environmental COS concentrations

from linear model 1, respectively), as well as carbonic an- ) _ )
hydrase activities of trees grown under the indicated, CO A Cl€ar increase of COS uptake was observed in relation to
regimes as observed in the course of the three years expe!rqcreasmg ambient CQS concentr_at|on vy|th all trees a.nd d_ur-
iment. European beech grown under 800 ppm,@®hib- ing a!l mea_suremen_t t|me§. Thus, in p!ottlng aregression line
ited significantly reduced leaf conductances@ in Au- a point of intersection with the x-axis could be expected.

gust/September 1998 and September/October 1999 and Sﬁowever, with the exception of a few single points (Fig. 1,
nificantly increased conductances in June/July 1999, Holn 29Us sylvatic&sep/Oct 1999) we never observed an emis-

oak exhibited significantly lower conductances for the June->'°" of ,COS' !n view of this result, we will not dlscu_ss acom-
August 1998 data only. COdeposition velocities Yuco,) pensation point but regard the estimated intersection with the
exhibited a more consistent behavior. In all cases Wex—axis as an indicator of substrate affinity in relation to the

found significantly loweVgco, under elevated COwith p- enzymatic background. We call it point of uptake affinity
values< 0.001 (PUA). Table 2 gives an overview of the ranges of PUA as de-

rived from the regression studies; given are the intersections

3 Results

3.1 Leaf conductances, deposition velocities and
CA activities

Biogeosciences, 9, 2933945 2012 www.biogeosciences.net/9/2935/2012/
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‘‘‘‘‘ This result demonstrates that the linear model 1 is able to
describe the variances well.
g T Adding the long-term growth regimes (GQoncentra-
20 i tion), as described by linear model 2 (Table 3), drastically
40 1 changesk?. As expected, the new values lie between those
separated according to their growth regime (see Table 3). The
best description was found in the case of holm oak for the
year 1999 £2 = 0.91) followed by holm oak in the year 2000
L (R%2=0.88). For all other data sets, the variances are within
20 Ea the range of 51 to 83 %. Regarding the type Ill SS values,
b only in the case of holm oak (1999) could a highly signif-
icant difference between the 350 and 800 ppm regimes be
-60 | Jun /Jul 1999 April / ul 1899 found (p<0.001). In the case of all other measurement sets,
20 P —— e such an acclimation could not be statistically proved, though
0 sometimes a trend may be discussed. However, often both
g . L data clouds overlap at the start of the incubation, and in the
: case of beech during the whole observation time (Fig. 1). All
-40 ‘ together we may summarize that a statistically sound differ-
ence between the exchange behaviors of trees growing under
elevated as compared to normal £@as only found for the
holm oak after one year of acclimation. In this special case
Cr (ppt) the linear slope is nearly identical indicating very similar de-
position velocities, whereas the two other oak data sets ex-
hibit significantly different slopes. For beech trees identical
slopes cannot be excluded because of the large p-values.

20

Fagus sylvatica 350 ppm Quercus ilex

-60 | Aug/Sept 1998 Jun / Aug 1998
20 pr————r — —

-40

F (pmol m-2s1)

-20

o

-60 | sep/Oct 1999 Dec 1999 / Feb 2000

500 1000 1500 500 1000 1500

Fig. 1. Linear regression analysis of the relation between the initial
COS concentratioreR) and the uptake by European beeEadus
sylvaticg and holm oak Quercus ilex growing under two differ-
ent CQ regimes (350 and 800 ppm) beginning in March 1998 and .
measured at the indicated time periods. Given are the regression-4 Global impact

lines (continuous lines) together with their 95 % confidence bands o o .
(broken lines). Deposition velocitiesy) are key for calculating fluxes and

for estimating COS uptake versus g@ptake rates to derive
GPP related global sink estimates. We recalculated the global

of the regression line with the x-axis plus the ranges of thesmk strength of vegetation based on our previous estimation

95% confidence level. We observed a shift of the PUA to- (Sandoval-Soto et al., 2005) taking only those ecosystems

wards higher values during continuous growth of the treegdNto consideration with the two tree species as major contrib-
under elevated C9 In the case of holm oakquercus iley, utors. Furthermore, we assume that the GPP is not altered
this shift is clearly demonstrated for two consecutive mea_because of physiological acclimation (decrease of enzymatic

surement periods 1999 and 1999/2000 (Fig. 1; Table 2). Eugctivities and stomgtal aperture).. With this approach, we es-
ropean beechFagus sylvatich showed a similar trend re- timate a decrease in the COS sink strength due to changed
lated to the growing conditions within the measurement pe_deposmon velocities and enzymatic gctlvmes from 0.367-
riod September/October 1999; however, the confidence inter* '6(?7 to 0.337-0.542 Tg4, representing a decrease of 8-
vals still overlap, indicating non-significance. Unfortunately, 1%.

no data could be reported for a second year for this species

due to limited growth and measurement capacities. 4 Discussion

3.3 Statistical significance of the differences between 4.1 Leaf conductances, deposition velocities and
flux data sets CA activities

Table 3 presents an overview on the correlation and regresAcclimation to elevated Cgis reported to result in a reduc-
sion analyses performed. As indicated by a Pearson’s corretion of the stomatal opening as a main factor (Paoletti and
lation coefficient @) < —0.7 (Table 3), except for the data Gellini, 1993; Ceulemans and Mousseau, 1994; Ainsworth
set with beech in 1998 (800 ppm GQwe observed a strong and Long, 2005). However, the data as presented in our study
linear relationship between the exchange flex&nd the ini-  were biased by seasonal development because of the labor-
tial COS concentration as determined within the empty refer-intensive and time consuming measurements which were
ence cuvettecg). Even for the exceptiorbagus sylvaticaat spread over several weeks for each period. Thus, not all of the
800 ppm with aP; of —0.58, we also detected a correlation. data compared exhibited a significant reduction of stomatal

Biogeosciences, 9, 2933945 2012 www.biogeosciences.net/9/2935/2012/
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Table 3. Correlation (Pearson’s coefficien®;) and regression analysiﬁ%; see Fig. 1) according to model 1 regarding the correlation
between the initial COS concentration in the reference cuvatteand the exchange flux (SAS Version 9.1). Regression analgéissee
Fig. 1) according to model 2 regarding the correlation between the initial COS concentration in the referencecg\etie the exchange
flux. Model 2 describes the results taking into account the growth regime (SAS Version 9.1).

Plant species Year Growth Model 1 Model 2
regime
COz (ppm)
Pc R? R? Type Ill SS-CQ Type lll SS—CQ * cR
p-values
—0. N
Fagus sylvaticdSep 1998) ggg _8 222 8 322 0.511 0.280 0.109
Fagus sylvaticgJune/July 1999) ggg :8273:31:2% 82(1)3 0.654 0.775 0.229
. —0.954 91
Fagus sylvaticgSept/October 1999) ggg _8 326 8 218 0.799 0.362 0.126
Quercus ilexJune/August 1998) ggg :82% 8338 0.831 0.208 0.008
Quercus ileXMay/July1999) ggg :822% ggii 0.907 <0.001 0.963
Quercus ilexDec 1999/Jan2000) ggg :8?22 8222 0.884 0.182 0.002

aperture caused by elevated £able 2). We consider the for the oak species was scheduled for a winter period, which
non-significance for the evergreen species holm oak withinlimits a consistent interpretation.
the “winter measurements” to be a seasonal effect. Similarly, We regard the decrease Bicosunder elevated Cfas a
the missing significance for the April/July data may be re- consequence of a competitive inhibition of the enzymes re-
lated to different physiological activities of the oak species in sponsible for COS/C@uptake by the higher number of GO
the course of this pair of measurements. Contrasting the exmolecules competing for the same binding site. On a first
pectations, the beech data for summer 1999 showed a signifsiew this seems to be contrasting Stimler et al. (2010b), who
icant increase of stomatal conductance under elevated COreported missing cross-inhibition effects between COS and
This increase may be understood to be caused by plant d&O,. We agree that increasing COS does not inhibib Q-
velopment between the June and July measurements. In Jutgke, which seems to be reasonable comparing ppm with ppt.
we noted a higher transpiration with all three tree individuals However, the effect of high C£on the metabolism of COS
investigated in this case (data not shown). Nevertheless, exdoes not really support their view. Regarding Fig. 6 in Stimler
cluding the June/July 1999 measurements for beech, the leadt al. (2010b), we got the impression that the increasing CO
conductance data indicated a decreasing trend over time im all assays led to a slight decrease of the COS uptake begin-
relation to the growth regime. This behavior is in close ac-ning at 450 ppm C@ Stimler et al. (2010b) themselves state
cordance with Herrick et al. (2004), who reported a decreasehat at high CQ concentration, the uptake of G@ontinued
of stomatal conductance for sweetgum leaves undexr&  toincrease whereas the uptake of COS became saturated. The
richment. Contrasting the conductance data, a significant deauthors relate this behavior to synchronization with stomatal
crease of the C@deposition velocities under elevated €O conductance and conclude that there is no inhibitory effect of
was observed in all cases. CO, on COS uptake. The related data sets are not convinc-
The COS deposition velocities were lower under elevatedng as there is a decrease of COS uptake, and we think that a
COyin nearly all cases. However, these differences werecompetitive inhibition cannot be excluded. We came to simi-
not significant. Interestingly, with the exception of beech in lar conclusions investigating the uptake of COS by decaying
June/July and September/October 1999, a steady increase lefaf litter (no active stomata) with decreasing uptake of COS
Vdacoswas found under 800 ppm GOSuch a development under high respiration rates (Kesselmeier and Hubert, 2002).
of Vycosis in accordance with data observed with sweet- Furthermore, studies modeling the consumption of COS by
gum (White et al., 2010) but contrasts with the behavior of carbonic anhydrase (Schenk et al., 2004; Notni et al., 2007)
loblolly pine trees as reported by the same authors. Howeverdemonstrate the similarity of the enzymatic handling of COS
we should have in mind that the third measurement periodas compared to C If we have to assume that GGnd
COS compete for the same binding site, we cannot exclude
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competitive inhibition, especially as we measured under anAs a consequence, the atmospheric COS level may rise and
800 ppm growth regime. cause an increase of the direct radiative forcing by this trace
The determination of the CA enzymatic activities un- gas. However, this potential contribution to global warming

der current and elevated G@lid not show a clear result. is counterbalanced by the cooling effect of the COS derived
Whereas beech did not show any acclimation, the holm oalstratospheric sulfate aerosol (Bd et al., 2012). Our esti-
data may be discussed indicating a long-term acclimatiormates of a decrease of the COS sink strength of vegetation,
with a decrease of CA activity under elevated £L@hich correcting the Sandoval-Soto et al. (2005) database, range
fits into the overall picture that acclimation of CA can be between 8-21%. This estimate is highly dependent on the
expected (Sage, 2002). Furthermore, the difference betweepotential increase of anthropogenic sources. Such anincrease
European beech and holm oak is striking. The oak exhibits as discussed based on reports by Montzka et al. (2004) and

three times higher amount of CA. Aydin et al. (2008) indicating that present COS levels of

500 ppt are greatly increased over preindustrial levels with

4.2 Correlation between COS uptake and a drastic increase of 200 ppt in 19th and 20th centuries. With
environmental COS concentrations regard to such a steep increase which resembles that of the

CO, record, the potential decrease by the acclimation of the
We found a clear correlation of the COS uptake with am-metabolic background of COS uptake could be expected to
bient COS concentrations. Thus, an intersection of the rebe balanced by a higher uptake rates due to higher substrate
gression line with the x-axis would reflect a so-called com- availability.
pensation point, which is defined as the result of the balance
of consumption and production with a net exchange of zero
(Conrad, 1994). Hence, an increase of the COS compens& Conclusions
tion point may be understood as a decrease of metabolic con-
sumption, caused by a decrease of the enzyme affinity toGrowth of two European tree species under elevated iG6O
wards the substrate or a decrease of the enzymatic activitpearly two years resulted in changes of the exchange patterns
itself. As we observed a potential for decrease in the case ofor CO, and COS, which in case @uercus ilexsupports
Quercus ilexsee above), an analysis of the flux data becamehe hypothesis that elevated g@ay lead to a reduction of
highly interesting. Although not significant, CA activity af- the COS uptake capacity. Beech exhibited a significant de-
ter growth under high Cg@levels tends to be lower than un- crease in leaf conductance under elevated,@@companied
der normal levels (Table 2), though this acclimation seemediy small and insignificant decreases Wicos In contrast,
to decrease in the second year. However, we did not observieolm oak exhibited no significant decrease of leaf conduc-
any emission of COS under our experimental conditions withtance for 1999 and the winter values as well, but nevertheless
350ppm CQ, and only a few data points under elevated a significant decrease ®ficosin June/August 1998 and De-
C0O». Hence, as production of COS is missing, we are refer-cember 1999/February 2000. Within this picture, it seems to
ring in this paper to a “virtual” compensation point, i.e. the be of interest that holm oak was found to have a 3—4 times
intersection point of the extrapolated regression line of lin-higher CA activity and appears to be more sensitive to ele-
ear model 1 with the x-axis (Fig. 1). We propose to call this vated CQ. Furthermore, in the case of holm oak a signifi-
a point of uptake affinity (PUA), reflecting substrate affinity cant shift of COS point of uptake affinity (PUA) was found.
and enzyme activity. It can be noted that the PUA changesSuch a shift may be regarded as a result of a complex mixture
under elevated C®(Table 2). For holm oak the data pro- of driving forces, such as substrate availability depending on
vide evidence that it adapts to elevated devels by shift-  changes in gas concentrations and leaf conductances, and the
ing the PUA, indicating a decrease of the COS uptake capacnfluence of enzymatic activities depending on the amount of
ity induced by high C@ levels under long-term conditions. the active enzyme and its substrate affinity. Under elevated
Beech, however, exhibits only a trend but supports a similarCO, we expect a decrease of enzyme activity of CA. Also,

interpretation. changes caused by competitive inhibition (increasing)CO
can be expected. The results support the hypothesis that an
4.3 Global impact acclimation of plants to a higher GQevel by decreasing

their enzymatic capacity for CQOexchange will decrease the
Based on the few tree species investigated under elevate@OS uptake, though an anthropogenic COS increase might
CO, so far, this approach has to be regarded as very preneutralize this effect. Nevertheless, a visible decrease of the
liminary. However, it contributes to the discussion of how metabolic capacity for consuming COS should be detectable
elevated CQ@ might affect the global COS budget and bal- in form of an increase of the PUA. The data presented in
ance (White et al., 2010). The increase of £évels, im-  our study support this hypothesis, though the database of
pacting the enzymatic adjustment (CA, Rubisco, PEP-Co) ottwo tree species is limited, our study was too short, and it
plants, may cause a decrease of COS uptake as indicated lyas biased by plant development due to the time consuming
the Vycos based estimates and the potential shift of PUA. measurements. Furthermore, it is an open question as to how
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far this change in COS uptake is caused only by a decrease Baker, I., Berry, J. A., Montzka, S. A., Sweeney, C., Schnoor,
in CA activity, or also by adaptation of other enzymes such J. L., and Stgnier, C O.: Photo_synthetic contrc_)l of atmospheric
as PEP-Co and Rubisco. Answers to these questions may be carbonyl sulfide during the growing season, Science, 322, 1085~
found by continuous field investigations within Free Atmo- _ 1088,2008. .
spheric Carbon Enrichment (FACE) sites, which offer advan-Cel;V'g_”" T-t’w ":Ofan'_,:-: and B_assagslll, C.: Eﬁlng]t of gh:ﬁh car-
tages such as more natural conditions as compared to growth 2ONC anhydrase ivena sativaandzea maysPhytochemistry,

. . . . . 10, 2991-2994, 1971.
chamber incubation. FACE sites are suitable for more contin-

d simul . . h IChang, C. W.: Carbon dioxide and senescence in cotton plants, Plant
uous and simultaneous measurements to investigate the rela- Physiol., 55, 515-519, 1975.

tionships between exchange fluxes, atmospheric concentrgpengelis, C. P. and Neal, R. A.: Studies of Carbonyl Sulfide Toxi-

tion and incubation history, and plant exchange regulations city — Metabolism by Carbonic-Anhydrase, Toxicol. Appl. Phar-

and metabolic capacities. Furthermore, modern online ana- macaol., 55, 198-202, 1980.

Iytic techniques for COS determination (Stimler et al., 2010a,Ceulemans, R. and Mousseau, M.: Effects of elevated atmospheric

2011) will add insight into these exchange processes in real COp on woody plants, New Phytol., 127, 425-446, 1994.

time and avoid biases by seasonal development. Coleman, J. R., Berry, J. A., Togasaki, R. K., and Grossman, A.
R.: Identification of extracellular carbonic anhydrase of Chlamy-
domonas reinhardtii, Plant Physiol., 76, 472—-477, 1984.
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