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Summary

1. The photosynthetic response to elevated &l nutrient stress was investigated in
Agrostis capillaris Lolium perenneand Trifolium repensgrown in an open-top
chamber facility for 2 years under two nutrient regimes. Acclimation was evaluated by
measuring the response of light-saturated photosynthesis to changes in the substomatal
CO, concentration.

2. Growth at elevated CQesulted in reductions in apparent Rubisco activityivo

in all three species, which were associated with reductions of total leaf nitrogen
content on a unit area basis farcapillarisandL. perenne Despite this acclimation,
photosynthesis was significantly higher at elevated f6OT. repensandA. capillaris

the latter exhibiting the greatest increase of carbon uptake at the lowest nutrient supply.
3. The photosynthetic nitrogen-use efficiency (the rate of carbon assimilation per unit
leaf nitrogen) increased at elevated bt purely owing to higher values of photo-
synthesis at elevated GMut also as a result of lower leaf nitrogen contents.

4. Contrary to most previous studies, this investigation indicates that elevated CO
can stimulate photosynthesis under a severely limited nutrient supply. Changes in
photosynthetic nitrogen-use efficiency may be a critical determinant of competition
within low nutrient ecosystems and low input agricultural systems.

Key-words:Acclimation, climate change, elevated carbon dioxide, grassland, photosynthetic nitrogen-use
efficiency
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Introduction . - . —_—
as continual defoliation and nutrient availability, may

To quantify the response to elevated [LC6f differ- be critical in determining interspecific responses to
ent species, most studies have grown single plants ielevated [CQ] in the longer term.

individual pots using controlled environments. It is a common conclusion in the literature that
Typically, plants are grown at elevated [ @r short ~ plants growing under nutrient stress will respond
periods of weeks, free from sustained defoliation ormuch less to elevated [GDin growth (Zangerl &
nutrient stress (Amthor 1995). Although this may beBazzaz 1984; Oberbauat al 1986) and carbon
essential in analysing the effect of a single environ-acquisition (Tissue, Thomas & Strain 1993; Kérner
mental factor upon very specific physiological mecha-et al. 1996; Nakano, Makino & Mae 1997). For exam-
nisms, it is limited when analysing long-lived, ple, Tissueet al. (1993) studying tree seedlings con-
multispecies perennial systems such as grasslandsluded that ‘in native low nutrient soil conditions,
Recent reviews have emphasized the need to suppleeblolly Pine is not expected to exhibit higher photo-
ment this research with field-based studies growingsynthetic rates after long-term exposure to elevated
plants for more than one season. Short-term experi€O,’. The theoretical basis for this is unclear. Most
ments may fail to detect important acclimatory studies refer to lack of growth and the resulting
responses evident in longer-term studies. This is espeestriction of carbohydrate sinks at a limiting nitrogen
cially relevant to agricultural and natural grasslandsupply. However, this hypothesis ignores the possi-
communities, where longer-term management, suclbility that photosynthetic acclimation can lead to an
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increase in photosynthetic nitrogen-use efficiency.classification, Rodwell 1991) and differ critically in
Being nitrogen-limited does not necessarily mean thatheir response to mineral nitrogen. The primary compo-
plants remain unresponsive to other parameters suatent of these grasslandlslium perenné.. cv. Melle, is
as [CQ] and light (Lloyd & Farquhar 1996). At ele- highly responsive to nitrogen fertilizer, whereas
vated [CQ], the rate of photosynthesis immediately Agrostis capillarisL. and the nitrogen-fixingrifolium
increases, both because ©®a competitive inhibitor repensL. cv. Haia show lesser degrees of response
of the oxygenation of RubP and therefore photorespi{Rodwell 1991). To allow maximum opportunity for
ration is depressed, and because the currenf][ISO photosynthetic acclimation, the photosynthetic response
inadequate to saturate Rubisco. Elevated,J@it@re-  was analysed after a 2 year period at elevated][CO
fore leads to increased substrate binding and increased
velocity of carboxylation (Drake, Gonzalez-Meler &
Long 1997). Consequently, at elevated [CBe effi-  Materials and methods
ciency of carboxylation by Rubisco is increased and
. S ROWTH CONDITIONS

the subsequent requirement for the protein is reducea
(Webber, Nie & Long 1994). As up to 30% of leaf This experiment was conducted using a field based
nitrogen is allocated to Rubisco (Evans 1989), aCO, fumigation system at the Institute of Grassland
significant fraction of leaf nitrogen can therefore beand Environmental Research (IGER), North Wyke,
reallocated to other photosynthetic or non-photo-UK. A series of 20 open-top chambers exposed three
synthetic processes at elevated [C(Sage 1994). key grassland species to elevated {{C4hd sustained

Numerous studies have detected a decline in totatutrient stress over 2 years. Chamber design and
leaf nitrogen content at elevated [Q@Tissueet al environmental control were adapted from Ashenden,
1993; Thomas, Lewis & Strain 1994; Rogeitsal Baxter & Rafarel (1992) and the experimental design
1996; Nakancet al. 1997). This implies a physiologi- was as described by Parsons, Atkinson & Wadge
cal adjustment conducive with a higher photosynthetiq1996). Briefly, each chamber consisted of a 1 m high
nitrogen-use efficiency, i.e. an increase in the rate oby 1-2 m diameter cylinder of rigid, UV stabilized,
carbon assimilation per unit nitrogen in the foliage.clear plastic sheet (Corrulux, Jewson Ltd, Penlon
However, the extent to which decreases in Rubisco cawWorks, Bangor, Wales), mounted on a lightweight
account for changes in foliar nitrogen is unclearsteel frame. Each chamber contained plastic boxes,
(Conroy & Hocking 1993). An accumulation of carbon 20 cm square< 30 cm high, partially sunk into the
leading to a decrease in specific leaf area would alsground to allow free drainage and minimize nutrient
lower leaf nitrogen contents per unit dry mass (Wongnflux from the surrounding soil without decoupling
1990; Coleman, McConnaughay & Bazzaz 1993).the boxes from the thermal inertia of the soil. Each
However, Tissueet al (1993) found a reduction in box was filled with sieved soil from adjacent areas.
Rubisco content per unit leaf area in Loblolly Pine The soil was low in mineral nitrogen and phosphorus
after long-term growth at elevated [gOcorrespond-  as a result of the previous agricultural management.
ing to a reduction in total leaf nitrogen. The natural Seeds ofA. capillaris (Trinity College, Dublin,
selection pressures for this optimization may bekEire),L. perenneandT. repensvere germinated in hor-
expected to be high. In low-nutrient, multispeciesticultural plug trays using John Innes seedling com-
systems such as grasslands, differential responses post. After 2 weeks, 10 seedlings of each species were
nitrogen-use efficiency at elevated [@®nay be the transplanted into separate boxes within each open-top
key determinant of the relative competitive ability of chamber. For the following 3 weeks, seedling progress
species (Poorter, Remkes & Lambers 1990). Thiswas monitored, and any mortalities were replaced.
however, is opposed to the expectation of others, that Of 20 open-top chambers, 10 were maintained at
low nitrogen supply will decrease or eliminate the 700 umol mot* CO, in air ([CO];09, and 10
photosynthetic response to elevated JCQlissue remained at an ambient GOconcentration of
etal 1993; Kdrneet al. 1996; Nakanet al. 1997). 360 pumol mot* CO, ([CO,)z69. Within each CQ

This study tests the hypothesis that growth atreatment, the chambers were further divided by nutri-
elevated [CQ] will result in a significant increase in ent treatment. Half the chambers were provided with
photosynthetic nitrogen-use efficiency. Acclimation one application of 3-33 g W[N] each month, and
was evaluated by measuring the response of ligh8-00 g m?[P] and 8-00 g nf [K] at the start of each
saturated photosynthesis to changesirithe Alc; growing season. No fertilizers were added to the other
response). Critically, changes in this response can blealf. These nutrient regimes were denoted as ‘moder-
indicative of a reallocation of resources involving theate’ and ‘low’ nutrient supply, respectively. The €O
key processes of photosynthesis (Sage 1994). ltreatment was applied from 3 weeks after seedling
parallel to gas-exchange, total leaf nitrogen contentransplantation (on 6 September 1994). Plots were
was analysed on a leaf area basis. maintained close to field capacity and to simulate con-

The three species selected for this study are represetinuous grazing, all species were cut to maintain a
tative of economically important and ubiquitous sward height of 6 cm. Sward height was measured
Lolio-Cynosuretum grasslands in lowland UK (MG 6 weekly and when necessary, cut weekly.
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LEAF PHOTOSYNTHESIS Results

Leaf photosynthetic CQuptake rate A) was deter- PHOTOSYNTHETIC RESPONSE
mined in response to changes in the intercellulas]CO 5 qwth at [CQl,00for A. capillarisresulted in a stim-
(c) by a portable, steady-state and feedt_)ack-contr%ation of A, regardless of nutrient supply (Figs 1
gas-exchange system (LI-6400, LI-COR, Lincoln, NE, 3ng 2 Taple 1). This increase in carbon fixation at
USA). The analyser was calibrated prior to use for[co ,].00 Was proportionally greater at ‘low’ (38%)
CO,, using a standard gas 2% tolerance, Lindegas, han ‘moderate’ nutrient supply (12%) (Fig. 2,
Stoke-on-Trent, UK) and for J® using a water ape 1. AlthoughA,,was stimulated, there were sig-
vapour generator£(2-5% tolerance, WG600, ADC, piicant reductions inV, g, of 27 and 25% at ‘low’
Hoddesdon, UK). A Peltier cooling system maintained g4 ‘moderate’ nutrient supply, respectively (Fig. 2).
leaf temperature at 25 °C gr\tPD was cqntrolled Growth [COJ] did not significantly decreasé, .,
between 1 and 1-5 kPa. An mtegralz LED light source(rig 2, Taple 1). Figure 1 indicates that the operating
provided saturatin@ of 1300 umol ms™. point of A, had moved towards RuBP regeneration-
All photosynthesis measurements were conduc_te_cﬂmited and away from Rubisco-limited photosynthe-
petween 5 and 9 August 1996, nearly 2 years after inigis ynder elevated [CD Nutrient supply positively
tial exposure to elevated [GDandc. 10-14 days after  stected photosynthesis, significant increases were

the last gut_. Gas exchange was conduc_ted on _imaffetected NV, max andAg,at ‘moderate’ nutrient sup-
leaves within the open-top chambers. Five rephcat%éy (Fig. 2, Table 1).

measurements were completed for each species andgowth of L. perenneat [CO.,00 led to marked
treatment with chambers rather than leaves as the rep%hotosynthetic acclimation at ‘low’ and ‘moderate’
cate measure to avoid pseudo-replication. The younges{,irient supply. Reductions Wi, ..,.of 39% at ‘low’
fully expanded leaves were selected for gas analysis. g trient supply resulted in a lack of stimulation of
grasses, this was determined by emergence of a "gu'ﬁhotosynthesis at [CfP,0o When compared to plants
on vegetative tillers. ForF. repensthe largest leaflets grown and measured at [Gls, (Fig. 2, Table 1).
with no signs of senescence were sampled; the high frg=jq e 1 suggests that the operating point had partially
quency of the cutting regime ensured a maximum limit,,nveq  towards Joaclimited  photosynthesis.
to leaf age. To further minimize variation in the age ofyq\vever thea/c response indicates that photosyn-
. . 1 4

tissue measured in the grasses, measurements WefRsis is still largely limited by, naat [COl700 NO

made only on the mid-section of the laminae. parallel significant decreases were detected,ip at
Photosynthesis was induced at the growth JICO [CO,]-00at either ‘low’ or ‘moderate’ nutrient supply

The reference [Cg) was reduced stepwise to a lower (Fig. 2, Table 1)A.., Ve mayandJ,,.increased with
concentration of 50 umol mdi and then increased increased nutrient supp;ly.

stepwise to an upper limit of 1300 pmol r_on_IEach ~ Trifolium repensexhibited significant decreases in
stepwise measurement was completed within 1-2 MiR,_ _ at [CO.]-o0at both ‘low’ (26%) and ‘moderate’
to minimize alteration to the activation state of (29%) nutrient supply (Fig. 2, Table 1). However, no

Rubisco. _Real-time calculation &f and ¢; followed parallel decreases were apparentJjf, Despite
the equations of von Caemmerer & Farquhar (1981). 5.climation mediated throughV, e, Acae had

The parameters describing the respons& Wi ¢, jncreased by 74 and 25% at ‘low’ and ‘moderate’
Ve,max @Nd Jmay Were calculated by fitting the equa- nient supply, respectively (Fig. 2). This long-term
tions of Farquhar, von Caemmerer & Berry (1980)increase of, had not declined from the initial stim-
and by maximum likelihood regression (Sigmaplot, |ation at [CQl,00 i.e. the photosynthetic rate at
Jandel Scientific, Erkrath, Germany) following the [CO,],00 Was the same for plants grown at [,
method of Wullschleger (1993¢ max@ndImaxWere  gng [COlseo Photosynthesis at [Gloowas co-lim-
calculated from dnfferent phase_s of the; reSponSe;  jted betweenV, may and Jyae Whereas at [CQsgo
Ve maxWas determined from points at lawvisually — y/ seemed to be the sole limiting process (Fig. 1).
judged to be bel_ow the inflexion of thkéci_ plot _and Nutrient supply had no significant effect dn,.,;
Jnaxfrom values judged to be above the inflexion. however, both/, ,....andA..,were increased at ‘mod-

erate’ nutrient supply (Fig. 2, Table 1).

LEAF NITROGEN DETERMINATION

. LEAF NITROGEN AND PHOTOSYNTHESIS
On completion of leaf gas-exchange measurement,

the leaf section was cut and dried to constant mass &gaf nitrogen content on an area basis was signifi-
80 °C. Each individual leaf sample was ground to acantly lower with growth at [C&),qo for A. capillaris
fine powder and total leaf nitrogen was determined byandL. perenngTable 2).Agrostis capillarisexhibited
combustion and then thermal conductivity separatiora 23 and 16% reduction of leaf nitrogen at j[{zg) at

in an elemental analyser (PE 2400 Series || CHNS/Olow’ and ‘moderate’ nutrient supply, respectively. For
Analyser, Perkin Elmer, Norwalk, CT, USA), previ- L. perennea 29 and 17% decrease in leaf nitrogen at
ously calibrated with acetanilide standards. [CO,],00Was apparent at ‘low’ and ‘moderate’ nutrient
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Fig. 1. Representative plots éfc; response curves fé. capillaris L. perenneandT. repenggrown under a factorial combi-
nation of two concentrations of G@t 360 and 700 pmol mdland two nutrient treatments (low and moderate). The modelled
values of the maximum RubP-saturated rate of carboxylativivo (V. ) and the maximurin vivorate of electron trans-
port contributing to RubP regeneratiah,{,) for 360 and 700 pmol mol CO, grown plants are fitted for each plot. The
arrows on each graph indicate the point at widigh(the light saturated rate of GQptake) operates at the growth [§O
Mean values 0fg,, Ve maxa@ndJnaxWith full statistical analysis are shown in Fig. 2 and Table 1.

supply, respectivelylrifolium rependailed to exhibit  study exhibited photosynthetic acclimation to ele-
any significant changes in leaf nitrogen with growth atvated [CQ]. However, despite large decreases in
[COL]700 Ve max@pparent irA. capillarisandT. repensAg,;was
Photosynthetic nitrogen-use efficiencyPNUE) still generally higher at [C§),oo This reflects the fact
was calculated by dividing,at the growth [C§] by that increasing [C§) moves control of photosynthesis
leaf nitrogen contenPNUESsignificantly increased at away from limitation by Rubisco towards RubP-
[CO,]+oo for all three species (Table 2). For example, regeneration (Woodrow 1994). For both species, anal-
a 62 and 27% increase RNUE was evident in ysis of theA/c; response (Fig. 1) indicates that .«
A. capillaris at [COy],00 at a ‘low’ and ‘moderate’  was limiting at ambient but not at elevated [L.@s
nutrient supply, respectively. Nutrient supply had nothe [CQ)] increased,in vivo Rubisco activity was
significant effect onPNUE There were significant reduced without necessarily reducing carbon fixation
linear relationships betwedf .. Jmaxand total leaf  at [COy,q0 At elevated [CG the stimulation of pho-
nitrogen content forA. capillaris and L. perenne tosynthesis irA. capillariswas greater at ‘low’ rather
(Fig. 3, Table 3). There were no apparent differenceshan ‘moderate’ nutrient supply.
between the slopes of regressions for plants grown at Elevated [CQ] did not lead to an increase in the
[CO,]l360 and [CQJ400 No linear relationships were photosynthetic rate df. perenneat ‘low’ nutrient sup-
detected foil. repensand therefore have been omitted. ply. Initially, this suggests that photosynthesis had
been limited by nutrient supply rather than [LO
However, the same rate of GOptake was achieved
with a significant reduction in leaf nitrogen content
Previous studies have concluded that a non-limitingTable 2). At [CQ],qothe requirement of photosynthe-
nutrient supply is a prerequisite for the stimulation ofsis for leaf nitrogen had been reduced. [Egoerenne
photosynthesis and growth at elevated JC@issue  growing at [CQ],oounder a ‘low’ nutrient supply, the
etal 1993; Bowler & Press 1996; Kornetral. 1996;  decreases il noxandJmax could allow a reallocation
Nakanoet al. 1997). With regard to leaf photosynthe- of 15 and 7% of the total leaf nitrogen content, respec-
sis this is not necessarily the case. All species in thigvely (Evans 1989; Hikosaka & Terashima 1995).

Discussion
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Fig. 2. The effects of elevated [GPand nutrient supply 0Agay Ve max@ndJmaxin A. capillaris, L. perenneandT. repens

Plants were grown under a factorial combination of two concentrationsadr€@wo nutrient treatments. Mean values of: (a)

the light saturated rate of G@Qptake As,); (b) the maximum RubP-saturated rate of carboxylationvo (V; may; (C) the
maximumin vivorate of electron transport contributing to RubP regeneraljgp)( The response @, ,;was measured at 360

and 700 pmol maf for plants grown at 360 and at 700 pmol Mdbr plants grown at 700 umol mdICO,. This indicates

both the immediate and long-term responségfto elevated CQ V, naxandJy,a, are shown for 360 and 700 pmol ol

grown plants. Results for a two-way analysis of variance {Qtitrients) using five replicate chamber measurements are
given in Table 1. Significant differences between means were located by Tukey tests. Means labelled with the same letter are
not significantly different® < 0-05).

This ‘release’ may allow more nitrogen to be availableThe significance of the linear relationship (Table 3) sug-
for allocation into other processes such as growth. Negested that changes in leaf nitrogen content strictly
primary production at elevated [G[Cfor L. perenne  paralleled nitrogen investment in Rubisco, enzymes of
showed an increase in growth of 35% at ‘low’ nutrientthe Calvin cycle and thykaloid membrane components
supply (Parsonst al. 1996). Although absolute growth of electron transport as expected from the large amounts
rates were higher at ‘moderate’ nutrient supply, the relof nitrogen invested in the photosynthetic systems
ative increase in growth was threefold higher under{Evans 1989; Hikosaka & Terashirh@95).
‘low’ nutrient conditions. All three species exhibited significant increases in
Leaf nitrogen was a good predictor of buth,,and ~ PNUE with growth at [CQ],o, However, these
Jmax IN A. capillarisandL. perenng(Fig. 3, Table 3). increases irPNUE were associated with three very



26 Table 1. Results of two-wayNova examining the effects of growth at elevated fC@&nd nutrient treatment upon, the light
P. A. Davey et al saturated rate of CQuptake Ag,) at the growth [CE, the maximum RubP-saturated rate of carboxylationivo (Ve may and
the maximumin vivorate of electron transport contributing to RubP regeneraljgp)( Significant resultsK < 0-05) are in

bold type
[CO,] Nutrients [CQ] x nutrients
Species Parameter F{16 P) (F116 P) (F116 P)
A. capillaris AsatGrowth] 5.27,0-036 10-2,0-006 0-757,0-397
Ve max 7-75,0-013 6-49,0-022 0-044, 0-837
JImax 1.05, 0-320 3:03,0-101 0-212, 0-652
L. perenne AuiGrowth] 2.47,0-136 4.50-050 2.44,0-138
Ve max 19-1,<0-001 10-0,0-006 6-64,0-020
Jmax 1.57,0-229 6-4D:022 3:24,0-095
T. repens AuiGrowth] 9-26,0-008 4.54,0-049 0-081, 0-780
Ve max 4.78,0-044 13-2,0-002 0-293, 0-596
Jmax 1.44,0-248 1.72,0-208 0-600, 0-450

different patterns of acclimatory responseAlrcapil- Increases iNPNUE have been detected in other
laris, the increase iIRNUEresulted from a concurrent long-term field studies at elevated [gO After
increase iMAg,;and decrease in leaf nitrogen content.8 years at elevated [G]) the sedgeScirpus olneyi

In comparison, the increas®NUEfor L. perenneat  exhibited an 18% reduction in foliar nitrogen, while
[CO,]700and ‘low’ nutrient supply was entirely owing photosynthesis remained stimulated (Dradie al.

to a lower leaf nitrogen content, as no increas&jn  1996). In a 4 year study of a native Australian grass,
was apparent. The reverse pattern was exhibited bghotosynthetic nitrogen-use efficiency increased at
T. repensfor which an increase IRNUE was solely  elevated [CQ| despite low availability of soil nitro-
dependent on a highég,, with growth at [CQ];q0 gen (Lutze 1996).

By simultaneously reducing leaf nitrogen content and Trifolium repensfailed to exhibit any correlation
increasing photosynthesis, it could be perceived thabetweenV, ., and J,ax With leaf nitrogen content.

A. capillarisshowed the most ‘economical’ response, This root nodulated species had higher leaf nitrogen
indicative of an optimal physiological adjustment to concentrations owing to nitrogen-fixing capabilities.
growth at [CQ] ;o0 This suggests that a high photosynthetic nitrogen-use

Table 2. The effects of elevated [GPand nutrient supply upon (a) nitrogen content on a unit area basis aRN (k)

measured at the growth [GIOResults of a two-waynova are indicated for each species and significant results are in bold
type. Significant differences between means were located by Tukey tests. Means labelled with the same letter are not
significantly different P < 0-05)
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(@)

Total leaf nitrogen (mmol /)

Statistical analysis

‘Low’ nutrients ‘Moderate’ nutrients [Cq Nutrient supply [CQ]I xN
Species 360 700 360 700 Fi16 P) (F116 P) (F116 P)
A. capillaris 96-6 74-4 118 98-8 4.51, 5.52, 0.021,
b a c b 0-050 0-032 0-871
L. perenne 107 76-0 126 104 4.74, 3-09, 0-075,
b a b b 0-045 0-098 0-0788
T. repens 133 136 128 121 0-056, 1.-53, 0-376,
a a a a 0-815 0-233 0-549
(b) PNUE (mmol CO, mol Nt s™) Statistical analysis
‘Low’ nutrients ‘Moderate’ nutrients [Cq Nutrient supply [CQ]l xN
Species 360 700 360 700 Fi16 P) (F116 P) (F116 P)
A. capillaris 0-183 0-296 0-212 0-269 23-2, 0-003, 2.57,
a b a b <0-001 0-958 0-129
L. perenne 0-194 0-280 0-193 0-297 21-7, 1-69, 0-199,
a b a b <0-001 0-687 0-661
T. repens 0-126 0-366 0-185 0-307 17-8, <0-001, 1-89,
a b a b 0-001 0-995 0-188




27
Photosynthetic
nitrogen-use
efficiency at
elevated [CQ]

© 1999 British
Ecological Society,
Functional Ecology,
13(Suppl. 1), 21-28

Agrostis capillaris Lolium perenne Trifolium repens
100 |- @) 4 + O .
) 0 ’
x LSy
g 80 °
e Q O
E 6ot + -
: ®
No40 | -
20 L 1 L 1 1 I
400 |- b) 1 i
- ® 1
B 300 + Q0O+ & O]
N -~
¥ 200f O + @) 1
&
S ® |
[
100 1 1 1 1 1 1 1 1 1
0 50 100 150 200 50 100 150 200 50 100 150 200
Nitrogen content (mmol m'z)
CO, at: O 360 pwmol mol~!; @ 700 umol mol~'; —— linear regression relationships

Fig. 3. Relationships betweew. ., Jnaxand total leaf nitrogen content. Plants were grown under a factorial combination of
two concentrations of C{B60 and 700 umol mot and two nutrient treatments. Each point represents an individual leaf; (a)
the maximum RubP-saturated rate of carboxylaitionivo (V. ma; (b) the maximunin vivo rate of electron transport con-
tributing to RubP regeneratiod,(,,). Both nutrient treatments were pooled. Linear regression relationships were fitted by the
least squares method 9t ax and J,ox @gainst leaf nitrogen separately for 360 and 700 umot’n@0, grown plants

(Table 3). There were no significant differences between the slopes of the regressions for 360 and 700 L.@®) grolvn

plants (Table 3) therefore both [GlAreatments in this figure have been pooled. Regressions analysed were non-significant for
T. repensand have therefore been omitted.

efficiency may be less critical to growth than for the acclimation was not reduced by the applied phosphate
two grass species, although repensdid exhibit  in the ‘moderate’ nutrient treatment.

higher photosynthetic rates at [@), It is possible The data support the hypothesis that growth at ele-
in T. repens that the photosynthetic acclimation at vated [CQ] can increas®NUE Lower leaf nitrogen
[CO,l700 Was owing to phosphate supply (Barret & contents sustain significantly higher rates of carbon
Gifford 1995). However, the degree of photosyntheticuptake. This was apparent at both ‘moderate’ and ‘low’

Table 3. Regression analysis of the relationship betwégn,,andJ.,.,with total leaf nitrogen content féx. capillarisand

L. perenne The maximum RubP-saturated rate of carboxylaitionivo (V. s and the maximunn vivo rate of electron
transport contributing to RuBP regeneratidp {) were plotted as a function of leaf nitrogen content. Least squares linear
regressions were fitted to each plot separately for,[¢&@and [CQ],qo grown plants. The differences between the slopes
(mmol CO, mol Nt s7) for [CO] 360 and [CQl700 grown plants were tested using the method of Fowler & Cohen (1990).
Significant resultsR < 0-05) are in bold type

Difference
Significance of Coefficient of Slope between
Al Growth [CO)] regression line determination (mmol €O slopes (b)
Species parameter (umolmyl T P (@) molN’s?) TP
Agrostis capillaris V. jax 360 3:230-012 0-566 =0-297 1-40, >0-100
700 4.240-003 0-691 =0-513
Jmax 360 5.64<0-001 0-800 =1.05 1-45,>0-100
700 4.540-002 0-721 =241
Lolium perenne Yimax 360 3:100-015 0-546 =0-242 1.06, >0-100
700 2.650-030 0-465 =0-437
Jmax 360 4.700-002 0-734 =1.57 1-73,>0-100
700 3:820-005 0-648 =307
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nutrient supply. This study suggests that elevatedikosaka, K. & Terashima, I. (1995) A model of the accli-
[CO,] will stimulate photosynthesis under a ‘low’ mation of photosynthesis in the leaves gpants to sun

. . s . _and shade with respect to nitrogen WRlkant, Cell and
nutrient supply. Differential increases in photosyn Environment.8, 605618,

thetic nitrogen-use efficiency may be a critical deter-smer, ch., Diemer, M., Schappi, B. & Zimmermann, L.
minant of competition within low-nutrient ecosystems  (1996) The response of alpine vegetation to elevated CO
and low-input agricultural systems. Furthermore, Carbon Dioxide and Terrestrial Ecosystefesls G. W.

rather than limiting the photosynthetic response to ele- Koch & H. A. Mooney), pp. 177-195. Academic Press,

L . .\ San Diego, USA.
vated [CQ)], limiting nutrient conditions could lead to Lioyd, J. & Farquhar, G.D. (1996) The G@ependence of

the most significant stimulation in carbon acquisition. photosynthesis, plant-growth responses to elevated atmo-
spheric CQ concentrations and their interaction with soil
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