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Abstract

The effects of increased atmaspheric CQ. on crop growth and dry matter allocation may
change it nutrient supply becomes insufficient. Increased atmospheric CO, may also cause
changes in maximum dilution of nutrients in plant tissue and hence, in the minimum nutrient
concentration levels and the maximum vield-nutrient uptake ratios of crops. To study these
cffects of increased CO, for sugar beet {Bera viedgarrix L), pot expeniments have been carried
out at ambient and doubled CO, concentration, Beet plants were grown for four monthes at
different supplies of N_ P or K.

Doubling of ambient €O, resulted in a moderate increase in total vield (+24%%) and beel
yield (+34%). however this CO, effect disappeared with increasing nulrient shortage (in par-
ticular nitrogen). CO, doubling did not result in significant changes in the minimum nuirient
concenirations in leaves and beets.

Kevwordy: CO, enrichment, N use efficicney, P use efficiency, K use efficiency, sugar beet

Introduction

Increasing concentrations of atmospheric CO, gencrally increase the rate of photo-
synthesis and suppress photorespiration of most plants (Acock, 1990; Goudriaan &
Unsworth, 1990). This stimulates plant growth and leads to considerably higher crop
production and yields (Cure, 1985; Cure & Acock, 1986; Kimball, 1983: Strain &
Curc, 1994) in situations with optimal nutricnt supply. Simultaneously dry matter
partitioning may change at increased CQ, (Stulen & Den Hertog, 1993),

In nutrient-limited conditions, nutrient concentrations in plant tissue strongly de-
crease durtng the growth cycle and at harvest. nutrients appear to be diluted to a
plant-specific minimum concentration level (Janssen ef al., 1990}, Such levels will
only be attwined in situations where all required nutrients arc supplied sufficiently
and only one nutrient strongly limits crop growth (Van Keulen & Van Heemst.
[982). Further dilution of the limiting nutrient appears to be impossible. If this mini-
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mum concentration decreascs and hence (he maximum yield-nutricnt uptake ratio of
crops increases with an increase in atmospheric CO,, this could result n an increase
in crop growth and attainable level of production. For example, a large part of leaf N
is incorporated in enzymes involved in the photosynthesis process. As the photosyn-
(hetic cfficiency increases with an increase in atmospheric CO,, the amoun of en-
zymes (in particular Rubisca) and hence the N concentration in the leaves pencrally
decreascs. [lowever, ior the P concentration in plant tissuc a decrease with increas-
ing CO. was nol found (Conroy, 1992; Hocking & Meyer, 1991; Goudriaan & De
Ruitcr, 1983; Wolt. 1996a).

The cffccts of atmospheric CO- on crop growth and dry matter allocation may be
different under conditions of nutrient shortage compared to optimal nutrient supply
(Idso & Idso. 1994). To study these effects ol increascd atmospheric CO, on crop
growth at different degree of nutrient deficiency, and the effects ol increased C'0 on
the plant-specific minimum nuirient concentration levels. pot experiments were car-
ried out. These experiments were done with spring wheat, sugar beet and faba bean
for a limited supply of I, P and K, respectively. For sugar beet the results are report-
od here. Results for the other crops are reported separately (Woll, 1996a, b).

Cirowth of natural vegctations and arable crops in large parts of the world 1s main-
ly limited by the availability of nutrients. If the minimum nutrient concentrations de
not change with an increase in atmospheric CO,, this means that the positive effects
an crop production and yield of an increase in atmospheric CO, as mentioned above
for crop growth under optimal conditions, do not occur in the large areas with limit-
ing nutriznt supply. This has important consequences (or the food production polen-
tial under furure high CO, conditions. In the opposite situation (i.c. a decreasc
minimum nutrient concenirations), a CO, increase may also result in higher yields
under nuirient-limited conditions. In such case, however, the lower nulrient concen-
(rations in crop residucs remaining after harvest may result in a reduced soil organic
matter decomposition and nutrient ¢ycling (Kuikman & Gorissen, 1993: Van de
Gieijn & Van Veen, 1993; Zak ¢f af., 1993), which in the long term might give a low-
cr nutrient supply and might nullify the positive effeet of elevated CO,.

Materials and methods
Dexign of the experiment

The bect plants { Beta vulgaris 1..) were grown in two similar glass-houscs, differing
anly in CO. concentration (315 and 695 ppmv). In cach glass-house the plants were
subject to seven nutritional treatments: a control without nutrient limitation (MPK},
10% (0.1N) and 30% (0.3N) of optimum N supply, 10% (0.1F) and 30% (0.3P) ol
optimum P supply, and 10% (0.1K) and 30% (0.3K) of optimum K supply with the
other elements sufficicntly supplicd. For all treatments there were three replicates,
all uscd for one final harvest.

The plants received nutrient solution and additional tap water. During the first
four weeks after sowing (12 October 1993} all plants received the same trecatment
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(315 ppmv CO,, same glass-house, identical nutrient supply). On B November the
plants were distribuled belween the two glass-houses {having different CO. concen-
tratioms) and from that date on the pots received different nutrient solutions. In each
glass-house there were three blocks (1.e. replicates). Each block consisted of thre
separate rows of sugar beet, faba bean and spring wheat, respectively. The rows were
situated perpendicular to the main direction of air movement within the glass-house.
For cach replicate of cach plant specics seven pots with the different nutritional
treatments were distributed at random within one row. The pots were placed apart 1o
prevent shading.,

For a sound statistical analysis of the C(). effect more glass-houses would be re-
quired to assess the variance of the glass-houses. [n this experiment the variance of
all (€0, * nutnent) treatments was used to determine the significance of the CO. ef-
fect, This may have influenced the significance of differences,

Sonif and nutrien: treatments

The plants were grown on coarse sand with 2 low water holding capacity and almost
no organic matter in black plastic pots of about 20 L. Once a week the pots received
nutrient selution. For the control (NPK) a Hoagland solution was used, censisting of
5 mM KNO, 2 mM MgS0,.7H,0. 5 mM Ca(NO,),.4H.0 and 1| mM KI1I,PO,. For
the 0. 1M and 0.3N treatments 0% and 70% of the NO, o this selution was replaced
by SO, , for the 0.1P and 0.3P treatments 90% and 70% of H,PO, was replaced by
S50, ., and for the 0.1K and 0.3K treatments 90% and 70% of K' was replaced by
Ca*". The nutrient solution alse contained the necessary microclements and FeEDTA
to allow sufficient iron uptake.

Water stress during crop growth was prevenied by regularly weighing the pots and
addimg sufficient tap water to bring them back to their initial weights. The pots had
holes in the bottom so that excess water could drain from the pots into a saucer but
remained available for the plants. The sail surface in all pots was covered with white
plastic grains to prevent surface evaporation and crust formation.

Airdight conditions

The plants grew almost completely under artificial light from sodium high-pressure
agra-lamps, as during the main growth period (November until February) the amounl
of natwral light was very low. To attain sufficient hight for plant growth the day
length was set at 16 hours. The total amount of added radiation (during 16 day
hours) was 3.1 MIm-d' = 0.5 MJm-d' (P<0.05). The temperature was sct at
20°C" durning day and 15°C during night, resulting in an average day temperature
over the whole growth period of [8.5%C. The relative humidily was set at 70% in
both slass-houses.

The €O, concentration in the elevated €O, glass-house was on average 695 ppmyv
+ 60 ppmv {(P<0.05). The CO. concenlration was monitorcd with an IRGA and
mamtained by injecting pure CO), into the glass-house whenever the CO, concentra-
rion was less than a pre-set value. In the other glass-house, CO. concentration was
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not controlled and was on average 315 ppmv = 30 ppmv (P<0.05). CO, enrichment
started on B November when the plants were distributed over the two glass-houses.

Plant maicrial and methods

For these experuments with sugar beet {Bera vulearis L.) the variety Univers was
used. In cach pot one plant was grown. Dales ol sowing, emergence and harvest were
respectively 12 October, 21 October and 14 Febrvary. At harvest the fresh and dry
weights {alter 24 hours drying at 70°C) were determined l'or roots, leaves and bects.
T determine the root weights, the roots were separated from the sand by carefully
washing above a fine mesh.

Subsamples of dricd plant tussve [rom the diflerent plant organs were analysed for
N, P and K. N concentrations were determined with the Dumas method, I' concentra-
Lions colorimetrically and K concentrations with alomic absorption.

Results
Yieldy

The CO, effect on the wo1al dry matter yield was sirongest (- 24%) in the conlrol
trcatment without nutrient limitation (NPK) and was significant (Figure la; Table 1),
[n the I* and K limited treatments the CO, effect was smaller (except the 4.1 treat-
ment) and not significant. In the N limited treatmeni b deficiency reduced growth
considerably and the CO, effect on vield became nil.

The COs eiffect on beet yield in the NPK treatment was coinsiderable ( t 34%) but
not significant {Tablc 1: Figure 1b) In the P and K limited treatments the CG, ef-
[ect was rather variable, differing from strongly positive to negative, and il was not
significant. In the N limited treatments the CO. effect was negative but not signifi-
cant.

FFor both ambient and doubled atmosphene COL concentration the average ceffect
of a limited nutrient supply on vield has been determined. In comparisan to the NPK
reatment. Iimiated supply of N. P and K (except 03K treatment) resulted i a signilh-
cant decrease i both total dry matter and beet yield (Table 1.

Dy matter partitioning

In the NPK treatment the root fraction {(1.e. root dry weight divided by total dry mat-
ter vield) at doubled CO. was about 0.8 times the root fraction at ambicnt €O,
{(Figure 2a). In the 0.1P treatment, an identical decrease in root fraction by CO. dou-
bling was found and i the 03P treatment the root fraction did not change. In the N
limited treatments slight 1o moderate increases in root fraction by CO. doubling oc-
curred and 1in the K himited treatments moderale to strong mcercases. The inter-paot
variance however (Table 2}, was such that in all treatments (except 0.3K) CO. effects
were nol sigmificam Root (raction may also change as a result of limited nutrient
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Table 1. The ratie berween average dey matter yield ar doubled atmospheric CO. and that at ambicnot
(0, For sugar beet plants grown in pots an different nuirient treatments (with three replicates) and the
leved af significance of OO, and nutrient effeer on vield for cach nutrient treatment.

Mutrient treatment’

NPK 0.IN 3N nap 03P 01K iL3iK
Fesraaf dhry: mestter
Ratio 2*0C0./1*C0, 1.24 .97 |00 1.24 1.1 .12 9K
Level of signilicance
of U0 elleer +
of nutnient effiect’ **n **n **n **n *%

Beer drv muatier
Ratio 25000 1*00), .34 i) fh.yg 1.4 |.u7 1.08 (1,82
Level of signilicance

of U0, effect’

af nutricnt clfeet’ =+ ** 1

=y

¥ n *n LT

~tor information on the different nutrient treatments see section "Design of the experiment”™.

“the level of significance is indicated by * for P<0,005 , ** for P00 and - not significant. Signilicange
of U0 effect is based on mter-pol varance and of nutrient cftect is derermined in comparisan 1o NPK
treatment.

"p indicates a positive natrient elTect on dry matter vacld in comparison to NPK treatment snd noingdi-
viles i negative offect,

supply. In comparnison to the NPK treatment. only the .1K treatment resulted in a
sigmficantly higher root fraction,

The beet fraction {i.c. beet dry matter yield divided by total dry matter vield) at
doubled €O, was higher than the beet [ruction at ambient CO, in the NPK and the
(L EP treatment. similar in the 03P treatment. and lower in the N and K limited treat-
ments (Figure 2b). The effect of doubled CO, on the beet fraction was not significant
i all treatments except [or 0.3K (Table 2), In comparison to the NPK treatment, the
nutricnd etlect on beet fraction was not sigmibicant in all treatments.

Nutrienl concentrations

In the treatment with strongly limited N supply {0.1N) the N concentration de-
creased with €O, doubling in roots. dead leaves and green leaves respectively (Table
3). and slightly increased in beets {i.c. Irom 0.0136 to 0.0117 g N/g drv matter in
lcaves (green t dead) and from 0.0049 to 0.0030 g Nig dry matter in beets {Figure
Ja)). These changes in N concentration by €0, doubling were not significant. [n the
NPK and L3N treaiments where N supply was respectively not and considerably
limiting. the N concentrations were higher than those in the 0.1N (reatment (Figure
3a}. In these treatments (NPK, (L3N} N concentrations decrcased moderately with
CO, doubling in most plant organs (Table 3). In the NPK trcatment the N concentra-
lon decreased mainly because of dilution of N in the larger amount of biomass pro-
duced at doubled CO,, and not by a change in minimum N concentration level,
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Frgure 1. Average values for total dey matter {A) and beet dry marter (B) (grpot) of sugar beer plants
grown an pots at different nutrient treatments (with three rephicates) at ambient filled) and doubled
{lachedy atmosphernic CO concentratiems. For mfonmation on the different nutrient ircatmenls see sec-
o " Design of the experiment”,

[n the 0.1P treatment the I concentration decreased with CO, doubling in roots.
beets and green leaves. and shghtly imcreased in dead leaves (Table 3 ) (i.c. from
0.MK58 to 0.00063 g P/g dry matrer in leaves (green +dead) and from 0.000373 14

Pable 2. The ratio between average dry matter distributicn (.¢. root fracticn and beet taction) at dou-
bled atmospheric U, and that al ambicnt CO, for sugar beet plants prown in pots w dilferent nutrient
treatments {with three r|:|':||i-;.‘i°|l|:'n} amel Lhe level ul-:-.lgniru.;unu;:: of COh. and nutrent efTeel on disrribution
{or e¢ach nutrient treatment

Mulrient treatiment:

NI'K N (13N L1P 0P Ik ik

Roar fracton®
Batw 2%C0 R0 0.7% |00ty .14 Xl 1033 .14 | .40

[evel of signilicance

of L0, effect’ *

of muirient eligei” *
Beer fruction®
Ratio 2570 1%, .12 Y fhul 17 £).9% IR {141
Level of h]:h_.mllmm,u

of OO, effeer? ¥

of nutrent efTeet®

" for iformation on the different nutrient treatments see section *Design af the experiment”,
“root fraction s dry matter in rools divided by total dry matter: beet fraction is dey matter in beets divid-
ed by (otal dry malrer.,

Pl Tevel of significance 5 indicated by * for P<005 and  tor oot signilicant. Significance of CO, efica
15 based on inter-pot varianee and ol nutrient effect is determined in comparison o NPK treatment

' ondicates a posilive nuirient efrect on root and beet fraction in comparison 1 NPK treatment and n
indicutes a negative ellect
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Tabic 3. The ratio between average nutricnt concentration {N. P or K at doubled simospheric CO. and
that at ambrent CO. L sngar beet plants grown in pots ol different nuteient ireatments (with three repli-
ciles) and the level of sigmificance of CO . effeet on nuirient concentration for cach nuiricnt reatment,

Mutrient rreatmend

MPK 0 IN 03N 1P ir 3P 1K D IK
Mutrent “ r K A N F [ K K
Hiveafs
Ratio 2*C0L 100 | A 1,153 .15 (95 ()RS %9 &3 {.E5 %
Stgan ol COL effeci’ ~ -
Heots
Ratio 20 1*(0), i) kY NI 0,94 [ {03 [ 1K (092 IR1E) 0, uy [ )t
Signif. of OO, offect” .
Locwves deod
Ratio 2¥C0O 17010 (.7 (X .34 (b K iy 75 1.04 0.7l i.12 45
Sienif. of CO. effect * *

Loavey Lrretetel
Rativy 2¥C0 1%, IR RY LKE O LRGN YR 0R2 0.7 D70
Sigmd. of CO, elleer”

- For information on the different murient treatments see seetion *Design of the experiment™.
= the level of significance 15 indicated by # lor P<0005 and  for not significant. Significance of (0, ef-
fect 15 based on inter-pol variance.

0.000345 g P/g dry maltter in beets (Figure 4a)). These changes in P concentration by
C(, doubling were not significant. In the NPK and 0.3P trcatments where P was re-
spectively not and moderately limiting, the P concentrations were higher than those
m the 0.1P treaiment (ligure 4a). [n these treatments (NPK, 0.3P) P concentrations
decreased moderately with COn doubling in leaves, but in beets P concentrations re-
mained unchanged. This decrease in P concentrution in the leaves was largely the re-
sult of dilution of P in the larger amount of biomass produced at doubled CO,.

In the (LTK treatment the K concentration decreased with CO, doubling in roots,
beets and green leaves and increased in dead Icaves (Table 3) {i.c. from 0.00769 to
0.00642 p K/g dry martter in leaves (green + dead) and from 0.00426 to 0.00420 ¢
K/g dry matter in beets {Figure 5u}). These changes in K concentration by CO, dou-
bling were not significant. {n the NPK and 0.3K treatments the K concenirations in
beets were almost identical to those in the 0. 1K treatment and almost did no changc
with CO. doubling (Figure 5a). K concentrations in leaves in the NPK and 0.3K
treatments were much higher than those in the 0.1K treatment and moderately de-
creased with CO, doubling. In the NPK trecatment this decrease in K concentration
with CO. doubling was mainly caused by dilution of K in the larger amount of bio-
mass.
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e L0 concentrations, For information on the different nutrient treatments sec section “Design of the
Cxperiment”,

Vield-nutrienr wpnwake ratios

The ratio between total yield (without roots) and N uptake did not change with C0,
doubling it N supply was strongly or maoderately limiting (0.IN or 0.3N; Figure 3b).
Inthe NPK treatment where N supply was not limiting lor crop growth, the ratio be-
tween both total yicld (without roots) and beet vield and the N uptake was relatively
low and increased with €O, doubling. The change in ratio between beet vield and N
uptake with CO. doubling for the 0.1N and 03N treaiments was shghtly negaitive,
which can be explained Irom the decrease in beet fraction with CO- doublimg {Table
2). Thesc changes in vield-N uptake ratios by CO; doubling were not significant.
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Frgure 3. Average values tor (A) N concentrations in beers (NPK_b cte ) and leaves (NPR. ete ) and for
{Bjtotal yield twithout rools) N uptake {NPK.t ete.) and beet vicld N uptake ratios (NPK.b ete.) of
sugar beet plants grown in pots ot dillerent outrient treatments [with three replicates s s ambient {Olled)
and doubled (hatchody simospheric OO comcentratons (% uptake in ratios applics (o tolal plan material
witheut rootsh. For information on the different nutrient freanments see seetion “Design of the experi-
nent’
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Figure 4. Average values for £A) P concenirtions in beets (NPELb vie.) and leaves (NPE.Lete,) and for (1)
il yicld (without rootsh - P uptake {(NPK.I ete.) and beet vicld - T uptake ratios iNPK b ete.) of sitgenr
beet plants grown in pols at different nutrient rreatments (with theee replicates) at ambient (filled ) and dou-
bled (thatched)y atmospheric CO. concentrations (P uptake in ratios applies to total plamt material withow
rowste], For information on the different nutnent treatments see seetion *Design of the experiment”,

The rabio between total yvield {without roots) und P uptake nil to slightly increased
fup to %) with CO, doubling {Figure 4b), whether P was strengly (0U1P), siightly
((L3P) or not limiting (NPK). The change in ratio between beet yield and P uptake
with €O, doubling for the 0.1P and NPK trcatments was more positive than the
change in ratio between total yield and P uptake. This can be explained from the in-
crease in beet fraction with CO, doubling (Table 2). These changes in yield-P uptake
ratios by CO. doubling were not significant.

The ratio between total yield without roots and K uptake slightly increased (1 8%)
with CO; goubling (Figure Sb) if K was limiting (0. 1K). In the NPK treatment where
K supply was not limiting for crop growth. the ratio between total above-ground
yicld and K uptake was lower than that in the 0. 1K treatment and increased consider-
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Mutrisnt ireatmem Nutrlant Ireatment
Figure 5. Average values tor (A) K concentrations in beets ( NPE b etc.) and leaves (NPK. erc. b and for
(B rotal yeeld (without roots) K uptake (NPR.T ete.) and beet yield - K uptake ratios (NFK.b ete. ) of
sugar beet plants grown in pots al different purnent treaiments (with three replicates) at ambient (Gilled)
and deubled tharched) atmospherie €O, concentrations (K uptake in ratios applics o total plant matcrial
without rowts). For information on the ditferent nutrien wreatments see section *Design of the experi-
ment .
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ably with CO, doubling. The changes in ratio between beet yield and K uptake with
0. doubling Tor the 0.1K. 0.3K and NPK trcatments were shightly different from
those between total yvield and K uptake. This was caused by changes in beet fraction
with CO. doubling (Table 2). These changes in yield-K uplake ratios by CO, dou-
bling were not sigmificant.

Discussion

In the contral {NPK) treatment without nutrient limitation the ratio between the total
yicld at doubled CO. and that at ambient €O, (Le. ratio 2¥CO/1*C0L) was 1.24 | In
the P and K limited wreatment the CO, effect was smaller and not significant and n
the N limited treatment the C0), eftect was absent. For the beet yield the CO. effect
was also highest in the control. For a low supply of the nutrient that most strongly
limits crop growth, L.e. N for the growth of sugar beet, the CO, effect was abscnt. For
spring wheat this was also found but then for a low supply of P {Wolf (1996a). 0.1P
treatment). This maght indicate a general rule that the CO, cffeet disappears with in-
creasing shortage of the nutrient which is most limiting for crop growth.

In the comrol the CO, effect was rather small compared to that for spring wheat
[Wolf (1996a): ratio 2*CO1*C0O. = 1.7). This small CO, effect does not agree with
results Irom pot experiments with sugar beet in growth chambers by Stond ef al.
(1942} and Ford & Thorne {1967). They found CO, effects on total yietd for sugar
beet and grain crops such as barley and wheat to be approximately similar.
Photasynthetic capacity of plants that are grown in small pots, may be reduced. This
leads to a reduction of the CO. ellect on crop growth, as shown by Arp (1991).
Based on his data {mainly reduction of CO, cffect in pots with volumes below 12 L)
anicd the pot size used in this experiment, it can be assumed that the pot size has not
limited the CO., effect.

In the NPK treatment the rool lraction decreased with CO; doubling. In a situation
wilh severe nutrient limitation (N limited treatments) however, the root fraction in-
creascd and i a situation with moderate putrient limitation (P and K Timited treal-
ments) the root fractions both increased and slightly decreased. These results were
nol significant. According to a survey of experimental mformation on the direct ef-
fect of increasing CO, lor crop growth and dry matter partitioning (Cure, 1985:
Stulen & Den Hertog, 1993), increasing CO. may cause either an increase or a de-
crease in the root/shool ratio of various crops (no data for sugar beet). The decreases
and increases were generally found in situations with optimal and limiting nutrient
supply, respectively. This corresponds well with results lound here for the control
and the N limited trealments, Such difference in change in root/shoot ratio between
oplimal and nutrient limited conditions can be explained as fellows, I yields in-
creasc with €0, doubling. nutrient shortage becomes more severe in the nutrient
limited treatments, This increasing limitation of the nutrient supply for crop growth
generally results in a higher root/shoot ratto (Brouwer, 1983). In a situation with op-
timal nutrient supply. however, CO, doubling results mainly in a larger shoot and
thus in a lower root/shoot ratio.
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Beel fraction slightly increased with CO; doubling in the NPK treatment and nil o
slightly decreased in the nutrient limited treatments, Shight increases that became nil
i the nutrient limited treatments. were found for wheat, both in the survey of experi-
mental information by Cure (1985) and in these pot experiments {Woll, 1996a). For
sugar bect no data arc available from the literature. CO, doubling may result in a
lower beet fraction if nutrient supply is strongly limiting and the larger amount of
vegctative tissue produced at doubled C0, retains a larger amount of nutrients and
results in less growth of storage organs (Van Kraalingen, 199()),

[n situations where nutrient supply is limiting crop growth, nulrient concentrations
In plant tissue may gradually decrcase during the growth cycle and at harvest, nutri-
cats appear o be diluted to a plani-specific minimum concentration level For a
large number of fertilizer experiments Van Keulen & Van Heemst (1982) and Van
Keulen (1986) have analysed relations between vield and nutrient uptake. From these
relations they have derived minimum concentration levels for g large number of crop
speeies. For a sugar beet crop the minimum concentrations are as follows: 0.0060 ¢
Nig dry matter in beets, (L0180 g Nig drv matter in leaves, 0.0008 g P/g dry matter
in bects, 0.0013 g P/g dry matter in feaves, 0.0060 g Kig dry matter in beets, 0.0180
g K/g dry matier in icaves (Van Diepen ef af., [9KR).

These minimum concentrations might change with CO, doubling, as has been ob-
served for a large number of crops (Goudriaan & De Ruiter, [1983; Overdieck. 1993:
Woll. 19964, b). In the literature several cxplanations for such changes in nutrient
concentration are given. First, elevated atmospheric CO., gencrally causcs an in-
crease in dry matter production which may resull in dilution of nutrient concentra-
tions in plant tissuc (Overdieck, 1993). Sccond. clevated atmeospheric CO, may give
a higher cfficiency of carboxylating enzymes. As a large fraction of leal’ N js con-
tained in these enzymes, CO, enrichment may result in lower enzyme and thus N
concentralions in leaves (Owensby et al., 1993; Wong, 1979). Third, elevated CO.
may result in a changed partitioning of assimilates o plant organs and a changed
plant composition. This may be duc 1o a changed degree of nutrient or water defi-
C1enCy or temperature stress. For cxample, the harvest index of a wheat Crop may de-
crease with CO, enrichment and a low N supply {Van Kraalingen, 1990). In this cx-
perimeni. however, dry matter partitioning did not change significantly with CQ,
doubling. At last. elevated (0, may give a supproession of the photorespiratory cycle
and this may result in a reduction of N requirements of leaves (Conroy, 1992).

When N supply was strongly limiting for crop growth (0.1N treatment), the N con-
centrations were at the minimum concentration lavel reported ubove. CO, doubling gave
a decrease in minimum N concentration by 14% in leaves and almost no change in min-
imum N concentration in beets. This resulted in a decrease with CO, doubling in the ra-
tio berween respectively total above-ground yield and beet vield and the N uptake in
above-ground vield of 0% and 8%, mainly as a result of the decreasing beet fraction,

When Powas strongly limiting for crop growth (0.1P treatment), the P concentra-
tons were at the minimum concentration level reported above. CO, doubling gave a
deerease in minimum P concentration by 8% in beets and an increase by 9% mn
leaves (mainly caused by lower fraction of dead leaves at doubled CO).,). This result-
cd In an increase with CO, doubling in the ratio between both total above-ground
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and beel yicld and P uptake in above-ground yield by about 5% (however, for beet
yicld the ineregse in this ratio would be much larger 1f the increase in beet fraction
for the 0.1 P treatment {Table 23 was taken into account).

When K was limiting for crop growth (0. 1K treaiment). the K concentrations were
at the minimum concentraiion level as reported above, CO. doubling gave a decrease
m mimimun K concentration by about 16% in leaves and no change in beets, This re-
sulted in an increase wiih CO. doubling in the ratio between both total above-ground
and beet yield and K uptake in above-ground yvield by about 8%,

l.iterature data indicate that with CO, enrichment minimum nutrient concentra-
tions in plant tissuc may decrease, in particular for N and K, and only slightly or not
at all for P {(Conroy, 1992; Cure ¢ af.. 1988a. b: Goudnaan & IJe Ruiter. 1983;
Overdieck, 1993). This corresponds well with results mentionad above for leaves. In
beets €O, doubling gave different changes in nutriemt concentration, such as a small
decrease in minimum [P concentration and almost no chinges in minimum N and K
concentralion. From these changes in nutrient concentrations in beets and leaves it
can be concluded that with CO. doubling (and assuming that the beet fraction re-
mains constant) fertilizer nulrient requirements to artain a certain yield level slightly
deereases and that bect yields in situations where the nutrient supply mainly limits
crop growth. slightly increases.

The main conclusions from this study are:

I} Doubling ol atmaospheric €O, results in g moderate increase in tolal yield (+24%)
and beet yicld (+34%) 1f the nutrient supply 1s optimal. This increase in vield is
small compared to that for spring wheat.

2} The €O, effect on total and beet yield disappears with increasing mitation of
nutrient supply for crop growth, in particular severe N deficiency.

3} Doubhing ol atmospheric €0, did not result in significant changes in the mini-
mum nutrient concentrations in leaves and bects.
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