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Abstract 

Perennial ryegrass swards were grown in large containers on a soil, at two N fertilizer supplies, and were exposed 
over two years in highly ventilated plastic tunnels to elevated (700 PL L-’ [COJ) or ambient atmospheric CO* 
concentration at outdoor temperature and to a 3 OC increase in air temperature in elevated COz. These swards were 
either fully irrigated (kept at field capacity) in each climatic condition (W+), or received the same amount of water 
in the three climate treatments (W-). In the latter case, the irrigation was adjusted to obtain a soil water deficit during 
summer and drainage in winter. Using a lysimeter approach, the evapotranspiration, the soil water balance, the 
productivity (dry-matter yield) and the water use efficiency of the grass swards were measured. During both years, 
elevated CO2 increased the annual above-ground drymatter yield of the W- swards, by 19% at N- and by 14% at N+. 
Elevated CO2 modified yield to a variable extent during the growing season: a small, and sometime not significant 
effect (+6%, on average) was obtained in spring and in autumn, while the summer growth response was stronger 
(+48%, on average). In elevated CO2, the temperature increase effect on the annual above-ground dry-matter yield 
was not significant, due to a gain in dry-matter yield in spring and in autumn which was compensated for by a 
lower summer productivity. Elevated CO2 slightly reduced the evapotranspiration during the growing season and 
increased drainage by 9% during winter. A supplemental 3 OC in elevated CO2 reduced the drainage by 29-34%, 
whereas the evapotranspiration was increased by 8 and 63% during the growing season and in winter, respectively. 
During the growing season, the soil moisture content at W- and at the high N supply declined gradually in the 
control climate, down to 20-30% of the water holding capacity at the last cut (September) before rewatering. This 
decline was partly alleviated under elevated CO2 in 1993, but not in 1994, and was enhanced at +3 OC in elevated 
CO2. The water use efficiency of the grass sward increased in elevated CO2, on average, by 17 to 30% with no 
significant interaction with N supply or with the soil water deficit. The temperature increase effect on the annual 
mean of the water use efficiency was not significant. Highly significant multiple regression models show that 
elevated CO;! effect on the dry-matter yield increased with air temperatures above 14.5 “C and was promoted by a 
larger soil moisture in elevated compared to ambient CO2. The rate of change in relative dry-matter yield at +3 “C 
in elevated CO2 became negative for air temperatures above 18.5 OC and was reduced by a lower soil moisture at 
the increased air temperature. Therefore, the altered climatic conditions acted both directly on the productivity and 
on the water use of the grass swards and, indirectly, through changes in the soil moisture content. 

Abbreviations: 350 - outdoor climate; 700 - outdoor climate + 350 PL L- ’ [COz]; 700+ - outdoor climate + 350 
PL L-t [CO-J and + 3 OC; N- - low N fertilizer supply; N+ - high N fertilizer supply; DM - dry-matter; ET - 
evapotranspiration; ETM - maximal evapotranspiration; WUE - water use efficiency; W- - summer water limited 
swards; W+ - fully irrigated swards. 

* FAX No. +3373624457 
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I n t r o d u c t i o n  

As shown by direct measurements (Keeling et al., 
1995), the atmospheric CO2 concentration is currently 
rising and it is expected that it will rise from 354/tL 
L - l  [CO2] in 1990 to 530 #L L -1 [CO2] in 2050, and 
could exceed 700/tL L-  l [CO2] in 2100 (Watson et al., 
1990). This increase in atmospheric CO2, with parallel 
increases in other 'greenhouse gases', is predicted to 
produce an increase in mean global temperatures of ca. 
4 °C by 2100 (Watson et al., 1990), although recent 
models show that this temperature increase might be 
smaller (0.2 °C per decade) due to the cooling action 
of sulphate aerosols (Mitchell et al., 1995). 

With perennial ryegrass, the impacts of elevated 
CO2 have been assessed with spaced plants or simu- 
lated swards grown in a controlled environment (e.g. 
Ryle et al., 1992; Schenck et al., 1995) or with pot 
grown plants (Nijs et al., 1988, 1989), which may not 
have a sufficient rooting volume (Arp, 1991). However, 
major limitations of productivity through shortages of 
e.g. nitrogen and water have not yet been investigat- 
ed year round under elevated CO2 with this common 
temperate grass species. 

Productivity in most temperate perennial ecosys- 
tems is usually limited by moisture and/or nutrient 
availability. Thus changes in water use efficiency or 
more efficient use of other nutrients would enhance 
ecosystem productivity. In particular, in a vegetation 
that is exposed frequently to water stress, the major 
response to elevated CO2 is likely to be increased pro- 
ductivity from increased water use efficiency (Ham et 
al., 1995; Owensby et al., 1993). Increasing CO2 con- 
centration has been shown to cause partial stomatal 
closure (Morison, 1987). This decrease in stomatal 
conductance reduces transpiration per unit of leaf area, 
as has been observed many times (Kimball and Idso, 
1983). Such a decrease in the rate of leaf water loss 
suggests the possibility of reductions in evapotranspi- 
ration (ET), and plant water requirements in elevated 
CO2 (Idso and Brazel, 1985). 

On the other hand, as the elevated CO2 causes par- 
tial stomatal closure, the resultant decrease in transpi- 
rational cooling increases the foliage temperature (Idso 
et al., 1987; Morison and Gifford, 1984) and the leaf 
transpiration, thereby counteracting the effect of the 
CO2 induced stomatal closure. Moreover, an increase 
in the total plant leaf area under elevated CO2 may off- 
set any decrease in ET per unit leaf area. Furthermore, 
a rise in air temperature could lead to an increase in the 

evaporative demand and to larger water losses through 
evapotranspiration. 

There have been only a few attempts to measure the 
effects of elevated CO2 and temperature increase on ET 
or water use per unit land area of C3 crops, as reviewed 
by Allen (1990), but generally the effects on ET have 
been small (Allen, 1990; Kimball et al., 1994). The 
longer-term, larger-scale measurements of water use 
efficiency may provide a more realistic response of the 
growth and water use of the vegetation, as highlighted 
by the reviews of Eamus (1991) and Morison (1993). 

In the present study, perennial ryegrass swards (0.5 
m 2) were grown in field-like conditions, on a soil, at 
two nitrogen supplies and were subjected, or not, to 
elevated CO2 and to temperature increase during two 
years. In order to mimick the average rainfall pattern 
in our site, all swards (except some fully irrigated con- 
trois) were supplied with the same amount of water. 
Using a lysimeter approach, ET, soil water balance, 
the WUE and the productivity of the grass swards were 
measured. We test the hypothesis that changes in the 
soil water status, resulting from altered water use, will 
interact with the direct effects of elevated CO2 and 
temperature increase on the productivity of perennial 
grass swards. For example, we might expect that a low- 
er water use in elevated CO2 during spring will lead to 
an increase in water availability and in sward produc- 
tivity during summer. On the other and, an increase in 
air temperature might deplete the soil water early in 
spring, thereby reinforcing the effects of the summer 
water deficit on sward growth. 

M a t e r i a l s  a n d  m e t h o d s  

Climate control facility 

A facility consisting of three 70 m 2 plastic tunnels cov- 
ered with a polyethylene (120/~m) film, with outdoor 
temperature and CO2 concentration tracking devices 
was used for the experiment. The climate inside each 
tunnel was controlled to obtain the following condi- 
tions: 

- outdoor climate (350), 
- elevated CO2 (ambient + 350 #L L-  i [CO2]) (700), 
- elevated CO2 and temperature increase (ambient + 

350 #L L -I [CO2] and + 3 °C (700+). 
Within each tunnel, the air temperature was regu- 

lated, using an earth-tube heat exchanger (Falcimagne 
et al., 1995), consisting of 60, 15 m long, plastic pipes 
(0.13 m diameter) buried in the soil at depths ranging 



between 0.6 and 2 m. During the day, the indoor air was 
circulated through this heat exchanger at a controlled 
rate (from 0 up to 11,000 m 3 h-I) ,  or was returned 
to the tunnel through a by-pass. At night, part of the 
heat stored in the heat exchanger during day-time was 
released to the atmosphere, by circulating outdoor air. 
However, when the weather conditions changed too 
rapidly, resulting in a sharp drop in air temperature, 
the earth tube heat exchanger was no longer effec- 
tive. In this case, a compressor (3 kW electrical power, 
Maneurop, France) was used to cool the air in the 350 
and 700 tunnels. Additionally, at night, this compres- 
sor cooled the outdoor air which was passed through 
the earth tube heat exchanger. 

The outdoor air, sampled at a height of 3 m, was cir- 
culated at a controlled rate (from 0 up to 7,000 m 3 h-  J ) 
in each tunnel. This air flow was enriched with pure 
C Q  (L'Air Liquide, France) using a mass-flow con- 
troller (Tylan, USA) and, in the case of the 700+ tunnel, 
was heated by an electrical heater (6 kW). Inside each 
tunnel, the air was evenly distributed by 4 perforated 
plastic plena (0.45 m diameter), two at the height of 
the plant canopy, two located beneath the containers. 

Air samples were taken every 15 minutes using a 
gas sampler (Siemens, Germany) and both the outdoor 
and the indoor CO2 concentrations were measured with 
an IRGA (Mahiak, Germany). Analog-digital boards 
(Analog Devices, USA), as well as the data acquisition 
process, were controlled through a programme written 
in Pascal. 

Micro-climate 

The mean fraction of solar photosynthetically active 
radiation transmitted into the tunnel varied between 
70 and 84% (Table 1). The plastic film covering the 
tunnels was changed every 6 months to prevent a fur- 
ther decline in solar radiation transmission. Means per 
regrowth (Table 1) show that the average difference 
in air temperature between the 350 and 700 tunnels 
was always below 0.5 °C, whereas the average dif- 
ference in air temperature between the 700 and 700+ 
tunnels ranged between 2.9 and 3.4 °C. The 15 minute 
averages of the temperature were within + 10% of the 
temperature setpoint over 84% of the time. 

The means per regrowth of the vapour pressure 
deficit (VPD) were not significantly (p>0.95) different 
in the control (350) and elevated CO2 (700) tunnels 
(Table 1). However, the VPD was increased, on aver- 
age by 34% (p<0.05, Wilcoxon's paired rank test), in 
the combined elevated CO2 and temperature increase 
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treatment (Table 1). Since the average relative humid- 
ity of the air was only 5% lower at 700+ than at 700 
(data not shown), the increase in VPD at 700+ result- 
ed mainly from the 3 °C temperature increase in this 
climatic treatment. 

No significant (p>0.95, Wilcoxon's paired rank 
test) difference in CO2 concentration occured between 
the outdoor and the control (350) tunnel, on the one 
hand, and between the 700 and 700+ tunnels, on the 
other. On average during all regrowths, the COz enrich- 
ment reached 346 and 344,uL L-  1 [CO2], respectively, 
in the 700 and 700+ tunnels (Table 1) and the 15 minute 
averages of the CO2 concentration were within +5% 
of the concentration setpoint over 94% of the time. 

Sward management 

In September 1991, 87 swards consisting of perenni- 
al ryegrass (Lolium perenne L., cv Pr6f6rence) were 
sown in 0.5 m 2 (45 cm deep) containers, filled with a 
well homogenised loamy soil (42% sand, 42% loam, 
15% clay, 1% organic matter, C:N = 10, pH 6.9), and 
were grown outdoor. In March 1993, 18 months after 
sowing, these swards were assigned randomly to the 3 
highly ventilated plastic tunnels: 350, 700 and 700+. 
The swards were placed side by side in two blocks, 
each consisting of two rows, and were randomized in 
each tunnel. The above-ground dry-matter yield was 
not significantly (ANOVA, data not shown) affected 
by the location of the swards inside each tunnel and 
therefore the results from the two blocks were pooled. 
From March 1993 to March 1995, the swards were 
grown continuously under the 350, 700 and 700+ cli- 
matic conditions. 

All swards were cut simultaneously at 4 cm height 
in May, June, July, September and October (Table 1). 
A first spring cut was also made on April 15 th. How- 
ever, in 1993 at 350 and at 700, as the height of the 
grass canopy was below the cutting height of 4 cm no 
plant material was harvested at this April cut. Final- 
ly, all swards were cut at the end of winter, in early 
March 1993 and 1994, to eliminate the dead material 
accumulated since the last autumn cut. Aphid popula- 
tions were controlled after each cut, alternatively with 
deltamethrin and with ethyl-parathion. 

To avoid any growth limitation, each year, P, K and 
S were supplied at non limiting rates (100 kg P205 
ha - I ,  450 kg K20 ha - l ,  120 kg S ha - l )  and CaO 
was supplied at 400 kg ha -~. Two rates of nitrogen 
fertilizer supply were compared: 160 (N-) and 530 
(N+) kg N ha- I y -  I. Nitrogen fertilizer was supplied 
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Table 1. Mean microclimate conditions in the 350 (outdoor climate), 700 (elevated CO2) and 700+ (elevated CO2 and 3 °C temperature increase) 
treatments in 1993 and in 1994. Outdoor rainfall (in mm) and irrigation supply in mm and expressed as a percentage of the irrigation of the control 
(350) fully irrigated (W+) sward (see text). Outdoor (Out.) and transmitted (Trans.) PAR. The air temperature, the vapour pressure deficit and the 
CO2 concentration were measured at canopy height. The climatic sensors were scanned every second and 15 minute averages were recorded. The 
CO2 concentration was measured every 15 minutes. The regrowth n o I started on April 15 th. The microclimate results are means and standard 
deviations per regrowth of the daily average values 

Regrowth n o Out. Indoor PAR Temperature Vapour pressure deficit CO2 concentration 

and cutting date rainfall irrigation (tool m-2d - l )  (°C) (hecto Pa) (uL L-I  [CO2]) 

(mm) (ram) (%) Out. Trans. Out. 350 700 700+ Out. 350 700 700+ Out. 350 700 700+ 

1993 May 68 
I 17 

June 62 
2 21 

July 120 

3 19 

Sept. 5 l 

4 13 

Oct. 147 

5 25 

1994 May 103 
1 27 

June 40 

2 28 

July 63 

3 28 

Sept. 93 

4 14 

Oct. 159 
5 24 

74 104 31.2 22.0 
(11.0) (8.0) 

13.0 12.8 13.1 16.1 9.5 6.8 7.2 10.1 363 364 710 698 
(I.8) (1.6) (1.8) (1.9) (1.6) (3.0) (2.8) (3.2) (10) (20) (22) (17) 

137 93 42.6 31.5 
(13.0) (9.3) 

17.4 17.7 17.2 20.3 11.5 8.7 8.0 11.8 347 348 696 682 
(3.0) (2.5) (2.5) (2.4) (2.4) (3.2) (3.5) (3.9) (15) (20) (27) (8) 

93 73 40.2 29.4 
(12.6) (9.2) 

18.5 18.1 17.6 20.5 16.3 11.4 11.2 14.9 357 357 693 688 
(2.4) (2.3) (2.7) (2.7) (5.2) (4.2) (3.7) (4.6) (19) (20) (199) (27) 

152 45 44.7 30.8 
(14.2) (9.9) 

18.7 18.5 18.4 215 12.1 10.4 10.7 14.1 342 341 669 677 

(3.5) (3.4) (3,4) (3.2) (4.4) (4.0) (3.7) (4.0) (8) (8) (19) (32) 

172 230 18.8 13.2 
(10.1) (6.2) 

12.9 12.4 12.5 15.4 5.6 4,7 5.0 7.3 356 356 705 705 
(3.5) (3.5) (3.4) (3.1) (3.2) (3.4) (2.6) (3.0) (8) (10) (9) (9) 

112 94 37.4 31.3 

(12.0) (8.5) 
14.3 15.0 15.0 18.2 8.3 6.5 7.0 9.6 342 342 692 693 
(2.1) (2.1) (2.0) (2.2) (2.5) (2.2) (1.8) (2.4) (9) (9) (9) (9) 

96 97 44.0 34.2 17.7 18.3 18.4 21.7 11.7 8.4 8.2 11.2 337 337 687 687 

(16.1) (11.6) (3.5) (3.3) (3.3) (3.1) (4.0) (3.5) (3.0) (3.6) (8) (8) (9) (8) 

122 70 5 0 . 5  37.4 
(l 1.2) (7.8) 

23.0 23.9 23.6 27.0 16.8 13.5 11.8 15.7 342 341 692 692 

(2.6) (2.4) (2.4) (2.2) (4.7) (4.6) (3.4) (4.1) (8) (8) (8) (8) 

126 56 3 9 . 7  27.8 
(I 1.6) (7.5) 

20.5 21.0 21.2 24.5 13.1 9.6 9.2 12.9 336 336 685 685 
(3.3) (3.0) (3.1) (2.9) (4.6) (4.3) (3.6) (4.1) (12) (12) (12) (10) 

210 230 23.1 16.2 
(8.5) (4.4) 

13.6 14.5 14.1 17.3 6.9 4.5 4.2 6.0 342 342 692 692 
(3.2) (2.7) (2.8) (2.6) (2.7) (2.7) (I.9) (2.3) (15) (15) (16) (15) 

as NH4NO3 after the May,  June,  July and September  

cuts at a rate o f  30 (N-)  or 100 (N+) kg N h a -  t This  

dose was increased by 30% (39 and 130 kg N ha - j  at 
N-  and N+, respect ively,  appl ied in Apr i l )  before  the 

reproduc t ive  regrowth ,  which  occured in May. Finally, 

at 700+, due  to the earl ier  spring growth,  the swards 

were  suppl ied  in March  with  a supplementa l  20 (N-) 

or 70 (N+) kg N h a -  1, 

Above-ground dry-matter yield, leaf area and water 
use efficiency 

At  harvest,  all swards were  cut  at 4 cm he ight  wi th  a 

ba t te ry-powered  cl ipper  and, as no guard rows were  

used, all the cut  plant material  was sampled.  A sub- 

sample was taken, the leaf  blade, pseudo-s tem and 

dead material  were  separated and the leaf  blade area 

was measured  with an e lect ronic  p lan imeter  (Li-Cor,  

L13100,  USA) .  The  sub-samples  and the remainder  o f  

the harvested dry-mal ter  were  dr ied (80 °C,  48 h) and 

weighed.  The  leaf  area index at harvest,  s tandardised 
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Figure 1. Irrigation supply (mm d - j )  to the fully irrigated (W+) swards (A) and to the summer water limited (W-) swards (B) in the three 
climatic treatments during the time course (in days, day 0 in March 1993) of the experiment. 350 (--), control at 350/~L L - l  [CO2]; 700 (- - 
-), elevated CO2 (+350 ttL L-] [CO2]); 700+ ( . . . . . .  ), elevated CO2 (+350 #L L-] [CO2]) and temperature increase (+3°C). Vertical arrows 
denote the beginning (+1+) and the evcl (,~) of the growing season (from April to October). 

not to include the area of  the sheath material, was cal- 
culated by multiplying the DM yield by the weight per 
unit leaf blade area of  the subsample. The percentage 
of dead material in the harvests was always lower than 
10 or 20% at N- and N+, respectively. The water use 
efficiency (WUE) was calculated as the ratio of the 
above-ground dry-matter yield to evapotranspiration 
during one regrowth. 

Water supply 

Water supply was adjusted to simulate the average 
changes in water availability that usually occur in 
our site: good water availability during spring; sum- 
mer water deficit; autumn and winter drainage. All 
swards were irrigated twice weekly in summer (June 
to September) and once weekly during the rest of  the 
year. The irrigation volumes were delivered to each 
container using a water-meter (precision: +0.1 litre). 

In each tunnel, one N+ ryegrass sward was fully 
irrigated (W+) to keep a soil water content close to 
the field capacity throughout the year: each week (or 
twice weekly in summer), the containers were weighed 
(Dina, France; precision -I-0.2 kg) and then irrigat- 
ed until the weight at the field capacity was reached 
(Fig. 1A). The ET of  these fully irrigated swards dif- 
fered from the outdoor potential ET (also estimated 
by weighing a fully irrigated sward, data not shown), 
due: i) to indoor-outdoor differences in wind velocity 
and radiative balance; ii) to elevated CO2 or increased 

temperature effects on the ET in the 700 and 700+ 
tunnels. 

Apart from the three fully irrigated (W+) swards, 
the irrigation volumes delivered to all remaining (sum- 
mer water limited, W-) swards were equal (Fig. 1B). 
These were calculated as follows: 

- During the spring growing period, that is from mid- 
April to the June cut, the irrigation rate was equal 
to that supplied to the fully irrigated N+ sward in 
the control (350) tunnel (Table 1). 

- During the July and September regrowths, the irri- 
gation rate was equal, to 70 and 50%, respectively, 
of that supplied to the fully irrigated sward in the 
control (350) tunnel (Table 1). 

- From mid-September to mid-April, drainage was 
obtained by supplying the same amount of  water 
in excess to all swards (10 L per container, each 
week). 
This procedure allowed to mimic the summer water 

deficit that occurs in our site, while ensuring that all 
W-swards in the three climatic conditions received the 
same amount of  water throughout the year. A total 
of  628 and 666 mm water was supplied to the W- 
swards during the growing seasons in 1993 and 1994, 
respectively (Table l, Fig. 1). 

Water balance 

The components of  the soil and vegetation water bal- 
ance were measured, using a lysimeter approach: 

Irrigation = ET + drainage + soil moisture change 
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During winter, drainage water was collected and 
drainage amounts were weighed. The weight of freely 
drained containers at field capacity reached on average 
380 kg. At the start and at the end of the experiment, 
the weight loss from the field capacity to the perma- 
nent wilting point, was measured with two containers. 
The soil water holding capacity was equal to the mean 
weight loss, which reached 424-2 kg per container, that 
is 84 mm. The moisture content of the soil at the per- 
manent wilting point was then measured, by sampling 
at random 10 replicate soil cores on two containers. 
The soil samples were weighed and oven dried at 110 
°C during 48 h. 

At each cut (or each month during winter), two 
replicate N-W- and N+W- swards in each tunnel were 
weighed to determine their soil water content and the 
amount of water lost by ET and/or (in winter) by 
drainage. Drainage amounts were measured by weigh- 
ing before each irrigation. The soil water content was 
expressed as a percentage of the soil water holding 
capacity. 

Soil water potential and (pre-dawn ) leaf water 
potential 

A pressure membrane apparatus was used to measure 
the matric potential of the soil at various water contents. 
These measurements were made, with replicates, on 
bare soil sampled before the start of the experiment 
and on soil sampled at the end of the experiment from 
the 700, N+ treatment. The field capacity was at 0.21 g 
H20 g-i dry soil and the permanent wilting point (1.6 
MPa) at, approximately, 0.04 g H20 g-1 dry soil. 

At the end of the experiment, on a drying soil, at 
soil moisture contents varying between 100 and 0% of 
the water holding capacity, the pre-dawn (04:00 h solar 
time) leaf water potential was estimated as the xylem 
pressure potential with a pressure chamber. The most 
recently fully expanded leaf was excised with a sharp 
razor blade, enclosed in a previously humidified air- 
tight plastic bag, which was stored for a few minutes at 
ambient temperature in the dark prior to measurement. 
Measurements were replicated on leaves excised from 
ten tillers selected at random. 

Statistical analysis 

The statistical design is a split-plot with the climate as 
main factor and N supply and water supply as split fac- 
tors. A disadvantage is the absence of true replication 
(duplicates of the tunnels), which can be compensat- 

ed for by the replication of swards within the tunnel 
and by careful scrutiny of the tunnels' microclimate 
(see above). At the start of the experiment, there were 
in each tunnel 14 replicate swards for the N- and for 
the N+ (W-) treatments. However, in order to study 
the below-ground compartment (see Soussana et al., 
1996) some of the W- swards were sampled destruc- 
tively. This resulted in a gradual decline in the number 
of replicates available at each regrowth (in 1993, 14, 
13, 12, 11 and 11 replicates were available in May, 
June, July, September and October, respectively, and, 
in 1994, the same figures were equal to 6, 6, 5, 5 and 
4). One replicate of the W+N+ treatment (control fully 
irrigated sward) was available throughout the experi- 
ment in each tunnel. 

A repeated measure ANOVA was performed on the 
annual means of the DM yield and of the water use effi- 
ciency in the W- treatment, with the climate and the N 
supply as factors and the year (1993 or 1994) as the time 
variable. The seasonal means of the components of the 
water balance (proportions) were first transformed (by 
the arcsin of the square root) and then analysed in the 
same way by a repeated measure ANOVA. The normal- 
ity of the data was checked using normal probability 
plots and their homogeneity of variance by applying 
the variance test ratio. 

Stepwise multiple regressions were used to account 
for the effects of environmental variables (temperature, 
soil moisture, radiation, vapour pressure deficit of the 
air) on the above-ground DM yield. The independent 
variables selected in the final model had a F ratio larger 
than 4 and were all significant at (p<0.05). All statisti- 
cal analysis were made using the software Statgraphics 
Plus (Manugistics, USA). 

Results 

Above-ground dry matter yield 

During both years, elevated CO2 (700) increased the 
annual above-ground DM yield of the W- swards by 1 
and 2 t DM ha -1 y-1 at N- and N+, respectively, that 
is by +19 and +14% (Table 2A). This increase in DM 
yield was highly significant (Table 2B). Elevated CO2 
modified yield to a variable extent during the growing 
season: a small, and sometimes not significant effect, 
was obtained in spring and autumn, while the summer 
response was stronger and was always significant (Fig. 
2). The mean percentage increase in DM yield was 
+48% for the July and September cuts and +6% for the 



Table 2. Mean (4- s.e.) annual above-ground dry-matter yield of perennial ryegrass swards (t DM ha-  I ) (A) and 
ANOVA (B) for the mean annual dry-matter yield of the summer water limited swards. Water supply: W-, summer 
water limited (see Materials and methods) sward; W+, fully irrigated control sward. N supply: N-, 160 kg N ha- l  
y -  t; N+, 530 kg N ha-  t y -  I. 350, control climate; 700, +350 #L L -  t [CO2 ]; 700+, +350 #L L -  1 [CO2] and +3 o C. 
In B), the ANOVA was performed with the climate (350, 700 or 700+), the N supply and the year as factors and their 
interactions. (*, **, ***) denote a significant difference in the ANOVA at p<0.05, p<0.01, p<0.001, respectively. 
Planned contrasts between 700 and 350 and 700+ and 700, respectively, were tested according to the L.S.D. method, 
to reveal whether the CO2 and temperature effects were significant 
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A W- W+ 

N- N+ N+ 

1993 1994 1993 1994 1993 1994 

350 4.84-0.2 5.64-0.1 14.2-t-0.6 15.7-t-0.3 14.7 16.2 

700 5.74-0.2 6.64-0.3 16.24-0.5 17.95:0.6 18.7 17.9 

700+ 5.84-0.4 6.54-0.4 14.4-t-0.4 18.44-0.3 19.8 19.4 

B CO2 Temp. N Year CO2 Temp. CO2 Temp. N 

xN xN xYear xYear xYear 

Statistical *** N,S. *** *** N.S. N.S. N.S. N.S. ** 

significance 

Table 3. Seasonal mean (4- s.e.) of the components of the mean soil water balance of the summer water limited (W-) perennial ryegrass 
swards, expressed as a percentage of the irrigation supply (A) and repeated measure ANOVA for the seasonal means of the components 
of the water balance (B). The components of the soil water balance were calculated during the growing season (April through October) 
and during the winter of 1993 and 1994. ET/I, mean evapotranspiration to irrigation ratio (%); 13/I, mean evapotranspiration to irrigation 
ratio (%). Same abbreviations as in Table 2. Please note that the total of evapotranspiration and drainage does not account for 100% of the 
irrigation supply, due to small changes in the soil moisture content from the beginning to the end of the period considered. The results in 
A are the mean of two replicate containers. Planned contrasts between 700 and 350 and 700+ and 700, respectively, were tested according 
to the L.S.D. method, to reveal whether the CO2 and temperature effects were significant. In B, for conciseness, the interactions between 
factors were omitted as they were not significant 

A Growing season Winter 

N- N+ N- N+ 

1993 1994 1993 1994 1993 1994 1993 1994 

ET/I 350 814-1 78::t:1 894-1 854-1 314-4 18-t-2 50-I-3 314-1 

(%) 700 804-1 764-2 86-t-2 844-I 31-t-5 184-1 404-5 264-2 

700+ 844-1  834-1 934-1 924-2 47-t-6 314-2 694-4 415:2 

D/I 350 174-3 214-1 104-1 165:1 634-4 884-1 434-5 714-2 

(%) 700 174-1 234-2 115:1 174-1 665:5 90:t:2 544-5 804-3 

700+ 134-2  174-1 74-2 84-2 504-4 724-2 254-3 604-2 

B ET/I D/I 

Growing season Winter Growing season Winter 

c02 * N.S. N.S. * 
Temperature *** *** *** *** 

N *** *** *** *** 
Year *** *** *** *** 

May,  June  and Oc tobe r  cuts (means  o f  two  years  and 

of  two  N t rea tments )  (Fig. 2). 

A 3 ° C  increase  in air tempera ture  at e levated CO2 

had a nega t ive  effect  on the mean  annual  D M  yield  in 

1993 at N+, but this was not obse rved  in 1994 (Table 

2A)  and the effect  o f  a supp lementa l  3 o C on the annual  

D M  yield  was not s ignif icant  (Table 2B). The  temper-  

ature increase a l lowed earl ier  sward  g rowth  in spr ing  
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Figure 2. Above-ground dry-matter yield (t ha-  l) of perennial rye- 
grass swards at cuts in 1993 and in 1994. (A) N- W-, low inorganic 
N supply (160 kg N ha- i y -  1); (B) N+ W-, high inorganic N supply 
(530 kg N ha- I y -  I ). (C) fully irrigated control N+ W+ swards. 
350 (O--), control at 350/~L L - t  [CO2]; 700 (Q- -), elevated 
CO2 (+350 t~L L -1 [CO2)); 700+ (*. • .), elevated COz (+350/~L 
L -I  [CO21) and temperature increase (+3 °C). The vertical bars 
denote the standard error of the mean whenever it was larger than 
the symbol size. 

(April cut) and increased DM production at the October 
cut (Fig. 2). In 1993, the comparison between ambi- 
ent temperature and +3 °C (700 and 700+, Fig. 2) is 
rendered more difficult at the May cut by the fact that 
the 700 swards had not been cut previously in April, 
due to a lack of dry-matter accumulation above 4 cm. 
During the June, July and September cuts, the sward 
DM yield was mostly reduced by the 3 °C temperature 
increase in elevated CO2 (Fig. 2). No significant inter- 
action occured between the effects of  elevated CO2 
and increased temperature, on the one hand, and of N 
supply or year, on the other (Table 2B). 
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Figure 3. Leaf area index of perennial ryegrass swards at successive 
cuts from May to October 1993 and 1994. (A) N-, low inorganic N 
supply (160 kg N ha-  z y -  1); (B) N+, high inorganic N supply (530 
kg N ha - t  y- l ) .  350 (O--),  control at 350/~L L - l  lCOzl; 700 
(0-  -), elevated CO2 (+350 ~L L - t  [COz]); 700+ (*. . . ) ,  elevated 
CO2 (+350 t~L L - l  [CO2]) and temperature increase (+3 °C). The 
results are the mean of two replicates. The vertical bars denote the 
standard error of the mean whenever it was larger than the symbol 
size. 

Leaf area index 

With the summer water limited (W-) swards, at N- the 
leaf area index (LAI) was below 3 at all cuts (Fig. 3A), 
indicating that solar radiation was not fully intercepted 
by the grass canopy and that a significant soil evap- 
oration occured. At N+, higher LAI values (ranging 
between 4 and 12) were recorded during spring and 
autumn (May, June and October cuts). 

Elevated CO2 lowered the sward LAI  at N-W- in 
May (Fig. 3A). At N+W-, elevated CO2 increased sig- 
nificantly the LAI at the July and September cuts (Fig. 
3B), when water was limiting (see below). On the con- 
trary, at the October cut, CO2 enrichment resulted in 
lower values of  the grass LAI (Fig. 3). A supplemental 
3 °C in elevated CO2 increased the grass sward LAI 
in May and in October (except for May 1994) (Fig. 3), 
that is for cool air temperatures (Table 1). For the sum- 
mer regrowths (June, July, September) an increased air 
temperature had no effect at N-, but depressed signif- 
icantly the LAI  at N+ in 1994 and in June 1993 (Fig. 
3B). 
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Figure 4. Mean soil moisture content during regrowth, expressed as 
a percentage of the soil water holding capacity (see Materials and 
methods) during the growing seasons in 1993 and in 1994. (A) N- 
W-, low inorganic N supply (160 kg N ha- I y -  1 ); (B) N+ W-, high 
inorganic N supply (530 kg N ha- I y -  l). (C) fully irrigated control 
(N+ W+) swards. 350 (©--), control at 350 ,uL L - I  [CO2]; 700 
( t -  -), elevated CO2 (+350 tzL L -]  [CO2]); 700+ ( , . . . ) ,  elevated 
CO2 (+350 ,uL L -z [CO2]) and temperature increase (+3 °C). The 
results at %'- are the mean of two replicate containers. The vertical 
bars denote the standard error of the mean whenever it was larger 
than the symbol size. For the control fully irrigated swards, please 
note that only one container was used. 

Soil moisture content 

With the (350) N+ summer water limited (W-) swards, 
the soil moisture content declined gradually down to 
20-30% of  the water holding capacity at the last cut 
(September) before rewatering (Fig. 4B). This decline 
was partly alleviated under elevated COz in 1993, but 
not in 1994 (Fig. 4B). At N-, the sward ET was restrict- 
ed (Table 3), due to a lower LAI  (Fig. 3), which led 
to larger soil moisture contents, especially in elevated 
CO~ (Fig. 4A). 

91 

100 

80 

= 60 

. "  40 
O 

E 20 

0 

- 2 0  i . . . .  j . . . .  f . . . .  j 

0 -1  - 2  - 3  

0.21 

o.19 ~ 

0.17 0 

0.15 

0.13 -' 

0.11 

0.09 

4', [Mpa) 

Figure 5. Leaf base water potential (tIs i, MPa) of perennial ryegrass 
as a function of the soil moisture content. The soil moisture content 
was expressed either as a percentage of the water holding capacity 
(left axis), or in g water g -  l dry soil (right axis). Open symbols are 
for the low inorganic N supply (N-); closed symbols are for the high 
inorganic N supply (N+). The results from the 3 different climatic 
treatments were confounded as they did not differ at (p<0.05) and 
are the mean of 30 replicate leaves. The horizontal and vertical bars 
denote the standard error of the mean whenever it was larger than 
the symbol size. 

A 3 °C temperature increase in elevated CO2 result- 
ed in a fast decline in the soil moisture content of  the 

W- swards. At  N+, a minimum value (at approximate-  
ly 15% of  the water holding capacity) was reached in 
June and the soil moisture content remained close to 
this minimum until September. At N-, the temperature 
increase also resulted in a significant depletion of  the 

soil water, but higher minimum values (at 40-50% of  

the water holding capacity of  the soil) were obtained 
(Fig. 4). 

With the three W+ swards, during the first year of 
the experiment, as the irrigation volume supplied dur- 

ing one week was calculated to compensate exactly the 

losses of  the preceeding week and as the evaporative 

demand increased gradually during the growing sea- 
son, the irrigation supply lagged behind the ET, which 
resulted in declining soil moisture contents (Fig. 4C). 
This problem was solved in 1994, by supplying 5 L 

water in advance at each irrigation to each container. 

Thereby, in 1994, the soil moisture content was kept 
close to the field capacity in the three W+ swards (Fig. 
4C). 

Pre-dawn leaf water potential 

For a given soil moisture, no significant difference 
in pre-dawn leaf water potential occured between the 
climate treatments or between the N- and N+ swards 
(Fig. 5). When the soil moisture content was above 
50% of  the water holding capacity, the pre-dawn leaf 
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Figure 6. Elevated CO2 and temperature increase effects on (A,B) the evapotranspiration (ET) and (C,D) the drainage of summer water limited 
(W-) perennial ryegrass swards and on the ET of the fully irrigated (W+) perennial ryegrass swards. Open symbols are for low inorganic N 
supply (N-, 160 kg N ha -L y - l ) ,  solid symbols are for high inorganic N supply (N+, 530 kg N ha - l  y - l ) .  ( I , O ) ,  growing season in 1993; 
(B ,  []  ), growing season in 1994; (&, A), winter period in 1993 ; ( , ,  ~7) winter period in 1994. The results are the mean of two replicate 
containers. The dotted line is the 1:1 line. 



water potential decreased little and was not lower than 
-0 .6  MPa (Fig. 5). For lower soil moisture contents, 
the decline in the pre-dawn leaf water potential was 
greater and values in the range of -0.8 to -1 .4  MPa 
were reached for 20% of the soil water holding capacity 
(Fig. 5). 

Water balance 

With the N- and N+ summer water limited (W-) swards, 
the ET and the drainage were apparently similar in ele- 
vated (700) and in ambient CO2 (Fig. 6A and C). An 
increase in air temperature reduced the drainage of the 
W- swards and, for low (below 2 mm d - t )  values 
of ET in the control (700), increased the evapotran- 
spiration (Fig. 6B, D). With the control W+ swards, 
drainage was avoided and the soil moisture changes 
were restricted, these swards being kept close to the 
field capacity. In this case, elevated CO2 reduced, on 
average, the ET by 15% whereas a supplemental 3 °C 
in elevated CO2 increased it by 37% (Fig. 6E and F). 

The average ET and drainage fluxes at W- are list- 
ed in Table 3, during the growing season (mid April to 
mid October) and during winter, as a percentage of the 
irrigation supply. With the W- swards, increasing N 
supply reduced significantly the average drainage and 
increased the average ET both during the growing sea- 
son and in winter (Table 3). Averaged over two years, 
elevated CO2 reduced significantly the ET during the 
growing season (by 2% on average) and increased sig- 
nifcantly the drainage during winter (by 9% on aver- 
age, Table 3). Over two years, a supplemental 3 °C 
in elevated CO2 led to a highly significant increase in 
the ET of the W-swards (by +8 and +63% during the 
growing season and in winter, respectively), while the 
average drainage was significantly reduced (by 34 and 
29% during the growing season and in winter, respec- 
tively) (Table 3). 

Actual to potential evapotranspiration and timing of 
the water deficit 

As water deficit restricts transpiration, the ratio of the 
actual to the potential transpiration is usually a good 
index of the occurence of water deficit. In 1994, as the 
W+ swards were kept at the field capacity, their ET 
was very close to the potential ET (ETM) in the sense 
of Penman (1956). Nevertheless, at the field capacity, 
both the ET (Fig. 7A) and the DM yield (Fig. 7B) of 
the W- swards were greater than that of the W+ swards. 
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Figure 7. Actual to potential evapotraaspiration ratio (A), actual 
to 'potential' dry-matter yield (B) and actual to 'potential' WUE 
(C) of the N+ swards in 1994, as a function of the soft moisture 
content expressed as a percentage of the water holding capacity. The 
potential evapotranspiration (ETM), dry-matter yield (DMM) and 
water use efficiency (WUEM) are for the fully irrigated swards (N+ 
W+), which were maintained at the field capacity in 1994. The soil 
moisture content at W- was expressed as a percentage of the water 
holding capacity of the soil. The results are the mean of 2 replicate 
containers. 350(O), conu'olat 350#L L - l  [CO21; 700 (e) ,  elevated 
CO2 (+350/~L L -  t [CO2]); 700+ (*), elevated CO2 (+350 #L L -  t 
[CO2]) and temperature increase (+3 °C). The results were fitted 
to the following highly significant (#<0.001) power modds: (A) 
Y - (1.36±0.07) X(°'42±°'°6); (B) Y - (1,31±0.07) X(°'43±°-°7). 
The dotted lines depict the confidence interval at (#<0.05) of the 
corresponding regression. 

The ET to ETM ratio declined with declining soil 
moisture contents but, compared to the ETM, a restric- 
tion in ET was observed only below 50% of the soil 
water holding capacity (Fig. 7A). From these results, 
it can be argued that the grass swards were not water 
limited when the soil moisture content was above 50% 
of the water holding capacity, as in this case no reduc- 
tion in ET or in DM yield occured (Fig. 7) and as 
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Figure 8. Water use efficiency of perennial ryegrass swards during 
1993 and 1994. (A) N-W-, low inorganic N supply (160 kg N ha - I  
y -  z ); (B) N+ W-, high inorganic N supply (530 kg N ha- J y -  J ). (C) 
fully irrigated control (N+ W+) swards. 350 (O--), control at 350 
p.L L - t  [CO2); 700 ( I -  -), elevated CO2 (+350 ,uL L - l  [COz]); 
700+ (, .  • .), elevated COz (+350/~L L - l  [CO21) and temperature 
increase (+3 °C). The vertical bars denote the standard error of the 
mean whenever it was larger than the symbol size. For the control 
fully irrigated swards, please note that only one replicate container 
was used. 

the pre-dawn leaf water potential was above -0.6 MPa 
(Fig. 5). 

Accordingly, except for the 700+ treatment at the 
September 1994 cut, no water deficit occured at N- 
(Fig. 4). Also, with the three W+ swards no water 
deficit occured, apart from a possible mild deficit in 
June 1993 at 700+ (Fig. 4). Yet, at N+ with the summer 
water limited (W-) swards, water deficit occured but 
was restricted to the July and September cuts at 350 
and 700, whereas it began earlier, at the May or at 
the June cut, and was much stronger (soil moisture 
contents below 20% of the water holding capacity) at 
700+. 

Plant water deficits may be considerable in 'mois t '  
soils under high evaporative demand or, conversely 
small under low evaporative demand even in a relative- 
ly 'd ry '  soil (Kramer, 1983). Therefore, we should not 
rule out the possibility that perennial ryegrass plants 
experienced transient water deficits when the evapora- 
tive demand was high, despite soil moisture contents 
larger than 50% of the water holding capacity. 

Water use efficiency 

The grass WUE displayed usually a seasonal minimum 
during summer and a peak in spring and autumn (Fig. 
8). The summer decline of  the grass WUE occured 
both with and without a soil water deficit (Fig. 8), 
presumably as a result of  the increased vapour pressure 
deficit of the air during summer (Table 1), since it was 
observed that both variables were negatively correlated 
(p<0.001, data not shown). During the growing season, 
the WUE was significantly higher at N+ than at N- 
(Table 4), but was apparently little affected at N+ by 
full irrigation (Fig. 8). The elevated CO2 effect on 
the annual mean of  the WUE of the W- swards was 
significant (p<0.05,  Table 4) and ranged from +17 to 
+30% (Table 4). 

At W-, a supplemental 3 °C in elevated CO2 
depressed significantly the WUE for some summer cuts 
(Fig. 8). Nevertheless, the temperature increase effect 
on WUE was positive at the start of  spring (April cut) 
and there was no significant effect of  a supplemental 3 
°C on the annual mean of the WUE (Table 4). At N+, 
the WUE of the W- and W+ swards were similar dur- 
ing the summer cuts (Fig. 8 C). Moreover, in 1994, the 
soil water deficit experienced by the W- swards during 
summer did not cause large changes in their WUE, as 
compared to that of the control fully irrigated (W+) 
swards (Fig. 7C). 

D i s c u s s i o n  

Above-ground dry-matter yield in elevated C02 

Elevated CO2 resulted in a 10% increase in the dry- 
matter yield of  perennial ryegrass spaced plants grown 
at an optimal (20/15) °C temperature and under optimal 
nutrients supply (Ryle et al., 1992), In the present 
study, with soil grown and summer water limited (W-) 
perennial ryegrass swards, the elevated CO2 effects on 
the annual dry-matter yield was somewhat larger: +14 
to +19%, in good agreement with results by Schenck 



Table 4. Annual mean (4- s.e.) of the grass water use efficiency (g DM L -j  ) during the growing season 
(April through October cuts) (A) and repeated measure ANOVA for the mean annual water use efficiency 
(WUE) of the summer water limited (W-) swards (B). Same abbreviations as in Table 2. The results in A 
are the mean of two replicate containers at W- and of one replicate for the control swards at W+. Planned 
contrasts between 700 and 350 and 700+ and 700, respectively, were tested according to the L.S.D. method, 
to reveal whether the COz and temperature effects were significant. In B, for conciseness, the interactions 
between factors were omitted as they were not significant 

A W- W+ 
N- N+ N+ 

1993 1994 1993 1994 1993 1994 

350 0.974-0.2 0.894-0.1 2.34-0.4 2.14-0.3 1.9 2.2 
700 1.24-0.2 1.14-0.2 2.84-0.5 2.5-t-0.4 2.8 2.6 
700+ 1.34-0.3 1.04-0.2 2.54-0.4 2.34-0.4 2.3 2.5 

B CO2 Temp. N Year 
Statistical significance ** N.S. *** N.S. 

95 

et al. (1995) for a controlled environment experiment 
at five different plant densities. 

As the swards were cut on a given date and not at 
a given weight, the LAI was usually not the same in 
elevated and in ambient CO2 (Fig. 3). Using a mod- 
elling approach, Nijs et al. (1993), have suggested that 
differences in LAI between ambient and elevated CO2 
treatments might modify light interception and shoot 
respiration and therefore interact with the effects of  ele- 
vated CO2. Yet, the results from Schenck et al. (1995) 
indicate that the effect of  CO2 enrichment on the shoot 
dry-matter of  perennial ryegrass is independendent of 
plant density and thus of  light and nitrogen limitation. 
In agreement with this report, we did not observe any 
significant interaction between the effects of  elevated 
CO2 and N supply on the annual above-ground dry- 
matter yield (Table 2B). 

The elevated CO2 effect on the W- swards varied 
strongly between cuts (Fig. 2). Indeed, several envi- 
ronmental factors (air temperature, vapour pressure 
deficit, daily radiation input, soil water deficit, Table 
1), which were positively correlated throughout the 
growing season (data not shown), might have interact- 
ed with elevated CO2. Moreover, the timing of drought 
between C O  2 treatments was different in 1993, due to 
the time course of  water depletion by the swards (Fig. 
4). This makes it more difficult to ascertain the exact 
causes of  the seasonality of  the elevated CO2 effect 
on the above-ground productivity of  the N- and N+ 
summer water limited swards. 

Among the climatic factors, the relative rate of  
change in the dry-matter yield in elevated CO2 was 
most correlated with the air temperature and with the 

vapour pressure deficit of  the air (r 2 = 0.61, p<0.0001 
and r 2 = 0.52, p<0.001, respectively) and, among the 
soil water factors, with the difference in soil water 
content between elevated and ambient CO2 (r 2 = 0.33, 
p<0.005), whereas the average soil moisture deficit dis- 
played a much weaker correlation (r 2 = 0.18, p<0.05). 
Indeed, despite a soil moisture content close to the field 
capacity, the yield response to elevated CO2 of  the W+ 
swards was apparently larger in summer than in spring 
or autumn (Fig. 2). However, this point can not be 
ascertained since only one replicate was available at 
W+. 

Table 5 shows that the mean daily air temperature 
during regrowth and the difference in soil moisture 
between 700 and 350 accounted for 68% of the total 
variability of  the relative rate of  change in the DM 
yield in elevated CO2. From this regression, provided 
soil moistures at 350 and at 700 are similar, the relative 
rate of  change in yield in elevated CO2 is positive for a 
mean air temperature during regrowth above (14.5± 1) 
°C. Also, for a given air temperature, a larger soil 
moisture at 700 than at 350 increases the relative rate 
of change in yield in elevated CO2. The increase in the 
elevated CO2 effect at the summer cuts (Fig. 2) would 
thus result both from warmer air temperatures (Table 
1) and (in 1993) from a larger soil moisture in elevated 
CO2 during summer (Fig. 4). 

An increased air temperature can favour the prima- 
ry effect of CO2 on photosynthesis, that is a reduc- 
tion of photorespiration (reviewed by Long, 1991). 
The difference in CO2 response between annual crops 
was attributed to differences in daily air temperature 
between growing seasons (Grashoff et al., 1995). Idso 
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Table 5. Relative rate of change in the dry-matter yield of the summer water limited (W-) 
swards in elevated CO2 and at increased air temperature. The relative rates of change in yield 
(RY) were calculated as: RY6"o2 = (Yield71x~ - Yield35o)/Yield35o and RYtemp = (YieldT~x~+ 
- Yield7~x~)/YieldTl~). The relative rates of change in yield were explained through a stepwise 
multiple regression. (T-To), is the difference between the mean daily air temperature (at 350 
and 700 for the CO2 and temperature effects, respectively) during regrowth (T, °C) and a 
constant To; (SM' - SM), is the difference in soil moisture between 700 and 350 and between 
700+ and 700 respectively, for the CO2 and temperature effects. The final equation is: RY = a 
(T-To) + b (SM'-SM). The fitted values of a, b and Tc (4- s.c.) are given 

Relative rate of Critical (T - Tc) (SM' - SM) 
change in yield temperature coefficient a coefficient b 

(To, °C) 

c02 14.5+1 0.0574-0.013 1.34-0.5 r 2 = 0.68,p<0.00005 
Temperature 18.54-1 -0.0684-0.013 0.574-0.24 t2=0.70, p<0.00005 

et al. (1987) have shown that the stimulatory response 
of D. carotta, Raphanus sativa and Gossypium hirsu- 
rum was linearly related to air temperature. This inter- 
action with temperature is consistent with informa- 
tion on individual plant species (Ackerly et al., 1992; 
Coleman and Bazzaz, 1992) and pasture communities 
(Newton et al., 1994). As both leaf emergence and leaf 
extension rates are strongly temperature dependent in 
perennial ryegrass, the potential for increased shoot 
growth in elevated CO2 is presumably also temperature 
dependent, at least for sub-optimal air temperatures. 

Above-ground dry-matter yield at increased air 
temperature in elevated C02 

The mean (700 and 700+) air temperature during 
regrowth and the difference in soil moisture between 
700+ and 700 accounted for 70% of the variability of  
the relative rate of  change in yield at +3 °C in elevated 
CO2 (Table 5). From this model, provided soil mois- 
tures at 700 and at 700+ are similar, the relative rate of 
change in yield at + 3 °C in elevated C Q  is positive for 
daily ambient air temperatures below 18.5 °C and neg- 
ative otherwise. However, for a given air temperature, 
a lower soil moisture at 700+ than at 700 decreases 
the relative rate of  change in yield at 700+, as com- 
pared to 700 (Table 5). This regression accounts for 
the positive effect of  a + 3 o C temperature increase on 
the DM yield under elevated CO2 during early spring 
and at the last cut in autumn. It also accounts for the 
negative effect observed in summer (Fig. 2), due partly 
to a mean ambient air temperature above 18.5 o C and 
to the lower soil moisture at 700+, compared to 700 
(Fig. 4). 

The optimal air temperature for perennial ryegrass 
growth in ambient CO2 is approximately of 20 °C 
(Ryle et al., 1992). Under our experimental condi- 
tions, this optimum does not seem to vary much in 
elevated CO2, since the effect of  a 3 °C increase in 
air temperature is positive below an ambient temper- 
ature of 18.5 °C and negative otherwise (Table 5). 
From these results, we might expect a somewhat com- 
plex interaction between elevated CO2 and temperature 
increase effects on the productivity of  cut perennial 
ryegrass swards: between 14.5 and 18.5 °C elevated 
CO2 and temperature increase effects will act in syner- 
gy and above 18.5 °C the negative effect of  temperature 
increase might offset the positive CO2 effect. 

Yet, such interactions with air temperature are like- 
ly to be affected by differences in soil moisture, as these 
can alter the sward growth in elevated CO2 (Table 5), 
presumably through changes in the grass water poten- 
tial. A larger soil moisture and, therefore, a higher 
water potential in elevated CO2 tends to increase shoot 
growth, mainly by stimulating leaf extension and by 
increasing the specific leaf area (Van Loo, 1992). It 
is not clear, however, from the regression in Table 
5, whether the differences in soil moisture content 
between the climatic treatments were of  equal impor- 
tance for low and for high soil moistures, or for low 
and for high evaporative demands. 

Water use in elevated C02 

In the present work, we have attempted to simulate 
the long-term impacts of  climatic changes on the water 
use of  perennial grass swards by supplying the same 
amount of  water to all (W-) swards from the three 
climatic treatments. The control for irrigation was a 



fully irrigated (W+ N+) sward at 350 and we had first 
assumed that the ET of the (N+) W- and W+ swards 
would be similar at the start of spring, that is when 
the soil moisture was close to the field capacity in 
both treatments. Nevertheless, in 1994, although the 
W+ swards were kept at the field capacity, their ET 
and their dry-matter yield were lower in spring and 
autumn than that of the N+W- swards (Fig. 7). This 
discrepancy indicates that the growth of the W+ swards 
was at some times restricted. At the field capacity, 
the oxygenation of the loamy soil used for this study 
might have been too low, resulting in the hypoxia of 
part of the root system and, hence (Jeffrey, 1988), in 
a restricted shoot growth. In a recent report, Adams 
and Akhtar (1994) have shown that the depletion of 
available nitrate through denitrification was the main 
reason for a decrease in growth of perennial ryegrass 
on waterlogged intact soil cores. 

It is clear that the choice of the control for irri- 
gation will affect water availability and may offset or 
enhance differences in soil moisture developing over 
the season. In the present study, the decline in soil 
moisture at W- occured from May through Septem- 
ber of both years, but was restricted at N- due to 
the lower ET of the N- swards (Table 3). With this 
seasonal pattern of soil water depletion, we observed 
during the growing season a small (-2%), but sig- 
nificant, decline in the average ET in elevated CO2 
(Table 3). A larger decline (-22%) in the daily ET of 
a C4-dominated tallgrass prairie was recently reported 
by Ham et al. (1995). Nevertheless, as reviewed by 
Allen et al. (1990), most results with Ca crops indicate 
a small, and sometimes non-significant (Kimball et al., 
1994), elevated CO2 effect on the ET per unit land 
area. A decline in the mean canopy evapotranspiration 
in elevated CO2 results from a lower stomatal conduc- 
tance (Morison, 1987; Nijs et al., 1989) and it would 
occur despite: i) the commonly observed increase in 
the foliage temperature (Idso et al., 1987; Morison and 
Gifford, 1984); ii) the increase of leaf area in high 
CO2 during summer (Fig. 3), which was previously 
reported by Nijs et al. (1989). 

We can expect that any reduction in ET in eleva- 
ted CO2 will translate into larger soil moisture content, 
or into increased drainage. Indeed, during the win- 
ter period, a significant increase in drainage (+9%, on 
average) was observed in elevated CO2 (Table 3). Also, 
during the growing season in 1993, less soil water was 
used during spring in elevated than in ambient CO2 
(Table 3), which enhanced (Table 5) the positive effect 
of elevated CO2 on DM yield during summer. Never- 
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theless, this seasonal pattern was not repeated in 1994, 
as, in this case, the decline in soil moisture at 700 (W- 
N+) closely paralleled that observed at 350. Under our 
experimental conditions, the soil water holding capac- 
ity was only a small fraction (approximately 7%) of 
the total water supplied by irrigation during one grow- 
ing season, Therefore, the differences in soil moisture 
developing (or not) over the season were enhanced or 
offset by relatively small cumulative changes in the ET 
between C02 treatments. 

The changes in WUE (+ 17, +30% at N- and +25, 
+26% at N+) under elevated CO2 reported here are 
in good agreement with various studies in glasshou- 
ses and open topped chambers, which suggest season- 
al WUE increases in elevated CO2 from about +22 
to +44% (Morison, 1993) and of +25% in the case 
of perennial ryegrass supplied with ample N fertilizer 
(Nijs et al., 1989). With wheat, in controlled environ- 
ment experiments, the stimulation of WUE is no lower 
in water-stressed conditions than well-watered (Andr6 
and Du Cloux, 1993; Gifford, 1979). Indeed, under 
our experimental conditions, the soil water deficit did 
not affect significantly the magnitude of the elevated 
CO2 effect on the water use efficiency of the ryegrass 
swards (Fig. 7C). 

Water use at increased air temperature in elevated 
C02 

The increase in VPD at 700+ compared to 700 (Table 
1), by increasing the evaporative demand, obviously 
contributed to the observed (Table 3) increase in ET 
in the combined elevated CO2 and temperature treat- 
ment. Nevertheless, as the average ratio between ET 
and VPD was significantly lower at 700+ than at 700 
(-19%, data not shown), the canopy conductance for 
water vapour was apparently lowered at +3 °C in ele- 
vated CO2. 

With field-grown perennial ryegrass, the threshold 
for stomatal response to leaf water potential is approx- 
imately at -1.0 MPa (Jones et al., 1980). From Figure 
5, it can be seen that, on average, when the soil mois- 
ture was below 15% of the field capacity, the pre-dawn 
leaf water potential became lower than -1 MPa. There- 
fore, at N+W-, the lower soil moisture content (Fig. 4) 
at 700+ presumably led to some degree of stomatal clo- 
sure, thereby restricting the ET. Interestingly, although 
the average annual WUE was not modified by the 3 °C 
temperature increase (Table 4), the product between 
WUE and VPD (see Jones, 1992, p. 280) was larger 
at 700+ than at 700, which indicates that water was 
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used more efficiently at 700+ than would be expected, 

given the increase in VPD. 

Both during the winter period and during the grow- 

ing season drainage was significantly reduced (by - 2 9  

to - 3 4 % ,  Table 3) by a supplemental 3 °C in elevated 

CO2. In case of a 3 °C global warming, this reduc- 

tion in drainage (by 22 to 30% at 700+ compared to 
350) would clearly affect the water fluxes at the field, 

catchment and ecosystem scale. 
Taken together, these results show that, in field-like 

conditions, changes in the soil water status will interact 

little with the direct effects of elevated CO2 on grass 

above-ground productivity if the air temperature is not 

modified. However, in case of a combined increase in 

CO2 concentration and in air temperature, the faster 

depletion of soil water during spring might lead to 

an earlier onset of the soil water deficit in summer. 

Interestingly, the potential for a large positive effect of 

elevated CO2 on DM yield at higher air temperatures 

during summer is not likely to be reached in case of a 

combined +3 °C temperature increase, due to the neg- 

ative effects of low soil moistures and above-optimal 
temperatures on the productivity of temperate grasses. 

On the other hand, the extension of the growth period 

in early spring and late autumn at + 3 o C could well 

compensate for a depression in DM yield during sum- 
mer. Yet, in early spring and late autumn the effects 

of elevated CO2 on the above-ground productivity are 

likely to be minimized, due to the low air temperatures. 
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