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The effects o f Elevated CO2 and water stress on two C4 pasture species (Blepharis
linariifolia and Cenchrus biflorus) native to Sudan.
Summary
A doubling o f the pre-industrial atmospheric CO2 concentration (~280 ppmv) is
expected by the middle o f this century, if the current rate o f growth in the annual emission
of fossil carbon is maintained.

The effects of elevated CO2 concentrations on native

Sudanese plant species has received very little attention to date. In tliis study a number o f
experiments investigated the effects o f elevated CO2, under both optimimi and waterstressed condition, on two pasture species native to the western part o f Sudan; these were
Blepharis linariifolia (dicot) and Cenchrus hiflorus (monocot).

The study o f

photosynthetic characteristics (anatomy and physiology) confirmed that both B. linariifolia
and C. biflorus are C4 species. The anatomical studies suggested that C. biflorus is an
NADP-ME subtype while B. linariifolia is an NAD-ME subtype.
Growth chambers were used to expose both species to ambient and elevated CQzElevated CO2 increased both root and shoot biomass in B. linariifolia, but for C. bifJorus
CO2 enrichment had a significant positive effect on root biomass only. Carbon dioxide
enrichment had positive effects on basic growth parameters such as relative growth rate
and net assimilation rate and negative effects on LAR and SLA o f the botli species,
although the effects on LAR and SLA in C. biflorus were small. Elevated CO2 affected the
allocation o f photoassimilates between root and shoot o f B. linariifolia as the allometric
growth coefficient (k) showed more biomass allocation to the root. Elevated CO2 had no
effect on k in C. bifloms.

The tissue nitrogen content o f both species was reduced at

elevated CO2.
Carbon dioxide enrichment was found to reduce both abaxial and adaxial stomatal
density o f C. biflorus, but only the abaxial stomatal density o f B. linariifolia. Water stress
had no effect on stomatal density o f either leaf surfaces o f B. linariifolia, but for C.
biflorus, it caused a reduction o f the abaxial stomatal density. Water stress had no effect
on the abaxial stomatal index o f either species, but elevated CO2 was found to have a
negative effect on the abaxial stomatal index o f C. biflorus. Stomatal conductance o f both
species was reduced significantly by elevated CO2 under both well-watered and waterstressed conditions; however, elevated CO2 had less effect under drought conditions. The
reduction in stomatal conductance was found to be proportionally greater than the
reduction in stomatal density, which suggests additional reduction in stomatal conductance
as a result o f the direct effect o f elevated CO2 on stomatal closure. Elevated CO2 reduced
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transpiration, particularly for juvenile plants. This resulted in wetter soils and increased
leaf water potential o f both species under elevated CO2 in both well-watered and waterstressed conditions. Late in the growth cycle, elevated CO2 had less effect on whole plant
transpiration as it was found to cause significant increase o f both leaf area and leaf
temperature.
Assimilation rates o f both species were enhanced by CO2 enrichment under both
water regimes.

During drought periods, elevated CO2 caused a larger increase in

assimilation rate and this was due to both the positive effect o f elevated CO2 on water
relations as well as on the Q/Ca ratio. Measurements o f photochem ical efficiency o f B.
linariifolia plants also suggests that water-stress effects was alleviated by elevated CO2.
The dry weight o f B. linariifolia was increased by elevated CO2 under both water regimes,
but elevated CO2 caused significant increase in dry weight o f C. hiflorus plants only under
drought conditions.

Elevated CO2 increased WUE o f both species under both water

regimes, and water-stressed conditions were also found to increase the WUE.

Elevated

CO2 hastened flowering and increased the inflorescence dry weight o f both species
particularly

under

well-watered

conditions.

Water stress also

hasten

flowering

independently o f CO2 concentrations.
The two species are native to western Sudan (Kordofan region) the region which is
already influenced by enviroimiental changes including desertification and drought. The
current study suggested some important responses o f both B. linariifolia and C. biflonis to
growth under elevated CO2, particularly the enhancement o f above and below ground
biomass, may increase the potential o f both as pasture species. The increase o f root
biomass may also lead to occupation o f different soil zones, and better utilization o f soil
water. The reduction in stomatal conductance and the increase in water use efficiency, also
suggests a more economized use o f the m ost valuable resource (water) in such an arid
environment. The reported positive effect on time o f flowering, num ber o f flowers and on
the dry weight o f inflorescence o f both species (under well-watered and water-stressed
conditions) may suggest an increase in the o f productivity o f both species.
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Chapter One
1 Introduction
1.1 The Greenhouse effect
The greenhouse effect is brought about by the ability of the atmosphere to be selective in
its response to different type of radiation. The atmosphere readily transmits solar radiation
which is mainly short-wave energy from the ultraviolet end of the energy spectrum
allowing it to pass through unaltered to heat the earth’s surface (Inskipp, 1996).

The

energy absorbed by the earth is re-radiated into the atmosphere, but this terrestrial radiation
is long-wave infrared, and instead of being transmitted it is absorbed, causing the
temperature of the atmosphere to rise (Figure 1.1). Without the greenhouse effect, global
temperatures would be much lower than they are (Inskipp, 1996), perhaps averaging only 17 °C compared to the existing average of -1-15 °C (Kemp, 1994).

These important

characteristics of the atmosphere are made possible by a group of gases, which together
make less than 1 per cent of the total volume of the atmosphere.

Sun

S o m e so la r ra d ia tio n is reflec te d
b y the e a rth a n d the a tm o sp h e re

S o la r
m

F .
^
*

th ro u g h the
c le a r

■■

S o m e o f the in fra-red
rad ia tio is a b so rb e d a n d
re-e m itte d b y the
g ree n h o u se g ases the
effe c t o f this is to w a rm
the su rfa c e a n d the lo w e r
a tm o sp h e re

E earth
M o s t so la r radiation
is a b s o rb e d by the
e a rth ’s su rfa c e and
w a rm it

In fra-red
rad ia tio n is
e m itte d from
th e e a rth ’s
su rface

Figure 1.1: The greenhouse effect. Source; After (Inskipp, 1996; IPCC, 1992).
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There are about twenty of these greenhouse gases (GHGs). Carbon dioxide (CO2)
is the most abundant, but methane (CH4), nitrous oxide (N2O), the chlorofluorocarbons
(CFC), water vapour (H2O) and the tropospheric ozone (O3) are potentially significant,

although the impact of ozone is limited by its spatial variability and its short life span
(Kemp, 1994).

Table 1.1: Sources of greenhouse gas emission and the per cent of global total.
Activities

Sectors

Gases

Percentage of
global total

F ossil fuel com bustion

Energy

CO2, CH4, N2O, O3

54

N atural gas leakage
Industrial activities

3

Biomass
H arvesting

Forest

CO2, CH4, N2O
8

C learing

Burning
A griculture

R ice production

CO2, CH4, N2O

A nim al husbandry (rum inants)
F ertiliser use
W aste m anagem ent

Sanitary landfill w aste

4.5
3
1.5

CO2, CH4, N jO , O3, CFC

5

Disposal
Incineration
B iom ass decay
O ther

C em ent production

CO2, N2O, CFC

1

C FC p roduction/use

11.5

M iscellaneous

8,5

Source: after (Kemp, 1994)

1.2 Climate change
In recent times, human activities have caused, and are continuing to cause, great
changes in the composition of the atmosphere. The major concern of both scientific and
public communities is the enhanced greenhouse effect caused by anthropogenic activities
(see Table

1

. 1 ), through the increased emissions of CO 2 and other greenhouse gases (i.e.

N 2 O, CH 4 , O 3 , CCI3 F, CCI2 F 2 ) (Inskipp, 1996), Table 1.2 presents the rate of increase in
emissions of some greenhouse gases.

The concentration of greenhouse gases in the

atmosphere have increased significantly since pre-industrial times (1750); carbon dioxide
has increased by 30%, methane by 145% and nitrous oxide by 15% (Inskipp, 1996).
Approximately half of the present and the projected enhanced greenhouse warming is
attributed to CO 2 , whereas the other greenhouse gases are much less abundant than CO 2 ,
yet they are many times more effective per molecule (IPCC, 1996), Figure 1.2 shows the
contribution of the greenhouse gases to the greenhouse effect.
2

Table 1.2: A sample of greenhouse gases increased by human activities.
CO2

CH4

N2O

CFC-11

HCFC-22

CF4

(a CPC

(a perfluoro

substitute)

Carbon)

Pre-industrial concentration

280 ppmv

700 ppbv

275 ppbv

zero

zero

zero

Concentration in 1994

358 ppmv

1720 ppbv

312 ppbv

268 pptv

110 pptv

72 pptv

Rate of concentration change

1.5 ppmv/yr 10 ppbv/yr

0.8ppbv/yr

0 pptv/yr

5 pptv/yr

1.2 pptv

0.4% /yr

0.6%/yr

0,25%/yr

0% /yr

5%/yr

2%/yr

50-200

12

120

50

12

50,000

Atmospheric lifetime (years)

1 pptv =1 part per trillion (m illion m illion) by volume.
Source (Boden et al., 1994)

M ethane
15%

Nitrous Oxide

Other CFCs
7%

Carbon dioxide
55%

Figure 1.2: Contribution to the greenhouse effect by anthropogenic greenhouse gases, 1980-1990.
Source: (Inskipp, 1996; IPCC, 1990; Peckham, 1991).
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-4
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300
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240
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40
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Figure 1.3: Vostock ice core record of temperature and CO2 changes during the last 160 k yr. (a)
Vostock isotope temperature record expressed as the difference from current surface temperatures,
(b) CO2 concentrations (ppmv). From (Boden et a l, 1994; Frakes et al, 1992).

O f all the global changes that are occurring on the planet, the increase in the
atmospheric C O 2 concentration is the m ost docum ented and possibly the m ost troublesome
because it has both direct and indirect effects on the operation o f the earth ’s ecosystems
(Luo & M ooney, 1999). Carbon dioxide is rem oved from the atm osphere by a number of
processes that operate on different time-scales, and is subsequently transferred to various
reservoirs, some of which eventually return C O 2 to the atm osphere. The fastest process is
uptake into vegetation and the surface layer o f the oceans, w hich occur over a few years.
V arious other sinks operate on the century tim e-scale (e.g., transfer to soil and to deep
ocean) and so have a less immediate, but no less im portant, effect on the atmospheric
concentration.

The atm ospheric accumulation of C O 2 is the balance between fossil fuel

and land-use change em issions and the uptake due to oceanic and terrestrial sinks (IPCC
1995).

4

Oceania

N orth and Central
America

27 %

South America

Figure 1.4: Emission: percentage share by region. Source: (Kemp, 1994).

Many attempt to determine past concentrations of atmospheric CO 2 concentration
have been made using variety of techniques, including direct measurements of trapped air
in polar ice cores, indirect determination from carbon isotopes in tree rings, spectroscopic
data, and carbon and oxygen isotopic changes in carbonate sediments in deep-ocean cores
(Boden et a l, 1990).

Current atmospheric CO 2 measurements began during the

International Geophysical Year 1958 with Keeling’s (Scripps Institution of Oceanography)
pioneering determinations at Mauna Loa, Hawaii and the South Pole (Boden et al, 1992).
The Mauna Loa records remain the single most valuable CO 2 time series (Graedel &
Crutzen, 1995). An atmospheric CO 2 record (Figure 1.3) for the past 160,000 years was
obtained from 2083 m long ice core recovered by the Soviet Antarctica Expeditions at
Vostok (East Antarctica).

It showed that over the last 160,000 years there was

considerable long-term variation in CO 2 and CH4 concentrations that closely correlated
with the local temperature (Figure 1.3) (Boden et al., 1994).
Much attention is given to the effect of the increasing atmospheric CO 2 on global
warming and climate change (Houghton et al., 1996; Paul & Pradier, 1994). The increased
use of fossil fuel has released large amounts of CO 2 in the atmosphere, and the destruction
of natural vegetation has prevented the environment from restoring the balance.
5

The

burning of fossil fuel adds more than 5 billions tonnes of CO 2 to the atmosphere every year
(Abedelatif, 1993), with more than 90% of CO 2 emission originating in North and Central
America, Asia, Europe and the republics of the former USSR (Figure 1.4).

CO2

concentrations have increased from about 280 ppmv in pre-industrial times to 358 ppmv in
1994 (Table 1.2). There is no doubt that this increase is largely due to human activities, in
particular fossil fuel combustion, but also land-use conversion and to lesser extent cement
production (IPCC 1995).
The clearing of vegetation raises CO2 concentration indirectly through reduced
photosynthesis, but CO 2 is also added directly to the atmosphere by burning, by the decay
of biomass and by increased oxidation of carbon from the newly exposed soil.

Such

processes are estimated to be responsible for 5-20 per cent of current anthropogenic
emission (Kemp, 1994). The United Nation Food and Agriculture Organisation (FAO),
using information supplied by individual countries, estimated that the rate of global
tropical deforestation in closed and open canopy forests for the periods 1981-1990 was
about 17 million hectares (Mha) per year (IPCC, 1992). Recent estimates indicate that
atmospheric CO 2 increase resulting from reduced photosynthesis and clearing of vegetation
is equivalent to about 1 billion tonnes per year (Kemp, 1994). The role of vegetation in
controlling atmospheric CO 2 through photosynthesis is clearly indicated by variation in the
levels of the gas during the growing season. Measurement at Mauna Loa observatory in
Hawaii showed patterns in which CO 2 concentrations are lower during summer and higher
during the northern winter. Plants take up CO 2 during their summer growing phase but not
during winter dormant periods and the difference cause semi-annual fluctuation in global
CO 2 levels (Kemp, 1994).
The average annual rate of increase of CO 2 was at first estimated to be 0.7 ppm per
annum, then 1 ppm per annum by 1980, increasing to a value between 1 and 2 ppm per
annum subsequently (Houghton et a l, 1996; Murray, 1997). The rates observed are very
rapid, considering that the natural increase from 200 to 280 ppm occurred at an average
rate close to 1 ppm per 100 years.

If the current rate of growth in the annual

anthropogenic emission of fossil carbon is maintained, a doubling of pre-industrial
atmospheric CO 2 concentration (280 ppmv) is expected by the mid to late 21^^ Century
(Donnelly et al., 2000; Ghannoum et a l, 1997; LeCain & Morgan, 1998; Murray, 1997;
Warded a/., 1999).
The doubling of pre-industrial global CO 2 is expected to coincide with a 1.5-4.5 °C
increase in mean temperature (Eamus, 1991; Houghton et al., 1996). The global average,

6

surface air and sea temperature has risen by between 0.3 and 0.6 °C since the mid-19th
century (Donnellan, 1996; IPCC, 1990; IPCC, 1992). However, this statement should not
be considered as implying that all the regions of the biosphere will experience such a
temperature increase. It is generally considered that the increase in temperature will be
greatest at high latitudes and minimal at low latitudes (Eamus, 1991).

Studies have

indicated that global mean temperature has risen by about 0.3-0.6 °C since the beginning of
the last century and the mean sea-levels risen by 10-20 cm (Inskipp, 1996).

These

changes are likely to be intimately linked: a rise in the global-mean temperature resulting
in changes in sea-levels through thermal expansion of the ocean and melting land ice
(IPCC, 1992; Roa et ah, 1994). The best estimate by scientists predicts a rise in sea level
of approximately 50 cm by 2100 (Inskipp, 1996).

1.3 The effects of environmental changes on Grasslands
Grasslands cover approximately one fifth of the world’s land area and are a
potential sink for carbon (Ghannoum & Conroy, 1998), with tropical grasslands, consisting
many of C 4 species, storing about 26% of carbon sequestered by terrestrial ecosystems
(Jones, 1997; Long & Jones, 1992).

The proportion of global land area covered by

grassland, especially in savannas, is expected to increase substantially with rising
atmospheric CO2 concentrations (Ghannoum & Conroy, 1998). Due to the importance of
grasslands in the global carbon cycle, recognition and understanding o f the direct impact of
rising atmospheric CO 2 on the growth and function of C4 grassland species remains a
crucial area of interest (Ghannoum et a l , 2000). Threatened water resources, anticipated
changes in precipitation pattern and global warming are factors certain to interact strongly
with the response of plants to rising atmospheric CO2 for two main reasons. Firstly, these
factors will influence the proportion of C3/C4 plants and shrub/grass competition as well as
land degradation in C4 dominated ecosystems (Collatz et al., 1998, Ward et ah, 1999;
Kirkham et al., 1992; Nie et al., 1992b; Owensby et al., 1996; Polley et al., 1994; Rozema
et al., 1991; Watling & Press, 1998). Secondly, due to the fact that water and temperature
interact directly with the growth response of C4 plants to elevated CO 2 (Hunt et al., 1996;
Owensby et al., 1993c; Read & Morgan, 1996).

Since elevated atmospheric CO 2 is

expected to enhance preferentially the growth of C3 species (see next section), there has
been speculation that elevated CO 2 would favour C3 species over C4 (Bazzaz, 1990).
However, Owensby et al. (1999) found that following eight years exposure to elevated
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the C 3 perennial grasses declined markedly in the com m unity, whereas the C 4

perennial grasses remained relatively stable.
Ham et al. (1995), Hamerlynck et al. (1997) and O w ensby et al. (1993c) suggested
that plant com m unities exposed to elevated CO 2 w ill maintain a more favourable water
status when subjected to periodic moisture stress. S om e reports suggest that elevated CO 2
may reduce evapotranspiration o f grassland ecosystem s, due to partial closure of stomata,
and therefore has effects on developing water stress particularly in C 4 -dominated
grasslands (O wensby et al., 1997). This has important im plications for the duration o f the
growing season in seasonally droughted systems (Owensby et al., 1996).

It is likely

however that a number o f processes interact at the ecosystem scale to reduce the magnitude
o f response o f ecosystem evapotranspiration to increasing CO 2 as compared with effects on
transpiration at the leaf scale (Eamus, 1991).

Nevertheless, Wand et al. (1999) also

suggested that the increase in CO 2 could have implications for the water balance of
important catchments and rangelands throughout the world, especially in the semiarid
subtropical and temperate regions.

O wensby et al. (1997) argued that greater biomass

production under elevated CO 2 in C4 dominated grasslands might lead to greater carbon
sequestration by those ecosystem s; due to the significant increase in root biom ass under
elevated CO 2 .
Although the productivity o f forage species is an important indication o f their
responses to climate change, the accompanying changes in forage nutritive value (forage
quality) depend on digestibility, protein and energy content, palatability, concentrations of
minerals and anti-nutritional factors (Jones et al., 1996). These factors are all sensitive to
the growing conditions and to elevated atmospheric CO 2 . Forage quality w ill probably
decline at elevated CO 2 because o f higher C :N ratios (Jones et al., 1996). Since domestic
livestock can be supplemented with harvested food resources, the im pact will likely be
greater for w ild ruminants than for domestic ones (O w ensby et al., 1996).

1.4 Atmospheric carbon dioxide in relation to different photosynthetic pathways
Virtually all livin g organisms (in terrestrial ecosystem s) ultimately depend directly
or indirectly upon photosynthesis for their energy requirements.

Photosynthesis depends

on the absorption o f light and the diffusion of CO 2 from the atmosphere to the site of
photosynthesis within the leaves (IPCC, 1996).

M ost plants use the enzym e ribulose

biphosphate carboxylase/oxygenase (Rubisco) for the primary fixation o f C O 2 to form the
8

3-carbon compound

3

-phosphoglyceric acid (PGA) (Lawlor, 1993; Murray, 1997f). This

C 3 pathway is the dominant photosynthetic pathway o f species from cool, temperate or
m oist habitats and the only pathway found in trees (with very few exceptions), or lower
plants (Collatz et al., 1992). The majority of crop plants use the

C 3

pathway, including all

the temperate cereals (wheat, barely, etc.), root crops (potato and sugar beet) and
legum inous species (beans, etc.) (Murray, 1997f).
In the last 30 years, much effort has been dedicated to the study o f the direct
response o f

C 3

plants to CO 2 enrichment (Ghannoum et al., 2000). Generally, controlled

environment and field studies show that elevated CO 2 stimulates biom ass accumulation o f
C 3

plants in both native and managed ecosystem s (Poorter, 1993; W and et al., 1999; Ward

et al., 1999).

Com m only, a doubling o f the present-day atmospheric CO 2 concentration

increases the photosynthetic rate by 25-75% for

C 3

plants (IPCC, 1996).

H ow ever the

responses o f photosynthesis are not consistent among species and also vary with growth
conditions, e.g. light, temperature, and water (Alberto et al., 1996; Hunt et al., 1996;
Tremmel & Patterson, 1994).
Increasing CO 2 concentration can directly affect photosynthesis in two ways.
Firstly, the carboxylating enzym e for carbon reduction in all plants, R ubisco, has a poor
affinity for CO 2 . The present atmosphere results in CO 2 concentrations in the chloroplast
that is well below half-saturation (Lawlor, 1993). Consequently, the photosynthetic rate is
very responsive to small increases in CO 2 concentration in

C 3

plants (Murray, 1997f).

Secondly, oxygen com petes with CO 2 for the acdve site on R ubisco, leading to
photorespiradon (Hsiao et al., 1976; IPCC, 1996).

The rise in C O 2 concentrations will

progressively reduce photorespiration and enhance quantum yield o f carbon fixation in

C 3

plants. In addition, as the CO 2 concentration rises the stomata in m any species partially
close, thus reducing the rate at which CO 2 diffuses to the chloroplasts (IPCC, 1996).
In an alternative photosynthetic pathway the initial carboxyation reaction involves
phosphoenolpyruvate carboxylase (PEP carboxylase) producing oxaloacetate (OAA) as the
first product o f fixation, with other 4-carbon com pounds (especially malate and aspartate)
also being formed very rapidly (Leegood, 1997). In plants with the so called

C 4

pathway

the vascular bundles are surrounded by enlarged “bundle sheath” or Kranz (wreath) cells
that are distinguished in several ways from the background m esophyll cells (Murray,
1997f). The bundle sheath cells are the specific location o f Rubisco, where the 4-carbon
com pounds are decarboxylated (Hattersley & W atson, 1992), (Figure 1.6).
released is then re-fixed using the normal enzymes o f the
9

C 3

The CO 2

pathway located in the bundle

sheath cells (Murray, 1997f; Peisker & Henderson, 1992).

The initial fixation by PEP

carboxylase in the mesophyll cells acts as a COj 'concentrating' mechanism because PEP
carboxylase has a much higher affinity for CO2 than Rubisco (Murray, 1997d). C4 plants
ensure a saturating supply of CO 2 to the enzyme Rubisco and hence the suppression of
photorespiration, by possession o f CO 2 pump (IPCC, 1996; Leegood, 1993). Consequently
at ambient CO 2 concentration the C4 -pathway operate near CO 2 saturation (Hsiao &
Jackson, 1999).
The C4 photosynthetic pathway was discovered in the second half o f the nineteen
sixties (Hatch, 1999). In the phylogenetic history of plants the C4 photosynthetic pathway
is a late, nearly recent, event (Apel, 1994). With the background o f global CO 2 starvation
and given evolutionary competence, different ecological constraints such as water and/or
nitrogen deficiency or salinity could be the driving forces in distinct habitats for selection
of genotypes with a CO 2 pump (Apel, 1994; Sage, 1999b).
The C4 photosynthetic pathway, clearly represents a modification o f C3 metabolism
(Apel, 1994) and its evolution is generally interpreted as an adaptation to hot, dry
environments (tropical and sub-tropical) (Collatz et ah, 1998; Ehleringer et al., 1991; Sage,
1999b). The pathway occurs in 18-20 families of higher plants (Leegood, 1997), which
include some of the world’s most important crops (e.g. maize, sorghum, millet), forage and
range grasses (e.g. Panicum maximum) and noxious weeds (e.g. Echinochloa and
Amaranthus spp.) (Alberto et al., 1996; Brown, 1999). The proportion o f C4 plants in a
given flora correlates well with mean July temperature (Collatz et al., 1998; Kellogg et al.,
1999), but different C4 lineages are known to vary in their environmental preferences.
Their present-day responses may therefore be a legacy of differing selective regimes. For
example, distribution of C4 monocots is correlated with temperature, whereas distribution
of C4 dicots may more closely relate to aridity (Eheringer et al., 1997).
Although C4 plants represent, floristically, a small portion of the world’s plant
species (ca. 4%), they contribute about 18-21% of the global primary productivity, mainly
because of the high productivity of C4 grasslands and the extensive grasslands and
savannas of the tropics (Eheringer et al., 1997; Ghannoum et al., 1997; Ghannoum et al.,
2000;

Wand

et

al.,

1999).

The

greatest proportions

of

the C4

species

are

monocotyledonous, whereas C4 dicots are relatively uncommon, both in terms of species
representation and abundance (Ehleringer et al, 1997).
It has long been recognized that plants fall into distinct groups on the basis of the
ratio of '^C to '^C (S'^C) in their organic carbon and that this is related to the utilisation of
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the C4 or C 3 pathway of photosynthesis (Ceding, 1999; Griffiths, 1993) (Figure 1.5).
Fractionation of the isotopes of carbon in plants is due to preferential utilization of '^C and
partial exclusion of

in photosynthesis.

This is due to the physical and chemical

properties and altered metabolic transformation of the heavy isotopes and leads to a
smaller proportion of

compared to

being incorporated into organic material during

photosynthesis (Griffiths, 1993).
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Figure 1.5: Two categories of 5'^C ratios for higher plants. Source (Cerling, 1999; Griffiths,
1993).

A number of species are known to be intermediate between C 3 and C 4 plants. In
these plants the CO 2 concentration at the point of carboxylation tends to be intermediate
between

and C 3 species.

For example, most intermediates have higher levels of

phosphenolpyruvate carboxylase and NADP-malic enzyme than C 3 species, but generally
lower activities compared to C 4 -like and C4 species. The levels of these C4 enzymes are
correlated with the degree of C4 photosynthesis, based on the initial products of
photosynthesis (Ku et a l , 1991).

Some studies confirmed that C3 -C4 intermediate

photosynthesis could provide plants with an advantage at high leaf temperatures, compared
to C 3 plants (Monson & Jaeger, 1991, Ku et ah, 1991). Murray (1997f) suggested that the
potential for C 4 and C 3 /C 4 intermediate plants to utilize elevated CO 2 should be
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systematically re-examined, with provision of water much closer to field or natural
conditions.

1.5 The C4 Subgroups
C4 plants have been separated into three subgroups based on both morphological

differentiations in their arrangement of bundle sheath chloroplasts and ultra structure, and
differences in the enzymes of the decarboxylation step in the bundle sheath (BS) cells.
These are NADP-malic enzyme (NADP-ME), NAD-malic enzyme (NAD-ME) and PEP
carboxikinase (PEP-CK) types (Hattersley & Watson, 1992; LeCain & Morgan, 1998;
Pessarakli, 1996)
In the cytoplasm of all C4 mesophyll cells, CO2 is combined with PEP by means of
PEP carboxylase to form OAA. W hat will happen next depends on the subgroup to which
the plant belongs (see Table 1.3 and Figure 1.6) (Pessarakli, 1996).

In NADP-ME C4

species, the bundle sheath chloroplasts are usually arranged in a centrifugal position
relative to the vascular bundle, and have thylakoid membranes with reduced grana
stacking. In NAD-ME species, bundle sheath chloroplasts have thylakoid membranes with
developed grana stackings. Both chloroplasts and mitochondria are located together in a
centripetal position relative to the vascular bundle. Aspartate forming species (NAD-ME
and PCK subtypes) typically have two sheath layers; non-aspartate forming species
(NADP-ME subtype) have only one (Sage et al., 1999).

In NAD-ME type, malate is

decarboxylated by NAD malic enzyme in the mitochondria, in NADP-M E type, malate is
decarboxylated by NADP malic enzyme in the chloroplasts and in PCK type, oxalate is
decaboxylated by PEP carboxykinase in the cytosol (Hattersley and W atson 1992).

Table 1.3: The three sub-groups off C4 plants classified according to transferred metabolites and
bundle sheath decarboxylation systems.
C4-acid
Initials

Decarboxilation

C3-acids

Transferred

Enzymes (s)

Returned

NADP-M E
PEP-CK

Malate
Aspartate

NADP-malic enzyme
PEPcarboxykinase and
N AD-m alic enzyme

Pyruvate
Pyruvate
plus PEP

NAD-M E

Aspartate

N AD-m alic enzyme

Alanine

Source: (Murray, 1997d; Pessarakli, 1996).
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1997).

plants. From (Leegood

1.6 C4 photosynthesis in Monocot and Dicot species
C4 photosynthesis is estimated to occur in 18-20 families of flowering plants, 15 of

which are dicot and 3 monocot (Cerling et a l, 1993; Sage el al., 1999a). Whereas C4
photosynthesis occurs in perhaps 5 % of the approximately 10,000 species of monocots, it
is estimated that less than 0 .057 o of the dicots use the C4 pathway (Cerling, 1999). Most
C4 species are found in the grass family (approximately 4600 species) with the sedge

family containing 1330 C4 species. Eheringer et al. (1997) estimated C4 dicots to number
less than a thousand species, however Sage et al. (1999a) estimated the total number to be
1600 and expected that this number will rise to approximately 2000 as the flora of remote
regions are studied.

C4 dicots generally have less economic significance and are often

from inaccessible and politically less stable regions than C4 monocots. Many C4 dicots are
noxious and old-field invaders (Wand et al., 1999). But C4 photosynthesis in dicots is
taxonomically diverse, indicating numerous independent origins. At least 86 dicot genera
contain C4 species while no dicot family is exclusively C4. C4 dicots are either NADP-ME
or NAD-ME subtypes and no PCK types are known (Sage et al. 1999, table U). Three
families (Amaranthaceae, Chenopodiaceae, Portulaceae) have both subtypes, three families
(Asteraceae, Euphorbiaceae, Zygophllaceae) are NADP-ME only and only one family
(Molluginaceae) is specific for NAD-ME (Sage et al. 1999).
The C4 monocots generally have a higher quantum yield than C4 dicots and it has
been proposed that the leaf venation patterns play a role in increasing the light-use
efficiency of most of the C4 monocots (Eheringer el al., 1997). The reduced quantum yield
of most C4 dicots is consistent with their rarity, and it has been suggested that C4 dicots
may not have been selected until CO2 concentrations reached their lowest concentrations
during glacial maxima in the Quaternary. Given the higher intrinsic light-use efficiency of
C4 monocots, C4 dicots may have been limited in their distributions to the warmest

ecosystems, and/or to highly disturbed ecosystems. (Eheringer et al., 1997).
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1.7 Stomatal response to elevated CO2 concentration
1.7.1 Stomatal conductance
The largest portion of leaf gas exchange occurs through the stomata; this has been
known for more than 100 years (Eamus, 1991; Jones, 1998; Murray, 1997a).

Several

interacting factors control stomatal opening and closing; these are light intensity (Beadle et
a l , 1993; Mansfield & Travis, 1981), air humidity (Bunce, 1998b) water stress (Hsiao &
Jackson, 1999) and CO2 concentration (Bunce, 1998b; Meidner & Mansfield, 1986a;
Morison, 1985; Murray, 1997a).

Under conditions favourable for many plants, e.g.

abundant water, light and moist air, stomata generally open so that leaf intercellular CO 2
concentration (C i) rises and carbon assimilation rate (A ) increases (Murray, 1997a). There
is however a complex, dynamic control system of stomatal opening which maintains CO 2
fixation whilst preventing excessive water loss (Lawler, 1993).
The stomata of most species are sensitive to CO 2 , and it was Mott (1988) who
showed quite conclusively in an ingenious experiment that, at least for two species
{Xanthium strumarium L. and Helianthus annus L.), stomata respond to intercellular CO 2
concentration (C,), and that stomata are insensitive to the CO2 concentration at the surface
of the leaf and in stomatal pore.
The mechanism by which stomata detects CO 2 is not yet fully understood,
although, some researchers suggest that it is linked to malate synthesis, which regulates
anion channels in the guard cell plasma membrane (Drake et ah, 1997).

Other workers

argue that plant cells might detect CO2 by its effect on pH, since protons are produced in
solution in reversible reactions, which are also catalysed by carbonic anhydrase (Murray,
1997a).
CO 2 + H 2 O — ^ H 2 C 0 3 ' — ► HCO 3 + H+
Any increase of atmospheric CO 2 concentration is expected to have two direct
effects on plants growth (Smith et a i , 1987): these are increased net CO 2 fixation, resulting
in increased above-ground dry weight and leaf area; and increased water-use-efficiency as
a result o f reduced stomatal aperture and transpirational water-loss (Drake et a l , 1997).
Elevated atmospheric CO2 is usually found to reduce stomatal conductance in leaves of
both C4 and C3 plant species (Bettarini et a l , 1998; Bunce, 1998b; Fernandez et al., 1998;
Ferris & Taylor, 1994; Knapp et al., 1994 a; Morison & Gifford, 1984a; Robemtz &
Stockfors, 1998; Sionit & Patterson, 1984; Smith et a l , 1987; Will & Teskey, 1997).
However, while som e studies reported that the negative effect o f water stress on stomatal
conductance could be alleviated by elevated CO2 (Clifford et al., 1995), others report that
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the narrowing effect of elevated atmospheric CO2 on stomatal apertures may be re
enforced by water stress. On the other hand Bunce (1998c) found that growth at elevated
CO2 decreased the sensitivity of conductance in a C4 plant {Amaranthus hypochondriacus)
to changes in leaf to air water vapour pressure difference.
Stomata have also been shown to maintain a constant ratio of intercellular to
ambient CO2 concentration (CJCa) as ambient CO2 concentration is varied (Morison, 1998;
Tuba et a l, 1994). Drake et al. (1997) argue that if CJC^ in elevated CO2 is less than C/Ca
in ambient CO2 then the stomatal limitation of photosynthesis would be greater in elevated
than in ambient CO2 .

The

Q /C a

ratio can be used as an index of limitation of

photosynthesis, and in a review of 26 species the range of Ci/Ca was nearly identical for
both ambient and elevated CO2 grown plants. Thus indicating that the decrease of stomatal
conductance (gs) under elevated CO2 does not represent limitation to photosynthesis
(Drake et al., 1997).
It has sometimes been held that C4 species are more sensitive to CO 2 enrichment
than C3 species but this is not always the case (Morison, 1985; Murray, 1997a). Some
studies also reported a greater decrease in the instantaneous values of evapotranspiration in
C4 compared to C3 communities (Drake et al., 1997). However, although elevated CO2 is

generally found to reduce stomatal conductance in leaves of both C3 and C4 species, there
are some species, which are reported to show no stomatal closure or even an increase in
stomatal conductance when they were grown under elevated CO2 (Conroy et al., 1990;
Hibbs el al., 1995; Murray, 1997a).
Little is known about the acclimation of stomata to elevated atmospheric CO2 and
its link to the acclimation of photosynthesis (Drake et al., 1997), but Morison (1998)
reported that stomata may maintain the same sensitivity as those in ambient CO2 . Many
workers have reported anatomical and morphological changes of stomata that may be seen
as a stomatal adjustment to exposure to elevated CO2 , (see the next section).

1.7.2 Stomatal Frequencies
Stomata may occur on only the lower (abaxial) surface (hypostomatous leaves),
only on the upper (adaxial) surface (hyperstomatous leaves), or more commonly on both
the abaxial and adaxial surfaces (amphistomatous leaves) (Bolhar-Nordenkampf &
Draxler, 1993). In amphistomatous leaves it is common to find greater densities of stomata
on the abaxial surfaces, and consequently a disparity of stomatal apertures between the two
surfaces (Pearson et a l, 1995).
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Atmospheric CO 2 has been found to have a direct effect on stomatal density
(number of stomata per mm^) and index (ratio of stomatal to epidermal cells), evidently
exerting an influence on the development of the stomata from epidermal cell initials (Me
Elwain & Chaloner, 1995). Woodward (1987) demonstrated that a number of forest tree
species have responded to the anthropogenically induced CO 2 rise since pre-industrial
times. Stomatal density was found to fall in response to the rising CO 2 concentration, the
relationship demonstrating a 50% decrease in stomatal density in response to an increase in
CO 2 of 80 ppmv. Beerling and Chaloner (1993a) also found over the shorter time period
of 200 years a 25% decrease in stomatal density in response to a 35 ppmv rise in CO 2 for
14 tree species.
Many demonstrations from herbarium and fossil specimens over different historical
periods of time have also shown, not only the change in stomatal density through recent
history but also the potential for long term modification of stomatal characters due to the
fluctuations in the concentrations of atmospheric CO 2 (Beerling & Chaloner, 1993b;
Beerhng et al., 1992; Beerling et al., 1997; Me Elwain & Chaloner, 1995; McElwain &
Chaloner, 1996; Penuelas & Matmala, 1990). Furthermore several controlled environment
experiments of different plant species have also suggested a further decrease of stomatal
density/stomatal index in the future as ambient CO 2 concentrations continue to rise
(Bettarini et al., 1998; Clifford et al., 1995; Fernandez et al., 1998; Visser et al., 1991 \
Wagner et ah, 1996).
In spite of the strong evidence from the literature that shows the negative effect of
elevated CO 2 on stomatal density/stomatal index, there are still some suggestions that
elevated CO 2 had no, or will have no, effect on stomatal density/stomatal index of some
plant species (Estiarte et at., 1994; Komer, 1988; Reddy et a l, 1998). Furthermore, there
are some studies, which have reported an increase in stomatal density after plants had been
exposed to elevated CO 2 (Ferris & Taylor, 1994; Knapp et a l , 1994 a; Owensby et ah,
1997).
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1.8 Effects of elevated CO2 on photosynthesis of C4 plants
Growth enhancement, caused by CO2 enrichment to twice the present-day ambient
level, has generally been shown to be much greater in plants with the C3 photosynthetic
pathway than in plants with the C4 pathway (Hsiao & Jackson, 1999; Kirkham et al., 1991;
Lemon, 1984; von Caemmerer & Furbank, 1999). This greater stimulation o f growth by
CO 2 enrichment probably occurs because net photosynthesis is stimulated more by
increased external CO 2 concentration in C3 than in C4 plants.

In C4 plants, the initial

fixation o f CO 2 by PEP in the mesophyll cells and the subsequent transfer o f CO 2 through
the C4 pathway functions as a “CO 2 pump”, concentrating CO 2 at the site o f assimilation
via the C3 pathway in the bundle sheath cells. Thus, net CO2 uptake in plants with the C4
pathway would be expected to be less sensitive to external CO 2 concentration than in C3
plants (Leegood, 1997, Sage, 1999b). However, a number of studies have reported that
assimilation in C4 plants increases at elevated atmospheric CO 2 , at high photosynthetic
photon flux density (PPFD), indicating that leaf photosynthesis is not saturated under
current ambient CO 2 concentration (Ghannoum et al., 2000; Ziska & Bunce, 1999b; Ziska
et al., 1999a, Wand et al., 1999). For example work on Bouteloua gracilis (Blue grama,
C4) showed that the photosynthesis of this plant was not saturated at current ambient CO 2

concentration (Morgan et al., 1994a; Read & Morgan, 1996). Ziska et al. (1999a) also
reported for Amaranthus retroflexus that the increase in biomass at elevated CO 2 was
caused by a direct stimulation o f CO 2 assimilation, independent of any improvement in leaf
water potential. Furthermore Watling and Press (1998) reported an increase o f 30-40% in
assimilation rate under elevated CO 2 for Eragrostis pilosa, although, no increase in
biomass was found over that of plants grown at ambient CO2 concentration.
Some studies have suggested that increasing CO 2 concentration in the intercellular
spaces of C4 species would reduce bundle sheath leakage of CO 2 by reducing the diffusion
gradient across bundle sheath cell walls. Increasing CO2 at the C 3 pathway sites could also
improve photosynthesis through reduced photorespiration (Dai et al., 1995).

However,

Ziska and Bunce (1999b) found that the stimulation of leaf photosynthesis at elevated CO 2
was not directly related to values of CO 2 leakage rates from the bundle sheath, nor changes
in the ratio of activities of PEP-carboxylase to RuBP carboxylase/oxgenase, or any
improvement in day time leaf water potential for three C4 species (Flaveria trinervia,
Panicum miliaceum, and Panicum maximum). LeCain and Morgan (1998) also reported
that species that have reduce bundle sheath leakage (NADP-M E) respond to elevated CO 2
similarly or even more than those that show greater leakage rates (NAD-ME).
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Som e workers have reported that, in spite o f the stimulation o f leaf photosynthesis
and leaf area (Panicum miliaceum, Panicum maximum), an increase in growth (biomass) at
elevated CO 2 was not found (Ward et a l , 1999; Ziska et al., 1999a). It has been argued
that, leaf photosynthetic rates o f certain C4 species could respond directly to increased
CO 2 , even under optimal growth conditions, the stim ulation o f w hole plant growth at
elevated CO 2 cannot be predicted solely on the response o f individual leaves (Ziska et al.,
1999a). Conversely, som e workers have reported a highly significant increase in biomass
production o f a C4 species {Eragrostis orcuttiana) that was not accom panied by an
increase in the assim ilation rate (Smith et al., 1987).

Other studies have reported that

direct fixation o f atmospheric CO 2 through the C3 pathway might occur in the bundle
sheath chloroplasts of som e C4 plants. For example, Edwards and Black (1971) and Sionit
and Patterson (1984) estimated that 14 to 17 % of the CO2 assim ilated by the C4 plant
Digitaria sanguinalis could be fixed directiy via the C 3 pathway without the intervention
of the C4 cycle.
Several researchers have also discussed the issue of leaf age as a factor that
deserves consideration and, in particular, whether leaf age and developm ent alters the
sensitivity o f photosynthesis and/or growth o f C4 plants to elevated atmospheric CO2
(Ziska et al., 1999a).

It has been shown that the bundle sheath cell walls o f young and

senescent maize leaves have a relatively high conductance, which could result in lower
CO 2 concentration at the site of Rubisco (Dai et al., 1995).

Consequently young or

senescent C4 leaves could be more responsive to increasing CO2 concentration.
evident

in

results

with

m aize,

which

show

that young leaves

have

This is

substantial

photorespiration under ambient atmospheric conditions and require a low er O 2 partial
pressure to achieve maximum photosynthetic rates (Dai et al., 1995; Ziska et al., 1999a).
Therefore it’s likely that young C4 leaves could be more responsive to increasing
atmospheric CO 2 concentration and, subsequently, contribute to the growth stimulation at
the whole plant level (Ghannoum et al., 1997; Ziska et a l , 1999a).

1.9 Effects of elevated CO 2 on growth and development in C4 plants
Research on plant responses to elevated CO 2 has primarily focused on species with
the C3 photosynthetic pathway, since it is clear that their photosynthetic metabolism and
growth are significantly lim ited by present day ambient CO 2 concentrations (LeCain &
Morgan, 1998).

Much o f the lim ited early research into CO 2 responses o f C4 species
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focused on either important planted C 4 crop species (e.g. Zea mays and Sorghum sp) or
weedy dicotyledonous species (e.g. Amaranthus sp.) (Tremmel & Patterson, 1994).
Results from these studies on single species and studies o f C4 -dominated ecosystems
largely confirmed the expectation that C4 plants should not show significant growth
responses to elevated CO 2 , due to the presence of a CO 2 concentrating mechanism in the
bundle sheath cells (Kirkham et a l , 1991; Lemon, 1984; N ie et al., 1992a; Owensby e t a i ,
1996; Rozema et al., 1991; Ziska et al., 1991). However, there have also been several
other studies, which have reported significant growth responses to CO 2 concentrations
higher than the present-day ambient concentration (Ghannoum et al., 1997; Ghannoum et
al., 2000; Hunt et al., 1996; LeCain & Morgan, 1998; Potvin & Strain, 1985; Sionit &
Patterson, 1984; Smith et al., 1987). It has therefore become increasingly clear that the
responses of C4 species to elevated CO 2 are not as clear cut as previously thought
(Henderson et al., 1992), and that many C4 plants show significant positive photosynthetic
and growth responses to CO 2 . In recent reviews, Poorter (1993) and Wand et al. (1999)
found that C4 plants show an average growth enhancement of 22 % and 33 % when grown
in elevated compared with present-day ambient CO2 concentration. The main mechanisms
that contribute to the increase in biomass accumulation in C4 plants exposed to elevated
CO 2 have been summarised by Ghannoum et al. (2000). First, by raising the intercellular
CO 2 concentration that consequently increases the assimilation rate. Second, by reducing
stomatal conductance and transpiration which can enhance leaf assimilation and growth by
conserving soil water, improving shoot water relations and increasing leaf temperature
(Figure 1.7). Third, elevated CO 2 may reduce mitochondrial respiration and consequently
whole plant respiratory losses, which can contribute to biomass increases.
Some of the studies on C 4 plants at elevated CO2 have suggested that the interaction
of environmental stresses and elevated CO 2 could yield a very positive response.
example, very small reductions in soil water content below

1 0 0

For

% field capacity were

sufficient to facilitate a response to elevated CO 2 concentration in maize (Samarakoon &
Gifford, 1996).
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Stomatal conductance

^ In tercellu la r CO

^

Respiration

Transpiration rate

^ Leaf temperature

Improved water status

Coservation o f soil water

T Leaf area
Leaf C O , assimilation rate

W h o le plant assimilation rate

Dry matter
Figure 1.7: Elevated CO2 may increase growth in C 4 plants mainly through; 1- increasing
intercellular CO2 concentration and consequently assimilation, 2- reducing stomatal conductance
and consequently transpiration that can conserve soil water, improve shoot water relations and
increase leaf temperature, 3- reduction in mitochondrial respiration. Source: (Ghannoum et al.,
2000).

O ther studies have addressed the hypothesis that,

C 4

subgroups respond differently

to elevated CO 2 because of the variation in the biochemistry, and the differential leakiness
of their bundle sheath cells (Hattersley, 1984). However, contradictory results have been
found, as one study suggested more positive responses of N A D -M E, and PCK in
com parison to N A D P-M E subtype (Sionit & Patterson, 1984), while another found similar
response of all three subtypes (Seneweera et a l , 1998). Furthermore, LeCain and Morgan
(1998) found that the growth response of well-watered NADP-ME grasses to elevated CO 2
was larger than for N A D -M E grasses.
relationship between

C 4

It appears therefore that there is no obvious

subtypes and responsiveness to elevated atmospheric CO 2 ,

although, studies with a larger num ber of species under carefully controlled environment
conditions are required before any firm conclusion can be drawn about the relative
responsiveness to CO 2 of different

C 4

subtypes (Conroy et a l , 1998).
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1.10 Effects of elevated CO 2 on water stress and Water-Use Efficiency (WUE)
Shortage of water is probably the most important factor globally limiting plant
productivity and crop yield. Water requirements o f a plant during rapid growth are very
large, as it may loose several times its own volume of water in transpiration during a single
day (Jones, 1988). In water limited environments an increase in water use efficiency will
thus be reflected in an increase in productivity (Lemon, 1984).

Water use efficiency

(WUE) can be expressed in different ways and with different implications (Eamus, 1991).
The basic physiological expression, which is important in terms o f primary productivity, is
the amount of CO 2 assimilated through photosynthesis relative to loss of H 2 O through
transpiration (Hsiao & Jackson, 1999). This WUE can either be measured on a short-term
basis, as the ‘instantaneous’ water-use efficiency (LeCain & Morgan, 1998), in which case,
the net carbon assimilation rate divided by the rate of water loss (A/E) yields values of
mmol CO 2 per mol H 2 O (Murray, 1997a; Smith et a l,

1987; Woodward, 1987).

Alternatively WUE can be measured on a long-term basis, as dry matter produced per unit
of water lost in transpiration (Eamus, 1991). This latter parameter probably contains more
valuable information, since high photosynthetic assimilation rates of individual leaves used
to determine the former parameter are often transient (Eamus, 1991; Hsiao & Jackson,
1999).
Water deficit or water stress refers to situations in which plant water potential and
turgor are reduced enough to interfere with normal functioning.

The exact cell water

potential at which this occurs depends on the species of plant and the stage of development
(Kramer, 1983). It has been extensively demonstrated that water stress influences plant
performance through effects on stomatal aperture, mesophyll photosynthesis and growth
(Figure 1.8).

Any of these processes may be differentially affected, depending on the

genotype as well as on the rate at which water deficit develops and its duration (Chaves &
Pereira, 1992).

Water stress influences photosynthesis through its effect on stomatal

conductance and on activities o f photosynthetic enzymes and electron transport reactions
in the chloroplast (Conroy et a l , 1998). Under severe drought, photosynthetic electron
transport activity can be reduced and assimilation (A) does not fully recover on re
watering. Under less severe drought, water stress induces partial stomatal closure and the
consequent restriction of CO 2 diffusion into the intercellular spaces causes lower
assimilation rates. Studies showing a linear relationship between leaf photosynthesis and
epidermal conductance, with intercellular CO2 (C i) remaining constant at a given air CO 2
concentration at different levels of water stress, is a likely reflection of a coordinated
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response to water stress (Hsiao & Jackson, 1999).

At leaf level, significant stomatal

closure and increase in leaf water use efficiency were confirm ed in both C3 and C4 species
at elevated CO 2 (Wand et a l , 1999). The C4 m echanism brings advantages in W UE to C4
plants (Leegood, 1997), because photosynthesis can operate at low Ci and hence lower
stomatal conductance. Thus water-use efficiency in C4 plants is approximately double that
o f the C3 plants (Brown, 1999; Leegood, 1997).
The question now arises as to how the increase o f CO 2 concentration in the
atmosphere could reduce the impact o f the decrease in carbon gain in water-stressed plants.
The answer is probably that the initial response to drought is stomatal closure, and because
stomatal conductance would generally be lower at elevated CO 2 there is consequently a
reduction in water use during a period o f drought and a slower depletion o f soil water so
that photosynthesis continues for longer (Conroy et a l , 1998).

Water D eficit

Stomata

Growth

Mesophyll Photosynthesis

-Quantum efficency
-Regeneration o f Rubisco
-Carboxylation efficiency
-Cytosolyic enzym es

Intercellular CO

CO 9 fixation

Assim ilation

C balance

Carbon partitioning

Figure 1.8: Schematic presentation of the effects of water deficit on gas exchange and growth.
From (Chaves & Pereira, 1992)
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Exposure to elevated CO 2 was found to increase the W U E of C 4 plants under both
controlled environment and natural conditions (Clifton-Brow n & Lewandowski, 2000;
Donnelly, 1998; Jongen & Jones, 1998; Knapp et a l , 1993; Knapp et a l , 1994; Knapp et
a l , 1996; Owensby et al., 1993c; Owensby et a l , 1996; O w ensby et al., 1997; Wand et al ,
1999).

Owensby et al. (1999) reported that the pattern o f water-use in C4 -dominated

tallgrass prairie suggested that plant communities exposed to elevated CO 2 will maintain a
more favourable water status when subjected to periodic moisture stress (Owensby et al.,
1999).
The impact o f reduced water use under elevated CO 2 was to delay the decline in
photosynthesis when water begins to limit gas exchange through stomatal closure (Morison
& Gifford, 1984a; O wensby et al., 1993c; Owensby et al., 1997).

Som e authors have

argued that the impact o f increased plant resistance to water loss under elevated CO 2 , and
the impact of that on soil water content, may be offset by greater transpiration rates with
increased biomass, leaf area, and leaf temperature (Carlson & Bunce, 1996; Ferris &
Taylor, 1995; Hunt et al., 1996; Polley et al., 1994). Hunt et al. (1996) found that elevated
CO 2 had some positive effects on soil water content (under C4, Boutelou gracilis and C3,
Pascopyrum smithii) at the beginning o f the treatment period however by the end o f the
treatment period, drier soil was found under elevated CO 2 . Furthermore, other studies have
shown that, even though there was a greater leaf area in response to elevated CO 2 , the
reduced water use under CO 2 enrichment still resulted in slower decline in soil water
content (Morgan et al., 1998; Owensby et al., 1999).
In natural com m unities, differences in W UE under elevated CO 2 may determine the
success in adaptation and competition o f plant species (Eheringer et al., 1997).

For

managed com m unities, where water is the major limiting factor, productivity is determined
by W UE o f the crop, and the amount o f the water available (Hsiao & Jackson, 1999).
Owensby et al. (1993c) reported significant above ground biomass increases in the C4
component o f a tall grass prairie site exposed to elevated CO 2 . This was explained by the
reduced water loss of C4 species under elevated CO 2 concentration.

Samarakoon and

Gifford (1996), in a study investigating the effects o f elevated CO 2 on growth of Zea mays,
found no increase in dry mass at elevated CO 2 when soil water was maintained
continuously at field capacity (FC) whereas dry mass was increased by up to 50% in
drought stressed plants. It was suggested that m aize is very sensitive to soil water deficits
and that elevated CO 2 overcom es the effect o f water stress (i.e. increase in W UE).
Seneweera et al. (1998) found that the shoot growth responses of C4 grasses to elevated
CO 2 were strongly dependant on changes of shoot water relations, induced by either
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vapour pressure deficit (V PD ) or low soil w ater content. T he influence o f elevated C O 2 on
grow th is illustrated by the responses to C O 2 o f total shoot m ass, and le a f length. W ater
relation effects on leaf grow th are well docum ented (B en H aj Salah & T ardieu, 1997).
Elevated C O 2 am eliorates the im pact of high V PD an d low soil w ater on both growth
param eters by reducing transpiration rates and by m aintaining a high 'P l (Ferris & Taylor,
1995; Senew eera et al., 1998; W ard et al., 1999). H ow ever, in contrast to this a review
(1980-1997) of C 4 species responses to elevated CO 2 , W and e t al. (1999) show ed that
environm ental stresses did not alter the C 4 response, except fo r the loss o f a significant
positive C 0 2 -reponse for above-ground biom ass and leaf area under w ater stress.

1.11 The Experimental material
For the current study tw o im portant Sudanese forage species native to the w estern
part ot Sudan were chosen. B lepharis linariifolia Pers. (Broun & M assey, 1929; E lam in &
M ustafa, 1992) is a m em ber o f the fam ily Acanthaceae (dicot) and C enchrus biflorus
Roxb. (Broun & M assey, 1929; C layton & R envoize, 1986) is from the fam ily G ram inae
(m onocot) ot the Panicoidae tribe. The follow ing sections describe som e o f the im portant
features of the selected species in relation to the area where they grow, and particularly in
Sudan.

1.12 Sudan
The R epublic o f Sudan is located in northeast Africa. The country is bound on the
north by Egypt; on the east by the R ed Sea, Eritrea, and Ethiopia; on the south by Kenya,
Uganda, and C ongo (Zaire); and on the w est by the Central A frican R epublic, Chad, and
Libya. Sudan is the largest country of the A frican continent with a total area of 2,505,813
km^ (967,500 mile^).

1.12.1 Land and Resources
Sudan is divided into three separate natural regions, ranging from desert m the N,
covering about 30% o f land area, through a sem iarid region o f steppes and low m ountains
in the center, to a region of vast sw am ps (the Sudd region) and rain forest in the south.
M ajor topographical features of Sudan are the R iver N ile, its headstream s the W hite N ile
and Blue N ile, and the tributaries of these rivers.
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T he prim ary natural resources o f the

country are water, supplied by the Nile system, and fertile soil. Large areas of cultivable
land are situated in the region between the Blue Nile and the Atbarah R iver and between
the Blue Nile and the White Nile. Other cultivable land is in the narrow N ile Valley and in
the valleys of the plains region where irrigation is extensively used. The country also has
large areas of grasslands and forests, including Acacia sp. forests, the source of gum
Arabic.
The natural vegetation cover of Sudan is the main source o f forage to livestock and
wildlife. It is a cheap source of feed that is freely available for a good part of the year
(Elamin & Mustafa, 1992). Yield is limited mainly by rainfall both in terms of its spatial
and temporal distribution (Mustafa, 1993).

The density and com position of vegetation

determines its susceptibility to seasonal fire outbreaks, which have a large influence on
shaping the natural vegetation, especially within the Savannah of Sudan (Elamin &
Mustafa, 1992)
On the national level, rangelands occupy about 2 million km^, or approximately
80% of the total area of Sudan (Bayomi, 1989; Mustafa, 1993).

Close to 80% of the

country's population live on these lands and are totally or partially involved in livestock
raising (U OF G, 1985). Indigenous livestock satisfy the local demand for animal products
and contribute between 11.6 and 23.5% to the national foreign export earnings (Bank of
Sudan, 1987).
1.13 Northern Kordofan State
The seeds of B. liuariifolia and C. biflorus were collected by range management
employees in Northern Kordofan State.

This region extends from the desert zone

bordering the North region at around 16 °N, to the boundary of the South Kordofan State at
12 "N. The length of the growing season in this region is approxim ately 70 days. The
economy of the State depends on traditional agriculture and livestock production.

The

basis for the livestock industry is the supply of food provided by the natural rangelands,
which is supplemented seasonally by crop residues, when these are available. Estimated
livestock populations in 1989 were: 1.2 million cattle, 2.1 million goats, 1 million camels,
and 2.9 million sheep (FAO, 1989).
The main form of agriculture in the region is rain-fed crop farming with traditional
livestock raising practised by nomadic or village-based systems. The two types of
economies are almost always found to exist as an integrated form (van noordwijk, 1984d).
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C rop production is m ainly traditional and relies on natural fallow fo r m aintenance of soil
fertility.

In

general,

rain-fed

agriculture

is

land-intensive,

labour-intensive,

and

productivity is to a large extent determ ined by elem ents o f the natural environm ent (mainly
rainfall and soil fertility) (van noordw ijk, 1984d).
Farm ers grow a w ide range of crops both for food and cash, M illet (Pensetum
typhodium ) is the dom inant crop (occupying an area o f m ore than 50% o f the cropped
area), and sorghum {Sorghum sp) and sesam e {Sesamum sp) are the m ain cash crops (IBS,
1997b). T he two m ain farm ing practices are m ono-cropping (e.g. pure stands o f m illet)
and intercropping (e.g. m illet and w ater m elon). Intercropping is found to be an im portant
survival strategy in the face o f uncertainty, if one crop fails due to any biotic or a biotic
stress, the other m ay succeed (lES, 1997a).
A cacia Senegal (gum A rabic tree) plantations are a very im portant and long
standing form of land use, and it is a com m on farm ing system in the Sudan savanna zone.
It is characterised by the “gardens” o f th e gum Arabic trees locally know n as G eneina.
Trees in the garden are tapped (extracting the gum exudates through m aking scars in the
bark of the tree) for the valuable gum fo r 6-10 years before they start to deteriorate (van
noordw ijk, 1984c).

A fter the trees have been rem oved, the land is cleared and used to

grow a m ixture of crops (sorghum , m illet, groundnuts, beans etc.). T his cropping can last
for 4-10 years, until the soil is exhausted when it is abandoned. W hen the fields are no
longer cropped they are colonized by grasses like C. biflonis and A cacia trees such as A.
seyal and A. Senegal.

W hen the first generation of Acacia trees is eight years, tapping

starts and the w hole cycle can be repeated. T he trees play an im portant role in the cycle,
restoring soil fertility and yielding the valuable gum as well as firew ood (van noordw ijk,
1984c).
Livestock production in northern K ordofan is primarily based on two types of
livestock m anagem ent practices; sedentary livestock and nom adic pastoralism .

S ettled

villagers keep goats, sheep and a few cattle w hile nom ads are m ainly cam el ow ners w ho
traditionally m ove with their anim als in a north-south direction (lE S , 1997a).
environm ental conditions vary, m ovem ents on various scales are necessary.

As the

C om plete

nom adic m ovem ents throughout the year constitute the only way o f using the scarce
resources at the fringe o f the deserts (van noordw ijk, 1984d). The anim al ow ners do not
have a perm anent place of residence, although the m ovem ents are far from random and
people generally m ove in regular cycles. In sem i-nom adic grazing the anim al ow ners have
a perm anent place o f residence w here they grow crops. H ow ever, for long periods o f the
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year they travel w ith their herds to distant grazing areas. A further m eth o d o f m anagem ent
is called the transhum ance system , in which farm ers w ith a perm anent place of residence
send their herds, tended by herdsm en, to distant grazing areas fo r long periods o f tim e (van
noordw ijk, 1984d).

1.13.1 T he C lim ate
The main factor determ ining the clim ate of the region is the seasonal shift o f the
Inter-Tropical C onvergence Zone (ITC Z), the front of which m oves w ith the changing
zenithal position of the sun (van noordw ijk, 1984a).

D uring the w inter m onths, from

O ctober to M arch, pressure is high over the Sahara and the dry north w inds blow s across
Sudan and tow ards the ITC Z w hich m ay lie as far to the south as the T ropic o f C apricorn.
W ith the advance of the sun tow ards the sum m er solstice, the zone of the convergence of
northerly and southerly air stream s m oves northw ards across Sudan and m oist, unstable air
is draw n from the South A tlantic O cean (B arbour, 1961; W ickens, 1976).
C lim ate inform ation on rainfall, relative hum idity and tem perature for ten years
(1986-1995) for three different stations E lobied (nothem Kordofan) E lnhud (w estern
Kordofan) and Kadugli (southern K ordofan), (see m ap Figure 1.13) in the region w ere
obtained from Sudan M etrological D epartm ent (Khartoum ). M onthly and annual m eans,
and coefficient o f variations (standard deviation/m ean) were calculated in ord er to identify
the general trend and the distribution o f the different climatic param eters at the three
stations during the decade, 1986-1995 (Figures 1.9-1.12).
1.13.1.1 Rainfall
T he rainy season is generally restricted to only 4-6 months during the year (April to
O ctober) (Figure 1.9). T he total annual rainfall (RF) was found to vary from a m inim um
(m in.) of about 171 (1990), 188 (1990), and 525 m m /year (1987) to a m axim um (m ax.) of
about 741 (1993), 1268 (1994) and 1432 m m /year (1991), for E lobied, E lnhud and
Kadugli, respectively (Table 1.4).

T he coefficient o f variation (c.v, m ean/standard

deviation) in the annual rainfall was 34, 52, and 62% fo r K a d u g l i , E lobied and E lnhud,
respectively.

Kadugli generally had the highest annual rainfall totals, particularly w hen

com pared to Elobied. T he inter m onths variation w as even greater, w ith m ost of the RF
som etim es occurring in only 2 or 3 m onths. For exam ple, the total rainfall in E lnhud in
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A ugust 1992 was 716 m m com pare to 50 m m during June o f the sam e year (Figure 1.9a).
The sam e pattern was also no ticed in the m onthly distribution of rainfall for the other
stations (Elobied and Kadugli)T able 1.4: Annual rainfall patterns for three stations in the Khordofan area for the period between
1 9 8 6 - 1 9 9 5 . ______________________ _____________
Time
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
s.d
mean
c.v

Elobied
375
226
344
200
171
202
513
741
699
484
208
396
0.5

Elnhud
275
318
382
318
188
977
1181
765
1268
686
399
636
0.6

Kadugli
666
525
611
831
882
1432
529
815
638
777
264
771
0.3

T ab le 1.5: Mean annual relative humidity (%) during the rainy season (June-October) in three
stations in the Kordofan area, in the period between 1986-1995:
Time
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
s.d
m ean
c.v

Elobied
52
48
58
50
44
49
54
45
60
54
05.23
51.40
0.10

Kadugli
71
66
75
71
61
66
66
64
63
71
04.40
67.40
0.07

Elnhud
49
46
54
49
42
49
36
49
46
54
05.38
47.40
0.11

1.13.1.2 R elative H um idity
The m ean annual and the mean m onthly relative humidity (R H ) in the period
betw een 1986-1995 for E lobied, E lnhud and Kadugli are presented in T able 1.5 and Figure
1.10, respectively.

T he highest relative hum idity occurred in the period betw een June-

O ctober, w hich coincides with the rainy season. T he rest of the year (N ov.-M ay) was very
dry. The m inim um m ean m onthly (N ov.-M ay) relative hum idity was as low as 17, 22, 15
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% in Elobied, Kadugli and Elnhud, respectively. However, the maximum mean monthly
RH during the same period did not exceed 32, 34 and 33 % for Elobied, Kadugli and
Elnhud, respectively.
During the rainy season the highest mean monthly relative humidity was not more
than 60, 54, and 75 % for Elobied, Kadugli and Elnhud, respectively. Nevertheless, even
during the rainy season, RH could be as low as 44 (1990) and 36 % (1992) in Elobied, and
Elnhud, respectively, (Table 1.5). In spite of the high variability in the inter annul rainfall,
the inter annual coefficient of variation of the relative humidity was found to be lower.

1.13.1.3 Temperature
The plot of mean monthly maximum temperature (1986-1995) for Elobied, Elnhud
and Kadugli (Figure 1.11) showed two peaks of maximum temperature, during March-May
and Oct.-Nov..

The lower maximum temperatures correlated with the rainy season.

However mean monthly minimum temperature for the same period, and the same stations
(Figure 1.12) were found to show less variation throughout the year, with the exception of

- the period from Nov. to Feb., that were found to have relatively low values, at Elnhud and
Elobied stations (Figures 1.12a and 1.12b). There was a narrow range of variation of the
mean monthly minimum and maximum temperatures during the rainy season (Table 1.6).

Table 1.6: Mean annual maximum and minimum temperature for the period between 1986-1995:
Time
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
s.d
mean
c.v

Elobied
Min
24
24
23
23
22
24
21
22
21
22
01.17
22.60
0.05

Max
35
36
34
35
37
37
36
36
35
36
00.95
35.70
0.03

Kadugli

Elnhud
Min.
22
24
23
23
23
22
23
24
24
24
00.79
23.20
0.03
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Max
36
36
34
35
36
36
35
36
35
36
00.71
35.50
0.02

Min
21
22
20
20
21
21
21
22
22
21
00.74
21.10
0.03

Max
34
34
32
33
34
34
33
34
33
33
00.70
33.40
0.02
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Figure 1.9: The mean monthly distribution of rainfall (RF) for the period between 1986-1995
from three stations in Kordofan area (a) Elnhud (b) Elobied (c) Kadugli.
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Figure 1.10: The mean monthly relative humidity (RH%) for the period between 1986-1995 from
three weather stations in Kordofan area (a) Elnhud (b) Elobied (c) Kadugli.
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Figure 1.11; The mean monthly Maximum temperature (Max. Temp, °C), from three weather
stations in Kordofan area (a) Elnhud (b) Elobied (c) Kadugli, for the period between 1 9 8 6 -1 9 9 5
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Figure 1.12: The mean monthly minimum temperature (Min. Temp., °C), from three weather
stations in Kordofan area (a) Elnhud (b) Elobied (c) Kadugli, for the period between 1986-1995
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1.13.2 Vegetation of Kordofan
The Kordofan region expands over numerous types of ecological zones that closely
match the intensity of rainfall which increases from the dry North to the humid South (van
noordwijk, 1984a).

Semi-desert grassland and shrubs cover the Northern part of the

region, which could have up to 11 dry months in the year, they have some woody plants
that can survive the dry season e.g. Acacia mellifera and A. tortilis (van noordwijk, 1984b).
The Largest area of vegetation in Sudan is some form of savanna, which is a mixture of
grasses and trees (Figure 1.13). According to the amount of rainfall and the length of the
dry season, three main types of savanna can be distinguished as follows:
a.

Low

rainfall woodland (300-600 mm of rain/year 8-11 dry months).

Short annual grasses less than 1 m and scattered trees up to 10 m.
b.

Intermediate rainfall woodland (600-1000 mm of

rain/year, 5-8

dry

months). Short annual grasses up to 2 m, trees up to 15 m.
c.

High

rainfall woodland savanna (1000-1500 mm rain/year, 3-5

dry

months). Denser woodland, taller trees and less grass. Climbing plants
appear in the crowns of trees. This type of woodland occurs mainly in
the Ironstone plateau in the western part of Sudan (van noordwijk,
1984b).
The first two types are the most dominant in the Kordofan region. Generally in low and
intermediate savanna, apart from the rainfall, the main factor determining the vegetation
distribution is fire. Towards the end of the rainy season the grass dries off and forms fuel
for fires, which people set to hunt or to use the regrowth of grass for grazing (Abedelatif,
1993). Fire generally promotes grass and destroys trees. It also destroys the humus or
organic matter in the soil (van noordwijk, 1984b).
The low rainfall woodland is characterized by Baobab {Adansonia degitata, locally
known as Tabaldi) (Figure 1.14) and Acacia trees. The region is dominated by A. sengal,
from which gum Arabic is collected (van noordwijk, 1984b).
The Kordofan region has been described as undergoing climatic changes and shifts
of ecological zones, i.e. the desert’s boundary shifted southward by an average of 90-100
km in the last 17 years (Lamprey, 1975). Lamprey (1975) also reported a southwards drift
of sand dunes on a large scale particularly in areas around Wadi El-malik, Bara and
Kheiran in northern Kordofan. However, other studies have contradicted the findings of
(Lamprey, 1975). Olsson (1985) reported that signs of desertification can be seen mainly
during extremely dry periods, but, when rain returns to normal, both natural vegetation and
agricultural crops recover. Hellden (1984) also found no evidence or sign of a southward
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sand movement of dunes in the region mentioned by Lamprey. However, Ahlcrona (1985)
has mentioned the deterioration in the biological productivity of the land in the Kordofan
region, which could have been caused by both anthropogenic and climatic influences.
A recent study from an archive of satellite and aircraft photographs of the western
Sudan reported that no long-term (1943-1994) climate-induced changes in woody
vegetation (abundance of trees) had occurred despite several decades of recent drought in
this region (Schlesinger & Gramenopoulos, 1996). lES (1997a) also suggested the good
potentiality of recovery both in biomass productivity and soil organic matter content
following good rainy seasons.

Nevertheless, the disappearance of certain important

species e.g. B. linariifolia and the invasion of the area by other species e.g. Boscia
senegalensis (Kursan), could still stand as a serious indicator of ecological changes.

SUDAN: vegetation cover
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□

Desert dunes without perennial

H

Sem i-deseit grassland and shrubland
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A cacia w ooded grassland a n d bushland
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Figure 1.13; The map illustrates vegetation cover of Sudan, it also shows the ecological zones
that cover Kordofan regions. Source: FAO 1998.
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Figure 1.14: Adansonia degitata, (Baobab tree, locally known as Tabaldi) is dominant in
the low rainfall woodland savanna (Elobied 1998).

1.14. Blepharis linariifolia Pers.
There are many members of the Acanthaceae family found throughout Sudan, one
of which is Blepharis, which is a herbaceous plant that belongs to a category of desert
plants which are facultative perennials.

It is a low-growing coarse woody under-shrub

about 30 cm high, hairy on the younger parts. Leaves are entire or sparingly toothed,
sometimes with a few small spines, linear up to 10 cm long, 2 cm broad scabrous-setose
above, glabrous beneath except on the midrib. Flowers are blue or lilac, 1.7-2.5 cm long
arranged like pine cones (strobilate) in inflorescences 2.5-7.5 cm long and 1.9 cm broad
often in the forks of branches, bracts are ovate up to 2.5 cm long ovate abruptly pointed
and recurved, with 6 brown spines (Andrews, 1956; Elamin & Mustafa, 1992).

The

capsular fruit that sits on a short pedicel enveloped in a persistent zygomorphic calyx is
bilocular (Andrews, 1956) (Figure 1.15). In addition there are two lateral bracts present at
the base of the calyx. Morphological differences in the shape and size of bracts, length of
intemodes and flowering time were observed both in the field and herbarium.
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Figure 1.15: Blepharis linariifolia Pers. A. stamens and pistil, B. Fruit, opened. After
(Andrews, 1956).

In the genus Blepharis two species are known to prevail in the country;
□ Blepharis linariifolia Pers. (known locally as begail).
□ B. persica (Brum, f.) Kuntze. (known locally as siha).
Early Sudanese records of Blepharis spp. show that the plant was distributed in the
Red Sea (East) Khartoum and Kordofan provinces (Broun & Massey, 1929), northern
Kordofan, northern and central Sudan (Andrews, 1956). In Wadi Abu Salam, Northern
Province, Ayoub and El Fadul (1970) reported the occurrence of Blepharis sp, but, this
was not confirmed in 1989 by other researchers (Elamin & Mustafa, 1992), probably due
to its exdnction from the site. In Northern Kordofan State B. linariifolia no longer exists in
natural stands, as it was found to retreat to areas at least 300 km from areas where the plant
was once dominant (around Elobied) (Elfakey, B. pers comm. 1998).

Efforts to

reintroduce the plants were made by the rural developmental schemes (RDS), the range
management and the Agricultural research station (ARS) in Elobied. However, no records
are available regarding the abundance and development of the plants under these
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rehabilitations processes (Ali, M pers comm. 1998). The author visit (August to October
1998) some of these areas (Umm-Eshush, Elgika, Eldagag, Elkhor Elabied, Murry (around
Elobied town)) where re-seeding of B. linariifolia occurred, and found that, the plant was
practically non-existent or was completely absent in most of these areas. The abundance
of B. linariifolia in Umm-Eshush had been continuously deteriorating in the past three
years (1995-1998) as it is highly palatably and favourable to animals (M, Elkhaleifa pers
comm. 1998). Grazing was not permitted in the ARS farm where B. linariifolia had been
sown 3 years earlier. In certain areas (eastern) of the farm weeding of other grasses and
forbs is used to favour B. linariifolia establishment. On these areas B. linariifolia was
dominant and growth type was either spreading or prostrate compared to the erect form o f
growth in the non-weeded areas (Figure 1.16) (Elfakey, B. pers comm. 1998).
The plant has been evaluated as an extremely palatable species, and considered as
an excellent feed for camels and sheep as well as a key species for grazing in eastern
(Butana) and western (Kordofan) areas (Andrews 1956), with a particular grazing
significance during the dry season. Elwakeel, A. (pers comm., 1996) demonstrated that the
plant is nutritionally superior in comparison to other species. The dried flowering heads,
however unattractive they may look, proved on analysis to have remarkably good chemical
composition for feeding. The dried flowering heads contains 93.1 % Dry Matter, 14.0%
Ash, 79.1% Organic Matter, 8.3% Crude Protein, 7.3% Crude Fibre.

Figure 1.16: Blepharis linariifolia in the Agricultural research station farm (Elobied 1998), the
plant was not exposed to competition from other species and consequently a prostrate form o f
growth was noticed.
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Harrison and Jackson (1958) expected that if grazing animals were completely
excluded, the climax vegetation of the east would probably be dominated by Blepharis,
however, he was also the first to warn about the extinction of siha which in due time
became true.

Suliman (1986) reviewed the history of Blepharis in eastern Sudan and

concluded that it has almost disappeared under more intense grazing, induced by new
sources of water in the form of hafirs and wells. El Hassan (1981) estimated that less than
10% of eastern Sudan is covered with Blepharis, mostly localized in less watered areas
where animals were partially or completely excluded. Elamin and Mustafa (1992) noted
that overstocking has led to the disappearance of many palatable species including
Blepharis. In the western and eastern parts of the Gezira, Blepharis has decreased to a
critical level where it has been replaced by less palatable species.

1.15 Cenchrus biflorus Roxb.

C. biflorus is an annual or perennial grass (Figure 1.17), erect or ascending from a
decumbent base and rooting at the lower nodes, 7-80 cm high, simple or branched, 4-8
nodes (Ozenda, 1983).

Leaf -sheaths are compressed and keeled, scabrous upwards,

glabrous, ligule a densely ciliate rim, lamina hnear or lanceolate linear, tapering to a fine
point, 3.1-30 cm long, 0.8 cm broad, subsessile or minutely stalked, 0.4-0.8 cm broad,
bristles numerous, united at the base into a shallow crescent-shaped or elliptic disk, those
of the outer row shorter and at length horizontally spreading, rigid, prickle-like, barbed
downwards (Andrews, 1956).

Inflorescence is cylindrical, bearing rosette or bur-like

deciduous cluster, these sessile or with a short base; each cluster composed of 1-8 spikelets
surrounded by 1 or more whorls of bristles, these more often spinous (Clayton & Renvoize,
1986). Plants are bisexual, with bisexual spiklets; with hermaphrodite florets (Watson &
Dallwitz, 1992). The spiklets of sexually distinct forms on the same plant; hermaphrodite,
or hermaphrodite and sterile (Watson & Dallwitz, 1992).
In the genus Cenchrus (known locally as Haskaneit) many other species are known to
prevail in the country: including C. setigrus, C. ciliaris and C. prieurii.

(Harrison &

Jackson, 1958) mentioned that in semi-desert lands, on sandy soils and under high rainfall
Cenchrus sp. was abundant. It was also reported in the eroded areas along the Blue Nile
and Atbara rivers, in low rainfall woodland savannah on clay in wetter areas and in low
rainfall woodland savannah on sand associated with village perimeters (van noordwijk,
1984b).

C. biflorus was

reported to dominate vast areas in north and central Sudan
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(Andrews, 1956). Wickens (1976) also reported that C. biflous grows in Jebel Marra, and
that the plant extends into different zones (piedmont savanna, lowland savanna and
Tibesti).

Figure 1.17: A pure stand of Cenchrus biflorus around a cultivated field {Sorghum sp.) in the
Agricultural research station farm (Elobied 1998).
Ahmed and Nour (1997) reported that C. biflorus was one of the important pasture
species between latitudes 9.5 and 16.7° N and longitudes 27 and 32.5° E, in the western
part of Sudan. In areas around Elobied (Umm-Eshush, Elgika, Eldagag, Elkhor Elabied,
Murry) C. biflorus was also found to be one of the most abundant species. C. biflorus was
always found in pure stands around the cultivated fields. The spiky inflorescence of the
plants plays a major part in its distribution as it is spiny, sticky and adhesive to any moving
objects particularly animal’s fur (Figure 1.18). Around the cultivated fields, C. biflorus
acts as a natural barrier for crops (sorghum, millet). However, the farmers also considered
C. biflorus as a tough weed as its ability to produce large amounts of seeds and its potential
to spread is great (Elfakey, B. pers comm. 1998).
Cenchrus is known to be one of the best grazing plants in the region. It is a
favourite food for most domestic and wild animals and is highly nutritious (Dry Matter
96.7%, Ash 18.9%, Organic Matter 77.8%, Crude Protein 5.1% and Crude Fiber 42.9%)
(Eiwakeel, A., 1998 unpublished). The seeds of C. biflorus are also suitable for human

consumption; and the plant was one of the wild grasses (Dactyloctenium aegyptium,
Echinochloa colona, and Oryza punctata) used as food in times of famine in western
Sudan in 1984 (Salih et al., 1992). The chemical composition of C. biflorus grain shows
that it possesses a particularly high protein content of 210 g kg '. The ash content of C
biflorus as famine food cereals was 113 g kg'* N, and the Carbohydrate was 113 g kg''
(Salih etal., 1992).

Figure 1.18: The inflorescence of Cenchrus biflorus showing the spiny spikes.
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1.17 The thesis
The main focus of this thesis is increasing concentrations of CO2 and its effects on
aspects of plants performance with emphasis on two pasture species native to Sudan {B.
linariifolia C. biflorus). The effects of global environmental effects on Sudanese species
in general and on pasture species in particular has received very little or even no attendon
to date. This thesis is structured as a series of experiments that explore the effects of
elevated CO2 on the selected species under both optimum and water stressed conditions.
Growth chambers were used as the system of CO2 exposure for all experiments.
Chapter Two summarises the physiological characteristics of both species; this
involved both anatomical studies and physiological experiments in order to identify the
photosynthetic pathway of the two species under study. Chapter Three focused on effects
of elevated CO2 on above and below ground biomass production and on the distribution of
biomass (Root/Shoot) using the Allometric Coefficient method.

Plants growth was

analysed and parameters of relative growth rate, net assimilation rate, leaf area ratio and
specific leaf area have been studied as have the C and N content of the different plant
tissues. Chapter Four focused on the combined effects of elevated CO2 and water stress on
water relations (soil water content, water use efficiency and plant water potential) as well
as on growth and developments (biomass production, branching, tillering and flowering) of
both species. In Chapter Five the emphasis was on the effects of elevated CO2 on stomatal
frequencies (stomatal density and stomatal index) and the correlation between leaf
anatomy (density) and leaf physiology (conductance) was also discussed. In Chapter Six,
the effects of elevated CO2 on important gas exchange characteristics such as stomatal
conductance and the distribution of conductance between abaxial and adaxial surfaces
were studied under both well-watered and water-stressed conditions. In this chapter the
effect of elevated CO2 on photosynthesis was also studied under both optimum and waterstress conditions using different systems of measurements (fluorescence system and Infra
Red Gas Analyser). In Chapter Seven, the findings of the previous chapters were brought
together to produce an overview of the effects of elevated CO2 on both species.
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Chapter Two
Photosynthetic Characterisation of Blepharis linariifolia and Cenchrus biflorus
2.1 Introduction
The operation of the C4 pathway requires the cooperation of two distinct tissue
types (mesophyll and bundle sheath), which differ in enzyme complement and structural
features (Hattersiey & Watson, 1992). Both tissues are organized in relation to leaf
vasculature during development (Nelson & Dengler, 1992).

The division of labour

hypothesised by Haberlandt in 1884 is now known to involve an initial primary carbon
assimilation (PCA) in the leaf mesophyll (M) and a second photosynthetic carbon
reduction (PCR) in the bundle sheath (BS) (Dengler & Nelson, 1999; Edwards & Walker,
1983; Hattersiey & Watson, 1992).
In plants with the

C 4

pathway either a single or double layered bundle sheath may

be developed. In each case the paraenchymatic cells are characteristically larger than the
mesophyll cells.

These bundle sheath cells are rich in organelles, with large and dark

green chloroplasts that often show a reduced granal size. These chloroplasts are able to
synthesise large amounts of starch during the normal photoperiod (Bolhar-Nordenkampf,
1986). Despite considerable variation of the architecture of leaf tissues among the families
in which

C 4

photosynthesis has evolved, certain anatomical features are invariably

associated with the pathway and are regarded as being essential to its operation. These are:
(I) specialisation of two type of photosynthetic cells, (2) spatial configuration of tissues so
that M cells are toward the exterior of the leaf and in contact with the intercellular airspace
whereas BS cells are to the interior of the M cells and closer to the vascular tissues of the
leaf, (3) a short diffusion path length for photosynthetic metabolites between M and BS
cells, reflected in high vein density and low ratios of M to BS, and (4) features that limit
the rate of CO2 and HCO3 leakage from BS cells, including minimal exposure of BS
surface area to intercellular space and chemical modification (suberisation) of the BS wall
(Bolhar-Nordenkampf & Draxler, 1993; Dengler & Nelson, 1999; Hattersiey & Watson,
1992).
The fact that

C 4

plants discriminate less than C3 plants against the heavier isotopes

of carbon during CO2 assimilation was an important element in the development of the

C 4

story (Hatch, 1999). The average 5'^C value for C3 foliage is about - 26 ° / q o - The values
range between -227oo in desert conditions and about -35°/oo under closed forest canopies
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(Ceding, 1999; Cerling et al., 1997). C4 plants have a restricted range of 6 ‘^C values from
about -1 0 to -1 4 7oo, averaging about -137qo (Cerling et al., 1993; Peisker & Henderson,
1992), while CAM plants, have intermediate carbon isotopes compositions (Cerling et al.,
1993).
The characteristically higher value of 5 ^^C o f C4 plants has been widely used to
identify C3 and C4 species in broad-ranging surveys (Smith & Brown, 1973). Differences
in 5 '^C have had a range of other uses, including providing evidence o f the spread o f C4
plants in geological time (Cerling et al., 1993; Van der Merewe & Tschauner , 1999), to
measure the relative contributions of C3 and C4 plants to prehistoric food webs (Cerling et
al., 1998; MacFadden et al., 1999b; MacFadden et al., 1999a), and assessing the extent o f
CO 2 leakage during C4 photosynthesis (Henderson et al., 1992).
In addition to the use o f carbon isotopes ratios three other approaches have been
employed to identify C4 photosynthesis in terrestrial plants. These are: (1) the occurrence
of Kranz anatomy, as well as, a mesophyll to bundle sheath cell ratio o f less than two,
whereas C3 s generally have ratios above three (Sage et al., 1999a), ( 2 ) photosynthetic CO 2
compensation points between 0 and 5 )j.mol CO 2 mol ’ air, where as in C3 species, they are
typically above 30 |j,mol mol"' (Sage et al., 1999a), (3) a ratio of PEP to Rubisco activity
above two, whereas in Ca plants the ratio is well below one.

Also, unlike C 3

photosynthesis, C4 photosynthesis initially produces high levels of C4 acids such as malate
and aspartate.

Thus, characterization of initial photosynthetic products can identify C4

metabolism as long as the species are not CAM (Sage et al., 1999a). Potential difficulties
are associated with each screening method, so two or more should be used in searching for
new C4 taxa (Sage et al., 1999a).
In the present investigation the two species selected for the study Blepharis
linariifolia Pers (dicot.) and Cenchrus biflorus Roxb (monocot.) were chosen, as they are
suspected to posses the C4 pathway of photosynthesis. Both species are native to the semiarid parts of Sudan, where the C4 species would be expected to dominate, based on the
climatic and environmental conditions (see Chapter One). However, to date very few if
any identification studies have been made in that particular area.
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2.2 Materials and Methods
B. linariifolia (dicot) is a member o f the fam ily Acanthaceae and C. biflorus
(m onocot) is a member o f the fam ily Graminae. For m orphological description o f the two
species see Chapter One. For characterisation experim ents, plants were grown from seed
in pots (1 litre) in vermiculite.

Plants were maintained for a month in a controlled

environmental laboratory (CEL), in growth chambers (Fitotron, Sanyo- Gallenkamp pic,
UK ) at a day/night temperature o f 30/22 °C, day/night RH o f 50/60 %, a 12-h photopheriod
and a light intensity (photosynthetic photon flux density PPFD) o f 7 0 0 |Limol

s ‘. Plants

were fed tw ice per week with V4 strength Long Ashton solution (Appendix 1).
B. linariifolia has two different types of leaves, cotyledonary and normal leaves.
Sam ples from

the two

types were prepared for anatomical

as

w ell

as isotopic

measurements.

2.2.1 Anatomy
Segm ents from the youngest fully expanded leaves (1x1 mm) from both C. bifloru
and B. linariifolia, were fixed for 1 hour in 3% Gluteraldehyde in 50 m ol m'^ potassium
phosphate buffer (mix of: 15 ml distilled water; 6ml 0.2 M phosphate buffer and 3 ml 25%
Gluteraldehyde), with a pH 6.8. Sam ples were then washed 6 times for 1 hour with 0.5 M
phosphate buffer to remove unreacted Gluteraldehyde.

They were then post fixed for 2

hours at room temperature in 2% osm ium tetroxide (mix of; 2 mis 4% OSO4 in water; 1 ml
0.2 M phosphate buffer; 1 ml distilled water) at the same pH. Specim ens were dehydrated
in an acetone series (10%, 30%, 50%, 70%, 95% and 100%) at room temperature for 10
minutes at each concentration, follow ed by propylene oxide, and em bedded in resin. Thin
microtom ed sections were post stained in 2% uranyl acetate and R eyn old s’ lead citrate
before being exam ined in a Hitachi H U 12A transmission electron m icroscope. Som e o f
the m icrotom ed thin sections were stained in toluidine blue and exam ined under a light
m icroscope (Leica).
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2.2.2 Carbon isotope ratios (8*^C)
Leaf tissues for the measurements of 5 ‘^C in both, C. b iflorus and B. linariifolia
were either collected in the field (Nothem Kordofan State, western part o f Sudan), or taken
from plants grown in the CEL for approximately two m onths at either ambient or twice
ambient C O 2 (see Chapter Three, Materials and Methods).
ground in a mill and 2 m g

Leaves were dried at 80 °C,

were packed into a small tin capsules and sent to a Stable

Isotope Facility for analysis (University of California-Davis).

The technique used to

analyze the samples was combustion in an elemental analyzer com bined with on-line
continuous flow isotope ratio mass spectrometry.

The instruments were P D Z Europa

(Crewe, England) A N C A -G S L (CN analyzer) and Hydra 20-20 IRMS. The samples were
combusted in O 2 over a C r 2 0 3 catalyst at 1000 “C, the C O 2 was purified (water removed)
and passed through a helium earner gas stream to the mass spectrometer. The isotope ratio
of the sample C O 2 was compared to that of a standard sample of C O 2 calibrated against
Pee Dee Belemnite (PDB).
Results are reported in terms of 5'"^C relative to carbonate standard.

5"CX.=

R.sam ple

^

X 1000

R. standard

Where R = mass 45/mass 44 of sample or standard CO 2 . I'hc standard is carbonate from
the fossil skeleton of Belem nitella aiiiericana from the Pecdec formation of South Carolina
(PDB) (Leegood, 1997; Smith & Brown, 1973).
For the calculation of 5'^C of the atmosphere of bothambient
C O 2 chambers, air samples from the ambient C O 2 chamber as

and twice ambient

well as samples of pure C O 2

(sample of the C O 2 source) were sent to the Stable Isotope Facility.

5'^C of the 2 x

ambient C O 2 (700) was calculated from the measured values for the ambient (360)
chamber atmosphere and the added pure C O 2 as recom mended by Stable Isotope
laboratory (University o f California-Da\ is) as follows:
5 " C of twice ambient C O 2 = ((360 * -X)+(360 * -Y))/700
\^here X is 6'^C of ambient air and Y is 6' 'C ot pure C O 2.
The difference in S'^C between the two CO; levels provided a value that was used to adjust
the difference between the plants grown at ambient and 2 x ambient. Deviations from this
difference indicated changes in the discrimination of the plants to 6'^C, as the source of
C O ; used for fumigation was petrochemical and was highly depicted in ' ‘^C. M ixing of the
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s u p p le m e n t a l C O 2 w it h a m b ie n t air in the C O 2 e n r i c h e d c h a m b e r r e s u lt e d in a lo w e r §'^C
v a lu e than that o f a m b i e n t air. T h e 5'^C sign al o f the s u p p l e m e n t a l C O 2 a d d e d to the tw ic e
a m b ie n t c h a m b e r w a s 4 5 . 2 ± 0.05°/oo-

2.2.3 CO2 Compensation Point
F o r th e m e a s u r e m e n t s o f the carbon d io x id e c o m p e n s a t i o n p o in t ( C C P ) an Infra
R e d G a s A n a l y s e r ( t y p e 2 2 5 M K 11, Analytical D e v e l o p m e n t C o m p a n y L T D , H o d d e s o n
E n g la n d ) w a s u s e d in a c l o s e d circ u it w ith a le af ch a m b e r .

C arbon d io x id e o f a know n

c o n c e n t r a t io n ( 7 5 0 p p m v ) w a s u s e d to standardise the an a ly ser .

I n s id e the l e a f c h a m b e r

w a te r w a s a d d e d to a le v e l o f a p p r o x im a t e l y 2.5 cm . In ord er to c o n t r o l th e t e m p e ra tu r e o f
the leaf, th e l e a f c h a m b e r w a s su rr o u n d e d by a w ater jacket th r o u g h w h i c h w a t e r w a s
c ir c u la t e d f r o m a w a t e r bath a d ju ste d to 3 0 “C.

L e a v e s from C. h i j l o m s or B. l i n a r i i f o l i a

( n o r m a l an d c o t l y d o n a r y ) w e r e e n c l o s e d in the s e a le d leaf c h a m b c r w h i c h w a s ill u m in a t e d
w it h an artificial lig h t s o u r c e o f 8 0 0 |j,mol m'^s"'. L e a f p e tio le s or part o f the l e a v e s w e r e
im m e r s e d in w a te r a n d the n u m b e r o f re p licates w a s four.

A r e co r d e r ( S e m a t T e c h n i c a l

lim it e d , U K ) w a s c o n n e c t e d to the an a ly ser (set to the a b so lu te m o d e ) , to re c o r d the
d e c r e a s e o f C O 2 in th e c l o s e d s y s t e m as result o f p h o to sy n th e sis .

I x a v e s w e r e left in the

c h a m b e r until the le v e l o f C O 2 w a s stable and n o further d e c r e a s e o c c u r r e d , thereafter
r e a d in g s w e r e tak en f r o m the recorder

2.3 Stati.stical a n a ly sis

S ta tistica l a n a l y s i s w a s p erfo r m e d u sin g D ata d esk sta tistica l p a c k a g e ( V e r sio n
6 .0).

D ata w a s lo g tr a n sfo r m e d w h e n n e c e s s a r y and norm al p r o b a b ility p lo t s and resid u als

p lo ts w e r e in s p e c t e d to en su re that the met the r e q u ir em en t o f A N O V A .
t w o w a y s A N O V A w e r e u sed to a s s e s s is o t o p e ratios d iff e r e n c e s .
m e a n s w er e m a d e b y th e S c h e f f e ' P o s t H o c test w h e n n e c e ssa r y .
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B o t h o n e w a y and

M u ltip le co m p a riso n s o f

2.4 Results
2.4.1 Anatomy
C.

biflo ru s

show ed

a

very

clear

K ranz

an atom y

w it h

a

sin g le

layer

of

p a r e n c h y m a t o u s b u n d le s h e a t h c e i l s that surrounds the v a s c u l a r b u n d le . T h e b u n d le sh eath
is su r r o u n d e d b y th e m e s o p h y l l c e lls to the e x t e r io r , w h i c h

are in c o n t a c t w ith the

e p id e r m a l la y e r that w a s f o u n d to h a v e enlarged b u lifo r m c e l l s (th at p r e s u m a b l y se r v e the
f u n c t io n o f w a t e r s t o r a g e ) ( F ig u r e s 2.1a, 2.1b and F ig u r e 2 . 2 a ) .

C h lo ro p la sts and other

o r g a n e l le s in th e b u n d l e sh ea th c e l l s are cen trifu gally ( t o w a r d s th e o u t s i d e o f the c e l l )
ananged

(F igures

2.1b

a n d 2 . 2 a ) and the w a lls b e t w e e n

m e s o p h y l l c e l l s are s u b e r i z e d ( F ig u r e 2 .2 b ).

the

b u n d le s h e a t h

and the

M e so p h y ll c e ll c h l o r o p l a s t s w e r e f o u n d to

h a v e an a g g r e g a t io n o f t h y la k o id s that form c o n s p ic u o u s grana ( F i g u r e 2 . 3 a ) w h i l e the
c h lo r o p la s t s o f the b u n d le sh e a th h a v e a re d u ce d grana (F ig u r e 2 . 3 b ) .
A l t h o u g h th e t y p ic a l v e n a t io n pattern o f the dicot leaf is m o r e c o m p l e x than the
lo n g itu d in a l

v e n a t io n

o f g r a s s e s , the arrangem ent o f p h o t o s y n t h e t ic t i s s u e s

( C e r l in g e t a l., 1 9 9 7 ; D a n g l e r & N e l s o n , 1 9 9 9 ).

is s im ila r

Both the norm al an d the c o t y l e d o n a r y

l e a v e s o f B. l i n a r i i f o U a s h o w e d a v e r y clea r Kranz a n a to m y , with the t w o le a f t y p e s h a v in g
a s in g le layer o f b u n d l e sh ea th c e l l s that su n 'o u n d in g the le a f vein. 'I’h e m c s o p h y l l c e l l s are
ra d ially e n la r g e d a n d arran g ed ra d ially in relation to the veins.

B o th p a lis a d e a n d s p o n g y

( n o n c h l o r e n c h y m a t o u s p r e s u m a b l y sto rage o r g a n s) m c s o p h y ll w e r e p r e s e n t ( F i g u r e s 2 . 4 a
and 2 . 4 b an d F ig u r e 2 . 5 a an d 2 . ,5b).

T h e c h lo r o p la s ts and the o r g a n e l l e s arc c e n t r ip e t a l ly

arranged ( F i g u r e s 2 5 b a n d 2 . 6 b ) for both norm al and c o t y le d o n a r y le a v e s .

C o n t r a r y to C.

h i f l o n i s , b u n d le s h e a t h c h lo r o p la s t s o f the both the norm al and the c o t y l e d o n a r y le a v e s
h a v e a g g r e g a t io n s o f t h y la k o id s in to c o n s p i c u o u s grana (F ig u r es 2 . 6 b a n d 2 . 7 c ) .
c h lo r o p la s t s o f b oth the b u n d le sh eath and the m c s o p h y ll c c l l s

o f both

The

n o rm a l and

c o t y le d o n a r y l e a v e s w e r e f o u n d to h a v e starch g ra n u les (F'igurc 2 . 6 a an d 2 . 6 b a n d F ig u re
2 .7 a and 2 . 7 b , r e s p e c t iv e ly ) .

2.4.2 Carbon i.sotope ratios (6*'C)
In B. l i n a r i i f o l i a , 8'^C v a lu e s o f the n orm al and c o t y l c d o n a r y le a v e s o f plants
g r o w n at a m b ie n t C O 2 w e r e both h ig h e r than that o f n atu ra lly g r o w n f ie ld p la n ts (T a b le
21).

6 ‘‘^C o f n o r m a l

l e a v e s o f p lants g row n u nd er e l e v a t e d C O 2 g r o w n p la n ts w a s

s ig n i f i c a n t l y ( P < 0 . 0 0 1 ) l o w e r than both that o f naturally an d a m b ie n t C O 2 g r o w n p lants.
H ow ever,

6 ' ‘^C

of

cotyled on ary

le a v e s

that

w ere

grow n

under

elevated

s ig n i f i c a n t l y h ig h e r ( / ^ < 0 . 0 0 1 ) than th o s e g r o w n u n d er a m b ie n t C O 2 ( T a b le 2 .1 ).
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CO2

was

(a)

(b)

BS
MC

BC

Figure 2.1: L ig h t m icrograph o f transverse sections o f C enchrus hiflorus. (a) O ne m ajor and
four m inor v ascu lar bundles surrounded by m esophyli cells (M C). The epiderm al layer
contain characteristic buliform cells (HC) and distinctive epiderm al hairs (E H ) (x 100). (b)
O ne m inor v ascular bundle (x 400) show ing d e a r K ranz anatom y w ith very large bundle
sheath cells (B S) surrounding the vascular bundle (V B) and surrounded by the M C. T he
bundle sheath chloroplasts (bsc) are centrifugally arranged w hile those o f the MC (m cc) are
evenly scattered.

*bsc

Figure 2.2: Electron micrographs o f transverse sections
Cenchrus hiflorus le a f blades showing: (a)
part o f the vascular bundle (VB), bundle sheath cell (BS) and mcsophyll cell (M C ). The bundle
sheath chloroplasts (bsc) arc eentrifugally arranged, while the mesophyll chloroplasts (m cc) are
ccntrifugally and radially arranged (x 2.000). (b) suberin lamellae in radial and outer tangential w alls
(arrows) (x 4.000).

Figure 2.3: Hlectron micrographs o f chloroplasts in leaves o\' Cenchrus hiflorus (a)
(arrows) (x 30,00()). (b) Hundlc sheath chloroplasts showing that few thylakoids are
aggregated into grana (arrows) (x 30.000).

F igure 2.4: Light micrograph o f transverse sections o f normal leaf of Blepharis linariifolia. (a)
Two vascular bundles surrounded by radial mesophyll cells (MC) as well as layers o f spongy
cells (Sp) (x 100). (b) One vascular bundle showing clear Kranz anatomy with very large
bundle sheath cells (BS) surrounding the vascular bundle (VB) and surrounded by MC. The
bundle sheath chloroplasts (bsc) are mainly cetripetal while that of the MC (m cc) are few and
radially scattered (x 400).

BS

bsc
MC

Figure 2.5: Light micrograph o f transverse sections o f cotyledonary leal o f Blepharis
Imahifolia. ( a ) T h r e e vascular bundles surrounded by radial mcsophyil cells (M C) as well as
layers o f spongy cells (Sp) (x 100). (b) One vascular bundle show ing clear Kranz anatomy with
large bundle sheath cells (bs) surrounding the vascular bundle (VB) and surrounded by the MC.
ilie bundle sheath chloroplasts (bsc) are mainly ccntripetally arranged w hile that ot the M C
(mcc) are radially scattered (x 400).

MC

(b)

t.-

%
F igure 2.6: Electron micrograph o f cross sections through a leaf of Blepharis linahifolia
(normal leaf) showing; (a) Part o f the vascular bundle (VH), bundle sheath cell (BS) and part
o f mesophyll cell (MC). The bundle sheath chloroplasts (bsc) are centripetaily arranged and
contain starch granules (S(i). Mesophyl! chloroplasts (mcc) also containing starch granules (x
400n). (h) ITie bundle sheath chloroplasts (bsc). containing starch granules and shd^fng
aggregation o f thylakoids into conspicuous grana (arrows) (x 17,000).

(b)

(c)

Fig u re 2.7: Rlectron micrograph o f cross sections through a leaf of Blepharis linariifolia
(cotyledonar>’ leaf) showing; (a) Part o f the vascular bundle (VB). bundle sheath cell (BS) and
part o f mesophyil cell (MC). The bundle sheath chloroplasts (bsc) arc centripetally arranged
and contained starch granules (x 4()00). (b) Mesophyll chloroplasKmcc), w hich are few,
radially arranged and containing starch granulles (c) BC chloroplasts (bsc), containing starch
granules and s h ow ing aggregation of thylakoids into conspicuous grana (arrow s) (x 7,000).

T ab le 2.1: 5 ‘^C (7oo) of normal (N.) and cotyledonary (cot.) leaves o f B lepharis linariifolia plants
that were naturally growing (field samples) or grown at either ambient or elevated CO2
concentrations. Values are the mean ± se n=4.
Sam ples
-13 ±0.3

F ield
N. leaves

Cot. leaves

Ambient CO 2

-15 ±0.2

Elevated CO 2

-16± 0.1

Ambient CO 2

-16 ±0.2

Elevated CO 2

-9± 0.5

W hen the effect o f the elevated C O 2 on the two leaf types was investigated, the leaf type
was found to have a significant (P<0.001) effect on the S''^C (Table 2.2) and the interaction
between C O 2 and the leaf type was also significant (P<0.001), results from the S c h e ffe '
Post H oc test is show n in T able 2.3.

The cotyledonary leaves o f plants grow n under

ambient C O 2 had a low er 5*^C values com pared to the normal leaves.

H ow ever, for

elevated C O 2 grow n plants cotyledonary leaves were found to have a significantly higher
5'"^C com pared to norm al leaves and that was one of the main reasons for the significant
interaction betw een C O 2 and leaf type (Table 2.3).

T ab le 2.2: The effect of elevated CO2 on 5 ‘^C of normal and cotledonary leaves o f Blepharis
linariifolia. P<0.001, ns: not statistically significant. Results of ANOVA test.

Source o f variation

P values

CO 2
Leaf type
C0 2 *Leaf type

***
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Table 2.3: S c h e jfe ' P o s t H o c test o f the effec t o f C O 2 on 8'^C o n norm al (n o r.) and cotledon ary
leaves (co t.) o f B le p h a ris lin a riifo lia plants grow n under eith er am b ien t (am b ) or elevated (ele)
concentrations. ** F < 0 .0 1 , *** P < 0 .0 0 1 , ns: not sta tistica lly sig n ifica n t.

P values

CO2 X Type

^jf;

amb, nor. - amb, cot.

***

ele, cot. - amb, cot.
ele, cot. - amb, nor.

ns

ele, nor. - amb, cot.
ele, nor. - amb, nor.

***

ele, nor. - ele, cot.

13

For C. biflorus, sam ples prepared from leaves of field grow n plants, the 6 C was 12.04 ± 0.06 °/oo-

H ow ever, the

value of samples prepared from plants that were

grown in the C E L sam ples w ere found to be lower than that o f field grow n plants (Table
2.4). T he difference betw een the m eans was -0 .5 6 “/oo, which was significant (P<0.001).
The tw ice-am bient level o f C O 2 was found to increase (F<0.001) the discrim ination and
the

value w as found to decrease by -1 .1 2 (f ’<0.001) com pared to am bient C O 2 grown

plants (Table 2.4).

Table 2.4: 5 ‘^C (7oo) o f C e n c h m s b iflo ru s plants that w ere naturally grow in g (fie ld ) or g row n at
either am bient elev a ted C O 2 con centration s. V alu es are the mean ± se n=4.

Sam ples
F ield

-12 .0 ± 0 . 1 0

A m b ie n t C O 2

-1 2 .6 ± 0 . 0 1

E le v a te d C O 2

- 1 3 . 7 + 0 .0 1

2.4.3 C O 2 C om pensation Point
The carbon com pensation point for both B. linariifolia (both leal types) and C. biflorus was
zero.

50

2.5.Discussion
The characteristics investigated are generally believed to be important criteria for
proving that a plant is o f the C 4 type (Cerling, 1999; Sage et al., 1999a). Both species were
found to have a clear Kranz anatomy. C. biflorus was found to have one bundle sheath
layer, and centrifugal chloroplasts arrangement.

Chloroplast dimorphism

between

mesophyll and bundle sheath cells was clear, as the bundle sheath cells were found to have
few granal chloroplasts compared to the large granal chloroplasts o f the m esophyll cells.
These characteristics, with the presence of a suberized lamella are typical for N A D P-m alic
enzyme (N A D P-M E ) subtype (Dengler & Nelson, 1999; Edwards & Walker, 1983), and
anatomically place this species in this C4 group. Other members o f the genus Cenchrus
have also been typed as N A D P-M E e.g. C. pauciflorus, C. intertus (Edwards & Walker,
1983; Hattersley & W atson, 1992; Sage et al., 1999a; Watson & D allw itz, 1992).
The two leaf types o f B. linariifolia had a single layer of bundle sheath cells that
surrounded the leaf veins. This is typical o f dicots, and the M cells were radially enlarged
and arranged radially in relation to the veins.

Both palisade and non-chlorenchym atous

spongy m esophyll were present (Figures 2.4a and 2.5a) and chloroplasts were centripetally
arranged.

These anatomical characteristics suggest that this species could be typed as

NAD-M E (Pessarakli, 1996). C4 dicots species have been found to vary in their m esophyll
cells arrangement, so that either palisade and spongy mesophyll are present, or m esophyll
cells occur toward the exterior o f the leaf and interior ground tissue cells have few or no
chloroplasts

(Dengler

&

N elson,

1999).

A

survey

of

anatomical

type

in

the

Chenopodiaceae designated a generalized pattern for C4 with BS surrounding the veins for
C 4 dicots as the atriploid type (Carolin et al., 1975; Carolin et al., 1978). Variants o f the
atriploid pattern have been recognized based on mesophyll arrangement and continuity of
the BS layer (Dengler & N elson, 1999). According to that survey B. linariifolia could be
classified as atriplicoid type, based on the continued BS layer and the presence o f the
radiating and spongy m esophyll.
The 5'^C value o f C. biflorus plants that were grown under ambient CO 2 levels
(field and CEL sam ples), was in the range of - 1 2 to - 1 3 7 qo, w hile that for B. linariifolia
plants under the same conditions was - 1 3 to - 1 5 “/oo- The 5 ’^C values o f the two species
were in the range for C4 values, which has been shown to range between -9°/qo and -16“/oo
(see Figure 1.5, Chapter One).

The NADP-M E and the N A D -M E subtypes, were

estimated to have average values of approximately -1 1 .4 7 o o and -12.7°/oo respectively
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(Van der M erew e & Tschauner, 1999), the low discrim ination value against 8*^C,
presumably, resulting from the high activity o f PEP as the extent o f discrim ination could
be used as an indication o f the m echanism o f carboxylation operating in photosynthesis
(L eegood, 1997).

T he isotope ratios o f field sam ples w ere found to be significantly

(P < 0 .0 0 1 ) higher than the CEL sam ples, for the tw o species. T his m ay partly be explained
by the aridity o f the natural grow ing conditions (western part o f Sudan, see Chapter One).
In areas o f high temperature and high light, 6'^C values o f individual plants tend to be
shifted toward m ore p o sitive values, because plants in these environm ents tend to close
their stom ata to prevent water loss and, in so doing, inhibits C O 2 exchange (C edin g, 1999).
M any

researchers

reported

negative

correlation

betw een

8*^C

and

water

deficit,

evaporation and water use efficien cy (Anderson e t al., 1996; Craufurd et al., 1999; Rao et
a l., 1993, Ism ail, 1993; R oa e t al., 1994).

S om e studies found that even non-C 4 plants

(C A M and algae) can exh ibit C 4 -lik e S ’^C ratios, and in arid situation, som e C3 sp ecies can
1^

exhibit high 5 C ratios approaching C4 values (C ed in g, 1999; W illiam s & Ehleringer,
1996).

T he other p o ssib le reason for the significant d ifference in the 8'^C values is the

relatively high lev el o f C O 2 in the CEL. A s am bient C O 2 w as not controlled, the plants
grown at am bient C O 2 w ere lik ely to be affected by the relatively high concentration o f
CO 2 cau sed by m otor com bustion, the level o f C O 2 inside the C EL w as always found in
the range o f 3 75 ± 10 ppm v. The current atm osphere has a C O 2 concentration is
approxim ately 3 6 0 ppm and a 5*^C value o f - 8 °!oo- A ny disturbance o f the atmosphere
1-3

may alter C O 2 content and 5 C content o f the atm osphere and produce plants and anim als
1

with altered 5 C values (Van der M erew e & T sch a u n er, 1999).
T he C O 2 enrichm ent to double the present concentration w as found to cause an
increase in the discrim ination against

in the leaves o f C. biflorus (Table 2.4) and the

normal lea v es o f B. lin a riifo lia normal (Table 2.1). H ow ever, this increase is likely to be
an increase in contribution o f fractionation by R ubisco, as the enzym atic m odel o f C4
photosynthesis that links the kinetics o f PEP carboxylase and R ubisco predicts increases in
leakiness from the bundle ce ll, with increasing intercellular C O 2 (CO (H enderson e t al.,

1992; P eisker & H enderson, 1992; Saliendra et a l., 1996).

In spite o f the significant

increase in 8'^C values, it w as not as high as that been found by other studies.

V ogel

(1980) found that 5*^C increased from -3.3 °/oo for m aize leaves grown under ambient
conditions to -16.57oo after growth at a C O 2 concentration o f 620 ppm v.

W ong and

O sm ona (1991) found that an increase in am bient C O 2 concentration from 320 to 640
ppmv resulted in m ore negative 5'^C values o f root dry matter o f about 5°/oo for
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Echinochloa frumentacea (C4 plant). Watling and Press (1998) also reported an increase in
5'^C values of Eragrostis pilosa under both elevated CO2 and infection with Striga
hermonthica.

Furthermore, Policy et al (1994) reported an increase in 5'^C with the

increase of CO2 concentration (from 200 to 350 ppmv) in both Zea mays (C4) and Prosopis
glandulosa (C3). However, Henderson et al. (1992) found no substantial variation in short1o

term values for 5 C for leaves of Sorgum bicolor and Amaranthus edulis when ambient
CO 2 was varied between 30 and 350 ppmv.
On the other hand the cotyledonary leaves of B. linariifolia plants were found to
1^

show an increase (more positive) in 5 C with doubling of the level of the CO2 (from -1 6
7oo to - 9 °/oo). This response was contrary to that of the normal leaves. In addition to the
effect of the high CO 2 on photosynthesis of those leaves, the effect of leaf ontogeny may
also be considered.

As when plants were fumigated with the elevated CO2 the

cotyledonary leaves were approximately one month old.

Such differences cannot be

explained by an influence of increased CO 2 concentration on discrimination during
photosynthesis.

However, elevating CO2 concentration in the intercellular spaces is

assumed to reduce bundle sheath leakage of CO 2 by reducing the diffusion gradient across
bundle sheath cell walls, and therefore might reduce discrimination (LeCain & Morgan,
1998).
The PCR of C. biflorus has a suberized lamella (Figure 2.2).

It has been

hypothesised that the presence of the suberized lamella reduces bundle-sheath leakiness
(the fraction of CO 2 originally fixed by PEP in the mesophyll that leaks out of the bundle
sheath cells to the mesophyll without being re-fixed by Rubisco) by reducing the physical
conductance of the bundle sheath to CO 2 diffusion (Farquar & Richard, 1984; Hattersley,
1982). The

values of the two species support this assumption as less discrimination

was reported for C. biflorus (-12.04 ± 0.06 °/oo) when compared to that of B. linariifolia (13.04 ± 0.0 7oo). Dengler and Nelson (1999) and Hattersley (1982) stated that lack of a
‘PCR suberized lamella’ in NAD-ME type species could mean that a greater proportion of
carbon released during C4 acid decarboxylation (in PCR) will leak back to PCA tissue in
this type, than other C4 types. The differences might be reflected in plant 6'^C values: the
more leaky the PCR tissue, the more negative the 5'^C value (Hattersley, 1982). However,
recently Henderson et al. (1992) found that some species such as Chloris gayana with a
suberized lamella can have a higher leakiness than those without suberized lamella
{Echinochloa coracana).

53

Hatch (1999) Hattersley and Browning (1981) have suggested that other features of
the leaf anatomy o f N A D -M E m onocots and dicots may compensate for the lack of a
suberized lamella, so that the conductance to the diffusion o f CO 2 from the bundle sheath
need not be different.

These include the location o f the chloroplasts in a centripetal

position in the bundle sheath so that the diffusion pathway for CO 2 to the mesophyll is
longer, and a higher bundle sheath surface-to-volume ratio, especially for monocotyledons.
H owever, leakiness is determined not only by the physical conductance o f the bundle
sheath, but also by biochem ical capacity of the C4 cycle to generate CO2 and the bundle
sheath’s capacity to fix CO 2 (Peisker & Henderson, 1992).
Both C. biflorus and B. linariifolia (both normal and cotyledonary leaves) were
found to have the classical carbon compensation point of C4 plants ( zero ppmv). It has
been shown that the compensation point for C4 may often be zero (Murray, 1997f; Sage et
a l , 1999a).
The three investigated characteristics were all found to provide clear evidence to
support the hypthesis that both C. biflorus and B. linariifolia are C4 species.
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2.6 Conclusion
□ Both B. linariifolia and C. biflorus were found to have a distinct Kranz anatomy, a
zero carbon compensation point and very low

values.

All these criteria

suggest that both species are C4 plants.
□ The presence of one BSC layer, the centrifugal chloroplasts arrangement, the
chloroplast dimorphism between mesophyll and bundle sheath (granal and a granal
chloroplast, respectively) and the presence of a suberized lamella, in C. biflorus
suggest that this species is a NADP-ME subtype.

On the other hand, the

anatomical characteristics, particularly the arrangement of the chloroplasts in a
centripetal position, suggest that B. linariifolia is a NAD-ME subtype. In addition
to that a continued BS layer and the presence of the radiating and spongy
mesophyll cells suggest that this species is as an atriploid type.
□ Plants grown under elevated CO2 were found to have a higher discrimination
against

1

C compared to plants grown under ambient CO2 conditions. The value

was also found to be sensitive to changes in environmental conditions. Significant
differences were found in 5'^C values between the naturally grown plant in the field
and plants grown under ambient CO2 conditions under controlled environment
conditions.
□ In spite of the similarity of the anatomy of the two leaf types in B. linariifolia a
very significant difference was found in their 8‘^C values. Such difference may
suggest physiological and ontogenestic differences between the two leaf types.

55

Chapter Three
The effects of elevated CO2 on biomass production and growth characteristics
of Cenchrus biflorus and Blepharis linariifolia.

3.1 Introduction
Since the start of the industrial revolution, atmospheric CO 2 concentrations have
been rising rapidly.

This rise is correlated strongly with the rapid increase in global

consumption of fossil fuels and deforestation, especially in the tropics. If the current rate
of growth in the annual anthropogenic emission of fossil carbon is maintained, a doubling
of pre-industrial atmospheric CO 2 concentration (280 ppmv) is expected by the year 2060
(Ghannoum et ah, 1991 \ Ward et ah, 1999).
Results obtained from early studies of C4 species appeared to confirm the
hypothesis that C4 plants do not show significant growth responses to elevated CO 2 , due to
the presence of a CO 2 concentrating mechanism in the bundle sheath cells (Lemon, 1984).
However, there have been several subsequent reports of significant growth responses to
elevated CO 2 in a number of C4 species (Ghannoum et a l , 1997; Hunt et al., 1996; LeCain
& Morgan, 1998; Read & Morgan, 1996). In a review paper, Poorter (1993) found the
average growth stimulation (to a doubling of present CO2 concentration) in C4 species to
be less than in C3 but far from insignificant (22 vs 41%). Furthermore, in another similar
review Wand et al. (1999) reported an average growth enhancement o f 33 % for C4
species.

Some reports o f C 0 2 -enhanced growth in C4 species can be attributed to the

beneficial effect o f elevated CO 2 on plant water relations due to reduced stomatal
conductance and improved water use efficiency at elevated CO 2 (Owensby et al., 1997).
However, significant enhancement of growth of C4 species under elevated CO 2 in an
environment where water is non-limiting has also been reported (Ghannoum et al., 1997;
Ghannoum & Conroy, 1998; LeCain & Morgan, 1998; Read & Morgan, 1996). It should
be noted that small number of studies have also reported adverse effects o f elevated CO 2
concentrations on growth and development of both C3 and C4 plants (Baxter et al., 1994;
Kellogg et al., 1999).
In response to elevated atmospheric CO2 , C4 plants have been shown to exhibit a
range of responses. The main ones are reduced stomatal conductance (gs) and increased
leaf area (Wand et al., 1999).

Reduced leaf N concentration has also been reported in

some studies (Ghannoum et al., 1997; Ghannoum & Conroy, 1998), while specific leaf
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I

afea (SLA) in general was found to remain unchanged by elevated COz- Changes in rootslioot ratio under elevated C O 2 has varied, ranging from increases to decreases or no
effects (Hunt el ah, 1996; H unt et ah, 1998; Read & M organ, 1996).
The responses of grasses to rising atmospheric C O 2 concentrations are im portant to
understand because they include both grain crops such as wheat, rice and m aize which feed
a large proportion of the w orld’s population, and native grasses which cover 20 million
km^ of the E arth’s surface and store 26% of the total carbon sequestered by terrestrial
communities (Conroy et al., 1998). Despite the fact that approxim ately half of the w orld’s
grass species possess the C4 photosynthetic pathway, few studies have tested the responses
of these wild tropical and tem perate C4 grasses (Wand et al., 1999). These plants account
for approximately 18% of the total global productivity, m ainly due to the extensive
grasslands and savannas of the tropics (Eheringer et al., 1997).
The response of native Sudanese plant species to elevated atm ospheric carbon
dioxide has received little or no attention to date. The natural vegetation cover o f the
Sudan com prises a high proportion of grassland vegetation, which is the main source of
forage for livestock and w ildlife (Elamin & Mustafa, 1992).

Because these grasslands

contain both m onocots and dicots, Blepharis linariifolia (dicot.) and Cenchrus biflorus
(monocot.) were investigated for the present study. It has been established that they both
have the C4 pathway o f carbon assimilation, which is indicated by a zero CO2
compensation point, a distinct Kranz anatomy and typical C4 carbon isotopes values (see
Chapter Two). The objective o f the experiments designed in this chapter was to analyse
the growth of the tw o species under elevated CO 2 concentration, and to test the hypothesis
that elevated CO 2 will not affect either yield, biomass partitioning or the chem ical
composition (carbon nitrogen content) of the two C4 species.
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artia (SLA) in general was found to remain unchanged by elevated C O 2 . Changes in rootshoot ratio under elevated CO 2 has varied, ranging from increases to decreases or no
effects (Hunt et ah, 1996; H unt et al., 1998; Read & M organ, 1996).
The responses of grasses to rising atmospheric CO 2 concentrations are im portant to
understand because they include both grain crops such as wheat, rice and m aize which feed
a large proportion of the w orld’s population, and native grasses which cover
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grass species possess the C 4 photosynthetic pathway, few studies have tested the responses
of these wild tropical and temperate C 4 grasses (Wand et al., 1999). These plants account
for approxim ately 18% o f the total global productivity, mainly due to the extensive
grasslands and savannas o f the tropics (Eheringer et al., 1997).
The response of native Sudanese plant species to elevated atm ospheric carbon
dioxide has received little or no attention to date. The natural vegetation cover o f the
Sudan com prises a high proportion of grassland vegetation, which is the main source of
forage for livestock and w ildlife (Elamin & Mustafa, 1992).

Because these grasslands

contain both monocots and dicots, Blepharis linariifolia (dicot.) and Cenchrus biflorus
(monocot.) were investigated for the present study. It has been established that they both
have the C 4 pathway o f carbon assimilation, which is indicated by a zero CO 2
compensation point, a distinct Kranz anatomy and typical C4 carbon isotopes values (see
Chapter Two). The objective of the experiments designed in this chapter was to analyse
the growth o f the two species under elevated CO 2 concentration, and to test the hypothesis
that elevated C O 2 will not affect either yield, biomass partitioning or the chem ical
composition (carbon nitrogen content) o f the two C4 species.
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3.2. Material and Method
T w o experiments were conducted with B. linariifoUa and C. biflorus. Plants were
grown from seeds that were sown on top of moist sand, in a growth cabinet at a day/night
temperature of 25/18 °C.

Seven days after germination the seedlings were transplanted

into small pots (0.25 1), and 2 weeks later (3 weeks after germination (W A G )) seedlings
were transplanted to long tubes (7.5 cm in diameter x 20 cm length, approximately 1.5 1)
filled with either sand (acid-washed) or fine vermiculite for B. lin ariifolia and C. biflorus
respectively.

The plants were transferred to controlled environm ent cabinets (Fitotron,

Sanyo- Gallenkamp pic, UK ) at either ambient CO 2 (360 ppm v) or elevated CO 2 (700
ppmv), with a day/night temperature of 30/22 “C, day/night RH o f 50/60 %, and PA R 700
|im ol m'^ s'^ over a 12-h photoperiod. Plants were irrigated every day and fed once a week
with Long Ashton solution, which was increased in strength, as the plants grew larger.
Three harvests were taken for each species. The first, second and the third harvest were
taken 21, 48 and 55 days after the start o f treatment (DAT) for B. linariifolia and 25, 32,
and 41 D A T for C. biflorus.
3.2.1 Dry weight
At each harvest 6 or 7 plants ( from C. biflorus or B. linariifolia, respectively) were
selected randomly, rem oved from the chambers and separated into root, leaf blade and
stems. Roots were carefully washed by hand and fine root material recovered by sieving.
Leaf area (projected single lamina surface) was determined for both B .linariifolia and C.
biflorus, using a digital leaf area meter (Delta T, Ltd., Cambridge, UK). Plant parts were
dried for 48 h to constant weight in a forced air oven at 80 ° C.
3.2.2 Growth analysis
Growth analysis techniques were used to test the effect o f plant exposure to
elevated CO 2 on dry matter production and distribution. The follow ing were calculated:
whole plant mean relative growth rate (RGR) (Hunt, 1990a), mean net assim ilation rate
(NAR) (Hunt, 1990a) specific leaf area (SLA) (Hunt, 1990b), and leaf area ratio (LAR),
(Beadle, 1993).
3.2.2.1 R elative grow th rate (RGR)
The relative growth rate was calculated according to (Beadle, 1993; Hunt, 1990a) as:
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Where: W i, W 2 =total plant dry weight (g), at times (d) tiand ta respectively.
3 .2 .2 2 . N et assim ilation rate
The equation used to calculate mean net assim ilation rate using the classical
approach for B. linariifolia and C. biflorus was chosen after determination o f the
relationship between leaf area (A) and total plant weight (W ) (Radford, 1967).

In both

cases the relationship over the w hole growth period was linear (r^ =93% for C. biflorus and
95% for B. linariifolia) and so:

y

_

(^ 2

- ^ 1 )

log. ^ 2 - log. ^1

I2 ~

(?2 “

)

where: h, l 2 = leaf area (mm^) at times (d) tiand t2 respectively.
3.2.2.3 L e a f area ratio (LAR)
LAR is a m orphological index o f the leafiness o f the plant, and is the ratio between
total leaf area per plant, L a and total dry weight per plant, W (Hunt, 1990b)
LAR = L a/W (mm^ mg'^)
3.2.2.4 Specific le a f area (SLA)
SLA is the ratio between total leaf area per plant. L a, and total leaf dry w eight per
plant, Lw. The term “specific” means divided by weight (Hunt, 1990b).
SLA = L a/L w (mm^ mg'^).
3.2.2.5 R oot/Shoot A llom etric Coefficient (K)
The allometric growth coefficient k (dim ensionless), an index o f the balance o f growth
between root and shoot components o f the plant integrated over a period o f tim e.

It

represents the ratio o f the logarithmic growth rate o f the shoot to that o f the root, and the
value k was determined for each species (Hunt, 1990a), using the follow in g equation:
Log Rw = log b + k log Sw
Where: Rw = root dry weight, Sw = shoot dry weight and b is a constant.
Prism Graph Pad Programme (version 3) was used to calculate k values.
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3.2.3 Nitrogen (N) and carbon (C) contents
Carbon and nitrogen contents were determined for both B .linariifolia and C.
biflorus. M easurem ents for leaf carbon and nitrogen content were made at the second and
the third harvests, and for shoot, root and inflorescence m easurem ents were made at the
third harvest only.

A LECO CNS analyser (LECO C N S -1000, LECO Corporation, St.

Joseph’s, M ichigan) was used to determine the carbon and the nitrogen content o f the
samples by com bustion at 1050°C and collection of the gases (D onnelly, 1998).

3.3 Statistical analysis
Data for plant dry w eights, relative growth rate, net assim ilation rate, root/shoot
ratio (R:S), specific leaf area, leaf area ratio, and leaf area, were subjected to analysis o f
variance (A N O V A ) using a factorial design (3 harvests x 2 CO2 treatments) for each o f the
two species separately.

Data was log transformed (as needed), and normal probability

plots and residuals plots were inspected to ensure that the data met the assumptions o f
A N O V A . The statistical package Data desk (Version 6.0) was used where P < 0.05 was
used as the critical level o f significance.

S ch ejfe' P ost H oc tests were used to compare

means o f the different treatments when interactions were significant
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3.4 Results
3.4.1 Dry weight
Contrary to expectation the two C 4 species, B. linariifolia and C. biflorus showed
some positive responses to carbon dioxide enrichment. Total, shoot, and root dry weights
(mg plant"^) at each of 3 harvests for B. linariifolia and C. biflorus are presented in Figures
3.1 and 3.2 and results of the ANOVA test are in Tables 3.1 and 3.2 respectively. Elevated
CO 2 stimulate shoot growth of B. linariifolia. No significant difference was found at the
first harvest (21 DAT). However, significant differences were found at the second and the
third harvests. At harvests two and three the shoot dry weight under high CO 2 out yielded
that at ambient CO 2 by 32% (P<0.01) and 33% (P<0.001), respectively (Figure 3.1c).
Shoot dry weight (mg plant'*) of C. biflorus was less responsive to elevated C O 2
than B. linariifolia and no overall significant difference was found between the two CO 2
treatments until the second harvest (32 DAT). However, there was a tendency for biomass
to increase under elevated CO 2 where by a 15% (P=0.09) increase in shoot dry weight
occurred after 41 days of CO 2 fumigation (Figure 3.2c)

Table 3.1; Analysis of variance summary of shoot, root and total dry weights of Blepharis
linariifolia. *, P<0.05, **, P<0.01, ***, P<0.001, ns: not statistically significant.
P values
Shoot

Source of variation

df

CO 2

1

Time

2

CO 2 X Time

2

Root

Total

**

ns

ns
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Figure 3.1: (a) Total plant dry weight (b) root dry weight and (c) shoot dry weight of Blepharis
linariifolia grown under ambient and 2 x ambient CO2 concentrations. Values at each time interval
(days after the start of treatment (DAT)) represent the mean ± se, n=7. * P<0.05, ** P<0.01.
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Figure 3.2: (a) Total Dry w eight (b) shoot dry weight and (c) root dry w eight o f C enchrus
biflorus grow n under am bient and 2 x ambient CO 2 concentrations. V alues at each time interval
(days after the start o f treatment (D A T )) represent the mean ± se, n=7. * P < 0 .0 5 , ** P < 0.01 ***
P<0.001 {S c h e jfe ' P o st H oc).
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Table 3.2: Analysis of variance summary of shoot, root and total dry weights of Cenchrus
biflorus. *, f*<0.05,
F<0.01, ***, P<0.001, ns: not statistically significant.
P values
Shoot

Source of variation

CO2

Root

Total

df
ns

ns

Time
CO2 X Time

ns

ns

ns

The root dry weight of the two species increased significantly in response to CO 2
enrichment (Figure 3.1c and 3.2c). The increase of root dry weight by the end of CO 2
fumigation periods was 8% (P<0.05) and 29.6% (P<0.001) for B. linariifolia and C
biflorus, respectively, relative to that of ambient CO 2 grown plants. The CO 2 enrichment
caused an increase in the total biomass (shoot and root) of 28% (P<0.01) and 18% for B.
linariifolia C. biflorus, respectively. The increase in dry weight of B. linariifolia plants
under elevated CO 2 was partly due to the large increase in inflorescence dry weight (32%,
P<0.05) compared to the plants grown at ambient CO 2 concentration.

3.4.2 The root/shoot relations and the allometric growth coefficient (k):
It has frequently been observed that a larger proportion of extra dry matter
produced under CO 2 enrichment would be allocated to the root system, increasing the root
/shoot ratio (Murray, 1997b). When the distribution of the biomass between belowground
and aboveground plant parts was considered, elevated CO 2 was found to affect the
partitioning of dry matter between root and shoot in B. linariifolia plants (Table 3.3). A
significant sustained increase in dry matter partitioning to the root was found under
elevated compared to ambient CO 2 grown plants (0.77 ± 0.053 vs. 0.55 ± 0.053,
respectively). On the other hand for C. biflorus there was no CO 2 dependent difference in
the net partitioning of dry weights (Table 3.4).
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Table 3.3: The allometric growth coefficient (k) of dry weight partitioning between shoot and root
tissues with its 95% confidence interval for Blepharis linariifolia plants grown under either
ambient or elevated CO 2 .

CO^ concentration

Allometric coefficient (k)

A m bient C O 2

0 .5 5 ± 0 .0 5 0

0.80

E levated C O 2

0 .7 5 ± 0 .0 5 3

0.93

Coefficient of determ ination

Table 3.4: The allometric growth coefficent (k) of dry weight partitioning between shoot and root
tissues with its 95% confidence interval for Cenchrus biflorus plants grown under either ambient or
elevated CO2 .

CO 2 concentration

Allom etric coefficient (k)

A m bient C O 2

0 .9 5 ± 0 .0 8

0.98

E levated C O 2

0 .9 6 + 0 .0 1 2

0.93

Coefficient of determination

3.4.3 Leaf A rea
The cotyledonary leaves are very characteristic of B. linariifolia, they are semitriangular in shape and very fleshy due to the presence of a large number of collenchym a
cells (Chapter Two), which presum ably store water. It has been observed that, when the
growing conditions are favourable, cotyledonary leaves do not senesce after the appearance
of the true leaves, and they continue to increase in area and weight. In this experim ent the
cotyledonary leaves remained until the time o f flowering.
The cotyledonary leaf area was found to represent 4% o f the norm al leaf area under
both am bient and elevated CO 2 concentrations.

L eaf area (mm^ p la n f') at each of 3

harvests for B. linariifolia (normal and cotyledonary leaves) is presented in Figures 3.3.
CO 2 enrichm ent enhanced the cotyledonary leaf area by 11 and 26% (P<0.01) (Table 3.5)
at the first and second harvest over that of ambient CO 2 plants, but at the third harvest no
significant difference was found between the two CO 2 treatments (Figure 3.3b). The dry
weight of cotyledonary leaves also increased in response to elevated CO 2 by 25% (P<0.01)
over that o f am bient C O 2 grown plants. Elevated CO 2 also significantly increased the area
of normal leaves (P<0.05). N o significant differences were found between the two C O 2
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treatments at the first harvest (Figure 3.3a), however, at the second and the third harvests
the increase in leaf area became statistically significant and by the final harvest there was a
39% increase in leaf area above that of ambient CO 2 grow n plants.

Table 3.5: Analysis of variance summary of area of normal and cotyledonary leaves of Blepharis
linariifolia. * P<0.05, ** P<0.01, *** P<0.001, ns; not statistically significant.

P values
Source of variation

df

N. leaves Cot. leaves

CO2

1

*

Time

2

***

CO2 XTime

2

**

ns

CO 2 enrichm ent had little significant effect on leaf area of C. biflorus, (Table 3.6).
At the time o f the third harvest, elevated C O 2 was found to cause an increase of 12%
(P<0.05) over that o f the plants grown at am bient CO 2 (Figure 3.4).
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Figure 3.3:

L ea f area o f (a) norm al and (b) cotyledonary leaves o f B lepharis linariifolia plants
grown at am bient and 2 x ambient CO 2 concentrations. V alues at each tim e interval (days after the
start o f treatm ent (D A T)) represent the mean ± se, n=6. * P<0.05, ** P<0.01 {Schejfe' Post H oc).
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Figure 3.4: L eaf area o f C enchrus biflorus plants grown at ambient and 2 x ambient C O 2
concentrations. V alues at each tim e interval (days after the start o f treatment (D A T )) represent the
mean ± se, n=7. * P < 0 .0 5 {S ch ejfe' P o s t H oc).

Table 3.6:

A nalysis o f variance summary o f le a f area o f C enchrus biflorus, *** P < 0 .0 0 1 , ns; not
statistically significant.

Source of variation

df

P values

CO2

1

ns

Time

2

***

C 0 2 *Tim e

2

ns
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3.4.4 Growth Analysis
The relative growth rate of B. linariifolia, between 21-48 DAT was significantly
higher (P<0.01) under elevated than under ambient CO 2 , but thereafter, there was no
significant difference (Figure 3.5 and Table 3.7).

Under ambient CO 2 , RGR increased

between the two growth periods (Figure 3.5), and this may suggest that elevated CO 2
shifted the maximum RGR to the earlier stages of development.
RGR under elevated CO 2 decreased over time in C. biflorus (Figure 3.6). Over the
32 days RGR at elevated CO 2 was significantly (P<0.01) higher than at ambient CO 2 but as
with B. linariifolia there were no differences between treatments thereafter (Figure 3.6).
However, in the case of C. biflorus, RGR under ambient CO 2 did not change whereas those
under elevated CO 2 decreased and became almost equal to that at ambient CO 2 .
Values of LAR, SLA for B. linariifolia are shown in Figures 3.7 and ANOVA
summaries are presented in Table 3.9. The LAR was found to decline over the growth
period under the two CO 2 concentrations (Figure 3.7a). However, elevated CO 2 was found
to reduce the LAR (P<0.07) compared to plants grown at ambient CO 2 at the first harvest
(21 d) (P<0.001), but by 48 d no significant difference was found. The decrease in LAR at
elevated CO 2 was a function of a transient reduction in SLA (Figure 3.7b) over the same
time period, and again, after the first harvest, no difference was found between the two
CO 2 treatments. The interaction between CO 2 and time for both LAR and SLA for B.
linariifolia was significant (Table 3.9) whereby the different responses of the two
parameters over time (negative response of CO 2 ) were only evident at the early stage of
treatment (i.e. at the first harvest).
Carbon dioxide enrichment significantly (P<0.01) increased net assimilation rate of
B, linariifolia (NAR, g m'^ day ') between 21 and 48 days of exposure to elevated CO 2
(Figure 3.9), thereafter, NAR of ambient CO 2 grown plants increased, while that of plants
grown at elevated CO 2 remained almost unchanged. Between 48-55 days there was no
significant difference between the two CO 2 treatments (Figure 3.9). However, the NAR of
ambient CO 2 grown plants was also found to change significantly over time (i.e. difference
between 21-48 and 48-55 were significantly different). The effect of CO 2 enrichment on
NAR was similar to the effect on RGR, which may suggest that the increase of RGR under
elevated CO 2 could be explained by the positive effect of high CO 2 on NAR.
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Figure 3.5:

R elative Growth Rate (RG R) o f B lepharis linariifolia grown at ambient and 2 x
ambient CO 2 concentrations. V alues at each tim e interval (days after the start o f treatment (D A T ))
represent the mean ± se, n=6. * P < 0 .0 5 (S c h e jfe ' P ost H oc).

Table 3.7:

A nalysis o f variance summary o f R G R o f B leph aris linariifolia.* P < 0.05, ** P < 0.01,
* * * P < 0 .0 0 1 .

df

CO2
Time

1
1

P values
**
**

CO2X Time

1

***

Source of variation
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Figure 3.6: R elative Growth Rate (R G R ) o f C enchrus biflorus grown at ambient and 2 x ambient
CO 2 concentrations. V alues at each tim e interval (days after the start o f treatment (D A T ))
represent the mean ± se, n=7. * P < 0 .0 5 (S c h e ffe 'P o st H oc).

Table 3.8: A nalysis o f variance summary o f R G R o f C enchrus biflorus. ** P < 0.01.

Source of variation

df

CO2
Time

1
1

C02*Time

1

P values
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Table 3.9: Analysis of variance summary of NAR (g m'^ day‘‘), LAR (mm^ m g '), and SLA (mm^
mg‘‘) of Blepharis linariifolia. * P<0.05, ** P<0.01, *** P<0.001, ns; not statistically significant.
P values
Source of variation

df

NAR

LAR

SLA

CO 2

1

**

ns

ns

Time

2

CO 2 X Time

2

***
*

**

Results for LAR, SLA for C. biflorus are shown in Figures 3.8 and ANOVA
summaries are presented in Tables 3.10. C. biflorus also showed transient changes in the
two parameters. Similar to B. linariifolia there was a trend of declining LAR and SLA,
under elevated CO 2 . However no significant difference was found between the two CO 2
concentrations (Figure 3.8a and 8b). Time was found to have a very significant effect on
both SLA and LAR.

Under the two CO 2 concentration a general decrease of the two

parameters over time the values at 25 day (first harvest) were significantly higher (P<0.01)
than that at 32 day (second harvest) that was also found to be significant higher (P<0.001)
than the that at 41 day (third harvest).
The Net assimilation rate of C. biflorus (Figures 3.10 and ANOVA summaries are
presented in Tables 3.10) also showed an initial positive response (P<0.05) to elevated
CO 2 between the first and the second harvests (25-32 days). However, no further increase
was recorded and between the second and the third harvests (32-41 days) NAR no
significant difference was found between plants that were grown under the two CO 2
concentration (Figure 3.10).
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Figure 3.7: (a) LA R (mm^ mg ‘ plant dry w eight) and (b) SL A (mm^ m g ' le a f dry weight) o f B.
linariifolia grow n under ambient and 2 x ambient CO 2 concentrations. V alues at each time interval
(days after the start o f treatment (D A T )) represent the mean ± se, n=6. , ** P < 0.01, *** P < 0.001,
{Scheffe' P o st Hoc).
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Figure 3.8: (a) LA R (mm^ mg’' plant dry w eight) and (b) S L A (mm^ mg’' le a f dry w eight) o f
Cenchrus b ifloru s grown under ambient and 2 x ambient CO 2 concentrations. V alues at each time
interval (days after the start o f treatment (D A T )) represent the mean ± se, n=6.
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Figure 3.9: Net assimilation rate (NAR) of Blepharis linariifolia grown under ambient and 2 x
ambient CO concentrations. Values at each time interval (days after the start of treatment (DAT))
represent the mean ± se, n=6. * P<0.05 {Scheffe' Post Hoc).
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Figure 3.10: Net assimilation rate (NAR, g m'^ day') of Cenchrus biflom s grown under ambient
and 2 x ambient CO concentrations. Values at each time interval (days after the start of treatment
(DAT)) represent the mean ± se, n=7. * P<0.05 (Schejfe Post Hoc).
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Table 3.10: Analysis of variance summary of NAR (g m'^ day '), LAR (mm^ mg '), and SLA
(mm^ m g‘) of Cenchrus biflorus. * P<0.05, ** P<0.01, *** P<0.001, ns; not statistically
significant.
P values
Source of variation

df

CO 2

1

Time
CO 2 X Time

2
2

NAR

ns
ns

LAR

SLA

ns

ns

ns

ns

3.4.5 Nitrogen and carbon contents
Leaf nitrogen and carbon contents of plant tissues and C/N ratios were determined
at both the first (21 DAT) and third (55 DAT) harvests of the two leaf types of B.
Unariifolia (Table 3.12). At the first harvest CO 2 enrichment had no effect on the C/N
ratio of cotyledonary leaves (Figure 3.11b) but at the third harvest the ratio increased
significantly (P<0.001). For normal leaves, the increase in the ratio at elevated CO 2 was
found to be significant at both harvests (P<0.05, P<0.01, respectively). Total leaf carbon
Content (%) of the two leaf types was not significantly affected by elevated CO 2 at either of
the two harvests (Table 3.12). The cotyledonary leaves were found to have less N content
compared to the normal leaves. However, the CO 2 enrichment significantly reduced the
nitrogen content of the two leaf types and there was a trend of decreasing N content at the
first harvest for both leaf types and a statistically significant reduction was found at the
third harvest (Table 3.12). This indicates that the decline of C/N ratios for the two leaf
types was mainly caused by the reduction of the nitrogen content of the leaves.
The carbon and nitrogen content of root, shoot and inflorescence of B. linariifolia
were (at the third harvest) all affected by the exposure to elevated CO 2 concentration
(Table 3.13).

Elevated CO 2 increased the carbon content (P<0.05) and reduced the

nitrogen content (P<0.05) of the different plant parts compared to plants grown at ambient
CO 2 . In general the inflorescence of plants grown under both CO 2 concentrations was
found to have the highest content of carbon and the lowest content of nitrogen compared to
other plant parts (shoot and root).
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Figure 3.11:

Carbon/Nitrogen ratio(C/N) (a) Norm al leaves (b) Cotyledonary leaves o f B lepharis
lin ariifolia grow n under ambient and 2 x ambient CO 2 concentrations. V alues at each tim e interval
(days after the start o f treatment (D A T )) represent the mean ± se, n=4. * P < 0 .0 5 , ** P <0.01,
P<0.001 {S ch effe' P o st H oc).

Table 3.11:

A nalysis o f variance o f Carbon/nitrogen ratio (C /N ), % Carbon (%C) and % Nitrogen
(%N) o f B lep h a ris lin ariifolia leaves (normal and cotyledonary (cot.)). * P < 0 .0 5 , ** P<0.01, ***
P < 0.001, ns; not statistically significant.

Cot. leaves

N orm al leaves
df
CO 2

1

Time

1

C 0 2 x T im e

1

C/N
**
Hof:

ns

%C
ns
**
ns

%N
**

ns
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%N
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*

*

ns
ns

ns

*

ns
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Table 3.12: Normal (N.) and Cotyledonary (Cot.) leaves % C and N ± se. o i Blepharis linariifolia
grown at ambient and 2 x ambient CO 2 concentrations. Values at each time interval represent the
mean ± se, n=4.

L eaf type

%c

Time (d)

N.leaves

Cot. Leaf

%N

N.leaves

Cot. Leaf

Ambient

Elevated

21

39.7 ±0.2“

40,2 ± 0.5“

55

38.0 ±0.4“

38.8 ± 0 .9 “

21

38.5 ± 0.6^'

39.4 ± 0.7“

55

38.5 ± 1.2“

38.9 ± 0.4“

21

2.7 ± 0.2“

2.2 ± 0.2“

55

3.3 ± 0 .1 “

2.7 ± 0 .2'’

21

1.5 ± 0 .2 “

1.3 ±0.1“

55

1.4 ± 0 .0 “

0.9 ± 0.3*’

In each row means with the same letters are not significantly different at P<0.05.

Table 3.13: % Carbon (C) and nitrogen (N) of shoot, root and inflorescence of Blepharis
linariifolia plants grown at either ambient or 2 x ambient CO 2 concentration at the third harvest (55
days after the start of treatment). Values are means ± se, n=4.

%C

%N

Elevated

Tissue Type

Ambient

Shoot

35.5 ± 0.4*’

37.1 ±0,8“

Root

31.2 ± 0 .6 ’’

34.1 ± 1.1“

Inflorescence

40.2 ± 1.2'’

41.7 ±0.6“

Shoot

3.7 ± 0 . 1'’

3.0 ± 0.4“

Root

4.0 ± 0 .0'’

3.1 ± 0 .2 “

Inflorescence

3.5 ± 0 .2'’

2 .9 ± 0 .r

In each row means with the same letters are not significantly different at P<0.05.

L eaf nitrogen and carbon contents and C /N ratios for the first (25 D A T) and the
third (41 D A T ) harvests of C. biflorus are presented in T able 3.13 and Figure 3.12,
respectively, and A N O V A sum m aries are presented in T ab le 3.15. E levated C O 2 had no
effect on leaf nitrogen content o f either o f the tw o harvests (T able 3.14).

H ow ever,

com pared to am bient C O 2 grown plants, C O 2 enrichm ent increased the carbon content by
1% after 25 d and by 2% after 41 d (Table 3.14). T hese sm all increases w ere found to be
statistically significant (P=0.001).

The C/N ratio was n ot significantly affected by C O 2
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enrichment (Figure 3.12), although the ratio under elevated CO 2 increased over time so
that the difference between the C/N ratio at the first and the third harvest under elevated
CO2 was statistically significant (F<0.01). This caused the significant interaction between
time and CO2 .

□ Ambient C02

M2x Ambient C02

Time (DAT)

Figure 3.12:

Leaves Carbon/Nitrogen ratio (C /N ) o f Cenchrus biflorus after 21 and 41 days o f
exposure to either ambient or 2 x am bient CO 2 concentrations. V alues at each time interval (days
after the start o f treatment (D A T )) represent the mean ± se, n=4.

Table 3.14: T he % carbon (C) and nitrogen (N ) o f C enchrus biflorus leaves grown at ambient
and 2 x am bient CO 2 concentration at the first and third harvests (25 and 41 days after the start o f
treatment (D A T )). V alues represent the mean ± se, o f 4 replicates per treatment.

Ambient

Elevated

25

39,5 ± 0 .1 “

39.9 + 0 . 1'’

41

40,8 ± 0.4“

41.7 ±0.2*=

25

2,4 ± 0.2“

2,5 ± 0 ,1 “

41

2,3 ± 0 ,2 “

2,1 ± 0 ,2 “

Time (DAT)
%c

%N
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Table 3.15: Analysis of variance Carbon/nitrogen ratio (C/N), % Carbon (%C) and % Nitrogen
(%N) of Cenchrus bifloms leaves. * P<0.05, ** P<0.01, *** P<0.001, ns not statistically
significant.
P values___________________
df

C/N_______________ %C______________ ^

CO 2
Time

1
1

ns
*

***
***

ns

C 0 2 *Time

1

*

**

ns

Carbon dioxide enrichment did not affect the carbon content of the shoot, root and
inflorescence of Cenchrus biflorus plants at the third harvest (41 d) (Table 3.16). Elevated
CO 2 also had no effect on the % of nitrogen of both shoot and inflorescence, however it
was found to reduced significantly the % of N of root (F<0.05).

Similar to Blepharis

linariifolia, the inflorescence of C. biflorus under the the two CO2 concentrations also had
the highest content of carbon and the lowest content of nitrogen compared to other plant
parts (shoot and root).

Table 3.16: Carbon (C) and nitrogen (N) % of shoot, root and inflorescence at the third harvest
(41 DAT) of Cenchrus biflorus plants grown at either ambient or elevated CO2 concentration.
Values are means ± se, n=4.

Tissue Type

% c

Shoot
Root

%N

Ambient
40.4 ± 0.4“

Elevated
39.8 ± 0.4“

35.1 ± 1.9“

36.7 ± 1.1“

Inflorescence

44.0 ± 0.8 “

45.2 ± 0 .2 “

Shoot

2.5 ± 0.2“

2 .7 + 0.2“

Root

1.8 ±0.2*'

1.2 ± 0 .0 “

Inflorescence

1.5 ± 0 .1 “

1.5 ± 0 .3 “

At 55 DAT the measurements of total nitrogen content ([igN g ‘ dry wt.) of leaves
(normal and cotyledonary), shoot, root, and inflorescence of Blephans linariifolia plants
were made. Elevated CO 2 did not cause any significant reduction in the nitrogen content
compared to that of ambient CO 2 plants Table (3.17).
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Table 3.17; The total nitrogen content (|igN g'^ dry wt.) o f leaves (normal and
cotyledonary), shoot, root, and inflorescence of Blepharis linariifolia plants grown at either
ambient or elevated C O 2 concentration measurements were made at the third harvest (55
days after the start of treatment). Values are means ± se, n=4.

Ambient

Elevated

Normal leaves

37.2 ± 3.3"

45.7 ± 1.3"

Cot. leaves

0.7 ± 0 .1 “

0.5 ±0.1"

Shoot

15.1 ± 1.5"

16.9 ±4.5"

Root

30.2 ± 3.7"

35.0 ± 9.2"

1.6 ±0.4"

4.0 ± 0 .9”

inflorescence

In each row means with the same letters are not significantly different at ^<0.05.

Similar to B. linariifolia the m easurem ent o f the total nitrogen content o f leaves, shoot,
root, and inflorescence o f C. biflorus by the end of the treatment period (41 D AT) did not
show any reduction due to elevated CO 2 concentration (Table 3.18).

Table 3.18: The total nitrogen content (|agN g'^ dry wt.) of leaves, shoot, root, and
inflorescence of Cenchrus biflorus plants grown at either ambient or elevated C O 2
concentration measurements were made at the third harvest (41 days after the start of
treatment). Values are means ± se, n=4.
Ambient

Elevated

Leaves

27.6 ± 0.9"

30.7 ± 2.9"

Shoot

44.5 ± 3"

66.8 ±4.5"

Root

23.4 ±4.5"

28.9 ± 0.8"

Inflorescence

8.4 ± 1.2"

13.0 ± 3.0'’

In each row means with the same letters are not significantly different at P<0.05.
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3.5 Discussion
Both species showed a positive response to growth under elevated CO 2 compared
with ambient CO 2 treatments. B. linariifolia, showed a very significant increase in both
aboveground (33%) and belowground (8 %) biomass compared to ambient CO 2 grown
C. biflorus was less responsive to CO2 compared to B. linariifolia as only the

plants.

belowground biomass increased significantly at elevated CO 2 and the total dry weight was
found to increase by 15% under high CO 2 . Potvin and Strain (1985) reported that for two
C 4 grasses, Echinochloa crus-galli and Eleusine indica, elevated CO 2 produced an
increased root but not the shoot dry weight. The increase in root dry weight could be of
great significance for the natural pastures of Sudan, that are geographically distributed to
cover more than a million hectares and frequently exposed to periods of drought (FAO,
1989).

Increased root biomass might mean exploration of deep-water zones and

consequently survival during drought periods.
The increase in biomass production of C4 species at elevated CO 2 has now been
reported in several studies. Le Cain et al. (1998) found a significant increase in both shoot
and root dry weight of Andropogon gerardii and Schizachyrium scoparium (NADP-ME
species), when grown at elevated CO 2, Read and Morgan (1996) reported that CO 2
enrichment enhanced dry weight accumulation in Bouteloua gracilis by 28% when plants
were grown under optimal growing conditions and Kellogg et al. (1999) found that
Sporobolus sp. (C4 plant) respond positively to elevated CO2, where all growth and
biomass measurements were significantly higher at elevated CO 2 . However, contrary to
these findings, others have found no responses of C4 species when grown under non-stress
growing conditions (Conroy et ah, 1998; Hunt et ah, 1996; Owensby et al., 1993a; Read &
Morgan, 1996; Seneweera et a l, 1998). Read and Morgan (1996) found that effects of
elevated CO 2 for C4 grasses may only be detected in years with significant water stress and
Kellogg et al. (1999) reported adverse effects of elevated CO 2 concentration on some C4
species.
It is well established that elevated CO 2 induces stomatal closure, which allows
reduced transpiration at an equivalent assimilation rate (Bunce & Ziska, 1998a; LeCain &
Morgan, 1998; Morison, 1985).

During the current study stomatal conductance (gs)

decreased significantly at elevated CO 2 (See Chapter Six), suggesting an improvement in
water use efficiency. However, this should not have been a factor in the growth responses
in this experiment as water was not limiting. Stimulation of dry weight under well-watered
conditions supports the evidence that C0 2 -induced growth enhancements may occur from
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direct stimulations o f photosynthesis (particularly for B. linariifolia), as well as indirect
effects resulting from stomatal closure and improved water relations (Read & Morgan,
1996).

The plants under study grow naturally in a harsh environment and they use

resources efficiently.

An increase in photosynthetic rate above that o f plants grown at

ambient CO 2 was found even under optimum growing conditions (see Chapter Six), which
could partly explain the increase in biomass production, in the present study.

Poorter,

(1993) has reported that a stimulation of as little as 2% in the rate o f photosynthesis may
explain the growth enhancement o f C4 species at elevated CO2.

The plants in this

experiment also showed an increase in leaf area, particularly B. linariifolia. The increase
in leaf area promoted by elevated CO 2 , would further increase the amount of radiation
intercepted by the plants for photosynthesis (Chaves & Pereira, 1992). Ghannoum et al.
(1997) also pointed out that either an increase in leaf area or assimilation rates per leaf area
could yield a greater plant dry weight.

Wand et al. (1999) reviewed (1980-1997) the

responses of wild C4 and C 3 grass (Poaceae) species to elevated CO2 , and concluded that
significant positive responses at both the leaf and whole plants level demand a reevaluation of the assumption of low responsiveness in C4 at both levels, and not only with
regard to water relations.
Both C. biflorus and B. linarifolia showed an early transient increase in RGR
values under elevated CO 2 . For B. linarifolia high CO2 caused a shift of the maximum
value of RGR to an earlier stage and the value remained the same; but that of ambient CO 2
grown plants continued to increase until there was no significant difference between the
two CO 2 treatments. The RGR of C. biflorus showed an initial increase at elevated CO 2
followed by a decrease in the value. Poorter (1993) also demonstrated this diminishing
response to CO 2 with time, as elevated CO 2 was found to stimulate RGR only during the
first weeks o f CO 2 enrichment. Thereafter, he found no stimulation or even an inhibition
of the RGR. The diminished response in RGR with time was explained by acclimation in
the rate of photosynthesis per unit leaf area o f individual leaves, due to feedback inhibition
(Sage, 1994).

Another explanation put forward was the transient nature of growth

stimulation, especially in rapidly growing plants where RGR has been shown to decrease
with time (Baxter et al., 1994), which was attributed to the change in plant size. As plants
grow taller they invest more biomass in support tissue and suffer more from self-shading.
However, the absolute growth rate of these plants may still be higher than that of the
smaller control plants (Poorter, 1990). For the plants under study, the latter explanation is
more feasible as acclimation in C4 plants might not be a possible cause. However, some
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recent studies have addressed the issue of C4 acclimation under high CO 2 (Kellogg et a l ,
1999; LeCain & M organ, 1998).

Also the absolute growth rate w as found to be

significantly higher than the control plants. The initial increase in RGR o f the two species
may only be explained by the similar initial increase in the N A R that has a similar trend to
that o f RGR. The initial increase in growth rate in elevated CO 2 was sufficient to increase
significantly the w hole plant dry weight o f B. linarifolia.

Sim ilar responses o f RGR to

elevated CO 2 was recorded by Baxter et a l , (1994). The CO 2 enrichment had significant
negative effect on SL A and LAR o f B. linarifolia, but not on C. biflorus.

The trend o f

decrease was due to extra biom ass investment per unit leaf area (Lambers et al., 1990;
Lemon, 1984).
A llocation o f photoassim ilates between shoots and roots is partly set by plant
genetics, but also changes adaptively, with greater allocation below-ground under water
and nutrient stress (Hunt et al., 1996).

It has been suggested that if temperature and

precipitation are unchanged, an increase in CO 2 might increase the root/shoot ratio by way
o f the plant’s adaptive response to decreasing C limitation relative to nutrient limitation
(Hunt et al., 1996; Murray, 1997b). Exposure to elevated CO 2 significantly affected the
allocation of the biom ass in B. linariifolia, the root/shoot ratio increased significantly, but
for C. biflorus elevated CO 2 had very little effect on biomass allocation between the root
and the shoot.

The small influence o f elevated CO 2 may be explained by the theory o f

balanced shoot and root activity, which proposes that shoot and root activities maintain a
homeostatic equilibrium to balance the internal resource demands of the plants (Read &
Morgan, 1996).

However, Read and Morgan (1996) also argued that the com m only

reported increased root/shoot ratio o f CO 2 enriched plants enhanced their ability to obtain
soil nutrients and water and allows increased growth response to CO 2 in system s where
nutrients and soil water are limiting.
Observation o f changes in root/shoot ratio under elevated CO 2 have varied among
studies, ranging from increases to decreases to no effects (Hunt et al., 1996; Hunt et al.,
1998; LeCain & Morgan, 1998; Read & Morgan, 1996). Several early studies have
indicated that root system s become larger for plants growing under elevated CO 2 than for
the same plants growing under ambient CO 2 conditions. Murray (1997b) and Morison and
Gifford (1984a) observed no substantial effect o f growth under 680 ppm CO 2 and
restricted water supply on root/shoot ratio for maize, however, the same study reported
decreases in R/S ratio under elevated CO2 for the C4 species Amaranthus edulis and
sorghum (Sorgum bicolor).

Morgan et al. (1998), found that the root/shoot ratio o f
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Pascopym m sm ithii (C 3 ) increased at elevated CO 2 while the ratio of Bouteloua gracilis
(C4 ) was unresponsive to CO 2 here it was argued that, the partitioning responses might
have been a consequence of different ontogenetic strategies.
Elevated CO 2 caused a significant increase in C/N ratio o f the B. linariifolia leaf
tissue. C/N ratio gives an indication of the status of the tissue in term s o f assimilate and
nutrients at a particular point in time.

An increase in C /N ratio may indicate either a

lowering of N concentration in the leaves or a net gain of C in the leaves due to increased
carbon fixation at elevated C O 2 and alteration of the carbohydrate status o f the leaf (Jones
et al., 1996). The observed decline of the leaf %N is a common feature o f CO 2 enrichm ent
studies (Ghannoum et al., 1997; Ghannoum & Conroy, 1998; Hunt et al., 1996; M organ et
al., 1994b; Owensby et al., 1993a).

In the current study, increased dry weight

accumulation at elevated CO 2 did entail a reduction in total leaf nitrogen concentration in
both species.

However, the reduction in leaf nitrogen (for the two species) disappeared

when concentrations were expressed on a structural dry weight basis, which m ight suggest
dilution of tissue nitrogen under elevated C O 2 .

LeCain and Morgan (1998) reported

similar results to those found by the current study, when for three C 4 species (Andropogon
gerardii Vittman, Schizachyrium scoparium (Michx.), and Sorghastrum mutans (L.)), the
reported decreased in leaf nitrogen grown at elevated CO 2 , was found to be an artifact of
nitrogen dilution.
For C. biflorus, the decrease in leaf N content was balanced by a slight increase in
leaf C content and as a result, there was no significant difference in the C/N ratio of
elevated com pared to ambient CO 2 grown plants.

There is considerable variability

reported in the literature, depending on the species and growth conditions.

Read and

Morgan (1996) found that decreases in plant tissue nitrogen concentrations were more
evident for Pascopyrum smithii (C 3 ) than for Bouteloua gracilis (C 4 ) which was unaffected
by CO 2 enrichment. Some studies have shown a reduction in tissue N concentration of C 4
grasses when CO 2 enrichment led to significant growth responses (M organ et al., 1994a;
Owensby et al., 1993a).

In the current study, elevated C O 2 was found to cause some

reduction of shoot, root and inflorescence nitrogen content of B. linariifolia plants and that
was found to correlate with the reported increases in dry weights of these tissue under
elevated CO 2 . Elevated CO 2 was found to have a significant effect in reducing only the
root nitrogen content of C. biflorus and again that was found to associate with the
significant increase in root dry weights under elevated CO 2 .
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Elevated CO 2 was found to cause a big increase in the inflorescence dry weight of
B. linariifolia plants compared to that of ambient CO 2 grown plants. Such a response may
have a very important influence in the future because of the importance of the
inflorescence heads for grazing during a dry season. Animal owners and nomads describe
B. linariifolia as the best dry season grazing plant of semi-desert grasslands for camels and
sheep that thrives well if enough of it is eaten (Elamin & Mustafa, 1992; Harrison & Jackson,
1958). Cattle, on the other hand, could not tolerate the spiny seed heads of B. linariifolia in
the dry season, though they graze the leaves when green (Elamin & Mustafa, 1992).
In summary comparing the performance of the two species at elevated CO 2 , the
results of the present study suggest that B. linarifolia (dicot.) is likely to show more
positive responses to growth at high CO 2 compared to C. biflorus (monocot.). This result
is in agreement with Poorter’s (1993) findings about the tendency of herbaceous dicots to
show a larger response than monocots.
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3.6 Conclusion
□

Carbon dioxide enrichment increased both the root and shoot biomass of B.
linariifolia plants and consequently the total dry w eight was significantly
higher than that of plants grown under am bient CO2. Elevated CO2 had a
sm aller positive effect on C. biflorus shoot dry weight, but it caused a large
increase of root dry weight.

□

Elevated CO2 increased the relative growth rate of both species, which was
m ost likely to have been caused by increases in the net assim ilation rate.
For B. linariifolia, elevated CO2 caused a significant reduction in both leaf
area ratio and specific leaf area and for C. biflorus a similar trend was also
noticed.

□

Elevated CO2 had no effect on the partitioning of the dry m atter between the
root and shoot of C. biflorus, however, for B. linariifolia exposure to
elevated CO2 resulted in m ore allocation of the dry matter to the root
system.

□

The increased dry weight accumulation at elevated CO2 caused a reduction
in total leaf nitrogen concentration in both species, which was found to be
the result o f nitrogen dilution. The significant negative effect of elevated
CO2 on the tissue nitrogen content was found to be associated with the
significant positive effect of elevated CO2 on dry matter production.
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Chapter Four
The effects of elevated CO 2 on water relations of Blepharis linariifolia and
Cenchrus hiflorus
4.1 Introduction
The rise in atmospheric CO 2 concentration due to fossil fuel burning and other
anthropogenic activities w ill continue for decades and centuries to com e, although the
extent o f the rise is uncertain and a matter o f debate (Hsiao & Jackson, 1999; IPCC, 1996).
For plants exposed to increasing CO 2 concentrations it is anticipated that there will be a
decrease in stomatal conductance

(g s),

as it has been reported that

CO 2 is typically reduced by 30-40% in both

C3

and

C4

gs

under tw ice ambient

plants (Eamus, 1991). The reduced

water loss at low er gs under elevated CO 2 has the potential to forestall water-stress, thereby
maintaining optimal carbon fixation, particularly in natural grasslands ecosystem s which
are often dominated by

C4

species and where water-stress is frequent (Ghannoum et a l ,

1997; Owensby et al., 1997). Increased atmospheric CO 2 concentration has not only the
potential to reduce water loss through changes in stomatal conductance but also to increase
water acquisition through increased root growth (Owensby et al., 1993a).

Coupled with

increased carbon assim ilation at elevated CO 2 , reduced stomatal conductance provides
increased water use efficiency (W UE) (Eamus, 1991).
Agronom ists and plant physiologists have used the term water use efficiency as the
ratio o f weight of dry matter produced to the amount o f water transpired (Eamus, 1991).
The dry weight to transpiration ratio is usually calculated from the ratio o f productivity
(either total, or above ground only) to water loss (either including or excluding evaporation
directly from the soil surface and precipitation interception losses) (Beale et al., 1999). In
theory, when grown in an appropriate clim ate,

C4

species should exhibit higher

‘efficien cies’ o f water use than C 3 species, (Beale et al., 1999).

Because water-use

efficiency can be greatly enhanced by increased CO 2 (IPCC, 1996; Kirkham et al., 1991),
relative plant responses to increases in CO 2 should be m ost pronounced under waterlimited conditions (Allen, 1990). Furthermore, this difference between well-watered and
water-limited conditions should be more pronounced for

C4

plants (Allen, 1990, IPCC,

1996; O wensby et al., 1996).
W hile many studies support the hypothesis that doubling of atmospheric CO 2
concentration w ill increase the water use efficiency of vegetation (Idso, 1989, Kramer,
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1983a; Murray, 1997a; O wensby, 1993b; Owensby et a l , 1993c; Patterson, 1995) others
have suggested that there might be less of an increase in W UE than anticipated, because
leaf area increases brought about by elevated CO 2 have the effect o f increasing total plant
transpiration (Carlson & Bunce, 1996; Knapp et a l , 1996; O w ensby et a l , 1999; Polley et
a i , 1996).
The inhibitory effect o f elevated CO 2 on stomatal opening can prolong the period
that soils take to dry out. This applies to both C3 and to C4 plants, and is part o f the reason
for the im proved resistance to progressive water-stress at elevated CO 2 (Clifford et al.,
1993).

Data collected at leaf, w hole plant and ecosystem scale suggest that C4 plant

communities exposed to elevated CO 2 will maintain a more favourable water status than C3
communities when subjected to periodic moisture stress (Beale et a l , 1999; Clifton-Brown
& Lewandowski, 2000; O wensby et al., 1997). How water limitation and elevated CO 2
interact to impact on plant productivity and water use efficiency is one o f the pivotal
questions in the consideration o f future changes in natural and managed terrestrial
ecosystem s (Hsiao & Jackson, 1999).
Blepharis linariifolia and Cenchrus biflorus are tropical C4 pasture plants that grow
in environments where it is recognised that a wide variety of drying patterns occur in the
field.

The plants used in the follow ing experiments were subjected to regular cycles o f

short-term water deficits, under both ambient and elevated CO2, in order to test the
hypothesis that elevated CO 2 will alleviate the effects o f drought through reduction in
transpiration and improved water relations. A n additional hypothesis was that, because the
two species are C4, more positive growth responses (biom ass production) to elevated CO2
are likely to occur under drought cycles compared to well-watered conditions.
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4.2 Materials and Methods

Two experiments were made, one was with Blepharis linariifolia and the other one
was with Cenchrus biflorus.

High clay content topsoil was used for the B. linariifolia

experiment. The soil was taken from a farm in the Cashel area (Ireland, 07° 50’ W 52“ 39’
N; 80 m above sea level), sieved (2 mm) and sterilized in a drying oven at 80°C for 48 hr.
The soil was then mixed with sand in a ratio of 25:75. Plastic pots (0.8 L) were filled with
the soil mixture, which was then watered to approximately field capacity. The growing
medium used for the C. biflorus experiment was fine vermiculite (National Agrochemical
Distributors, NAD).

Similar to the B. linariifolia experiment, the vermiculite was first

oven dried for 48 hrs; however, pots of 1.3 L volume were used for this experiment.
Seeds of the two species were germinated in a growth cabinet at a day/night
temperature of 25/18 °C. One week after germination they were transplanted into small
pots (0.25 L) to ensure they were well established. Three weeks after germination (3
WAG) seedlings were transplanted to larger pots (1.3 and 0.8 L for C. biflorus and B.
linariifolia, respectively).

The surface of the growing medium was covered with 2 cm

depth of plastic beads to reduce soil evaporation to minimum. The pots were randomly
allocated to two identical growth cabinets (Fitotron, Sanyo- Gallenkamp pic, UK), at either
ambient CO 2 (360 ± 10 ppmv) or twice-ambient CO 2 (700 ± 10 ppmv) concentration. An
infrared gas analyser (ADC, UK) was used to control the CO 2 concentration by injecting
pure carbon dioxide from a cylinder into the elevated cabinet to maintain the required
concentration. The day/night temperatures were 30/22 °C, RHs were 50/60 %, and PAR
was 700 |imol m'^ s'' over a 12-h photoperiod.

To reduce effects due to differences

between the growth cabinet (the growth cabinet factor), the plants were rotated between the
two growth cabinets twice a week and CO 2 concentration were changed at the same time.
Thirty two pots were allocated per CO 2 treatment, and the plants at the two CO 2
concentrations were divided into well-watered plants [ambient CO 2 well-watered (Aww))
and elevated CO 2 well-watered plants (Eww)] that were watered everyday to their field
capacity, and water-stressed plants [ambient CO 2 water-stressed (Aws) and elevated CO 2
water-stressed plants (Ews)] that were exposed to repeated drought cycles. Plants were fed
with Long Ashton solution (Appendix 1), which was increased in strength, as the plants
grew bigger. Until 28 days after emergence, plants were fed with

to

> /2

strength Long

Ashton solution; thereafter for B. linariifolia plants were fed with % Long Ashton solution
every week. C. biflorus plants received the same dose at an interval of 5-10 days. Blank
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pots, filled with the same growing medium used in the experim ent, were covered with
plastic beads and used to measure direct evaporation from the soil surface
Three harvests were made in the B. linariifolia experim ent, at the end of each
drought cycle. The first two harvests were made after the w ater-stressed plants had been
exposed to 2 drought cycles (over 2 weeks), while the third harvest was made after 3
drought cycles (over 3 weeks). In C. biflorus, 4 harvests were made. Sim ilar to the B.
linariifolia experim ent, each harvest was made at an end o f a drought cycle. W hile the
first and the second harvests were made after water-stressed plants had been exposed to a
single drought cycle, the third harvest was made after two drought cycles and the fourth
harvest was m ade after a further single drought cycle.

4.2.1 Soil water content

To determ ine how much w ater each soil could hold at the classical permanent
wilting point (PW P) of 15 bars (1.5 M Pa) a ceramic plate extractor (Eijkeikamp Agrisearch
Equipment, N etherlands) was used. Samples of each soil type were wetted and placed in
the cham ber under the pressure of 1.5 M Pa over night. Thereafter the water content of
each soil at the PW P was determ ined by weighing the samples, and then oven drying them
and reweighing them. In all the experiments, in each drought cycle, water content was not
allowed to drop to the level of the perm anent wilting point (PWP). The m oisture content
(MC) o f each soil at PW P was determined from the following equation:

MC =

X 100
Wo

W here W o is the original soil dry weight, W a is the soil weight after being wetted and
placed in the cham ber under the pressure of 1.5 M Pa over night

Soil w ater content was expressed as a % field capacity (FC), which is defined as the
percentage of w ater remaining in the soil after the soil has been saturated and free drainage
has practically ceased (Kramer, 1983a).

Pots of similar sizes (0.8 or 1.3 L) were filled

with sim ilar weights of the growing medium (vermiculite or sand/clay mixture).

After

transplanting the seedlings the growing medium was covered with the plastic beads
(section 2) and the pots were saturated with water and left overnight, before the %FC was
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determined. Each day of the experiments, generally at the same tim e o f the day (18:00
hrs), the potted plants were removed from the two growth cabinets and weighed on an
electronic balance (Sartorius Type 1801). The change in %FC was determ ined for plants
under all treatment.

The well-watered plants were then watered, the quantity of water

added being calculated by a com puter programme to supply w ater to 100% FC.

The

w ater-stressed plants, were re-watered to field capacity only at end o f short drought cycles.
During drought cycles, %FC was calculated from the initial w ater content less the
cumulative w ater loss per pot and related to water content at FC.

4.2.2 Transpiration
For every experim ent, detailed records of pot weight were kept throughout each
watering cycles. The mean daily w ater loss per plant, E (g day”'), was calculated as:
E=
Where AW is the change in weight (g) since the previous weighing, S is the w ater loss
from the soil (estim ated from samples pots without plants covered with plastic beads).

4.2.2 Harvests and measurements of growth parameters
Destructive harvests were made, for B. linariifolia 2, 4, and 7 weeks after the start
of treatments (WAT). For C. biflorus harvests were made on day 12, 22, 32, 39 after the
start of treatments (DAT). Each harvest coincides with the end of a stress cycle and plants
were re-w atered on the day of the harvest. At each harvest, 6 or 7 plants (from C. biflorus
or B. linariifolia, respectively) were selected randomly, removed from the cham bers and
separated into root, leaf blade and stems. Roots were carefully washed by hand and fine
root material recovered by sieving. Fresh weights were determined, and then plants parts
were dried to constant weight in a forced air oven at 80 ° C. Leaf area (projected single
lamina surface) was determined for both B. linariifolia and C. biflorus, using a digital leaf
area m eter (D elta T, Ltd., Cambridge, UK).
Additional variables were also observed for the two species, and measured on a
frequent base, in order to detect the effects of treatments on development and ontogeny.
These were: for C. biflorus,
•

time of flowering,

•

numbers and dry weights of inflorescences
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•

number o f tillers.

For B. linariifolia

:

•

number o f branches

•

number of leaf pairs

•

number o f inflorescences

•

number o f flowers (flowers are arranged like pine cones in an inflorescence which
is normally located in the forks of branches (Andrews, 1956))

4.2.3 Water Use Efficiency
Water use efficiency (WUE, mg DW /g H2O) was calculated from the equation
(Morison & Gifford, 1984a):
WUE

= A D W /{AW - S)

Where ADW is the total (aerial and root) plant dry weight, AW is the change in pot weight
over the period, S is the loss o f water direct from the soil surface. This was estimated from
the changes in water content o f pots filled with the same varying soil moisture contents,
covered with plastic beads and without plants.
Although water loss is influenced by the saturation vapour pressure deficit of the
air, values of WUE are frequently given without reference to the ambient conditions,
which invalidates many comparisons (Beale et a l , 1999). In the current experiment the
values o f WUE were ‘normalized’ by multiplying by the vapour pressure deficit, to give
WUE'^^^, as such values are found to be more valid for comparisons (Beale et al., 1999).
The VPD for the current experiments was 2.1 kPa for the day (Temp. 30 °C and RH 50%)
and 1.06 for the night (Temp. 22 °C and RH 50%). The day-night VPD average was 1.6,
which was used for normalizing the WUE.

4.2.4 Leaf Area
Leaf area was esdmated non-destructively for B. linariifolia, at intervals of
approximately one week, by measurements of leaf length and width.

A conversion

equation was established by plotting the width x length of 40 leaves (of different age)
against the area of the same leaves measured by the leaf area meter. A straight line was
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fitted to the scatter plot and the equation of that hne was used to determ ine the leaf area
(Figure 4.1). F or C. biflorus the area was measured destructively using leaf area meter at
the time of each harvest.

y = 0.799x + 0.1555

2.0

= 0.9599
-

♦ area measured
^ “ Linear (area measured)

0.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Length x width

Figure 4.1: The relationship between length x width and measured leaf area for B. linariifolia.
Established using 40 leaves o f varying size.

4.2.5 L eaf water potential
Leaf w ater potential was m easured at 08:00 h on the day of each harvest, using
pressure cham ber (Type SKPM 1400, Sky, UK), following the procedure of Boyer (1995).
For C. biflorus the most recently fully expanded leaves were used for the measurements,
while for B. linariifolia mature leaves o f sim ilar ages were used.

4.2.6 Relative water Content of plant tissue

Relative water content for B. linariifolia was determined, six weeks after the start of the
treatment, and 3 days after water had been withheld. At this stage some of the stressed
plants started to show leaf rolling. Leaves of similar age were excised from plants under
the different treatm ents in the afternoon (13:00 h). There were 4 replicates per treatment.
Leaf fresh weight (Wf) was determined using an electronic balance, and thereafter the
leaves were floated in distilled water overnight in petri dishes, at a very low light level.
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The leaves were then weighed again to determine the turgid weights (Wt), and then dried at
80 °C, to determine the dry weight (Wd).
The % relative water content (RWC) was determined as:
RWC % =

W f- W d
W t- W d

X 100

4.2.7 Leaf Temperature
Leaf temperature measurements were made in the aftemoon 14:00 h, during the
treatments period of each experiment using an electronic thermometer (1604 Cr/Ai,
Comark, England). Nine sets of measurements were made for B. linariifolia and 10 were
made for C. biflorus, at different stages of the drought cycles.

4.3. Statistical analyses
All statistical analysis was performed using Data desk statistical package (Version
6.0). Data was log transformed (as needed), and normal probability plots and residuals
plots were inspected to ensure that the data met the assumptions of ANOVA. Two ways
ANOVA analyses were used to examine results of each harvest, however, three ways
ANOVA analyses were also used to examine effects of treatments over time on some
variables (e.g. temperature, leaf area, and water use efficiency). Multiple comparisons of
means were made by the Schejfe' Post Hoc test when necessary.
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4.4. Results:
4.4.1 Soil water content

Carbon dioxide enrichm ent o f B. linariifolia plants had a positive effect on the %
FC under both well-w atered and water-stressed conditions. H ow ever, the effect was found
to vary over the treatm ent period (7 weeks) and the developmental stages of the plants. In
the period from the start of treatments until the first harvest (2 w eeks after the start of
treatment (W AT)), elevated CO 2 had no significant effect under either well-w atered or
drought conditions. However, between the first and the second harvests (2-4 W AT) the
effect of elevated CO 2 was very clear under the two watering regimes and the % FC was
higher (P<0.05) under the plants that were grown at elevated CO 2 . By the end of the
treatment period (4-7 W AT) elevated CO 2 still had positive (P<0.05) effect under wellwatered conditions, but under drought conditions no significant differences were found
between plants grown under the two CO 2 concentrations.
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Figure 4.2:

S o il m oistu re content ex p ressed as % F ield cap acity (F C ) o f p o ts co n ta in in g B le p h a ris

lin a riifo lia p lants at am bient (A ) or elevated (E) C O 2 con cen tration s under eith er w e ll w aterin g
(w w ) or w ater stress (w s ) con d itions. V a lu es represent m eans o f 15, 10 or 5 rep lica tes (p o ts) o v er 7
d rying c y c le s and tim e o f re-w atering, resp ectively. A rrow s sh o w the tim e o f each o f harvest, at an
end o f a drought c y c le .
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Similar to B. linariifolia, elevated CO2 had no effect on soil water content under C.
biflorus until the first harvest (12 day after the start of treatment (DAT). Thereafter, for the
rest of the treatment period (12-22, 22-32, and 32-39 DAT), elevated CO 2 always had an
overall significant effects on increasing % FC over that of the plants grown in ambient
CO 2 . Between the second and the third harvests (22-32 DAT) elevated CO 2 increased
FC% (P<0.01) under drought conditions, however, no difference was found between wellwatered plants under the two CO 2 levels.

The interaction between CO 2 and water

treatments (CO 2 x H 2 O) was significant between the third and the fourth harvests (32-39
DAT), as elevated CO 2 was found to cause the % FC to be higher under well-watered
conditions (P<0.05), but under water-stressed conditions no significant difference was
found compared to plants grown under ambient CO2 concentration.
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Figure 4.3:

S oil m oisture content expressed as % Field capacity (FC) o f pots containing Cenchrus
biflorus plants at ambient (A ) or elevated (E) CO 2 concentrations under either w ell watering (w w )
or water stress (w s) conditions. Values represent means o f 16, 12, 8 or 4 replicates (pots) over 39
days after the start o f treatment (D A T). Arrows show the time o f each o f harvest at, an end o f a
drought cycle.
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4.4. 2 Leaf water potential
Leaf pressure potential ('Fl) reflects the water status of a plant at a given point in
time and integrates the soil water and environmental impacts on plant water status
(Owensby et al., 1997). Therefore, 'F l provides a good estimate on the effects of elevated
CO 2 on water status of plants.

Results of early morning measurements of

of B.

linariifolia are shown in Figure 4.4. At the first harvest (2 WAT) plants that were grown
under elevated CO 2 had significantly (P<0.05) higher TtCless negative) compared to their
counterparts at ambient CO 2 . Water-stressed plants had a highly negative T l compared to
well-watered plants (P<0.001), however, during this period there was no significant
interaction between the treatments (CO 2 x Water) indicating that the positive effect of
elevated CO 2 on 'P l was similar under both water regimes.

At the second harvest the

overall effect of elevated CO 2 , was still positive (P<0.03), however, elevated CO 2 caused a
significant positive effect on 'FLonly under water-limited conditions (P<0.02).

Time (WAT)

D Aww

■ Eww

□ Aws

□ Ews

Figure 4.4: L e a f w ater potential o f B lep h a ris lin a riifo lia p lants g row n at eith er am bient
elevated C O 2 (E ) under w ell-w atered (w w ) or w ater-stressed (w s ) co n d itio n s. M ean s ± (S E ),
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(A ) or
n=4.

At this stage the 'F l of water-stressed plants under elevated CO 2 was -0.9 ± 0.07 M Pa
compared to -1.11 ± 0.03 M Pa for water-stressed plants under am bient C O 2 (Figure 4.4).
By the end o f the treatm ent period (3^'' harvest 7W AT), while under well-watered
conditions no significant difference in water potential was found, under water-stressed
condition the positive effect of elevated CO 2 was still significant (F<0.06) (Figure 4.4).

W ater-stress always had negative significant effects on the w ater potential of C.
biflorus plants (Figure 4.5). A t the first harvest (12 DAT) elevated CO 2 had significant
positive (P<0.01) effect on leaf w ater potential compared to that of am bient CO 2 plants.
Similar to B. linariifolia, at this stage no interaction between the two treatments was found.
At the second harvest (22 DAT), elevated CO 2 continued to have a significant positive
overall effect on T l

The interaction between CO 2 x Water treatment was significant

(P<0.01), as elevated C O 2 was found to cause a significant increase in T l (less negative)
only under w ater-stress conditions.

By the end of the treatment period (39 DAT) the

results were sim ilar to those at the second harvest, as there was a positive effect of elevated
CO 2 (P<0.01) and a significant interaction CO 2 x W ater (P<0.01) (Figure 4.5).

Figure 4.5: Leaf water potential of Cenchrus biflorus plants grown at either ambient (A) or
elevated CO 2 (E) under well-watered (ww) or water-stressed (ws) conditions. Means ± (SE), n=4.
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4.4.3 Relative Water Content
Carbon dioxide enrichment had no overall significant effects on the midday relative
water contents, as it had no effect on well-watered plants o f B. linariifolia.

However,

under water-stressed conditions, doubling of CO2 increase the relative water content from
35 to 52 % (P < 0.05) (Figure 4.6). Water stress had a very significant negative effect on
the relative water content o f the leaf (P<0.001). The relative water content was found to
decrease by 50% in water-stressed compared to well-watered plants.
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Figure 4.6:

L ea f relative water content (R W C ) o f B leph aris linariifoli plants grown at either
ambient (A ) or elevated CO 2 (E) under w ell-w atered (w w ) or water-stress conditions (w s). Means
± (SE ), n=4. D ifferent letters denote significant difference (P <0.001) betw een treatments means
using S c h e jfe ' P o st H oc test.
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4.4. 4 Plant Dry weights
At the first harvest (2 W AT) there was no effect of the w ater-stress treatment on
dry weight (shoot + root) production of B. linariifolia, but elevated C O 2 had a significant
(P<0.05) over-all effect (Figure 4.7 and Table 4.1). The difference between ambient and
elevated CO 2 treatm ent under well-watered conditions was not statistically different,
however, under drought conditions, elevated CO 2 caused an increase of 28% (P<0.05) in
the dry weights com pared to ambient CO 2 grown plants.
At the second harvest (4 W AT) both elevated CO 2 and w ater stress had a
significant effect on the total dry weight. Under well-watered conditions, elevated CO 2
caused an increase of 31% (P<0.05) in dry weight compared to plants at am bient CO 2 .
Under drought conditions, elevated C O 2 caused an increase of 28% (P<0.05) com pared to
water-stressed plants at am bient CO 2 . W ater stress was found to cause an over all decrease
of 28 % in dry weights com pared to the well-watered plants. For the whole course of the
experiment, the interaction between CO 2 and water stress was significant only at the
second harvest (Table 4.1). The com parisons o f means {Schejfe' Post Hoc test) showed the
highly significant (/’<0.001) effect on well-watered plants under elevated CO 2 . At the
third harvest (7 W AT) both w ater availability and CO 2 significantly affected the total dry
weights (P<0.001) (Table 4.1).

W hile water stress caused a general decrease of 30%,

elevated CO 2 caused a general increase of 35% of dry weights.

High CO 2 caused a 40 %

increase in the total dry weight of the well-w atered plants compared to their counterparts at
ambient CO 2 . However, under water-stress conditions elevated CO 2 resulted in an increase
of only 28% in total dry weight com pared to their counterparts at ambient CO 2 .
The total dry weight of C. biflorus did not show a response to water-stress
treatment until 32 DAT (Table 4.2, Figure 4.8) while elevated CO 2 had an initial overall
effect (P<0.05) on dry weight. Under water-stress treatment, at the first (12 DAT) and the
third (32 DAT) harvests, elevated CO 2 increased biomass production by 23% (P<0.05),
and 18% respectively, however, no significant increase was found under well-watered
condition.

By the end of experiment the w ater stress effect was significant (P<0.01).

However, only water-stressed plants under ambient C O 2 showed a significant decrease in
dry weight as no significant decrease was found in water-stressed plants at elevated CO 2 .
At 39 D A T elevated CO 2 was found to increase dry weight under drought conditions by
22% (P<0.01). A t the same time a slight increase (10%) in biomass under elevated CO 2
well-watered plants was found (F<0.08).
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Figure 4.7:

Total dry w eights o f B leph aris linariifolia plants grown at either ambient (A ) or
elevated (E) CO 2 under w ell-w atered (w w ) or water-stress (ws) conditions. V alues represent the
mean ± (SE ), n=5. Tim e w as w eeks after the start o f treatment (W AT).

Table 4.1:

The results o f A N O V A show ing the effects o f elevated CO 2 and water-stress
treatments on dry w eights o f B leph aris lin a riifo lia after the first (2W AT), the second (4W A T ) and
the third harvests (7W A T). * P < 0 .0 5 , ** / ’< 0.01, *** P < 0.001, ns not statistically significant.

Harvests
Source of variation
CO 2
H2 O
CO 2 X H 2 O

df
1
1
1

1st

2nd

3rd

*

*

***

ns
ns

***

***
ns
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Figure 4.8;

Total dry w eights o f C enchrus bifloru s plants grown at either ambient or elevated
CO 2 under w ell-w atered (w w ) or water-stress (w s) conditions. Values represent the mean ± (SE).
Tim e w as w eeks after the start o f treatment (W A T).

Table 4.2:

The results o f A N O V A show ing the effects o f elevated CO 2 and water-stress treatment
on the total dry w eight o f Cenchrus bifloru s plants at each o f 4 harvests. Time interval is days after
the start treatments (D A T). * P < 0 .0 5 , ** P < 0 .0 1 , *** P < 0.001, ns not statistically significant.

CO2

1

Time (DAT)
22
12
*
*

H2O

1

ns

ns

ns

**

CO2XH2O

1

ns

ns

ns

*

Source o f variation

df

32
ns

39
***
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4.4.5 Leaf Area:
W ater stress treatm ent caused a general decrease of 33% (P<0.001) in the leaf area
of B. linariifolia while elevated CO 2 caused an over-all increase of 27% (P<0.001) in leaf
area over the 7 weeks of the experim ent (Table 4.3). The negative effect of w ater stress on
leaf area was not significant until 36 DAT (Figure 4.9). At this stage the decrease in leaf
area was partly due to leaf rolling (P<0.01). Leaf rolling was found to reduce the leaf
width and consequently reduced the area, which was measured as leaf length x leaf width
(see material and method).

Thirty-seven DAT (the following day) when leaf area was

measured after plants were re-watered it was found to recover (particularly under elevated
CO 2 ), as the difference between well-watered and droughted plants was not significant
(Figure 4.10 see the arrows). However, for all the measurements that were susequently
made the leaf area of well-watered plants was always found to be significantly higher
(P<0.01) than the water-stressed plants, even after re-watering.

The water-stress was

found to cause a decrease of 10 and 38% in leaf area of water-stressed plants at elevated
and am bient CO 2 , respectively, com pared to plants grown under well-watered conditions.
Under w ater stress, elevated CO 2 delayed leaf rolling in each water-stress cycle, initially
by 2 days but as plants grew bigger the time difference decreased to one day and thereafter
Vi day by the end of the treatments period (7 WAT). Elevated CO 2 caused an increase in
leaf area of 32% (F<0.001) in w ell-watered plants compared to their counterparts at
ambient CO 2 .

However, under droughted condition elevated CO 2 lead to a leaf area

increase of 44% (P<0.001) compared to drought-treated plants at ambient C O 2 .
The values for leaf area for C. biflorus at the time of each harvest (4 harvests) are
shown in Figure 4.10 and the ANOVA is presented in Table 4.4. Early in the treatments,
elevated CO 2 had no effect on leaf area, but over time it had a very significant effect, as it
increased the leaf area by 33% (P<0.001). The water stress treatment negatively affected
the leaf area (P<0.01) of the ambient CO 2 plants. The leaf area of w ater-stressed plants
was found to decline by 22% compared to the w ell-watered plants. However, for waterstressed plants at elevated CO 2 no significant difference was found between them and the
well-watered plants until 32 DAT. CO 2 enrichment had a small effect on leaf area under
well-watered conditions, however under drought conditions it caused an increase of 45%.
Leaf rolling in water-stressed plants was noticed only under ambient CO 2 concentration.
However, one day after re-wateringj water-stressed plants were noticed to release at least
two new leaves.
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D unng the final stage of the experiment (32-39 D A T), the rate o f leaf death
accelerated in the well-watered plants and as result the total leaf green area o f the of wellwatered plants at ambient CO 2 was not significantly different from the water-stressed
plants at the same CO 2 treatments.

However, for plants grown under elevated CO 3 , the

well-watered plants had a leaf area that was even lower than that o f water-stressed plants.
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Figure 4.8: L eaf area (cm p la n t') o f B lepharis linariifolia grown at either am bient (A) or
elevated C 0 2 (E ) concentration under well-w atered (ww ) or water-stressed (ws) conditions. V alues
represent m ean ± (SE), n=5. Arrows show leaf area at an end o f a drought cycle and after re
watering. Tim e interval was days after the start o f treatm ent (DAT).

Table 4.3: A N O V A summary o f leaf area (cm^ p la n f') o f B lepharis lin ariifolia plants grown at
either am bient or elevated CO 2 under either well-w atered or w ater-stressed conditions. * P<0.05,
** P<0.01, *** P<0.001, ns not statistically significant.

Source o f variation
CO 2
H2 O
CO 2 X H 2 O
Tim e
C O 2 X Tim e
H 2 O X Time
CO 2 X H 2 O X Time

df
1
1
1
8
8
8
8

P values
***
***
ns

***
ns
ns
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Figure 4.10: Leaf area (cm^ plant ') of Cenchrus biflorus plants grown at ambient (A) or elevated
(E) CO 2 levels under either well-watered (ww) or water-stress (ws) conditions. Values represent
mean ± (SE), n=5. Time interval was days after the start of treatment (DAT).
Table 4.4; ANOVA summary of the effects of elevated CO2 and water stress on leaf area of
Cenchrus biflorus plants. * F<0.05, ** / ’<0.01, *** P<0.001, ns not statistically significant.
Results of ANOVA test.
Source of variation

df

CO2
H2O
CO2 XH 2O
Time
CO2 X Time
H2O X Time
CO2 X H 2O X Time

1
1
1
3
3
3
3

P values

***
***
ns
***

4.4.6 Tillering o f Cenchrus biflorus
Ten days after the start of treatments there were significant effects of both elevated
CO 2 (P<0.01) and water-stress (P<0.001) on tillers production in C. biflorus (Table 4.5).
At this stage water-stressed plants at the two CO 2 levels had less tillers than well-watered
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plants but elevated CO 2 was found to increase (P<0.01) tillering under well-watered
conditions only (Figure 4.11).
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39

Time (D A T )

Figure 4.11: The effect of elevated CO 2 and water stress on tiller production of Cenchrus
biflorus plants grown at either ambient (A) or elevated CO 2 (E) under well-watered (ww)
or water-stress conditions (ws). Values represent the mean ± (SE), n=6. Time is days after
the start of treatments (DAT).

Table 4.5:

A N O V A sum m ary o f the e ffe c t o f e le v a te d C O 2 and w ater-stress c o n d itio n s on tiller
num ber p la n f' o f C en ch ru s bifloru s. T im e is days after the start o f treatm ents (D A T ). * / ’< 0 .0 5 , **
P < 0 .0 1 , * * * P < 0 .0 0 1 , ns not stad stically sig n ifican t.

P values
15

24

33

39

ns

ns

ns
***

ns

ns

CO 2

1

10
**

H2 O

1

***

ns

ns
***

CO 2 XH 2 O

1

ns

ns

ns

Source o f variation

df

Fifteen days after the start treatment, and 3 days after the first harvest (3 days after
re-watering after the first drought cycle), there was no statistically significant effect of
either elevated CO 2 or drought on the number of tillers. At 24 and 33 days after the start of
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treatments, tiller production increased as result of drought (P<0.001) (Table 4.5).

The

number of tillers on the water-stressed plants, under both ambient and elevated CO 2 , was
approximately double that of the well-watered plants at the two CO 2 levels (Figure 4.11).
However, this pattern was found to change somewhat by the end of the treatment period
(39 days after the start of treatment) when the numbers of tillers of drought treated plants
was found to decrease significantly. However, at this time they still had more tillers than
well-watered plants and elevated CO 2 had no significant effect on tiller production.

4.4.7 Developmental characteristics of Blepharis linariifolia
B. linariifolia is characterised by dichotomous branching; where leaves are
produced in pairs. After the release of the first three pairs of leaves, the main stem divides
into two branches and between them the first flower appears. Usually, two tiny flowers
appear on the sides of the first flower. Subsequently, each of the two branches divides into
two and in the fork between two branches more inflorescences develop etc.

The new

branches of the well-watered plants under elevated CO 2 was found to take the erect or
vertical form, compared to the prostrate or horizontal one that was found under the other
treatments. This arrangement was found to expose the elevated well-watered plants to 713
± 7.6 [imol m'^ s’' compared to 573 ± 12.6 )amol m"^ s'^ (P<0.01) under ambient CO 2 and
well-watered conditions.

Table 4.6; Number of branches per plant of B. linariifolia plants grown at either ambient (A) or
elevated (E) CO2 under either well-watered (ww) or water-stressed (ws) conditions. Values
represent the mean ± (SE), n=6
Time
(WAT)

Aww

Eww

Aws

Ews

4

6 ± 0.0
6 ± 0.0

8 ± 0.6
9 ± 0.0

6 ± 0.0

6 ± 0.0

12 ± 0.5
16 ± 0.5

6 ± 0.0
6 ± 0.0
6 ± 0.0
12 ± 0.4

5
6
7

13 ± 0.3

6 ± 0.0
6 ± 0.0
11 ± 0.0

Elevated CO 2 had a positive overall effect (P<0.05) on branch numbers of B. linariifolia,
over the whole treatment period, while water-stress had a negative (P<0.001) effect
(Tables 4.6 and 4.7).

Under water stress elevated CO 2 had no significant effect on

branching but under well-watered conditions it increased significantly (P<0.05). The CO 2

I
enrichment also increased the number of leaf pairs of B. linariifolia (P<0.05) under the two
water regimes (Tables 4.7 and 4.8) but, similar to its effect on branching, under wellwatered condition elevated CO 2 had an even more positive effect. While the number of
leaf pairs increased by 6 (P<0.001) under elevated well-watered conditions, an increase of
3 pairs was found under water-stressed conditions (P<0.05) compared to plants at ambient
CO2 . On the other hand, water-stress caused a general decrease of leaf pairs, by an average
cf4(P<0.001).

Table 4.7; ANOVA summary of the number of leaf pairs (plant ') and number of branches (plant'
*) of B. linariifolia plant grown at either ambient or elevated CO2 under either well-watered or
water-stressed conditions. * P<0.05, ** P<0.01, *** P<0.001, ns not statistically significant.

Source o f variation

CO2
H2 O
CO2 X H2 O
Tim
CO2 X Time
H2 O X Time
CO2 X H2 O X Time

df
1
1
1
6
6
6
6

leaf pairs no.
**
**
*
***
ns
ns
ns

P values
branches no.
*
***
*
ns
ns
ns
ns

There were significant interactions between high CO 2 and the water-stress treatments, for
both branch numbers and number of leaf pairs (Table 4.7). Carbon dioxide enrichment
was found to increase the two variables under the well-watered conditions (P<0.01) over
that of ambient stressed and non-stressed plants as well as elevated CO2 water-stressed
plants.

Table 4.8: Number of leaf pairs on B. linariifolia plants grown at either ambient (A) and
elevated (E) CO 2 levels under either well-watered (ww) or water-stressed (ws) conditions.
Values represent the mean ± (SE), n=6_________________
Eww
Aws
Ews
Time (WAT) Aww
1
2
3
5
6
7

7± 0.3
10 ± 1.3
19 ±2.8
23 ± 3.4
28 ± 1.8
37 ± 2.5

9 ±2.0
15 ±2.8
26 ± 4.5
30 ± 6.0
34 ± 4.5
40 ± 2.8

5 ±0.3
10 ± 1.2
14 ±2.8
22 ± 1.7
24 ± 1.7
36 ± 0.3
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8± 1.7
10 ± 1.9
18 ±4.6
24 ± 0.8
27 ± 1.4
39 ±2.8

The values for plant height and results of ANOVA are shown in (Tables 4.9 and 4.10).
Both elevated CO 2 and water-stress treatment affected the heights of B. linariifolia plants.
Elevated CO 2 increased plant height only under well-w atered conditions.

However, no

significant difference was found between the water-stressed plants at either ambient or
elevated CO 2 concentrations.

Table 4.9: H eight of the main stem (cm): of B. linariifolia plants grown at either ambient
(A) and elevated (E) CO 2 levels under either well-watered (ww) or w ater-stressed (ws)
conditions.Values represent the mean ± (SE), n=6
Time Aww
(WAT)

Eww

Aws

4
5
6

7 ±0.7
9 ±0.8
10 ±0.8

6 + 0.4
7 ±0.2
7 ±0.1

6 ± 0.5
6 ± 0.7
8 ± 0.6

Ews
6 ±0.2
6 ±0.5
7 ±0.7

Table 4.10: ANOVA summary of height of B. linariifolia plants grown at either ambient or
elevated CO2 under either well-watered or water-stress conditions. * P<0.05, ** ^<0.01, ***
P<0.001, ns not statistically significant.
Source of variation

df

CO2
H2O
CO2 X H2O
Tim
CO2 X Time
H2O X Time
CO2 X H2O X Time

1
1
1
2
2
2
2

P values

**
ns
ns
ns

4.4.8 Flowering
Carbon dioxide enrichment was found to hasten flow er opening of B. linariifolia
under the two moisture regimes, while water stress also hastened flowering in plants grown
at am bient CO 2 . W ell-watered plants at ambient C O 2 were the last to flower; which they
did 3-7 days after plants under the other treatments. Inflorescence production and total
num ber of flowers opened (Table 4.11 and Figure 4,12) were both positively affected by
elevated C02> however, water-stress had no effect on either of the two variables (Tables
4.12, 4.13 and).
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Table 4.11: Inflorescence num bers(planr‘) of b . linariifolia plants grown at either ambient (A)
and elevated (E) CO 2 levels under either well-watered (ww) or water-stress (ws) conditions.
Time (WAT)

Eww

Aww

2

1 ± 0 .0

3
4
5
6
7

Ews

Aws

1 ± 0 .0

1 ± 0.0

1 ± 0.0

3 + 1.0

1 ± 0 .0

2 ± 1.0

3 ±0.3

6 ± 1.0

3 ± 1.2

4 + 1.0

5 + 0.5

6 ± 1.0

4 + 1 .2

4 ± 1.0

5 + 0.5

6 ± 1.0

4 ± 1.2

5 + 1 .0

5 ±0.5

9 + 0.3

7 + 1.2

9 ± 0 .3

7 ± 1.2

Table 4.12: ANOVA summary of the effect of elevated CO2 and water-stress on number of
inflorescence (per plant) of B. linariifolia plants. *F<0.05, ** /^<0.01, *** f ’<0.001, ns not
statistically significant.

Source of
variation
CO 2
H2 O
CO 2 X H 2 O
Time
CO 2 X Time
H2 O X Time
CO 2 X H 2 O X Time

df
1
1
1
5
5
5
5

P values

ns

ns
ns
ns

Elevated CO 2 increased the two variables only under well-watered conditions (P<0.001).
On the other hand, inflorescence dry weight was affected by both the doubling o f the CO 2
level ( / ’<0.01) and the water-stress treatment (P<0.05).

Elevated CO 2 compared to the

ambient CO 2 doubled the inflorescence dry weight o f B. linariifolia plants under weliwatered conditions, but under water-stressed it only caused a 18% increase in weight
(Figure 4.13 and Table 4.14).
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Figure 4.12: The num ber o f flowers opened (per plant) of Blepharis linariifolia plants grown at
either am bient (A) or elevated CO 2 (E) under well-watered (ww) or water-stress conditions (ws).
Values represent m ean ± (SE), n=6. Tim e is weeks after the start of treatments (WAT).

Table 4.13: A NO VA sum mary o f the effect o f elevated CO 2 and water-stress treatm ent on
num ber o f total flowers opened o f Blepharis linariifolia. * P<0.05, ** P<0.01, *** P<0.001, ns
not statistically significant.
Source of variation

df

P values

CO2

1

**

H2O

1

ns

C O 2X H 2O

Time

1
2

***

CO2 X Time

2

ns

H2O X Time

2

ns

CO2X H jO X Time

2

ns

*
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Figure 4.13: Inflorescence dry w eight (m g/plant) o f Blepharis linariifolia plants grown at either
am bient (A) or elevated CO 2 (E) under well-w atered (ww) or water-stress conditions (ws). Values
represent m ean ± (SB), n=6. Tim e is weeks after the start of treatments (WAT).

Table 4.14: A NOVA summary o f the effect o f elevated CO 2 and water-stress treatm ent on
inflorescence weight o f Blepharis linariifolia. * f ’<0.05, ** P<0.01, *** P<0.001, ns not
statistically significant.

Source of variation

df________P values

C 02

j

**

H 20

1

**

C02X H 20

1

*

j

***

1

ns

Time
CO2

X

Time

H2O X Time

1

ns

CO2 X H7O

1

ns

X

Time
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Similar to B. Linariifolia, flowering in C. biflorus started first in well-watered
plants under elevated CO 2 , followed by the water-stressed plants under both CO 2 levels.
W ell-watered plants at am bient CO 2 were the last to flower, with their first flower
appearing 4 days after their counterparts at elevated CO 2 . In spite of the fact that flowering
of water-stressed plants occurred earlier, both the num ber (Figure 4.14) and the weight
(Figure 4.15) o f inflorescence did not show a similar increase.

Elevated CO 2 had a

positive significant effect both on the weight (P<0.01) and the num ber (P<0.01) of
inflorescence o f the well-watered plants. The inflorescence weight o f well-w atered plants
at elevated CO 2 concentration increased by 38% over that of plants grown at am bient CO 2 .
The drought condition had a negative effect (P<0.001) on the both the num ber and weight
of inflorescences (Tables 4.15 and 4.16). The number of inflorescences produced under
well-watered conditions elevated and ambient CO 2 were respectively 3 and 2.5 x the plants
under water-stress conditions (Figure 4.14). The significant interactions between C O 2 x
water and w ater x time, for both inflorescence numbers and dry weight, were an outcome
of the big difference in inflorescence dry weights of well-watered compared to waterstressed plants.

The three way interaction of CO 2 x Water x Time (Table 4.16), for

inflorescence dry weight, was also significant. Over time, well-watered plants at the two
CO 2 levels were highly significantly different from water-stressed plants at the two CO 2
(greater increase in dry weights under well-w atered conditions), but the difference between
the well-watered plants become less significant (Figure 4.15).
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Figure 4.14; N um ber o f inflorescences on Cenchrus biflorus plants grown at either am bient (A)
or elevated CO 2 (E) under well-w atered (ww) or water-stress (ws) conditions. Values represent
mean ±'(SE ), n=5. Tim e interval was days after the start o f treatments (DAT).

Table 4.15: A NO VA summary o f the effect of elevated CO 2 and water-stress treatm ent on
num ber o f inflorescence of Cenchrus biflorus plant.
statistically significant..

Source of variation

df

P values

CO2

1

ns

H2O

1

CO2 X H 2 O

1

Time

3

C O 2 X Time

3

H 2 O X Time

3

C O 2 X H 2 O X Time

3

***

ns
***
ns
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* P<0.05, ** / ’<0.01, *** P<0.001, ns not
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Figure 4.15: Inflorescence dry w eights o f C enchrus biflorus plants grown at either ambient (A ) or
elevated (E ) C O 2 under w ell-w atered or (w w ) water-stress (w s) conditions. V alues represent mean
± (SE ), n=5. T im e interval w as days after the start o f treatments (D A T).

Table 4.16: The effects o f elevated CO 2 and water-stress treatment on inflorescence dry weight
(mg plant"') o f C enchrus b ifloru s plants at each o f 4 harvests given in days after treatments.
P values

Source of variation

df

CO2

1

H2 O

1

CO2 XH 2 O

1

Time

1

***

CO2 X Time

1

ns

H2 O X Time

1

***

CO2X H 2 O X Time

1

*
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4.4.9. Transpiration
The mean daily transpiration of both species was analysed for separate time periods
that were determined by the time of each harvest.

For B. linariifolia, the mean daily

transpiration from the start of treatments until the first harvest (2 WAT) was significantly
affected by both elevated CO 2 and water-stress (Table 4.17), however, over time the effect
off water-stress in reducing transpiration become greater. The reduction caused by waterstress treatment increased from 37% to 53% by the end of the treatment period. On the
other hand the reduction caused by elevated CO2 was found to decrease over time from
17% to an insignificant effect by the end of the treatment period.

Table 4.17: ANOVA of the summary of mean daily transpiration planf‘ of Blepharis linariifolia
plants grown at either ambient or elevated CO2 , under well-watered or water-stressed conditions.
Time intervals are weeks after the start of treatments (WAT). * P<0.05, ** f<0.01, *** P<0.001,
ns not statistically significant.

Source of variation

CO2
H2 O
CO2 XH2 O

df
1

0-2

P values
2-4
*

4-7 WAT

ns

1

***

***

***

1

ns

ns

*

Under well-watered conditions elevated CO2 reduced transpiration by 13% (from
15 to 13 g day'* (P<0.05)) in the period from the start of treatment until the first harvest (02 WAT). While no significant difference was found between the

and the 2"^ harvests

(2-4 WAT), transpiration was reduced by 13% (from 34 to 29 g day ' (P<0.01)) between
the second and the third harvests. Under drought conditions elevated CO 2 also reduced
transpiration, however the reduction was found to decrease from 20% (P<0.05 at the 1^‘
harvest) to a negligible difference between the 2"^ and the

harvests.

The cumulative transpiration of B. linariifolia showed that there was a very
significant increase over time in transpiration under well-watered conditions.

But for

water-stressed plants the increase in transpiration over time was significantly suppressed
by drought, particularly by the end of the treatment period (Figure 4.16). At this stage the
total reduction in transpiration caused by elevated CO 2 under well-watered conditions was
12% (F<0.05) while under drought condition the reduction was 9% compared to their
counterparts at ambient C 0 2 117
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Figure 4.16: C u m u lativ e tran sp iratio n (g p la n t ’) o f B lepharis linariifolia plants grow n at am b ien t
(A) or elev a te d C O 2 (E ) co n cen tratio n s u n d e r eith er w ell-w atered (ww) or w ater-stressed (w s)
conditions. V alu es re p re se n t m eans o f 15, 10 o r 5 replicates for 0-2, 2-4, 4-7 w eeks after
treatm ents, resp ectiv ely .

In C. biflorus the water-stress treatment had also an increasingly negative effect on
transpiration over time (from 18% to 36%). However, the negative effect was not as high
as in B. linariifolia, because the leaves o f C. biflorus plants were found to senesce earlier
under well-watered as compared to water-stressed condition, and consequently their
transpiration was reduced.

Table 4.18: A N O V A o f the sum m ary o f m ean daily transpiration plant ' o f Cenchrus biflorus
plants g ro w n at e ith e r am bient or elevated C O 2 u nder w ell-w atered or w ater-stressed conditions.
Tim e in terv als are days after the start o f treatm ents (W A T ). * P<0.05, ** P < 0.01, *** P < 0.001, ns
not sta tistica lly significant.__________________________________________
C0 2

H 2O
P v alu es

C O 2 * H 2O

*

***

***

***

ns
ns

***
*

***
**

DAT
0-12
12-22
22-32
32-39
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The effect of elevated CO 2 on daily transpiration was found to decline significant
over tim e (40% (at the first harvest) to 18% (at the last harvest)), and similar to B.
linariifolia, by the end o f the treatment period the effect o f carbon dioxide enrichment was
only significant in the well-watered plants.
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Figure 4.17: Cumuladve transpiradon (g plant'') of Cenchrus biflorus plants grown at ambient
(A) or elevated (E) CO2 levels under either well watered (ww) or water-stressed (ws) conditions.
Values represents means of 15, 10 or 5 replicates for 0-12, 12-22, 22-32 and 32-39 days after
treatment (DAT), respecdvely.

In the period from the start of treatment until the first harvest (12 DAT), elevated
compared with ambient CO 2 reduced (F<0.05) daily transpiration by 21% (from 28 to 21g
day'' under well-watered conditions) while it caused a reduction of 13% under waterstressed (from 16 to 14 g day''), conditions. Between the 1*‘ and the 2"^ harvests (12-22
DAT) the daily transpiration of well-watered plants under elevated C O 2 was reduced by
39% (from 48 to 29 g day'') while under drought condition it was reduced by a 30% (from
33 to 22 g day'').

As plants grew larger the effects of CO 2 enrichm ent on daily

transpiration under the drought conditions became less.

Between the 2

and the 3

harvests (22-32 DAT), high CO 2 caused a reduction of a 13% (P<0.05), but by the end of
the treatments period (32-39 DAT), there was no significant difference between the
transpiration of the water-stressed plants under the two CO 2 treatments.
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O ver the same

periods o f time (22-32 and 32-39 DAT) doubling of CO 2 concentration, reduce (P<0.01)
the daily transpiration o f well-watered plants by 30% (from 56 to 39 g day ‘) and 26%
(from 65-48 g d a y '), respectively, compared to ambient CO 2 grown plants.
A t the start of treatment period (0-12, 12-22 DAT), the interaction between
elevated CO 2 and the water-stress was not statistically significant, but over time (22-32 and
32-39 D A T) the interaction between the two factors became significant as elevated CO 2
was found to reduce transpiration only under well-watered conditions.
The cum ulative transpiration of C. biflorus showed that the transpiration o f the
well-watered plants under ambient CO 2 was significantly higher than that of plants under
all the other treatments. By the end of the treatment period, the reduction caused by C O 2
enrichment under well-watered conditions was 27% (P<0.01) compared to 8% under
drought conditions.
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4.4.10 Water use efficiency
W ater use efficiency of B. linariifolia was calculated for the period between the
first and the second harvests (2-4 WAT), and the second and the third harvests (4-7 WAT)
(Figure 4.18 and Table 4.19). Elevated CO 2 cause a 66% increase (P<0.001) in water-use
efficiency, (P<0.001) com pared to plants that were grown under am bient CO 2 . On the
other hand, w ater stress had no effect on WUE. W ater use efficiency was also found
(P<0.001) to increase over time (Figure 4.18). Between the 1"' and the 2°'' harvests (2-4
WAT) W U E was significantly (P<0.001) lower than between the 2"^' and the 3’'^' harvests
(4-7 W AT).
The interaction between time and CO 2 was not significant, but the interaction
between time and w ater treatment was significant (P<0.01). Between the 1*' and the 2"^*
harvests (2-4 W AT) there was no difference in WUE between well-watered and waterstressed plants. But, between the 2"*^ and the

harvests (4-7 WAT), the water limitation

increased W U E (F<0.01) under ambient CO 2 compared to well-watered plants under the
same CO 2 treatment. The interaction between water and CO 2 was significant, but there
was no significant difference in W UE between water-stressed and non-stressed plants
grown under elevated C O 2 . U nder well-watered conditions, elevated CO 2 increased W UE
by 91% while under water-limited conditions the increase was 25% compared to plants
grown at am bient CO 2 .
Elevated CO 2 increased the water use efficiency (P<0.001) of C. biflorus (Figure
4.19 and Table 4.20), by 70% over that of the ambient CO 2 treatment. The water stress
treatment also increases WUE by 18% (/’<0.01) over that of plants grown under wellwatered conditions. The interaction between water and CO 2 was significant (F<0.05), as
elevated CO 2 was found to cause a greater increase in W UE under well-watered conditions
than at w ater stress conditions compared to their counterparts at ambient CO 2 .
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Figure 4.18; Water use efficiency (WUE, mg dry wt./g water) of Blepharis linariifolia plants
grown at either ambient or (A) or elevated (E) CO 2 under well-watered (ww) or water-stressed (ws)
conditions. Values represent mean ± (SE), n=5. Time interval was weeks after treatments (WAT).

T able 4.19: Analysis of variance summary of water use efficiency of Blepharis linariifolia. *
P<0.05, ** P<0.01, *** P<0.001, ns not statistically significant.
Source of variation
CO 2
H2 O
CO 2 XH 2 O
Time
C02xTime
H2 O X Time
CO 2 X H 2 O X Time

df
1
1
1
1
1
1
1

P values
***
ns
*
***
ns
**
ns
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Figure 4.19: W ater use efficiency (W UE) o f Cenchrus biflorus plants grown at either am bient (A)
or elevated (E) CO 2 under well-watered (ww) or water-stress (ws) conditions. Values represent
mean ± (SE), n=5. * P<0.05, ** P<0.01, *** P<0.001. Time interval was days after the start of
treatment (DAT).

Table 4.20: ANO VA summary the effects o f elevated C O 2 and water-stress treatm ents on water
use efficiency o f Cenchrus biflorus. * P<0.05, ** P<0.01, *** f ’<0.001, ns not statistically
significant.
Source of variation

df

CO 2
H 2O
CO 2 X H 2O
Time
CO 2 X Tim e
H 2O X Tim e
CO 2 X H 2O X Tim e

1
1
1
2
2
2
2

P values

*
ns

ns

T im e had n o e ffe c t on W U E , h o w ev er, the interaction b etw een tim e and w ater
(/^ < 0.01) and tim e and C O 2 (P < 0 .0 1 ) w ere both sig n ifican t.
not c h a n g e o v e r tim e , but at a m b ien t C O 2 it did.
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A t e le v a te d C O 2 , W U E did

W ater use e f fic ie n c y o f a m b ien t C O 2

plants between the 3

and the

harvests (32-39 DAT) was significantly lower (P<0.01)

than the value between the 2“" and the 3^“ harvests (22-32 DAT). W ater use efficiency of
water-stressed plants between the 1"‘ and the 2"‘^ harvest (12-22 D A T) and between the 2"^*
and the 3

harvests (22-32 DAT) was higher than that o f the well-watered plants.

However, between the 3

and the 4 harvests no difference was found.

4.4.11 Leaf Temperature
B. linariifolia plants grown at elevated CO 2 had leaf temperatures that were
significantly higher (P<0.001) than those grown at ambient CO 2 concentration (Figure
4.20). Leaves of plants grown at elevated CO 2 were wanner than those of plant grown at
ambient CO 2 .

However, elevated CO 2 was found to cause more increase in leaf

temperature on plants grown under well-watered conditions compared to those grown at
water-stressed conditions, and consequently the interaction between elevated and water
treatment (CO 2 x H 2 O) was significant (P<0.01). Under well-watered conditions growth at
elevated CO 2 increased leaf temperature by approximately 1 “C, while under water-stressed
conditions it caused an increase of 0.7 °C compared to plants grown at ambient C O 2
concentration. On the other hand the leaf temperature was also found to increase under
water-stress treatment (Table 4.21). Leaves of water stressed plants were 0.4 °C warmer
than those of well-watered plants. At the stage of the second harvest (4 WAT, end of the
4‘*’ drought cycle) the leaf temperature of water-stressed plants under ambient CO 2 , was
found to be even higher than that of water-stressed plants at elevated CO 2 concentration
(31 °C vs. 30 °C, respectively).

Sim ilar to B. linariifolia growth in CO 2 enrichment also increased leaf temperature
of C. biflorus (Figure 4.21).

Plants grown under elevated CO 2 were 0.6 °C (P<0.001)

warmer than ambient CO 2 grown plants (Figure 4.21).

Under well-w atered condition

elevated C O 2 increased leaf temperature by 0.8 °C (P<0.01) over that of their counterparts
at am bient CO 2 concentration.

However, under water-stress condition elevated CO 2

caused an increase of 0.5 °C (P<0.05) only. Water-stress treatment also had a significant
(P<0.01) effect on raising leaf temperature (Table 4.22). Water stressed plants were 0.5 °C
Wanner than well-watered plants. When the water limited plants were water stressed (ends
of drought cycles), ambient CO 2 grown plants, were some times found to have higher leaf
temperature compared to their counterparts at elevated C02- However, as plants were re124

watered, and the stress was relieved the temperature was found to drop and the leaf of
ambient grown plants were cooler than elevated CO 2 grown plants under the two water
regimes. The interactions between CO 2 and water (P<0.05), was significant (Table 4.20)
as more negative effect o f elevated CO 2 was found under well-watered compared to waterstressed conditions.
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Figure 4.20: L e a f tem p eratu re (°C) o f B lepharis lin ariifolia plants grown at either am b ien t (A ) or
elevated C O 2 (E ) und er w ell-w atered (w w ) o r w ater-stress conditions (ws). V alues are m eans ±
(SE), n = 4 re p lic a te s at each o f 10 sets o f m easu rem en t over the treatm ent period (39 days).

Table 4.21: A n aly sis o f variance sum m ary o f le a f tem perature o f B lepharis lin ariifolia plants
grow n at e ith e r am b ien t o r elevated C O 2 und er w ell-w atered o r w ater stress co n d itio n s. *: P < 0.05,
**; P < 0 .0 1 , ***; P < 0 .0 0 1 , ns; not statistically significant.

Source of variation

df

CO2

1

H2O

1

CO2XH2O

1

P values
***
***
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Figure 4.21: T h e le a f tem p eratu re (”0 o f C en ch ru s biflorus plants grown at either am bient (A ) or
elevated C O 2 (E ) u n d er w ell-w atered (w w ) w ater-stress conditions (ws). V alues are m eans ± (S E ),
n = 4 rep lic a te s at each o f 9 sets o f m easu rem en t o v er the treatm ent period (7 weeks).

Table 4.22: A n aly sis o f variance sum m ary o f le a f tem perature of C enchrus biflorus plants grow n
at e ith er a m b ie n t or elev ated C O 2 u nder w ell-w atered or w ater-stress treatm ent. *: P< 0.05, **:
P < 0.01, ***: P < 0 .0 0 1 , ns: n o t statistically significant.
Source o f variation

df

CO2

1

H2O

1

CO2XH2O

1

P values
***
*
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4.5. Discussion

W ater u se o f both C. bifloru s and B. lin ariifolia w as reduced under elevated C O 2 ,
ultim ately becau se o f the reduced stomatal conductance (gs) to w ater vapour from the
leaves o f the plants (Chapter S ix).

The partial stom atal closu re lead to a significant

reduction in transpiration under both well-watered and drought con d ition s.

Transpiration

of B. lin a riifo lia w as reduced by elevated CO 2 im m ediately after fu m igation started.
H ow ever, by the end o f the treatment period high CO 2 had no effect (T able 4 .1 7 ) on
transpiration from w ater-stressed plants (Table 4.18), but under w ell-w atered con d itions
the n eg a tiv e effect o f h igh C O 2 on transpiration remained. C. biflo ru s plants also sh ow ed a
similar pattern o f response. D ou b lin g o f atmospheric CO 2 caused a perm anent reduction o f
transpiration o f w ell-w atered plants, but its effect on the water-stressed plants did not last,
and by the end o f the treatment period no significant difference was found betw een
drought-stressed plants at either C O 2 level.
T h e n on -sign ifican t effect o f elevated CO 2 (at the end o f the treatment periods) in
w ater-stressed plants cou ld be partly exp lained by the increase in leaf area (Figures 4 .8 and
9), and the increase in lea f temperature (Figures 4.20 and 4.21), in the plants at elevated
CO 2 .

R esu lts sh o w ed that, as stress develop ed , very small differences in stom atal

conductance w ere found b etw een the w ater-stressed plants at the tw o CO 2 lev els (Chapter
S ix).

R esu lts sim ilar to those o f the present study have been reported in the literature.

Kanpp e t al. (1 9 9 6 ) found that w hen water availability was high, elevated C O 2 resulted in
decreased stom atal conductance in 10 o f the 12 sp ecies measured, however, during a dry
period reductions in stomatal conductance at elevated C O 2 were found in only tw o sp ecies.
(Kirkham e t a t., 1991) also reported that elevated (2 x ambient) CO 2 reduced transpiration
rate o f b ig bluestem (A n dropogon g e ra r d ii V itm an) by only 25% under low water
treatment, but the reduction was 35% at high-w ater availability. N ie et al. (1 9 9 2 ) found
that grow th

under elevated

CO 2

(700

ppm v) reduced canopy

(prairie

plants

C4)

evapotranspiration by 18% and 8% under the high and low waters levels, respectively.
T he reduction in transpiration in response to a doubling o f C O 2 found in the present
study, for both C. bifloru s and (F < 0 .0 1 ) in B. lin ariifolia, is sim ilar to that reported by
other researchers, w h o have su ggested that doubling o f carbon d ioxid e w ou ld lead to
significant reduction o f transpiration o f C4 species. Imai and O kam oto-Sato (1 9 9 1 ) found
elevated CO2 decreased transpiration in two C4 plants (Japanese m illet, E ch in och loa
fru m e n ta c e a Link and E leusine co ra ca n a Gaertn.) and tw o C3 plants (rice, O ry za sa tiv a L.,
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and soybean, Glycine max), however, a greater reduction was found in the C4 species.
Duglas et al. (1997) reported that averaged rates o f transpiration were larger for plants
grown under ambient CO 2 compared with plants grown under elevated CO 2 for both
Sorghum (C4 plant) and Soybean (C 3 plant). Ham et al. (1995) found that CO 2 enrichment
reduced daily evapotranspiration o f a prairie ecosystem, dominated by C4, by 22%.
The amount of reduction of transpiration due to high CO 2 reported from other
studies were higher than those found in the present study (15% (P< 0 .0 1 ) and 27%
(P<0.001) for B. linariifolia and C. biflorus, respectively). Knapp et al. (1994) reported a
decrease o f 57% in water loss due to elevated CO 2 , He et al. (1992) also found that
transpiration rate o f big blue stem (C 4 ) was decreased by an averaged o f 54% when the
level o f CO 2 was doubled.

The measurements of the latter study were based on

instantaneous rather than gravimetric measurements.
In spite o f the initial (0-2 W AT and 0-12 DAT for B. linariifolia and C. biflorus,
respectively) significant effect o f high CO 2 on transpiration of B. linariifolia and C.
biflorus under the two water levels, there was no significant difference in the soil water
content over the same period o f time. This was presumably because the plants were too
small to produce noticeable difference in soil moisture content. Thereafter, (2-4 W AT, 3239 D A T ) the significant effect o f doubling CO 2 (P<0.05) (Table 4.5) was mirrored by a
similar effect on soil water content so that wetter soils ( / ’<0.05) were found under elevated
CO 2 grown plants (Figures 4.2b and 4.3b) under both water regimes. By the end o f the
treatments periods elevated CO 2 did not have a significant effect on transpiration of waterstressed plants and consequently no significant differences were found in soil water
content. It is generally expected that under elevated CO 2 , soils would dry out more slow ly
because stomatal conductance and transpiration are reduced.

Kirkham et al. (1991) and

Owensby et al. (1997) found wetter soil with elevated CO 2 in tailgrass prairie. H owever,
the reduction in transpiration is expected to be proportionally less than reduction in leaf
conductance due to leaf warming and greater leaf area (Morison and Gifford 1984;
Kirkham et al. 1991; (IPCC, 1996).

In fact Hunt et al. (1996) demonstrated that these

factors may offset or override the effect o f smaller conductance on transpiration, resultmg
in no change in soil water or even in drier soil under elevated CO 2 . This is what
presumably had happened by the end of the treatment period in the present study.
Elevated CO 2 had an early positive (F<0.05) effect on the total dry weights o f
water-stressed plants o f both B. linariifolia and C. biflorus (Figures 4.6 and 4.7).
Furthermore, while for C. biflorus, elevated CO 2 had a very small effect over time under
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well-watered conditions (Figure 4.8), in B. linariifolia well-watered plants at elevated CO 2
showed a very big increase (P<0.001) in the dry weight. The % gain in dry weight under
well-watered conditions was also higher than that under water-stressed conditions (40% vs.
28%).

Under the well-watered conditions doubling of atmospheric CO 2 also caused

significant increase o f the number of leaf pairs, number of branches, and number of
inflorescences.

In addition, elevated CO2 also changed the nature of growth of lateral

branches to erect rather than prostrate.

As a result of this it was found that the well-

watered plants at elevated CO2 were exposed to more (P<0.001) radiation compared to the
ambient CO 2 plants.

Many studies, have demonstrated the significance o f high light

intensity in increasing the C4 photosynthesis under elevated CO2 (Clifford et a l , 1993;
Ghannoum et al., 1997; Sionit & Patterson, 1984). There is some evidence from the study
of desert communities that elevated CO2 would have a big influence on biomass
production only during high rainfall years, while, during drought years no significant
response to CO 2 enrichment was found (Smith et al., 2000). Rozema et al. (1991) found
no positive effect of elevated CO 2 (580 ppmv) on the two C4 grass species Spartina
angilica C.E. Hubbard and Spartina patens (Ait). However, the plants were grown at a
temperature of 21°C/day and 15°C/night.

Which may have been too low for these C4

species (Eheringer et al., 1997).
The positive effect of elevated CO 2 on the dry weight of water-stressed plants of C.
biflorus is similar to many other studies of C4 plants (Conroy et al., 1998; Eamus, 1991;
Ham et al., 1995; Marks & Strain, 1989; Morison & Gifford, 1984a; Morison & Gifford,
1984b; Smith et al., 1987).

Under mild to severe water deficit, elevated CO 2 is

hypothesised to ameliorate the effect of water stress through its positive effects on water
relation and WUE (Conroy et al., 1998; Owensby, 1993b; Seneweera et al., 1998). In this
experiment, plants grown in elevated CO2 , transpired less rapidly and conserved more soil
moisture than those at ambient CO2 , particularly during the early stages of treatments.
The smaller effect of drought on the dry weight of C. biflorus plants at the two CO 2
concentrations was mainly related to the effect of recovery from drought after the first
drought cycle, which initiated the production of tillers (Table 4.5 and Figure 4.11) and
increased the assimilation rate (Chapter Six).

Subsequently, as the drought cycles

continued, the plants lost many of their tillers as they exhibited natural self-thinning. An
earlier study Chu et al. (1979) suggested that in prairie grass (Bromus catharticus Vahl),
the rate of recovery of leaf and tiller growth from periods of water deficit would influence
the productivity.

The same study found that the rates of increase in tiller number, leaf
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number and leaf area per plant at elevated CO 2 were greater than in control plants.
However, a reduction in tiller number in water-stressed grass swards was also observed
and was explained mainly by the cessation of tillering rather than to faster rates of tillers
death (Jones, 1988). Elevated CO 2 had an early small effect on tillering o f well-watered
plants, but had no effect on water-stressed plants. In three species o f Panicum, tillering
response was not strongly enhanced by elevated CO2 (see Table 4.24, Murray, 1997c); but
there are som e contradictory results for tillering in wheat.

Christ and K om er (1995)

reported that approximately twice as many tillers were produced under elevated CO 2 , but
McMaster et al. (1999) found that elevated CO2 slightly delayed tiller appearance, but
accelerated tiller developm ent after appearance. The latter study also reported that greater
plant biom ass was related to greater tillering, similar to the effect of tillering on the
biomass in droughted plants of C. biflorus. On the other hand D onnelly (1998) found that
elevated CO 2 had no effect on tiller production in wheat, although results from other
studies have indicated that consistent increases in plant stem number may occur as a result
of CO 2 enrichment (Devakumar et al., 1998; Morison & Gifford, 1984b; Sionit &
Patterson, 1984; Smith et al., 1987).
In both species both well-watered and water-stressed conditions, elevated CO 2
enabled plants to maintain less negative water potentials, but this was most pronounced
under water-stress conditions.

In B. linariifolia, water status of water-stressed plants

grown under elevated CO 2 did not decline to the same degree as in ambient CO 2 . RWC
values o f 52% and 35% were found for water stressed plants at elevated and ambient CO 2 ,
respectively, by the end o f the second stress cycle (4 WAT). The corresponding values o f
RWC in well-watered plants remained above 83% at the two CO 2 levels. M aintenance o f
high 'Pl in elevated CO 2 may enable the plants to remain active for longer as the soil water
is depleted.
CO 2 .

Clifford et al. (1995) found improvement in the leaf RWC under elevated

M any studies have reported an increase in leaf water potential under high CO 2

conditions (Clifford et al., 1993; He et al., 1992; Knapp et al., 1994; Knapp et al., 1996;
Morgan et al., 1994b; Owensby et al., 1997; Rogers et al., 1984).

N ie et al. (1992a)

reported that elevated CO 2 increased leaf water potential of two grasses; Kentucky
bluegrass (C3) and big bluestem (C4). Rozema et al. (1991) found that for two C3 grass
species {Scirpus maritimus L. and Puccinellia m antims (Huds.)), and two C 4 grass species
(5.

angilica and S. patens (Ait)) grown at ambient and elevated CO 2 at low and high

salinity, the water potential o f the shoot was less negative under conditions of CO 2
enrichment. Hamerlynck et al. (1997) reported that for three tallgrass prairie species, the
leaf water potential o f two of them was higher under elevated CO 2 regardless of soil
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moisture, w hile the third one responded only under drought condition. On the other hand
some studies have found no effects or even lower leaf water potential, under elevated CO 2
concentration (Ferris & Taylor, 1995; Ward et a l , 1999). In the present study, even when
there was no significant difference in the soil water content, water-stressed plants under
elevated CO 2 were still had higher water potential compared to water-stressed plants at
ambient CO 2 conditions.
D oubling o f atmospheric CO 2 was found to increase the water use efficiency o f the
two species under well-watered as well as under water-stressed conditions (Figures 4.9,
and 4.10).

W hile in B. linariifolia the increase in WUE of the well-watered plants was

caused by both the increase in dry weight and the reduction in transpiration, the increase in
WUE o f C. biflorus was mainly an outcome of the reduced transpiration (Figure 4.8).
However, in the first stage o f the experiment (between 2-4 W AT and 12-32D A T) the
increase in W U E o f the water-stressed plants o f both species was caused by the increase in
the dry weight as well as the reduced transpiration, but by the end o f the treatment period
(4-7 W A T and 32-39 D A T), the increase in WUE of the drought plants was mainly caused
by the increase in dry weight as the difference in transpiration between water-stressed
plants w as insignificant during that period.

Clark et al. (1999), reported for Paspalum

dilatatum (C4) that the increase in W UE under elevated CO 2 was principally due to the
increase in photosynthesis rather than the more usual combination of an increase in
photosynthesis and consistent decrease in gs.
These experiments have shown that elevated CO2 increased the WUE of C4 plants
that were already reported to have superior water use efficiency compared with C3 plants
(Eheringer et al., 1997; Ham et al., 1995, Rozem a et al., 1991; Jiang & He, 1999;
Owensby et al., 1997; Policy et al., 1996; Sage et al., 1999a). However, although W U E is
increased, the corresponding increase in canopy and root system size could under field
conditions counteract increases in W UE and deplete the available soil water more quickly
(Clifford et al., 1993; Woodward, 1990).
During the final stage of the experiment with C. biflorus, the rate o f leaf death
associated with mutual shading and flowering accelerated in the well-watered plants under
the two CO 2 concentrations. The number of inflorescences was significantly reduced by
the water limitation so that the water-stressed plants at both CO 2 levels had less flowers
compared to the well-watered plants (Figure 4.14).

The reduced flowering o f water-

stressed plants in this experiment suggests suspended or delayed ontogeny. By the end of
the treatment period, the total leaf green area of the well-watered plants compared to that
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of the w ater-stressed plants, decreased very substantially. The leaf area of these plants was
less than that of the water-stressed under elevated C O 2 . At this stage the leaf area of the
water-stressed plants at elevated CO 2 was also higher than that at am bient C O 2 . Similar to
the results o f the current experiment Ng et al. (1983) reported that the total leaf green area
of the control (well-watered) plants of Panicum m aximum var. trichoglum e decreased
substantially and the leaf area and RGR of these plants were actually less than that of the
water-stress plants. Furtherm ore, Xianshi et al. (1998) also found for Zea mays L. that
fewer bottom leaves senesced by anthesis on the water-stressed plants as com pared to
control plants, so that green leaf area on the water-stressed plants eventually becom e
equivalent to that of the well-watered plants.
In the current experim ent the plants were subjected to regular cycles o f short-term
water deficit; so that com parison between treatments was complicated by the interactive
effect with stage of plant development.

Water-stress affected growth directly by

influencing growth processes and indirectly by influencing plant development or ontogeny.
Ng et al. (1983) also reported delay in flowering and ontogeny in response to water-stress
of a tropical C 4 grass P. maximum. Elevated CO 2 on the other hand, hastened flowering
and increased inflorescence weight under well-watered conditions only.

Similar results

were reported by Potvin and Strain (1985) for the C 4 grass, Echinochloa crus-galli.
(M cM aster et al., 1999) also found that wheat plants grown under elevated CO 2 had more
spikes per plant and spikelets per spike. However, Hunt et al. (1996) found no effect of
elevated CO 2 on seed production.
Elevated CO 2 increased the number of branches and plant height under wellwatered conditions only.

Results from other studies have indicated that consistent

increases in plant height, stem number and leaf area may occur as a result of CO 2
enrichment (M orison & Gifford, 1984b; Sionit & Patterson, 1984; Smith et al., 1987).
However, contrary to the result of the current experiment Kirkham et al. (1991) reported
that elevated CO 2 did not affect the height of well-watered plants, but it did increase the
height o f water-stressed plants by an average of 9 cm.

Elevated C O 2 also caused an

increase in leaf area of B. linariifolia plants under the two water regimes (Figure 4.9). The
increase in num ber of leaf pairs caused by the high CO 2 was larger under well-watered
com pared to water-stress conditions

(6

vs. 3 pairs respectively).

However, the elevated

CO 2 caused a greater increase in leaf area under water-stressed than under well-watered
conditions; 44% vs. 32%, respectively, compared to ambient C O 2 plants. This might be
explained by the effect of leaf rolling on stressed plants, as they were found to roll their
leaves as water-stress developed earlier at ambient C O 2 than at elevated CO 2 .
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Both

soybean (G lycine m ax) and sweet potato {Ipomoea batatas) plants subjected to water stress
and grown in enriched CO 2 showed increased leaf area (Bhattacharya N .C . et a l , 1990;
Rogers et al., 1984). Ward et al. (1999) found that w hile Abutilon theophrasti (C 3 ) tends
to drop many leaves in response to drought, Amaranthus retroflexus (C 4 ) did not loose
leaves, how ever he did not mentioned if the plants showed leaf rolling. Chaves and Pereira
(1992) argued that it is likely that adaptation to water deficits involves shedding o f the
lower (older) leaves and the maintenance of full photosynthetic capacity in younger leaves.
Flowering o f B. linariifolia under the two CO 2 regime did not affect the leaf area.
The flow ering in B. linariifolia plants was not associated with leaves shedding and in fact
the plants were found to keep their leaves for very long periods o f time.

This unusual

behaviour is likely to be influenced by the fact that the inflorescence of these plants was
com posed o f numerous green, tough, and spiny bracts, that were capable o f carrying out
photosynthesis. The photochemical efficiency (Fv/Fm) of the individual bracts was found
to be very high (Chapter Six), and this suggests that the production o f flowers might not
represent a very heavy burden on the plant.

In addition it may also suggest that if the

plants lose their leaves by grazing or under severe stress conditions, it is through these
bracts that the plant will still be able to continue to grow and produce seeds.
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4.6 Conclusion
□

The growth of B. linariifolia and C. biflorus species under elevated CO2 was
found to reduce transpiration, particularly for juvenile plants. This resulted
in w etter soils under elevated CO2 under both w ell-w atered and waterstressed conditions. Late in the growth cycle elevated CO2 had less effect
on whole plant transpiration as elevated CO2 was found to cause significant
increase of both leaf area and leaf temperature.

□

Elevated CO2 increased the dry weight of B. linariifolia plants under both
well-watered and water-stressed conditions. Contrary to the hypothesis for
this experiment, the increase in dry weight was higher under the wellwatered conditions than under water-stressed conditions. In support of the
hypothesis elevated CO2 caused significant increase in dry weight of C.
biflorus plants only under water-stress condition.

W ater stress treatment

initiated tillering and caused delay of ontogeny in C. biflorus plants.
□

Elevated CO2 caused a larger increase in WUE under well-watered
conditions, although w ater stress treatment was found to cause some
increase in W UE of both species.

Under water-limited conditions the

reduction of transpiration was found to increase the WUE of plants that
were grown under ambient CO2 concentration.
□

Elevated CO2 increased the leaf water potential of both species under both
well-watered and water-stressed conditions; however, larger and more
stable effects were found under water-stressed conditions.

□

Elevated CO2 was found to delay leaf rolling of both species under waterstress conditions. The number of leaf pairs was also found to increase under
the two water regimes and contributed to the large increase in leaf area.

□

Elevated CO2 hastened flowering and increased the inflorescence dry
weight of the two species under well-watered conditions. W ater stress was
also found to hasten flowering independently of CO2 concentrations.
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Chapter Five
The effects of elevated atmospheric CO2 on stomatal density and stomatal index in
Cenchrus biflorus and Blepharis linariifolia plants grown under different water
regimes
5.1 Introduction
T he 30 % rise in atm ospheric carbon dioxide concentration (C O 2 ) since the 1700s,
caused by hum an activity, has created ever-increasing interest in the response o f vegetation
to elevated C O 2 . W oodw ard (1987) first dem onstrated that a change o f stom atal density
(num ber o f stom ata p er mm^) in response to ambient CO 2 could be seen in herbarium
specim ens o f the leaves o f several native trees, spanning a period of som e 200 years.
W oodw ard (1987) show ed that as the rise o f atmospheric CO 2 has taken place, as recorded
from A ntarctica ice cores, there is a parallel decrease in stomatal density and index (ratio
of stom atal to epiderm al cells).

H ow ever, K om er (1988), w ho exam ined alpine plant

collections encom passing m ore than 200 plants species and dating back over 100 years,
found no evidence to support W oodw ards findings.

Nevertheless, several papers have

subsequently reported changes in stom atal param eters of fossil and herbarium plants
m aterials and correlated them to changes in atm ospheric CO 2 (Beeriing & C haloner,
1993a; B eerling & W odw ard, 1996; M e E lw ain & Chaloner, 1995).
E xperim ental exposure o f plants to elevated C O 2 has also dem onstrated these
responses in stom atal density.

K napp et al. (1994 a) found that when a C 4 plant

(A ndropogon gerardii) was grown under elevated levels of C O 2 , the stom atal density o f
leaves decreased. Furtherm ore, a survey o f 100 species and 122 observations has show n
an average reduction in stom atal density o f 14.3 % w ith twice am bient C O 2 enrichm ent,
w ith 74 % o f the cases exhibiting a reduction in stom atal density (W oodw ard & Kelly,
1995). W ag n er et al. (1996) dem onstrated through fine-resolution analysis of the lifetim e
leaf reco rd o f an individual birch {Betula pendula) tree, a gradual reduction of stom atal
frequency as a phenotypic acclim ation to C O 2 increase. In another experim ent, the effects
of elevated C O 2 alone, or in com bination with water stress, on stom atal density has been
studied in groundnut {Arachis hypogaea (L.)), and in this case elevated C O 2 was found to
decrease stom atal density significantly but only in irrigated plants (C lifford et al., 1995).
A lthough these findings w ould appear to be strong evidence for the reality of
significant real-w orld vegetative change induced by the increases in atm ospheric C O 2 ,
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some controlled environm ent experiments suggest that stomatal density does not respond
significantly to further increases in atmospheric CO 2 above present day ambient
concentrations (Reddy et al., 1998).

Furthermore, Beerling and Chaloner (1993a)

observed that the decline in stomatal density of Quercus robur leaves was caused mainly
by a tem perature increase, which overrides the influence of small seasonal variation in CO 2
in determ ining stomatal density. Estiarte et al. (1994) did not find significant differences
in stomatal densities nor stomatal indices of wheat and sour orange trees when grown
under elevated CO 2 in two CO 2 enrichment systems.

Poole et al. (2000) reported that

when A lnus glutinosa was grown under twice ambient CO 2 , significant increase in stomatal
index (num ber of stom ata/num ber of epidermal cell) was found, however, there was no
significant change in relative stomatal density.

Several other studies have shown that

stomatal density increases with increasing CO 2 (Beerling & W oodward, 1995; Ferris &
Taylor, 1994; Knapp et al., 1994 a; Owensby et al., 1997; Tipping & Murray, 1999).
The stomatal pore complex, along with its associated intercellular gas space
system, controls two of the m ost important physiological processes of plants, namely the
balance o f photosynthetic uptake of carbon dioxide molecules against the loss of water
molecules by transpiration.
processes.

Stomatal density plays a major role in regulating these two

Stomatal conductance has been observed to decrease under elevated C O 2

(Bettarini et al., 1998; Bunce & Ziska, 1998a; Morison, 1987). It has been suggested that
stomatal conductance may change as a result of differences in stomatal aperture, geometry
or density (Ferris et al., 1996; Morison, 1983), and that declining stomatal numbers over
the last century might lead to greater water use efficiency, which is usually defined as the
ratio of assimilation to transpiration (Ferris et al., 1996; Woodward, 1987).

It remains

uncertain whether a decrease in stomatal conductance under elevated CO 2 will or will not
be accom panied by changes in stomatal numbers (Bettarini et al., 1998). As stom ata play
such a crucial role in linking plants with the surrounding atmosphere, stomatal parameters,
such as stomatal density and index, have been used in the present study to test the
hypothesis that:
(i) continued increases in CO 2 leads to reductions in stomatal frequencies in forage
species, Cenchrus biflorus, and Blepharis linariifolia, of arid tropics (ii) such changes are
significant in relation to changes induced by other constraints such as water stress (iii) and
the change in stomatal density (if any) affect stomatal conductance?
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5.2 Materials and methods
B lep h a ris lin a riifo lia a n d Cenchrus biflorus plants were grown from seeds that

were sown on top o f m oist acid washed sand in a growth cabinet at a day/night temperature
of 25/18 C. Seven days after germination the seedlings were transplanted into small pots
(0.25 L) and 2 w eeks later (3 weeks after germination (3 W A G )) seedlings were
transplanted to larger pots (1.3 and 0.8 L for C. biflorus and B. lin a riifo lia , respectively)
filled with fine vermiculite for C. biflorus or a mixture o f sand: clay (75:25) for B.
lin ariifo lia .

The plants were grown in controlled environment cabinets (Fitotron, Sanyo-

Gallenkamp pic, UK ) at either ambient COa (360 ppmv) or elevated CO 2 (700 ppmv), with
a day/night temperature o f 30/22 “C, day/night RH of 50/60 %, and PAR 700 |nmol m’^ s '
over a 12-h photoperiod. Plants at both CO 2 levels were divided into well-watered plants
(ambient CO 2 well watered (A w w ) and elevated CO2 well watered plants (Eww )) that were
watered everyday to field capacity, and controlled watered or water stressed plants
(ambient CO 2 water stressed (A w s) and elevated CO 2 water stressed plants (Ews)) that
were exposed to repeated drought cycles (see Chapter Four). Plants were fed with Long
Ashton solution, which was increased in strength, as the plants developed.
Six plants were selected randomly, first when seedlings were 3 weeks, before the
start o f treatments, and second at the end of the experimental period (9 and 8 weeks for
B .lin a riifo lia and C. bifloru s respectively).

The mature, youngest fully expanded leaves

were chosen from each of the selected plants.

Transparent nail vamish was used to

produce epidermal impressions as described by Bolhar-Nordenkampf (1986).

A drop o f

the vam ish was brushed in the middle o f each o f the selected leaves, on the both upper and
the lower surfaces. The transparent film was left for one minute to dry, and then a piece of
transparent tape (sellotape) was used to peel o ff the dry transparent film, and to mount it
onto a glass slide.
Stomatal and epidermal counts were carried out (XIO magnification lens) using a
Leica m icroscope (Milton Keynes, M iddleesx, UK) to which a JVC (TIC-128) colour
video camera was attached.

The image produced was projected onto a Mitsubishi

television screen. In order to determine the exact area on the screen, a grid slide (2 mm)
was placed under the lens and an exact area of 0.25 mm^ (0.5 x 0.5 mm) was traced onto an
acetate sheet. This sheet was then taped to the television screen to delimit the counting
area.

For each leaf impression, 10 fields o f view were examined and the number of

stomatal and epidermal cells in each of these fields of view were counted, in order to
determine stomatal density and stomatal index.
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Where cells crossed the lower and the

right hand side o f the counting area, they were not included in the count. Where possible
the counts were taken from interveinal areas. At the end of the experim ent epidermal cell
counts were made on the lower surface only because the upper surfaces were very hairy
and rough, which obscured the epidermal cells from view . H ence, stomatal indices were
only calculated for the lower leaf surfaces of the two species under study. Stomatal density
(SI) was calculated according to Clifford et al. (1995) and M eidner and M ansfield (1986a)
as follow:

n o .o f stom ata
SI (%) = -----^------ — — ------ — — X 100
no. of stom ata + no. of epiderm al cells

L eaf conductance (gs) at midday was measured on both leaf surfaces o f the m ost
recently expanded leaf (five per treatments) using a diffusion resistance porometer (AP3,
Delta-T D evices, Cambridge, UK ), see Chapter Six for full details.

5.3 Statistical analysis
T w o-w ay analysis o f variance (A N O V A ) was used, and statistical analyses were
performed using Data D esk (Version 5.0) to test the effects of CO 2 and water stress on
stomatal densities (SD ) and stomatal indices (SI) of plants under the different treatments.
Data were transformed when necessary to meet the assumption o f ANO VA.
comparisons of means were made by the Scheffe' P ost H oc test when necessary.
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Multiple

5.4 Results
B. linariifolia seedlings are characterised by triangular cotyledonary leaves. These
are the first to appear and undertake all the photosynthetic activity for at least a week
before the appearance and the effective functioning o f the true leaves. D ata for stomatal
density o f the upper and the lower leaf surfaces of the cotyledonary and normal leaves,
before the start of the treatments (3 WAG) are presented in Figure 5.1a. The two leaf types
have stom ata on both leaf surfaces (amphistomatic). However, the distribution of stomata
on the two leaf surfaces differed when the two leaf types were compared.

W hile the

normal leaf has a significantly (P<0.001) higher stomatal density on the abaxiai surface
compared to that of the cotyledonary leaf, the latter had a significantly (P<0.001) higher
stomatal density on the adaxial surface compare to the former (Figure 5.1a).

H owever

there was no statistically significant difference in stomatal density between the different
leaf surfaces (adaxial vs. abaxial) of the two leaf types (normal vs. cotyiedonary). For the
statistical analysis the program (Data Desk) compares the means, for the analysis of leaf
type factor, the program added the stomatal density of the abaxial to that of the adaxial
surface, and compare the total means (abaxial + adaxial), because of that reverse difference
between the two leaves, the leaf type factor appears to have no effect on stomatal density,
but the combination between the two factors (type x surface) had a significant (/’<0.0001)
effect on stomatal density {S ch effe'P o st Hoc is shown in Table (5.1). The ratio of adaxial
to abaxial stomatal density was 1.65 and 0.56 for cotyledonary and normal leaves,
respectively.

Table 5.1: S c h e ffe 'P o st H oc o f stomatal density on the adaxial and abaxial leaf surfaces o f
normal (N or.) and cotledonary leaves (Cot.) o f seedlings o f Blepharis linariifolia. *: P < 0.05, **:
P < 0.01, ***: P < 0.001, ns: not statistically significant.______________

Type X Surface___________________________P values
Abaxial N or.- abaxial Cot
Adaxial C ot.- abaxial Cot.

***

Adaxial Cot.-abaxial Nor.

ns

Adaxial Nor.-abaxial Cot.

ns

Adaxial N or.- abaxial Nor

***

Adaxial Nor- Adaxial Cot.
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(a)

H Adaxial surface
n Abaxial surface

Cot. Leaves

N. Leaves

(b)
35 n

25 S.
X
<u

20

-

10

-

•a

5
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N. Leaves

Cot. Leaves
Leaf Type

Figure 5.1: (a) Stom atal density o f the adaxial and the abaxial cotyledonary and norm al leaf
surfaces an d (b) stom atal index o f abaxial cotyledonary and norm al leaf surface o f B lepharis
lin a riifo li seed lin g s b efore the start o f treatm ents (3 W A G ). Data represents the m eans ± (SE),
n=30. F o r each p aram eter different letters denote a significant difference betw een treatm ent
m eans.
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Abaxial surface

Adaxial surface

(b)
45 n
40 -

X)

20

-

A b a x ia l su rface

A d a x ia l surface
P o sitio n on le a f

Figure 5.2: (a) Stomatal density and (b) Stomatal index o f adaxial and abaxial leaf surfaces of
Cenchrus biflorus seedlings before the start of treatments. Data represents the mean ± (SE), n = 30.
D ifferent letters for each parameter denote significant difference (P<0.05) between treatm ents
means.
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The stomatal index o f the Abaxial surface of the normal leaves was 26% higher than that
of cotyledonary leaves Figure (5.1b) indicating that the leaf type factor had a significant
effect (P<0.003) on stomatal index.
Cenchrus biflorus also has stomata on both the upper and low er leaf surfaces
(amphistomatous).

The leaves from small seedlings had significantly higher stomatal

density (F<0.02) and index (P<0.06) on the abaxial leaf surface com pared to the adaxial
surface (Figures 5.2a and 5.2b).

At the seedling stage the adaxial/abaxial ratio of C.

biflorus was 0.82.
In B. linariifolia the CO 2 enrichment reduced abaxial stomatal density by 17% and
14% (P<0.005) for well-watered and water-stressed plants respectively.

However, the

adaxial stomatal density showed no significant response to elevated CO 2 (Figure 5.3).
Water stress had no effect on stomatal density of the two-leaf surfaces at the two CO 2
concentration (Table 5.2). In mature plants of B. linariifolia mature leaves had a higher
stomatal density on the abaxial leaf surface compared to the adaxial surface. The ratios of
the adaxial to the abaxial stomatal density were; 0.67 ± 0.01, 0.73 ± 0.20, 0.79 ± 0.10, 0.80 ±
0.10 for for Aww, Aws, Eww and Ews respectively, compared to 0.56 ± 0.03 at seedling
stage. W ater stress had no effect on the ratio while elevated was found to cause significant
increase (P<0.05).
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H Adaxial surface
□ Abaxial surface
b
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Io

Aww

Eww

Aws

Ews

Treatments

Figure 5.3; A dax ial an d abaxial stom atal d en sity o f B lepharis linariifolia plants grow n at am b ien t
(A) o r e le v a te d (E ) C O 2 u n d er e ith e r w ell-w atered (w w) or w ater-stressed (w s) conditions. V alues
are m ean s ± (SE ), n=30. D ifferen t letters d en o te a significant difference betw een treatm ent m eans.

Table 5.2: A naly sis o f variance sum m ary o f stom atal density o f adaxial and abaxial lea f su rfaces
o f B le p h a ris lin a riifo lia plants grow n und er am b ien t or elevated C O 2 under either w ell-w atered or
w ater-stressed co nditions. *; P<0.05, **: P < 0 .0 1 , ***: P < 0.001, ns not statistically significant.

S ource o f variation
CO2

P values
**

S urface

ns
***

C O 2 X surface

ns

CO2

ns

W ater

X

w a te r

S u rface x w ater

ns

C O 2 X w a te r x su rface

ns
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@ Adaxial surface
□ Abaxial surface

T reat merits

Figure 5.4: Adaxial and abaxial stomatal density of Cenchrus biflorus plants grown at either
ambient (A) or elevated (E) CO 2 under either well-watered (ww) or water-stressed (ws) conditions.
Data represents the mean ± (SE), n=30 replicates. Different letters denote a significant difference
between treatment means.

Table 5.3: Analysis of variance summary of stomatal density of adaxial and abaxial leaf surfaces

n
p

of Cenchrus biflorus plants grown under ambient or elevated CO2 under either well watered or
water-stressed conditions. *: P<0.05, **: / ’<0.01, ***: /^<0.001, ns not statistically significant.

Source o f variation

P values
***

Water

ns

Surface
CO2 X surface
ns

CO2 X w ater

*

Surface x water
CO2 X water x surface

ns

C arbon dioxide enrichm ent of C. biflorus reduced both abaxial and adaxial stom atal
density, the reduction occurring in w ell-watered as well as the w ater-stressed plants
(Figure 5.4).

T he % reductions for the abaxial surfaces were 24% (P < 0.01) and 26%
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(F<0.01), and for the adaxial surfaces they were 21% (P<0.05) and 18% (P<0.05)
respectively, com pared to ambient well-watered plants.

W ater stress had no effects on

stomatal density on either leaf surfaces regardless of CO 2 concentration.

ANOVA

summary o f stomatal density of the adaxial and abaxial leaf surfaces is shown in Table 5.3.
Sim ilar to the results for seedlings the abaxial stomatal density of C. biflorus plants
(8 W AG) was higher than the adaxial values. The ratios of adaxial to abaxial stomatal
density were 0.36 ± 0.06, 0.41 ± 0.05, 0.40 ± 0.07, 0.43 ± 0.04 for Aww, Aws, Ew w and Ews
respectively, com pared to 0.82 ± 0.02 at seedling stage. Neither elevated CO 2 or w ater
stress affected the adaxial/abaxial ratio.
W hile elevated CO 2 had no effect on B. linariifolia abaxial stomatal index (Figure
5.5), w ater stress did have a significant effect, with a general decrease of 10 % (P<0.04),
for all plants grown under water stress when compared to those grown under well-watered
conditions (Tables 5.4). In C. biflorus, elevated CO 2 reduced (P<0.001) abaxial stomatal
index by 17% for well-watered as well as water stressed plants compared to well watered
plants under ambient C O 2 (Figure 5.6). No significant differences in stomatal index were
found between droughted and well-watered plants grown under the same CO 2 level.
ANOVA summary of low er surface stomatal index is presented in Table 5.5.
The two species possessed approximately the same amount ot stomata on the
abaxial leaf surface, 81 ± 2.9 and 87 ± 2 for B. linariifolia and C. bijlorus respectively,
while on the adaxial leaf surface B. linariifolia has 53 ± 2.4 compared to 33 ± 2.7 for C.
biflorus. A difference of approximately 60%.
In B. linariifolia, the upper surface stomatal density values for the youngest mature
leaves were higher at the end of the experiment (9 WAG) than at the seedling stage (3
WAG).

U nder well-watered conditions the increase was 10% tor both am bient and

elevated CO 2 concentration, while under water-stressed conditions the increase was 25%
and 17% for plants grown under ambient and elevated CO 2 , respectively.

The abaxiai

stomatal density of the well-watered plants under ambient CO 2 did not change over time;
however, that of the water-stressed plants was found to reduce by 8% (P<0.07) by the end
of the treatm ent period.

Under elevated CO 2 the abaxial stomatal density was found to

show significant reduction under both well-watered and water-stressed conditions, the
percent o f reductions were 18% (P<0.01) and 19% (P<0.01) respectively, com pared to the
abaxial stomatal density of the small seedlings.
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Figure 5.5: A b ax ial sto m atal index o f B lep h a ris linariifolia plants grow n at eith er am bient (A ) or
elevated (E ) C O 2 u n d er eith e r w ell-w atered (w w ) or w ater-stressed (w s) conditions.
letters d e n o te sig n ifican t d ifferen ce (P < 0 .0 0 1 ) betw een treatm ents means.

D ifferen t

Table 5.4: A nalysis o f variance sum m ary o f stom atal index of abaxial leaf surface o f B lep h a ris
lin a riifo lia plants grow n at am bient and tw ice am bient C O 2 under either w ell-w atered o r w ater
stress co n d itio n s. *: P < 0 .0 5 , **: P < 0 .0 1 , ***: P< 0.001, ns not statistically significant.

S ource o f v ariatio n

P values

CO2
W ater

ns
*

CO-i X w a te r

ns
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Figure 5.6; S tom atal index o f abaxial le a f surface of Cenchrus biflorus plants grow n at e ith e r
am bient (A ) or elev ated (E ) C O 2 u n d er e ith e r w ell-w atered (ww) or w ater-stressed (w s) conditions.
D ifferen t letters d en o te sig n ifican t d ifferen ce (F < 0.05) betw een treatm ents m eans.

Table 5.5: A nalysis o f v ariance sum m ary o f stom atal index of abaxial leaf surface o f C enchrus
biflorus p lan ts grow n at am bient and tw ice am bient C O 2 under either well w atered o r w aterstressed co n d itio n s. ** / ’<0.001, ns not statistically significant.

Source o f variation________________ P values

CO2

***

Water

ns

CO2 X

water_______________________ ns_______
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For C. biflorus the stomatal density values for the youngest mature leaves o f
ambient CO 2 grown plants was much higher at the end of treatment (8 W AG ) than at the
seedling stage (3 W AG).

The increase in the upper surface stomatal density over that

period w as 10% for both w ell watered and water-stressed plants under ambient CO 2 ,
compared to a decrease o f 16% and 13% for well watered and water-stressed plants at
elevated CO 2 respectively. The lower surface stomatal density, increased under both CO 2
treatments, but the rates were higher under ambient CO 2 : 128% and 111% (i^<0.001) for
well-watered and water-stressed plants under ambient CO 2 , compared to 58% and 68%
(P<0.001) for well watered and water-stressed plants under elevated CO 2 concentration.
Elevated CO 2 reduced the abaxial surface conductance of B. linariifolia seedlings
(3 W A G ) by 28% (P <0.03), but the adaxia! surface conductance was not significantly
reduced (Table 5.6).

However, the final stomatal conductance (g s) measurements (9

WAG) revealed that this situation did not persist, as CO2 dramatically reduced upper
surface gs by 63% while the lower surface gs was reduced by only 17% for well watered
compared to their counterparts under ambient CO 2 . Drought reduced the lower surface
conductance by 60% under the two CO 2 concentrations.

At elevated CO 2 , no further

reduction in upper surface conductance occurred due to drought but a 22% reduction was
recorded in ambient CO 2 droughted plants (Tables 5.6 and 5.7).
In C. biflorus, at seedling stage (3 W AG), elevated CO 2 reduced both lower and
upper conductance by 44% (P<0.01) and 16% (P<0.05), respectively.

At the final

measurements (8 W AG) the reductions were 40% (P<0.01) and 86% (/’< 0 .0 0 I) for lower
and upper leaf surface conductance for well-watered plants under elevated compared to
their counterparts at ambient CO 2 (Tables 5.8 and 5..9).
The upper epidermal layer of B. linariifolia leaves (both normal and cotyledonary)
was found to contain druses, these are crystals that have numerous faces and whose points
are acute and sharp, they are about 5 to 10 pm in diameter, and typically there is only one
druse per cell (Mauseth 1989c). The upper epidermal layer of C. biflorus contain silicabodies, which occur over the veins and are cross-shaped or shortly dumb-bell shaped.
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Table 5.6: L e a f sto m atal co n d u ctan ce (g^) of B lepharis lin ariifolia p lan ts m easu red at m idday 3
weeks a fte r g erm in atio n (W A G )) (no w ater stress, 2 d ay s start o f a fte r C O 2 fum igation) and 9
W A G in w ell-w atered an d w ater-stressed plants grow n u n d er am bient atm o sp h eric C O 2 or elevated
CO 2 c o n c e n tr a tio n s . V alu es are m eans ± (SE). n =5.

Time

Treatments

Surface

gs (m m ol/m ol)

3 W AG

3 60 p pm v

abaxial

115 ± 1 0

adaxial

23 ± 4

abaxial

83 ± 16

adaxial

26 ± 4

abaxial

198 ± 2 3

adaxial

51 ± 2

700 pp m v

9 W AG

360 pp m v w ell-w atered

360 pp m v w ater-stressed

7 00 p pm v w ell-w atered

700 pp m v w ater-stressed

abaxial

8 0 ± 12

adaxial

4 0 ± 10

abaxial

165 ± 18

adaxial

19±4

abaxial

63 ± 8

adaxial

21 ± 5

Table 5 .1 : A naly sis o f variance sum m ary o f stom atal conductance o f adaxial, abaxial and total
(adaxial + ab ax ial) le a f surface o f B lepharis linariifolia plants grown at am bient o r elev ated C O 2
under e ith e r w ell-w atered or w ater-stressed co nditions. *: P<0.05, **: f ’<0.()l, ns not statistically
significan t._________________________________________________________

Source of variation___________________________
C Q 2_________ w ater_________C O 2 x w ater
___________

P values____________________

U pper

**

ns

ns

low er

ns

**

ns

T otal

*

*

ns
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Table 5.8: L eaf stomatal conductance

(gs) of Cenchrus biflorus m easured at m idday 3 weeks after

germination (W A G ) (no water stress, 2 days after the start o f CO 2 fum igation) and 9 W A G in
irrigated and water-stressed plants grown under am bient atmospheric CO 2 or elevated C O 2
co n cen tra tio n s. V alues are m eans ± (SE), n =5.

Time

Treatments

Surface

gs (m m ol/m ol)

3 w eeks

3 60 ppmv

abaxial

152 ± 12

adaxial

83 ± 6

abaxial

85 ± 19

adaxial

70 + 7

abaxial

244 ± 24

adaxial

51 ± 8

abaxial

145 ± 8

70 0 ppmv

8 w eeks

3 60 ppm v well-w atered

360 ppmv water-stressed

adaxial
700 ppmv well-w atered

abaxial
adaxial

700ppm v water-stressed

58 + 11
146 ± 7
7 ±0.9

abaxial

110±12

adaxial

11 ± 3

T ab le 5.9: A nalysis o f variance summary o f stomatal conductance o f adaxial, abaxial and total
(adaxial + abaxial) leaf surface o f Cenchrus biflorus plants grown at ambient or elevated CO 2 under
either w ell-w atered or water-stressed conditions. *: P<0.05, **: F<0.01, ***: P < 0.001, ns not
statistically significant._________________________________________________
Source of variation_________________________________
CO 2___________ Water_________ CO 2 X Water
P values
Upper

***

ns

ns

* *

*

lower
Total
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Figure 5.8: Stomatal impression o f B. lim h ifo lia adaxial epidennis o f (a) cotyledonary le a f (x
200) (b) normal leaf (x 10), showing arrangement o f stomata (S) shownig diacytic type
(M auseth, 1989c) and epidermal cells (EC) and druse (D).

'SaiMA

w atia‘trrt.r.,

Figure 5.9; Stomatal impression o f Cenchnis hiflorus adaxia! epidennis (x 200), showing
arrangement o f stomata (S) and epidemial cells (EC), stomatal centi al slit (CS) and cross
shape silica bodies (SB).

5.5 Discussion
S to m a ta are fo u n d o n both le a f surfaces o f b o th sp e c ie s, th u s C

b iflo ru s and B.

lin a r iifo lia are a m p h isto m a ta l sp e c ie s. In normal le a v e s o f C. b if lo r u s and B. lin a riifo lia ,
the sto m a ta l d e n s itie s are h ig h e r on the abaxial su rface c o m p a re d to the ad axial surface.
T h is is a featu re c o m m o n to m o st sp e c ie s, irrespective to an y treatm en t e ffe c t, and it m ay
be a g en e r a l en v iro n m en ta l adaptation, as the upper su rface is m o r e e x p o s e d to radiation
and in c r e a sin g th e a m o u n t o f sto m a ta on the upper surface m a y lea d to in c r e a se in w ater
lo ss (F erris & T a y lo r, 1994; L ynn , 1998; Parkhurst, 1978).

A m p h isto m y is the rule for

le a v e s w ith K ranz a n atom y, i.e p lan ts h a v in g C 4 pathw ay o f p h o to sy n th e sis; and is thus
a sso c ia te d w ith p la n ts that h a v e h ig h photosynthetic capacity (M ott e t a l ,

1 9 8 2 ).

In

a m p h isto m a to u s le a v e s it is c o m m o n to fin d not o n ly greater d e n sitie s o f stom ata on the
ab axial su rfa ces, but a lso a d isp arity o f stom atal apertures b etw een the tw o su rfa c es
(P earson e t a l., 1 9 9 5 ).
T h e a m p h isto m a to u s c o n d itio n is m o st often found in sp e c ie s b e lo n g in g to n o n 
sh ad ed h ab itats, or s p e c ie s w ith sm a ll, d isse c te d or hairy leaves, and in ann u als (M urray,
19 9 7 a ).

A m p h y sto m a ty is thus co rrelated w ith circum stances w here d iffu sio n o f C O 2

m igh t n o t lim it p h o to sy n th e sis. T h e p r ev a len ce o f th ese stomata! distribution patterns m ay
be a d e r iv e d co n d itio n , and o n e that c o u ld b e favou red by increasing aridity as a se le c tio n
p ressu re, as has occu rred in variou s parts o f the w orld over the past

10

m illio n years

(M urray, 1 9 9 7 a ).
S to m a ta l im p ressio n tech n iq u es w ere u sed here to in vestigate w h eth er c o n tin u e d
in cr ea se in a tm osp h eric C O 2 w ill h a v e a sig n ific a n t im pact on both sp e c ie s , w h ic h are
im p ortan t fo d d er in rangeland o f Sudan.

S ev eral stu d ies indicated that p r ev io u s in crea ses

in a tm o sp h eric C O 2 from 2 8 0 to 3 4 0 p p m v w ere a ccom p an ied by reduction in stom atal
freq u en cy b y v a lu e s ranging from 2 1 -4 0 % (C liffo rd et al., 1995; P en u ela s & M atm ala,
1990; W o o d w a r d , 1 9 8 7 ). T he present stu d y su g g e sts that a future d o u b lin g in atm osp h eric
C O 2 m a y sig n ific a n tly reduce stom atal d en sity o f B. linariifolia (F igu re 5 .3 ) and C.
b if lo r u s (F igu re 5 .4 ) by 2 4 (P < 0 .0 0 1 ) and 17 % ( / ’< 0 .0 1 ), r esp ectiv ely .

W h ile for B.

lin a r iif o lia , e le v a te d C O 2 had no e ffe c t on adaxial stom atal d en sity , it w a s fou n d to
sig n ific a n tly red u ce the abaxial d en sity under the d ifferen t water reg im es. H o w e v e r , for C.
b if lo r u s e le v a te d C O 2 had a n eg a tiv e e ffe c t on both the adaxial and the abaxial d en sity.
B o th in crea ses and d ecrea ses as w e ll as no ch an ge in stom atal d en sity has been
o b se r v e d as a resu lt o f exp o su re to ele v a te d C O 2 (B e er lin g & C h alon er, 1993b ; F erris et
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a l , 1996; Ferris & T aylor, 1994). Estiarte et al. (1994) found no significant differences in
stom atal densities o r stom atal indices of wheat or sour orange trees grow n at high C O 2 .
H ow ever, they reported that plants grown under dry treatm ents tended to have low er
stom atal densities in upper epiderm is and higher in the low er epiderm is than those from the
wet treatm ent.

T here w ere no changes in the num ber o f stom ata or in the ratio o f the

num ber o f stom ata to the total num ber of epidermal cells in eith er the orange tree or the
wheat.
In the current experim ents, w ater stress had no effect on stom atal density o f either
leaf surfaces of B. linariifolia under the two CO 2 concentrations. T here w as no effect o f
w ater stress on the adaxial stom atal density of C. biflorus plants grow n under am bient C O 2 ,
how ever, the abaxial stom atal density show ed a trend of decrease 8% (P < 0.07) under the
same C O 2 concentration.

C lifford et al. (1995) reported that elevated C O 2 reduced

stom atal density by 16% o f both leaf surfaces when groundnut was grown under irrigated
conditions. But in w ater stressed plants stom atal density was reduced by 8% on the upper
leaf surface only.

C onversely, Ferris and Taylor (1994) found that drought can cause

stom atal density to increase, probably because of the effect of water stress on reducing leaf
expansion. The contrasting effect o f drought on C. biflorus stomatal density m ay suggest
that for this species drought m ight have negatively affected the initiation of stom ata.
E levated C O 2 was found to increase (P<0.05) the adaxial/abaxial stom atal ratio of
B. linariifolia. This can be explained by the fact that elevated C O 2 had a negative effect
(P < 0.01) on the abaxial density, but no effect on the adaxial density. Both w ater treatm ent
and elev ated C O 2 had no effect on the adaxial/abaxial ratio of C. biflorus. E levated C O 2
had a negative effect overall (P<0.001) reducing stom atal density equally on both leaf
surfaces.
S om e studies consider that change in stom atal density in response to different
environm ental factors, such as C O 2 , tem perature, and water availability are m ediated
through having an indirect effect on epiderm al cell expansion and size. Stom atal index has
been considered to rem ain stable in response to these environm ental param eters, except
under extrem e experim ental environm ents (Bettarini ef al., 1998; M e Elw ain & C haloner,
1995; Zalenski, 1904).

Com parable to that Reddy et al. (1998) reported that stom atal

density and index w ere not affected by elevated CO 2 their result suggest that cotton plants
do not acclim ate to elevated C O 2 by changing stomatal density.

H ow ever, Ferris et al.

(1996) reported seasonal variation of both stomata! density and stom atal index o f ryegrass,
stom atal density was recorded to be sm aller in spring but greater in sum m er in elevated
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CO 2 and higher in both seasons in elevated C O 2 relative to controls. L eaf stom atal index
was red u ced in spring in elevated C O 2 but in sum m er it varied w ith p o sitio n on the leaf.
In B. linariifolia, elevated C O 2 had no effects on stom atal index, but in C. biflorus
the significant decrease in stom atal index in response to elevated C O 2 , w as paralleled by
the decrease in stom atal density. This may suggest that the effect o f C O 2 w as on stom atal
initiation, rather than a result o f changes in the rate o f leaf cell expansion. T hese findings
are sim ilar to those o f Fernandez et al. (1998), who reported decreases in both stom atal
density and stom atal index fo r Spatiphylum cannifolium and B auhinia m u ltinervia w hen
exposed to elevated C O 2 . O ther studies, however, found increase in stom atal index o f both
surfaces o f (Sanguisorba m inor) in response to elevated C O 2 (Ferris & Taylor, 1994).
H ow ever, the present findings contrast to those of Bettarini et al. (1998), w ho reported that
the n u m b er o f stom ata and their distribution were not affected at the level o f plant
com m unity even after generations o f elevated CO 2 exposure.

In these experim ents

stom atal density was found to decrease only in three out of 17 species.

C lifford et al.

(1995) also reported an increase in stom atal density on the lower surface of groundnut
plants grow n under elevated C O 2 resulting in a significant decrease in stom atal index.
L eaf stom atal density is an im portant ecophysiological param eter that affects gas
exchange.

It has been suggested that declining stom atal num ber over the last century

m ight lead to greater instantaneous w ater use efficiency (W oodward, 1987, Ferris et al.,
1996).

In B. linariifolia the adaxial stom atal density showed no response to C O 2

enrichm ent, how ever stom atal conductance of the sam e surface was reduced by 63% at the
end o f the experim ental period. H ow ever, for the abaxial surface the reductions in stom atal
density and conductance were approxim ately the sam e (17%). These results suggest that
reductions in adaxial stom atal conductance were caused by stomatal closure rather than by
changes in stom atal density. H ow ever, for the abaxial conductance som e o f the reduction
m ay be explained by the reduction of the abaxial stom atal density.
T he reduction in stomatal conductance of C. biflorus observed in irrigated plants
grow n

under C O 2 enrichm ent (40%

and 86%

for the lower and upper surfaces,

respectively) greatly exceed that in stom atal density (24% and 21% , respectively).

The

disproportionately large reduction in conductance m ay be attributable to the additional
direct effect o f increased CO 2 in reducing stomatal apertures as previously suggested by
other researcher (C lifford et al., 1995, Knapp et al., 1994 a). M urray (1997a) also strongly
argued that rates of transpiration and im provem ents in water- use efficiency has little to do
with such variations in absolute num bers of stom ata as they depend m ore on the ways the
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stomatal apertures are regulated.

Furthermore, Bettarini e t al. (1 9 9 8 ) also reported, that

decreased conductance under elevated CO 2 was not associated w ith ch an ges in anatomy o f
the leaves.
R esu lts obtained from this study suggest that further in creases in C O 2 m ay affect
stom atal d en sities and ind ices (anatomy) as well as stom atal con d uctan ce (p h ysiology) o f
the tw o studied sp ecies.
T h e epiderm is o f B. lin ariifolia and C. biflorus were fou n d to p o sse ss druses and
cross-shap ed silica b od ies, respectively. The druses are crystals that have num erous faces
and w h o se points are acute and sharp. They tend to be about 5 to 10 |am in diam eter, and
typically there is o n ly on e druse per cell (Mauseth 1989c).

S ilica bodies are d ep osits o f

silico n d io x id e in grasses and Cyperaceae (Mauseth, 1989b).

T hey have a very p recise

shape (cross-shaped, butterfly shaped, or dumb-bell shaped (W atson & D allw itz, 1992),
the shape often b eing characteristic o f a particular fam ily or genus (M auseth, 1989b). T he
effects o f the different treatments on druses and silica-bodies were not investigated.
H ow ever, their p resence and accum ulation mainly on the upper surface m ay su ggest a
sp ecific protection role for these arid plants as they were noticed to fill stomatal pores.
A dditional work on the responses and functions o f the these particular cell types is needed.

154

5.6 Conclusion
□

C arbon dioxide enrichm ent was found to reduce botii abaxial and adaxial stom atal
density o f C. biflorus, but only the abaxial density o f B. linariifolia.

□

W ater stress had no effect on stomatal density o f eith e r leaf surfaces of B.
linariifolia, but for C. biflorus water stress caused a reduction o f the abaxial
stom atal density.

□

W ater stress had no effect on the abaxial stom atal index o f eith e r species, but
elevated CO2 w as found to have a negative effect on the abaxial stom atal index o f
C. biflorus

□

E levated CO2 had no effect on the adaxial/abaxial ratio of stom atal density of C.
biflorus but it caused a significant increase in the ratio in B. linariifolia plants under
both w ater regim es.

□

W hen the reduction in stom atal density and stomatal conductance w ere com pared
for the tw o species, the reduction in stomatal conductance was found to be
proportionally greater than the reduction in stomatal density.

T his suggests

additional reduction in stom atal conductance as a result of the direct effect of
elevated CO2 on stom atal closure.
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Chapter Six
The effect of elevated CO 2 concentration on the gas exchange of Blepharis
linariifolia and Cenchrus biflorus.
6.1 Introduction
T he w ell-d ocu m en ted increase in atmospheric C O 2 concentration (IPCC, 1996) acts
to increase p hotosynth esis, plant biom ass production and plant w ater-use e ffic ie n c y in
m any plant sp ecies (K napp et al.,

1996),

Carbon d ioxid e has a direct effect on

p hotosynth esis through its role as a substrate, and indirect effects on both p hotosynth esis
and transpiration through its effect on stomatal conductance (B ead le et al.,

1993;

W oodw ard, 1987).

T he stom ata are the major variable resistance controlling gaseou s exch an ge
betw een the ce lls, the lea f and the air. In amphistomatous leaves (having stom ata on both
lea f surfaces) it is com m on to find greater densities o f stomata on the abaxial surfaces, and
con seq u en tly a disparity o f stomatal apertures between the two surfaces as w ell as n on
parallel responses to light, temperature and water stress (Pearson et al., 1995). M ott et al.,
(1 9 8 2 ) proposed that the developm ent o f am phistom atic characteristic might have resulted
in m axim al lea f conductance to C O 2 .

A reduction in stomatal conductance w ill be

ex p ected to reduce transpiration and increase water-use efficiency at the leaf scale, and in
effect con serve water for continued plant growth. There have been many dem onstrations
o f reduced stomatal conductance at elevated C O 2 (B eerling & W oodward, 1995; B un ce &
Ziska, 1998a; B unce, 1998b; Eamus, 1991; Fernandez et al., 1998; Knapp et al., 1996;
M orison,

1983; R obem tz & Stockfors,

1998) and for a doubling o f present day

concentrations the reduction in conductance frequently varies from 20-50% (E am us, 1991;
Jones, 1997; O w e n s b y et al., 1997)
N um erous studies on the effect o f elevated CO 2 concentrations have focused
principally on sp ecies with the C3 photosynthetic pathway since their photosynthetic
capacity and potential growth are assum ed to be limited at the currcnt atm ospheric
concentration o f C O 2 (A llen, 1990; Ziska et al., 1999a).

H ow ever, increased growth m

response to elevated C O 2 concentration has also been reported for C 4 sp ecies (Poorter,
1993), although this increase is usually attributed to the indirect effects o f C O 2 {e.g. partial
stom atal closure with subsequent im provem ent in water u se-efficien cy). H ow ever, recent
studies o f C4 sp ecies have indicated that the growth and photosynthetic rate o f som e C4
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plants co u ld respond directly to increasing CO 2 concentrations ab ove present day lev els
(G hannoum e t a l , 1997; L eC ain & Morgan, 1998; R ead & M organ, 1996; Wand et a l ,
1999; Z isk a et al., 1999a).
If the grow th o f som e, but not all, C 4 species is in fact stim ulated as atm ospheric
CO 2 concentration increases, it suggests that som e aspect o f
affected differentially.

C 4

p h otosyn th esis m ay be

Present evid en ce indicates that d ifferen ces in the con d uctan ce o f

the bundle sheath ce ll w alls to C O 2 could result in different rates o f C O 2 leakage
(H attersley, 1982; W illiam s e t al., 2001). In general the rate o f leakage from the bundle
sheath ce lls in

C 4

plants is thought to be lower in m onocots than in d icots (due to the

presence o f the suberized lam ella in bundle sheath cells in grasses) and m ay also vary
according to decarboxylating subtypes (low er in N A D P-M E and PCK subtypes than in
N A D -M E en zym e type

C4

plants) (Ziska et al., 1999a).

T he effect o f elevated C O 2 and water availability on the p h ysiology and grow th o f
plants has been rev iew ed by several authors (Chaves & Pereira, 1992; Eam us, 1991; Ferris
& T aylor, 1995; M orison, 1993).

T he literature shows that little work has be done on

African sp ecies and alm ost no study has focused on the effect o f elevated C O 2 on any o f
the n ative Sudanese sp ecies.

C onceptual m odels predict that arid ecosystem s i.e. areas

such as Sudan, w ill be the m ost responsive to increased CO 2 because o f the large increase
in w ater-use efficien cy in plants, w hich alleviates water limitations to primary production
(Sm ith e t al., 2 000).

W ater stress influences assim ilation through its effect on gs and on

activities o f photosynthetic en zym es and electron transport reactions in the chloroplasts
(C onroy et al., 1998). The initial response to drought is stomatal closure.
low er at higher C O 2 there is generally a reduction in water use.

B ecau se gs is

Consequently, during a

period o f drought, the depletion o f soil water occurs more slow ly so that the stom ata do not
c lo se as m uch and assim ilation continues for longer (Conroy et al., 1998).

E levated C O 2

con seq u en tly has the potential to moderate water loss without restricting carbon fixation
(O w en sb y et al., 1996).
C hlorophyll fluorescence is w idely used to exam ine the functioning o f the
photosynthetic

apparatus

and

processes

of

photoinhibition

(Jones

et

al.,

1995).

D eterm ination o f the photochem ical efficien cy by means o f chlorophyll a fluorescence
m easurem ents has proven to be a reliable method to record not only permanent but also
slight temporary impairment o f the photosynthetic apparatus (B olhar-N ordenkam pf et al.,
1994).
T he goal o f this experim ent was to evaluate responses o f stomatal con d uctan ce and
p hotosynthensis to

elev a ted

C O 2

under differing water availability in the tw o
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C4

sp ecies

Blepharis linariifolia (dicot) and Cenchrus biflorus (monocot).

Chapter Two of the

present study suggested B. linariifolia is a NAD-ME subtype and C. biflorus is NADP-ME
subtype.

Based on this observation it is hypothesized that m ore positive responses in

photosynthesis were expected to be shown by B. linariifolia.

6.2 Materials and Methods:
B. linariifolia and C. biflorus plants were grown from seeds, in a growth cabinet at
a day/night temperature of 25/18 °C.

Seven days after germination the seedlings were

transplanted into small pots (0.25 L). Two weeks later, and 3 weeks after germination (3
W AG), seedlings were transplanted to larger pots (1.3 and 0.8 L for C. biflorus and B.
linariifolia, respectively) filled with fine vermiculite for C. biflorus or a mixture of sand
and clay (75:25) for B. linariifolia.

The plants were grown in controlled environm ent

growth cabinets (GC) (Fitotron, Sanyo- Gallenkamp pic, UK) at either ambient CO 2 (360
ppmv) or twice-ambient CO 2 (700 ppmv), with a day/night temperature of 30/22 °C,
day/night RH of 50/60%, and PAR 700 |im ol m'^ s ' over a 12-h photoperiod. Plants at the
two C O 2 levels were divided into well-watered plants, which were watered every day to
field capacity, and water stressed plants that were exposed to repeated drought cycles .
Plants were fed with Long Ashton solution, which was increased in strength (V4 to V4 ), as
the plants grew bigger (see Chapter Four for more details).

6.2.1 Gas exchange measurement
6.2.1.1 Stomatal conductance measurements:
M easurements of stomatal conductance (gs) were made in situ in each growth
cabinet using a transit-time diffusion porometer (AP4, Delta-T Devices, Burwell,
Cambridge, U. K). The instrument consists of a small cup, which is clam ped to the leaf
surface, inside which is a humidity sensor. Water evaporating from the leaf through the
stomata causes the humidity within the cup to rise and the rate at which this occurs is
measured.

The stomatal resistance to water vapour diffusion determines the rate of

humidity change. The automatic porometer enables a rapid measurement ol the rate of
humidity rise between two set humidity levels. This is then compared with a calibration
obtained using perforated plates of known diffusive resistance. The process is automated
so that, when the first reading has been obtained, dry air is blown into the chamber
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reducing the hum idity and the process is repeated.

On any day of measurements

conductance was determined in the morning (10:00 am), the afternoon (2:00 pm) and the
evening (5:00 pm). M easurements were made on five plants under each treatment, on the
upper (adaxial) and the low er (abaxial) surfaces at the middle o f recently fully expanded
leaves for C. biflorus plants, or on mature leaves of similar age o f B. linariifolia. The total
conductance was calculated from the sum of the abaxial + adaxial values for each leaf
(Knapp et ah, 1996; M orison, 1998; Mott, 1988). The measurements on the two species
were m ade frequently during the treatment periods, both when the plants were water
stressed and when re-watered.
The adaxial/abaxial ratio of gs was measured for each individual leaf, from the
different m easurement and for the two species to test the symmetry of distribution of
conductance between the two leaf surfaces and to test the effect of treatments on the
distribution of conductance between the two leaf surfaces.

6.2.1.2.Photosynthesis measurements:
The saturated rate of photosynthesis, was determined in vivo on the second fully
expanded leaf of the main stem of C. biflorus or on mature leaves of similar ages of B.
linariifolia.

An Infrared gas analysis (IRGA) based photosynthesis system (LCA4,

Analytical Development Company, UK) was used to measure the gas exchange
parameters. The measurements were made both when the water-limited plants were waterstressed as well as when they were re-watered. A leaf microclimate control system was
used in conjunction with the LCA4.

The leaf microclimate control unit consisted of a

control unit (LCA4-LMC-002/B) with an integral unit for the supply of enriched CO 2 and a
temperature controlled leaf chamber (PLC4N/TC/LMC-002). Light saturation (1400 ^mol
m'^ s '') was supplied by a light source attached to the leaf chamber. The temperature of the
leaf cham ber was maintained at 30°C and the VPD was controlled by setting the cham ber
humidity at 50% RH (growth condition in the GC). The LCA4 is an open system where
the IRGA measures the difference in the CO 2 and H 2 O concentration between the air
entering and leaving the leaf chamber. The inlet air was passed through calcium chloride
and magnesium percholate before entering the leaf chamber to control humidity. The flow
rate o f the air across the chamber was kept constant by mass flow controllers and flow
meters. Changes in water vapour and CO 2 concentrations across the leaf were determined
in com parison to reference gas stream (ambient air).
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Carbon d io x id e assim ilation rates were m easured at 50, 9 0 , 100, 150, 200, 300,
500, 7 0 0 , 8 0 0 and 9 0 0 ppm C O 2 concentration. T he m easurem ents w ere first made at the
elevated C O 2 concentration (9 0 0 ppm) that was then reduced gradually to achieve the
low er concentration (5 0 ppm ). The assimilation rates w ere recorded w hen the instrument
stabilised (approxim ately 5 m inutes after the leaf w as sealed into the le a f cham ber). The
assim ilation rates at each o f the C O 2 concentrations, the values o f stom atal conductance,
transpiration rates and the internal CO 2 concentration in the lea f w ere calcu lated by the
instrum ent softw are o f the L C A 4. T he assimilation rate (A, |u.mol

s"') is determ ined by

the d ifferen ce in the CO2 concentration entering and leaving the cham ber, the flo w rate
through the cham ber and the lea f area. The internal CO2 (Ci, ppm ) concentration is a
m easure o f the effec tiv e supply o f C O 2 which the assim ilating cells receives and is a
function o f assim ilation rate, conductance and atmospheric CO 2 . L ines w ere fitted to the
A/Ci curves usin g the Prism Graph Pad Programme (version 3) that com pares equations
with F -test and determ ine the best fit at 95% confident intervals.

6.2.2 Photochemical efficiency (Fv/Fm)
T he m easurem ents o f photochem ical efficien cy (the ratio o f the m axim um variable to
m axim um

F luorescence

(Fy/Fm))

w ere

made

in

vivo

with

a modulated

Fluorom eter

(F lu orescen ce M onitoring System (FM S), Hansatech Instrument Ltd. U K ) on dark-adapted
leaves (1 5 -2 0 m inutes) at noontim e, to determ ine the photochem ical efficien cy and p rocesses
o f energy dissipation in photosystem II (PS II).

T he values were estim ated from the initial

(F o) and m axim al (Fm) levels o f m odulated chlorophyll fluorescence.

T he photochem ical

efficien cy w as calculated as Fv/Fm, where Fv is equal to Fm-Fo (H avaux et al., 1990;
Scarascia-M u ngozza er a/., 1996)
T he inflorescence o f B. linariifolia plants was located in the forks o f branches
(A p p en dix 2).

It is com posed o f numerous green, tough, and spiny bracts that protect the

em ergin g flow ers. The bracts were suspected o f being capable o f carrying out photosynthesis,
as the plants w ere found to produce flow ers even if the leaves were w iltin g and rolling
(A ppendix 3). T he bracts were too small to be placed in the photosynthelic leaf cham bei of
the L C A 4; so fluorescence measurem ents were made instead. The m easurem ents w ere made
on both normal leaves and inflorescence bracts of B. liiictriifoliu, when w ater-stressed plants
w ere at the end o f drought cycles and after re-watering. The m easurem ents w ere m ade at the
tim e o f the second (28 D A T ) and the third harvest (48 DA T). M easurem ents w ere also made
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at 35 and 37 D A T to com pare the photochemical efficien cy recovery under the different C O 2
concentrations.

6.3 Statistical Analysis
T he statistical package D ata desk (Version 6.0) w as used and P < 0 .0 5 w as u sed as
a critical lev el o f significance.

Data from the two species w ere subjected to analysis o f

variance (A N O V A ) u sin g a factorial design for each sp ecies separately.

T w o -w a y s

interactions (2 C O 2 treatments x 2 water treatments) were used for the analysis o f total
(adaxial + abaxial) conductance, and for adaxial/abaxial ratios. T hree-w ays interactions (2
CO 2 treatm ents x 2 water treatments x T im e) were also used for the analysis o f som e o f the
parameters e.g. Fy/Fm values. Data w as lo g transformed as needed, and normal probabihty
plots and residuals plots w ere inspected to ensure that the data met the assum ptions o f
A N O V A . Sch effe' P o s t H o c tests w ere used to compare means o f the different treatments
when interactions w ere significant.
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6.4 Results
6.4.1 Stomatal conductance
Stomatal conductance (abaxial + adaxial, gs) o f B. linariifolia plants was negatively
affected by both elevated CO 2 and water- stress treatment. U nder well-w atered conditions
on each occasion of m easurement elevated CO 2 caused a significant reductions in gs. An
average reduction of 36% was found for the whole treatment period; gs was reduced from
236 ± 10 to 151 ± 9 mmol m ^ s ' (P<0.01). Under water stress condition elevated CO 2 had
less effect on gs, as drought was also found to cause reduction ( /’<0.01) of gs of waterstressed plants under ambient CO 2 . It can be seen from Figure 6.1 that water-stress had
even bigger effect on gs under ambient CO 2 condition (compare gs of plants grown under
the same CO 2 concentration).
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Figure 6.1:

S to m a ta l c o n d u c ta n c e (gs, m m ol m '“s ') o f B le p h a ris lin a r iifo lia p la n ts th a t w e re
g r o w n u n d e r w e ll - w a te r e d (w w ) and w ate r-stre ssed (w s ) c o n d itio n s u n d e r e i th e r a m b ie n t (A ) oi
elevated CO2 (E). E a c h poin t rep rese n ts m e a n o f 15 m e a su re m e n ts. T im e is d a y s a f te r the sta rt o f
tr e a tm e n ts ( D A T ) . E r r o r bar represe nt ± se. A rro w s at the b o tto m o f the fig u re in d ic a te the tim e o f
r e - w a te r in g a f te r d r o u g h t cycles.

The conductance of water-stressed plants that were grown under ambient C O 2 was
particularly sensitive to drought; by the end of drought cycles gs was found to decrease
considerably to be equal to that of plants under the elevated CO 2 . However, immediately
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after re-w atering gs o f water-stressed plants at am bient C O 2 increased considerably, and
consequently gs w as found to show very sharp peaks fo llo w in g re-w atering. Conductance
was fou n d to recover fu lly to the level of the w ell-w atered plants at am bient CO 2 only
during the early stages o f the experim ent (until 20 D A T ).

On the other hand gs o f water

stressed plants at elevated C O 2 was relatively stable and w as fou n d to respond to re
watering by a m oderate increase and, less sharp peaks were form ed fo llo w in g drought and
re-w atering (Figure 6.1).
A t the end o f drought cycles, elevated CO 2 caused an average reduction o f 20% in
gs for w ater-stressed plants com pared to their counterparts at am bient C O 2 .

A fter re

w atering, gs w as alw ays found to show a larger increase under am bient C O 2 and
con seq u en tly elevated CO 2 caused a greater reduction during these periods, where the
average reduction w as 34%.
T he tim e o f m easurem ents (10:00 A M , 2:00 PM or 5:00 PM ) had significant effect
on the stom atal conductance o f B. linariifolia plants. The significant tim e effect (F < 0 .0 5 )
w as fou n d both w hen plants w ere re-watered and when they were droughted (Figure 6.2).
In general the gs during the m ornings (10:00 AM ) was found to be higher than the early
afternoon (2:00 PM ).

H ow ever, both m orning ( f ’<0.001) and early afternoon (P < 0 .0 1 )

values w ere alw ays significantly higher than the late afternoon gs.

T he interactions

betw een tim e and water treatment w as also significant (P<0.05) when the plants w ere
w ater-stressed (at end o f drought cycles. Figure 6.2a).

Stomatal conductance w as low er

than that o f the w ell-w atered plants during both morning and the afternoon. But m axim al
differen ces (P < 0 .0 0 1 ) were found during m idday (2:00 PM).

After re-watering, gs o f

w ater-stressed plants was found to be low er (P < 0 .0 5 ) than that o f the w ell-w atered plants
in the m orning, but no difference was found during the early and late-aftem oon values.
T w en ty D A T when plants were re-watered (after the 3'^^' drought cy cle) and 25
D A T w hen plants were water-stressed (end o f

drought cycle), gs m easurem ents were

m ade during m orning, afternoon and evening (10:00 AM , 2:00 PM, 5:00 PM , 7:00 PM,
9 :0 0 P M ) (Figure 6.3). The evening m easurements were made in darkness, as they were
started hour after the light was turned o ff (light was sw itched o ff at 6:00 PM ).
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Figure 6.2.: Stomatal conductance (gs, mmol m'V) of Blepharis linariifolia plants that were
grown under either well-watered (ww) or water-stressed (ws) conditions under either ambient (A)
or elevated CO 2 (E). Measurements were taken at 10:00 AM, 2:00 PM and 5: 00 PM (a) when
plants were water-stressed and (b) when plants were re-watered. Each point represents means ±
(SE).
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Figure 6.3: Stomatal conductance (gs, mmol m ' V ) of Blephciris linariifolia plants that were grown
under either well-watered (ww) or water-stressed (ws) conditions under either am bient (A) or
elevated C O 2 (E). M easurements were taken at 10:()() AM, 2:00, 5: 00, 7:00 and 9:00 PM (a) when
plants were re-watered after the 3^^^ drought cycle (20 DAT) and (b) when plants were waterstressed at the end o f the 4* drought cycle (25 DAT). Each point represents mean o f 5
m easurem ents ± (SE).
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When plants were re-watered (Figure 6.3a), elevated CO 2 reduced gs similarly under the
two w ater regimes (P<0.001). However, a significant effect of elevated CO 2 was found
only in the morning (10:00 AM) and early in the afternoon (2:00 PM ).

Thereafter,

between 5:00 PM and 9:00 PM no significant effect was found. D uring the evening (7:00
to 9:00 PM ) gs, was found to reach it’s lowest values and no significant difference was
found between plants grown under the different treatment i.e. there was no effect o f either
water-stress and elevated CO 2 on gs.
At twenty-five DAT when plants were water-stressed (Figure 6.3b), the interaction
between treatments (CO 2 x W ater) was significant (P<0.01). Elevated C O 2 was found to
reduce

gs under well-watered conditions (P<0.001);

however,

under water-stress

conditions no significant difference was found between plants grown under different CO 2
concentrations. The interaction between water treatment and time (W ater x Time) was also
significant (P<0.001); gs of w ater stressed plants under both CO 2 concentrations was lower
than that of the well-watered plants between 10:00 AM to 5:00 PM.

However, water

treatm ent has no effect on gs between 7:00 to 9:00 PM. During this period stomata of
2

1

plants under all treatments showed marked closure <50 mmol m" s' .
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Figure 6.4: The relationship between stomatal conductance (gs mmol m “ s ' ) and leaf water
potential of B. linariifolia plants that were grown under well-watered (ww) and water-stressed (ws)
conditions under either ambient (A) or elevated CO. (E). The non-linear regression curves show
the best fit for the relationship of plants grown at either ambient or elevated CO2 concentrations.
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Stom atal conductance o f B. linariifolia plants was found to decrease over tim e and
this decrease w as found to correlate positively w ith the decrease in le a f water potential
(Figure 6.4). W hen non-linear regression curves w ere fitted to the data the plants under the
two C O 2 concentrations w ere found to be separated by tw o d istinct lines (R^ w ere 0.91 and
0.7 fo r am bient and elevated C O 2 plants, respectively) in spite o f the w ater treatm ent. The
effect o f elevated C O 2 could be m easured from the difference betw een the tw o lines
(Figure 6.4).

U nder w ater-stressed conditions the strong correlation betw een gs and T l was
found only for plants grow n under am bient CO 2 (R^ 0.98) but not at elevated C O 2 . T he gs
of w ater stress plants under elevated C O 2 was found to be m ore sensitivity to T l at the
seedling stage, how ever as the plants grew bigger; higher gs (com pared to gs at the seedling
stage) w as found at low er 'F l (com pared to ^ t a t the seedling stage).
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Figure 6.5: T h e total conductance (gs, m m ol m ' V ‘) o f C enchrus h iflo ru s plants that w ere grow n
under w ell-w a tered (w w ) and w ater-stressed (w s) con d itions under eith er am bient (A ) or elev a ted
C O 2 (E ). E ach point represents mean o f 15 m easurem ents, the tim e interval is days after the start
o f treatm ents (D A T ). Error bar represent ± se. Arrows at the boUom o f the figure point to tim e o f
re-w aterin g after P ‘, 2"“*, 3^“^ drought c y c le s
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C O 2 enrichm ent had a negative effect (P < 0.001) on the total conductance (adaxial
+ abaxial gs) o f C. biflorus plants (Figure 6.5).

U n d er w ell-w atered condition elevated

CO 2 consistently resulted in an average reduction o f 43% in conductance com pared to the
w ell-w atered plants at am bient C O 2 ; gs was reduced from 229 ± 11 to 130 ± 8 m m ol m ’^ s '
respectively. U nder w ater stressed conditions the effect of elevated C O 2 w as found to vary
over drought and re-w atering periods.
In general, w ater stress reduced gs by 43% (P<0.01) com pared to plants that w ere
grown under w ell-w atered conditions. The conductance of the w ater-stressed plants was
reduced drastically at the end o f each drought cycle. It can also be seen from Figure 6.5
that the absolute m agnitude o f the reduction in gs due to w ater stress w as higher under
am bient C O 2 concentration. R e-w atering after the first 3 drought cycles w as alw ays found
to increase the conductance, how ever, different responses were found.

W hen the plants

were re-w atered after the first drought cycle, gs was found to fully recover under both C O 2
concentrations. T he conductance o f the re-watered plants was even higher than that o f the
w ell-w atered plants under the sam e C O 2 concentration, although, no significant difference
was found.

W hen the plants were re-w atered after the second drought cycle, the gs o f

w ater-stressed plants under elevated C O 2 was also found to fully recover to the level o f
w ell-w atered under the sam e C O 2 concentration, but gs of the w ater-stressed plants under
am bient C O 2 did not fully recover w hen com pared to well-watered plants under the sam e
C O 2 concentration.

A fter the third stress cycle, gs of the water stressed plants was

significantly low er ( f ’<0.001) than that o f plants being grown under the sam e C O 2
concentration i.e. there was only partial recovery of gs under both C O 2 concentrations.
W hen expressed in percentages, the averaged reduction in gs caused by elevated
C O 2 under w ater-stressed conditions at the ends o f the drought cycles (Figure 6.5) was
only 20 %, com pared to their counterparts that w ere grown at ambient C O 2 . H ow ever,
w hen the stressed plants recovered after they were re-watered, elevated C O 2 w as found to
cause a reduction of a 34% com pared to previously water-stressed plants under am bient
CO2.
Stom atal conductance of C. biflorus was significantly affected by tim e o f day
(P < 0.001) (Figure 6.6) and a significant interaction between time and C O 2 (P< 0.05) was
found

T he interaction between tim e and w ater treatm ent was also significant, particularly

at the end o f the drought cycles. W hen plants were w ater-stressed, on certain occasions (9
and 22 D A T ) no significant difference was found in gs over the w hole day. N evertheless,
w hen the w ater-stressed plants were w atered, they were found to respond sim ilarly to w ellw atered plants, in that morning conductance was higher than early and late afternoon
values.
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Figure 6.6: Stomatal conductance (gs, mmol m s ) of Cenchrus hifloriis plants that were grown
under either well-watered (ww) or water-stressed (ws) conditions under either ambient (A) or
elevated C 0 2 (E). Measurements were taken at 10:00 AM, 2:00 PM and 5: 00 PM (a) when plants
were re-watered and (b) when plants were water-stressed. Each pomt represents the mean ± (SE).
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Figure 6.7: The relationship between stomatal conductance (gs mmol m “ s ') and leaf water
potential of C. biflorus plants that were grown under well-watered (ww) and water-stressed (ws)
conditions under either ambient (A) or elevated CO 2 (E).

L eaf water potential measurements were made during the morning at the ends of
the drought cycles (Chapter Four).

Similar to B. linariifolia gs in C. h ijlo n is decreased

over tim e and the decrease was found to correlate positively with 'f't (R was 0.8 and 0.7
for am bient and elevated C O 2 plants, respectively). Non-Hnear regression o f the data made
a clear distinction between plants grown under the two CO 2 concentrations. The effect of
elevated C O 2 on gs could also be assessed from the difference between the two lines
(Figure 6.7).

T he distribution of conductance between the two leaf surlaces o f B. linariifolia
plant was found to be asymmetric.

For plants under all treatment the abaxial surface

always had the largest share of conductance. For each individual leaf on each occasion the
ratio o f adaxial to abaxial conductance was calculated (Figure 6,8). On most occasions the
ratio was signiticantly lower under elevated C..O2 conccnliiition. on aveiagc the lalio loi
w'ell-w'atered plants at elevated C O 2 was 0.3 ± 0.10 compaicd to 0.46 ± (J.IO
watered plants under ambient C O 2.
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Figure 6.8: The change in the ratio of adaxial/abaxial conductance for Blepharis linariifolia
plants grown at ambient (A) or elevated CO 2 (E) level, under either well-watered (ww) or waterstressed (ws) conditions. The ratio for each leaf was individually calculated and then averaged
across the treatments, n = 15 per treatment per occasion (mean ± se). Time interval is days after
the start of treatments (DAT).

U nder water-stressed conditions, elevated C O 2 also caused a significant reduction
in the adaxial/abaxial ratio; the average were 0.39 ± 0.1 and 0.51 ± 0.1 for plants grown
under elevated and ambient C O 2 concentrations, respectively. Water stress was also found
to have significant effect on adaxial/abaxial ratio on different occasions (43 and 46 D A T)
(Figure 6.8).

The increase of the ratio under water stress condition suggests more

reduction of the abaxial gs compare to the adaxial g,.
Similar to B. linariifolia, the stomatal conductance of C. hijlorus was unevenly
distributed between the two leaf surfaces.

Elevated C O 2 reduced significantly the

adaxial/abaxial ratio on most occasions (Figure 6.9).

Under well-watered conditions, in

general, there was a decrease in the adaxial/abaxial ratio over time that might have been
caused by a similar decrease in adaxial gs over time. Water-stress treatment increased the
ratio, particularly under ambient C O 2 , compared to well-watered plants under the two C O 2
concentrations at, however more significant (P<O.OI) effect was found at ambient C O j by
the end of the treatment period.
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Figure 6.9: The change in the ratio of adaxial to abaxial conductance for Cenchrus hiflorus plants
grown at ambient (A) or elevated CO 2 (E) level, under either well-watered (ww) or water-stressed
(ws) conditions. The ratio for each leaf was individually calculated and then averaged across the
treatments, n = 15 per treatment per occasion (mean ± se). Time interval is days after the start of
treatments (DAT).

T he averages o f adaxial/abaxial ratio under elevated CO 2 concentration w ere 0.26 ±
0.2 and 0.27 ± 0 . 1 for well watered and w ater-stressed, respectively.

H ow ever, under

am bient C O 2 the averages of adaxial/abaxial ratios were 0 .3 1± 0.1 and 0 .4 1± 0.1 for w ellw atered and w ater-stressed plants respectively. The adaxial/abaxial ratio o f w ell-w atered
C. biflorus plants was found to decrease over time. This was caused by a sim ilar decrease
of adaxial conductance over time (R^ for the decrease of adaxial gs over tim e for all
treatm ent w as >0.6).
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6.4.2 Photosynthesis
6.4.2.1 Blepharis linariifolia
Single leaf photosynthesis o f 5. linariifolia that was grown at elevated CO2 showed
a significant increase in leaf assimilation rate in response to the increase in the CO 2
concentration, under both the well-watered and water-stress conditions (Figure 6.10). The
results show that photosynthesis was not saturated at a cuvette CO 2 concentration o f 360
ppmv. B. linariifolia plants at elevated CO2 had higher photosynthesis rates at liigli Ci
values than ambient CO2 grown plants under both water treatments.

Under both well-

watered and water-stressed conditions the saturation point was higlier in elevated CO 2
plants. However, under the water-stress treatment, the saturation point was even higher, as
drought was foiuid to reduce the plateau and consequently decrease the CO 2 saturation
point under ambient CO2 (Figure 6.10b) compared to their counterparts at elevated CO2 .
Comparisons between assimilation rates (A) at CO2 concentrations at which the
plants were grown (either ambient (360 ppmv) or elevated (700 ppmv) CO 2 ) at intervals
during the whole treatments periods were also made to compare tlie combined effect o f
water-stress and elevated CO 2 during wet and diy periods (Figure 6.11).

When B.

linariifolia plants were droughted (at the end o f drought cycles), water stress was found to
cause a general decrease o f photosynthesis regardless of the CO2 concentration

( jP < 0 . 0 0 1 )

(Table 6.1). Under water-stress condition elevated CO 2 caused an increase (P<0.01) o f A
from 14 to 19 pmol m ^ s ' compared to ambient CO2 grown plants. Also, even under wellwatered conditions, elevated CO 2 caused an increase in A compared to the plants grown
under ambient CO 2 (25 vs. 20.3 jimol m"^ s ‘, respectively).

Table 6.1; A N O V A summary o f assimilation rate o f B lepharis linariifolia plants that were either
grow n and measured at ambient CO 2 or grown and measured at elevated CO 2 under w ell-w atered
or water-stressed conditions. Analysis w as performed on measurements that w ere made at the
beginning o f the last drought cycle (watered) when water-stressed plants were watered, and at the
end o f the same cycle (Water-stressed) when stress w as at its maximum. * F < 0,05,
/ ’< 0 .0 1 , ***
/ ’< 0 .0 0 1 , ns not statistically significant.

Source o f variation

Watered

CO2

+++

Water-stressed

H 2O
CO 2

X

H 2O

ns

ns
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Figure 6.10; A/Ci curves (assimilation, A fimol m “ s'' vs intercellular CO 2 concentration (Q ) o f
B lepharis linariifolia plants that were grown at either am bient or elevated CO 2 under (a) wellw atered or (b) water-stressed conditions. Each point represents mean of 5 m easurem ents ± se.
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W hen the stressed plants of B. linariifolia were re-watered, the overall effect of
water-stress was less significant P<0.05 (Table 6.1), and the assim ilation rate of the waterstressed plants under both ambient and elevated CO 2 was found to show large recovery, so
that no difference was found between them and the w ell-w atered plants at the same CO 2
concentration. During this period, elevated CO 2 also increased A o f B. linariifolia plants.
The increase in A under water-stress conditions during this period was from 19 to 25 |amol
m"^ s'^ com pared to the water-stressed plants under ambient CO 2 concentration.
ANOVA of A o f Blepharis linariifolia was also performed on m easurem ents that
were m ade at the beginning and the end of the last drought cycle after the water-stressed
plants were watered (41 DAT) and when they were water-stressed (48 DAT, Figure 6.11).
W hen the water-stressed plants under the two CO 2 concentrations were re-watered the
effect o f elevated CO 2 was very significant (P<0.001). At this stage the previous w ater
stress had a small overall negative effect on photosynthesis. The interaction between C O 2
and w ater treatm ent (CO 2 x H2 O) was significant; as CO 2 was found to cause a larger
increase in A under well-watered conditions. At the end of the drought cycle elevated CO 2
had no overall significant effect, while w ater stress was found to reduce photosynthesis by
31% (P<0.01) compared to the well-watered plants. At this stage water stress was found to
reduce photosynthesis by 29% and 14% under ambient and elevated CO 2 compared to the
well w atered plants at ambient CO 2 concentrations.
The ratio of intercellular CO 2 concentration (C,) to ambient (leaf cham ber) C O 2
concentration (Ca) (Ci/Ca) was determined for B. linariifolia plants that were grown and
m easured at ambient CO 2 (360 ppmv) or grown and measured at elevated CO 2 (700 ppmv)
under either well-watered or water-stress conditions. It is generally believed that gs and A
are coordinated to maintain a relative stable ratio of intercellular to ambient C O 2 (Cj/Ca) at
varying C O 2 concentradons (Sage, 1994). The results of this experiment support this in
part in that, C/Ca of the two species under well-watered condition remain the same even at
elevated CO 2 concentration. For B. linariifolia the ratio was affected by both elevated CO 2
and water-stress. W hile elevated CO 2 had the effect of increasing the CJC^ ratio compared
to that of the ambient CO 2 grown plants (F<0.01) (from 0.42 to 0.49), water-stress on the
other hand negadvely affected the Ci/Ca ratio particularly by the end of the treatment
period (P<0.01).
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At the end of the last two drought cycles (37 and 48 DAT) the ratios for the waterstressed plants was significantly lower than at the beginning or the middle of the treatment
period (Figure 6.12). The water-stressed plants had an average ratio of 0.44 compared to
an average of 0.47 under well-watered conditions (for the whole treatment period). At this
stage, elevated CO 2 was found to increase the ratio under water-stressed conditions
compared to that at ambient CO 2 (0.40 to 0.45, respectively).

6A.2.2 Cenchrus biflorus
Figure 6.13 shows the A/Cj curves of C. biflorus. Similar to B. linariifolia, C.
biflorus at elevated CO 2 had higher photosynthesis rates at high C, values than ambient
CO 2 grown plants, particularly under water-stressed conditions. The saturation point under
drought conditions was significantly higher at ambient CO2 concentration, as less reduction
in A occuiTed at elevated CO 2 .
Elevated CO 2 had a positive effect on the assimilation rate of the well-watered
plants of C. biflorus. An average increase of 12% was found over that of plants grown
under ambient CO 2 concentration. However, under water stress conditions the positive
effect of elevated CO 2 on photosynthesis was even more significant (f’<0.01) (Figure
6.14). Drought did not affect assimilation rate under elevated CO2 , however, that of waterstressed plants under ambient CO 2 was reduced (P<0.05) compared to well-watered plants
under the same CO 2 concentration (24 vs 19 |amol m'^ s '). Under well-watered conditions
elevated CO 2 caused a general increase in A from 25 to 29 i^mol m'^ s ' compared to their
counterparts at ambient CO 2 concentration. However, elevated CO 2 was found to cause a
larger increase (P<0.01) under drought conditions an averages of 25 and 19 |o,mol m'^ s '
were found for plants grown under elevated and ambient CO 2 concentrations.
Re-watering after the first drought cycles (15 and 27 DAT) was always found to
increase photosynthesis under both CO 2 concentrations. When water-stressed plants were
irrigated after the first drought cycle (15 DAT, Figure 6.14) A was found to increase under
both CO 2 concentration.

Assimilation rate recovered completely and was even slightly

higher than that of well-watered plants under the same CO 2 concentration. By the end of
the experiment (38 DAT) A was found to decrease and under well-watered conditions this
was found to correlate with aging and leaf shedding as well as similar decrease in stomatal
conductance during the same period. At this stage A of ws plants under elevated CO 2 was
significantly higher than the ambient CO 2 grown plants and slightly higher than wellwatered plants under elevated CO 2 concentration.
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Elevated CO 2 in general had positive effect on the CJC^ ratio (P<0.05) of the C biflorus
plants compared to that of plants grown at ambient CO 2 (Figure 6.15). While under wellwatered conditions the increase was insignificant (0.52 vs. 0.51) a larger increase (P<0.05)
was found under water stress conditions (0.52 vs. 0.49).

6. 4. 3 Photochemical efficiency (Fy/Fm)
Elevated CO 2 had a positive overall effect on Fv/Fm (P<0.05) of the normal leaves
of B. linariifolia the average values were 0.77 ± 0.01 and 0.75 ± 0.01 for elevated and
ambient CO 2 grown plants respectively. On the other hand water stress was found to have
a very significant negative (P<0.001) effect on Fv/F„, (Table 6.3). Elevated CO 2 had small
effect under well-watered conditions, an average of 0.78 was found under the two CO 2
concentrations. However, under the water-stress conditions, elevated CO 2 was found to
have a positive effect on Fv/Fm, the averages for ambient and elevated CO 2 grown plants
were 0.74 ± 0.01 and 0.76 ± 0.01, respectively.

Table 6.3: ANOVA summary of Fv/Fm of normal leaves of Blepharis linariifolia plants grown
under either ambient or elevated CO2 under either well-watered or water-stress conditions. . *
P<0.05, ** P<0.01, *** P<0.001, ns not statistically significant.
sov

df

P values

C0 2
H2 0

1
1
1
3
3
3
3

*

CO 2

X

H2 O

Time
CO 2 X Time
H 2 O X Time
CO 2 X H 2 O X Time

ns
**
ns
ns
ns

Time had a very big effect, the value of Fv/Fm. At 37 DAT Fv/Fm was significantly
higher than the values at 28 and 35 DAT. No significant effect of either elevated CO 2 or
water stress was found on either Fo or Fm values. The effect of water stress on Fy/Fm was
more evident when the plants were younger. At 28 and 35 DAT (Figure 6.16) the Fy/Fm of
the water-stressed plants, particularly under ambient CO 2 concentration, was lower than
that of the well-watered plants and was also lower than the optimum level of a normal
efficient photosynthesising leaf {i.e. <0.75). However, as the plants grow bigger 48 DAT
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the Fy/Fm o f the w ater-stressed plants was found to be significantly low er than that o f the
w ell-w atered plants (P< 0.05), however, the value did not decrease below the optim um
level.
T h e photochem ical efficiency of the inflorescence bract (Figure 6.17) was not
affected by elevated C O 2 , but w ater-stress treatment had a significant effect (Table 6.4).
T he bracts o f the w ater-stressed plants were found to have h igher Fy/Fm than that o f the
w ell-w atered plants; th e average values being 0.79 ± 0.01 and 0.77 ± 0.01, respectively.
T im e d id not have a significant effect on Fy/Fm, however, the interaction betw een tim e and
w ater (T im e x H 2 O) w as significant (P<0.01).

The values o f Fy/Fm for w ater-stressed

plants w as found to increase over tim e; so that the value at 35 D A T was not significantly
different from that o f the w ell-w atered plants. However, by the end o f the experim ent (48
D A T ) Fy/Fm o f the w ater-stressed plants was significantly higher (P < 0.01) than that o f the
w ell w atered plants.

28

35

37

□ Aww

■ Eww

11 Aws

B Ews

48

Tim e (D A T )

Figure 6.16; Changes in the ratio of the variable to maximum fluorescence (Fy/Fm) of Blepharis
linariifolia plants (normal leaves) grown under either ambient (A) or elevated (E) CO 2
concentrations under either well-watered (ww) or water-stressed (ws) conditions. Each point
represents means of 4± (SE)
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Figure 6.17: Changes in the ratio o f the variable to maximum Fluorescence (Fy/Fm) m easured on
o f B lepharis linariifolia plants (Bracts) grow n under either ambient (A) or elevated (E) C O 2
concentrations under either well-w atered (ww) or water-stressed (ws). Each point represents
m eans o f 4± (SE)

Table 6.4: ANOVA summary o f Fv/Fm o f inflorescence bracts of Blepharis linariifolia plants
grown under either am bient or elevated CO 2 under either well-watered or controlled w atered
conditions. * P<0.05, ** P<0.01, *** F < 0 .0 0 i, ns not statistically significant.

Source of variation

df

P values

CO 2
H 2O
CO 2 X H 2O
Tim e
CO 2 X T im e
H 2O X Tim e
CO 2 X H 2O X T im

1
1
1
1
1
1
1

ns
*

e

ns
ns
ns
ns
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6.5 Discussion

U nder w ell-w atered conditions elevated CO 2 reduced stom atal conductance o f both
C. b iflo ru s (-43% ) and B. lin arifolia (-36%) com pared to that o f plants grow n under
am bient C O 2 concentrations.

A lso under w ell-w atered con d ition s the e ffe c t o f elevated

C O 2 on gs w as very stable over the w hole of the treatment period (Figures 6.1 and 6.5).
T here is general agreem ent in the literature from a w id e range o f studies on m any sp ecies
that elev a ted C O 2 reduces gs in leaves o f both C3 and C4 sp ecies (C h aves & Pereira, 1992;
E am us,

1991; Ferris

& Taylor,

1995; Murray,

1997a).

Stom atal con d uctan ce

of

S ch iza ch yriu m scopariu m {C ^ ) w as found to decline by 34% (approxim ately sim ilar to B.
lin a rifo lia ) under elevated C O 2 .

Furthermore, W ill and T eskey (1 9 9 7 ) found that gs o f

seed lin g s o f four sp ecies {C ercis can aden sis (L.), Quercus ru bra (L .), P o p u lu s d e lto id e s
(Bartr. e x M arsh.), P. n ig ra (L.), and P in us taeda (L.)) was low er for all sp ecies w hen
m easured at 7 2 0 com pared with 360 ppm v C O 2 . Elevated CO 2 reduced gs P an icu m laxum
(C3) and P. a n tid o ta le (C4) grasses by m ore than 50% under (G hannoum et al., 1997)
different light treatments. H ow ever, Clark e t al. (1999) reported that exposure to elevated
C O 2 had no con sisten t effect on stom atal conductance o f P aspalum d ila ta tu m (C4),
T rifolium rep en s (C3) and P la n ta g o la n c eo la ta (C3).

In addition to this C onroy et al.

(1 9 9 0 ) found no response on P in u s ra d ia ta seedlin gs to CO 2 enriched atm ospheres, and
H ibbs e t al. (1 9 9 5 ) reported an increase in conductance o f Alnus rubra under elevated C O 2 .

W ater-stress treatment also had significant negative effects on gs o f both sp ecies,
and the effect o f elevated CO 2 concentration on gs w as differed in w ell-w atered and waterstressed con d itions with changing conditions. W hen plants were droughted (at the end o f
the drought cy cles) there was less effect o f elevated C O 2 on gs.

There w as an average

reduction o f 20% in both sp ecies, com pared to that o f ambient C O 2 grow n plants.
H o w ever, a more significant effect was found when plants were re-watered, w hen an
average reduction o f approxim ately 34% was found for both species.

W ill and T esk ey

(1 9 9 7 ) reported sim ilar results for C. can aden sis, Q. rubra, P. d elto id es, P. n igra, and P.
ta e d a , w here the absolute decrease in gs due to m easurem ent in elevated C O 2 decreased
w hen dry conditions prevailed (V P D increased).

Furthermore, Knapp et al. (1 9 9 6 )

reported that the response o f gs in 12 sp ecies (variety o f different tall grass prairie plant
sp ecies) under elevated CO 2 concentrations changed follow in g the d eclin e in soil m oisture
content.

D uring w et periods (June) an average reduction o f 40% in con d uctan ce was

m easured in elevated vs. ambient C O 2 conditions.
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H ow ever, the sam e study reported

smaller reductions in gs at elevated CO 2 as water-stress developed, and during dry periods
(September) gs was significantly increased at elevated C O 2 for some of the species. Clark
et al. (1999) also reported a relative increase in gs for P. dilatatum plants grown under
elevated CO 2 when the plants were droughted. In other cases, it has been reported that the
decline in gs at elevated CO 2 could be re-inforced by w ater stress. For exam ple, for both
Eucalyptus macrorhyncha and E. rossii an imposed water stress together with elevated
CO 2 reduced stomatal conductance even more than did water stress at am bient CO 2 or
elevated CO 2 under well-w atered condition (Roden & Ball, 1996). W ater stress was found
to cause the stomata o f Arachis hypogaea to close completely under am bient C O 2 , but
under elevated CO 2 and drought some conductance was still detectable (Clifford et al.,
1995). Conroy et al. (1998) has argued that elevated CO 2 relieves the effects of drought
conditions by, reducing gs and keeping the leaf water potential higher, and this contributes
to enhanced productivity at high CO 2 . This is also likely to be the case in the current
experim ent, for both species, when elevated CO 2 was found to have significant positive
effect on leaf water potential of both species under study (Chapter Four).
The stomatal conductance of B. linariifolia plants varied throughout the day and
this effect was found under both well-watered and water-stressed conditions.

Both

m orning (10:00 AM) and early afternoon (2:00 PM) measurements were always higher
than the late afternoon measurements (5:00 PM), the higher morning gs could be a natural
response to light, which was described by M eidner & Mansfield (1986b) as probably the
more im portant in determining the course of stomatal behaviour than any other com ponent
o f the environment.

Considering the fact that the growing conditions were controlled,

including the light intensity (from 6:00 Am to 6:00 PM ), the gs behaviour during the day
may suggest some sort of circadian rhythm. The process of stomatal closure presumably
occurs gradually in the field following the gradual decrease in the intensity o f the sunlight
towards sunset. During the evening (7:00 PM to 9:00 Pm) the stomata was almost closed
(gs <50 |im ol m"^ s"') and no significant effect of treatments (water-stress and CO 2 ) was

found. Stomata tend to open during the day and close during the night, although they may
not be open all day and closed all night (Meidner & Mansfield, 1986b). Both species are
adapted to growth under very arid conditions (Chapter One) the closure of stomata during
the night period could have a very significant effect in improving the plant w ater potential.
It was noticable that the leaf water potential of stressed plants under the two C O 2
concentrations were higher than expected for wilting plants (particularly B. linariifolia),
but as the measurements were made early in the morning (7: am) the reduction of gs to the
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minimal level during night could have positive effect on m aintaining higher leaf w ater
potentials.
Stomatal conductance was asymmetrically distributed between the adaxial and
abaxial leaf surfaces, for both species. The abaxial gs o f both species was always larger
than the adaxial gs. The conductance of the adaxial leaf surface is generally much less than
that of the abaxial surface, in keeping numerical distributions of stomata. However, there
are instances where the conductances are about equal from both surfaces (Murray, 1997a;
Pearson et ah, 1995) and there are also instances where the adaxial conductance
substantially exceeds the abaxial, as in sunflower and wheat (Murray, 1997a).
The adaxial/abaxial ratio of both species was in general (Figures 6.8 and 6.9)
significantly lower at elevated CO 2 .

The decrease in the adaxial/abaxial ratio under

elevated CO 2 suggests a more negative effect of elevated CO 2 on the adaxial gs and that the
two surfaces have dissim ilar sensitivity to elevated CO 2 . Pearson et al. (1995) found that
when R um ex obtusifolius plants were grown at elevated CO 2 (ambient+250 ppmv) the gs in
adaxial and abaxial surfaces was affected differently with the adaxial gs showing larger
reduction both in absolute and relative terms. It was found that the adaxial/abaxial ratio
showed a significant reduction at elevated CO 2 falling from 0.62 at ambient to 0.38 at
elevated CO 2 .

Morison (1998) also showed that for two monocots, wheat (Triticum

aestivum) and barley {Hordeum cv. Clipper), the distribution of gs was not the same on
either side of the leaves. However contrary to the results from the current experim ent the
adaxial gs of both wheat and barley was higher than that of the abaxial gs- At am bient C O 2
the abaxial gs of wheat was 70% of that of the adaxial gs, and in Hordeum it was about
60%, in elevated CO 2 (ambient+340 ppmv) these ratio were found to decrease to
approxim ately half of that of ambient CO 2 .

In the same study two dicots, sunflower

{Helianthus annuus) and oilseed rape (Brassica napus cv. Brongoro), (M orison, 1998)
were shown to have asymmetrical distributed gs but similar to the plants in the current
experim ent the abaxial gs of both sunflower and oilseed rape was higher than that of the
adaxial gs. However, contrary to the results of this experiments there was no significant
change in the adaxial/abaxial ratio with elevated CO 2 , so that both surfaces had similar
stomatal sensitivity to CO 2 . Finally Knapp et al. (1996) could find no pattern, when
adaxial/abaxial ratios in 12 grassland species where studied under elevated CO 2 during
both wet and drought periods.
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In the current experiment water-stress treatment had som e significant positive
effects on the gs adaxial/abaxial ratio, particularly at the end of the drought cycles, this
might suggest more significant effect of water-stress on the abaxial gs than on adaxial gs.
H owever, it might also suggest an adverse effect to that o f elevated CO 2 (elevated CO 2
decrease the ratio). The gs adaxial/abaxial ratio of B. linariifolia was found to fluctuate
much more under water-stress conditions under the two CO 2 concentrations.
Stomatal conductance o f C. biflorus plants fully recovered when the stressed plants
were re-watered after the first drought cycle. Furthermore, there were a relative increases
in gs as w ell as A o f the previously water-stressed plants when compared to w ell-w ell
watered plants under both CO 2 concentrations.

An increase in tiller production

im m ediately after the first re-watering and consequently an increase in dry weight o f the
stressed plants under both CO 2 concentrations were also found.

This might reflect the

efficiency o f these plants in utilizing the available resources to the maximum. Similar to
these results Chu et al. (1979) found during an initial recovery phase which follow ed 28days o f water deficit, re-watering, stimulated the rates of a number o f growth parameters
(tiller number, leaf number and leaf area per plant) although, the study did not quantify gs
and A.
Elevated CO 2 was found to increase the assimilation rate of B. linariifolia plants
under both well-watered and water-stressed conditions, although, elevated CO 2 had a more
positive effect on the assimilation rate under water-stress compared with the well-watered
treatments. However, even under well-watered conditions the rate of increase caused by
elevated CO2 was relatively high considering that the plants have C4 pathway of
photosynthesis (Nie et ah, 1992a).
The A /C i curves showed that the assimilation rates of both species were not
saturated at the current ambient CO 2 concentration (Figures 6.10 and 6.13).

Ziska and

Bunce (1999b) argued that the mechanism by which C4 species improved growth under
non-stressed conditions at elevated CO 2 must involve some direct stimulation of gas
exchange.

Increases between 10 and 18% in single leaf photosynthesis o f C4 plants al

elevated CO 2 has been reported by several recent studies (LeCain & Morgan, 1998; Ziska
et at., 1999a).

In the current experiment, part of the increase in the assimilation rate of

plants grown at elevated under water-stressed conditions could be explained by the
improvement in the water relation i.e. higher water potentials particularly during early
stages o f the treatments.

However, the increase in assimilation rate under well-watered
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conditions (particularly for B. linariifolia) is unlikely to be explained by the improved
water relations, as the plants were growing under optimum conditions. Elevated CO 2 was
also found to increase significantly the leaf temperature of both species under the two
water treatments, through the reduction in the evaporative cooling effect o f transpiration
(Chapter Four, Figures 4.20 and 4.21).

Consequently, part o f the increase in the

photosynthesis at elevated CO 2 of both species might also be explained by the increased
leaf temperature.

Clifford et al. (1993), reported that the effect of increase in leaf

temperature might have been beneficial on the photosynthesis o f groundnuts (Arachis
hypogaea (L.)) that was grown at 28 °C. In the current experiment the plants were grown
at 30 C, which was relatively high, however, both B. linariifolia and C. biflorus have the
C4 pathway of photosynthesis (Chapter Two) and C4 plants are characterized by high

optimum temperature requirements (Eheringer et a l, 1997). It has been shown that there is
strong dependence of C4 photosynthesis and growth on temperature (Long, 1999) and that
the temperature optimum for C4 photosynthesis is often between 30 and 40 °C (Ghannoum
et al., 2000). Hunt et al. (1996) mentioned that, for C4 species, a moderate increase in
temperature above 30 °C will generally increase photosynthesis.
The increase in assimilation rate that was found under the current experiment
particularly for B. linariifolia disagree with the results of Nie et al. (1992b) who found an
increase in photosynthesis of 47% Kentucky bluegrass (Poa pratensis L.) a C 3 species but
did not record any increase for big bluestem (Andropogon gerardii Vitman) a C4 species.
Furthermore, Ziska et al. (1991) found no significant increases in either photosynthesis or
total plant dry weight of a C4 grass, Paspallum conjugatum when the plant was grown
under twice ambient CO 2 concentration.

In addition to this Kirkham et al. (1991) and

Owensby et al. (1993c) did not find any increase in the photosynthesis of A. gerardii under
well-watered conditions, although Hamerlynck et al. (1997) and Owensby et al. (1999)
reported an increase in biomass under drought conditions. On the other hand, LeCain and
Morgan (1998) reported a significant increases of the photosynthesis of A. gerardii under
well-watered condition, and argued that the assimilation rate of this plant is not saturated at
ambient CO 2 concentrations. LeCain & Morgan (1998) also reported in the same study
that photosynthesis was not saturated for five other C4 species (Bouteloua gracilis Lag. ex
Steud (Blue grama), Buchloe dactyloides (Nutt.) Engelm. (Buffalo grass), Panicum
virgatum L., (Switchgrass), Schizachyrium scoparium (Michx.) Nash (Little bluestem), and
Sorghastrum mutans (h.) Nash (Indian grass).
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Chapter Two suggests the two species used in these experiments belong to different
C4 subgroups, C. biflorus is NADP-ME and B. linariifolia is a NAD-ME. The increase in
leaf assimilation rate under well-watered conditions at elevated CO 2 was found to be
higher in B. linariifolia than in C. biflorus, and in addition the increase in dry weight under
well-watered conditions was also higher in B. linariifolia.

These results agree with the

assumption that the plants of the NADP-ME subgroup are less likely to respond to CO 2
enrichment (Hattersley, 1984), C. biflorus showed the typical characteristics o f the NADPME subgroup, which is the presence of the suberized lamella in bundle sheath, which is
presumably reduces the conductance of the bundle sheath cell walls to CO 2 and
consequently could result in very reduced CO2 leakage. Present evidence indicates that
differences in the conductance of the bundle sheath cells to CO2 could result in different
rates of CO 2 leakage (Hattersley, 1982). However, in the literature contrasting results has
been found.

While, LeCain & Morgan (1998) found that the growth response of well-

watered NADP-ME grasses to elevated CO2 was bigger than that of NAD-ME, Ziska et al.
(1999a) found that the stimulation of leaf photosynthesis at elevated CO 2 was not
associated with values of CO2 leak rates from the bundle sheath. However, elevated CO 2
was found to increase the plant dry mass of all C4 subtypes (NAD-ME, NADP-ME and
PCK) by about 20% when soil water content and other environmental factors were
optimised (Seneweera et al., 1998).
The effect of elevated CO2 on the assimilation rate of both B. linariifolia and C.
biflorus were found to be highly significant when the plants were at the end of the drought
cycles. This could be explained by the positive effect of elevated CO2 on water relations.
Elevated CO 2 was found to have significant negative effects on transpiration and
increasing the leaf water potential (less negative)(Chapter Four), this might suggest that
elevated CO 2 through its positive effect on water relation plus its positive effect on Cj/Ca,
maintained the photosynthetic rate at higher rates compared to the plants grown at ambient.
In the literature there were always tendency to explain any increase in photosynthesis or
growth of C4 species, by the positive effect of elevated CO2 on the water use efficiency
(Murray, 1997a; Wand et al., 1999).

Ham et al. (1995) Owensby et al. (1999) found

similar trend of results to those of the current experiment, they reported that the net carbon
exchange and water vapour fluxes of plants grown in open-top chambers in the native
tallgrass prairie (dominated by C4 plants, Adndropogon gerardii) were reflected in greater
net CO 2 flux at the ecosystem level under elevated CO 2 . They speculated that this was
caused primarily by continued photosynthesis in the elevated CO 2 plots when water stress
190

reduced leaf gas exchange in the ambient CO 2 plots. The response to elevated CO 2 was
found to be primarily related to water stress.

The efficiency and stability of photosystem

n, a major component of the

photosynthetic apparatus, has been monitored through the m easurem ent o f variable
fluorescence o f

PSn (Fy/Fm). Variation in Fv/F„, im plies changes in the photochemical

conversion efficiency o f

PSn and, therefore, in the photoinhibition o f photosynthesis

(Bolhar-Nordenkampf et al.,

1994; Bolhar-Nordenkampf &

Oquist,

1993).

The

photochem ical efficiency o f the normal leaves of B. linariifolia was affected by water
stress as w ell as elevated CO 2 (Table 6.3), While elevated CO 2 had a significant positive
effect under water-stress conditions, no significant difference was found under w ellwatered conditions. The results o f the current experiment agree with that o f ScarasciaM ungozza et al. (1996), in that the photochemical efficiency of Quercus ilex L.
progressively decreased with drought. However, there is a difference in that, the exposure
to elevated CO 2 concentrations was found to accentuate that trend o f decrease of Fy/FmSaccardy et al. (1998) reported that a strong inhibition of PS II of wilting leaves o f Zea
mays (m aize) plants as they were affected by drought.
Water stress had a more pronounced negative effect on Fy/Fm during the early
stages o f the experiment (28 DAT) (Figure 6.16) later stages (48 DAT).

This might

suggest that, water stress has a more significant effect on B. linariifolia plants at the
seedlings stage than later. The decline in Fy/Fm suggest photo-inhibition but although the
Hght levels in the growth cabinets was reasonably high (approximately 700 |amolm'^s'‘),
they w ould not be expected to be high enough to cause photo-inhibition during drought;
particularly considering the fact that the plants are C4 and adapted to growth under higher
light level. The more negative effect o f water stress on the Fy/Fm o f the small seedlings
might have been caused by the similar negative effect o f water-stress treatment on stomatal
conductance during the same period o f time. At 28 D A T water-stress had a more negative
effect on Fy/F^ at ambient compared with elevated CO 2 and this may suggest that elevated
CO 2 ameliorated the effects of drought and protected B. linariifolia plants.
A s reported in the literature, a reduction in Fy/Fm can be related to two different
processes: an increase of no-radiative thermal de-activation and/or the occurrence of
damage to PS II reaction centres (Epron et al., 1992). The first process reduces both Fm
and Fo, w hile the second would result in an increase in the basic fluorescence Fo (Epron et
al., 1992; Scarascia-Mungozza et al., 1996). The result of the current experiment seem s to
rule out the occurrence of the permanent damage to PS II, as Fo did not increase during
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any o f the drought periods (28 and 35, 37 and 4 8 D A T ).

T h e decrease o f Fv/F^,

particularly o f the water stress plants at ambient CO 2 , su ggests the sig n ifica n ce o f thermaldeactivation p rocesses during stress.
In B. lin a rifo lia the inflorescence bract is the m ost im portant tool o f d efen ce of, it is
fibrous and spiny, E lam in and M ustafa (1992) reported that the w h o le plant is highly
favourable and palatable, but cattle could only graze the green lea v es as they cou ld not
tolerate the spines o f the inflorescence. Narita et al. (1998) reported that B le p h a ris s p p are
characterized by the form ation o f an aerial seed pool {i.e. the seed s rem ain intact in sid e the
in flo rescen ce and are protected by the spiny bracts) on dead plants in an arid grassland in
the desert o f northw estem India.
production

o f flow ers

In the current study it w as found that the profuse

did not cease

even when

the leaves

w ere

w iltin g.

T he

p hotoch em ical efficien cy (Fy/Fm) o f the bracts strongly suggests that these d efence organs
are also capable o f carrying out photosynthesis.

The Fv/Fm values o f bracts were found

(Figure 6 .1 7 ) not to be significantly different from the values o f the original leaves.
H ow ever, under w ater-stress con d itions the values o f Fv/Fm were found to increase with
tim e, and by the end o f the last drought cy cle (48 D A T ) the value o f the w ater-stressed
bracts w a s significantly higher than that o f the well-w atered plants.

T his m ight su ggest

that th ese bracts cou ld play a very important role in the successful production o f seeds and
con seq u en tly cou ld play important role in the continued existence o f the w h ole plant in
areas w here drought prevails.
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6.6 Conclusion
□

E levated CO2 reduced stom atal conductance o f C. biflorus and B. linariifolia
significantly under both well-watered and w ater-stressed conditions, how ever, less
effect w as found under drought conditions.

□

T here is asym m etrical distribution of the stom atal conductance betw een the adaxial
and the abaxial surfaces, for both species. The adaxial/abaxial ratio o f both species
w as reduced by elevated CO2, but the ratio was slightly increased by drought
particularly un der am bient CO2 concentration.

□

T he assim ilation rate o f both species was enhanced by CO2 enrichm ent under both
w ater-stressed and w ell-w atered conditions. During drought periods elevated CO2
w as found to increase assim ilation and this was likely to be caused by the positive
effect o f elevated CO2 on w ater relations as well as on Cj/Ca.

□

P hotochem ical efficiency o f B. linariifolia plants also suggests that w ater-stress
effect w as alleviated by elevated CO2. Fy/Fm of inflorescence bracts suggest that
they are photosynthetically efficient and that might have a very im portant role in
term s o f flow ering and seed production.
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Chapter Seven
General Discussion
The main focus of the research described in this thesis is on the effects of elevated
atmospheric CO 2 on the growth and development o f two C 4 pasture species, Blepharis
linariifolia and Cenchrus biflorus, which are native to the western part of Sudan.
Controlled environm ent growth chambers were used as the system for controlled CO 2
exposure.

The study has particularly focused on (i) the effects o f elevated CO 2 on the

partitioning of dry m atter and on C and N content (ii) leaf anatomy (stomatal density and
index) and its relation with physiology and (iii) the water relations under well-watered and
water lim ited conditions and the interaction with elevated CO 2 .

7.1 Photosynthetic pathways o f B. linariifolia and C. biflorus

Results obtained in Chapter Two confirm that both B. linariifolia and C. biflorus
are C 4 plants. Both species were found to have a distinct Kranz anatomy, a zero carbon
dioxide compensation point and a low 5'^C values.

The anatomy of the monocot C.

biflorus suggests that this species is a NADP-M E subtype, with one BSC layer, a
centrifugal arrangement of chloroplasts with granal and agranai chloroplasts in the
mesophyll and bundle sheath, respectively, and the presence of a suberised lamella. On the
other hand, the anatomical characteristics, particularly the arrangement of the chloroplasts
in a centripetal position, suggested that the dicot B. linariifolia is a NAD-ME subtype.

7.2 The effects of elevated C O 2 on growth and partitioning of dry matter

As both species are C4, elevated CO2 was not expected to have a strong positive
effect on photosynthesis and biomass production, particularly under well-watered
conditions. However, both species showed significant positive responses to elevated CO2,
both in terms of assimilation rate under water-stressed as well as under well-watered
conditions and dry matter production.

In B. linariifolia elevated C O 2 was found to

significantly increase root and shoot biomass production by 28% (P<0.01) and 33%
(P<0.001), respectively. In the case of C. biflorus, CO2 enrichment only had a significant
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positive effect on root biomass production (29% (F<0.05)).

Both plants under study are

adapted to very arid regions in Sudan where the length o f the growing season is very short
(approximately 70 days (FAO, 1989)). Also the rainy season is bounded by uncertainty,
concerning both the quantity o f rainfall and its distribution.

The increase in root

production under elevated CO 2 allows an efficient use o f water as a very scarce resource
through the exploration of deep-water zones and consequently survival during drought
periods.

Elevated CO 2 lead to a greater proportional allocation o f the photoassim ilates
between to roots than shoots in B. linariifolia. The allometric growth coefficient (k) was
used to determine the balance o f growth between root and shoot components o f the plant
integrated over a period o f time (Hunt, 1990a). In the literature a lot o f authors have used
the absolute values o f root/shoot ratio, however, k was recommended as a more reliable
index for biomass partitioning (Hunt, 1990a), to separate the effect o f treatment from
ontogeny (Baxter et al., 1994). The reported increase in root/shoot ratio under elevated
CO 2 might be a great advantage in arid conditions. It has been argued that the increase in
this ratio under elevated CO 2 might increase the plants ability to obtain soil nutrients and
water and consequently might increase growth responses to CO 2 in system s limited by
these resources (Read & Morgan, 1996).

Carbon dioxide enrichment had positive effects on basic growth parameters such as
relative growth rate and net assimilation rate o f both species, which resulted in the increase
in the biomass reported for both species, particularly B. linariifolia.

Ziska and Bunce,

(1999b) reported that the increase in biomass o f another C4 species (Amaranthus
retroflexus) under elevated CO 2 was also found to be consistent with an increase in net
assim ilation rate.

Dilution o f a fixed N uptake by increased carbon assimilation has been reported as
the primary cause of the increase in C/N ratio at elevated CO 2 , but reduced tissue N
concentration has also been reported in natural ecosystem s for species where elevated CO 2
did not increase biomass production (Ghannoum & Conroy, 1998; Hunt et al., 1996;
Morgan et al., 1994b; Owensby et al., 1993a; Owensby et al., 1996).

In the current

experiment, elevated CO 2 had different effects on leaf C/N ratios of the two species. In B.
linariifolia, elevated CO 2 increase the ratio, which was an outcome of a significant
decrease in % of leaf N content under elevated compared to ambient CO 2 concentration.
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The decrese in the N content was not significantly different when N content was expressed
on total dry weight basis, and this suggests dilution in tissue N under elevated CO 2 . In C.
biflorus elevated CO 2 had no significant effect in either the % o f N or C content and
consequently no effect on C/N ratio was found.
Elevated CO 2 affected the C (positively) and N (negatively) contents o f the root,
shoot and inflorescence o f B. linariifolia, but for C. biflorus the N content was reduced
significantly only in roots tissue.

These responses were found to correlate with the

significant increase in biomass o f these tissues. It has been reported for other C4 species,
that N content decreased under elevated CO 2 only when growth was significantly enhanced
compared to that under ambient CO 2 concentration (Morgan et al., 1994a; O wensby et al.,
1993a). In the current study, elevated CO 2 increased the biomass production of all plant
parts o f B. linariifolia but caused a significant increase only in root biomass o f C. biflorus,
which was the only plant part that showed a significant decrease in % N content under
elevated CO 2 concentration.
It has been argued that forage quality will probably decline at elevated CO 2 because
o f higher C:N ratios and that such a change may affect ruminant herbivory (Jones et al.,
1996; Owensby et al., 1996).

7.3 Stom atal density and distribution
The plant epidermal layer, with its stomatal pores, represents an important interface
between the plant and its surrounding environment (McElwain & Chaloner, 1996). Many
authors have theorized that as atmospheric CO 2 increases, stomatal density and size will
decrease due to the greater diffusion o f elevated CO 2 in to the leaf resulting from the
steeper CO 2 gradient.

Some studies that measured stomatal density did not show a

consistent decline in density with increased atmospheric CO 2 (Ferris & Taylor, 1994;
W oodward, 1987; Woodward & Bazzaz, 1988). However, several controlled environment
experim ents reveal a wide range of results, that varied from no response, to a decrease in
stomatal density and even to an increase of stomatal density at elevated CO 2 (Beerling &
Woodward, 1995; Clifford et al., 1995, Beerling & Chaloner, 1993a; Estiarte et al., 1994,
Owensby et al., 1997; Ferris & Taylor, 1994; Knapp et a l , 1994 a; Poole et al., 2000;
Reddy et al., 1998).
196

In the current study, both B. linariifolia and C. b iflo ru s w ere found to be
am phistom atic sp ecies, with stom ata on upper and lo w er lea f surfaces. For both sp ecies,
the stom atal den sities w ere higher on the abaxial surface com pared to the adaxial surface.
E levated C O 2 w as fou n d to reduce stomatal density o f both sp ecies, but the effect was
sp ecies sp ecific, as different responses were found for the tw o sp ecies.

W h ile in B.

lin a riifo lia elevated C O 2 reduced the stomatal density o f o n ly the abaxial surface, in C.
b iflo ru s the reduction w as fou n d on the two surfaces.

W ater stress had no effec t on

stom atal d ensity o f B. lin a riifo lia but in C. biflorus it reduced the abaxial density.
H o w ev er, neither elevated C O 2 or water stress had a significant effect on the abaxial
stom atal ind ex o f B. lin a riifo lia , w h ile for C. biflorus elevated C O 2 w as found to cau se a
sign ifican t reduction (P < 0 .0 0 1 ), w h ile water stress had no significant effect.

M any other

studies found that the m agnitude o f the response o f both stomatal index and stomatal
density to C O 2 varied with the sp ecies (Hovenden & Schim anski, 2000; T ipping &
Murray, 1999; T ognetti e ta l ., 2 0 0 0 )

T he stom atal response to C O 2 is important in understanding stomatal p h ysiology, as
w ell as understanding vegetation-atm osphere exchanges at all scales from the individual
plant up to global vegetation (M orison, 1998).

In plant species with am phistom atous

lea v es it has been reported that it is com m on to find greater densities o f stom ata on the
abaxial surfaces, as w ell as inequality o f stomatal apertures between the tw o surfaces
(B eerlin g & K elly,

1996; Pearson et al.,

1995).

Different responses o f stom atal

cond uctan ce and stomatal density to elevated CO 2 have also been found (Berry e t al.,
1994).

In the present study stomatal conductance to water vapour d iffu sion in B.

lin a riifo lia w as reduced by 36% and 20-34% for w ell-w atered and w ater-stressed plants,
resp ectively, w h ile the average reduction in stomatal density o f this sp ecies under elevated
C O 2 w as approxim ately 17% (no significant difference was found in respon se to water
treatm ent).

In C. biflorus stomatal conductance was reduced by approxim ately by 43% ,

and 20-34% for w ell-w atered and water-stressed plants, respectively, w h ile the reduction
in stom atal density was approxim ately 24% under elevated CO 2 .

T he relatively small

reduction in stomatal density o f both sp ecies under elevated CO 2 su ggests that it plays a
sm all role in reducing water loss com pared to reduction in stomatal aperture.
W hen the ratio o f adaxial/abaxial conductance was considered, elevated C O 2 had a
significant effect in the reduction o f the ratio o f both species.

T he n egative effect o f

elevated C O 2 on the adaxial/abaxial stomatal conductance was caused by the more
n egative effect on the adaxial conductance compared to the abaxial conductance.
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Water-

stress treatment had no effect on the ratio o f adaxial/abaxial stomata! density o f the two
species, how ever it was found to affect the adaxial/abaxial stomatal conductance,
particularly when the plants were water-stressed (positive effect on the ratio). On the other
hand, carbon dioxide enrichment had no effect on the adaxial/abaxial stomatal density o f
C. biflorus, but it was found to increase the ratio for B. linariifolia.

The contradictory

effect o f elevated CO 2 on ratios of B. linariifolia (increase in adaxial/abaxial stomatal
density vs. decrease in adaxial/abaxial stomatal conductance) also suggests the lack o f
correlation between the effect of elevated CO 2 on the anatomy density ratios and its effect
on stomatal conductance. This supports the proposal that the effect o f elevated CO 2 on
anatomy is not the primary determinant o f stomatal conductance response effects, as direct
effects o f elevated CO 2 on the stomatal aperture are more important. Similar conclusions
were reached for both C4 {Andropogon gerardii Vitman, P. antidotale) , and C3 species
{Panicum laxum) (Knapp et a l , 1994 a). Murray (1997a) and (Ferris & Taylor, 1995) also
argued the stomatal apertures and the ways they are regulated have the major role in
controlling stomatal conductance, transpiration and consequently the improvements in
water use efficiency than the absolute numbers o f stomata have a very minor effect.

7.4 Elevated CO 2 and gas exchange
Stomata has the primary role in the regulation o f water vapour and CO 2 gas fluxes
between the leaf and the atmosphere (Murray, 1997a). The present study confirm ed that an
increase in atmospheric CO 2 concentration reduces stomatal conductance o f both species
under both well-watered and water-stressed conditions; however, a larger reduction in gs
was under well-watered conditions.

The stomata o f both species were very sensitive to

drought and re-watering and to the time o f measurement. The morning (10:00 am) values
of gs were generally higher than during the afternoon (2:00 pm), and both morning and
afternoon, values were significantly higher than those of the evening (5:00 pm).
Considering the fact that the plants were growing under controlled environment conditions
the variation o f gs during the day might suggest that it follow s a specific inherited circadian
rhythm. The 7:00 pm to 9:00 pm measurement o f gs o f B. linariifolia plants suggest that
treatments (elevated CO 2 and water-stress) had no effects on gs during the night.
Generally, during the evening tim e gs was found to decrease significantly under all
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treatm ent to as low as < 50 ^m ol m ^ s

with such values some researcher considered the

stom ata practically closed (Pearson et a l, 1995).
T he carbon concentrating mechanism in C4 species provides elevated CO 2
concentrations in the bundle sheath cells, which greatly reduces the rate o f oxygenation by
Rubisco and resultant photorespiration (Williams et al., 2001). Thus the direct effect of
rising atm ospheric CO 2 concentrations above present day concentrations should be
negligible for C4 plants (W illiams et al., 2001). However, recent w ork has suggested that
the photosynthetic rate o f certain C4 species can be stim ulated by increasing C O 2
concentration, even under optimal w ater and nutrients (Ziska et a l, 1999a). The current
study shows that elevated CO 2 may directly increase the assimilation of both species, under
w ell-w atered and water-stressed conditions.

The A/Cj responses curves of both species

under the tw o w ater regimes, suggest an increase in A with increases Cj. U nder drought
conditions gs and Ci/Ca ratio were both more stable under elevated than ambient CO 2
concentration. U nder ambient CO 2 , gs was found to decrease at the end of each drought
cycle, and this was associated with a sim ilar decrease in both the Ci/Ca ratios and the
assim ilation rates.

During these periods there was a significant increase in A of B.

linariifolia and C. biflorus of 32% and 26%, respectively, above their counterparts at
am bient CO 2 concentration. This suggests that elevated CO 2 largely protected the plants
against the negative effects of drought on gas exchange.

However, even under well-

w atered conditions the rate of increase in A caused by elevated CO 2 was relatively high
considering that the plants have the C4 pathway of photosynthesis.

In C. biflorus an

average increase in A of 12% above that o f plants grown under ambient CO 2 concentration
was found, and for B. linariifolia the increase was even greater. The increase in A of B.
linariifolia well-watered plants under elevated CO 2 (25%) was similar to the increase in A
of C 3 plants in response to elevated CO 2 . It is significant that B. linariifolia is a dicot plant
of the N A D -M E subtype, because other studies have reported similar higher stimulation of
CO 2 assimilation for C4 dicots (Ziska et al., 1999a). The increase in A of C. biflorus under
well w ater conditions was also unexpectedly high considering it is o f the NADP-ME
subtype, and species of this C4 subtypes have been repeatedly reported to show very minor,
if any, enhancem ent in A under elevated CO 2 . However, LeCain and Morgan (1998) have
reported that photosynthesis was not saturated for five C4 species, which include the three
different C4 subgroupes.
Part of the positive response to elevated CO 2 of both species could also be due to
the im provem ent of shoot water relations, through reduced gs and leaf transpiration rates.
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Reduced transpiration rates can stimulate leaf CO 2 assimilation and growth rates by
conserving soil water, and improving shoot water relations. In addition, elevated CO 2 was
also found to increase significantly the leaf temperature of both species under the two
w ater treatments. This increase in leaf temperature of C 4 plants is likely to enhance their
assim ilation rate (Ghannoum et al., 2000).
Part o f the big response to elevated CO 2 of B. linariifolia m ight be associated with
leaf age. L eaf age has been found to affect the sensitivity of photosynthesis and/or growth
o f C 4 plants to elevated atmospheric CO 2 (Dai et a l, 1995; Ziska et a l, 1999a). It has been
shown that the bundle sheath cell walls of young and senescent maize leaves have a
relatively high conductance, which could result in lower CO 2 concentration at the active
sites of Rubisco (Dai et al., 1995). As a consequence, young and senescent C 4 leaves may
be m ore responsive to CO 2 enrichment, and contribute to growth stimulation (Ghannoum
et al., 1997).

B. linariifolia did not loose senesced leaves, as these were found to turn

yellow gradually and slowly from apex to base. In addition, one of the unique features of
B. linariifolia was the large number of m eristems and high percentage of young developing
leaves under both well-watered and water-stressed condition. It is conceivable therefore,
that this may have contributed to the overall growth stimulation at elevated CO 2 observed
in this species. Ziska (1999a) reported that elevated CO 2 increased significantly the leaf
production of a C 4 dicot, Flaveria trinervia, which shown to have similar responses to
those B. linariifolia when it has been grown under elevated CO 2 .
Results from this study confirm that leaf photosynthetic rates of certain C 4 species
can respond directly to increase CO 2 under optimal growth conditions. Also, increase in
assimilation rate of B. linariifolia under the different w ater regimes was found to correlate
positively with the increase in biomass. However, for C. biflorus, in spite of the increase
in assim ilation rate of both the stressed and the non-stressed plants in response to elevated
CO 2 , the equivalent increase in biomass was found only under drought condition. Watling
and Press (1998) reported a very large increase in assimilation rate under elevated CO 2 for
Eragrostis pilosa, but no increase in biomass was found above that o f plants grown at
am bient CO 2 concentration.

Ziska (1999a) argued that the stim ulation of whole plant

growth at elevated CO 2 cannot be predicted solely by the response of individual leaves.
However, the present study suggests that these responses are species specific, as different
results were obtained for each of the two species.
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7.5 The effect of elevated CO 2 on water relations
Dry

m atter

production

by

plants

depends

directly

on

atmospheric

CO 2

concentration not only as a substrates for photosynthesis but also as a regulator of stomatal
aperture and, therefore, of transpiration rate (Rogers et ah, 1984). D ecreased transpiration
in response to elevated atmospheric CO 2 has frequently been observed on individual leaves
(Ferris & Taylor, 1995; H e et al., 1992).

In the current experim ent, transpiration

m easurem ents of the whole plants were made under ambient and elevated CO 2 under both
w ell-w atered and water-stress conditions. Transpiration of both species was reduced by
elevated CO 2 , and by the water-stress treatment.

Water stress was found to have an

increasingly negative effect on transpiration over time while elevated CO 2 had a decreasing
effect. This may explain the effect of elevated CO 2 in conserving the soil water content (%
FC) early in the treatm ent period and the insignificant effect by the end of the treatment
period. The increasing negative effect of the water-stress treatment on transpiration may
also reflect the high efficiency of these plants in responding to their changing environm ent
through controlling their stomata in order to economise their water loss.
Elevated CO 2 had larger absolute effects on the transpiration of w ell-watered plants
com pared to plants grown under water-stress conditions. By the end of treatment period
elevated CO 2 had no significant effect on the mean daily transpiration of water-stressed
plants of both species. Consequently the cum ulative transpiration of both species showed
small differences at the end of the treatment periods. This was found to correlate with the
increase in leaf area and leaf temperature as well as the small effect of elevated C O 2 on
stomatal conductance under waters-stress condition. However, even under well-watered
conditions the % reduction in transpiration caused by elevated CO 2 of both species was
less than expected, particularly when com pared to the % reduction in stomatal
conductance. This was caused mainly by the significant increase in leaf area.
M any studies have reported higher leaf water potentials under elevated CO 2
conditions for both C 3 and C 4 plants (Clifford et a l , 1993; Hamerlynck et a l, 1997; He et
al., 1992; K napp et a l, 1994; Knapp et al., 1996; Morgan et al., 1994b; Nie et al., 1992a;
Owensby et al., 1997; Rogers et al., 1984). In the current study the m orning values of
of both B. linariifolia and C. biflorus plants were higher at elevated C O 2 concentration.
U nder w ater stressed conditions T l was always higher at elevated CO 2 during the whole
course of the experiment, while under well-watered conditions 'F l of both species was
found to vary from significantly higher to no difference. For all measurements that were
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m ade earlier in the treatment period elevated CO 2 caused a significant increase in 'F t of B.
linariifolia, however, it had no effect on 'F l by the end o f the treatm ent period. This was
probably caused by the increased transpiration rate recorded during the same period. For
C. biflorus elevated CO 2 also had no consistent effect on 'F l of w ell-w atered plants as no
difference was found at the stage o f the second harvest, however, both before and after the
second harvest a significant positive effect was found. N evertheless, the positive effect of
elevated CO 2 on 'F l was not expected under well-watered conditions as the plants were
growing under optim um conditions, the inconsistent responses of 'F l could only be
explained by fluctuation of gs as a very strong positive correlation was found between gs
and T l.
In spite of the fact that the measurements of T l on the water-stressed plants were
made at the end of the drought cycles, the 'F l values were higher than was expected i.e.
more positive. Because the measurements were made early in the morning; these values
were m ore likely to be close to soil w ater potential but they change depending on day time
and by the m iddle of day, they would be much lower. The difference was likely to be
caused by the closure of stomata during the night, as very low values of gs of B. linariifolia
were found after the light was turned o f in the growth chambers (Chapter Five, Figure 5.2).
Chaves (1992) found that photosynthetic capacity is normally affected only in
severely stressed leaves when the RW C is below 60%, and when RWC falls to 30%, then
an irreversible damage may occur.

In B. linariifolia, the water status of water-stressed

plants grown under elevated CO 2 did not declined to the same degree as for those grown in
am bient CO 2 , as the RW C values were 52% and 35% respectively. However, the potential
of photosynthesis in B. linariifolia plants to recover was always very high as w ater stress
was found to have had a relatively small effect on photosynthesis when the plants were re
watered.

This might also suggests that the plants can adapt to severe environmental

conditions as well as efficiently use the available resources.
In contrast to the responses of C. biflorus to elevated CO 2 under water-stressed,
CO 2 had a m ore positive effect in B. linariifolia under well-watered condition.

The

average increase in dry weight at elevated CO 2 was 15% and 23% for C. biflorus and 34%
and 28% for B. linariifolia plants grown under well-watered and water-stressed conditions,
respectively. The large increase in growth of C. biflorus water-stressed plants at elevated
CO 2 , shows that the growth depression caused by increased drought is alleviated under
conditions of increased CO 2 . This is in agreement with Schwarz (1984) and Rozema
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(1991), who also found an increase in stress tolerance under elevated C O 2 . However, the
effect of elevated CO 2 on dry weight production of B. linariifolia under well-watered
conditions contradicted the findings of many other researchers (Conroy et al., 1998;
Owensby, 1993b; Seneweera et al., 1998) who found that for C4 plant, elevated CO2 may
only enhance growth because of its effect in ameliorating w ater stress. However, similar
response have been reported by Poorter (1993) and W and (1999) who also found that the
doubling of CO 2 enhanced the growth of non-stressed C 4 plants by an average o f 22% and
33%, respectively. U nder water-stressed conditions, elevated CO 2 also resulted in a larger
leaf area and delayed leaf rolling of B. linariifolia', so that there was a larger
photosynthesising surface over their counterpart at ambient CO 2 concentrations.
Increased efficiency of w ater use during dry matter production may be the most
significant direct effect on plants of the rapidly increasing atmospheric C O 2 concentrations
(Ferris & Taylor, 1995).

Elevated CO 2 increased the water use efficiency of both B.

linariifolia and C. biflorus plants under the different water regimes. Overall increases of
6 6

% and 70% , respectively, were found compared to plants grown at ambient CO 2

concentration.

However, greater increases were found under well-watered conditions

com pared to water-stressed conditions.

The increase in WUE under well-watered

conditions (particularly B. linariifolia) was an outcome of increase in dry weight as well as
a decrease in transpiration.

W ater stress was also found to have an effect of increasing

W UE o f C. biflorus plant particularly under am bient CO 2 . Similar increases in W UE
under CO 2 enrichment, under both stressed and non-stressed conditions, have been
reported in many studies (Eheringer et al., 1997; H am et ah, 1995; Jiang & He, 1999;
O wensby e? a/., 1997; Polley et ah, 1996; Sage et al., 1999a).
In conclusion results obtained from this study suggest a considerable growth
enhancem ent at elevated CO 2 for both species, mainly due to the reduction of stomata!
conductance and transpiration that were found to enhance growth and assim ilation through
conserving soil water, improving shoot water relations and increasing leaf temperature.
The growth was also enhanced directly through the increase in Cj/Ca ratio that was found to
increase photosynthesis particularly under drought conditions.

In general the results

reported for both species, which are both C4 species, indicate that C4 species should not be
under estim ated when the effects of elevated CO 2 on vegetation is considered.
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7.6 The effect of elevated CO 2 growth characteristics and flowering
E lev a ted CO 2 had the effect o f increasing the m ain stem h eigh t, the number o f
branches and the num ber o f le a f pairs of B. Unariifolia plants under w ell-w atered
co n d ition s.

H ow ever, elevated C O 2 was found to have m ore p o sitiv e effects on these

param eters during the earlier stage o f development; and by the end o f the grow th period
the d ifferen ces w ere relatively sm aller compared to w ell-w atered plants under am bient
C O 2 concentration.

Presum ably, B. linariifolia plants had certain peaks for these

param eters, w h ich w ere ach ieved m uch faster under elevated C O 2 . U n d er w ater-stressed
co n d itio n s, elev a ted C O 2 also had a p ositive effect on the num ber o f lea f pairs.

U nder

w ell-w a tered con d ition s, elevated C O 2 also changed the nature o f grow th o f the lateral
branches from prostrate to erect. T he result o f this was found to e x p o se the w ell-w atered
plant under elev a ted C O 2 to increased radiation, w hich was m easured to approxim ately 140
2

1

p m o l m' s' m ore than their counterparts grown at ambient CO 2 . T his m ay have favoured
and en h anced their grow th over am bient C O 2 grown plants.

M any studies have

dem onstrated the effect o f high light intensity in increasing C4 p hotosynth esis under
elev a ted C O 2 (C lifford et al., 1993; G hannoum e t al., 1997; Sionit & Patterson, 1984).

It has been reported that elevated C O 2 m ight shorten the tim e taken until flow ering
(M urray, 19 9 7 g ). For both sp ecies under w ell-w atered conditions elevated C O 2 hastened
flo w erin g , by an average o f approxim ately 4 days. In B. linariifolia a significant increase
in the num ber o f flow ers and the dry w eigh t o f the inflorescence was also fou n d under
elev a ted C O 2 and w ell-w atered con d itions com pared to their counterparts at am bient C O 2
concentrations. E levated C O 2 did not sign ifican tly increase the number o f in florescen ces
o f C. biflorus under w ell-w atered con d itions, although the dry weight o f the in flo rescen ce
w as found to increase significantly.
in flo rescen ce

T his m ight su ggest an increase in the siz e o f the

under elevated C O 2 , w hich

m ight also

suggest an increase

in seed

n um ber/size per inflorescence. This result w as contrary to findings from other studies, as
elev a ted C O 2 w as found to increase the num ber o f inflorescences and fruits rather than
increasing their size (Murray, 1997g).
Contrary to the findings o f previous studies on other grasses (D evakum ar et al.,
1998; S io n it & Patterson, 1984; Sm ith et al., 1987), C O 2 enrichm ent w as found to have
little effect on tillering o f C. biflorus plants. R ecovery from stress w as h ow ever a stim ulus
for greater tillering. T he number o f tillers o f w ater-stressed plants w as found to increase
after the first re-watering and was even found to be double that o f the w ell w atered plants
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(Figure 4.10, Chapter four). It was found that, after the first re-watering, both the stomatal
conductance and the photosynthesis of the previous w ater stressed plants was slightly
higher than that of the well-watered plants.

Such behaviour m ight be related to the

ecological/genetic adaptation of this species. The plants are native to a very arid region
w here the resources, particularly water, are very scarce.

These species are presumably

adjusted to slow down their physiological mechanisms during drought, and when the
conditions are favourable, the slowed mechanisms recover efficiently and enough energy is
available to produce more tillers that have the ability to form independent plants. In the
field, some C. biflorus plants were noticed to possess as many as 40 tillers.
D rought was found to hasten flowering for both species, independently of C O 2
concentrations. However, for C. biflorus water stress was found to reduce both the num ber
of inflorescences and the dry weights, but for B. linariifolia water stress had no effect on
the num ber o f flowers per inflorescence under the two CO 2 concentrations but it reduced
the dry weight under am bient CO 2 concentration. Plants growing in extrem e habitats, such
as deserts and very arid places, are expected to show high plasticity (variability) in their
life cycle to com pensate for the unpredictability of their environment (Gunstera, 1994b).
The initiation o f flowering under w ater stress has been commonly noticed in the natural
habitat of the species under study (Kordofan), as the shorter the rainy season the faster the
plants (for large number of species) reach their flowering stage (Elfakey, B. pers comm.
1998).

7.7 Adaptive mechanisms B. linariifolia and C. biflorus
The B. linariifolia plant is equipped with two unusual organs, these are the
cotyledonary leaves and the inflorescence bracts. The cotyledonary leaves were found to
remain on the plant generally until flowering. But, at this stage they were notice to change
colour from dark green to pale or reddish-green. They were similar to the normal leaves in
that they showed the distinct Kranz anatomy that suggests that both leaf types were of the
NAD -M E subtype. However, the two leaf types differ in their m orphology (triangular vs.
linear shape, for cotyledonary and normal leaves, respectively) and in the distribution of
stomata on the two leaf surfaces.

At the seedling stage cotyledonary leaves had more

stom ata on the adaxial surface but they had significantly less stomata on the abaxial
surface com pared to normal leaves, although the total num ber of stomata (adaxial+abaxial)
was not significantly different.

In spite of this the conductance of normal leaves was
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alw ays higher. T he cotyledonary leaves were found to resp o n d p o sitively to elevated C O 2 ,
through an increase in both area and dry weight, co m p ared to am bient C O 2 grown plants.
H ow ever, they represent only 4% o f the total norm al leaf area. C arbon dioxide enrichm ent
also in creased the C/N ratio o f the cotyledonary leaves due to a dilu tio n o f N. Part of that
reduction in the N content m ight have been caused by senescence, how ever, sim ilar to the
response o f the norm al leave, no significant difference w as found w hen concentrations
w ere ex pressed on a dry w eight bases. Elevated C O 2 also decreased th e discrim ination
against

in the cotyledonary leaves w hich was contradictory to its effect on the norm al

leaves.

T he inflorescence bracts are a defence tools as well as a storage organ. T he current
study suggests that these bracts are capable of photosynthesising, and the values o f
photochem ical efficiency (Fv/Fm ) suggest that they are as efficient as the norm al leaves
under o p tim u m grow ing conditions. H ow ever, under drought conditions they w ere m ore
efficient than the norm al leaves, w hich m ay suggest an im portant role o f the bracts in seed
developm ent, particularly during drought spells and m echanical dam age (grazing).
B oth B. linariifolia and C. biflorus plants when grown under w ater-stressed
conditions ten d to roll their leaves as an adaptation to water stress. The anatom y o f the leaf
o f both species (C hapter T w o) show ed that they possess specialised cells that co u ld have
cau sed the lea f rolling, C. biflom s w as ch aracterised by very large buliform cells in both
the upper and the low er epiderm is (Figures 2.1a and 2.1b, C hapter two), and B. linariifolia
was fou nd to possess layers o f spongy cells in both cotyledonary and norm al leaves
(Figures 2.4 and 2.5). T hese specialised cells presum ably store water but when the plant is
dehydrated they cause leaf rolling. E levated C O 2 w as found to delay the leaf ro llin g o f B.
linariifolia,

and

this

had

a significant

effect

on

keeping

the

light

intercepting

photosynthising area significantly larger than plants at am bient C O 2 concentration.
H ow ever, the older leaves o f C. biflorus show ed less rolling (particularly under elevated
C O 2 ) co m p ared to B. linariifolia, presum ably because of the fibrous nature of their leaves.
A further observation was that the release o f the new C. biflorus leaves w as affected by
w ater-stress, so that after re-w atering the water stressed plant were found to release at least
3 leaves in one day.
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7.8 Implications of the effect of elevated CO2 on Blepharis linariifolia and Cenchrus
biflorus in the Kordofan region
B oth species studied here are native to K ordofan region in w estern Sudan.

T he

region is already influenced by great environm ental changes m ainly desertification and
drought.

E cologists described the region as desertification vulnerable, w ith its a typical

landscape o f the undulating m argin o f the arid and sem i-arid zone in A frica (lE S , 1997a).
F ro m the early 1970s, to the m id 1980s, northern K ordofan has been a centre o f
environm ental concern as regard the progressively increasing and p rolonged aridity that
culm inated the Sahel drought (lES, 1997a). The severe aridity was evident through the
low total annual rainfall and relative hum idity records betw een 1986-1995 (Figures 1.9 and
1.10 C hapter One).

T he rainy season is very short and the uncertainty bounds both the

tim e and am ount o f the rainfall. H ow ever, the dem and on the available resources is still
very high, and this places significant burdens on such a vulnerable system . Studies on the
ecological changes o f the region (K ordofan) w ere conflicting regarding the state of
deterioration and the potentiality o f recovery o f the vegetation cover (A hlcrona, 1985; lE S,
1997a; L am prey, 1975; Schlesinger & G ram enopoulos, 1996).
T he K ordofan region is very rich in plant species that may be threatened by the on
going environm ental changes in the region, som e o f w hich might have already becom e
e x tin ct w ithout even been know n. P lant identifications, in this area m ight add new species
to the plant species list in general, and to C4 species in particular.

T he present study

suggested som e im portant responses o f both B. linariifolia and C. biflorus to grow th under
elevated C O 2 . T he increase in below ground biom ass m ight be of significance as it m ay
m ean the occupation o f different soil zones and better utilisation o f soil w ater. A lso m ore
carbon w ould be sequester in the ground. On the other hand the significant reduction in
stom atal conductance and the increase in w ater use efficiency, m ight suggest a m ore
econom ical use o f the m ost valuable resource (w ater) in such an arid environm ent. The
increase in leaf area reported by this study m ight also increase the ability o f these plants to
harvest m ore sunlight, providing the fact that these plants are C4 plants and have high
q uantum efficiency and w here they naturally grow the light intensity is extrem ely high.
On the other hand, the reported positive effect o f elevated C O 2 on tim e of flow ering,
n um ber o f flow ers and on the dry w eight of inflorescence o f both species (under wellw atered

and

w ater-stressed

conditions) m ay suggest an

increase

in

the potential

productivity o f both species. The inflorescence of B. linariifolia is the m ost im portant part
for grazing, particularly during the dry season (Elam in & M ustafa, 1992; W illiam s et at.,
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19 93), and the plant has been characterized by aerial storage i.e. the m ajority o f seeds has
b een fou n d to be stored on parent plants w hich w as found to m in im ise seed lo sses
(G unstera,

1994a).

T he increase o f inflorescence dry w eigh t under elevated C O 2 ,

particularly that o f B. lin ariifolia, m ay increase the im portance o f the plant for grazing
through the significant increase o f its productivity under both w ell-w atered and waterstressed con d ition s. H ow ever, the suggested tissue N dilution m ight m ean that the quality
o f the tw o sp ecies as anim al feed, particularly B. lin ariifolia, m ight be affected. In spite o f
the fact that elev a ted C O 2 increased the biom ass production, particularly for B. lin a riifo lia ,
the dilution o f tissu e nitrogen m ay su ggest a decrease in the quality o f the plants as feed ,
and m igh t su g g est that anim als w ou ld need to consum e a greater quantity o f the sam e feed
in order to gain the sam e nutritive value com pared to ambient C O 2 grow n plants.

T he p o sitiv e effects o f elevated C O 2 on C biflorus may affect its potential as a
w eed . U nder the present am bient C O 2 concentration the plant was found to cau se a lot o f
problem s as it adds significantly to the cost o f production by its high w eed in g cost
(m anually), or it m ay decrease the productivity when it is out o f control.

It has been

reported that m any o f the m ost troublesom e w eed s in agricultural system s are C4 plants
(A lberto e t a l., 1996; B row n, 1999), and som e authors also suggested that as atm ospheric
C O 2 increases, co m p etitiven ess cou ld be enhanced in C3 crops relative to C4 w eed s w ith
elev a ted C O 2 alone, but that sim ultaneous increases in C O 2 and temperature cou ld still
favou r a C 4 sp ecies. T he enhancem ent o f growth o f both sp ecies under elevated C O 2 m ight
also su g g ests that their com petitive nature m ight be affected under different grow in g
con d ition s and in com binations with different crops that represent different p hotosynthetic
pathw ays i.e. C3 pathway (e.g. groundnuts, A ra c h is h yp o g a ea ) and C4 pathw ay (Durah,
S orgu m b ic o lo r) w hich are o f econ om ic sign ifican ce in the area (Kordofan).
T he K ordofan region is m ost lik ely to be dom inated by C4 sp ecies (Z aki-E ldeen, S.,
1998 unpublished sp ecies survey on 9 areas in the region, 1998).

S tu d ies on vegetation

that grow s in C 4 -dom inated ecosystem s in northern A m erica have su ggested that the C4
sp ecies m ay not directly benefit from elevated C O 2 , how ever, under lim ited w ater supply
the C4 sp ecies are expected to gain m ore biom ass and benefit more than C3 plants because
o f their high water use efficien cy (O w ensb y et al., 1999).

In the present study, elevated

C O 2 prom otes increased productivity and water-use efficien cy o f both C. biflorus and B.
lin a riifo lia . T h is m ay have an effect on the su ccess o f any efforts to re-introduce sp ecies
in degraded lands, since transplanted or sow n annuals m ay grow faster and be more
tolerant o f season al water stress under elevated C O 2 .
208

7.9 Further studies
The predicted future changes in the global environm ent have fu elled researches to
study the different physiological and ecological responses o f plants to changes in both
physical clim atic param eters and gaseous com positions o f the atm osphere. In spite of the
w ealth o f inform ation available from the studies o f different p lan ts species under
controlled environm ent conditions and in their natural and sem i-natural habitat, the
researches activities have been restricted m ainly to parts o f the w orld such as E urope and
A m erica, w hile other parts such as A frica have received little attention to date.

T he

A frican rangelands are u n d er threat from population pressures and intensified system s o f
land use (land use change). G enerally the effects of these threats include loss of
biodiversity, rap id deterioration in land cover, and depletion of w ater availability through
destruction

o f catchm ents

and aquifers.

A sustained increase in

m ean

am bient

tem peratures plus the high spatial and tem poral variability o f rainfall w ould cause
significant changes in rangeland covers in term s of species distribution and com position.
C hanges in clim ate will certainly interact w ith land use change in particular, and m ay add
fu rth er com plexity to a deteriorating situation.

Researches that integrate the physical

clim atic param eters, e.g. rainfall, and the changing gaseous com position o f the atm osphere,
are genuinely needed in order to gather basic inform ation o f plant responses to the future
environm ent.
T he scaling up from single plants to com m unity and ecosystem s is now an
im portant research target for providing a general picture of responses to the inevitable
atm ospheric changes. F or Sudan in general, there is a necessity to study the responses of
plants to elevated CO2 both at individual plants and at com m unity levels, in order to collect
inform ation that could be com bined to provide a broader picture for the w hole country. At
the sam e tim e and on the other hand the inform ation should also be integrated w ith the
available data for provision of suitable vegetation m odels.
T he

current study was carried

out under closely controlled environm ental

conditions, w hich could give a very good idea about a response of single plants to specific
treatm ents.

H ow ever, to extrapolate from the experim ental results on single plants in

controlled environm ents and glasshouses to field grown plants and natural vegetation
conditions m ay not be straightforw ard. This is particularly so because there is alw ays the
problem o f the interacting environm ental factors in the natural environm ent.

T hus, the

study o f the effects of elevated CO2 on ecosystem s dom inated by the species under study,
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using suitable system of CO 2 exposure such as open-top chambers or Free-air CO 2 (FACE)
enrichment systems, is essential.
There is mounting evidence showing that

C 4

species can accumulate more biomass

at elevated CO 2 concentration. Consequently, more research with

C 4

plants, particularly

wild species, is needed for their more accurate representation, when modelling for the
greenhouse effects on vegetation. This may becomes even more relevant as the percentage
of global photosynthesis undertaken by

C 4

plants is expected to increase due to predicted

future global warming (Ghannoum et a l, 1997).
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Appendix 1: Complete nutrient solutions based on nitrate as used at Long Ashton:

Solution type

Compound

Maconutrieiits
Nitrate-type
solution

KNO3
Ca(N03>2
anhyd.
MgS04.7H20
NaH2P0 4 .2 H2 0

0.404
0.656
0..368
0.208

Mioonutrients
cOTunonly
used

Fe citrate
SHjO**
MnS04.4H20
ZnS04.7H20
CUSO4 .5 H2O
H 3 BO3
Na2Mo0 4 .2 H2 0
NaCl
C0 SO4.7 H2O

0.0335
0.00223
0.00029
0.00025
0.0031
0 .0 0 0 1 2

0.0058
0.00056

mM

mEq/l

p.pm.

4
4
1.5
1.33

4 NO 3 4
NO 3 8
3 SO4
3
Na'" 1.33 PO4 4

K
Ca
Mg
Na

156 N 57
160 N 113
36 S 48
31
P 41

Stock solution
requirement
Ml/l
ml/l
50.6
8
80.25
8
46.0
8
52.0
4

Fe""^
0.3
Mn^^
0.02
Zn^^
0.002
Cu^^
0.002
B as B ill
0.15
Mo as Mo VI 0.003
cr
0.1
Co^=
0.0004

Fe
Mn
Zn
Cu
B
Mo
Cl
Co

5.6
0.55
0.065
0.064
0.54
0.048
3.5
0.012

6.7
2.23
0.29
0.25
3.1
0.12
5.85
0.053

0 .1
0 .0 1
0 .0 0 1
0 .0 0 1

0.05
0.0005
0 .1
0 .0 0 0 2

Ca^^

8

5
1
1
1
1
1
1
1

Appendix 2; Blepharis Unariifolia inflorescence located in the fork of branche i
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