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Growth and Photosynthetic Responses of One C; and Two C,4
Chenopodiaceae Plants to Three CO, Concentration Conditions
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ABSTRACT: Growth and photosynthetic responses of one C3; and two C, plants in the family Chenopodiaceae
in three CO, concentration ([CO2]) conditions-low (about 243 mol mol™, LC), present (about 378, PC), and
high (about 465, HC)-were investigated in open top chambers. The relative growth rate (RGR) and net
assimilation rate in the Cs plant, Chenopodium album, increased with increasing [CO;], though the RGR was
not enhanced significantly in the HC condition. The leaf area ratio and leaf weight ratio of the Cs plant drastically
decreased with increasing [CO;], suggesting that the C; plant invests more biomass to leaves in lower [CO;]
conditions. The two C,4 plants, Atriplex glauca and A. lentiformis, showed relatively small changes in those growth
parameters. These photosynthetic-pathway-dependent responses suggest that growth patterns of Cs and C,
plants have been altered by past increases in atmospheric [CO] but that there will be relatively little further

alteration in the future high-CO, world.
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INTRODUCTION

The amospheric CO, concentration fluctuates over time: it was
only 160 to 200 zmol mol ™ at the Last Glacial Maximum, about
20,000 years ago (Delmas et a. 1980, Barnola et al. 1987), whereas
in the preindustrial age, the concentration was about 280 mol
mol ™ and since then it has been steadily increasing (Neftel et a.
1985), reaching a concentration of about 379 zzmol mol™ in 2005
(IPCC WG | 2007). This increase is likely to continue due to
human activities and, even under the most optimistic scenario, it is
predicted that the atmospheric CO, concentration will be at least
450 z2mol mol™ by the end of the 21% century (IPCC WG | 2007).
Many studies on the effects of high growth CO, concentration
(ICOy)) on plants have been performed on crop plants and horticul-
tural species, which are mainly Cs species, and aimed to predict the
effects of increased CO, on food availability in the future high-
COxworld (e.g. Acock and Allen 1985, Cure 1985). Effects of high
[CO;] on wild C; plants have aso been studied to estimate vege-
tation changes in the future (e.g. Bazzaz et a. 1985, Oechel and
Strain 1985, Bazzaz 1990, Ceuleman and Mousseau 1994, Raschi
et a. 1997). Most previous studies have shown that, without water
and nutrient deficits, plant biomass and net photosynthetic rates will
increase with increasing [CO.], athough there is large interspecific
variation in degree of the increase. On the other hand, only a
limited number of studies have examined responses of C4 species

to high [CO7] (but see Poorter 1996, Ward and Strain 1997, Wand
et a. 1999).

It is often suggested that C4 photosynthesis evolved under low
[CO4] conditions in the glacia age (7 million years ago) and that
C. plants had an advantage over Cs plants under past low [CO;)
condition (e.g. Ehleringer et a. 1991, Ehleringer et a. 2005). This
speculation is derived from a general observation that, compared
with Cs plants, C4 plants have higher net photosynthetic rates a a
lower CO, saturation concentration of around 100 zmol mol ™ in-
tercellular concentration (e.g. Ehleringer et a. 1991). However, as
there have been only a limited number of comparative studies on
the growth responses of C; and C,4 plants to low [CO;] (but see
Polley et a. 1992, Polley et a. 1993, Dippery et a. 1995, Tissue
et al. 1995, Ward and Strain 1997, Cowling and Sage 1998, Wand
et a. 1999), the growth responses of both C; and C4 plants to va-
rious [CO;] values must be clarified to investigate the advantage of
C. over C; photosynthesis under historical amospheric [COZ] regimes
and to understand the evolution of C4 photosynthesis (e.g. Ehlerin-
ger 2005).

The objective of the present study was to clarify differences bet-
ween C; and C,4 plants in growth responses to various [CO,] growth
conditions to investigate the proposed advantage of C, photosyn-
thesis under historical [CO;]. The relative performances of C, and
Cs plants were examined in growth experiments under three diffe-
rent [CO,] regimes approximating atmospheric conditions in the
preindustrial period, in the present and in the predicted future.
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Many previous studies have made comparisons among plant species
belonging to different families, making direct comparisons of growth
responses difficult, as there are often large differences of morpho-
logy between plants belonging to different families, and this innate
difference may affect the results of growth analysis. Thus, for a
more straightforward comparison of growth responses, | employed
herbaceous plant species belonging to the same family in this study.
Responses to variation in [CO,] were investigated in the plant
seadling stage because the earliest stage in the plant life cycle is
the most sensitive to environmenta factors. Plant individual growth
in this stage is one of the most important of the factors that deter-
mine whole plant population dynamics and thus plant productivity
(Harper 1977).

MATERIALS AND METHODS

Plant Materials

Three plant species in the family Chenopodiceae were used for
the experiment: Chenopodium album L., a C; annual cosmopolitan
herb, and Atriplex glauca and Atriplex lentiformis, C4 perennia herbs.
Seeds of C. album were collected from an experimental field in the
National Institute for Environmental Studies, Tsukuba, Japan (140°
07 E and 36° 04' N) and dried and kept frozen at —30 C until use.
Seeds of A. glauca and A. lentiformis were imported from a seed
company (Heritage Seed, NSW, Audraia) and kept frozen a =30 C
until use.

Seeds were sown in plastic trays (15 x 10 cm and 3 cm height)
filled with peat, and set in an artificidly lit (fluorescent tubes) in-
cubator (MLR350, SANYO, Japan) with 25/15C (day/night) air
temperature and a photoperiod of 12 h with 150 zmol m?2 s
photosynthetically active photon flux density (PPFD). After about
three weeks, each of the established plants was transplanted into a
plastic pot (10 cm height and 10 cm diameter) filled with vermi-
culites and placed in the experimenta field in University of Tsu-
kuba (140°07 E and 36°04'N). These plant materials were cul-
tivated under full sunlight condition and irrigated with 1/2000
strength Hyponex solution (Hyponex licensee, Japan) every three to
four days to achieve maximum soil-water content. The Hyponex
solution contains about 2.3 mM nitrogen (0.3 mM ammonium nit-
rogen and 2.0 mM nitrate-formed nitrogen), 0.2 mM water-soluble
phosphate, 0.96 mM potassium and trace amounts of micronutrients.

Open Top Chamber System

In this study the plant materials were exposed to three different
[CO7] by enclosing each of the plants individually in a 45 cm high
open top chamber (OTC) made of a transparent plastic sheet with
3.6 L internal space. Thus, the number of plant replications was
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equal to the number of chamber replications. Each of the OTCs was
aerated continuously at about 1.8 L min™", so estimated flushing
time was 2.0 minutes.

For the low CO, treatment (LC), the CO, concentration of the
inlet air was reduced by soda-limes. For the high CO, treatment
(HC), the inlet air was sampled from a transparent plastic container
(about 70 L) filled with about 60 L mixed litter of Castanea cre-
nata and Quercus dentata. The litter was irrigated once a week with
tap water. For the present CO, treatment (PC), the external air was
supplied directly. For each of the treatments, CO, concentrations
inside the OTCs were measured using a gas analyzer system
(KIP8510, Koito, Japan) by sampling the ar a 20 cm height inside
of two to five randomly-selected OTCs per treatment. The CO;
concentrations were measured in the daytime period (12:00 to 18:00
JST, mainly around 13:00 JST) every day. The average [CO;] in
the HC was 465 + 44 SD zzmol mol ™", whereas that in the PC was
378 + 32, and that in the LC was 243 + 49 in the daytime during
the experimental period.

| monitored the air temperatures at 20 cm height inside three
OTCs per each treatment using copper-constantan thermocouples
(0.1 mm diameter) covered with auminum shelters. The PPFD
outside the OTCs was measured with a quantum sensor (IKS-25,
Koito, Kanagawa, Japan), which was set at 1 m height. These envi-
ronmental factors were monitored and stored in a data logger (Ther-
modac-EF, Etoh, Tokyo, Japan). Almost al of the days during the
experimental period (15 days in late summer) were clear and the
light interception of the transparent sheet of the OTCs was negli-
gible. Thus, | estimated the average daily PPFD inside the OTCs
to be same as that of the outside: 27 + 7 SD mol m™ day . Ave-
rage air temperatures in the OTCs during the experimental period
were 26 + 8 SDC and did not differ significantly among the treat-
ments (post-hoc test by Scheffe’'s S). The main sources of variation
in the environmental factors were diurnal and day-to-day variation.

Growth Experiments

Each of the plant materials was enclosed in the OTC for 15 days
and irrigated with about 250 mL of 1/2000 strength Hyponex solu-
tion every day. The experimental period was set as 15 days because
the study species are fast-growing and thus growth anaysis must be
applied in the early stages of plant growth to avoid effects of self-
shading as much as possible. The OTC systems were placed in the
experimental field at the University of Tsukuba, Japan (140° 07' E
and 36° 04' N) under full sunlight conditions. Plants harvested at
the beginning and the end of the exposure experiments were cut
into roots, stems and leaves and were weighed after being oven-
dried for a week a 70°C. Total leaf area of individual plants was
measured before drying.
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Growth analysis was conducted using data obtained from the
initial and final harvests. Relative growth rates (RGR, g g day™)
for whole plants, net assimilation rates (NAR, g m™ day™) and leaf
area ratios (LAR, m’ g™) were caculated using the following
equations:

RGR = (In (Wy) - In (W) / Tm )
NAR = (Wi = W) (In (L) = In (L) / (Ls = L) / Tm 2
LAR = (Lf/Wf +Li/Wi)/2 (3)

where W and L are plant totd dry weight and leaf area a the initia
(i) and the final harvesting (f) respectively, and Tm is the growth
period in days (15 days in the present study). Specific leaf area
(SLA, m® g™') and dry weight ratios of roots, stems and leaves to
the total dry weight were also calculated from the data obtained at
the final harvesting.

The relationship between RGR, NAR and LAR is expressed by
the following equation:

RGR =~ NAR - LAR )
Furthermore, LAR is divided into two parameters:
LAR = SLA - LWR 5)

where LWR is the leaf weight ratio, the ratio of leaf dry weight
to totd dry weight.

NAR is divided into five physiological components (Iwaki,
1958):

NAR = p-1;— 1./ SLA - CIF 6)

where p and r; are the amounts of photosynthesis and leaf
respiration per unit leaf area, respectively, rc is the respiration of
non-photosynthetic organs per unit dry weight, and C/F is the dry
weight ratio of the photosynthetic organ to non-photosynthetic
organ. | define the C/A ratio, the ratio of the weight of non-photo-
synthetic organs to leaf area as follows:

CIA =1/SLA - CIF (7)

Then, equation (6) is rewritten as.

NAR = p-r—r. - C/A (6"
Measurement of Maximum Photosynthetic Rate

Leaf samples (about 1 to 10 cm’ each) were harvested from just-

matured leaves of the plant materials on the last day of the growth
experiment and were used for the measurement of maximum pho-
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tosynthetic rate (Pma) USing a leaf disc oxygen electrode (LD2,
Hansatech Instruments Ltd., Norfork, UK). The measurement was
performed at 30°C leaf temperature, 1,500 zmol m™ s * PPFD and
5~7% CO, concentration.

All statistical treatments were done using Super ANOVA (Aba-
cus Concept Inc., Barkeley, CA, USA), and values of minimum
significance level (P) were calculated. If theses values are lower
than 0.05, the differences between the mean values are statitically
significant.

RESULTS

Growth Analysis

The initid and fina total dry weights of the plant materias are
summarized in Table 1. Although the experimental period of 15
days was relatively short compared to the life cycles of the plant
materials (one year or more), total dry weights a the final harve-
sting were 3 to 5 times higher than those at the initiad harvesting.
Thus, growth analysis for plant initiad growth could be applied to
the present experimental results.

Responses of RGR, NAR and LAR to the three [CO;] treatments
are shown in Fig. 1. Over al, RGRs in the three plants in LC were
significantly lower than those in PC (ANOVA, P <0.0001) and the
RGR values in the LC were not different among the three species
(post-hoc test by Scheffe's S). However, compared to the value in
the PC, the percentage of reduction of RGR in the LC in the Cs
plant, C. album (21%), was higher than that of the two C,4 plants,
A. glauca and A. lentiformis (14% and 18%, respectively). On the

Table 1. Total dry weights in the three species at initid and fina
harvest. The average growth CO, concentrations were 243
(LC) 378 (PC), and 465 (HC) smol mol™. In each treat-
ment for each species, mean values with a symbol (*) are
sgnificantly different from initia dry weight (ANOVA with
Bonferroni Test, P < 0.001). Standard deviations are shown
in parentheses. n = 6 to 13.

Tota dry weight (g)

Initial Fina harvest

havest | C PC HC

032 144 267 290

Chenopodium album (Cs) 015 (03) (047) (0.45)

018 061 0900 084

Atriplex glauca (Cs) 007)  (031)  (046)  (041)

021 067 1000 112

Atriplex lentiformis (Ca) 013 (02 (036 (044
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Fig. 1. Responses of relative growth rate (RGR, upper), leaf area ratio (LAR, middie), and net assimilation rate (NAR) of Chenopodium album
(Cs, O), Atriplex glauca (Cs, A) and A. lentiformis (C,, ) to three growth CO; concentration conditions. The average CO, concentrations
were 243 (LC), 378 (PC), and 465 (HC) smol mol™. Vertical bars represent standard deviations. n = 6 to 13.

other hand, no significant enhancement of RGR by the HC was de-
tected in neither the C; nor the C, plants (post-hoc test by Scheffe's S).

In C. album, NAR increased significantly with increasing [CO,]
(ANOVA, P <0.0001), and that in the LC was only haf of that in
the PC (post-hoc test by Scheffe’ s S, P <0.0001). The NAR value
in the HC was 1.1 times that in the PC, though this difference is
not statistically significant (post-hoc test by Scheffe's S, P < 0.034).
In each of the two C4 plants, NAR vaues in the LC were much
lower than those in the PC and HC (post-hoc test by Scheffe's S,
P <0.0006) and those in the PC and the HC were not significantly
different (post-hoc test by Scheffe's S).

In C. album, the response pattern of LAR to [CO;] was com-
pletely different from that of NAR. LAR in this Cs plant decreased
with increasing [CO] (ANOVA, P<0.0001) and LAR in the LC
was about 1.3 times higher than that in the PC (post-hoc test by

Scheffe's S, P < 0.0001). On the other hand, in each of the two C,
plants, LAR values did not differ among the three treatments.

Enhanced LWR was observed in C. album in the LC, together
with reductions in SWR and RWR (ANOVA, P <0.0001) (Fig. 2).
The two C4 plants did not show any significant difference in dry
weight alocation among the three treatments.

The SLA in the LC in C. album was significantly higher than
that in the higher [CO;] treatments (post-hoc test by Scheffe's S,
P <0.0003) (Fig. 3), and the C/A ratio in C. album increased with
increasing [CO;] (ANOVA, P <0.0001). The two C4 species showed
little difference in SLA and C/A ratio among the three treatments.

Maximum Photosynthetic Rate
C. album showed no significant difference in Pmac among the
three treatments (post-hoc test by Scheffe's S), athough the value
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Fig. 2. Responses of leaf weight ratio (LWR, upper), shoot weight ratio (SWR, middle) and root weight ratio (RWR, lower) of Chenopodium
album (Cs, O), Atriplex glauca (Cs, A) and A. lentiformis (C,, Il to three growth CO, concentration conditions. The average CO;
concentrations were 243 (LC), 378 (PC), and 465(HC) mol mol™. Vertical bars represent standard deviations. n = 6 to 13.
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Fig. 3. Responses of specific leaf area (SLA, upper) and C/A ratio
(lower) of Chenopodium album (Cs, O), Atriplex glauca (Cs, A)
and A. lentiformis (C,, Il to three growth CO, concentration
conditions. The average CO, concentrations were 243 (LC),
378 (PC), and 465 (HC) smol mol™ Vertical bars represent
standard deviations. n = 6 to 13.

in the LC was dightly lower (Fig. 4). The two C, species dso showed
no significant difference in Pnax among the three treatments. Pra
values in the two C4 species were always higher than those in the
Cs plant, C. album, independent of the treatment (ANOVA, P<
0.0001).

DISCUSSION

Past increases in global [CO;] must have aready affected the
morphology and growth activity of Cs plants by altering parameters
such as RGR, NAR, LAR, LWR, SLA and C/A ratios in the plants
initial growth stage. The high [CO;] conditions predicted to occur
in the future, which were estimated to pesk [CO;] a about 465 «mol
mol ™ in this study, will aso affect growth parameters, as the in-
crease in NAR and the decreases in LAR and LWR of the C; plant
seedlings in this study were significant, though the changes may be
relatively small. On the other hand, the results of this study suggest
that it is unlikely that the increase in global [CO,] in the future will
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Fig. 4. Responses of maximum photosynthetic rate (Pma) Of Che-
nopodium album (C,, O), Atriplex glauca (Cs, A) and A. len-
tiformis (C,, H) to three growth CO, concentration condi-
tions. The average CO, concentrations were 243 (LC), 378
(PC), and 465 (HC) zzmol mol™. Vertical bars represent stan-
dard deviations. n = 4 to 6.

have significant effects on the morphology, growth and photosyn-
thetic activities of C4 plants in the initid growth stage. My results
suggest that the advantage of C4 plants over Cs; plants under past
low [CO;] may result from the relatively small reduction of NAR
(Fig. 1) and their ability to maintain high photosynthetic capacity
under low [CO;] conditions (Fig. 4), which together kept the reduc-
tion of RGR relaively small in the initial growth stage (Fig. 1).
This interpretation is also supported by the large reduction of RGR
in the LC and the reduction of NAR in the C; plant seedlings.

However, the enhancement of LAR (Fig. 1), LWR (Fig. 2) and
SLA (Fig. 3) in C. album (Cs) in the LC suggests that the phy-
siological disadvantage of Cs plants under low [CO;] may be com-
pensated for by morphological changes to some extent. Com-
pensation for decreasing NAR under low [CO;] by morphologica
adjustment was also found in Abutilon theophrasti, a Cs annua
(Dippery et a. 1995). However, the generality of such morpholo-
gica adjustments by C; plants under low [COj] is still unclear
because of the quite limited number of studies.

It is often supposed that the low [CO;] in the glacia and prein-
dustrial periods favored C, plants because of their high photosyn-
thetic rate under low [CO7] (Ehleringer et a. 1991, Ehleringer et
al. 1997, Ehleringer et a. 2005). However, the results of this study
suggest that, at the whole-plant level, the advantage of C. plants
over C; plants under low [COy] is not large.

As shown in equation (5), LAR is composed of two parameters,
SLA and LWR. The enhancement of LAR in C. album in the LC
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(Fig. 1) was due to increases in LWR (Fig. 2) and SLA (Fig. 3).
In many C; plants, LAR and SLA decreases and LWR remains
unchanged at about 700 zzmol mol™ [CO,] (Poorter et al. 1996,
Poorter and Navas 2003). These results suggest that the reduction
of LAR and the increase of SLA with increasing [CO;] are generd
features of C; plants. On the other hand, as few studies have been
conducted of responses to low [CO], an increase of LWR under
low [CO;] has only been reported for Abutilon theophrasti (Dippery
et a. 1995). The generdity of the LWR response to low [COy]
should be confirmed in other Cs plants.

It is unlikely that the reduction of NAR in C. album in the LC
(Fig. 1) was derived from the aternation of photosynthetic activity
by the low [CO;], because there was no significant change in Pra
(Fig. 4). From equation (6'), | infer that rc may have been enhanced
by the low [CO;], because the C/A ratio was reduced in the LC
(Fig. 3), and p-r; can be related to Pma, which did not change
significantly (Fig. 4). Some studies of photosynthetic responses of
Cs plants to low [CO,] show reduced P as well as a reduced
apparent photosynthetic rates (Overdieck 1989, Sage and Reid 1992,
Tissue et a. 1995). The differences between my results and the
results of previous studies suggest that photosynthetic responses to
low [CO,] may vary among species. Substantial interspecific va-
riation in plant respiratory responses to high [CO,] has aso been
reported (Amthor 1991, Ceuleman and Mousseau 1994) and little is
known about the effects of low [CO;] on plant respiration. Thus,
further studies should be done to clarify how respiratory and pho-
tosynthetic responses to various [CO;] are related, considering the
mitochondrial response summarized in Drake et al. (1999).

In many Cs species, including herbaceous (Poorter 1993) and
some woody species (Poorter 1993, Callaway et a. 1994, Farns-
worth et a. 1996, Koike et a. 1996), high [CO;] (about 700 zmol
mol ™) causes significant reductions in LAR, which cancel out the
increases in the NAR, resulting in no significant increase in RGR.
Although I did not detect statistically significant differences in the
responses of NAR and LAR to HC (about 465 zzmol mol™) vs.
other conditions in C. album, these results suggest that morpho-
logical adjustment is a genera feature of C; plants responses to
high [CO,]. Higher [CO], such as 700 ~mol mol™, which has
often been used in the previous studies, may result in greater
increases of hiomass in Cs species if the reduction in LAR is not
greater than the increase in NAR.

It is unlikely that C, photosynthesis has a significant advantage
over C; photosynthesis under [CO,] higher than the present atmos-
pheric concentration, because there was no significant increase in
RGR and NAR in the two C, plants in the HC, and the values were
much lower than those of the C; plant (Fig. 2). Although Prma
values of the C4 plants were much higher than those of the Cs plant
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(Fig. 5), these did not result in higher RGR or NAR in the C,
plants in the HC (Fig. 1). These results are consistent with previous
reports that high [CO;] had little effect on growth parameters in C4
plants (Acock and Allen, 1985, Polley et a. 1992, Tissue et 4.
1995, Poorter et a. 1996; Wand et a. 1999, Poorter and Navas
2003).

The reduction in relative leaf quantity with increasing [COy] in
C. album (Fig. 2) suggests that changing [CO;] may alter the
competitive relationships between C; and C, plants by changing the
shading ability of Cs species. Shading by leaves is one of the criti-
cal factors determining the result of competition in plants (e.g. Trem-
mel and Bazzaz 1993, Tremmel and Bazzaz 1995).
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