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Abstract

Nutrient element concentrations and grain quality were assessed in spring wheat grown under elevated CO,
concentrations and contrasting levels of tropospheric ozone at different nitrogen supply rates at several European
sites. Carbon dioxide enrichment proved to affect nutrient concentrations in a complex manner. In green leaves, all
elements (with exception of phosphorus and iron) decreased. In contrast, effects on the element composition of grains
were restricted to reductions in nitrogen, calcium, sulphur and iron. Ozone exposure resulted in no significant effects
on nutrient element concentrations in different tissues in the overall analysis. The nitrogen demand of green tissues
was reduced due to CO, enrichment as shown by reductions in the critical leaf nitrogen concentration and also
enhanced nitrogen use efficiency. Reductions in the content of ribulose-bisphosphate carboxylase/oxygenase and
repression of the photorespiratory pathway and reduced nitrogen allocation to enzymes driving the photosynthetic
carbon oxidation cycle were chiefly responsible for this effect. Thus, nitrogen acquisition by the crop did not match
carbon acquisition under CO, enrichment. Since crop nitrogen uptake from the soil was already completed at anthesis,
nitrogen allocated to the grain after anthesis originated from vegetative pools—causing grain nitrogen concentrations
to decrease under CO, enrichment (on average by 15% when CO, concentrations increased from 360 to 680 umol
mol ~!). Correspondingly, grain quality was reduced by CO, enrichment. The Zeleny value, Hagberg value and
dry/wet gluten content decreased significantly with increasing [CO,]. Despite the beneficial impact of CO, enrichment
on growth and yield of C; cereal crops, declines in flour quality due to reduced nitrogen content are likely in a future,
[CO,]-rich world. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

CO, enrichment not only affects growth and
yield of C; crops, but may also affect crop quality.
Since CO, is the sole carbon source for higher
plants in terrestrial ecosystems, it must be regarded
as the nutrient that presently limits growth of all
terrestrial C; plants (Sinclair, 1992). Thus, CO,
enrichment is expected to interact with the uptake
and utilization of nutrients since nutrient metabo-
lism is balanced in a complex manner (Natr, 1992;
Rastetter and Shaver, 1992; Bergmann, 1993; Roy
and Garnier, 1994). Most studies carried out so
far have shown that C/N ratios in tissues of C,
plants increase under CO, enrichment (Conroy,
1992; Cotrufo et al., 1998), indicating that nutrient
balance is affected.

Interactions between CO, enrichment and nitro-
gen nutrition have been studied rather intensively
(see Conroy, 1992; Petterson and McDonald,
1994). Nitrogen concentrations in green tissues of
C; species have been found to be reduced under
CO, enrichment and several explanations proposed
(Conroy, 1992). The first target of CO, is ribulose-
bisphosphate carboxylase/oxygenase (RuBisCO).
Since oxygen and CO, compete for the same
reaction sites on this enzyme, the oxygenase reac-
tion of RuBisCO is suppressed under CO, enrich-
ment (Sharkey, 1985; Webber et al., 1994); model
calculations (Sharkey, 1988), indicating that the
rate of photorespiration will be depressed to
approximately half of the current values with a
doubling of the atmospheric CO, concentration.
Thus, the demand for enzymes of the glycolate
pathway will decrease, which may in turn lower
the nitrogen demand of green tissues (Webber
et al., 1994). Reductions in leaf nitrogen demand
may also result from the optimization of resources
within the photosynthetic apparatus (Webber
et al., 1994). Under CO, enrichment, carboxyla-
tion by RuBisCO will no longer limit the rate of
CO, assimilation; rather, ribulose-bisphosphate-
(RuBP) and phosphate- (P;) regeneration will be
limiting (Harley and Sharkey, 1991). There may,
therefore, be a reallocation of nitrogen away from
RuBisCO to light harvesting and sucrose synthesis
(Sage et al., 1989; Webber et al., 1994; Woodrow,
1994), increasing the nitrogen use efficiency (the

amount of carbon acquired per unit nitrogen taken
up) because of the large amounts of leaf nitrogen
bound in RuBisCO (up to 58% of soluble leaf
protein, Jacob et al., 1995). Critical foliar nitrogen
concentrations (the N concentration at which 90%
of maximum biomass or yield is achieved) are,
thus, significantly reduced by CO, enrichment,
suggesting that fertilizer management regimes may
have to be reassessed in the future (Conroy, 1992).

Reduced nitrogen concentrations in crops
grown under CO, enrichment suggest that future
changes in atmospheric composition may affect
crop quality, e.g. wheat quality (Hocking and
Meyer, 1991; Manderscheid et al, 1995;
Blumenthal et al., 1996; Fangmeier et al., 1997).
In particular, such relationships exist between
grain protein content and protein-linked quality
parameters such as the Zeleny value and gluten
content. Bread-making qualities are, in part, based
on the retention of CO, in the dough—a quality
parameter mainly dependent upon the insoluble
protein content of the grain (i.e. gluten contents;
constituted mainly by gliadin and glutenin). Four
indices are used to assess bread-making quality:

(I) the dry gluten concentration—a measure of
the total gluten content (quantity of gluten);
(IT) the wet gluten concentration—a measure of
the water-retaining capacity of the gluten (quality
of gluten);

(IIT) the Zeleny index—an indication of the
quantity of proteins and quality of the gluten; a
high Zeleny index corresponds with a high quan-
tity and/or quality of the gluten (Biston et al.,
1986; Czuchajowska and Pomeranz, 1990); and
(IV) the Hagberg value—an indication of the
a-amylase activity of the flour. The lower the
Hagberg value (high o-amylase activity), the
more starch is transformed into fermentable
sugars upon which yeast may act to produce the
CO,, which enables the dough to rise during
bread-making.

Rather less is known about interactions
between CO, enrichment and phosphorus nutri-
tion. Leaf phosphorus demand is thought to
increase with increasing CO, because the photo-
synthetic carbon reduction (PCR) cycle is favoured
over the photosynthetic carbon oxidation (photo-
respiratory or PCO) cycle and, thus, more P; is
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required (Sharkey, 1985; Conroy, 1992; Morin
et al.,, 1992). Conroy (1992) and Rogers et al.
(1993) found that critical phosphorus concen-
trations in leaf tissues increased under CO, enrich-
ment and that leaf phosphorus concentrations
showed no, or little, reduction compared with
nitrogen under CO, enrichment (Overdieck, 1993;
Fangmeier et al., 1997).

Information on the effects of CO, enrichment
on nutrients other than N or P in herbaceous
species is scarce. Reduced concentrations of
macro- and micronutrients have been reported
after exposure to CO, enrichment by some authors
(Overdieck, 1993: Trifolium repens L., T. pratense
L., Lolium perenne L. and Festuca pratensis Huds.;
Heagle et al., 1993: Trifolium repens; Huluka et al.,
1994: Gossypium hirsutum L.; Manderscheid et al.,
1995: Triticum aestivum L. and Hordeum vulgare
L.; Fangmeier et al., 1997: Triticum aestivum). In
contrast, much attention has been paid to the
effects of tropospheric ozone on tissue nutrient
concentrations—particularly in  forest trees
because of concern over the role of O; in the
decline of forests in both Europe and the USA
(McLaughlin, 1985; Krause et al., 1986; Kickert
and Krupa, 1990). Research suggests that the
impacts of O; on nutrient relations are dependent
on the species and environmental conditions.
Increased concentrations of Ca, Mg, and N have
been reported in Picea abies (L.) Karst. (Keller
and Matyssek, 1990) and in Pinus taeda L. (Baker
et al.,, 1994) after ozone fumigation, an effect
attributed to ozone-induced premature abscission
of older needles. However, Bytnerowicz et al.
(1990) did not detect ozone effects on nutrients in
Pinus ponderosa Dougl. needles, and Ogner (1993)
found ozone effects on nutrients in only two of six
clones of Picea abies. Rather less attention has
been paid to the effects of O3 on nutrient concen-
trations in herbaceous species. However, decreased
foliar concentrations of Ca, Mg, Fe and Mn, and
increased pod concentrations of K, P and Mo,
have been reported in snapbean (Phaseolus vulgaris
L.) (Tingey et al., 1986), whereas the nutrient
composition (Ca, Mg, K, P) of grain of spring
wheat has been found to be increased by ozone
exposure (Fuhrer et al., 1990).

Little is known about the interactive effects of

elevated CO, and O; on element composition in
plant tissues. Nutrient concentrations in leaves of
white clover exposed to CO, and/or O; were
analysed by Heagle et al. (1993). However, the
authors did not state whether treatment inter-
actions on nutrient concentrations occurred. The
same holds for a four-factor study by Lippert et al.
(1996) when Norway spruce was exposed to
different levels of CO,, O;, nitrogen nutrition and
drought. Pfirrmann et al. (1996) also used Norway
spruce saplings to investigate the effects of CO,
enrichment, O; and K deficiency on element con-
centrations in fine roots, current year needles and
previous-year needles. With the exception of Cu
in needle samples, they did not detect any signifi-
cant interactive effects (at P<0.05) of CO, and
O; on any of the elements analysed.

Within the ESPACE-wheat study, several of the
participating groups analysed the concentrations
of nitrogen in various tissues from different treat-
ments. Two of the groups also analysed additional
nutrients, and grain quality (1000 kernel weight,
crude protein content, starch content) was assessed
by several groups, with one of the groups carrying
out a comprehensive analysis of grain quality. In
this contribution, a summary of findings from
ESPACE-wheat is presented to show that grain
quality and nutrient relations may be important
parameters that deserve more attention in future
efforts to model the impacts of rising CO, concen-
trations on crop yield.

2. Materials and methods

The same cultivar of spring wheat (Triticum
aestivum L. cv. Minaret) was used by all participat-
ing groups. The growth and exposure conditions
followed standard protocols developed for the
ESPACE-wheat study as described -elsewhere
(Jager et al., 1999).

Data on foliar nutrient concentrations and grain
quality parameters (treatment means, respectively)
were requested from all participating groups in the
ESPACE-wheat study. Nitrogen data were avail-
able from seven groups and data on additional
nutrients from two groups. However, individual
participants in the project analysed the nutrient
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composition of different organs. Analyses have
therefore been restricted to situations where data
were available from at least four different sites. In
Table 1, a summary of the data-set used for the
overall analysis of treatment effects on nitrogen
concentrations is presented. Nitrogen data for
green leaf blades, senescent leaf blades, stems, ears
and grain were subjected to analysis of variance
(ANOVA). Data from ambient field plots were
excluded from the analysis—most of the groups

Table 1

reported significant chamber effects when the
growth and yield from ambient field plots was
compared with that of open-top chambers venti-
lated with ambient air. Also, data from treatments
other than ozone and nitrogen deficiency (e.g. soil
moisture deficit or variation of temperature) were
excluded from such analysis, since data were too
few to permit a rigorous analysis of effects.
Thus, CO, concentration (ambient, ambient
plus 160 ul1-* CO,, or ambient plus 320 pul1~?

Summary of the data set used for overall analysis of treatment effects on nitrogen concentrations

Site* CO, levels O; levels Nitrogen nutrition levels Organs sampled At growth stages®
ROTH 2 1 (growth chamber experiment) Green leaves 31/65
Senescent leaves 65/93
Stems 31/65
Ears 65
Grains 93
GIES 3 2 Upto$5 Green leaves 31/65
Senescent leaves 65/93
Stems 31/65/93
Ears 65
Grains 93
TERV 3 2 Green leaves 65
Senescent leaves 93
Stems 65/93
Stems 65
Grains 93
ROSK 3 1 Green leaves 31/65
Senescent leaves 65/93
Stems 31/65/93
Stems 65
Grains 93
BRAU 4/3¢ 2 Green leaves 65
Stems 65
CARL 2/34 2 Green leaves 65
Stems 65
Grains 93
WAGE 2 1 Green leaves 65
Stems 65/93

2 Site abbreviations:

ROTH: Biochemistry and Physiology Department, IACR Rothamsted, Harpenden, UK
GIES: Institute for Plant Ecology, Justus-Liebig-University, Giessen, Germany

TERV: Veterinary and Agrochemical Research, Tervuren, Belgium

ROSK: National Environmental Research Institute, Roskilde, Denmark

BRAU: Institute for Production- and Ecotoxicology, FAL, Braunschweig, Germany

CARL: Agricultural and Food Development Authority, Oak Park Research Center, Carlow, Ireland

WAGE: Department of Theoretical and Production Ecology, Agricultural University, Wageningen, The Netherlands.

® Growth stages according to Tottman and Broad (1987).

¢ Four different CO2 levels in 1994 and 1995, three different CO2 levels in 1996.
4 Two different CO2 levels in 1994, three different CO2 levels in 1995 and 1996.
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CO,), O; level (non-filtered or non filtered plus
ozone addition), nitrogen supply, growth stage at
sampling date and site served as independent vari-
ables for ANOVA. The variation in nitrogen
supply was restricted to three of the participating
groups. The nitrogen supply was regarded either
as sufficient (high) when the amount of fertilization
was 150 kg N ha ! or more, or as insufficient (low)
when it was below 150 kg ha~!. Some groups who
did not vary the nitrogen supply did not report
the amount of fertilizer actually applied. In these
cases, nitrogen supply was regarded as sufficient,
since the standard protocol required an optimum
nutrient supply. When data for particular organs
such as stems, green or senescent leaf blades were
available at different growth stages, the growth
stage was added as an independent variable. Most
groups provided data from three growth stages:
beginning of stem elongation, anthesis and ripen-
ing. Data from additional growth stages, although
provided by some groups, were excluded from the
analysis.

Since different methods were used by the partic-
ular groups for nitrogen determination, and since
no method comparison was carried out to check
for systematic errors in the determinations, nitro-
gen data were calculated as a percentage of the
respective ambient air treatment data for each site
(i.e. 100% relates to samples obtained at ambient
CO, level, non-filtered O5 level, and sufficient
nitrogen supply). These calculations were per-
formed separately for different growth stages.
Regression analyses were carried out to test for
CO, effects. In these cases, data were calculated
as a percentage of ambient CO, exposure concen-
trations separately for different growth stages, N
supply, and ozone exposure conditions,
respectively.

Data for nutrients other than nitrogen were
limited to two groups (GIES and ROSK, see
Table 1 for site abbreviations). Data were first
normalized as described for nitrogen, then sub-
jected to ANOVA [CO, by N supply, by growth
stage (if applicable), by site]. Since exposures at
ROSK were restricted to ambient ozone concen-
trations, only GIES data from NF chambers were
included in the analyses.

Data relating to shoot nitrogen use efficiency

(NUE) at different growth stages were available
from four different sites. At two of these sites
(GIES and TERV), the crop was grown at different
ozone levels, and these data were subjected to
ANOVA to check for ozone effects on NUE. Since
there were no significant effects of ozone (P
between 0.42 and 0.89 according to site and growth
stage), data from different ozone treatments were
pooled for subsequent ANOVA using CO,, N
supply, and site as independent variables (sepa-
rately at different growth stages).
Concerning grain quality parameters:

(I) starch content was determined by polarimetry
based on Ewers method (Method 2.34.;
72/199/EEC; PB L123, 29/5/1972);

(IT) the Zeleny index (sedimentation index
according to Zeleny) using a near-infra-red
method (ISO 5529-1978);

(III) the Hagberg value (Method Hagberg-
Perten; I.C.C. Standard 107) was determined as
the time (expressed in seconds) an agitator-viscos-
ity metre needs to penetrate an aqueous flour
suspension;

(IV) dry and wet gluten content of flour was
determined using the glutomatic system (Falling
number AB), by separating gluten and soluble
starch and protein fraction (I.C.C. Standard
137).
Data relating to starch content and 1000 kernel
weight (TKW) were obtained from five sites. At
three sites, data for different ozone levels and for
two sites, data on different N supply were avail-
able. The data were normalized (as for nitrogen)
and then subjected to ANOVA to check for CO,,
ozone and N effects on starch content and 1000
kernel weight. A regression analysis was carried
out to test for CO, effects. For these analyses,
data were split into three different N supply
ranges: low (N supply<100kgha~'), normal
(100-160 kg ha™ 1) and high (>160 kg ha™").

Bread-making quality data were only available

from one site (TERV). Four quality parameters
were determined over three successive years. The
data were subjected to ANOVA to test for the
effects of CO, enrichment on quality. The effects
of ozone were not studied since the data were
restricted to filtered and non-filtered air. Chambers
removing NO, through air filtration may have
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negative effects on wheat quality as shown in
previous experiments (Vandermeiren et al., 1992;
De Temmerman et al., 1993).

3. Results and discussion
3.1. Nitrogen concentrations in different tissues

In general, CO, enrichment caused decreases in
the nitrogen content of green leaves, senescent
leaves, ears and grains. There was, however, no
statistically sigificant effect in stems (see Table 2
for the results of ANOVA). A compilation of data
is shown in Fig. 1, which illustrates the impacts
of CO, enrichment on the nitrogen concentration
of green leaves and grains in the different treat-
ments. There was a site-to-site variation in the
response of tissue nitrogen concentrations to CO,
enrichment. For example, the greatest reduction in
grain nitrogen concentration at high nitrogen
supply (680 vs. 360 umolmol ! CO,) was
observed at GIES (—31%, see Table 1 for site
abbreviations), followed by ROSK (—23%),
ROTH (—14%), TERV (—8%) and CARL (—8%),
respectively. The corresponding reductions in the
nitrogen content of green leaves from plants well
supplied with nitrogen and harvested at anthesis
were: —31% (GIES), —13% (ROSK), —12%
(BRAU), —12% (WAGE), —12% (CARL), —6%
(ROTH), and —5% (TERV). It is not clear from
the data-set why there are such discrepancies
between the data at the different sites, but several

Table 2

environmental and exposure conditions differed
between sites.

Reductions in nitrogen content of plant tissues
under CO, enrichment might have several ecologi-
cal impacts. The increase in C/N ratio in green
leaf tissues means a reduction in the quality for
herbivorous insects that respond to enriched
CO,-grown foliage by increasing their consump-
tion rate by 20-80% (Lincoln et al., 1993). There
is some debate as to whether or not decomposition
rate of litter will be influenced by CO, enrichment.
If the C/N ratio in litter is increased after exposure
under CO, enrichment, the rate of litter decompo-
sition is expected to slow down (Couteatlix et al.,
1995). However, a reduction in litter C/N has not
always been observed (O’Neill and Norby, 1996;
Hirschel et al.,, 1997). Since CO, enrichment
caused significant reductions in the nitrogen
content of senescent leaves in this study (on
average by 21% over all sites and treatments),
there may be some effects on litter decomposition.

The nitrogen supply affected the tissue nitrogen
content of all sampled tissues at all three sites
where the canopies were grown under different
fertilizer regimes, as expected. However, inter-
actions between CO, enrichment and nitrogen
treatments were detected in very few cases. ROSK
and GIES data that were subjected to two-way
ANOVA revealed significant interactive effects on
the nitrogen content of senescent leaves, and CO,
and N supply interacted on grain nitrogen content
at GIES, with a high nitrogen supply increasing
the reduction in tissue nitrogen content enforced
by CO, enrichment.

Results of ANOVA on treatment effects on nitrogen concentrations in different tissues of spring wheat. Interactions were excluded
from the analyses since a complete factorial design was restricted to certain sites (compare Table 1)

Independent variable

Tissue CO, 0, N supply Growth stage Site
Green leaves P <0.001 ns P <0.001 P<0.001 P<0.001
Senescent leaves P<0.001 ns P<0.001 ns P<0.001
Stems ns ns P<0.05 ns P<0.05
Ears P<0.01 ns P<0.01 Harvested only at growth stage 65 P<0.001
Grains P <0.001 ns P <0.001 Harvested only at growth stage 93 P<0.05

ns: not significant (P>0.05).
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Fig. 1. Response of nitrogen concentrations in green leaves (at
anthesis) and in grains (at ripening) of spring wheat to CO2
enrichment. Data are given as a percentage of the concen-
trations at ambient CO2, respectively. Closed symbols, stars,
and hourglass represent data from plots with high nitrogen
supply, and open symbols represent data from plots with a low
nitrogen supply. For an explanation of the site abbreviations,
see Table 1. Regression lines were calculated separately for high
(solid) and low (broken) nitrogen supply. The regressions fol-
lowed the equations:

green leaves, high N: y=112.5—-0.03475x (P <0.001),

green leaves, low N: y=120.5—0.06241x (P <0.001),

grains, high N: y=111.4—0.03871x (P<0.001),

grains, low N: y=116.1—0.04974x (P<0.001),
where y =concentration [%] in relation to concentrations found
at ambient CO2, and x=CO2 concentration [mol mol—1].

Ozone at concentrations higher than ambient
did not affect tissue nitrogen concentrations.
Effects of ozone on foliar nutrient composition
have been reported in some studies with wheat.
Mortensen and Jorgensen (1996) detected
increased tissue nitrogen concentrations in one
spring wheat wheat cultivar (cv. Minaret) exposed
to ambient air or ambient air enriched with ozone
in comparison with filtered air, but no effects were
found in another cultivar (cv. Eridano). Scotti
et al. (1994) did not observe any significant effects
of non-filtered air compared with filtered air on

grain nitrogen concentrations in winter wheat,
whereas Fuhrer et al. (1990) reported a tendency
toward increased grain nitrogen concentrations
under elevated ozone exposure. Individual groups
participating in ESPACE-wheat reported signifi-
cant effects of ozone on tissue nitrogen concen-
trations in some cases. However, over the whole
data-set, ozone effects were not significant.

3.2. Nutrient concentrations other than nitrogen in
different tissues

Two sites (GIES and ROSK) provided extensive
data on element concentrations other than nitro-
gen (P, K, S, Ca, Mg, Fe, Mn, Zn). The statistical
design at both sites comprised a full factorial
variation of CO, by N supply, and thus the data
were subjected to three-way ANOVA (CO, x
N xsite) or four-way ANOVA (CO, x N x growth
stage x site), where applicable. Only data from NF
chambers were included for GIES.

Table 3 provides a compilation of the results of
ANOVA. Element concentration data in green
leaves at anthesis and in grains at ripening are
shown in Fig. 2. In green leaves, CO, enrichment
significantly decreased the concentrations of all
elements except iron and phosphorous. ANOVA
detected a slightly significant effect on phospho-
rous concentrations in green leaves, but that was
not reproduced in the regression analysis. The lack
of a pronounced reduction of P concentrations in
green leaves supports earlier suggestions that the
P demand of leaves increases under CO, enrich-
ment (Conroy et al., 1992), since the photosyn-
thetic carbon reduction cycle is favoured over the
photosynthetic carbon oxidation cycle at higher
CO, partial pressures (Bowes, 1993; Sage, 1994)
and, thus, more P; is consumed (Sharkey, 1985).
Iron concentrations in green leaves were closely
related to P concentrations and showed no signifi-
cant changes due to CO, enrichment. The concen-
trations of Ca, S, Mg, Zn, K in green leaves,
however, responded similarly to nitrogen.

In senescent leaves, effects of CO, enrichment
were usually less pronounced than in green leaves.
The alteration of element concentrations in senesc-
ing leaves is affected by several means: immobile
elements such as Ca or Fe increase in concentration
during senescence because of further uptake and
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Table 3

Results of ANOVA on treatment effects on element concentrations in different tissues of spring wheat

Independent variable Interactions

Element Tissue CO, N supply Growth stage Site CO, by N supply CO, by site

P Green leaves P<0.05 P<0.05 P<0.01 P<0.05 ns P<0.05
Senescent leaves ns ns ns ns ns ns
Stems ns ns P<0.001 P<0.01 ns ns
Ears ns ns - P <0.001 ns ns
Grains ns ns - ns ns ns

K Green leaves P<0.001 P<0.01 ns P<0.001 ns ns
Senescent leaves P <0.001 P<0.01 P<0.05 P<0.05 ns ns
Stems P<0.001 P<0.001 P<0.001 P<0.01 ns ns
Ears P<0.05 P<0.05 - P <0.001 ns ns
Grains ns ns - ns ns ns

Ca Green leaves P <0.001 P<0.001 P<0.001 P <0.001 ns P <0.001
Senescent leaves P<0.05 P<0.001 ns P<0.001 ns P<0.01
Stems P <0.001 P<0.001 P<0.001 P <0.001 ns P<0.01
Ears ns P<0.05 - P <0.001 ns ns
Grains P <0.001 P<0.001 - P<0.01 ns ns

S Green leaves P<0.001 P<0.001 ns P<0.001 ns ns
Senescent leaves P<0.001 P<0.05 P<0.01 P<0.001 ns P<0.001
Stems P <0.001 P <0.001 P <0.001 P <0.001 ns P <0.001
Ears ns P<0.05 - P<0.01 ns ns
Grains P <0.001 P <0.001 - P<0.01 ns ns

Zn Green leaves P<0.001 P<0.001 P<0.01 P<0.001 ns P<0.001
Senescent leaves ns P<0.001 ns P<0.01 ns ns
Stems ns P<0.05 P<0.01 P <0.001 ns P<0.05
Ears ns ns - ns ns ns
Grains ns ns - ns ns ns

Fe Green leaves ns P<0.01 ns P<0.01 ns ns
Senescent leaves ns ns ns ns ns ns
Stems ns ns ns ns ns ns
Ears ns ns - ns ns ns
Grains ns ns - P<0.05 ns ns

Mn Green leaves P<0.001 P<0.001 P<0.05 ns ns ns
Senescent leaves P<0.01 P<0.001 ns P <0.001 ns ns
Stems ns P<0.05 ns ns ns ns
Ears ns ns - ns ns ns
Grains ns ns - ns ns ns

n.s.: not significant (P>0.05).
—: not applicable (assessed at one growth stage only).

because of a loss in dry weight due to the remobili-
zation of non-structural carbohydrates and pro-
teins (Schnyder, 1993). On average, Ca and Fe
concentrations were found to increase by 112 and
46%, respectively, from anthesis (when leaves were
green) until ripening (when complete senescence
was achieved). Common mobile elements, such as
K, S or Mn, were not retracted from senescing
leaves, with the concentrations of these elements

remaining similar to those in green leaves. In
contrast, elements needed during grain filling (in
particular P and N, and to a lesser extent Zn) were
almost entirely reallocated from the leaves during
senescence (leaf concentrations of P, N and Zn
dropping by 83, 77 and 53%, respectively, from
anthesis to ripening). All these processes interacted
with CO, enrichment, making it difficult to draw
any further conclusions.
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interactions for either element in any of the sampled tissues.
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two sites for any of the elements, respectively. The significance
of the regression analyses is indicated in the graph (ns: not
significant, *P <0.05, **P < (.01, #**P <0.001).

In general, in stems, a ‘dilution’ of nutrients
occurred following exposure to CO, enrichment.
This was most pronounced at anthesis and at
ripening and was most probably due to the accu-
mulation of non-structural carbohydrates
(Schnyder, 1993; Fangmeier et al.,, 1996;
Hofstaetter et al., 1996). Only manganese did not
follow this general pattern.

Element concentration in ears at anthesis were
marginally affected by the treatments. In grains at

final harvest, CO, enrichment resulted in no sig-
nificant changes in the concentration of P, K, Zn
and Mn, but decreased the concentration of Ca, S
and Fe. These findings are very similar to results
obtained by Manderscheid et al. (1995) who
worked on two different cultivars of wheat. This
suggests that the observed reaction pattern of
change in the nutrient concentrations of wheat
grains under CO, enrichment may be a ubiquitous
response.

3.3. Nitrogen amounts acquired by the crop in
different tissues

The amount of nitrogen taken up by the crop
and stored in the shoot was not affected by CO,
enrichment at either growth stage (P=0.49 to 0.54
according to ANOVA). In Fig. 3, N amounts in
shoots at different growth stages are shown for
each site from different CO, and N supply treat-
ments. There was no CO, effect on nitrogen
acquisition at either site. It is also clear from the
data shown in Fig. 3 that, in general, no further
uptake of nitrogen took place after anthesis
(growth stage 65), i.e. the nitrogen supplied to the
grains after anthesis originated from vegetative
pools—a finding consistent with previous observa-
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Fig. 3. Effects of nitrogen supply and CO, enrichment on nitro-
gen amounts acquired by spring wheat canopies at different
sites. Open symbols refer to plots with low nitrogen supply and
closed symbols to plots with high nitrogen supply. Symbol size
corresponds to CO, level (small: 360 pmol mol !, medium:
520 pmol mol ~*, large: 680 pmol mol ~1).
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tions (Van Kraalingen, 1990; Peeters and Van
Laere, 1994; Palta and Fillery, 1995).

Nitrogen acquisition and supply of mineral
nitrogen were linearly related at those sites where
the N supply was varied (see Fig.4). At ROTH
and GIES, the crops took up roughly the amount
of nitrogen supplied via the fertilizer, whereas N
acquisition by the crop at ROSK far exceeded
supply (data for ROSK not shown in Fig. 4). This
is due to the fact that different soils were used at
the experimental sites. For example, at GIES, a
substrate very low in organic matter (<1%) was
used, preventing significant nitrogen mineraliza-
tion, whereas mineralized N was available at
ROSK.

To further elucidate the role of vegetative nitro-
gen pools in the supply of N to the grains, the
effects of CO, enrichment and N supply on nitro-
gen pools in stems and green leaves at anthesis are
plotted in Fig. 5 (data from GIES). CO, enrich-
ment was found to decrease the nitrogen pool in
green leaves by more than 20% —an effect that
was, in part, compensated by an increase in the
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Fig. 4. Response of shoot nitrogen acquiration in spring wheat
canopies at ripening to supply of mineral nitrogen fertilizer at
ROTH and GIES. Data from ROSK were not included since
data were restricted to two fertilizer regimes (7.5 and
15 g N m™?), thus preventing regression analysis. The regres-
sion lines follow the equations:

ROTH: y=—0.15+0.90x (P <0.001)

GIES: y=3.1340.68x (P<0.001).
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Fig. 5. Effect of CO, enrichment and nitrogen supply on nitro-
gen pools in vegetative tissues of spring wheat at anthesis (data
from GIES).

stem N pool (which in turn may be attributed to
the large increase in stem biomass at anthesis;
Fangmeier et al., 1996). The total pool size was
slightly, but not significantly, decreased by CO,
enrichment and responded linearly to nitrogen
supply as shown in Fig. 4.

Thus, the amount of nitrogen available during
grain filling appears to be dependent on the pool
size stored in vegetative tissues, which in turn is
determined by the nitrogen supply. It might be
argued that decreases in the nitrogen content of
grain under CO, enrichment could be overcome
by increasing the N supply to the crop. However,
CO, enrichment decreased the nitrogen demand
of green leaves—a conclusion supported by lower
critical nitrogen concentrations (reduction by 10%
in flag leaves and by 13% in lower leaves;
Fangmeier et al., 1997) and by the increase in
nitrogen use efficiency observed at all of the sites
(data not shown). Thus, a further N supply might
translate into a higher yield without improving the
nitrogen status of the crop.
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To clarify whether optimization of the photo-
synthetic apparatus and/or reduction of the photo-
respiratory carbon and nitrogen flux were
responsible for the reduced nitrogen demand of
leaves under CO, enrichment, the amount of
RuBisCO protein was assessed at GIES and at
ROTH, and photorespiratory enzymes were
assessed at GIES. In addition, acclimation of the
photosynthetic apparatus was studied by gas
exchange measurements carried out at seven sites
within the ESPACE-wheat study (Mitchell et al.,
1999). The amount of RuBisCO in flag leaves
(data from GIES) is shown in Fig. 6 together with
the corresponding content of total soluble leaf
protein. Both the amount of RuBisCO and that
of total soluble protein were significantly (P <0.05)
reduced under CO, enrichment at growth stages
47 and 65 [growth stages according to Tottman
and Broad (1987)], whereas the relationship
between RuBisCO and total soluble protein
remained unchanged. This is in agreement with
earlier findings in Scirpus olneyi Grey. exposed to
CO, enrichment in a long-term field study (Jacob
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Fig. 6. Effect of CO, enrichment on amounts of RuBisCO and
total soluble protein in flag leaves of spring wheat at different
growth stages at GIES [growth stages according to Tottman
and Broad (1987)].

et al., 1995). However, these authors observed a
downward acclimation of photosynthesis, which
was not found in wheat exposed within ESPACE-
wheat (at least not before anthesis). Gas exchange
measurements indicated that there was no evidence
of any reduction in photosynthetic capacity of flag
leaves under elevated CO, before anthesis, whereas
it was usually reduced after anthesis, suggesting
that acclimation of photosynthesis to CO, enrich-
ment occurred slowly (Griters et al., 1998;
Mitchell et al., 1999).

Reductions in the amount of RuBisCO can in
part explain the reduced nitrogen demand of leaves
under CO, enrichment. Since the amount of total
soluble protein was affected by CO, enrichment
similar to RuBisCO, other pathways must also
have been influenced. Photorespiratory carbon and
nitrogen flux and, thus, the amounts of enzymes
driving the PCO cycle (Webber et al., 1994) appear
to be another candidate to explain the reduced
nitrogen demand of leaves under CO, enrichment.
Model calculations show that C and N flux
through the PCO cycle are approximately halved
when CO, concentrations are raised from the
present ambient levels to the highest levels used
within ESPACE-wheat (Sharkey, 1988). Assuming
an optimal use of nitrogen, the amount of the
driving enzymes might be expected also to be
halved. Taking into account that the N flux
through the PCO cycle exceeds the flux during N
assimilation by around one order of magnitude
(Leegood, 1996) and that most of the enzymes
involved in the PCO cycle are solely responsible
for photorespiratory C and N flux and can contrib-
ute a substantial fraction of the protein N bound
in leaves (Raman and Oliver, 1997), it might be
argued that the suppression of photorespiration
by CO, enrichment will cause leaf nitrogen demand
to decrease. The activity of two photorespiratory
enzymes was assessed at GIES from full emergence
until the beginning of senescence in wheat flag
leaves. The data obtained for the maximum
in-vitro activity of glycolate oxidase and hydroxy-
pyruvate reductase (which strongly relates to
enzyme amounts) are shown in Fig. 7. Both
enzymes were down-regulated to approximately
half of the control values under CO, enrichment,
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which is in agreement with the conclusions
drawn above.

3.4. Grain quality

The TKW was not significantly influenced by
elevated CO, or by ozone exposure. Rudorff et al.
(1996) also found no effect of ozone exposure, but
for wheat exposed at elevated CO,, they reported
an increase (of borderline significance) in TKW,
whereas Blumenthal et al. (1996) found that TKW
decreased. These conflicting results suggest that
elevated CO, is not the major cause of changes in
TKW. Indeed, nitrogen fertilization had a signifi-
cant effect (P<0.05) on TKW and may be one
further contribution to the variable nature of the
available data. As shown in Fig. 8, there was a
slight increase in the TKW as a function of ele-
vated CO, (not significant) at normal N supply
and a decrease at a high N supply. As there was
no significant effect of elevated CO, on the TKW,
it can be concluded that the increase in yield was
based on the development of the number of grains
(more ears per m?) rather than heavier kernels.

As a result of the higher photosynthetic activity
under CO, enrichment, a higher starch content
caused by an increase in carbohydrate transloca-
tion from source (leaves and stems) to sink (grain)
might be expected. However, the significant
(P<0.01) increase in starch content was restricted
to crops with a high N supply (Fig. 8). No effect
of ozone exposure was found on the starch content,
but, again, the N supply significantly (P<0.05)
changed the starch content.
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(>160 kg N ha~'). Neither of the regressions was significant
with the exception of the response of starch content to CO,
enrichment at a high N supply, which followed the equation:
»=285.6+0.0393x (P<0.01).

In concert with the decreased nitrogen, and
consequently protein concentration of the grain,
also the protein-linked quality parameters (the
Zeleny value and dry and wet gluten content) were
significantly (P<0.001) decreased under CO,
enrichment, indicating a reduction in baking qual-
ity (Fig. 9). Flour of a good quality has a Zeleny
value between 25 and 40 ml (Sinnaeve et al., 1997).
In spite of the decline in the Zeleny value, the
range of the values observed at elevated CO,
remained acceptable, except in the 1994 experi-
ment. Wheat grown in filtered air also showed a
reduced Zeleny value at elevated CO,. This may
be attributed to a decrease in the protein content
of the grain as a result of filtering NO,
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(Vandermeiren et al., 1992; De Temmerman
et al., 1993).

The Hagberg index depends mainly on the
harvest date and storage conditions of the grain.
The optimum Haberg value is reported to be
between 220 and 350 s (Sinnaeve et al., 1997).
Elevated CO, was found to decrease the Hagberg
value (P<0.05) and, thus, increased o-amylase
activity. Air filtration also decreased the Hagberg
value, which can be explained by a delayed senes-
cence and retarded maturity (Vandermeiren
et al., 1992).

4. Conclusions

CO, enrichment has been proven to be beneficial
for the growth and yield of C; crops (e.g. Poorter,
1993). The results from the ESPACE-wheat experi-
ments confirm previous findings and have
improved our understanding of the underlying
physiological processes that will help to improve
the modeling of crop growth responses in a future,
CO,-rich world. It is not surprising, however, that
an increased supply of the element most severely
restricting C5 crop growth at present, i.e. carbon,
will improve biomass acquistion. It is clear, how-
ever, that nutrient imbalances may result from

CO, enrichment not only because the supply of
one nutrient is enhanced, but also because CO,
alters the demand of green tissues for other ele-
ments (decrease in nitrogen and those elements
most closely coupled to nitrogen such as calcium,
sulphur or magnesium, increase in phosphorus).
Thus, nutrient uptake, distribution and redistribu-
tion are influenced by CO, enrichment in a com-
plex manner.

From an agricultural perspective, CO, enrich-
ment will have several consequences. First, guide-
lines for fertilizer management will have to be
reassessed since critical nitrogen concentrations in
the tissues are decreased (Conroy, 1992) and since
the total element uptake by the crop is influenced
in a different manner for each particular nutrient.
Second, grain quality experiences negative effects
of CO, enrichment. Because of the underlying
mechanisms, the reduction in grain quality may
not easily be overcome by additional nitrogen
fertilization since this may translate into greater
carbon acquisition and not into enhanced nitrogen
redistribution to the grains. Rather, it will be a
challenge for plant breeders to create genotypes
with altered nitrogen uptake and redistribution
characteristics.
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