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ABSTRACT.

Stands of Ryegrass (Lohm perenneL. cv.Bastion) were grown in the field at ambient or elevated

(600 p.mol mol-’) [COZ], high (560 kg Ha-’ y-l) or low (140 kg Ha-’ y-’) nitrogen addition and

were harvested five times a year during the growing season. The plants were sown during 1992,

additional plots being sown during 1995. These were in their fifth year and second year of growth

respectively. Exposure to elevated [C02] was carried out with a Free-Air C02 Enrichment

(FACE) system which provides the most ‘realistic’ system of fiunigation currently available.

Elevated [C02] increased diurnal C02 uptake by between 40 to 83’XOwhilst reducing stomatal

conductance by between 1 and 38?40in all of the 1992 grown pkmts measured at high [COZ].

&alysis of the A/q response of 1992 grown plants showed no acclimation of the photosynthetic

apparatus in response to elevated [C02] - both Vq~a-(a measure of the maximum h vivo rate of

carboxylation) and J.x (a measure of the maximum capacity for the regeneration of RuBP)

showed no significant change during any of the periods of regrowth. In contrast the leaves of

1995 grown plants, appeared to be experiencing an acclimatory change in their photosynthetic

apparatus in response to elevated [C02]. However, this negative response seemed to be removed

directly after a harvest when the source:sink balance had increased. The apparent lack of an

acclimatory response after almost 5 years of growth at elevated [C02], suggests that L. pererzne

may be close to achieving the appropriate photosynthetic adjustments which would allow it to

attain a significantly higher photosynthetic potential.

ABBREVIATIONS USED IN THE TEXT.

A = C02 uptake per unit leaf area (pmol m-2S-l);c==C02 concentration in the air (pmol mol-l)i ci

= Intercellular COZ concentration (pmol mol-l), [COZ] = C02 concentration (pmol mol-l); FACE

= Free Air C02 Enrichment; g,= stomatal conductance per unit leaf area (mmol m-2S-l); J.a. =

maximum RuBP regeneration capacity (ymol m-2S-l);PPFD = photosynthetic photon flux density

(~mol m-2 s-’); RubisCO = ribulose bisphosphate carboxylase oxygenase, RuBP = Ribulose

bisphosphate; Vc,~~ = maximum rate of carboxylation Qunol m-2S-l).
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1. INTRODUCTION.

Thepresent dayatmospheric [C02](averaging around 360 ~molmol-*) has increased by

over 25°A since the beginning of the industrial revolution (Hebeisen el al. 1997), mainly

due to the burning of fossil

activities have added COZto

1991). It has been predicted

fiels and changes in land use. Indeed such anthropogenic

the atmosphere at a rate of 8 Gt of carbon per year (Bowes

by the Intergovernmental Panel on Climate Change (lJ?CC)

that under prpsent anthropogenic C02 emissions, the atmospheric [C02] will double by the

end of the next centu~ (D?CC 1995).

Since COZ is a

been suggested

limiting substrate for plants using the Cs photosynthetic pathway, it has

that a rising atmospheric [C02] may have wide ranging effects on plant

growth and development (Bowes 1991). In a geological and biological perspective, the

rapidity of change in ambient [C02] may be more significant than the degree of change

(Bowes 1993). Previously, significant changes in atmospheric [C02] have occurred over

thousands or millions of years rather than decades. Indeed, trees 200 years old have

encountered a 28°/0increase in atmospheric [C02] and are facing the prospect of a 100°/0

increase during there Me span (Bowes 1991). Ultimately the time span allowed for plants

to respond and adapt to this rapid change in the atmospheric [C02] will be considerably

foreshortened.

The current ambient COz/Oz regime restricts most Cq plants to only 60-70% of their

photosynthetic potential. This is due to the kinetic constraints of ribulose bisphosphate

carboxylase oxygenase (RubIsCO), the enzyme which catalyses the first and major rate
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limiting step in the Calvin cycle (Bowes 1993). Both C02 and 02 compete to bind to the ,

active sites of RubisCO, as the enzyme catalyses both the carboxylation and oxygenation

of ribulose bisphosphate (RuBP). Consequently 02 acts as a competitive inhibitor of the

carbo~lation of RuBP (Stirling et. al. 1997) and as a consequence RubisCO holds a

pivotal position between the Calvin cycle and the photorespirato~ carbon oxidation cycle.

The ambient [C02] is currently insufficient to saturate the carboxylation reaction of

photosynthesis and both carboxylation and photorespiration occur (Me et. al. 1995). The

photorespiratory carbon oxidation cycle is seen to be a wastefid process as it can remove

some 40-50% of the carbon plants assimilate (Bowes 1993; Nosberger et. al. 1996). Thus

the [C02] in the atmosphere at present is normally limiting to photosynthesis in C3plants.

The net photosynthetic rate of C3 species is initially stimulated after exposure to an

elevated [C02] (Nosberger et. al. 1996; Stirling et. al 1997). This primarily occurs

because RubisCO has a low a&mity for C02 relative to its current ambient concentration

and through the suppression of the competitive oxygenation of RubxsCO (Bowes 1993;

Stirling et. al. 1997). Since photorespiration may depress photosynthesis by up to 50%

substantial increases in the net photosynthetic rate of C3 species may be possible in an

atmosphere of double the current [C02] (Long 1991).

However, studies suggest that any initial stimulation under an elevated [C02] may be

complicated over the long term by physiological adjustment of the photosynthetic

apparatus termed down regulation or acclimation (e.g. Arp 1991; Bryant 1994; Long and

Drake 1992; Ryle et.al. 1992; Wdliams 1995).
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Acclimation of the photosynthetic apparatus has been attributed to a number of causes and

underlying mechanisms such as; a decrease in photosynthetic enzymes (namely RubisCO),

the accumulation of carbohydrates in leaves due to insufficient sink demand or by a

repartitioning of nitrogen (N) away from RubisCO to other N pools within the plant

(Stirling et. al. 1997).

Initially, the rate of COZ uptake increases in C~ plants grown under an elevated [C02],

altering the balance between supply and capacity to use carbohydrate. If the sink of an

elevated [COZ]grown plant becomes saturated, a sink being a growth or storage region of

a plant that uses photosynthates, then an accumulation of carbohydrate may occur in the

leaves. This could then feedback on the rate of photosynthesis, reducing it in proportion to

the carbohydrate levels present (Arp 1991; Webber et. al. 1994). Indeed down regulation

in the photosynthetic capacity of plants as a response to growth at an elevated [COZ], may

be necessary to restore the source-sink balance (Webber et. al. 1994).

A firther inhibitory effect on carbon uptake may arise if a plants sink strength is low.

Phosphate may become locked up with the intermediate products of the Calvin cycle and

the inorganic phosphate (pi) requirements, for the production of ATP, may not be met.

ATP synthesis is therefore insufficient and RuBP regeneration and the activity of

RubisCO, dictated by the ATP:ADP ratio, would be negatively effected (Pettersson and

McDonald 1994; Webber et. al. 1994 ). The evidence, however, for Pi acting as a long

term regulator of source: sink interactions is lacking and long term changes may require

adjustment of the concentration of photosynthetic proteins, such as RubisCO (Webber et.

al. 1994).
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Several studies have associated acclimation of the photosynthetic capacity with a P

reduction in RubisCO (reviewed by Bowes 1991). A decrease in RubisCO protein of as

much as 60’% has been documented for some C3 species (Sage et. al. 1989). In a N

limiting situation this may reflect the reallocation of N resources away from RubisCO,

allowing the plant to establish a balance within its photosynthetic apparatus. This would

improve the plants efficiency and increase the pool of N available for investment into

limiting processes, e.g. decreasing any sink limitations (Webber et. al. 1994).

The parameter values of an A/q curve provide a model for interpreting the biochemistry of

photosynthesis in C3 species. The initial slope of the dependence of C02 assimilation rate

(A) upon the intercellular [COZ](G) is interpreted as the carboxylation efficiency related to

the amount of active RubkCO. The plateau is associated with the range of ci for which A

is limited by the regeneration rate of RuBP (Pettersson and McDonald 1994). Using such

a model Webber et. al. (1994) illustrated three hypothetical patterns of acclimation for

different scenarios of N supply and source-sink balance

1) Photo.@hesis is strictiy sink limited - a decrease in both RubisCO activity and

capacity for RuBP regeneration could be expected to reduce C02 uptake at elevated

[COZ]to the rate achieved at the current [CO,].

2) N supplyis strictiy limiting toplant growth - decreasing the requirement for RubisCO

at elevated [C02] resulting in the reallocation of N away from RubisCO into RuBP

regeneration.
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3) NsuppIy is stric@ limiting to plant growth - decreasing the requirement for RubisCO

at elevated [C02] resulting in the reallocation of N away from RubisCO and into to

other plant organs, decreasing any sink limitations.

Whilst down regt.dation of the photosynthetic apparatus observed in Iaboratog studies

could be a result of the use of small pots restricting root growth (Arp 1991),

acclimation has also been obsemed in field studies (Bryant 1994). However, down

regulation at an elevated [C02] is not always the case, for example a study by Arp and

Drake (1991) into the long term effects of elevated COZon a community of Sciquus

ohzeyi showed no loss of photosynthetic capacity. While Pettersson and McDonald

(1994) observed that A/q cuxves for small plants at optimal N nutrition were found to

be similar in leaves of plants acclimated to present or elevated [COZ].

The contrasting results observed in the study of acclimation to elevated [COZ]suggest

that down regulation may be species spectic, due to growth conditions and

environmental constraints, or both (Bowes 1993; Stirling et. al. 1997). Any response

to increasing atmospheric [C02], will inevitably vary with several environmental

factors such as temperature (Long 1991; Stirling et. al. 1997), water availability

(Bowes 1993; Campbell et. al. 1997), light and especially nutrient availability

(Pettersson and McDonald 1994)..

Long and Drake (1992) found that acclimation of photosynthesis under elevated [COZ]

appeared to be most marked in species which were unable to use additional

carbohydrate in respiration, growth or storage, i.e. were sink limited. Indeed a study by
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Fischer et. al. (1997) observed that carbohydrate concentrations appear to increase in

the source leaves of Lolium pererzneat elevated [COZ],particularly at low N supply,

thus reflecting N-dependant sink limitations. While Ryle e?. al. (1992) observed that

the growth response of Lolium appeared to be sink limited at elevated [COZ].

i

It has been suggested by Arp and Drake (1991) that new sinks for the utilisation or

storage of increased carbohydrate could require years to develop in perennial species.

The perennial ~egrass (Loliurnperenne) may be one of a number of Cs species which

falls into this category of response under elevated [COZ].

Determiningg the physiological behaviour of L. perenne at elevated [COZ] is important

as; it is dominant in many natural ecosystems (Njs et. al. 1988), and provides the

mainstay of lowland pasture production in temperate western Europe, and they or their

hybrids are likely to continue to do so in the foreseeable future (Ryle et al. 1992). As

the atmospheric [COZ] continues to rise and agricultural practices become more

intensifi@ it is crucial to investigate the interacting effects of elevated [C02] and

agricultural management practices (Hebeisen et al 1997). To optimise the productivity

of @ forage crop in a fiture high COZ world, management practices such as N

fertilisation and harvesting regimes may well have to be modiied.

Despite the ecological and economical significance of forage crops, little information

exists on the long term response of grassland species in natural or managed

communities, the majority of literature being devoted to arable and glasshouse crops.

-7-



Furtherrnore, the majority of studies into the response of plants to an elevated [COZ]

have involved various ~es of growth chamber or enclosure systems. These systems

inevitably introduce unwanted artefacts into the experimental environment and lack the

rea.lkm of natural field conditions. Indeed it has been claimed by Arp (1991) that

acclimationof photosynthesiscould well be an artefact caused by small experimental

pots whichrestrict the sink size of plants.

The Free-Air C02 Enrichment (FACE) technology developed by Brookhaven National

Laboratory allows large numbers of plants to be grown under elevated [C02] in the

field under entirely natural conditions. It has been used in Switzerland as part of a joint

6 year study between the University of Essex and Swiss Federal Institute of

Technology Zurich (ETHZ) looking into the effects of elevated [C02] on perennial

ryegrass and white clover.

Studies conduoted by Prof S. Long (University of Essex) into the leaf photosynthesis

of L. perenne, grown within the Swiss- FACE facility since 1992, have so I% shown a

sustained increase @ leaf photosynthesis at high [C02], at both high and low nitrogen

treatments. Simultaneously stomatal conductance appeared to show a sustained

decrease. Acclimation (i.e. down regulation of RubisCO) was present before stands of

L. perenne where harvested and was removed a.fler a harvest, suggesting the loss was

driven by a source-sink balance (Nosberger et. al. 1996)
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The photosynthetic measurements of L. perenne reported in this dissertation were

made by the author in 1997, as part of this 6 year study. Using the data obtained from

these photosynthetic measurements the following hypotheses were tested:

1) After 5 years growth at elevated [COZ]leaf photosynthesis has decreased, when

measured at elevated [C02], to the level of leaves grown and measured at current

ambient [COZ]. This is also more likely at low than high N treatments. (Tested with

diurnal measurements).

2) Acclimation of photosynthesis (decreased VCP=Xand/or J-) to elevated [C02] will

be more pronounced at low N and more pronounc~ before a harvest when the

source:sink ratio is low than after a harvest when the source sink ratio is high. (Tested

with A/ci measurements).

3) The photosynthetic response (Vc= and J-) of L. perenne stands exposed to

elevated [C02] for 2 years (1995 grown stands), will be similar to those grown under

elevated [C02] for 5 years(1992 grown stands). (Tested with A/q measurements).
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El
2. METHODS AND MATERIALS.

2.1. Growth Conditions.

1

G!::

Loliwn perenne (CV.Bastion) plants were grown in pure stands within a Free-Air COZ

Enrichment (FACE) system at elevated (600 pmol mol-l) and ambient (360 j.unolmol-l)

[COZ]. The FACE system (developed by Brookhaven National Laboratories) is a

chamberless system which provides controlled fumigation conditions in the field. It

eliminates the potential of ‘chamber effects’ such as; changes in wind velocity,

humidity, temperature, light quality and intensity, and soil variables (Hendrey and

Kimball 1993) all of which can lead to unwanted perturbations within an experiment.

Indeed the restricted rooting volume of plants grown within pots and soil bm used in

growth chamber experiments, has been associated with the limitation of sinks for

photosynthate (Arp 1991). The FACE system however, allows large numbers of field

grown plants to be exposed to controlled [C02] in the field, while providing an

exposure regime where only the chosen variables ([COZ] and nitrogen availabiily) are

altered, leaving other fwtures of the environment unaltered and in a natural state.

The experimental site was located in Esch.ikoL 20 km north-west of Zurich Switzerland

and included three 18 m-diameter FACE rings, and three 18 m-dkneter control rings.

A map showing the layout of the Swiss-FACE facility can be seen in Appendix A Each

FACE ring consisted of a circukir array of vertical vent pipes surrounding experimental

plots (see Figure 1). Multiple ports within these vent pipes allowed computer controlled
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releases of C02 gas over the whole experimental area. By measuring wind speed and

direction at the centre of the FACE array, C02 gas was always released up wind of the

array and in proportion to wind speed in appropriate amounts determined by infi-a-redgas

analysis measurement at the centre of each array. For a fill technical description see

Lewin et al. (1992) and Hendrey and Kimball (1993).

El
Figure 1. Swiss-FACE ring showing circular array of vertical vent pipes surrounding

experimental plots.

El

u

Pure stands of L. perenne were sown in plots within the FACE and control rings during

1992, additional plots being sown during 1995. These were “intheir Iifth year and second

year of growth respectively. All the plots were harvested five times a year during the

growing seaso~ being cut to around 4 cm above ground level. This allowed
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photosynthetic measurements to be taken during periods of regrowth and consequently at

different source:sink ratios. The dates of each harvest can be seen in Table 1.

Table 1. Dates of harvest for L. perenne pure stands.

Harvest May 12 June 16 July 21 August 25 Sept. 29

WMin each ring both the 1992 and 1995 stands were also divided into high and low

nitrogenplots,withapplicationsof 560and140kgHal y“lofNH.JN03respectively.The

nitrogen fertiliser was applied after each harvest, proportional to expected yield. An

example of a FACE ring showing the layout of plots can be seen in Figure 2.

Figure 2. The layout of various plots and treatments within a FACE ring.

Swiss-FACERingFl

m’”

@sLure LQlium Tfiolium Mill” mixture Tfiolhm

1995 stands 560kg N 560kgK 140kgN 140kgN 140kgN 560kgN

1992 stands

~

560kgN 560kgN 140kgN 140kgN 140kgN 560kgN

Gate
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.k. Fumigation within the Swiss-FACE rings first began during the early part of 1993, a year .

after the 1992 stands were sown. This allowed the plants time to establish themselves.

Since 1993, fi.un.igationhas taken place continuously throughout the growing seasoz

beginning at sunrise and ceasing at sunset.

2.2. Gas Exchange Measurements.

Two open infia-red gas analysis systems (CIRAS-1, PP Systems, HhchiN Herts.) attached

to Parkinson Leaf Cuvettes (l?LC-1, PP Systems, HitchiL Herts.) were used during the

experiment to measure gas exchange parameters (see Figure B 1 in Appendm B). These

were cross calibrated against a dual channel infia-red C02/H20 analyser (U-6262, LICOR

inc., Llnco~ Nebraska). This IRGA was in turn calibrated with a standard gas mixture of

COZin air (60M2 ppq AGAAtiengessellscafl,Zuric~ Switzerland).

The gas exchange parameters - COZ uptake (A); intercellular COZ concentration (ci);

stomatal conductance (~); and transpiration (E), were calculated by the CEL4S software

according to the equations of Von Caemmerer and Farquhar (1981), see ~Long and

Hallgren (1993) and Long et al (1996). The basic equations can be seen in Appendix C.

Leaf area was obtained by measuring leaf width at each end of the leafin the chamber. The

average of the two numbers was then multiplied by the chamber length assuming that the

enclosed leaf area formed a trapezium. The chamber length was 4.6 cm. All the gas
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m,,
exchange measurements were made on the oldest emerging leaves (i.e. the ligule had not

yet emerged), halfkvaydown from the tip of the leaf The leaf was placed in the chamber

so that the upper part of the leaf always faced upwards in the chamber.

2.2S, DiurnalGasExchangeMeasurements.

To determine the diurnal photosynthetic response of L. perenne at elevated [COZ], five

sets of diurnal gas exchange measurements were made over a ten week period from 16

June to 22 August. The diurnal measurements were made on the 1992 grown stands only.

During a set of diurnal measurements, five leaves per nitrogen plot were measured in each

of the six rings every two hours from 06:00 am until 08:00 pm. The measurements were

made at the appropriate growth [C02], 360 pol mol-l for control and 600 pmol mol-l for

FACE rings. The ch&nber was held horizontally, making sure that both the chamber and

the attached quantum light sensor were not shaded.

The measurement procedure was as follows; the CIRAS was set to the appropriate growth

[COZ], and a healthy emerging ka.fwas selected and placed into the chamber. The surface

area of the leaf was then calculated and entered”into the ClILAS, the chamber was held

horizontally and the measurement recorded once the A and gs values had stabilised. This

procedure was then repeated on a new leaf

Where possible a set of diurnal measurements were mad% one week after a harvest, 2.5

weeks (mid-point) after a harvest and one week before the next harvest (Appendm D

shows the condhion of the stands during these intervals). However as clear dry days were

-14-



essential for diurnal measurements, the dates of the diurnal measurements were

dependent on weather conditions. Wet and overcast days would limit the light levels,

while wet leaves would prevent any accurate measurement of stomatal conductance. The

dates on which sets of diurnal measurements were made in relation to the harvests can

be seen in Table 2.

Table 2. Dates when sets of diurnal measurements were taken in relation to haxvests

Diurnal 1 2 3 4 5

Date of Measurement 2 July 16 July 30 July 10 Aug 18 Aug

Days From a Harvest 16 after 5 before 9 after 20 after 7 before

To achieve the required number of measurements at each time point during the diurnal

on the 2 July, two open infia-red gas analysis systems were used - CIRAS (A) and

CIRAS (B). The sequence of measurements at each time point were as follows:

CIRAS (A)

06:00 sequence
FACE 2
Control 1
FACE 3

08:00 sequence
Control 2
FACE 1
Control 3

and so on.

-ls-

CIR4S (B)

06:00 sequence <
Control 2
FACE 1
Control 3

08:00 sequence
FACE 2
Control 1
FACE 3



The above sequence whereby FACE and Control rings are sampled simultaneously, was

chosen to avoid any time bias toward one treatment within the sampling procedure.

However, due to technical problems with CIRAS (B), only one system (ClR4S A) was

available for the remaining sets of diurnal measurements. The sequence used at each

time point on the 16 July, 30 July, 10 August and 18 August was C2, Fl, Cl, F2, F3,

C3. While this was chosen partly for logistical reasons, it was also important that it

avoided any time bias toward one treatment.

The total carbon uptake and stomatal conductance, over the whole day, was then

estimated for each of the diurnal sets of measurements per nitrogen treatment per ring.

These values were then tested usiig two factor analysis of variance to highlight any

significant dtierences.

2.2.3.MG Response Measurements.

To determine the response of leaf C02 uptake (A) to intercellular [C02] (q), leaves were

sampled from the plots within each ring and m-red in the laborato~. Detenn.ination
L

of the ~ci response requires constant conditions of light, temperature and hurnidhy.

Since the objectivewas to determine the maximum h vivo carboxylation (V-) and

RuE3Pregeneration capacity (Jm) of each ler@ it was also important to avoid water

stress, photoinhibitionand end-product inhibitio~ which could all develop in leaves in

the field.
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Leaves were therefore sampled by cutting the oldest emerging leaf from the stem under

water to avoid the uptake of air into the xylem. The leaf was then placed into a

plastic bag containing water and a damp tissue (to prevent the leaf drying out) and taken

back to the laboratory for immediate measurement. This procedure produced rates of

photosynthesis and stomatal conductance that were as seat or greater than those

observed in the field, suggesting that the sampling method had not damaged the leaves.

A/ci measurements were made on one leaf per nitrogen treatment per ring. A quartz

iodide light source was clipped over the leaf chamber to provide constant near saturating

light at around 1000 p,rnol m-2 S-l (see Figure B2 in Appendix B). The [COZ] in the

chamber was altered in 7 steps, the duection dependant on the growth [C02]. For

control grown plants the sequence was 360, 250, 150, 50, 600, 900, 1200 p.mol mol-*

C02, while FACE grown plants were measured at 600, 360, 250, 150, 50, 900, 1200

p.rnol mol-l C02. The sequence for FACE grown plants was employed to try to avoid

unnaturally high RubisCO activation by C02.

The maximum in vivo carbonation (Vg) and RuBP regeneration (J=) of each leaf

was then calculated by fitting the equations of Farquhar el al (1980) in a computer

software package. The V=- and J= data sets were tested using two fac}or analysis of

variance to highlight any significant differences caused by C02 or nitrogen treatment.

Over the ten week period, five sets of A/q measurements were made for the 1992 stands

of L. perenne. These were made where possible approximately 1 week after a harvest,

2.5 weeks after a harvest and 1 week before a harvest. Three sets of A/q measurements

-17-
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for the 1995 stands of L.perenne are also included. These measurements were made

along with a fellow student Paul Hurnphreys using the same equipment and methods as

mentioned above. The inclusion of this data allows a comparison to be made between

the 1992 and 1995 grown stands. The dates on which the measurements were made in

relationto the harvests can be seen in Table3.

Table 3. Dates when sets of A/q measurements were taken in relation to harvests.

m,,
I 1992 stands I I

A/q measurements 24 June. 1 July

Days from a harvest 8 after 15 after

1995 stands
Nci measurements 24 June -

I I

Days from a harvest 18afler I -
I I I

17 July 25 July 6 August
I I

4 before 4 after 16 after

I I

19 July 129 July I -
I I

2 before 18a.fter I -
I I

-18-



3. RESULTS.

3.1. Diurnal Gas Exchange Measurements.

The diurnal measurements taken over five separate days in July and August all showed

a consistent increase in assimilation rates and a decrease in stomatal conductance for

1992 stands of L. perenne growing at high [C02] (see Figures 3 to 7). The raw data

for each set of diurnal measurements can be viewed as Excel 7 files on ‘floppy disc A’

held in the back cover of this dksertation. Although enhancement of photo~thesis

occurred over the whole day, it was also marked at the beginning and end of each day.

Table 4 shows the changes in A and ~ due to growth at high [COZ] as a percentage

change in total carbon uptake and total stomatal conductance over the whole of each

diurnal.

Table 4. Percentage change in estimated total COZ uptake and total stomatal

conductance over the whole day, for L. perenne due to growth at elevated [C02].

02/07/97 16 after +51 +53

16/07/97 5 before +53 +40

30/07/97 9 after +42 +44

10108197 20after +57 +52

18108197 7 before 65 +83

StomatalConductance Mean leaf

k) Temperatw
High Low (“Q

-23 I -38 19

-30 -38 23

-17 -26 22.6

-15 -23 23

-1 -12 21
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ail Figure 3. Diunnal assimilation rates and stomatal conductance
for 1992 stands of Lolium perenne grown within FACE and Control rings.

a

Measured on the 2 July 1997-16 days after the 16 June harvest.
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Figure 4. Diurnal assimilation rates and stomatal conductance
for 1992 stands of Lolium perenne grown within FACE and Control rings.

Measured on the 16 July 1997-5 days before the 21 July harvest.

● FACE

O Control

High Nitrogen

30

25

20

15

10

5

0

-5

● FACE
O Contro

T

Low Nitrogen

I I I I I I I I46 8 10 12 14 16 18 20 22
468 10 12 14 16 18 20

Time of Day (hours)
Time of Day (hours). . ,

Leaf Microclimatic Information
2000. 35 ~

T
~; 1500 – –30 ;

3
= 1000 – – 25 ~
~ E
; 500 – –20 &
L
& o–

–15 ;
a)

~lo ~
46 8 10 12 14 16 18 20 22

_llmeof Day (hours)

800

700

200

100

● FACE

Q Control

I &
I I I I I I 1

800 I

700

600

500

400

300

200

100

I @ FACE

;’~
O Control

LOW Nitrogen

Dew

~
46 8 10 12 14 16 18 20 22 46 8 10 12 14 16 18 20 22

Ume of Day (hours) Time of day (hours)

-21-

22

b

*



.-

—=

E!s

Figure 5. Diurnal assimilation rates and stomatal conductance

for 1992 stands of Loiium perenne grown within FACE and Control rings.

Measured on 30 July 1997-9 days after the 21 July harvest.
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Figure 6. Diurnal Assimilation Rates and Stomatal Conductance
For 1992 Stands of Lo/ium perenne Grown Within FACE and Control Rings.

Measured on 10 August 1997-20 days after the 21 JUIY Harvest.
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z!;-}. Figure 7. Diurnal assimilation rates and stomatai conductance
for fl992 stands of Loiium perenne grown within FACE and control rings.

m
Measured on 18 August 1997-7 Days before the 25 August Harvest.

.

o“
L)

50
0 FACE
O Control

40 –

30 –

20 –

10 –

o-

-loLnll—n—
u 46 810121416182OZ

WmeofDay (hours)

50

40

30

20

10

0

-10

● FACE
0 Contrc

u

I I I I I I I I
4 6810121416182022

Ttme of Day (hours)

Leaf microclimatic Information
I -c =

‘; Ian

% 1200

z
E
3 8m

R4C0
a
nJ r

m o--j I I I I I I
\

5:
46 810121416182022

I lime of Day (hours)

1600 HighNitrogenI I

u 1400 – ● FACE
O Control

- 1200 –
Y

m

(0
1000 –

‘E
z 800 –

x

~ 600 –
ail 400 –

Dew

xl

200 –

o A
I I I I I I

1600

1400

1200

1000

800

600

400

200

0

Low Nitrogen

● FACE I

L
O ‘ Control

Al
&. Dew I

I I I I I I I 1 I I

,

a

m
46

.,
8 10 12 14 16 18 20 22 46 8 10 12 14 16 18 20 22

lime of Day (hours) Time of Day (hours)

m
-24-



Total carbon uptake over the whole day, increased for plants growing at high [COZ]at

both nitrogen treatments during all periods of regrowth. Stimulation ranged from 40 to

83’XO.This enhancement of photosynthesis was significant, at the 5% significance level,

at all periods of regrowth (see Table 5).

Table 5. Significancelevels of variation in total carbon uptake (A) and stomatal

conductance (@ over the whole day, due to [C02] and nitrogen treatment.

4AIA
Sourceof 2 July 16Jdy 30July 10August
variation

co~ P@.05; F=5Z7 RO.05;F=4Z3 M. OS;F=210.8 P405; F=59.5

Nitrogen ~=0.54;F=0.41 I P=O.0S?:F=3.5 I P@05; F=12.6 I P=O.8:F=0.06
# r 1 s

P=0.31; F=1.15 P=O.78; F=O.07 P=O.76: F=O.09

C@ I PW.05; F=5.78
I

W.05;F=38.7
I

Pu105;F+16
I

M.05; F=IO.2

m , n m

Nitrogen P=O.18; F=22
I

P=O.7: F=O.14

IInteraction P=o.54; F=o.41
I

P=O.37;F=0.9
I

P=O.66: F=O.2
I

P=O.48; F=O.56

18@ust

P4.05; F=IOI.8

P=O.4; F=O.66

P=O.5: F=O.45

P=O.49; F=O.52

P=O.84; F=O.05

P=O.53: F=O.43

,

The 13’%difference in stimulation between bitrogen treatments on the 16 July (5 days

before a harvest) and the 18% dfierence on the 18 August (7 days before a harvest)

seen in Table 4, were not significant. Although a significant dflerence in stimulation

occurred between nitrogen plots on the 30 July (9 days after a harvest).
.

The large stimulationin total carbon uptake on the 18 August (see Table 4) was not

associated with a rise in mean leaf temperature, in comparison to the temperatures on

the other measurement dates. Micrometeorological data also indicates that the air

temperature on the 18 August was also not high in comparison. Micrometeorological

data can be seen in Appendix E.
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Total stomatal conductance over the whole day was reduced in FACE grown plants at

all periods of regrowth (Figures 3 to 7). Note, ~ means were removed from time

points where dew or dampness on the leaves may have tiected the measurements. The

percentage change over the whole day due to growth at high [COZ] ranged from -1’XO

to -38Y0,with larger percentage reductions in the low nitrogen plots.

The reductions in total ~ were significant on all of the measurement dates except on

the 18 August where the percentage change was considerably smaller at both nitrogen

treatments in comparison to the four other dates. Although the percentage reductions

seemed to be greater in the low nitrogen plots, this was not statistically significant on

any of the measurement dates.

The smaller percentage reductions and lack of a statistical

and Control & values on the 18 August, may be explained

difference between FACE

by the drought conditions

kading up to the 18 August (Appendii E). Cumulative effects of higher transpiration

rates in ambient grown plants on the other dates, may have reduced the soil moisture in

the control plots. This may have led to more drastic water conservation measures in

the ambient grown plants on the 18 August. Indeed, the ~ values seen in Figures 6 and

7 are typical of drought conditions, where&is high during the early hours of the day

dropping off dramatically as temperature and light increases.
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3.2. A/ci response of Lolium perenne.

3.2.1. A/q responseof 1992 grown stands.

The A/q response measurementsobtained for 1992 grown stands of L. perenne over

the ten week period, can be seen in Figures 8-12. The raw data for each set of MCi

measurements can be viewed as Excel 7 files on ‘floppy disc B‘ held in the back cover

of this dissertation. The mean Ve~ and J.x values calculated from these curves, can

be seen in Figures 13 and 14 respectfidly.

The trend seen in Figure 13 at each C02 and nitrogen treatment, where V- values

are lower before a harvest, increasing again after a harvest, reflects that the maximum

rate of carboxylation may be driven by the source-sink balance. It was therefore

presumed that at elevated [COZ]a decrease in Vq~. values would occur (and be more

pronounced) before a harvest when the source: sink ratio was low. However, there was

no significant effect of either [COZ]or nitrogen treatment on the Vxx values at any of

the periods of regrowth (see Table 6).

Table 6. Significancelevelsof variationin V_ and J= dueto [CO~ and N- treatment

Source of 24 June 1 JuIy 17 July 25 July 6 Au&@

variation

v= N Treatmat P= O.22:F=I.75 P=O.78; F=O.09 P=O.44; FO.65 P= O.55;F=O.40 P=0.51; F=0.49

C% Trea?mtiP =0.65: F=O.22 P=O.39: F=O.84 P=O.21: F=l.84 P= O.65:F=O.22 P= O.55:F=O..?8

In&a-action P=O.95; F=O P=O.41: F=O.76 P=O.83; F=O.05 P=o.31:F=1.17 P=O.60; F=O.30

J- N TreatmmtP=O.88: F=O.02 P=O.8?9: F= O.025 P=O.13: F=2.82 P= O.28;F=l.32 P=O.24; F=l.61

COz Txeatmmt P=O.25: F=I.56 P= O.828:F=O.05 P=O.29: F1.26 P=O.83; F=O.05 P=O.66; F=O.22

InteractionP=O.82: F=O.05 M.05; F=5.416 P= O.27:F=I.40 P=O.32; F=l.13 P=O.42: F=O.-s
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I IYUI ~ U. fil~i icapu[is~ Vi ~wurn perenne 1YYZ stands,

grown in FACE and Control rings.
Measurements made on the 24 June 1997-8 days afterthe 16 June hawest.
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a

riyul e Y. ~[~i response 01 Lollun? perenne 1992 stands,

grown in FACE and Control rings.
Measurements made on the 1 July 1997-15 days after the 16 June harvest.
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gr;wn in FACE and Control rings. 9
Measurements made on the 17 July 1997-4 days before the 21 July harvest.
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m;.
Figure 11. A/ci response of Lolium perenne fi992 stands,

grown in FACE and Control rings.
Measurements made on the 25 July 1997-4 days after 21 July harvest.
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* =~-.- s-. nlbi 1 ~apul l~G Ui LUIIUiII pWWIIW I YYL sumas,

grown in FACE and Control rings. *

Measurements made on the 6 August 1997-16 days after the 21 July harvest.
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Figure 13. Variation in Vc~~xduring periods of regrowth for9
1992 stands of L. pereme.
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Figure 14. Variation in Jm~xduring periods of regrowth
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A similar trend was also seen in Figure 14 for the Jmyvalues at both COZ and nitrogen

treatments, with no significant effect of either [C02] or nitrogen treatment recorded for

any of the periods of regrowt~ except on the 1 July. On the 1 July the significance

levels of variation show a significant difference between FACE and control J= values

due to the interactions of both [C02.]and nitrogen treatment. This suggests that on the

1 July the maximum RuBP regeneration capacity in the low nitrogen FACE plots was

significantly lower than that of the ambient plants, while in the high nitrogen FACE

plots the reverse was true.

3.2.2. A/ci response of 1995 grown stands.

The A/q response measurementsobtained for 1995 grown stands of L. perenne over

the ten week perio~ can be seen in F@ures 15-17. The mean VA and J_x values

calculated from these curves, can be seen in Figures 18 and 19 respectfidly:

T’heeffectof both [C02] and nitrogen treatment upon V,- values on the 24 Jtine

were significant, see Table 7 below. The V- values on this date, shown in Figure 18,

were significantly lower for FACE grown plants and significantly lower in the low

nitrogen plots.

Although a significant dfierence was expected on the 19 July 2 days before a harvest,

when the source sink ratio would be low, there was no significant effects from either

[COZ] or nitrogen treatment on this date. There was also no significant effect of [C02]
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Figure 15. ~ci response of L. pereme ‘1995 stands,

grown in FACE and Control rings. ‘
Measurements made on 24June 1997-8 days after 16 June harvest.
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Figure 16. Alci response of L pereme 1995 stands,

grown in FACE and Control rings.
made on the 19 July 1997-2 days before 21 July harvestMeasurements
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Figure 17. Alci response of L. pereme 1995 stands,

grown in FACE and Control rings.
Measurements made on the 29 July 1997-8 days after 21 July harvest
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periods of regrowth for 1995 stands of L. pereme.
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Figure 19. Variation in Jmaxduring
periods of regrowth for 1995 stands of L. pererme.
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on the 29 July. However, VWX values at both [C02] were significantly lower in the

low nitrogen plots on this date.

TabIe 7. Significance levelsof variation in V-X and JmXdue to [COZ]

and nitrogen treatments.

Source of 24 June 19July 29 July

variation

v~ C@ Treatment P-=0.05;F=% 7 P=O.72:F=O.14 P=O.06;F=4.6

N Treatment Pd.05; F=13.5 P=O.45:F=O.62 P4.05;F=ll.65

Intemction P=O.13:F=2.9 P=O.21;F=l.82 P=O.17;F=2.23

Jm C% Treatment P@.05;F=8.13 P=O.48;F=O.54 P=O.32;F=l.13

N Treatment P=O.57;F=O.34 P=O.18;F=2.14 P-@.OS;~=38.87

Interaction P=O.8:F=O.06 P=O.89;F=O.06 P=O.29; F=I.28

The effect of [C02] on J- values was also significant on the 24 June, with J.= being

significantly lower in FACE grown plants. However, the effect of nitrogen treatments

on J= was not significant except on the 29”July, when J- was significantly lower in

the low nitrogen plots for both FACE and ambient grown plants.
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4.DISCUSSION

*

●

The results of the diurnal measurements for the 1992 stands of L. perenne revealed a clear

and consistent increase in leaf A and a consistent decrease in leaf ~ values for all the

plants grown and measured at high [COZ].This corresponds to studies into L. perenne

stands conducted at the Swiss-FACE facility in previous years (Bryant 1994; Nosberger

et. al. 1996), and follows the expected response of C~ species to elevated [C02] (Gay and

Hauck 1994; Ryle et. al. 1992).

Enhancement of leaf photosynthesis was significant (p<O.05) at both N treatments and all

periods of regrowth (Table 5), the percentage changes due to growth at high [COZ]

ranging from 40 to 83°/0(Table 4). While enhancement of photosynthesis occurred over

the whole day, it was also marked at the beginning and end of each day, when the PPFD

levels were low. This corresponds to the findings of Gay and Hauck (1994) into Loliurn

temulenhmzunder low PPFD, but is in contrast to Ryle et. al. (1992) who suggested that

enhancement of A in perennial ryegrass at high [C02] may only occur at high PPFD levels.

The observed enhancement of A at elevated [C02], was presumably related to the

inhibition of RuBP oxygenatio~ which reduced the burden of photorespiration in FACE

grown plants. The large stimulation in A obsewed on the 18 August at both N treatments,

and to a lesser extent the stimulation on the 4 other dates, may also be associated

temperature interactions. Temperature is an important factor which

with

can

influence the response of plants growing at elevated [C02] (Long 1991). High
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temperaturescanalterthe C02/02specificityof RubisCOin favour

plants growing under an ambient [COZ], this can result in a

photorespiration. FACE grown plants, in contrast, are grown under

of oxygenase.For

higher burden of

high [COZ] with a

COJ02 regime which counteracts the competitive o~genation of RubisCO (Bowes

1993). Therefore the temperature optimum of photosynthesis for FACE grown plants is

much higher than their ambient grown counterparts. /my increase in temperature could

therefore reduce the rates of photosynthesis in plants grown at the ambient [C02], while

FACE grown plants would be largely unallected.

However,the micrometeorologicaldata(Append~E) andleaftemperatures(Table4)

suggest that the large enhancements in A observed on the 18 August are unlikely to be a

result of temperature interactions. A more likely explanation is that the large increases in

A are related to the drought conditions which existed prior to and during the

measurements on this date (Appendix E). Indeed leaf& values recorded on the 10 August

and 18 August (Figures 6 and 7 respectfully) are typical of drought conditions, where&is

high during the early hours of the day, dropping off dramatically as temperature and light

increm,e.

Water availabfity is an important factor which may effect the response of plants at high

[COZ](Campbell et. al. 1997). The cumulative effects of higher ~ values for plants grown

at ambient [C02] and presumably the cumulative effects of higher transpiration rates as a

consequence, may have reduced the soil moisture within the control plots (relative to the

FACE plots) leading up to the 18 August. A lower soil moisture content and the

continuing drought conditions, may be resulting in the partial closure of stomata within the
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leaves of ambient grown plants on the 18 August. The consequences of this would be an

inhibitory effect on the supply of COZ to the chloroplast. Indeed on the 18 August no

significant difference existed between FACE and control ~ values. This suggests that

eitheq the & of ambient grown plants was reduced (below the level which may have been

expected) due to the drought conditions, or that the stomata of FACE grown plants were

able to remain filly open in comparison to the ambient grown plants. It has been reported

that the water use efficiency of C3 plants maybe improved under elevated [C02] (Bowes

1993) allowing the stomata to remain ope~ even under conditions of water stress. As a

result, C02 uptake is maintained at near to normal values and FACE grown plants are

more able to withstand drought stress, delaying its onset.

The effkcts of time after hawesting on the photosynthesis of FACE-grown plants can be

seen in the mean A values at high N, before and after the 21 July harvest. On the 16 July

(5 days before the harvest) the mean diurnal A in FACE grown plants at high N was 15.6

j.unolm-2S-*,while on the 30 July (9 days after the harvest) the equivalent value was 20

p.rnolm-2S-l. This could be associated with the source:sink balance which would be higher

aftera harvest. The

[CO*] to a greater

much lower.

plantwouldbe in its youngest stages of growth respondingto elevated

extent than before a harvest, when its source sink balance would be

The effect of N treatment on diurnal A at elevated [C02] was only significant on the 30

July (9 days after the harvest), when A was greater in the high N plots (Table 5). As a

harvest was carried out on the 21 July, and the peaks of A on

the harvest, Figure 4) were also greater at the high N plots,

the 16 July (5 days before

this may reflect some N-
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dependant sink limitations. Gorissen et. al (1995) suggested that N availability may be

important for stimulating effects of elevated [C02] on the root growth and shoot yield of

L. perenne and therefore sink strength. Presumably the plants growing in the high N plots

may be producing larger sinks before and after a harvest reducing any feedback inhibition

of photosynthesis. The denser &mopies in high N plots appear to indicate higher shoot

yields (Append~ D).

Whh the exception of the diurnal measurements made on 16 July and 30 July, there was
.

little difference in the diurnal A enhancement at elevated [COZ] between N treatments.

Bryant (1994) in a previous study into L. perenne suggested that leaves developing under

lower PPFD in the considerably denser canopies of the high N plots may not have been

reaching their fill photosynthetic potential. Whereas leaves in the much less dense

canopies of the low N plots were operating much closer to their Ml potential. The denser

canopies in the high N plots (Appendix D) suggest that this could well be the case.

The rates of leaf ~ showed a significant decrease, with the obvious exception on the 18

August (Table 5). The reduced & values under elevated [C02] maybe attributed to the

partial closure of stomata resulting in a constant q/c, ratio of 0.75 for L. perenne

elevated [C02] (Gay and Hauck 1994; Bryant 1994). The percentage reduction in

at

g-s

values for FACE grown plants appeared to be greater in the low N plots (Table 4), but

this was only significant on the 16 July. Greater reductions in ~ at low N could be

explained by reduced growt~ leading to a higher stomatal density per unit leaf area.

However, stomatal measurements would be needed before any definite conclusions could

be drawn.
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The A/ci response curves obtained from the measurement of 1992 stands of L. perenne

(Figures 8-12) appear to be similar in tie leaves of plants acclimated to present or elevated

[COZ]. Indeed there was no significant effect of either [COZ]or N treatment on the V-.

values, which represent the maximum rate of carboxylatio~ for any of the periods of

regrowth (Table 6). Furthermore, under no conditions did J-, which represents a

measure of the maximum capacity for the regeneration of RuBP, differ significantly

between FACE and control plants. This suggests that after almost 5 years of growth at

elevated [COZ], the leaves of L. perenne do not appear to be experiencing a negative

acclimatory response to their photosynthetic apparatus.

This is in sharp contrast to previous studies into the acclirnatory effect of elevated [COZ]

on L. perenne growing within the Swiss-FACE facility. Such a study reported by Bryant

(1994) observed considerable acclimation of the photosynthetic apparatus in response to

elevated [C02], where VCWKdeclined by 350A, but J- showed no significant change.

Indeed, Nosberger et. al. (1996) reported that after 3 years of growth at elevated [COZ]a

10SSof RubisCO was present before a harvest and was removed after a harvest, suggesting

the loss was driven by source sink balance.

The trend seen in Figure 13, appears to suggest that the V- values declined before a

harvest, increasing again after a harvest, reflecting that the maximum rate of carboxylation

may be driven by source-sink balance. A similar trend for J- can also be seen in Figure

14. However, it was presuppose that at elevated [C02] a sitificant decrease in V_-

(and possibly J-) would occur, being more pronounced before a hamest (when the
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sotirce:sink ratio was low) especially at low N. Nevertheless, after 5 years of growth at .

elevated [COZ]this does not seem to be the case. This is surprising in view of the sparse

canopy development at low N grown L. perenne stands (Appendix D), where restricted

sink size may have been expected to lead to feedback inhibition of photosynthesis (Arp

1991)

The significant variation in J~~ due to the interactions of both [COZ] and N treatment

seen on the 1 July (Table 6 and Figure 14), suggest that the maximum rate of RuBP

regeneration was significantlyreduced in the low N FACE plots. This could be related to

transient Pi limitations due to the inhibition of sucrose synthesis, as the sparse canopies

seen in the low N plots could be reflecting lower sink strength. The VCP=values on the 1

July also appears to decline in the low N Face plots (l?@ure 13). However, Pi limitations

have also been observed following a suclden increase in [C02] at low temperature (Sage

et. al. 1990). A combination of factors, ~om the effects of leaf sampling to high Ca’sused

during A/q measurements, may therefo~e have also contributed to the reduced J.= values

seen on the 1 July.
I

The apparent lack of acclimation after 5Iyears growth at elevated [C02] could be due to a

number of reasons. Gay and Hauck (~994) observed no acclimatory response in L.

ternzdentumto elevated [C02] and sug~ested that this was due to the fact that the plants

were still growing at the end of the experiment and were at no stage sink limited,

Although the diurnal measurements indicated some sink limitations before a harvest, the
I

plants may still have been growing and ~y sink limitations may not have been sufficient to

induce feedback inhibition and thus acclimation. However, analysis of photosynthates
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fith.in leavesand other storage regionsof the plants would be required, along with fiuther

A/q measurements, to establish whether this was the case.

Another possibility could be that after nearly 5 years of growth under elevated [COZ],the

acclimato~ responseinitiallyseen in L. peretznehas been partially removed as the plant

has begunto adapt. Indeed Arp and Drake (1991) suggested a period of up to 4 years for

the realisation of the perfect acclimatory response in field grown plants. During

acclimation to elevated [C02], the capacity of RuBP carbo~lation is down regulated

(reduced V-), as it is a non-limiting process at elevated [COZ]. In a sink Iiited

situation this would allow the plant to create a balance between the newly limiting

processes of either Pi or RuBP regeneration. It has been suggested that the next stage,

whereby resources are reallocated away from the down regulated, non-limiting

components to the limiting components, may require years in perennial species (Long and

Drake 1992). It may therefore have taken L. perenne 5 years to begin to realign the

capacitiesof the limiting and non-limiting processes, whereby the development of stronger

sinks (for example in the roots) has allowed them to partially remove an acclirnatory effkct

at elevated [C02]. However, to test these assumption firther A/q measurements would be

required duectly before and after a harvest, along”with the analysis of leaf N, before any

&n conclusion can be made.

Figure 20 illustrates how the considerable stimulation of photosynthesis at elevated [COZ]

observed in the dlumal sets of measurements is consistent with the similar rates of

carboxylation and RuBP regeneration capacities of ambient and FACE grown plants.

From mean A/q values plotted, it can be seen that even with similar carbonation
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efficiencies and RuBP regeneration rates the G’S obtained at c, 600 WOI mol-l are

sufficiently high to produce higher A values than those produced at the G corresponding

to c, 360 ~mol mol-l. This assumes a ccmstant c+c. ratio for L. perenne of 0.75 (Gay and

I

Hauck 1994; Bryant 1994).

Figure 20. Mean A/q plot for L. peren~e, measurements made on 1 July 1997
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In compariso~ the A/q response cu~es obtained from measurements of 1995 grown

stands of L. perenne (Figures 15-17), ~appear to suggest an accliiatory change in the

photosynthetic apparatus in response t~ elevated[C02]. This negative response seems to

be removed directly after the 21 July harvest. However, although this trend of down

re=wlation can be seen in V=,- values &speciallyat low N, the effect of [C02] was only
I
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significanton the 24 June 8 days tier a harvest. Nevertheless it can be clearly seen in

Figure 18 that the V- values for FACE grown plants at low N on the 19 July (2 days

before a harvest) had fallen below those of ambient grown plants. A similar trend can be

seen in @igure 19), with J- values for FACE grown plants falling below those of arriient

grown plants before a harvest and recovering tier a hwest. However, the effect of [C02]

on J= were also only significanton the 24 June.

The trends seen in both V- and J- in Figures 18

regulation of the photosynthetic apparatus is taking

and 19, appear to suggest that down

place before the harvests (when the

source:sinkbalance is low), and is being removed after the hruvest (when the source:sink

balanceis increased). It is possiblethat the analysisof variancepackage on Excel 7, which

was used to test the significance in variatio~ may be missing some small significant

dtierences between [COZ]treatments. Based on theseassumptions,it is suggestedthat the

1995 grown stands of L perenne areundergoing a negative acclirnatory change (although

small) which may be driven by source:sink balance.

This follows the pattern seen in previous studies into L. perenne after 2 to 3 years growth

eatelevated [COZ](Bryant 1994; Nosberger et. al. 1996) and is in drect contrast to the

response observed for the 1992 stands of L. perenne after

[COZ]. Again firther A/ci measurements are required .before

be drawn 120mthe above assumptions.
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In conclusio~ the diurnal gas exchange measurements suggest that Hypothesis 1 can be .

rejected. As after 5 years of growth leaf photosynthesis had not decreased, when measured

at elevated [C02], to the level of leaves grown and measured at current ambient [C02], at

either N treatment.

Hypothesis 2 can also be rejected for the 1992 grown stands of L. perenne. As acclimation

of photosynthesis was absent at all periods of regowth and N treatment. However,

Hypothesis 2 is accepted for the 1995 grown stands of L. perenne. A acclimation of

photosynthesis to elevated [C02] (although small) was more pronounced at low N before

a harvest.

While hypothesis 3 can be rejected as the photosynthetic response of L. perenne exposed

to elevated [C02] for 2 years showed a small negative acclirnatory response, while L.

perenne exposedto elevated [C02] for 5 years showed no accliiatory response.

Clearly, the cutting of ryegrass stands may temporarily help to alleviate sink saturation,

while N availability may also increase the potential for sink gowth. The apparent removal

of an acclimatory response after almost 5 years of growth at elevated [C02], in this

realistic open-field situatio~ suggests that the ryegrass L. perenne may be closer to

achieving the appropriate photosynthetic adjustments which may eventually allow it to

attain a significantly higher photosynthetic potential.
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Appendix A.
Layout of the FACE facility at the ETH fieId station, Eschikon, Switzerland.
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Figure B1. Infia-red gas analysis system (CI&4S-1 PP systems, Hitch., Herts.)

attached to a Parkinson Leaf Cuvette (PLC-1, PP Systems, Hitch., Herts.)

Figure B2. Parkinson Leaf Cuvette (PLC- 1, PP Systems, Hitch., Herts.) with quartz

iodide Iight source clipped over the leaf chamber

,
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Appendix C.

Basic equations used to obtaingas exchangeparameters,accordingto Von Caemmerer

and Farquhar (1981), takenfrom Long and Hallgren(1993)and Long et al. (1996).

. Net rate of COZ uptake (A) per unit leaf area.

U(c= - co)
A=

s

Where u = flow of air entering the chamber(molS-*)

G = [C02] at the entrance of the chamber Qunol mol-l)

G = [COZ]at the outlet of the chamber(prnolmol-’)

s = surface area of the leaf(m2)

. Transpiration rate (E)

E- ‘e-ei)

(S-eo)”u

Where % = humidity of air in the chamber (mbar)

Q = hufidiv of the air entering the chamber (mbar)

P = atmospheric pressure (mbar)



, I

● Stomatal conductance to COZ (gJ.

1

‘= rlxl.61

Where 1.61 = ratio of difFusivityfor water vapour/air and C02/air

rl = Ieafstomatal resistance to water (m-2s mol-l)

(e, - eo) ~ (P -eO) .

(eO - ei) Prl =
u

- r~(H20)

Where r@@) = boundaxy layer resistance for water vapour (m2s mol-l)

E“
r@@) =

w.m/P - W,IP

Where W.rrj = water vapour concentration in saturated air at temperature T

w. = water vapour in bulk air

. Intercellular COZ concentration (ci).

(g, - E/2).Ca - A
q=

g, + E/2

Where C, = [C02] in the air (prnol mol-l)

g, = total conductance to COZdifision (mmol m-zS-l)



Where g~= boundarylayerconductanceto COZ(mol m-zS-l)

1

‘b= rb(H20) x 1.37

Where 1.37 = ratio of &sivity in the boundary layer.



AppwM3ixII?.

The condition of I?ACE grown Loi&tI pereme stands during periods of regrowth

after a harvest, at high and low nitrogen treatments.

FigureIll. LOWnitrogenplots-1 weekaftera harvest

Figure D2. High nitrogen plots -1 week aftera harvest.

‘i



b Figure D3. L. perenne low titrogen plots -2.5 weeks after a hawest.

Figure D4. L. perennehigh nitrogenplots -2.5 weeks after a hamest.



T

Hgure D5. L.~erenne lownitrogen plots -lweekbefore ahuest.

Figure D6. L. pererzzte high nitrogen plots -1 week before a harvest.



Appendix E.
MicrometeoroIo~ical Data from ETHZ Switzerland.

~;

I Irradiame Air Temp. SoilTap.

global at2m at50cnr

Date mm MJlm2 (’C) I fc)

14-Jun-97 18 15.36 15.68

15-Jun-97 16 16.16 15.59

lwun-97 16.32 15.64

17-JWI-97 2 16.14 15.74

18-Jun-97 9 1426 15.8

19-.MI-97 6 11.43 15.68.
20-Jun-97 6 13.02 15.36

21-Jun-97 6 12.65 15.18

22-.JUII-97 22 1207 10.67 14.98

23-Jun-97 10 1528 12.42 14.68

24-Jun-97 2 11.7 10.94 14.57
2%hm-97 13 17.89 1
-’-‘-”n-97 !5 13.13 b.

n-97 5.42 11.
rl-97 3 2M2 15

12.72 14.5
Lwun “-’.11 14.53

27Jun .79 14.56
28Jun . . , . , ----- I .5.8 14.48
29Jurl-Q7 in 12.44 16.16 . 14.66
30-Jun 1s ?=A I 1937 14.85
i- lid- ‘.33 14.36

9? 1AL72

,, -. .-
n-97 9 .. ..— .-.

, . ...-97 23.13 15.

2-JuI-97 2276 17.- ,-.+
2-JuI-97 2 ~4.46 15.07 14.76
4-JI.4-97 22 11.41 13.24 14.83
SJUI-97 21 5.98 11.28 14.39
&Jul-97 27 1222 ““-’n 4A47
7-JuI-97 2 19.42 Ia.
8-W-97 26.83 1-
- ‘“‘-97 2853 1f.
.—.!-97 2583 f7

Y-JUt

*n– f,,

I 1z.- 14. 1 f

4-’.66 14.1
16.06 14.3
“-.69 14.78
,,32 15.79
16.79 16.45
“-’.58 16.99

Ia-.lul-= Lu.11 17.6
M-w-% ..— 17.73 18.01
15-M-97 22 25.05 17.35 17.98
16-M-97 28.05 18.54 18.36
17dd-97 13.dd 18.26 185----- .-. .-. —-
l&ul-97

----
25 lo.k 13.03 17.83

19-JUI-97 24 5.32 12.35 17.03
20-JUI-97 4 17.59 14.05 16.71
2LM-97 24.7 14.61 16.92
22-M-97 27.93 17.14 17.38
23-M-97 9 11.31. 16.29 17.65

c ------ -- .—

— --- -. .- n . --- *

26-JUI-97 15.43 .-15
27-M-97 2221 1
26-M-97 24.43 la
WUI-97 2231 18
30JUI-97 2622 19

1

31JuI-97 121 17
l-Aua-97 13 4.46 11

)7 6 6.18 1,
)7 22.18 18
)7 25.59 21
)7 2428 22
)7 I I 8.64 I 19

. J7 17.32 19
r-97 I i 14.&2 I 18

z4-Jul-9r I I ZZ.46 I 192 18

2%111LQ7 13 7* i?i~ 18.32
1.64 17.79

18.06 17.8
--,.72 18.24

La 18.37
I.Q 18.6

:33 18.54

, .81 17.89
2./&9 $.7 17.27
3-Aug-9 ,.03 17.5
4-Aug-9 .04 18.08
5-Aug-9 ‘.32 18.68
Mug-9 ~.17 18.93
7.~g-Q 1.61 18.78
8-Aug ill 18.84
SMug 1.91 18.8
10-Aub -. 1.12 18.77
17-AU*97 ).6 18.88
12-AuLT-97 .44 19.01
13-AuP97 .02 19.1
14-AU*97 ,“.4 L,. 33 19.18
15-Au~97 2248 21.62 19.19
16-Au*97 21.6 20.01 19.3
17-AU9-97 12.11 18.55 192
18-Aug-97 ..-.4 “7.56 18.72
19-AU9.97 I I z,., , I ,Q2 18.55
20-Aug-97 21.3 19.71 18.51

1


