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Summary  Six lines of wild oat (Avena fatua L.) were
grown in controlled environment growth chambers under
either ambient (357 ppmv) CO2 or elevated (480 ppmv)
CO2. Three soil-moisture regimes (-0.01 MPa � field
capacity, -0.1 MPa or -1.0 MPa) were also imposed. In
the first experiment, using a day/night temperature of 20/
16°C, the elevated CO2 plants produced an average of
27% more seed, plant dry-weights were 45% higher,
physiological maturity was attained seven days earlier
and the plants grew 7% taller. In the second experiment
using a day/night temperature of 23/19°C, seed produc-
tion for elevated CO2 plants was 14% higher, plant
dry-weights were 50% higher and plants were 34% taller.
In an addition series experiment between A. fatua and
wheat (Triticum aestivum cv. Hartog) a reciprocal yield
model indicated that under elevated CO2, the competi-
tive ability of T. aestivum was reduced.

INTRODUCTION
Human activities are changing the composition of the
Earth�s atmosphere. Climate modelling studies indicate
that an equilibrium doubling of CO2 is likely to cause
global mean surface temperatures to increase by 1.5 to
4.5°C and these increases will be accompanied by
changes in precipitation patterns (Houghton et al. 1990).

As well as affecting the Earth�s radiative flux, in-
creases in atmospheric CO2 concentrations directly
enhance plant growth � a phenomenon commonly
referred to as the �CO2 fertilization effect�. This has been
reported to enhance plant growth by as much as 30 to
40% for C3 species at doubled current CO2 concentrations
(Kimball 1983, Cure and Acock 1986, Gifford 1988). In-
creasing the atmospheric CO2 concentration does not
confer as large an advantage on C4 species because the
internal leaf CO2 concentration is already near saturation.
Studies between C3 crops and C4 weeds and between C4

crops and C3 weeds usually show an improved fitness for
the C3 species (Patterson and Flint 1980).

There are however situations where interacting crops
and weeds share the same photosynthetic pathway. A.
fatua is a persistent annual weed of the world�s temper-
ate cereal growing regions. It�s persistence is caused by
an ability to produce large numbers of viable seeds that
shatter before the crop is harvested thereby ensuring
continual recruitment into the seed bank, coupled with
a dormancy mechanism that ensures discontinuous

germination over long periods of time (Naylor 1983). A.
fatua uses the C3 photosynthetic pathway as does T.
aestivum, the main crop plant with which A. fatua com-
petes. Any shift in competitive interactions between A.
fatua and T. aestivum are therefore likely to be less
prominent than those between C3 crops and C4 weeds or
between C4 crops and C3 weed species.

The objectives of this study were to examine the re-
sponse of six lines of A. fatua to the interactive effects of
temperature, CO2 fertilization and soil-moisture deficit
and also to examine how competitive interactions
between one line of A. fatua and one cultivar of T.
aestivum might alter in response to CO2 fertilization.

MATERIALS AND METHODS
Experiments 1 and 2  The wild oat seed used in these
studies (Table 1) were developed on Australian isogenic
lines in a previous study (Armstrong 1994). Caryopses
were pre-germinated then transplanted, 3 per pot, into 25
cm diameter plastic pots containing 7.8 kg of a Univer-
sity of California potting mix (UC Mix B; 1:1 by volume,
river sand and peat with 4 kg stock fertilizer per 0.5 m3 of
mix). The pots were then placed in two identical control-
led environment growth chambers (Conviron model
PGW36). Each chamber held 36 pots. Light intensity was
adjusted to 500 µmol m-2 s-1 at mean canopy height and
temperature was set at 20.0 ± 0.5°C day/16.0 ± 0.5°C
night (experiment 1) or 23.0 ± 0.5°C day/19.0 ± 0.5°C
night (experiment 2) with a 12 hour square-wave pho-
toperiod and relative humidity of 70�90%. One cabinet
was enriched with food grade CO2 (Air Liquide Australia
Ltd) to 480 ppmv, a concentration that could realistically
be expected to occur by the middle of the 21st Century.
Supply of CO2 was monitored and controlled using an
ADC 2000 CO2 monitor (ANRI Instruments and Controls
Pty. Ltd., Victoria). Using de-ionised water the potting
mix in each pot was watered daily, by weight, to either -
0.01 MPa (field capacity), -0.1 MPa, or -1.0 MPa. Every
10 days Aquasol, (Hortico Industries Australia Pty. Ltd.)
soluble liquid fertilizer, at the rate of 0.8 g L-1 was ap-
plied as part of the normal watering regime.

Times to anthesis and maturity were recorded.
Heights were measured from soil level to the top of the
tallest panicle. Root, shoot and leaf fractions were placed
in a drying oven at 80°C for 72 hours to obtain dry
weights. The number of glume-pairs on each panicle
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were counted and multiplied by the number florets that
were observed present therein during maturation, to give
total seed production per plant. In experiment 1, water-
use was determined gravimetrically as each pot was
weighed daily. Stomatal conductance and transpiration
rates were measured with a Li-Cor 1800 steady-state
porometer (Li-Cor Industries, Lincoln, Nebraska).

Statistical analysis  These experiments were a 6 × 3 × 2
(line:water:CO2) factorial completely randomized design
with two replications. Data were evaluated with an
ANOVA model generated within the General Linear
Models procedure of SAS. Where a significant F-value
was obtained, pairwise multiple comparisons of means
were conducted with an LSD test (P<0.05).

Experiment 3  An addition series experiment examined
the effects of CO2 fertilization on competition between A.
fatua (Toowoomba line) and T. aestivum (cv. Hartog).
Three total plant densities of 3, 6 or 12 plants per pot of
both A. fatua and T. aestivum were planted at ratios of;
1:0, 2:1, 1:1, 1:2, 0:1 (1:1 was not used at a density of
three plants per pot). Each density by planting ratio was
replicated three times. Plants were grown in 25 cm diam-
eter pots at a day/night temperature of 20 ± 0.5/
16 ± 0.5°C. Soil type, photoperiod, light intensity and
growth chambers were as previously described for ex-
periments 1 and 2. Soil moisture was maintained at field
capacity.

Plants were harvested at 43 days after planting by
cutting shoots level with the soil surface and then dried
at 70°C for 72 hours. Results were analysed using the
reciprocal yield model of Spitters (1983). This model as-
sumes that biomass response can be fitted with a
rectangular hyperbola

y = N / (b0 + b1N) Eqn 1

where y is biomass and N is plant density.
Average per plant weight (w) is then calculated as

w = y/N = 1/(b0 + b1N) Eqn 2

Table 1. Australian isogenic lines of wild oat used in
experiments 1 and 2 showing the abbreviations used in
accompanying figures and the latitude of original isola-
tion of each line.

Line name Abbreviation Latitude

Springsure Sp 24° 08'S
Toowoomba Tb 27° 32'S
Narrabri Nb 30° 19'S
Wellington Wt 32° 35'S
Wickepin Wn 32° 47'S
Rutherglen Rg 36° 05'S

The constant b0 and coefficient b1 are estimated by rear-
ranging the equation in linear regression form

1/w = b0 + b1N Eqn 3

The intercept b0 is the reciprocal of the theoretical
biomass of an isolated plant in the absence of competi-
tion and b1, the slope, indicates intraspecific competition
or �crowding effect�. Spitters (1983) argued that if add-
ing a plant of the same species affected 1/w additively
then adding a plant of another species should also affect
this value in the same manner and by expanding the liner
regression equation for a second species to

1/w1 = b1,0 + b1,1N1 + b1,2N2 Eqn 4

inter- and intra-specific competitive effects could be
studied and separated mathematically. In equation 4 the
coefficient b1,1 quantifies intraspecific competition
whilst the coefficient b1,2 quantifies interspecific com-
petition. N1 and N2 are the densities of species 1 and 2
respectively.

RESULTS AND DISCUSSION
Experiments 1 and 2: Plant growth and development
When averaged across lines and water treatments el-
evated CO2 plants responded with increases in dry weight
of 45% at 20/16°C and 50% at 23/19°C. All lines re-
sponded with significant increases at -0.01 MPa (Figures
1a,b). Soil-moisture stress decreased assimilation proc-
esses in both experiments and although greater absolute
dry weight reductions occurred at 23/19°C, the elevated
CO2 plants at this temperature suffered relatively smaller
reductions, relative to the -0.01 MPa soil moisture level,
than the ambient CO2 controls. At 20/16°C soil-moisture
stress caused smaller absolute reductions in dry weights
in both CO2 treatments and both CO2 treatments also had
similar reductions at -0.10 and -1.0 MPa when compared
to their respective -0.01 MPa level treatments (Figures
1a,b).

At 20/16°C the average time to maturity was 109
days for elevated CO2 plants and 116 days for the ambi-
ent controls whilst at 23/19°C these times were reduced
by 26 days. Earlier work has shown that when tempera-
ture was increased by 5°C from 20 to 25°C maturation
times for Canadian A. fatua lines were reduced by about
24 days (Adkins et al. 1987) which is consistent with
what was found in these experiments. If CO2 fertilization
causes a differential maturation response between A.
fatua and the competing crop then, depending on the di-
rection of the response, A. fatua populations could either
increase or decrease. If the relative maturation rates were
shortened then an increase in A. fatua populations could
be expected as more seed will be deposited to the soil-
seed bank, whereas if rates are slower more seed would
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be removed with the harvested crop with a consequent
decline in A. fatua populations.

Seed characters  At 20/16°C elevated CO2 plants gener-
ally produced more seed per plant. As the seed is the
basic unit of the A. fatua population, CO2 fertilization at
this temperature indicates a potential for populations to
increase. At 23/19°C only two elevated CO2 treatments

produced significantly more seed (Sp -0.01 MPa and Wt
-0.01 MPa) than the ambient CO2 controls (Figure 2b).
The CO2 fertilization benefit observed at 20/16°C was
not realised at 23/19°C. Soil-moisture stress at 23/19°C
also reduced seed production by a larger factor than at
20/16°C. These findings imply that under climate
change, if the expected warming is of a sufficient rate
and magnitude then the interactive effects of warmer
temperatures and soil-moisture stress could serve to
reduce the fitness of A. fatua.

Water use  Elevated elevated CO2 plants had a reduced
stomatal conductance and lower transpiration rates per
unit leaf area but total plant water usage was 21% higher
as a consequence of the 39% increase in leaf area.

Height  At 20/16°C elevated CO2 plants were, on aver-
age, 7% taller than ambient CO2 plants whilst at 23/19°C
elevated CO2 plants were 45% taller. An ability to grow

Table 2.  Percentage yield loss of T. aestivum when
A. fatua plants were added to a constant density of 100
T. aestivum plants m-2.

A. fatua m-2 Percentage yield loss
357 ppmv CO2 480 ppmv CO2

10 2.9 4.0
20 5.6 7.6
30 8.2 11.0
40 10.7 14.2
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Figure 1. Plant dry weights at (a) 20/16°C and (b) 23/
19°C for six lines of A. fatua grown at ambient CO2 (no
colour) or elevated CO2 (coloured bar at rear). The soil-
moisture levels have been indicated with colours on the
elevated CO2 bars: -0.01 MPa (blue), -0.10 MPa (red),
-1.00 MPa (yellow).

Figure 2. Seed production at (a) 20/16°C and (b) 23/
19°C for six lines of A. fatua grown at ambient CO2 (no
colour) or elevated CO2 (coloured bar). Refer to Figure 1
for full legend.
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taller with a consequent ability to intercept more radia-
tion could increase the competitive ability of A. fatua,
however the response will be relative to that of compet-
ing crops.

Competitive interactions  Using the equations de-
scribed above the following models for A. fatua in
monoculture at 357 ppmv CO2 (Eqn 5) and at 480 ppmv
CO2 (Eqn 6) were derived:

1/w = 0.151 + ( 0.00148 × N) r2 = 0.82 Eqn 5
1/w = 0.0925 + (0.00142 × N) r2= 0.97 Eqn 6

where w is dry shoot biomass per plant (g), and N is plant
density per square metre.

For T. aestivum in mixture with A. fatua the follow-
ing models at 357 ppmv CO2 (Eqn 7) and at 480 ppmv
CO2 (Eqn 8) were derived:

1/wwheat = 0.0695 + (0.00147 × Nwheat) + (0.000646 × Nw/oat)
r2 = 0.86 Eqn 7

1/wwheat = 0.0461 + (0.00130 × Nwheat) + (0.000727 × Nw/oat)
r2 = 0.81 Eqn 8

From equations 5 and 6 it can be seen from the constant
b0, that A. fatua plants in the absence of competition, are
expected to produce approximately 54% more biomass.
Although this constant estimates biomass for isolated
plants, it is in quite a good agreement with values for
plants grown at the same soil moisture level  (-0.01 MPa)
and temperature from experiment 1 above � these plants
produced 45% more biomass than the ambient CO2 con-
trols and were grown in monoculture at a density of three
plants per pot (60 plants m-2). The coefficient b1 shows
that the reciprocal slope for elevated CO2 plants is
steeper, and therefore, that the per-plant weight will de-
cline faster with each plant added to the population.
Intraspecific competitive stress, as measured by the ratio
b1/b0, is greater for elevated CO2 plants (0.017) than the
ambient CO2 controls (0.012).

From the models describing mixture effects (Eqn�s 7
and 8), the coefficients b0 have estimated that elevated
CO2 T. aestivum plants will produce 51% more biomass.
Relative competitive ability of T. aestivum, as measured
by the ratio b1,1/b1,2, was reduced from 2.28 under ambi-
ent CO2 to 1.80 under elevated CO2. The formula:

[1 - ( b1,0 + b1,1 N1) / (b1,0 + b1,1 N1 + b1,2 N2)] × 100 Eqn 9

was used to examine the percentage yield loss of
T. aestivum, under both elevated and ambient CO2 when
A. fatua plants were added to a constant T. aestivum den-
sity (Table 2). In Eqn 9, T. aestivum is represented as
species 1.

From these experiments it is concluded that the main
climate change variables will have an impact on the growth

and life-cycle processes of A. fatua. Reduced stomatal
conductance with associated lower transpiration rates per
unit leaf area and reduction in transpiration stream activity
could adversely affect the efficacy of both foliar and sys-
temic herbicides, a problem that could be amplified by the
additive effects of physically larger, more robust plants. A
reduced competitive ability for T. aestivum relative to A.
fatua under elevated CO2 would also indicate potential for
increase in A. fatua populations.
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