Korean J. Limnol. 36 (4): 391~402 (2003)

Effects of Elevated Atmospheric CO; on Wetland Plants:
A Review
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Last 20 years have witnessed many studies dealing with effects of elevated CO, on
terrestrial ecosystems. However, fewer efforts have been made to elucidate effects
on wetland ecosystems, although they play a key role in global biogeochemical cycles.
This review synthesizes published data to reveal effects of elevated CO; on wetland
plants. In particular, we focused on the changes in primary production, community
structures, evapotranspiration, and nutrients in plants. Many studies have reported
increases in primary production in individual plants, but we could not conclude that
this will lead to increases in carbon sequestration in wetland ecosystems. The
reasons include transport of photosynthates into belowground parts, species-
specific responses, interaction among different species, and limitation of other
nutrients. However, elevated CO; increased transpiration rates in many wetland
plants, suggesting substantial influences on water budgets of wetlands. In addition,
similar to terrestrial ecosystems, elevated CO, increased C/N ratio of many plants,
which may impede organic matter decomposition in the long term. However, further
information on dynamics of belowground carbon supplied from wetland plants is

warranted to assess effects of elevated CO, on wetland carbon cycle accurately.
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INTRODUCTION

Anthropogenic activities have increased the
concentration of atmospheric CO; continuously
from about 280 parts per million (ppm) at the
beginning of the industrial revolution to 369 ppm
at the present time. Future estimations on the
atmospheric CO; concentration range between
450 ppm and 600 ppm by the year of 2150 (IPCC,
2001). More than two decades of study on the
effects of CO, enrichment has provided a rich
suite of data and understandings about a wide
variety of plant response such as net primary
productivity, species abundance, community
composition and soil respiration (root plus micro-
bial respiration) in terrestrial ecosystems (Poor-

ter, 1993; Curtis & Wang, 1998; Ball & Drake,
1998; Mooney et al., 1999; Edwards & Norby,
1999; Zak et al., 2000). For example, Curtis &
Wang (1998) documented increased net primary
production in terrestrial ecosystems under ele-
vated CO; conditions (Figure 1), although longer
—-term impacts have yet been identified. In addi-
tion, the chemical and physical composition of
plant material and decomposability of plant litter
have drawn much attention (Cotrufo et al., 1994;
Cotrufo & Ineson, 1995; King et al., 1997). Math-
ematical models have also been employed to
assess effects of elevated CO; on vegetation. For
example, Levis et al. (2000) have reported large
scale vegetation feedbacks on doubled CO; cli-
mate by a modeling approach.

Unlike the terrestrial ecosystem studies, how-
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Fig. 1. Effects of elevated CO, concentration on the cha-
nges in shoot biomass of terrestrial plants. Terres-
trial vegetation was classified into woody plants
and herbaceous plants. The number (n) represents
data points considered. Modified from Curtis and
Wang (1998).

ever, relatively less efforts have been made to
elucidate possible effects of elevated CO, on wet-
land ecosystems. Although wetland ecosystems
including peat-forming wetland cover only 2-6%
of global land surface (Gorham, 1991), they play
a pivotal role in global biogeochemical cycles.
Firstly, peat accumulation in peatland ecosys-
tems over thousands of years has resulted in a
vast store of carbon of 455 Pg C (Gorham, 1991;
Van Breemen, 1995; Adams & Faure, 1998). This
represents 20-30% of the world’ s pool of soil
organic carbon and is comparable to the total
carbon in the atmosphere as CO, (IPCC, 2001).
Secondly, wetlands are substantial sources of the
radiatively active trace gases such as CH4 and
N2O (Freeman et al., 1993). For example, natural
wetlands and rice paddies release about 40-50%
of global emissions of CH4, which is 25 times
more radiatively active than CO, on a molar
basis (Cicerone & Oremland, 1988). As such,
even small changes in net primary productivity
or decomposition of soil organic matter by elevat-
ed CO: could significantly influence the balance
of greenhouse gas flux between the atmosphere
and biosphere. This would be of great importance
in future trajectory of global warming scenario
(Mitchell et al., 2002).

The aim of this review is to organize existing
knowledge about effects of elevated CO, on wet-
land plants.

RESPONSE OF GROWTH,
PHOTOSYNTHESIS AND RESPIRATION

Elevated CO; stimulates growth of individual
plants in the terrestrial ecosystem in general
(Curtis & Wang, 1998; Delucia et al., 1999; Norby
et al., 1999), but net primary production of a
whole plant community did not necessarily in-
crease (Kérner, 1996; Koch & Mooney, 1996).
This indicates that the CO, response is species
specific, with some species declining and other
species gaining in abundance (Warwick et al.,
1998; Leadley et al., 1999).

Effects of elevated CO; on wetland plant com-
munity, however, are largely unknown, as mea-
surements have only been done on individual
species (Table 1, 2 and 3). Especially boreal and
subarctic peatlands represent an important long
-term carbon sink by Sphagnum species and
thus play a key role in the global carbon cycle.
Many studies have focused on the effects of in-
creased atmospheric CO; levels on the growth of
Sphagnum species. But previous studies on the
effects of elevated CO, on Sphagnum biomass
production are still controversial, because of a
species—-dependent response and variable effects
on parameters of growth (Jauhiainen et al., 1993,
1994, 1997; Jauhiainen & Silvola, 1996; Van der
Heijden et al., 1998; Heijmen et al., 2000, 2002;
Berendse et al., 2001; Hoosbeek et al., 2001; Mit-
chell et al., 2002). The positive effects of CO, on
Sphagnum growth have been reported both in
the laboratory (Jauhiainen et al., 1994, 1998a, b;
Van der Heijden et al., 2000; Heijmans et al.,
2000), and in the field (Heijman et al., 2002).
However, Hoosbeek et al. (2001) and Berendse et
al. (2001) reported that an increased CO; concen-
tration had no significant effects on Sphagnum
or vascular plant biomass at four sites in four
countries (Netherlands, Finland, Sweden and
Switzerland) using free-air carbon dioxide enri-
chment (FACE) field experiments. Smolders et
al. (2001) also found that atmospheric CO; is not
sufficient to enable Sphagnum to develop its
normal vertical growth pattern. Heijmans et al.
(2001a) showed that elevated atmospheric CO>
resulted in a 17% higher biomass production in
Sphagnum-dominated bog ecosystem but this
effect was not significant. More recently Heij-
mans et al. (2002) have reported that the height
and green biomass increment of S. magellanicum
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Table 1. Effects of elevated CO. on the growth of bog plants. Changes in biomass by elevated CO, are presented as (ele-
vated-ambient)/ambient x 100. No significant differences between ambient CO; and elevated CO, treatments are

indicated by the letter, NS.

CO; I/evel Change of biomass (%)
L/L . —
Bog Species WD puration of A = Aboveground Facility References
Ambient study B = Belowground
[elevated CO; G = Green biomass
Sphagnum recurvum 360/700 6 month +17(P<0.01) A Growth chamber Heu(r;ggot;t al.
S. fallax Three growing +6 NS A - Mitchell et al.
Polytrichum strictum 360/560 seasons +5NS Mini-FACE (2002)
S. balticum NS A
S. papillosum Three growing _— Berendse et al.
S. magellanicum 360/560 seasons Mini-FACE (2001)
NS B
S. fallax
- Two growing +4.7 (P<0.05) A Heijman et al.
S. magellanicum 350/560 Seasons 316(P<0.01) G Green house (2002)
. Three growing . Heijman et al.
S. magellanicum (95)* 350/560 Seasons +17 NS A Mini-FACE (2001a)
Moss S. balticum (61)
S. papillosum (33) +6.6 NS A
S. magellanicum (4)
S. mag_ellanicum (69) Hoosbeek et al.
S. papillosum (13) _11.4 NS A (2001)
S. balticum (7) 360/560 3 years ' Mini-FACE
S. rubell 7 Berendse et al.
. rubellum (7) (2001)
S. magellanicum (97)
S. papillosum (1) +2L.6NS A
S. fallax (62) _
Polytrichum strictum (37) 14.7NS A
Rhynchospora alba -16.5 NS
Vaccinium oxycoccus T . -22.5NS Heii  al
Erica tetralix 350/560 wge%rs%vxmg -76.2 NS A Green house eur;ggze al.
Eriophorum angustifolium -65.0 NS ( )
Drosera rotundifolia +200 NS
V. oxycoccus Th . +17.3 NS Hei t al
E. tetralix 350/560 re aowing +3.2NS B Mini-FACE eymans et al.
s (2001a)
E. angustifolium +39.5 NS
Eriophorum vaginatum (14)
V. oxycoccus (4) +16.4NS A
Andromeda polifolia (2)
Vascular Scheuchzeria palustris (2) +10.3NS B
species g angustifolium (8)
V. oxycoccus (3) -22.4 NS A
D. rotundifolia (3)
Calluna vulgaris (2)
A. polifolia (2) 360/560 3years +29.0NS B Mini-FACE Hoos(ggz‘ift al.
V. oxycoccus (19)
E. tetralix (9) +26.0 NS A
E. angustifolium (4)
D. rotundifolia (2)
C. vulgaris (1) +18.0NS B
Carex nigra(3) +1.6 NS A
V. oxycoccus (3)
E. vaginatum (2) +25.4 NS B

*: % cover
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Table 2. Effects of elevated CO; on the growth of marsh plants. Changes in biomass by elevated CO, are presented as
(elevated-ambient)/ambient x 100. No significant differences between ambient CO, and elevated CO; treatments

are indicated by the letter, NS.

CO2 I;evel Change of biomass (%)
L/L —
Marsh Species (ML/L) Duration of study A = Aboveground Facility Reference
Ambient / B = Belowground
elevated CO; S =Stem, L = Leaves
Curtis et al.
343/681 2 years +83(P<0.05) B (1990)
360/700 7 years ~11.1NS s AZCO”(' 1%':3’ etal
Sedge  Scirpus olneyi (Cs) Open-top
360/700 7 year +14.7 NS A chamber Matamala &
360/700 8 year +26.5 NS A Drake (1999)
NS A Dakora &
364/660 4 month (1)P<005 B Drake (2000
Curtis et al.
343/681 2 years NS B (1990)
360/700 7 years ~45NS L AZCO”(’ lBg'gf)) etal
Grass Spartina patens (Cy) (c)ﬁgrr:”n_t;[gf
A Matamala &
360/700 7 year -15.3NS Drake (1999)
364/660 4 month (+) P<0.05 A Dakora &
364/660 4 month NS B Drake (2000)
. . Open-top Azcon-Bieto et al.
Shrub  Lindera benzoin (C3) 360/700 7 years +4.0 NS L chamber (1994)

were significantly reduced at elevated CO,. Mit-
chell et al. (2002) also have showed that elevated
CO; reduced the growth in length of both Poly-
trichum strichum (—-27%) and S. fallax (—19%)
as compared to the control. Jauhiainen et al.
(1997) suggested that the intra-specific variabil-
ity in the growth response of Sphagnum exposed
to high atmospheric CO, might be due to genetic
variation in the sampled material. Thus, the
effects of CO; on the growth of Sphagnum are
species—specific responses. The lack of CO; res-
ponse to individual plant species was attributed
to nutrient limitation (Tissue & Oechel, 1987;
Oechel & Vourlitis, 1996; Arp et al., 1998), nitro-
gen deposition rate and plant nitrogen content
(Van der Heijden et al., 2000). In addition, vascu-
lar plant biomass in the bog was not significantly
affected by elevated CO; (Heijman et al. 2001a,
2002; Hoosbeek et al., 2001).

Several studies have reported that leaf photo-
synthesis is stimulated by CO; enrichment (Sil-
vola, 1990; Jauhiainen and Silvola, 1996; Drake
et al., 1996; Jauhiainen et al., 1994, 1997; Van
der Heijden et al., 1996). For instance, Silvola

(1990) showed that photosynthesis in Sphagnum
rose linearly with increasing atmospheric CO..
Jauhiainen and Silvola (1996) also observed that
photosynthesis of S. fuscum was stimulated by
elevated CO,. Drake et al. (1996) reported the
rates of photosynthesis in excised shoot and
canopies of salt marsh plant were stimulated by
53% and 30%, respectively. In other reports,
when CO; concentration was raised, the net pho-
tosynthesis of sphagnum increased, but dry mass
production remained surprisingly low (Jauhi-
ainen et al., 1994, 1996, 1997; Van der Heijden et
al., 1996). A similar result was reported in anoth-
er wetland plant S. olneyi stands grown under
elevated CO,, which showed enhanced ecosystem
photosynthesis rates since the beginning of the
project in 1987 (Arp & Drake, 1991; Long & Dra-
ke, 1992; Drake et al., 1996, 1997). However, ele-
vated CO; did not affect aboveground biomass in
a brackish marsh plant community. Megonigal &
Schlesinger (1997) performed experiments with
Orontium aquaticum, a common emergent aquat-
ic macrophyte in temperature and sub-tropical
wetlands. They reported that photosynthetic
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Table 3. Effects of elevated CO; on the growth of other types of wetland plants. Changes in biomass by elevated CO. are
presented as (elevated-ambient)/ambient x 100. No significant differences between ambient CO, and elevated

CO; treatments are indicated by the letter, NS.

CO: leve Change of biomass (%)
. (ML /L) . T =Total plant .
Plant Species T Ambient Duration of study A= Aboveground Facility Reference
lelevated CO; B =Belowground
+135.2 NS A
Juncus Open-top Kang et al-
Fen plant Festuca spp. 350/700 4 month +225.4 NS B chamber (2001)
+208.1(P<0.05) T
17 NS T
Emergent . 350/700 3 month 110 NS B Glasshouse Megonigal &
aquatich Orontltl_m Schlesinger
macrophyte ~ aquaticum +16 NS T (1997)
350/720 6 month 118 NS B Growth chamber
Wetland Acer rubrum 422[722 17 week NS T Growth chamber Vann & |
tree Taxodium Megoniga
distichum 350/700 12 week NS T Glasshouse (2002)
40 days +63.9(P<0.005) B
Ldas  toap<oos B omeeraure
Rice Oryza sativa 350/700 s 16.3(P<0.005) Gradient Schrope et al.
40 days +10.8 NS A Greenhouse (1999)
68 days +126(P<0.05) A Tunnels
130 days +8.0(P<0.054) A

rates of the plant were 54 to 71% higher under
elevated CO, than ambient CO,, but plant bio-
mass was not significantly different at the end of
the experiments. Vann and Megonigal (2002)
determined the growth responses of wetland tree
seedlings, Toxodium districhum and Acer rub-
rum, to elevated CO, and water table depth. Ele-
vated CO; increased leaf-level photosynthesis,
whole-plant photosynthesis, and trunk diameter
of T. districhum regardless of water treatment,
but it did not increase biomass of T. districhum
or A. rubrum. It is suspected that the photosyn-
thetically fixed carbon was transferred into the
belowground parts of plants rather than build up
as shoots of plants (Helal & Sauerbeck, 1984;
Lambers, 1987).

Raised concentration of CO; is known to in-
crease photosynthesis and biomass accumulation
in terrestrial ecosystems, especially in the roots
(Chu et al., 1992; Cotrufo & Gorissen, 1997; Gin-
kel et al., 1997; Silvola & Ahlholm, 1993; Dacey
et al., 1994). Belowground carbon allocation is a
major component of a plant’s carbon budget, yet
relatively little is known about the response to
roots of wetland plant under elevated atmos-
pheric CO,. Curtis et al. (1990) showed that

growth under elevated CO; resulted in an 83%
increase in root dry mass for the C3 sedge S.
olneyi. Schrope et al. (1999), who studied methane
emissions from rice grown under doubled CO;
concentrations, reported that root and above-
ground biomass were higher in the CO; enriched
treatment by 83% and 35%, respectively. In con-
trast to these results, Matamala and Drake
(1999) showed that elevated CO; did not affect
belowground biomass of S. olneyi and S. patens
responded to eight years of elevated CO, expo-
sure. Dakora and Drake (2000) also reported that
shoot dry mass of S. olneyi was the same for
plants grown under either ambient or elevated
COg, but the dry mass of root plus rhizome was
significantly reduced by elevated CO,. Heijmans
et al. (2001a) reported that elevated CO, did not
change allocation to belowground of vascular
plant in a Sphagnum-dominated bog ecosystem.
In addition, other studies have reported that the
root biomass of wetland plants was not affected
by elevated CO; (Berendse et al., 2001; Hoosbeek
et al., 2001; Curtis et al., 1990; Kang et al., 2001,
Megonigal & Schlesinger, 1997). Thus, we sus-
pect much of total fixed carbon was released
from roots into the rhizosphere, rather than in-
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creasing the biomass of plants (Whipps & Lynch,
1983; Helal & Sauerbeck, 1984).

CO; enrichment may impact on CO; fluxes by
causing acclimation of the growth and photosyn-
thesis. Many short-term experiments have re-
vealed changes in plant development in response
to changes in CO; concentration (Heijmen et al.,
2000; Dakora & drake, 2000; Kang et al., 2001;
Schrope et al., 1999), but these results appear to
be less significant in the longer-term experi-
ments (Heijman et al., 2001a; Hoosbeek et al.,
2001; Mitchell et al., 2002; Berendse et al., 2001,
Niklaus et al., 2001; Curtis & Wang, 1998). To
date, the longest observation under elevated CO»
conditions in relation to wetland was made in a
brackish marsh on along Chesapeake Bay for
over 8 years (Matamala & Drake, 1999). Drake et
al. (1992, 1996) reported that the stimulation of
photosynthesis (+30%) and inhibition of plant
respiration (—19 to —40%) by elevated CO; con-
centration increased net ecosystem production
(NEP) 59% in 1993 and 50% in 1994. However,
after eight years of CO, enrichment, these high
rates of growth were not sustained (Matamala &
Drake, 1999). Studies in a tussock tundra ecosys-
tem in northern Alaska, USA, reported that ini-
tial increases in net carbon assimilation were no
longer apparent after 3 years of in situ CO; fer-
tilization (Grulke et al., 1990, Oechel et al., 1994).
Van der Heijden et al. (2000) reported that after
three days of exposure to elevated CO;, net pho-
tosynthesis was down-regulated to control levels.
Acclimation of photosynthesis over prolonged
exposure at raised CO; concentrations seems to
be associated with decreased Rubisco (ribulose-
1, 5-biphosphate carboxylase/oxygenase) activity
(Ziska et al., 1991; Tissue et al., 1993; Hymns et
al., 2001), a low soluble carbon sink potential
(Arp, 1991; Tissue, 2001), and changes in nitro-
gen uptake, assimilation, and allocation (Van der
Heijden et al., 2000; Hobbie et al., 2001; Walch-
Liu et al., 2001).

In terrestrial ecosystem respiration rates have
been observed to decline (Hamilton et al., 2001;
Griffin et al., 2001) or remain unchanged (Hamil-
ton et al., 2001) with CO, enrichment, depending
on the species. A similar response was found in a
wetland by Van der Heijden et al. (2000) who
found doubling CO; inhibits respiration in Sphag-
num, resulting in an accumulation of soluble
sugars in capitula. Drake et al. (1996) also report-
ed that elevated CO, reduced dark respiration in

excised shoots and canopies of salt marsh plant
S. olneyi. Azcon-Bieto et al. (1994) found that
respiration of Spartina patens (C4) leaves was
unaffected by CO;, but respiration decreased in
the C; salt marsh plants (S. olneyi & Lindera
benzoin) grown at high CO,. Reduction of the
rate of respiration in S. olneyi and L. benzoin
was shown to be due largely to reduction in some
enzymatic complexes of the mitochondrial elec-
tron transport chain, resulting in the reduction
in the activity of the Cyt pathway (Azcon-Bieto
et al., 1994).

RESPONSES OF COMMUNITY
STRUCTURE

Changes in plant species composition may have
important effects on the balance of productivity
and decomposability in wetland ecosystems. In
particular, the changes in the competitive bal-
ance between Sphagnum and vascular plants
under elevated CO; are potentially important.
Firstly, the relative dominance of the plants will
change the amount of carbon sequestered in bogs
by photosynthesis, and hence affect the global
carbon cycle. Secondly, changes in relative con-
tribution of both species groups will have conse-
guences for the exchange of green house gases
between bog and atmosphere (Joabsson et al.,
1999).

Heijmans et al. (2001a) reported the elevated
CO; increased height growth of Sphagnum, but
vascular plant biomass was not significantly
affected by elevated CO,. Thus, elevated CO»
gives a competitive advantage to Sphagnum in
Sphagnum-dominated mire (bog) vegetations.
More recently, they also studied in a glasshouse
by exposing peat monoliths with monocultures
and mixtures of S. magellanicum and Eriophorum
angustifolium to elevated CO,. Sphagnum had a
negative effect on E. angustifolium biomass, par-
ticularly on the number of flowering stems under
raised CO; (Heijmans et al., 2002). Mitchell et al.
(2002) also suggested that elevated CO; might
have some positive effects on bog regeneration
processes through a positive influence on Sphag-
num re—-growth and negative influence on initial
colonizer Polytrichum strichum. Therefore, ele-
vated CO; may give a competitive advantage to
Sphagnum, resulting in increased peat accumu-
lation (thus carbon sequestration) in the long
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term. However, such conclusion should be taken
with care because of the absence of information
on effects of elevated CO, on decomposition rates,
which are an important component of the carbon
balance.

EVAPOTRANSPIRATION

Evapotranspiration is one of the most impor-
tant responses that should be considered in wet-
lands, because water balance determines many
aspects of wetland characteristics. Several stud-
ies have shown a reduction of evapotranspiration
in terrestrial ecosystems exposed to elevated CO,
(Arp et al., 1998; Owensby et al., 1997; Field et
al., 1997). The reduction in evapotranspiration
can be explained by reduced vascular plant tran-
spiration through increased stomatal closure
(Bettarini et al., 1998) and increased water use
efficiency (Arp et al., 1998) under elevated CO,
conditions. Similar effects of elevated CO, were
reported in wetland ecosystems. Heijmans et al.
(2001b) found that elevated CO; significantly
reduced evapotranspiration by 9-10% in an om-
brotrophic bog, which is composed of peat mono-
liths with vascular plant. In addition, the chang-
es in evapotranspiration by elevated CO; were
influenced by vascular plant biomass and the
area of exposed moss surface. Reduced evapo-
transpiration is expected to favor Sphagnum
growth in ombrotrophic bog vegetation. However,
evapotranspiration at elevated CO, may be in-
creased by the denser growth form of Sphagnum,
which helps water transporting through capillary
rise between pendant branches and stems (Hay-
ward & Clymo, 1982). Megonigal & Schlesinger
(1997) also observed a significant decrease in
transpiration rates under elevated CO; in a
growth chamber study with Orontium aquatium.

NUTRIENTS IN PLANT

Elevated CO; atmosphere have decreased in
nitrogen content in the tissues of wetland vascu-
lar plants (Curtis et al., 1989; Jacob et al., 1995;
Drake et al., 1997; Curtis et al., 1990; Matamala
& Drake, 1999; Dakora & Drake, 2000) and non-
vascular plants (Cotrufo et al., 1998; Niklaus et
al., 2001; Stulen et al., 1994; Van der Kooij & De
Kok, 1996; Van der Heijden et al., 2000; Heij-
mans et al., 2001a; Jauhiainen et al., 1998a).
Such results were due to changes in 1) protein

concentration at the level of Rubisco (Van Oos-
teen & Besford, 1995; Jacob et al., 1995; Drake et
al., 1996) or respiratory proteins (Azcon-Bieto et
al., 1994), and 2) greater accumulation of non-
structural carbohydrates (Drake et al., 1996;
Kuehny et al., 1991; Hertog et al., 1996; Van der
Heijden et al., 2000a) resulting in dilution of
nitrogen. However, Heijmans et al. (2002) have
recently reported that the nitrogen concentra-
tions in Sphagnum and some of vascular plants
were higher under elevated CO,. Curtis et al.
(1989, 1990) found that elevated CO, had no
effects on the nitrogen or carbon content of roots
for the C, grass Spartina patens. However, N%
in root was significantly lower for the C; sedge
Scirpus olneyi community. As a result, elevated
CO; increased the C/N ratio of S. olneyi root tis-
sue by 22% (C/N = 75). Matamala and Drake
(1999) also showed the effects of continuous CO,
enrichment for eight years on nitrogen contents
of salt marsh plant and soils. Nitrogen concen-
tration in the elevated CO; treatments was re-
duced 15% in stems of S. olneyi and 29% in the
upper 10 cm of the soil profile. However, C4 grass
S. patens and soils underneath displayed none of
such effects. These results suggested the level of
nitrogen concentration in the plant tissue exposed
to CO; enrichment was species dependent. As
C/N ratio is known to represent decomposability
of organic matter, any changes in C/N ratio of
wetland plants would modify decomposition rates
of organic matter in the long-term.

CONCLUSION

Elevated CO; induces various responses of wet-
land plants. However, some changes are species-
specific, and hence future trajectories at the large
scale are still unclear. Decreases in transpiration
as well as increases of C/N ratio in certain wet-
land plants by elevated CO; imply that the rates
of organic matter decomposition may be hindered
in the long-term. However, further information
on dynamics of belowground carbon supplied
from wetland plants is warranted to assess effects
of elevated CO, on wetland carbon cycle accu-
rately.

ACKNOWLEDGEMENT

S. Kim gratefully acknowledges a financial



398 Seon-Young Kim - Hojeong Kang

support from BK21 program endowed to Dept. of
Env. Sci. Eng. in Ewha Womans University. H.
Kang is supported by KOSEF ERC program (R11
-2003-006).

REFERENCES

Adams, J.M. and H. Faure. 1998. A new estimate of
changing carbon storage on land since the last
glacial maximum, based on global land ecosystem
reconstruction. Global Plane. Change 16-17: 3-
241.

Arp, W.J. 1991. Effects of source-sink relations on
photosynthetic acclimation to elevated CO,. Plant
Cell Environ. 14: 869-875.

Arp, W.J. and B.G. Drake. 1991. Increased photosyn-
thetic capacity of Scirpus olneyi after 4 years of
exposure to elevated CO.. Plant Cell Environ. 14:
1003-1006.

Arp, W.J., J.E.M. Van Mierlo, F. Berendse and W.
Snijders. 1998. Interaction between elevated CO,
concentration, nitrogen and water: effects on
growth and water use of six perennial plant spe-
cies. Plant Cell Environ. 21: 1-11.

Azcon-Bieto, J., M.A. Gonzalez-Meler, W. Doherty
and B.G. Drake. 1994. Acclimation of respiratory
O, uptake in green tissues of field-grown native
species after long-term exposure to elevated
atmospheric CO,. Plant Physiol. 106: 1163-1168.

Ball, A.S. and B.G. Drake. 1998. Stimulation of soil
respiration by carbon dioxide enrichment of marsh
vegetation. Soil Biol. Biochem. p. 1203-1205.

Berendse, F., H. Rydin, N. van Breemen, A. Buttler,
S. Saarnio, H. Vasander and B. Wallen. 2001.
Raised atmospheric CO; levels and increased N
deposition cause shifts in plant species composi-
tion that affects C sequestration in Sphagnum
bogs. Global Change Biol. 7: 591-598.

Bettarini, I., F.P. Vaccari and F. Miglietta. 1998. Ele-
vated CO; concentrations and stomatal density:
observations from 17 plant species growing in a
CO; spring in central Italy. Global Change Biol.
4:17-22.

Chu, C.C., J.S. Coleman and H.A. Mooney. 1992.
Controls of biomass partitioning between roots
and shoots: atmospheric CO, enrichment and the
acquisition and allocation of carbon and nitrogen
in wild radish. Oecologia 89: 580-587.

Cicerone, R.J. and R.S. Oremland. 1988. Biogeochem-
ical Aspects of Atmospheric Methane. Global Bio-
geochem. Cycles 2: 299-327.

Cotrufo, M.F., B. Berg and W. Kratz. 1998. Increased
atmospheric CO; and litter quality. Environ. Rev.
6:1-12.

Cotrufo, M.F. and A. Gorissen. 1997. Elevated CO
enhances belowground C allocation in three peren-

nial grass species at different levels of N avail-
ability. New Phytol. 137: 421-431.

Cotrufo, M.F. and P. Ineson. 1995. Effects of enhanced
atmospheric CO; and nutrient supply on the qual-
ity and subsequent decomposition of the fine roots
of Betula pendula Roth. and Picea sitchensis
(Bong.) Carr. Plant Soil 170: 267-277.

Cotrufo, M.F., P. Ineson and A.P. Rowland. 1994.
Decomposition of tree leaf litters grown under
elevated COz: effect of litter quality. Plant Soil
163: 121-130.

Curtis, P.S. and X. Wang. 1998. A meta-analysis of
elevated CO, effects on woody plant mass, form,
and physiology. Oecologia 113: 299-313.

Curtis, P.S., B.G. Drake and D.R. Whigham. 1989.
Nitrogen and carbon dynamics in C3 and C4 marsh
plants grown under elevated CO; in stiu. Oecolo-
gia 78: 297-301.

Curtis, P.S., L.M. Balduman, B.G. Drake and D.F.
Whigham. 1990. Elevated atmospheric CO, effects
on belowground processes in C3 and C, estuarine
marsh communities. Ecology 71: 2001-2006.

Dacey, V.W.H., B.G. Drake and M.J. Klug. 1994. Stim-
ulation of methane emission by carbon dioxide
enrichment of marsh vegetation. Nature 370: 47-
49.

Dakora, F.D. and B.G. Drake. 2000. Elevated CO;
stimulates associative N; fixation in a Cs plant of
the Chesapeake Bay wetland. Plant Cell Environ.
23:943-953.

Delucia, E., J. Hamilton, S. Naidu, R. Thomas, J.
Andrews, A. Finzi, M. Lavine, R. Matamala, J.
Mohan, G. Hendry and W. Schlesinger. 1999. Net
Primary production of a forest ecosystem with
experimental CO, enrichment. Science 284: 1177 -
1179.

Den Hertog, J., I. Stulen, F. Fonseca and P. Delea.
1996. Modulation of carbon and nitrogen alloca-
tion in Urtica dioica and Plantago major by ele-
vated COy: impact of accumulation of non-struc-
tural carbohydrates and ontogenetic drift. Physiol.
Plant. 97: 77-88.

Drake, B.G. 1992. A field study of the effects of ele-
vated CO; on ecosystem processes in a Chesa-
peake Bay wetland. Aust. J. Bot. 40: 579-595.

Drake, B.G., M.A. Gonzalez-Meler and S.T. Long.
1997. More efficient plants: a consequence of ris-
ing atmospheric CO,. Annu. Rev. Plant Physiol.
48: 609-639.

Drake, B.G., M.S. Muehe, G. Peresta, M.A. Gonzalez
-Meler and R. Matamala. 1996. Acclimation of
photosynthesis, respiration and ecosystem carbon
flux of a wetland on Chesapeake Bay, Maryland
to elevated atmospheric CO, concentration. Plant
Soil 187: 111-118.

Edwards, N.T. and R.J. Norby. 1999. Below-ground
respiratory response of sugar maple and red ma-
ple saplings to atmospheric CO, enrichment and



Effects of Elevated Atmospheric CO, on Wetland Plants: A Review 399

elevated air temperature. Plant Soil 206: 85-97.

Field, C.B., C.P. Lund, N.R. Chiariello and B.E. Mor-
timer. 1997. CO; effects on the water budget of
grassland microcosm communities. Global Change
Biol. 3: 197-206.

Freeman, C., Lock M.A. and B. Reynolds. 1993. Fluxes
of CO,, CH4, and N2O from a Welsh peatland fol-
lowing simulation of water table draw-down:
potential feedback to climatic change. Biogeo-
chemistry 19: 31-60.

Gorham, E. 1991. Northern peatlands: role in the
carbon cycle and probable responses to climatic
warming. Ecol. Appl. 1: 182-195.

Griffin, K.L., D.T. Tissue, M.H. Turnbull, W. Schuster
and D. Whitehead. 2001. Leaf dark respiration as
a function of canopy position in Nothofagus fusca
trees grown at ambient and elevated CO- partial
pressures for 5 years. Funct. Ecol. 15: 497-505.

Grulke, N.E., G.H. Riechers, W.C. Oechel, U. Hjelm,
and C. Jaeger. 1990. Carbon balance in tussock
tundra under ambient and elevated atmospheric
CO-, Oecologia 83: 485-494.

Hamilton, J.G., R.B. Thomas and E.H. Delucia. 2001.
Direct and indirect effects of elevated CO; on leaf
respiration in a forest ecosystem. Plant Cell Envi-
ron. 24: 975-982.

Hayward, P.M. and R.S. Clymo. 1982. Profiles of
water content and pore size in Sphagnum and
peat, and their relation to peat bog ecology. Proc.
R. Soc. Lond. Series B 215: 299-325.

Heijmans, M.M.P.D., F. Berendse, W.J. Arp, A.K.
Masselink, H. Klees, W. de Visser, and N. Van
Breemen. 2001a. Effects of elevated carbon diox-
ide and increased nitrogen deposition on bog vege-
tation in the Netherlands. Ecology 89: 268-279.

Heijmans, M.M.P.D., H. Klees, and F. Berendse.
2002. Competition between Sphagnum magellan-
icum and Eriophorum angustifolium as affected
by raised CO; and increased N deposition. Oikos
97: 415-425.

Heijmans, M.M.P.D., W.J. Arp and F. Berendse.
2001b. Effects of elevated CO; and vascular plants
on evapotranspiration in bog vegetation. Global
Change Biol. 7: 817-827.

Helal, H.M. and D.R. Sauerbeck. 1984. Influence of
plant roots on C and P metabolism in soil. Plant
Soil 76: 175-182.

Hobbie, E.A., D.M. Olszyk, P.T. Rygiewicz, D.T.
Tingey and M.G. Johnson. 2001. Foliar nitrogen
concentrations and natural abundance of **N sug-
gest nitrogen allocation patterns of Douglas Fir
and mycorrhizal fungi during development in ele-
vated carbon dioxide concentration and tempera-
ture. Tree Physiol. 21: 1113-1122.

Hoosbeek, M.R., N. van Breemen, F. Berendse, P.
Grosvernier and H. Vasander. 2001. Limited effect
of increased atmospheric CO; concentration on
ombrotrophic bog vegetation. New Phytol. 150:

459-463.

Hymns, G.J., N.R. Baker and S.P. Long. 2001. Growth
in elevated CO, can both increase and decrease
photochemistry and photoinhibition of photosyn-
thesis in a predictable manner. Dactylis glomerata
grown in two levels of nitrogen nutrition. Plant
Physiol. 127: 1204-1211.

IPCC. 2001. Climate Change 2001: The Scientific
Basis, Cambridge University Press, Cambridge.
Jacob, J., C. Greitner and B.G. Drake. 1995. Acclima-
tion of photosynthesis in relation to Rubisco and
non-structural carbohydrate contents and in situ
carboxylase activity in Scirpus olneyi grown at
elevated CO; in the field. Plant Cell Environ. 18:

875-884.

Jauhiainen, J. and J. Silvola. 1996. The effect of ele-
vated CO; concentration on photosynthesis of
Sphagnum fuscum. p. 11-14. In: Laiho, R., Laine,
J. and Vasander, H. (eds), Northern Peatlands in
Global Climatic Change, Publications of the Acad-
emy of Finland 1/96.

Jauhiainen, J., H. Vasander and J. Matero. 1996.
The effect of elevated CO; and N-input on Sphag-
na with different trophy. p. 15-17. In: Laiho, R.,
Laine, J. and Vasander, H. (eds), Northern Peat-
lands in Global Climatic Change, Publications of
the Academy of Finland 1/96.

Jauhiainen, J., H. Vasander and J. Silvola. 1993. Dif-
ferences in response of two Sphagnum species to
elevated CO; and Nitrogen input. Suo 43(4-5):
211-215.

Jauhiainen, J., H. Vasander and J. Silvola. 1994.
Response of Sphagnum fuscum to N deposition
and increased CO,. J. Bryology 18: 83-95.

Jauhiainen, J., H. Vasander and J. Silvola. 1998b
Nutrient concentration in Sphagnum at increased
N-deposition rates and raised atmospheric CO»
concentrations. Plant Ecol. 138: 149-160.

Jauhiainen, J., J. Silvola and H. Vasander. 1998a.
The effects of increased nitrogen deposition and
CO; on Sphagnum angustifolium and S. warn-
storfii. Ann. Bot. Fenn. 35: 247-256.

Jauhiainen, J., J. Silvola, K. Tolonen and H. Vasan-
der. 1997. Response of Sphagnum fuscum to water
levels and CO; concentration. J. Bryology 19: 391
-400.

Joabsson, A., T.R. Christensen and B. Wallén. 1999.
Vascular plant controls on methane emission from
northern peatforming wetlands. Trends Ecol. Evol.
14: 385-388

Kang, H.J., C. Freeman and T.W. Ashendon. 2001.
Effects of elevated CO;, on fen peat biogeochem-
istry. Sci. Total Environ. 279: 45-50.

King, J.S., R.B. Thomas and B.R. Strain. 1997. Mor-
phology and tissue quality of seedling root sys-
tems of Pinus taeda and Pinus ponderosa as affect-
ed by varying CO,, temperature, and nitrogen.
Plant Soil 195: 107-119.



400 Seon-Young Kim - Hojeong Kang

Koch, G.W. and H.A. Mooney. 1996. Response of ter-
restrial ecosystems to elevated CO;: a synthesis
and summary. In: Koch, G.W. and Mooney, H.A.
(eds) Carbon dioxide and Terrestrial Ecosystems,
Academic Press, San Diego, CA., p. 415-429.

Korner, C. 1996. The response of complex multispecies
systems to elevated CO,. In: Walker, B. and Stef-
fen, W. (eds) Global Change and Terrestrial Eco-
systems. Cambridge University Press, Cambridge,
UK. p. 20-42.

Kuehny, J.S., M.M. Peet, P.V. Nelson and D.H. Willis.
1991. Nutrient dilution by starch in CO,-enriched
Chrysanthemum. J. Exp. Bot. 42: 711-716.

Lambers, H. 1987. Growth, respiration, exudation
and symbiotic associations: the fate of carbon
translocated to the roots, root Development and
Function. Soc. Exp. Biol. Sem. Ser. 30: 125-145.

Leadley, P.W., P.A. Niklaus, R. Stocker and C. Kor-
ner. 1999. A field study of the effects of elevated
CO- on plant biomass and community structure in
a calcareous grassland. Oecologia 118: 39-49.

Levis, S., J.A. Foley and D. Pollard. 2000. Large scale
vegetation feedbacks on a doubled CO; climate. J.
Clim. 13: 1313-1325.

Long, S.P. and B.G. Drake, 1992. Photosynthetic CO;
assimilation and rising atmospheric CO; concen-
trations. In: Crop photosynthesis: Spatial and
Temporal Determinations. (eds) Baker, N.R. and
Thomas., H. p. 69-103. Elsevier Science Publisers
B.V. Amsterdam, The Netherlands.

Matamala, R. and B.G. Drake. 1999. The influence of
atmospheric CO; enrichment on plant-soil nitro-
gen interactions in a wetland plant community on
the Chesapeake Bay. Plant Soil 210: 93-101.

Megonigal, J.P. and W.H. Schlesinger. 1997. Enhanc-
ed CH4 emissions from a wetland soil exposed to
Elevated CO,. Biogeochemistry 37: 77-88.

Mitchell, E.A.D., A. Buttler, P. Grosvernier, H. Rydin,
A. Siegenthaler and J-M. Gobat. 2002. Contrasted
effects of increased N and CO; supply on two key-
stone species in peatland restoration and implica-
tions for global change. Ecology 90: 529-533.

Mooney, H.A., J. Canadell, F.S. Chapin, J.R. Ehlerin-
ger, C. Kdrner, R.E. McMurtrie, W.J. Parton, L.F.
Pitelka and E-D. Schulze. 1999. Ecosystem
physiology responses to global change. In: Walker
B, Steffen W, Canadell J, Ingram J. (eds), The ter-
restrial biosphere and global change, Cambridge
University Press, Cambridge, UK, p. 141-189.

Niklaus, P.A., M. Wohlfender, R. Slegwolf and C.
Korner. 2001. Effects of six years of atmospheric
CO; enrichment on plant, soil and soil microbial C
of a calcareous grassland. Plant Soil 233: 189-
202.

Norby, R.J., S.D. Wullschleger, C.A. Gunderson,
D.W. Johnson and R. Ceuemans. 1999. Tree res-
ponses to rising CO; in field experiments: implica-
tions for the future forest. Plant Cell Environ 22:

683-714.

Oechal, W.C. and G.L. Vourlitis. 1996. Direct effects
of elevated CO; on arctic plant and ecosystem
function. In: Koch, G.W. and Mooney, H.A. (eds),
Carbon dioxide and Terrestrial Ecosystems, Acad-
emic Press, San Diego, CA., p. 163-176.

Oechel, W.C., S. Cowles, N. Grulke, S.J. Hastings, B.
Lawrence, T. Prudhomme, G. Riechers, B. Strain,
D. Tissue and G. Vourlitis. 1994. Transient nature
of CO; fertilization in Arctic tundra. Nature 371:
500-503.

Owensby, C.E., J.M. Ham, A.K. Knapp, D. Bremer
and L.M. Auen. 1997. Water vapour fluxes and
their impact under elevated CO; in a C,-tallgrass
prairie. Global Change Biol. 3: 189-195.

Poorter, H. 1993. Interspecific variation in the growth
response of plants to an elevated ambient CO»
concentration. Vegetatio 104/105: 77-97.

Schrope, M.K., J.P. Chanton, L.H. Allen and J.T.
Baker. 1999. Effect of CO, enrichment and elevat-
ed temperature on methane emissions from rice,
Oryza sativa. Global Change Biol. 5: 587-599.

Silvola, J. 1990. Combined effects of varying water
content and CO- concentration on photosynthesis
in Sphagnum fuscum. Hol. Ecol. 13: 224-228.

Silvola, J. and U. Ahlholm. 1993. Effects of CO, con-
centration and nutrient status on growth, growth
rhythm and biomass partitioning in a willow, salix
phylicifolia. Oikos 67: 227-234.

Smolders, A.J.P., H.B.M. Tomassen, H.W. Pijnappel,
L.P.M. Lamers and J.G.M. Roelofs. 2001. Sub-
strate-derived CO; is important in the develop-
ment of Sphagnum spp. New Phytol. 152: 325-
332.

Stulen, 1., J. Den Hertog, F. Drelon and J. Roy. 1994.
An integrated approach to the influence of CO; on
plant growth using data for three herbaceous spe-
cies. In: A Whole Plant Perspective on Carbon-
Nitrogen Interactions. (eds) Roy, J. and E. Gar-
nier, p. 229-245. SPB Academic Publishing BV,
The Hague.

Tissue, D.T. and W.C. Oechel. 1987. Response of Erio-
phorum vaginatum to elevated CO, and tempera-
ture in the Alaskan tussock tundra. Ecology 68:
401-410.

Tissue, D.T., K.L. Griffin, M.H. Turnbull and D. Whi-
tehead. 2001. Canopy position and needle age
affect photosynthetic response in field grown Pinus
radiata after five years exposure to elevated car-
bon dioxide partial pressure. Tree Physiol. 21: 915
-923.

Tissue, D.T., R.B. Thomas and B.R. Strain. 1993.
Long-term effects of elevated CO;, and nutrients
on photosynthesis and Rubisco in loblolly pine.
Plant Cell Environ. 16: 859-865.

Van Breemen, N. 1995. How Sphagnum bogs down
other plants. Trends Ecol. Evol. 10: 270-275.

Van der Heijden, E., J. Jauhiainen, J. Matero and H.



Effects of Elevated Atmospheric CO, on Wetland Plants: A Review 401

Vasander. 1996. The effects of elevated CO, and
N-input on Sphagnum physiology, p. 57-58. In:
Schedule and abstracts of Second International
Symposium on the biology of Sphagnum, Univer-
sité Laval, Québec City, Canada, July 12t"-13""

Van der Heijden, E., J. Jauhiainen, J. Silvola, H.
Vasander and P.J.C. Kuiper. 2000b. Effects of
elevated atmospheric CO, concentration and in-
creased nitrogen deposition on growth and chem-
ical composition of ombrotrophic Sphagnum balti-
cum and oligo-mesotrophic Sphagnum papillo-
sum. J. Bryology 22: 175-182.

Van der Heijden, E., S.K. Verbeek and P.J.C. Kuiper.
2000a. Elevated atmospheric CO, and increased
nitrogen deposition: effects on C and N metabolism
and growth of the peat moss Sphagnum recurvum
P. Beauv. Var. mucronatum (Russ.) Warnst. Glo-
bal Change Biol. 6: 201-212.

Van der Kooij, T AW. and L.J. De Kok. 1996. Impact
of elevated CO; on growth and development of
Arabidopsis thaliana L. Phyton 36(2): 173-184

Van Ginkel, J.H., A. Gorissen and J.A. van Veen.
1997. Carbon and nitrogen allocation in Lolium
perenne in response to elevated atmospheric CO»
with emphasis on soil carbon dynamics. Plant Soil
188: 299-308.

Van Oosteen, J.J. and R.T. Besford. 1995. Some rela-
tionships between the gas exchange, biochemistry
and molecular biology of photosynthesis during
leaf development of tomato plants after transfer
to different carbon dioxide concentrations. Plant
Cell Environ. 18: 1253-1266.

Vann, C.D. and J.P. Megonigal. 2002. Productivity
responses of Acer rubrum and Taxodium distichum
seedlings to elevated CO, and flooding. Environ.
Pollut. 116: S31-S36.

Ven der Heijden, E., J. Jauhiainen, J. Matero, M.
Eekhof and E. Mitchell. 1998. Effects of elevated
CO2 and nitrogen deposition on Sphagnum spec-
ies. In: de Kok, L.J., and Stulen, I. (eds), Responses
of Plant Metabolism to Air Pollution, Backhuys,
Leiden, p. 475-478.

Walch-Liu, P., G. Neumann and C. Engels. 2001.
Elevated atmospheric CO, concentration favors
nitrogen partitioning into roots of tobacco plants
under nitrogen deficiency by decreasing nitrogen
demand of the shoot. J. Plant Nutr. 24: 835-854.

Wand, S.E.J., G.F. Midgley, M.H. Jones, and P.S.
Curtis. 1999. Responses of wild C4 and C3 grass
(Poaceae) species to elevated atmospheric CO;
concentration: a test of current theories and per-
ceptions. Global Change Biol. 5: 723-741.

Warwick, K.R., G. Taylor and H. Blum. 1998. Bio-
mass and compositional changes occur in chalk
grassland turves exposed to elevated CO, for two
seasons in FACE. Global Change Biol. 4: 375-
385.

Whipps, J.M. and J.M. Lynch. 1983. Substrate flow
and utilization in the rhizosphere of cereals. New
Phytol. 95: 605-623.

Zak, D.R., K.S. Pregitzer, J.S. King and W.E. Holmes.
2000. Elevated atmospheric COg, fine roots and
the response of soil microorganisms: a review and
hypothesis. Nesw Phytol. 147: 201-222.

Ziska, L.H., K.P. Hogan, A.P. Smith and B.G. Drake.
1991. Growth and photosynthetic response of nine
tropical species with long-term exposure to ele-
vated carbon dioxide. Oecologia 86: 383-389.

(Manuscript received 3 November 2003,
Revision accepted 15 December 2003)



402 Seon-Young Kim - Hojeong Kang

=
N
ofN
S
>
ot
T
P>
off
i
ol
N
N
ur)¥
X
£
e
=2
A=)
rTr
ol
o

At 200197 W7 F ol A3 BRI F7E §4 A v gl W B AT
AgFgich 1A} AATA B2 S¥ol F2F AL gl £4 AuAlolAl Lolub
Soll e AT mFsivh B FHANAL H7] F ol ABEE SE FAYE W £ AYE
of olm g uhg-& B Aol ths] YobmiA, o]k Adelo] WEH EEES] A}E wol 3
detelrh 58, 44 A4S AR, B T2 FRAE SBAY G Foll WAL JFE
A mgkek ol AsHRA FAE AN AE] BBYBE S AAE AL Bl B st
olEl @ Wl utz £A4YS] BLEFE FAAE Ao AR WL & YTk T ol i T
9 gasl ARneo] A M Fo| JoI T W, T FEAE, JFhd HE 5 02 2

& 7

o

gl g wlFoleh Telut ol 4stehe HES] S AHoE $4 4ol T

£ AAE A Bk 39, £4 A8 w33 A B &

4ol CIN WS 37k A7l Rel 28 1
Al SE7 2D ¢ 9eE PAT T AR FUSE A2 FAY EEe

of e B B Yurh mobHor HHAF o

By A



