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ABSTRACT 

Acacia aulacocarpa and Eucalyptus tetrodonta were grown 

in chambers in which the C02 concentration was either 

ambient (350 #-'mol mol"1), or enriched (700 #-'mol mol" 1). 

The micro-climate (temperature, VPD and PPFD) of the C02 

tents was not significantly different from that of 

outside, though one of the tents was cooler than the 

other three. 

The Acacias were subjected to drought for one week, 

then re-watered for 4 days, and assimilation measured as 

a function of increasing LAVPD. Plants had become pot 

bound, affecting the results, but there was a trend for 

plants which had been subjected to a period of drought 

to have a lower assimilation rate. Measurement of dry 

weight showed that growth in enriched C02 had increased 

biomass accumulation. Droughted plants had a slightly 

lower biomass in both C02 treatments. 

Eucalyptus tetrodonta were subjected to one of 4 

nutrient treatments (+N+P, +N-P, -N+P and -N-P) , and 

chlorophyll fluorescence, assimilation rate, stomatal 

conductance and internal C02 concentration measured. Some 

plants were bought into the lab. and assimilation was 

measured as a function of changing internal C02 

concentration. Foliar concentrations of chlorophyll, 

soluble protein, nitrogen, phosphorus, potassium, 

magnesium, manganese and calcium were measured. Growth 

in enriched C02 was found to have enhanced assimilation 

rate in the early part of the experiment, and plants in 
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high C02 had greater water-use efficiency. Plants in 

enriched C02 and fertilized with nitrogen (nutrient 

treatments 1 and 2) had higher assimilation rate than 

plants in enriched C02 not fertilized with nitrogen. A/C; 

analysis revealed that carboxylation efficiency was 

reduced in high C02 , and at high C02 the assimilation 

rate was limited by an undetermined biochemical factor. 

Foliar soluble protein concentration was not 

significantly different between co2 treatments. Foliar 

nutrient levels were lower in high C02 , but biomass and 

assimilation had increased, indicating that growth in 

enriched C02 had resulted in the plants becoming more 

nutrient-use efficient. 
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1.1 CLIKATB CBANGB 

CHAPTER ONE 

INTRODUCTION 

The sun is the energy source which drives the Earth's 

weather and climate, and there is evidence that the energy 

output from the sun changes in the short-term over an 11 

year cycle (Shine et al. 1990). Gradual shifts in the 

Earth's orbit affect the seasonal and latitudinal 

distribution of solar radiation. These natural fluctuations 

in the amount of solar radiation intercepted by the Earth 

cause natural (ie non-anthropogenic) changes in climate, 

occurring over time scales ranging from hundreds of 

millions of years to only a few years (Folland et al. 

1990) • Research has shown that large variations in surface 

temperatures, sea level and ice volume occurred during the 

Pleistocene ice age cycles. 

The atmospheric concentrations of gases which absorb 

long wave radiation emitted by the Earth (the so-called 

RAGs- radiatively absorbant gases), directly influence 

the surface temperature of the globe. A globally-averaged 

increase in these gases (C02, CH4 , H2o, CFCs and NOx), 

results in warmer surface temperatures as more thermal 

radiation is absorbed by the atmosphere {Pearman 1988, 

Eamus 1992). 

The report of the International Panel on Climate 

Change (1990) states that C02 is the gas most likely to 
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enhance the natural greenhouse effect, and that human 

activities such as the burning of fossil fuels and 

deforestation are causing co2 to be released more quickly 

than it can be absorbed by the 2 main C02 sinks, the oceans 

and vegetation. This body states that, since the latter 

part of the 19th century, the mean global temperature has 

risen by 0 . 450 ± 0.15°C (Folland et a1. 1990), and that a 

rise of approximately 0.3°C per decade will occur if current 

levels of greenhouse gas emissions are maintained. The 

atmospheric (C02] has increased by approximately 25% from 

pre-industrial levels of 280 to 353 J,'mol mol" 1 , and is 

presently increasing at the rate of 1.8 J,'mol mol- 1 per year 

(Watson et al. 1990) • According to Pearman ( 1988) the 

atmospheric [C02] is likely to double before the end of the 

21st century. 

Precipitation and evaporation patterns and the area of 

sea ice will be affected by global warming. Temperature 

changes and changes in rainfall and evapotranspiration have 

the potential to indirectly affect plant growth and 

distribution. The increase in atmospheric ( C02] will have 

more direct effects on plant growth via its' effects on 

plant physiological processes. 

1. 2 ATKOSPBBRIC C02 AND PLANT GROWTH 

There are at least four major plant processes which are 

directly affected by atmospheric C02 (Eamus 1992) • These are 

photosynthesis, photorespiration, dark respiration and 

stomatal conductance. 
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Photosynthesis 

The (C0
2

] affects photosynthesis because C02 and 02 compete 

for active sites on the primary carboxylating enzyme 

Ribulose-1-5-Bisphosphate carboxylase-oxygenase (Rubisco). 

Therefore, an increase in the proportion of C02 will result 

in an increase in A because RuBP carboxylation is enhanced 

(Besford 1990, Eamus 1992). 

Photorespiration 

Photorespiration occurs when Rubisco fixes 02 instead of 

C02 , resulting in C02 being released rather than fixed in 

the Calvin Cycle. This process is wasteful of carbon, 

therefore when the ratio of co2:o2 changes in favour of C02 

photorespiration is reduced (Gifford 1988, Bowes 1991, 

Eamus 1992). 

Dark Respiration 

Dark respiration is a process involving the oxidation of 

sugars and the evolution of co2 during the TCA cycle 

(Graham and Chapman 1979). If photosynthesis is enhanced by 

an increase in the C02 concentration, it could be predicted 

that respiration rate would also increase. There have been 

contradictory results from experiments investigating the 

effect of C02 on the respiration of crop species, and it 

appears that the presence of an active sink is necessary to 

an increase in respiration (Eamus 1992). 

Stomatal Conductance 

Stomatal pores are the routes via which atmospheric co2 

enters the plant and water, as vapour, is lost from the 
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plant to the atmosphere (Shulze and Hall 1982). 

The intercellular [C02) (C1) is one of several factors 

which affect stomatal aperture, some others being 

photosynthetic photon flux density (PPFD) , leaf-to-air 

vapour pressure deficit (LAVPD) , plant and soil water 

status, leaf temperature, leaf age, and concentrations of 

the plant hormones ABA and IAA (Kramer 1983, Berryman et 

al. 1994). Stomatal aperture, and therefore g
8 

(a measure of 

stomatal conductance), and E (transpiration rate), responds 

to a combination of all the above variables. Generally g
5 

declines in response to increasing C1 and LAVPD and a 

decline i n plant water status (Krame r 1983, Morison and 

Giff ord 1983). 

It has been s hown that the ratio C1: C
8 

(internal 

[C02 ) :ambient [C02]) remains relatively constant across a 

range of C02 concentrations as a result of changes in g
5 

and 

photosynthes is (Mott 1990). If, in the short term, C
8 

and g
8 

remain constant, then any fluctuations in c1 must result 

from changes in demand for carbon, that is, from changes in 

the rate of photosynthesis occurring in mesophyll cells. 

An increase in A will cause a decline in c1 and this then 

results in an increase in g
5

, thereby allowing increased C02 

influx to sustain the increased rate of assimilation . 

Raschke (1979) writes that the site of perception of 

atmospheric C02 concentration is located within the guard 

cells. Most of the measured responses of stomatal guard 

cells to atmospheric C02 have been attributed to changes in 

c1 (Mott 1990) • 
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Cowan and Farquhar (1977) developed the theory of 

optimization for stomatal behaviour, in which stomata are 

predicted to function in order that the plant is able to 

fix the maximum amount of carbon per unit of water lost to 

the atmosphere. Using data from models and observations 

from measurements of Prunus armeniaca they assert that 

stomatal closure when it occurs in the middle of the day, 

is not in response to an in increase in C; but is in 

response to the relatively high LAVPD which occurs at that 

time. Indeed, their model predicts that C; would decline 

during the hotter part of the day, when high light 

intensities would generate greater rates of photosynthesis. 

The tables presented in the paper do not include any 

measurements of C; for P. 

increase in LAVPD and 

armeniaca, but a significant 

corresponding decline in 

photosynthesis were shown to occur. 

1.3 C02 Bnrichaent Studies 

1.3.1 Effects on Photosynthesis 

The current (350 jlmol mor1) atmospheric (C02 ] limits the-

rate of photosynthesis in c3 plants (Besford et al. 1990). 

Therefore an increase in the C02 concentration has the 

potential to act as a fertilizing agent thereby enhancing 

photosynthesis and increasing growth and yield. 

A review by Stitt ( 1991) states that, initially, 

photosynthesis increases in a near linear manner with an 

increase in C02 , and that this phase represents Rubisco 
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limitation, where the reaction rate is limited by the 

availability of active sites on the enzyme. The linear 

phase is followed by a curvilinear region and a plateau, 

where photosynthesis may be limited by electron transport, 

Calvin cycle capacity (RuBP regeneration) or by end-product 

synthesis. 

Studies have shown that, over the short-term, 

photosynthesis is enhanced by elevated C02 in some species 

but not i n others (see Eamus 1992 for species list), and 

that enhanced photosynthesis is often not maintained over 

the long term (Kriedemann and Wong 1984, Delucia et al. 

1985, Sage et al. 1989, Besford et al. 1990). A study by 

Kriedemann and Wong (1984) on Cucumis sativus (cucumber) 

and Brassica pekinensis measured a progressive loss in 

photosynthetic effectiveness in the leaves of cucumbers 

grown in elevated C02 due to an apparent loss in 

carboxylation efficiency. Brassica pekinensis , in 

comparison, responded with only a marginal decline in 

photosynthetic capacity after 33 days. The authors suggest 

that the change in the ratios of chlorophyll a :b which 

often occur in plants grown in elevated co2 may have some 

bearing on photosynthetic response. 

Tomato plants grown under elevated C02 did not maintain 

the high rate of photosynthesis thta was apparent early in 

the experiment, and the amount of Rubisco within high co2-

grown leaves was only about half that of the controls 

(Besford et al. 1990). 

Sage et al. (1989) found that effects varied between 
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the 4 species studied, but concluded that Rubisco 

activation state was reduced after prolonged exposure to 

elevated [C02]. 

Woodrow (1994), in discussing the acclimation of 

photosynthesis to elevated C02 suggests that the decrease in 

photosynthetic capacity stems from 2 main causes: (1) some 

species show a reduced amount of Rubisco, which 1 imi ts 

carboxylation in the c3 cycle; (2) carbohydrate sinks and 

storage 
\ 

/ 

systems are unable to cope with higher 

photosynthetic carbon fluxes, causing feedback inhibition. 

Reductions in A have been linked to an excessive 

accumulation of photosynthate (as starch) in chloroplasts, 

resulting in distortion or damage of chloroplasts (Delucia 

et al. 1985, Sage et al. 1989). An increase in the partial 

pressure of co2 may limit photosynthesis via the capacity to 

regenerate RuBP, Rubisco is then regulated downward in 

order to keep the cycle balanced (Sage 1990). These 

responses can occur within minutes of changes in the co2 

concentration. 

Models developed by Sage (1990) of the responses of 

the ratio of RuBP regeneration: RuBP consumption and the 

activity ratio of Rubisco at a reduced partial pressure of 

oxygen of 200 Pa predict that, at saturating PFD (1800 ~mol 

photons m· 2 s"1), a ci of 220 kPa and above will result in 

stimulation of both Rubisco and the electron transport 

chain, but not Pi regeneration, causing A at Ci's of more 

than 220 kPa to be P1-regeneration limited. If c 1 exceeds 

220 kPa the model predicts that the activity ratio (%) of 
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Rubisco will decline with increasing c1• 

A study by Sage et a1. (1990), involving 2 <;annuals 

showed that the activation state of Rubisco declined from 

90% to 76% when c 1 increased from 300 to 500 ~mol mol"1 at 

PFD of 1750 umol m· 2 s·1 , a result consistent with the model 

of Sage (1990). 

The activation state of Rubisco was also seen to drop 

when c1 was less than 100 kPa. The Rubisco pool size 

decreased as c1 increased at PFD 1750 umol m· 2 s· 1 • The study 

showed no change in the mean pool size of ADP, and only 

little effect on that of ATP. 

Sage et a1. (1990) provide a summary of the effects 

of increasing c1 on A. As C02 becomes more available the 

rate of RuBP consumption (by Rubisco) is increased, to the 

point where potential consumption exceeds supply. To 

restore balance to the cycle, active sites on Rubisco are 

switched off and the enzyme's catalytic capacity is further 

reduced as c1 increases. Therefore, when A is limited by 

RuBP regeneration, Rubisco is deactivated. The data 

produced by Sage et a1. (1990) support this hypothesis. 

A criticism of many of the studies of the effects of 

elevated C02 on A is that the results have been confounded 

by restriction of sink strength due to the experimenta l 

plants being grown in pots (Ziska et al. 1990, Arp 1991, 

Idso and Kimball 1991, Thomas and Strain 1991, Eamus 1992, 

Bernston et al. 1993, McConnaughay et al. 1993). Idso and 

Kimball (1991), after a study which found no evidence of 

reduced photosynthesis in elevated C02 in sour orange 
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(Citrus aurantium) grown in field conditions for 3 years, 

state that the growth of experimental plants in pots 

inhibits photosynthesis and growth by restricting the 

development of active sinks (the roots), for starch 

produced in the leaves. Further evidence to support this 

theory comes from a study by Ziska et al. (1990) in which 

the photosynthetic response of salt marsh plants grown in 

situ was measured over 2 growing seasons. Those plants 

grown in elevated C02 showed an enhanced response over both 

seasons. Mango plants grown in the ground in elevated co2 

for 2 years had a higher daily mean A than those grown in 

ambient C02 (Goodfellow in prep.). Eucalyptus tetrodonta 

grown in the ground in enriched C02 for 18 months showed no 

sign of decline in assimilation rate (Eamus et al. 1994). 

Papers by McConnauhay et al. (1993) and Bernston et 

al. (1993) claim that, in addition to root restriction by 

pots, the photosynthetic rate of many experimental plants 

has been retarded by nutrient deficiency. One study 

(Bernston et al. 1993) demonstrated that nutrient 

concentration was more influential in increasing total 

biomass than either the total nutrient content per pot or 

the size of the available rooting space. 

These recent studies demonstrate that the acclimation 

of plants to elevated C02 may be an artifact of experimental 

conditions, and may not in fact occur in the field. If this 

is the case then a gradual rise in the concentration of 

atmospheric co2 may increase the rate at which at least some 

species assimilate carbon, with associated impacts on 
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growth rate, competition and yield. The variation in plant 

responses to elevated co2 will cause alterations in the 

structure of plant communities. 

1.3.2 Chlorophyll Fluorescence 

Chlorophyll fluorescence is a measure of the amount of 

lower energy light re-emitted when the red and blue 

components of light are absorbed by chloroplasts (Lawlor 

1987) • FJFrn is the ratio of the maximal fluorescence 

emission over the variable component of fluorescence, and 

is correlated to the quantum yield of photochemistry and 

photosynthesis. In chlorophyll a prompt fluorescence is 

emitted at a peak of between 680 - 720 nm. It represents 

the accumulation of excitation in the c hlorophyll antenna, 

and is inversely related to the use of electrons, and to 

photosynthesis. If electron flow through the electron 

transport system is retarded after PSII by a factor, such 

as phosphate limitation, fluorescence will increase as 

enerqy "backs up", and C02 assimilation will decline (Lawlor 

1987). 

1. 3. 3 The Effect of Enriched [COl.) on Stomatal Conductance, 

Plant Water Relations and Water-Use Efficiency. 

The mechanism by which plants respond to C02 is as yet 

unknown (Grantz 1990), but it has been shown the ratio of 

c1: C1 remains relatively constant over a range of co2 

concentrations (Matt 1990). Generally plants respond to 

elevated C02 by decreasing g
8 

(Morison and Gifford 1984, 
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Eamus and Jarvis 1989, Mott 1990, Eamus 1992, Berryman et 

al. In Press 1994). There are a few species for which the 

reverse is true (see Eamus 1992) , and there is s ome 

evidence that environmental conditions other than C
8

, such 

as soil water availability, are important in determining 

the response of stomatal conductance to enriched [C02]. 

A study by Rodgers et al. (1984) on the effects of 

elevated C02 on the water relations of soybeans grown under 

different watering regimes found that the g
5 

of well watered 

plants declined in elevated co2 , with a corresponding 

decrease in transpiration. When plants were water stressed 

for 4 days those plants which were grown in elevated co2 

(770 - 900 ~L L-1) had signific antly higher water potentials 

on day 4 than those grown at lower C02 concentrations . There 

was no signifi cant difference in the water potential of 

unstressed plants across the range of C02 concentrations . 

Plants grown in low co2 showed a muc h lower stomatal 

conductance on day 4. Three days after the plants had been 

re-watered stomatal conductance for all C02 trea tments was 

similar. The transpiration rate in the low co2 groups was 

higher than that for the elevated C02 groups, both for 

controls and water stressed plants. 

Doubling the C02 concentration has been shown to 

decrease stomatal aperture by 30 to 60% (Eamus 1991, Eamus 

1992), though in at least some of these experiments the 

effects may have been due to artefacts of the experimental 

conditions, such as the (C02] used, or differences in plant 

age. As stated earlier in this review, stomatal aperture is 
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influenced by factors other than ci, and elevated C02 may 

alter plant responses to these other factors (Eamus 1992). 

Berryman et al. (1994) found that the g
5 

of Maranthes 

corymbosa grown in elevated C02 (700 ~mol. co2 mor 1) was more 

sensitive to leaf dehydration than the g
5 

those grown in 

ambient C02 • 

In contrast, the response of g
8 

of leaves of Eucalyptus 

tetrodonta grown in elevated C02 and subjected to 

dehydration was not significantly different to the response 

of g
8 

of those grown in ambient C02 , and the relationship 

between g
5 

and LAVPD was the same between treatments 

(Berryman et al. 1994), with g
5 

responding when LAVPD 

declined from 1.4-2.6 kPa, but remaining insensitive to 

LAVPD when LAVPD declined from 2.6-3.8 kPa. Further 

increase in LAVPD produced a significant decline in g
5

• 

The study of the g
5 

response of these two species to a 

combination of growth in enriched C02 and drought supports 

findings that plants grown in elevated C02 are more water 

use efficient. Because there is more C02 in the air going 

into the plant ·tissue (that is, ci increases), the plant can 

decrease stomatal aperture while maintaining an adequate 

substrate supply. Therefore, when [C02 ] increases, g
5 

and 

transpiration rate decrease. In contrast, the assimilation 

rate rises due to the greater availability of substrate. 

Since WUE is a measure of the amount of carbon fixed per 

unit of water lost (A/E), WUE is positively affected by 

growth in enriched C02 • 

This response was observed in M. corymbosa. Plants 
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grown in enriched C02 had a significantly lower mean daily 

g
8 

than plants grown in ambient C02, and moving ambient C02-

grown plants into enriched C02 resulted in a significant 

decline in g
8 

(Berryman et al. 1994) • This result is 

supported by Eamus et al. (1994), who found that the mean 

daily g
8 

of M. corymbosa grown in enriched C02 was 

significantly lower than the mean daily g
5 

of the controls, 

and that the transpiration rate of the controls was 

significantly higher than that of M. corymbosa grown in 

enriched C02 • 

The reduction of stomatal density which often occurs 

as a result of growth under high C02 (Woodward and Bazzaz 

1988, Eamus 1992, Berryman et al. 1993) has the effect of 

reducing the water loss per unit leaf area. 

1. 3. 4 The Impact of Enriched col and Nutrient Status on 

Plant Growth. 

Enriched co2 has been found to enhance the growth of Picea 

abies (Mortensen 1982), cucumis sativus and Brassica 

pekinensis (Kriedemann and Wong (1984), Gossypium hirsutum 

(Delucia et al. 1985), Pinus radiata {Conroy et al. 1986, 

Conroy et al. 1990), Pinus virginiana {Luxmore et al. 

1986), Glycine max (Cure et al. 1988, Li and Gupta 1993), 

Citrus aurantium (Idso and Kimball 1991), various c3 and one 

CAM tropical species (Ziska et al. 1991), four Eucalyptus 

sp. (Wong et al. 1992), Maranthes corymbosa (Berryman et 

al. 1993) , and Eucalyptus tetrodonta (Duff et al. 1994) 

However, many studies have shown that the nutrient status 
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of the plant can be a very important factor in determining 

the degree of response. Nitrogen and phosphorus are 

particularly important macronutrients, with nitrogen being 

essential for protein and nucleic acid synthesis. 

Phosphorus is essential for molecules ATP and NADPH, 

nucleic acids and proteins. 

An increase in nitrogen use efficiency has often been 

observed in plants grown in enriched co2 (Luxmore et al. 

1986, Conroy 1992, Wong et al. 1992, Duff et al. 1994), 

with some species being able to sustain higher growth, even 

when nitrogen fertilization or plant nitrogen content is 

low (Wong et al. 1992) • Dry matter production may be 

increased if leaf-nitrogen use efficiency is improved by 

growth in enriched C02 , through the effect of nitrogen use 

in enzymes within the Calvin cycle. Total plant dry weight 

and leaf area increased in the four Eucalypt species 

studied by Wong et al. (1992) when nitrogen was supplied in 

high C02 , and shoot: root ratio was increased in high 

nitrogen in all C02 treatments. This indicates that the 

plants were allocating more of their biomass into leaf 

production. 

C02 enrichment may cause a reduction in substrate 

limitation when nitrogen supply is adequate . Conroy (1992) 

speculates that lower leaf nitrogen in elevated C02 may be 

the result of a slower movement of nitrate to the root 

surface (itself resulting from a decline in transpiration 

rate due to decreased g
5
), and that the demand for nitrogen 

may be lower in high co2 • 
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One alternative explaination for the reduction of 

leaf-nitrogen concentration in enriched C02 is that of a 

dilution effect, where plant size is positively affected by 

C02 enrichment, but the rate of nitrogen uptake is 

unaffected. In this case, the same amount of nitrogen will 

be distributed wihin a larger amount of plant tissue 

(Coleman et al. 1993). 

A third explaination is that plants grown in enriched 

C02 optimize their resources by changing the allocation of 

nitrogen. Nitrogen is relocated from non-limiting 

processes, such as carbon fixation, to limiting processes, 

such as root growth (Duff et al. 1994) 

Li and Gupta (1993) found that the photosynthesis of 

soybean plants grown in 450 umol mol"1 co2 , without added 

nitrogen, was not affected, but chlorophyll levels and 

biomass increased. When nitrogen was added chlorophyll 

content and biomass increased further, but again there was 

no photosynthesic response . The authors conclude that 

nitrogen nutrition is not necessary for soybean growth in 

enriched C02 • 

cure et al. (1988) in studying the interaction between 

elevated C02 and phosphorus found that dry matter production 

can be severely limited by low phosphorus levels. A 

significant C02 x phosphorus interaction was apparent, with 

a rise in total plant growth and total leaf area. In the 

higher phosphorus treatments shoot:root ratio increased, 

though addition of phosphorus lead to a comparitive 

increase in root mass. cure et al. (1988) conclude that 
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growth in elevated C02 can enhance plant growth, even at 

phosphorus concentrations that are limiting in ambient C02 

conditions. 

Norby and O'Neill {1991) found that fertilized, C02 

enriched Liriodendron tulipifera had a significantly 

increased dry weight when harvested at 6 weeks, and that 

fertilized plants grew more rapidly several weeks after 

germination. Fertilized plants had significantly larger 

leaf area and dry weight, and more leaves and branches. 

Phosphorus was thought to be the nutrient most limiting to 

the unfertilized plants, though, for optimum growth, 

nitrogen availability needs to increase exponentially with 

plant dry weight, due to the increase in demand. There was 

a significant C02 x nutrient interaction, with those plants 

grown in the highest of 3 C02 treatments having the highest 

percentage increase in dry weight relative to controls and 

plants grown in 493 ppm C02 • This species responded to the 

C02 treatment by greatly increased root growth and a decline 

in specific leaf area. 

Coleman et al. {1993) propose an interesting 

hypothesis that if, in elevated C02 experiments, plants are 

compared at a common stage of growth and not at a common 

time as is usually done, there may be no significant 

differences between C02 treatments. These authors found 

that, when compared this way there was a significant effect 

of nutrient treatment but not of co2 • Therefore there is the 

suggestion that reductions in tissue nitrogen concentration 

observed in other studies are the result of accelerated 
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growth and the susequent earlier onset of nutrition 

limitation. 

1.3.5 COl Enrichment Studies in the Tropics 

Downton et al. ( 1990) found that mangosteen (Garcinia 

mangstana L.) has a very slow assimilation rate, and that 

this is probably the main reason why it grows so slowly and 

takes from 7 to 15 years to bear fruit. An experiment 

investigating the effects of elevated C02 on the growth rate 

of juvenile mangosteen involved growing some plants in a 

shade house in a tropical environment in Darwin, while 

other plants were transfered south and grown in cha mbers 

where environmental conditions approximated mean tropi cal 

values for temperature and RH. None of the Darwin-grown 

plants were grow in enriched C02, they were used to compare 

the growth of the plant in tropical conditions with growth 

of those grown in controlled conditions. None of these 

plants were germinated in high C02 , but were transfered to 

a high co2, low light environment when they were 6 months 

old. 

Growth in enriched C02 (800 ~mol mol-1) resulted in all 

growth parameters except the number of primary nodes, being 

significantly higher than for controls. Importantly, the 

leaf area of the high co2 plants increased, resulting in a 

larger assimilatory surface. Leaves were larger and there 

were more of them. Total dry weight per plant was 77% 

higher in elevated C02 plants, with much of this incre ase 

being in lateral branches and root dry weight. The increase 
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in lateral branching is considered to be an important 

factor in the early investment in leaf area. 

Mangosteen has a very low assimilation rate (4.6 umol 

c m· 1 s· 1) in ambient co
2 

conditions. Growth for 2 weeks at 

1000 ~mol mol·1 increased A by 60%, and plants grown in 800 

~mol mor1 C02 had a 40-60% higher A than plants grown at 400 

~mol mor 1
• 

In a commissioned review on the potential impact of 

the Greenhouse Effect on tropical plants Hogan et al. 

(1991) point out that tropical vegetation consists of a 

diversity of community groups, including savannas, 

grasslands, deserts, and alpine and lowland forests. 

Tropical forests are especially productive and biologically 

diverse, and it is these which are being cleared for timber 

and/or to free the land for agricultural use. The authors 

stress the value in studying the effects of climatic 

changes and a rise in the atmospheric concentration of C02 

on the physiological responses of tropical plants. 

Hogan et al. (1991) investigated the process of 

acclimation of photosynthesis to determine if there was a 

difference in the assimilation rate of plants grown at 

different co2 concentrations but measured at the same C02 

concentration. Some plants grown in elevated co2 had an a 

higher assimilation rate when measured in high C02 than when 

measured in ambient C02, but a lower assimilation rate than 

plants grown and measured in ambient C02 • This suggests that 

these species had become acclimated to the enriched co2, and 

were able to photosynthesize more effectively in high co2 • 
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Plants grown in ambient C02 and measured in elevated also 

had a enhanced assimilation rate relative to those measured 

in ambient, suggesting that, even in the short term, plants 

are able to take advantage of a richer supply of C02 • The 

review provides comparisons of species of 16 genera, 

including Acacia, an important genus in the tropics of 

Australia. This genus also showed a dramatic response of g
5 

to growth in enriched C02 , with a very significant decrease 

in the g
1 

of plants grown in elevated co2 , whether they were 

measured in elevated or ambient C02 concentrations. The low 

g
5 

in ambient C02 could, however, be the result of a 

decrease in stomatal density, precluding any increase in g
5 

which might otherwise occur with a decline in [C02 ] ( and 

therefore Ci). This was observed by Berryman et al. (1994), 

in the study of the stomatal response of Eucalptus 

tetrodonta to growth in enriched C02 • 

Understorey plants which have evolved to take 

advantage of sunflecks may be advantaged by growth in 

enriched C02 , because at current ambient [C02], g
5 

may be 

limiting to assimilation. An increase in Ci , resulting from 

increased C
8

, would enable understorey plants to maintain 

higher assimilation rate at reduced g
5

• 

Ziska et al. (1991) asked two questions in a study of 

the growth and photosynthetic responses of 9 tropical 

species to 3 months growth in enriched co2 ; first, how much 

isthe photosynthetic and growth response of tropical plants 

grown in enriched C02 related to the growth form and how 

much to the photosynthetic metabolism of the plants? and , 
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Second,, to what extent are the observed responses an effect 

of physiological adaptation to elevated C02 , or do they 

result directly in consequence to the higher C02 

concentration? A mixture of CAM, C4 and c3 plants were used 

in this study, and they were grown in a tropical 

environment, though they were not germinated in enriched 

C02 • Measuring the assimilation responses to changes in 

light and C; of the plants in single-leaf cuvettes, and 

measuring the dry weight of the plant sections, showed that 

growth in elevated C02 resulted in a significant increase in 

the leaf area of 3 of the 5 c3 species, whilst total dry 

weight was higher for 4 ~ and 1 CAM species. There was a 

significant increase in the root dry weight of those plants 

grown in enriched co2 • All of the c3 species grown and 

measured in enriched C02 had a significantly increased rate 

of photosynthesis, though, as in other similar studies, no 

significant increases in assimilation were measured in the 

CAM or the c4 species. This study found no significant 

difference in the slope of carboxylation efficiency between 

C02 treatments, except for 1 understorey species with an 

increased CE, and an Acacia species, with a decreased CE. 

However, all bar one elevated co2-grown c3 species in the 

study were able to respond more fully to an increase inC; . 

All ~ and c4 species became significantly more water-use

efficient. The authors stressed the need to grow plants in 

pots which will provide a soil volume which will not be 

limiting to source-sink relationships. 

Haranthes corymbosa, an evergreen forest species of 
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tropical Australia, was grown in the same C02 enrichment 

facilities used in this Honours project. This study, by 

Berryman et al. (1993) investigated the effect of elevated 

co
2 

on growth, nutrient content and biomass allocation of 

plants germinated and grown for 32 weeks in ambient (350 

umol mol" 1) or enriched (700 umol mol" 1) C02 • Elevated C02 was 

found to have no effect on the rate of percentage of 

germination, probably because, as the authors point out, C02 

levels are naturally high at and just under ground surface 

level because of respiration by roots and soil microbes. 

Plant height, stem dry weight, leaf dry weight and leaf 

area were positively affected by elevated C02 , as were the 

number of branches and leaves. This effect is assumed to be 

a strategy by which plants can take advantage of enriched 

C02 levels by increasing their assimilatory surface, leaves 

effectively becoming a greater carbon sink under enriched 

C02 than in ambient C02 conditons. There was found to be a 

significant interaction between C02 and time on growth 

responses, with an increase in the response of leaf number 

per branch and per plant, in leaf weight, leaf area and 

specific leaf weight over time in those plants grown in 

elevated co2 • Total dry weight was greater for enriched co2-

grown seedlings in the germination trial, and over time 

enriched C02 plants grew at a faster rate. Root:shoot dry 

weight ratios were the same between treatments, indicating 

that plants grown in enriched co2 had larger root volumes in 

addition to more leaves. This may be interpreted as a 

drought avoidance strategy by this species, which has to 
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survive a long dry season. Stomatal conductance of this 

plant was 30% less in elevated C02 , demonstrating an 

increase in water use efficiency. Analysis of biomass 

accumulation showed that the only significant differences 

between co2 treatments were in the mainstem dry weight, 

which declined in enriched C02 , and the ratio of branch leaf 

dry weight: total leaf dry weight, which increased 

significantly. The leaf area:root biomass ratio was 

significantly lower in enriched co2 • 

Soluble protein was found to be either significantly 

lower, or not significantly different, depending on leaf 

age, in the leaves of plants grown in enriched co2 , while 

the foliar nutrients P, Mg, K, Ca and Mn declined 

insignificantly for the first 2 harvests, but increased 

slightly in the third. Foliar nitrogen was significantly 

less until the third harvest, when it was the same between 

treatments. An increase in nutrient-use-efficiency is 

commonly seen as a response to growth in enriched co2 (Eamus 

1992) • 

A similar study carried out at the same site by Duff 

et al. (1994) on Eucalyptus tetrodonta and E. miniata found 

that these co-dominant species responded very differently 

to elevated co2 , with E. tetrodonta showing an increase in 

most growth parameters, in contrast to E miniata, which 

produced few positive response. Total plant biomass of E. 

tetrodonta increased significantly in elevated C02 , and as 

in Haranthes corymbosa the root: shoot ratio and foliar 

nutrient levels of E. tetrodonta were not significantly 
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different between treatments. Leaf area:root biomass 

increased in elevated C02 in E. tetrodonta, increasing the 

transpirational surface in relation to absorption surface, 

perhaps rendering this species more susceptible to drought. 

This may be an important factor in a region which 

experiences a long dry season. Leaf area ratio (total leaf 

area:total dry mass) declined for both Eucalypt species in 

response to co2 , meaning that the leaves had a comparitively 

large, respirating biomass to support. Data unpublished by 

the authors showed that the assimilation rate of both 

species increased in elevated C02• Relative growth rate was 

seen to decline over time, though this is also been 

observed in plants in the field in natural conditions, and 

can be regarded as normal behaviour for many species. E 

tetrodonta became more foliar nutrient-use-efficient, as 

levels decreased in elevated C02 , though this may confounded 

by the strength of the adaptation of this species to growth 

in nutrient-poor soils. Unlike M. corymbosa, E. tetrodonta 

increased significantly in main-stem growth at the expense 

of branch growth, and E. miniata produced more leaves on 

the main stem in elevated C02 • These differences may be a 

function of the habitat types, with Maranthes being a 

monsoon forest species, and therefore adapted to low light 

levels, unlike the Eucalypts, which grow in open savannas, 

where light levels are high and fire is a regular stress. 

A plant that is able to gain height quickly is less likely 

to be severely damaged by fire. 

The authors suggest that the contrasting response to 
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growth in elevated C02 between these two co-dominant 

Eucalypt species may be a reflection on the degree of shade 

tolerance, supporting previous findings which demonstrate 

that shade tolerant species respond more positively to 

growth in enriched C02 • The findings of this study bear 

important implications for the structure of open savannas 

in the wet/dry tropics of Northern Australia. If one 

species is able to take advantage of a richer C02 

environment it may well out-compete the other. 

The photosynthetic responses of E. tetrodonta to 

temperature, light flux density, VPD and co2 concentration 

in enriched C02 growth conditions, was studied by Eamus et 

al. ( 1994) . Plants grown in elevated C02 were found to 

increase photosynthesis by up to 33% when leaf temperature 

rose step-wise from 20 to 30°C, in comparison to plants 

grown in ambient co2 , which increased by 11%. c1 was seen to 

decline linearly with the temperature increase for both co2 

treatments. The temperature optimum for assimilation 

increased significantly, from 29 °C to 34 °C, in those 

plants grown in enriched C02 • 

When leaves were subjected to increas i ng LAVPD those 

grown in elevated C02 responded with a greater percentage 

decline in assimilation rate when LAVPD exceeded 2.5 kPa, 

though at levels of less than 2.5 kPa the high C02 plants 

had a significantly higher assimilation rate. 

An A/Q curve demonstrated that high co2-grown plants 

had a significantly higher Aw.x and a greater apparent 

quantum yield. An A/C 1 curve showed that carboxylation 
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efficiency was significantly reduced by co2 treatment, 

though the rate of co2 saturated assimilation was not 

significantly different between treatments. Trees grown in 

the ground gave similar results as those grown in pots when 

light saturated assimilation was measured. Specific leaf 

area declined significantly in elevated co2 , and when this 

factor was taken into account in calculating ~x' any 

significant difference between co2 treatments was eliminated 

(Eamus et al. 1994). 

There was a significant time factor revealed in the 

measurements of A/ LAVPO for the plants for plants grown in 

the ground for 30 months, with A increasing in high co2 

plants over time (Eamus et al. 1994). 

The high C02 plants were more nitrogen and soluble 

protein efficient. This is a common response of plants of 

plants grown in enriched co2 , when l i ght is not limiti ng, 

as nutrients are moved from processes involved in l i ght 

capture to those involved in carbon fixation and nutrient 

uptake . 

1.4 Project Aims. 

Plant growth in the wet-dry tropics is generally limited by 

very poor, leached soils and a prolonged annual dry season. 

With the predicted increase in atmospheric co2 in mind it is 

important that the interactions of these two factors with 

fertilization by C02 be investigated . The struc ture of the 

wet-dry tropics has the potential to be altered by the 

increase in atmospheric (C02], and study of the responses of 
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key species within these communities to this increase needs 

to be undertaken. 

Nitrogen and phosphorus are commonly the nutrients 

most limiting to plant growth, and the possibility that 

growth in enriched C02 could ameliorate the impact of 

deficiencies of these nutrients needs to be investigated . 

The drought experiment was carried out to address the 

questions; if Acacia aulacocarpa grown in enriched C02 have 

been subjected to a period of drought and then rehydrated, 

do the stomata become more sensitive to increasing LAVPD, 

and; how is the assimilation rate of plants grown in 

enriched C02 and subjected to a period of drought affected 

by the response of stomata to increasing LAVPD? 

The nutrient experiment was undertaken to address the 

questions: what are the in situ photosynthetic and stomatal 

responses of Eucalyptus tetrodonta to a combination of 

growth in enriched C02 and nitrogen and/or phosphorus 

stress; does the combination of growth in enriched C02 and 

nutrient stress affect carboxylation efficiency; how does 

the combination of growth in enriched C02 and nutrient 

stress affect the response of assimilation and stomatal 

conductance to changes in ci; is biomass allocation affected 

by interactions between growth in enriched C02 and nitrogen 

and phosphorus stress, and; are chlorophyll, foliar soluble 

protein and foliar nutrient concentrations affected by the 

com.bination of growth in enriched C02 and nitrogen and 

phosphorus stress? 
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CHAPTER TWO 

MATERIALS AND METHODS 

2.1 The CO~ Fumigation Chambers 

The 4 C02 fumigation tents were made of horticultural plastic 

suspended on aluminium frames with the dimensions 2.4 m x 3 m x 

3 m. Two of the tents were maintained at ambient co2 

concentrations (approximately 350 ~mol C02 mol"1), and two were 

maintained at elevated co2 levels of approx . 700 ~mol C0
2 

mol" 1). 

C02 for the elevated C02 tents was supplied from 2 compressed C02 

cylinders, with a constant flow from 1 cylinder via a needle 

valve, maintaining the flow at approximately 600 umol mol-1 • The 

C02 concentration was kept at a mean of 700 ~umol mol" 1 by 

Servomex IRGA's controlling a solenoid feedback system. A fan 

mounted on the back wall of each tent supplied on input of 50 L 

s ·1 of external air. In the two elevated co2 tents the C02 was 

piped into the fan outlet for dispersal. Temperatures close to 

ambient were maintained by the use a of 4.7 Kw recirculating 

airconditioner located on the South face of each tent. 

2.2 Mico-climate Within the COf Fumigation Chambers 

In order to establish that the micro-climate in each tent was 

comparable air temperature, light (PPFD) and RH (converted to 

VPD) were measured over a 36 hour period starting on the 14th of 

August 1993. Two LI 1000 dataloggers (LI-COR, Lincoln USA) were 

used with 2 Li-cor quantum sensors and 2 Varisala-35A 

humidity/temperature probes per logger. One ambient C02 tent and 
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one enriched co2 tent were measured concurrently, with one 

Varisala and quantum sensor in each tent and the other one of 

each sensor measuring external conditions. The RH and 

temperature sensors were placed in protective PVC tubes with the 

top end closed and the bottom end open. A small fan attached to 

each sensor probe ensured that the inside of the tubes did not 

overheat. When the micro-climate of each tent had been measured, 

all sensors were placed together in one tent for calibration . 

2.3 Experiment One. The Drought Experiment: Acacia aulacocarpa 

2.3.1 Plant Material 

Commercially bought seeds (N.T. Seeds, Darwin) were planted in 

the first week in January 1993 in PVC tubes with a volume of 5.4 

L in each of the 4 tents in which they were to grow. The potting 

soil was a commercial mixture of sand, rice husks and laterite 

used for the cultivation of Australian natives. Two seeds were 

planted in each pot, and the weakest removed when a difference 

in vigor became apparent after 4 weeks. Six tubes were used in 

each tent. Plants were watered daily with tap water during 

growth and were fertilized monthl y with 3 g each of low 

phosphorus Osmocote surface dressing. At 41 weeks of age (11th 

October 1993), 3 plants in each fumigation tent were randomly 

assigned to be droughted, and 3 to be used as controls. Water 

was withheld from the plants selected for droughting, while the 

controls were watered daily. 

2.3.2.Measurement of stomatal Conductance 

Stomatal conductance of one leaf from each plant was measured in 
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the morn~ng at 10.30 - 11.30 hrs and in the afternoon at 14 . 30 -

15.30 hrs, using an AP4 porometer (Delta-T Devices, Cambridge, 

England). When g
5 

of the droughted plants had reached 

approximately 70% of that of the controls they were re-watered 

once daily for 4 days. 

2.3.3.Measurement of Assimilation and Stomatal Conductance 

Response to LAVPD 

The response of assimilation and g
5 

as a function of LAVPD, for 

both control and droughted plants was then measured on a lab

based IRGA, (see below). Three control and three droughted 

plants from each tent were measured. Starting from the 21st of 

October 3 plants were brought into the lab . per day, on the 

evening before they were to be measured in order for them to 

equilibrate to the microclimate of the laboratory . After a leaf 

of each plant had been put into a leaf chamber, and before the 

leaf chamber lights were turned on each chamber was covered with 

neutral density filter. These were removed, one at a time, at 

intervals of approximately 2 minutes, after the lights were 

switched on. This gradual introduction to light was used to 

prevent photoinhibition, and to expose plants to a gradually 

increasing light flux density, rather than a large, single step 

jump from darkness to full (>1000 J,Lmol mol" 1 ) PPFD. The light 

flux density used was 1000 J,Lmol mol" 1 , leaf temperature was 

maintained at 30 - 32 °C, and C02 concentration was kept constant 

throughout the experiment at either ambient (ca 350 J,Lmol mol" 1) 

for ambient grown plants, or 700 J,Lmol mol "1 for co2 enriched-grown 

plants . LAVPD was progressively increased from approximately 1.2 
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to 3.5 kPa over the course of the day by 

temperature of the water bath in which 

equilibration flasks were immersed. 

lowering the 

the humidity 

The plants used in the assimilation study were then 

separated into leaves, stem/branches and roots, which were 

separated into the first 10 em and the rest. Leaf areas were 

measured on a leaf area meter (Delta-T Devices, Cambridge, 

U. K.), and all plant parts were then oven dried for a week, and 

dry weights recorded. 

2.4 The Lab.-based IRGA 

Compressed air was fed into a mixing chamber via a mass flow 

controller (FC261 Tylan Corp., Torrance, USA), through 3 

humidity equilibration flasks, and then into a water bath (Fl8 

Julabo Seelbach, Germany) where the air could be cooled or 

warmed to control the LAVPD of the air. The air was then fed 

separately via mOass flow controllers (FC361, FC280 Tylan Corp., 

Torrance, USA) into the leaf chambers. The mass flow controllers 

were connected to a Tylan R0-28 unit and a mass flow controller 

by which air flow through the chambers could be adjusted. 

The leaf chambers had hollow bases through which water from 

a water bath (Haake G, Karlsrume, Germany) was pumped to control 

the temperature inside the chambers. Each chamber was also 

fitted with 2 small fans to aid in air circulation and cooling. 

Leaf temperature was measured using a thermocouple mounted on 

fine wires suspended across the chamber, allowing the 

thermocouple to moved within the chamber according to the 

position of the leaf. 
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over each of the leaf chambers was suspended a 400 W metal 

halide Multi-Vapour Lamp (General Electric Co., Cleverland, 

USA). These could be moved up or down via a pulley system to 

adjust PPFD as required. PPFD was measured with a photodiode 

(BPX 65 RS Components LTD Sydney Australia) mounted inside each 

chamber adjacent to each leaf . Each chamber was mounted under 

heat reflecting glass. Light flux density was measured 

separately for each chamber via a multimeter. PPFD was 

calibrated against voltage output of each photodiode using an LI 

1000 Data Logger (LI-COR, Lincoln, USA) and LI-COR quantum 

sensor. 

Those plants which had been grown in enriched C02 were 

measured in an equivalent co2 concentration. This was achieved 

by feeding gas which was 5% C02 (balance N2) through a mass flow 

controller (FC261 Tylan Corp., Torrance, USA) into the air 

mixing chamber upstream from the leaf chambers. 

Air-lines from the leaf chambers were passed separately 

through a cooled mirror dew point hygrometer (Bingham BI-5ED), 

then through an ice bucket to reduce the dew point prior to the 

IRGA . The C02 differential between the reference and the 

analytical lines (those that had passed through the leaf 

chambers) was measured using an ADC 225 MK3 (The Analytical 

Development Co. LTD, Hoddesdon, England). Reference air venting 

from the ADC was then passed through an Infrared Analyser (Fuji 

Electric Japan) in order to measure the absolute C02 

concentration passing into the leaf chambers. 

Measurements from this analysis were entered into a Quattro 

Pro spreadsheet (IRGAPROG.WK1) especially designed to generate 
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the required data. 

2.5 Experiment Two. The Photosynthesis and Growth Experiment. 

2.5.1 Plant Material and Soil 

In June 1993 seeds of Eucalyptus tetrodonta were bought from Top 

End Seeds and planted in a mixture of 60% poor quality top soil, 

consisting of laterite scrapings from borrow pits of the N. T., 

and 40% coarse river sand. Soil of such poor quality was used 

because it contained very low concentrations of nitrogen and 

phosphorus, controlled supply of these two nutrients was part of 

the experimental treatment. The seeds were placed in germination 

trays in the tents in which they were to grow. 

The growth tubes used in this experiment were 90 mm PVC 

storm water pipes cut into 1.5 m lengths, giving the tubes a 

volume of 9.5 L. Two lengthwise cuts down 95 % of the length of 

the tube were made to aid drainage and to provide aeration. 

Three rings of ducting tape were then placed around each tube, 

near the top, centre and bottom, to prevent soil loss. Forty 

eight tubes were placed in racks inside each C02 fumigation tent , 

and filled with the soil mix. Before any plants were placed in 

the tubes, and before any nutrients were applied, 2 soil samples 

were taken from each tent and later analyzed for nitrogen, 

phosphorus, aluminium and iron. The pH of the soil was also 

measured using a simple water extraction method. 

2.5.2 Nutrient Treatments 

When the seedlings had developed their first set of true leaves 

they were transplanted into the tubes. Nutrient treatments were 
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randoaly assigned to planta. Nitrogen vas appl ied at 8 aM and 

phosphorus at 4 aM, the nitrogen at a h igher concentrat ion 

because it is more limiting to plant grovt..h. In each of t..he 

tents the following nutrient treatments vere used: 

Treatment 1 - +M+P 12 plants 

Treatment 2 - +M-P 11 plants 

Treatment 3 - -M+P 11 plants 

Treatment 4 - -N-P 12 plants 

Nutrients were mixed in SL of water (3 . 4 g NaN03/5 L and /or 2.8 

g NaH2P03 • 2H20/SL) and applied once every 4 days in 100 •l o! 

solution, with those plants assigned to treatment 4 receiving 

100 ml tap water. Plants were watered daily wi th tap water . 

2 . 5 . 3 Assimilation, Stomatal Conductance and Water Po tential . 

In mid November 1993, when the plants were 20 weeks old, 

assimilation rate, transpiration rate, LAVPO and g
1 

were measured 

using a portable infra-red gas analysis system (Li-Cor 6200; Li 

Cor, Nevada, USA). When the PPFO was above 80 0 ~Jmol m·2 s · ' one 

leaf of the third pair from the top was measured on a 11 

measurable plants which had leaves l arge enough to be used in 

the leaf chamber. One leaf of the third pair fr om the top were 

used, these were chosen because they were fully expanded but no t 

yet old. All tents were measured after 09.00 hrs and after 14. 00 

hrs. Plants were watered at 08.00 hrs and again at 12.00 hrs to 

eliminate any potential for an effect of decl i n ing leaf water 

status. The water potential of 4 randoaly selec ted plants !ro• 

each treatment in each tent was measured between 10 . 00 a nd 12. 00 

hrs, and between 14 . 00 and 16.00 hrs using a pressure c haaber 
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(Soilmoisture, Equipment Corp., Santa Barbara, CA, USA). 

2 . 5.4 Fluorescence Measurements. 

In mid December 1993, when the plants were 24 weeks old, leaf 

fluoresence was measured using a Plant Effeciency Analyser 

(Hansatech Instruments Ltd, Norfolk, England). This was done at 

night, starting 1.5 hours after sunset, in order to ensure that 

the plants were fully dark adapted. Two readings were taken from 

1 leaf on each plant. Readings being taken from opposite sides 

of the midvein. The leaves chosen for fluoresence were in the 

same, or in a similar position to those used for the measurement 

of assimilation and g
5

• 

2.5.5 Soluble Protein and Chlorophyll. 

Two leaf discs were removed from the same leaf of 5 randomly 

chosen plants from each nutrient treatment, in each tent, i n 

late December 1993. One leaf disc was freeze dried for soluble 

protein analysis, the other was used fresh for chl orophyll 

analysis. Chlorophyll was extracted as previously described 

(2.3.3). Soluble protein was analysed with the Sigma 

bicinchoninic acid reagent test as described by Evans (1986). 

2.5.6 A/ Ci Analysis 

In early January 1994 the lab based IRGA (previously described) 

was used to measure assimilation as a function of declining 

internal leaf (C02]. Five plants from each nutrient treatment in 

each tent were measured,and as in the Acacia experiment, plants 

were brought into the lab the evening before use. A fourth 
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chamber had been added to the IRGA, and the air- flow rate and 

photodiode had to be calibrated . The air-flow was controlled by 

a mass flow controller (FC 280 Tylan Corp., Torrance, USA), and 

the flow rate was calibrated by timing the replacement of a 

known volume of water by air in an inverted measuring cylinder. 

The photodiode was calibrated using a LI 1000 datalogger and Li

Cor quantum sensor (Li-Cor Lincoln USA) . Sheets of neutral 

density filter were progressively added to cover the glass top 

of the chamber, and the corresponding voltage output from the 

photodiode measured with a multimeter. Calibration curves for 

both the air-flow and the photodiode, and the IRGAPROG. WK1 

calculation for air-flow are included in the appendix. 

In the A/Ci measurements, PPFD was kept at above saturating 

(>1000 ~mol m· 2 s·1), LAVPD was maintained at approximately 2 kPa, 

and leaf temperature at 30 - 32 °C. Flow rate was adjusted when 

necessary to prevent dewing-out in the base of the chambers. C02 

was bled into the system upstream of the leaf chambers from a 

bottle of compressed 5% C02 (balance nitrogen). The initial C02 

concentration was set at 900 Jlmol mol" 1
, the plants were l eft for 

approximately 1 hour to equilibrate before the first 

measurements were taken. A chart recorder was connected to the 

ADC IRGA, and used as visual guide to check that assimilation 

had reached a steady state for each C02 concentration. The C02 

concentrations used were 900, 800, ambient, 300, 250, 200, 150, 

100 and 50 ~mol mol" 1 • To get the C02 level below ambient the main 

air line from the compressor was diverted through a tube of 

Drager-Sorb 800 to remove all co2 • The required C02 concentration 

was achieved by then bleeding co2 into the mixing chamber at the 
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appropriate rate. 

2.5.7 Growth and Nutrient Analysis. 

All plants were randomly harvested and separated into leaves, 

stem, roots at a depth of less than 40 em, and the remaining 

roots. Leaf areas were measured on a leaf area meter (Delta-T 

Devices, Cambridge, England), all plant parts were then dried 

for one week in a forced air drying oven, and dry weights 

recorded. 

One medium-aged leaf of five randomly selected plants from 

each nutrient treatment and tent was ground and used for foliar 

nutrient analysis. Nitrogen concentration was measured using the 

Kjeldahl technique, and phosphorus, potassium, magnesium, 

manganese and calcium were tested for using inductivley coupled 

plasma-atomic emission spectroscopy (ICP-AES), as measured 

against citrus leaf standard 1572. Soil samples taken from the 

pots at the beginning of the project were tested for nitrogen 

using the Kjeldahl technique, and phosphorus, iron and aluminium 

using ICP-AES, as measured against Buffalo River Sediment 2704 

soil standard. 

2.6 Statistical Analysis 

All data were analysed using a two-factor nested analysis of 

variance, with means being considered different at a 

significance level of 5%. The treatments for the drought 

experiment were co2 (ambient and enriched), and drought (controls 

and droughted). The treatments for the growth and photosynthesis 

experiment were co2 (ambient and enriched), and nutrient (+N+P, 
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+N-P, -N+P and -N-P). Tents were nested within C02 treatments (2 

per level). Numbers of replicates are given for each data set in 

the results section. Means were tested using Tukeys pairwise 

comparison when ANOVA indicated that there were significant 

treatment effects. The slopes of regression when Ci < 200 ~mol 

mol"1 were compared between treatments using analysis of 

covariance 
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CHAPTER THREE 

RESULTS 

3.1 Micro-climate data 

Sensor calibration demonstrate that there was no 

significant difference between the three sensors (Figures 

3 . 5, 3 • 6 and 3 . 7) . The sensor used in tents 3 and 8 

consistently measured VPD approximately 0. 5 kPa higher than 

the other two sensors. 

Figure 3.1 shows that tents 6, 7 and 8 tracked the 

outside temperature closely, but tent 3 was cooler. The 

mean day-time temperatures (Table 3.1) of tents 6, 7 and 

8, at 31 - 33 °C were significantly higher than the mean 

for tent 3 at 26.6 °C (P = 0.000). The internal temperature 

of the tents rose more quickly in the morning than the 

external temperature until approximately 11.00 hrs, when 

the air conditioners kept internal temperatures of tents 

6, 7 and 8 within a few degrees of external. Daily VPD was 

significantly lower and more even over the day for tent 3 

than for the other tents or for the air outside (Figure 

3.2). VPD of tents 6, 7 and 8 closely tracked that of the 

outside air for the early part of the day, from 08.00 -

11.00 hrs, after which the outside air was slightly drier. 

VPD was highest during the early part of the afternoon. In 

contrast, the VPD of the air in tent 3 was slightly higher 

in the early morning and late afternoon than during the 
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main part of the day . 

PPFD over time of day, (Figure 3.3), was not 

significantly different between the three tents shown. The 

shoulders and dips apparent in the data are caus ed by tent 

frame shadows. A second set of PPFD data was collected in 

October for tent 8 (Figure 3.4), in order to correct an 

error in the original data set. The scatter of points 

before 14.00 hrs was caused by intermittent cloud cover. 

Both Figures 3 . 3 and 3.4 show that the internal PPFD was 

about 65 - 70% of ambient. 

3.2 Soil Analysis 

Soil pH was 5.8. Soil nitrogen concentration was too low 

to be detected with the Kjeldahl method of analysis. The 

concentration of available phosphorus was also very low (K. 

Thiagalingham pers . comm.). There were no significant 

differences between tents in concentrations of phosphorus, 

iron or aluminium (Table 3 . 2). Uptake of phosphorus would 

not have been severely affected by the presence of 

aluminium or iron at a pH of 5 . 8. 

3.3 Experiment One: The drought experiment 

3.3.1 Water potential 

The phyllode water potential, measured before plants were 

re-watered after drought imposition, was significantly 

lower in those plants which had been droughted, c ompared 

with the controls (Table 3.3), within eac h co2 treatment (P 

= 0 . 000). Water potential measured in either enriched or 
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ambient C02 were not significantly different for each water 

treatment, though there was a trend toward lower water 

potentials for those plants grown in enriched C02 • 

3.3.2 A/ LAVPD 

There was a trend for higher A at LAVPD 1.5 kPa for those 

plants which had not been droughted within both C02 

treatments (Table 3.4), but the difference was not 

significant. Plants grown in ambient C02 had higher 

assimilation rates at 1.5 kPa than plants grown in enriched 

co2 at equivalent water treatments. There was no pattern to 

suggest that there was any relationship between growth in 

enriched C02 and response of A to increasing LAVPD, due to 

the large standard errors of the slopes of A/LAVPD • 

A t-test of the assimilation rate of this group of 

plants taken in situ during their growth period, before 

droughting was induced (Berryman et al. in prep.) 

demonstrates that the mean assimilation rate of plants 

grown in enriched C02 was significantly higher than those 

grown in ambient C02 (P = 0.000). 

3.3.3 Plant dry weight 

Leaf weight and leaf area of the controls grown in enriched 

co
2 

were significantly higher than for droughted plants 

grown in ambient co2 (Table 3.5). ANOVA indicated that C02 

significantly increased leaf weight, stem weight and root 

(>10 em) weight, though the Tukeys pairwise comparison did 

not pick this up. Root:shoot ratio were highest for 
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droughted ambient co2-grown plants, and lowest for control 

ambient C02-grown plants . There was no evidence of a trend 

in specific leaf area between treatments. There was no 

significant tent effect for any of these parameters. 

3.4 Experiment Two, Photosynthesis and growth: Eucalyptus 

tetrodonta 

3.4.1 Chlorophyll Fluorescence 

The chlorophyll fluorescence data gives little indication 

of any particular trend caused by either C02 or nutrient 

treatment (Table 3.6). However, ANOVA indicated that 

fluorescence is significantly increased by nitrogen (P = 

0. 000) and phosphorus (P = 0. 034), compared with the 

control, and that was a significant interaction between 

nitrogen and phosphorus (P = 0.031). There was no 

significant tent effect. In the ambient co2-grown plants, 

those treated with nitrogen only had a significantly higher 

Fv/Fm than those given only phosphorus, and within the 

enriched C02 group, those plants given no nutrients had a 

significantly lower Fv/Fm than nutrient treatments 2 in 

both ambient and enriched C02 • 

3 . 4.2 Water potential 

Water potential was significantly increased by C02 (P = 

0.021), (Table 3.7), though Tukeys pairwise comparison did 

not pick this up. co2 enrichment increased water potential 

when data for all 4 treatments over 2 times of day are 

combined. Otherwise, there was no effect of time or 
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nutrient treatment alone on leaf water potential. 

3.4.3 Assimilation rate, stomatal conductance and c .:c 
! ! 

Assimilation 

C02 and time of day significantly increased assimilation 

(P = 0.011 and P = 0.010) . Plants in enriched C02 had a 

significantly higher assimilation rate in the afternoon (P 

= 0.000). The data for the morning are presented in Table 

3. 8 and the data for the afternoon are in Table 3. 9. 

Nitrogen significantly increased assimilation (P = 0.000}, 

particularly in enriched co2 (P = 0.002). Significant 

interactions between phosphorus and C02 (P = 0.000), and 

phosphorus and time of day (P = 0.012) increased 

assimilation. There was a significant tent effect in both 

the morning (P = 0.000) and the afternoon (P = 0.000). 

Plants from nutrient treatments 1 and 2 in enriched C02 had 

a higher A in the afternoon than in the morning. There was 

also a significantly higher A in nutrient treatments 1 and 

2 in the enriched C02 group than in all other treatments in 

the afternoon. 

Stomatal conductance 

Stomatal conductance was significantly lower in enriched 

co2 in the morning (P = o. 000) than g
8 

of plants in am.bient 

C0
2

, and, in enriched C02 , significantly higher in the 

afternoon than in the morning (P = 0.000). When all 

nutrient treatments within a co2 treatment are combined, 

the mean g
8 

in both the morning and afternoon in ambient 
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C02 is higher than the mean g
5 

in enriched C02 • In ambient 

C02 9 5 was significantly lower in those plants fertilized 

with nitrogen {P = 0.000). There was a significant tent 

effect in the morning (P = 0.000), and the afternoon (P = 

0.000). There was no change over time of day in the g
5 

of 

plants grown in ambient C02 • Nutrient treatments 2, 3 and 

4 within ambient C02 had significantly higher g
5 

than all 

other plants in the morning, and these 2 groups still had 

relatively high g
5 

in the afternoon. 

Ci:C! 

Ci :C
8 

was not significantly affected by C02 , but was 

significantly higher in the afternoon (P = 0.000), and was 

significantly lower for plants fertilized with nitrogen in 

ambient C02 {P= =0. 000). There was a significant tent 

effect in both the morning and afternoon {P = 0.000). 

In ambient C02 the pattern remained the same between 

morning and afternoon, with those plants with nitrogen 

having higher ci:C
8 

than those without nitrogen. In 

enriched, co2 Ci:C8 increased in the afternoon, and in both 

the morning and afternoon those plants fertilized with 

neither nitrogen or phosphorus had a lower c i :C
8 

than the 

other nutrient groups. 
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riq. 3.1 Temperature data recorded by the LllOOO 

datalogger from 08.00 - 18.00 hrs aa part of 

the microclimate analyaia. • • Tent 3; • • 

Tent 6; o • Tent 7; v • Tent 8, 0 • external 

temperature. 

riq. 3.2 VPD data calculated froa teaperature and RH 

data recorded with the LllOOO dataloqqer troa 

08.00 - 18.00 hrs as part of the aicro-cliaate 

analysis. Refer to Fig 3.1 for sy.bol 

meanings. 
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Piq. 3.3 PPFD (Photosynthetic Photon Flux Density) 

recorded from 08.00 - 18.00 hra by the LI1000 

datalogger as part ot the •icro-cliaate 

analysis . Symbol meanings are the aa•e aa tor 

Fig.3.1. 

Piq. 3.4 The second set of PPFD readings taken in Tent 

8 with the LI1000 dataloqger in August 1993. 

v represents the inside or the tent, 0 the 

external environment. 
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~able J.l Teaperature, VPD and PPrD, recorded with the LI 1000 from 08 . 30- 18.00 hrs, tor 

analysis of the aico-cliaate inside the C02 fumigation tents. Data tor Tents 7 

and 8 were collected on the 14th of August, data for Tents 3 and 6 were 

collected on the 17th Auqust 1993. Note that the PPFD for Tent 8 is 

significantly higher than for the other 3 tents due to aeasureaent error (Refer 

Fig. 4). Data are aeans t S.E. 



Treatment Ambient C02 (350 f..!mo l mol.1) Enriched C02 (700 f..!mol mol.1
) Ambient 

Tent 3 8 6 7 Outside 

Temperature (0 C) 26.6. ± 0.37 31.8b ± 0 .29 32.5b ± 0.32 33.4b ± 0.45 31.8b ± 0.32 

VPD (kPa) 1.39" ± 0.041 2.51b ± 0.134 3.02b ± 0.120 3 .13b ± 0.185 3.47b ± 0.201 

PPFD (f..lmol m·2 s·1
) 814" ± 45.0 1313*b ± 78.6 8238 ± 46.3 781" ± 46.7 1180b ± 73 

*: wrong multiplier setting refer Fig. 4 . 
Means followed by different letters are significantly different 



~able J.2 Concentrations of selected •ineral ele•ents in the potting soil used to grow 

Eucalyptus tetrodo nta. Tvo sa•ples vere taken fro• each tent. Data are aeans 

t S. E. 



Treatment Ambient C02 (350 J.!mol mo1"1
) Enriched C02 (700 J..tmol moJ-1) 

Tent 3 8 6 7 

Phosphorus (mg Kg-1
) 131" ± 4.3 116a ± 4.5 124" ± 8.1 116" ± 3.0 

Aluminium (mg Kg"1) 35658" ± 1395 31 ooo· ± 2765 32630" ± 1702 31516" ± 1980 

Iron (mg Kg-1
) 16308" ± 280 16479" ± 471 I 4 3 17" ± 1411 15683" ± I 12 

Means followed by different lett.ers are signjficantly different 



J'iq. 3. 5 Data of temperature over t iae of day fr011 

the calibration of the 3 sensors used in the 

micro-climate analysis. e • tube 1, used in 

tent 6 and for external recorda; 0 • tube 

2, used in tent 7 and for externa 1 

measurements; and 

tents 3 and 8. 

• • tube 3, used for 

l'iq . 3 . 6 Data of VPD over time of day for the aicro

climate sensor calibration. Refer to Fig. 

3 .5 for symbol meanings. 
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riq. 3.7 PPFD data over tiae or day rroa the 

calibration or the sensors used in the 

micro-climate analysis. Syabol aeaninqs are 

the same as in Fig. 3.5. 
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~1• 3.3 Water potential of aabient or enriched co2-qrown Acacia aulacocarpa after beinq 

drouqhted for one week. n • 4. Data are aeana t S.E. 



Ambient C02 (350 J.Lmol mot·•) 

Treatment Control Droughted 

if,., (MPa) ..().620b ± 0.119 -2.613• ± 0.522 

Means foUowcd by different !etten a.re significantly different 

Control 

..().911b ± 0.188 

Drougbted 

-4.250" ± 0. 705 
0 
V) 



~able 3.• Assiailation rate at 1.5 kPa, and the slope or assiailation as a function ot 

increasing leaf-to-air vapour pressure deficit, ot Acacia aulacocarpa grown in 

aabient or enriched C02 (n- 6). Plants had been droughted tor one week, then 

re-watered tor 4 days. Data are aeans t S.E . 



C02 Treatment Tent A (J.tmol m·2 s·') at 1.5 kPa Slope (A I LAVPD) 

C02 ambient control 3 31. 77" ± 2.59 - 7. 15" ± 2.0 1 
(350 J.lmol mot· ') 

8 29.60" ± 1.83 -10.55" ± 1.29 

droughted 3 22.1 5" ± 2.55 - 5.85b ± 1.95 

8 19.95"b ± 0.97 - 6.27b ± 0.83 

C02 elevated control 6 12.7Jb ± 1.11 - 5.05b ± 0.88 
(700 , .. unol mol"1) -V) 

' .<...J . ):;t :.: __ ..,u - 9A.> ' :r ; . ) -+ 

droughted 6 11.02b ± 1.60 -3.3J C±l.66 

7 20.93"b ± 2.65 -7.181 ± 1.84 



~able 3.5 Dry weight• of Acacia aulacocarpa qrovn in aabient or enriched C02 , and 

harvested after 41 weeks or qrovth , one week of drought treataent and four days 

of re-waterinq (n • 6) . Data are ••ana t S . E. 



Treatment Ambient C02 (350 ~lmol mol-1) Enriched C02 (700 J.!mol mol-1
) 

Control Droughted Control Droughted 

Leaf weight (g) 5.341b ± 0.372 4.633 ± 0.626 7.99b ± 1.302 6.ot •b ± 0.68 1 

Stem weight (g) 1.948 ± 0.236 1.578 ± 0.210 3.06' ± 0.825 2.788 ± 0.5 11 

Root ( < I Ocm) weight (g) 1.55' ± 0.266 1.748 ± 0.203 3.031 ± 0.899 2.45' ± 0.666 

Root (> l Ocm) weight (g) 3.8o• ± o.550 4.75" ± 0.362 7 .88' ± 1. 714 5.89' ± 1.49 M 
In 

Root: shoot 0.7351 ± 0.104 1.128 ± 0.129 1.02' ± 0.1 56 0.870' ± 0.179 

0.067ab ± 0.005 0.049' ± 0.007 0.082b ± 0.010 o.o6o•b ± o.oo1 

SLA (m2/kg) 12.55. ± o.813 10.79" ± 0.691 10.60* ± 0.726 10.09" ± 0.708 

Means followed by different letters are significantly different 



~able 3.6 Chlorophyll fluorescence or leave• ot Eucalyptus tetrodonta grown in ambient or 

enriched C02 , subjected to 1 or 4 nutrient treataenta. Data are aeana ± S . E. 



C02 treatment Ambient C02 (350 ~tmol mol-1
) 

Nutrient treatment • 
(n) 

• 1: +N+P 2: +N-P 

Mean 

± SE 

3: -N+P 

I 
(18) 

0.003 

4: -N-P 
Means followed by different letters are significantly different 

2 
(18) 

0.826c 

0.003 

3 
(21) 

0.809ab 

0.002 

4 
(22) 

0.002 

Enriched C02 (700 ~mol mol- 1
) 

I 
(23) 

0.814"bc 

0.005 

2 
(22) 

0.823"0 

0.002 

3 
(22) 

0.8Jl"bc 

0.003 

4 
(23) 

0.806b 

0.005 



'fable 3. 7 Leaf water potential of ambient or enriched co2-qrown Eucalyptus tetrodonta 

leaves aeasured concurrently with asaiailation rate and stomatal conductance. 

Measureaents were taken between 10.00 - 12.00 hrs, and between 14.00 - 16.00 

hrs . 



C02 treatment Ambient C02 (350 J.Lmol mol'1) Enriched C02 (700 J.LIDOl mol-1) 

Nutrient treatment * 2 3 4 2 3 4 

amY.,. (MPa) Mean 0.95" 1.20" 1. 12" t.os· 1.0& l.Ola 1.00" 0 .8& 

± SE 0.070 0.099 0.046 0.050 0 .077 0.093 0.075 0.099 

""" V) 

pm Y.,.(MPa) Mean 1. 14" 1.23" I .00" ., '1 ~· OR7- OR~ 0 .82" o fn• 

± SE 0 .096 0 .134 0.058 1.180 0 .072 0.980 0.078 0.100 

• 1: + N+ P 2: +N-P 3: -N+P 4: -N-P 
Me&JU follo wed by different leuen are aignificantly di fferent 



'rele 3.1 Analysis ot assi•ilation, sto•atal conductance and C1 :c. ot Eucalyptus tetrodonta 

grovn in aabient or enriched C02 with 4 different nutrient regiaes. Data were 

collected, in situ, between 09.00 - 12.00 hrs. 



C02 treatment 

Nutrient treatment * 
(n) 

A (Jlmol m·2 s·') Mean 

± SE 

& (mmol m·2 s·') Mean 

± SE 

cj: c. Mean 

± SE 

• : 1: +N+P 2: +N-P 3: -N+P 

Ambient C02 (350 Jlmol mot· ') 

1 
(63) 

0.383 

0.45 1 c 

0.038 

0.752c 

0.015 

2 
(63) 

16.40' 

0.421 

0.647b 

0.046 

0.794bc 

0.011 

4: -N-P 

3 
(63) 

13.99"b 

0.601 

0.81 2ab 

0.049 

0.852b 

0.009 

4 
(57) 

15.30' 

0.470 

0.765'b 

0.038 

0.849b 

0.007 

Means followed by different letters are significantly different 

Enriched C02 (700 Jlmol mot·') 

I 
(75) 

15.54' 

0.660 

0.349cd 

0.035 

0. 765ac 

0.014 

2 
(66) 

15.82' 

1.057 

0.389cd 

0.046 

0.767ac 

0.015 

3 
(66) 

1.024 

0.342cd 

0.039 

0.812'b 

0.0 13 

4 
(63) 

0.666 

0.266d 

0.035 

0. 749c 

0.020 

V) 
V) 



~able l.t Analysis ot assiailation, atoaatal conductance and C1:c. of Eucalyptus tetrodonta 

grown in aabient or enriched 002 • Data were collected, in situ, between 14 . 00 -

16 . 00 hrs. 



C02 treatment Ambient C02 (350 IJmOI mol' 1
) 

Nutrient treatment • 
(n) 

g, (mmo1 m·2 s·1) 

C; : C, 

• 1: +N+P 2: +N-P 

± SE 

Mean 

± SE 

Mean 

± SE 

3: -N+P 

I 
(45) 

14.59' 

0.591 

0.509ed 

0.052 

0.766c 

0.013 

4: -N-P 
Means followed by different letters are significantly different 

2 
(42) 

12.69' 

0.695 

0.449d 

0.042 

o.n8· 
0.01 5 

3 
(5 1) 

14.20' 

0.536 

0.746'b 

0.053 

0.837"b 

0.012 

4 
(54) 

13.75" 

0.650 

0.793' 

0.054 

0.861 b 

0.006 

Enriched C02 (700 IJmol mol.1
) 

I 
(72) 

0.433 

0.536bcd 

0.037 

0.837"b 

0.009 

2 
(54) 

0.944 

o.n t•• 

0.067 

0.843'b 

0.012 

3 
(66) 

14.98' 

0.7 17 

0.643 acd 

0.047 

0.864b 

0.011 

4 
(54) 

13.50' 

0.691 

0.503cd 

0.062 

0.797'c 

0.018 

\0 
V1 



3.5 A/Cl 

Slopes of assimilation 

carboxylation efficiency, 

(Fig. 3.8 3.15, Table 

versus C;, which yields 

(A/C; where C; <200 ~mol mor1
) 

3.10), were compared within 

nutrient treatments but between co2 treatments. This 

established that the slopes of nutrient treatment 2 (+N-P) 

were significantly lower for plants grown in enriched C02 

(P = 0.005), as were the slopes of nutrient treatment 3 (

N+P) (P = 0. 027). When carboxylation efficiency slopes were 

compared between nutrient treatments 1 and 4 within co2 

treatments they were found to be significantly lower for 

nutrient treatment 4 (P = 0.040 within ambient co2 , and P 

= 0.004 within enriched C02), Plants grown in ambient C02 

achieved higher assimilation rates than plants grown in 

enriched co2 in all nutrient treatments. 

In all cases assimilation declined when ci increased 

above approximately 250 ~mol mol-1 • The percentage decline 

from the highest assimilation rate to the assimilation rate 

measured when C02 was not limiting, appears in Table 3.9, 

and was generally less in ambient co2, except for nutrient 

treatment 4. Foliar phosphorus concentrations are included 

in order to investigate the possible link between the 

decline in A at high C; and phosphate limitation. 

As C; declined from the highest initial values of 700 

and approximately 600 ~mol mol"1 to the lower values, g
5 

increased significantly, from approximately 200 to 

approximately 350 mmol m·2 s·1 (Figure 3. 17) • Associated 

with this significant increase in g s' assimilation 
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increased significantly from approximately 14 !-'mol m·2 s · 1 

to approximately 31 !-'mol m·2 s · 1 (Figure 3 .16). Thereafter, 

as ci was experimentally reduced from 2 00 down to 

approximately 60 !-'mol mol-1 , g
8 

conti nued to increase 

significantly from approximately 500 mmol m· 2 s · 1 (Figure 

3.17). However, asCi declined over this range (200- 60 

#mol mol-1) assimilation declined substantially, from 31 to 

approximately 8 /-'mol m·2 s· 1 • Over this range, assimilation 

was independent of g
5 

(Figures 3.16). 

This pattern was observed for all other pairs of data 

(Figures 3.18 - 3 . 31). 
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Table 10 Slopes of regression for C1 < 200 ,.,.mol mol (carboxilation efficiency) for 

Eucalyptus tetrodonta grown in ambient or enriched C02 , in one of 4 nutrient 

treatments. n• lO . 



C02 treatment 

Nutrient treatment • 

• : 1: +N+P 

Slope 

± SE 

r 

2: +N-P 3: -N+P 

Ambient C02 (350 Jlrnol mol"1) 

0.163" 

0.029 

0.54 

2 

0.195" 

0.032 

0.54 

4: -N-P 

3 

0.021 

0.45 

4 

0.095b 

0.014 

0.65 

Means folrowed by d ifferent letters are significantly different 

Enriched C02 (700 Jlmol mol"1) 

0. 1608 

0.0 16 

0 .81 

2 

0.03 

0.31 

3 

0.024 

0.1 5 

4 

0.022 

0.35 



Fiq. 3.8 Graph of assimilation measured aa a function 

of declining cl' of Eucalyptus tetrodo nta 

grown in ambient C02 and given nitrogen and 

phosphorus as fertilizer. Bars represent 

standard error of the mean, n • 5. Slope of 

regression for c1 < 200 ~aol aol 

(carboxylation efficiency) • 0.163 t 0.029 , 

r =0.539, p m 0.000. 
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Fiq. 3.9 Graph of assimilat i on measured as a function 

of declining C1 ot Euc alptus tetrodonta qrovn 

in ambient co2 and fertilized wi th nitrogen 

only . Bars represent standard error ot the 

mean , n a 5 . Slope ot regression tor c 1 < 200 

~mol mol (c arboxylation efficiency) • 0.195 

± 0.032, r = 0.52, P • 0.000. 
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Pig. 3.10 Graph of assimilation aeasured as a function 

of declining C1 of Eucalyptus tetrodonta , 

grown in ambient C02 and fertilized with 

phosphorus only. Bars represent standard 

error of the mean, n • 5. Slope ot 

regression for C1 < 200 ~aol aol 

(c arboxylation efficiency) - 0.104 t 0.021, 

p = 0.000. 
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Piq. 3.11 Graph of assimilation measured as a func tion 

of dec lining c , for Euc alyptus tetrodo nta, 

grown in ambient C02 and given no n i trogen or 

phospho rus. Bars represent standard error ot 

the mean , n • 5 . Slope of regression tor c , 

< 200 ~mol mol (c arboxylation effic iency) • 

0. 095 ± 0 . 014, r • 0 . 646. P • o.ooo . 
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Piq. 3.12 Graph of assimilation as a !unc tion ot 

declining C1 of Eucalyptus tetrodonta, qrovn 

in enriched co2 (700 ~aol aol "1
) and 

fertilized with both nitrogen and 

phosphorus. Bars represent standard error o! 

the mean , n • 5. Slope or regression tor C1 

< 200 ~mol mol (carboxylation e!!iciency) • 

0 .160 ± 0 . 016, r • 0.812, P • o.ooo. 
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Pig. 3.13 Graph of assimilation measured as a function 

of declining C1 in Eucalyptus tetrodo nta, 

grown in enriched C02 and fertilized with 

nitrogen only. Bars represent standard error 

of the mean, n • 5 . Slope ot regression tor 

Ci < 200 ~mol mol (carboxylation efficiency) 

= 0.102 ± 0.03, r • 0.31, P • 0.001. 
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Piq. 3.14 Graph of assimilation as a function of 

declining C1 of Eucalyptus tetrodo nta qrovn 

in enriched C02 and fertilized vith 

phosphorus only. Bars are standard errors of 

the mean, n • 5. Slope of regression for C1 

< 200 ~mol mol (carboxylation efficiency) • 

0.049 ± 0.024, r • 0 . 153 , P • 0.001. 
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Pig. 3.15 Graph of assimilation as a funct i on of 

declining C1 of Eucalyptus tetrodonta, grown 

in enriched C02 and not fertil i zed wi th 

either nitrogen or phosphorus . Bars are 

standard errors of the aean, n • 5 . Slope of 

regress i on for C1 < 200 ~•ol aol 

(carboxylation efficienc y) • 0.079 t 0 . 022, 

r = 0 . 355, P • 0.001. 
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~able J.ll The percentage decline of aaaiailation froa the hiqheat rate aeasured to 

A.u· and the toliar concentration ot phosphorus , or EUcalyptus tetrodonta 

qrovn in aabient or enriched C02 • 



CO, treatment 

Nutrient treatment • 
(n) 

% decline in A 

p (mg/kg) Mean 

± SE 

• · 1: +N+P 2: +N-P 3: -N+P 

Ambient CO, (350 ~mol mol"1
) 

I 
(63) 

52.41 

900 

105 

2 
(63) 

48.38 

4: -N-P 

835 

1 I 5 

3 
(63) 

49.03 

2141 

228 

4 
(57) 

63.40 

464 

52 

Enriched C02 (700 ~mo l mol ' ) 

1 
(75) 

6 I. I 1 

658 

55 

2 
(66) 

59.22 

626 

179 

3 
(66) 

65.02 

2738 

370 

4 
(63) 

66.15 

894 

226 



Pig. 3.16 The response ot assimilation to stoaatal 

conductance, ot Eucalyptus tetrodonta, qrovn 

in ambient C02 and tertilized with nitroqen 

and phosphorus . Bars are standard error• ot 

the mean, n • 5. 

Pig. 3.17 The response ot stomatal conductance ot 

Euc al y ptus tetrodonta, qrown in aabient C0
2 

and fertilized with both nitroqen and 

phosphosrus, to chanqes in C1• Bars represent 

standard errors of the mean, n • 5 . 
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Pig. 3.18 The response or assimilation or Eucalyptus 

tetrodonta grown in alllbient C02 , and 

fertilized with nitrogen only, to chanqes in 

stomatal conductance. Bars represent 

standard errors or the mean, n • 5 . 

Pig. 3.19 The response of stomatal conductance ot 

Eucalyptus tetrodonta grown in aabient C0
2

, 

and fertilized with nitrogen only, to 

changes in C1• Bars represent standard errors 

of the mean, n • 5. 
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Fig. 3.20 The response ot assiailation ot Euca l yptu• 

tetrodonta grown in aabient C02 and 

fertilized with phosphorus only, to changes 

in stomatal conductanc e . Bars represent 

standard errors ot the mean, n • 5 . 

Fig. 3.21 The response of stomatal conductance ot 

Euc alyptus tetrodonta, grown in aab i ent C02 

and fertilized with phosphorus only, to 

changes in C1 • Bars represent standard errors 

of the mean, n • 5. 
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J'iq. 3.22 The response ot asai•ilation ot 8ucalyptu• 

tetrodonta, qrown in all.bient coz and 

fertilized with ne i ther nitrogen or 

phosphorus, to chanqea in atoaatal 

conductance. Bars represent atandard error• 

of the mean, n • 5. 

J'iq. 3.23 The response of stomatal conductance ot 

Euc alyptus tetrodonta, qrown in aabient C02 

and fertilized with neither nitrogen or 

phosphorus, to chanqes in c1 • Bars represent 

standard errors of the mean, n • 5. 
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Piq . 3.24 The response ot assi•ilation ot !Ucalyptu• 

tetrodonta, grown in enriched C02 (700 ~aol 

mol . 1 ) and fertilized with both nitroqen and 

phosphorus, to changes in stoaatal 

conduc tance. Bars represent standard errors 

of the mean, n • 5. 

Piq. 3.25 The response ot stomatal conductance ot 

Eucalyptus tetrodonta, grown in enriched C02 

(700 JJmol mol "1
) and tertilized with both 

nitrogen and phosphorus, to changes in c 1 • 

Bars represent standard errors ot the aean, 

n = 5 . 

.., 
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Pig. 3.26 The response of assiailation of Eucalyptu• 

tetrodonta, grown in enriched C02 (700 ~aol 

mol "1 ) and fertilized with nitrogen only, to 

changes in stomatal conductance. Bars 

represent standard errors of the aean, n • 

5. 

Pig. 3.27 The response of the stomatal conductance of 

Eucalyptus tetrodonta, grown in enriched C02 

(700 ~mol mol -1
) and fertilized with nitrogen 

only, to changes in c1 • Bars represent 

standars errors of the mean, n • 5. 
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Pig 3.28 The response ot assiailation or Eucalyptus 

tetrodonta, grown in enriched col (700 ~aol 

mol .1 ) and fertilized with phosphorus only, 

to changes in stomata 1 conductance . Bars 

represent standard errors ot the aean, n • 

5 . 

Piq. 3.29 The response of stomatal conductance ot 

Eucalyptus tetrodonta, grown in enriched col 

(700 '-'mol mol .1
) and fertilized with 

phosphorus only, to changes in C1 • Bars 

represent standard errors, n - 5. 
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Piq. 3.30 The response ot assimilation ot Eucalyptu• 

tetrodonta, grown in enr i ched col (700 ~·ol 

mol "1
) and tertilized with neither nitroqen 

or phosphorus, to changes in stoaata l 

conductance. Bars represent standard errors 

of the mean n • 5. 

Piq. 3.31 The response ot stomatal conductance ot 

Eucalyptus tetrodonta, grown in enr i ched co2 

(700 1-'mol mol" 1
) and tertil i zed with neither 

nitrogen or phosphorus, to changes in C
1

• 

Bars represent standard errors ot the aean, 

n= 5. 
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3.6 Chlorophyll and Foliar Nutrients 

3.6.1 Chlorophyll 

ANOVA established that the concentration of chlorophyll a 

was significantly higher in plants grown in enriched C02 (P 

= o. 001) (Table 3 .11). Nitrogen fertilization significantly 

increased the concentration of chlorophyll a (P = 0 . 000). 

Growth in enriched C02 significantly increased the 

concentration of chlorophyll b (P = 0. 000) , and Chlorophyll 

b concentrations were significantly higher in plants 

fertilized with either nitrogen and phosphorus (P = 0.030), 

or nitrogen alone (P = 0.000). 

The chlorophyll a:b ratio was not significantly 

different between treatments, but was generally lower in 

enriched C02 plants, due mainly to the relative increase in 

the concentration of chlorophyll b. 

Total chlorophyll was significantly higher in plants 

in plants grown in enriched C02 (P = 0.000), and 

significantly increased (especially in enriched C02), in 

those plants which had been fertilized with nitrogen (P = 

0.000) . 

3.6.2 Foliar Nutrients 

There were no significant differences in the concentration 

of soluble protein between any of the nutrient or C02 

treatments (Table 3 .12). There was no significant tent 

effect. 

Foliar nitrogen concentration was significantly 

higher {P = 0.003) for plants grown in ambient C02 

according to ANOVA, but Tukeys pairwise comparison did not 
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detect this. Foliar nitrogen concentrati ons were positively 

affected by nitrogen fertilization (P = O.OOS).There was 

no significant tent effect. Foliar nitrogen was 

significantly lower in plants from nutrient treatment 4 

compared with treatment 3 within ambient C02 , there were no 

significant differences within enric hed co2 • 

Foliar phosphorus concentrations were significa ntly 

higher for nutrient treatments 3 within both C02 treatments 

(P = 0.000). Growth in enriched C02 combi ned with nitrogen 

fertilization had a non-significant negative effect of 

foliar phosphorus concentrations. 

Potassium and magnesium concentrations were not 

significantly affected by growth in enriched C02 , but 

tended to be higher in plants from nutrient treatments 3 

and 4 within both co2 treatments. The concentration of 

manganese was significantly higher in plants from nutrient 

treatment 1 in enriched co2 • There is little apparent 

pattern in the concentration of calcium between nutrient 

and C02 treatments. There was no significant tent effect on 

any of the foliar nutrients. 

78 



Yable 3.12 Fo1 iar ch 1orophy 11 concentration a ot Eucal yptu• tetrodonta grown in aabient 

or enriched ( 700 "ao1 ao1 · ') COz. 



C02 treatment Ambient C02 (350 1-1mol mol-1) Enriched C02 (700 j.1mol mol- 1
) 

Nutrient treatment • 2 3 4 2 3 4 

Chlorophyll a (mg/m2
) Mean 2970ab 2760"b 2 140b 2610b 3580" 3690" 2440b 2860"b 

(n= 10) ± SE 170 200 200 180 170 290 190 290 

Chlorophyll b (mg/m2
) Mean 13 so•be 1150b 960b 111 ob 1700" 16601 1240be 1440"e 0\ 

t-

(n= IO) ± SE 70 70 80 80 90 470 80 110 

Ratio a:b Mean 2.21 1 2.40" 2.241 2.391 2.12" 2.251 2.01' 1.96' 
(n= lO) ± SE 0.08 0.10 0. 13 0.12 0.08 0.12 0.14 0.11 

Total Chlorophyll (mg/m2
) Mean 8320"b 7540b 5980b 7170b 1 0200' 1 o31 o· 111 ob 8300b 

(n= 10) ± SE 440 500 520 490 460 800 430 750 

• 1: +N+P 2: +N-P 3: -N+P 4: -N-P 

Means followed by different letters are significantly different 



!'able 3.13 Foliar nutrient concentration• ot Eucalyptus tetrodonta grown in ambient 

or enriched C02 • 



C02 treatment Ambient C02 (350 ~mol mol"1
) Enriched C02 (700 ~mol mol"1

) 

Nutrient treatment * 2 3 4 2 3 4 

Soluble protein (mg/ml) Mean 2570" 4130" 3290" 4210" 3200' 4400" 4520" 4340" 

± SE 340 910 530 440 500 870 670 520 
(n) (10) (9) (9) ( 10) ( I 0) ( 10) (1 0) (10) 

N (mg/g) Mean 4.75. 4.06"b 4. 18•b 2.31b 3.20'b 3.16"b 2.26b 2.53"b 

± SE 0.36 0.23 0.68 0.49 0.27 0.47 0.49 0.33 
(n) (14) (13) (21) (16) (14) (10) (15) ( 12) 

p (mglkg) Mean 900~ 835~ 2141" 464bc 658bc 627bc 2738" 894bc 

± SE 105 115 228 52 55 179 369 226 
(n) (21) (27) (22) (19) (22) (20) (26) (14) 

K (mglkg) Mean 2643'f 2211 dtf 3 140bcd 4430" 2655ce 2556cf 3796"d 3762"t 

± SE 196 100 276 430 230 234 166 53 1 0 
00 

(n) (21) (27) (22) ( 19) (22) (20) (26) (14) 

Mg (mglkg) Mean 2292' 2242c 2773"b 2785'b 2026t 2096~ 3165" 2376~ 

± SE 83 96 12 1 91 98 11 2 109 ISO 
(n) (22) (27) (22) ( 19) (22) (20) (26) ( 14) 

Mn (mg/kg) Mean 200b 166b 153b 250b 468" 247b 241b 234b 

± SE 17 13 23 25 56 49 37 32 
(n) (22) (27) (22) (19) (22) (20) (26) (14) 

Ca (mglkg) Mean 3873bt 5327" 56osac 5463"t 5463bt 7093'b 7599" 5 83 1"< 
± SE 213 347 336 404 294 955 481 1014 

(n) (22) (27) (22) (19) (22) (20) (26) (1 4) 

• 1: +N+P 2: +N-P 3: -N+P 4: -N-P 

Means followed by different letters are significantly different 



3.7 Dry Weight, Root:Shoo t Ratio, Leaf Area and Specific 

Leaf Area 

Leaf dry weight was significantly higher for plants grown 

in enriched C02 (P = o. 008), (Table 3 . 13) , there was a 

positive nitrogen effect for both C02 treatments (P = 

0.001), and a signific ant tent effec t (P = 0.000)., Stem 

dry weight was significantly affected by nitrogen (P = 

0.002), there was a significant interac tion between 

nitrogen and phosphorus (P = 0.046), and a significant tent 

effect (P = 0.001). The dry weight of the top 40 em of root 

was significantly higher for plants grown in enriched C02 

(P = 0.001), and was positively affected by nitrogen (P = 

0.000) and phosphorus (P = 0.026). The dry weight of the 

bottom 60 em of root was positively affected by co2 (P = 

0.000), nitrogen (P = 0.000), and phosphorus (P = 0 . 019). 

There were significant positive interactions between C02 

and nitrogen (P = 0.041), C02 and phosphorus (P = 0 . 020), 

and there was a significant tent effect (P =0 . 000). 

Plant dry weight was higher for plants grown in enriched 

C02 , particularly for plants from nutrient treatments 1 and 

2 (Table 3 . 13). Plants from nutrient treatment 4 within 

both C02 treatments had lower dry weights than the other 

nutrient treatments. Root weight of roots more than 40 em 

deep was higher for all treatments than weight of roots 

less than 40 em deep. ANOVA indicated that total plant dry 

weight was significant higher for enriched C02 , and was 

positively affected by (P = 0.007), nitrogen (P = 0.000), 

and that there was a significant positive interaction 
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between C02 and nitrogen. 

The highest root: shoot ratio was for plants from 

nutrient treatment 1 in enriched co2 • 

Leaf area was marginally increased by growth in 

enriched C02 (P = 0.051), and was significantly higher for 

plants fertilized with nitrogen (P = 0.001).There was a 

significant positive interaction between nitrogen and 

phosphorus (P = 0.047). 

Tukeys pairwise comparisons of specific leaf area gave 

no significant differences between any of the treatments, 

though ANOVA indicates a significant C02 effect (P = 0. 0 00) 

and a significant tent effect (P = 0.001). 

The ranges of minimum and maximum dry weights of 

Eucalyptus tetrodonta are given in Table 3. 14, as an 

indication of the variation in plant size within nutrient 

and co2 treatments. 
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Yable 3.14 Dry veiqht, root : ahoot ratio, leat area and apecitic leat area ot 

Eucalyptus tetrodonta qrovn in aabient or enriched (700 ~aol aol . 1) co2 • 



col treatment Ambient CO~ (350 JlmOI mol·') Enriched CO, (700 pmol mol·') 

Nutrient treatment • 2 3 4 2 3 4 

Leaf weight (g) Mean 17.371>( 17.47"' 11 .621>( 7.76' 23 .o8•b 25.77" 21 .07"' 9.79b< 
± SE 2.25 1.86 3.04 I. II 1.99 4.0 1 6.94 1.70 

(n) (18) (19) (20) (21) (24) (22) (22) (23) 

Stem weight (g) Mean 7 .68•b 7. 12"b 5.13•b 2.76b 9.07"b 10.82" 9 .07"b 3.34b 
± SE 1.01 0.85 1.57 0.45 0.85 1.92 3.30 0.75 

(n) ( 18) (19) (19) (23) (24) (21) (23) (23) 

Root(< 40cm) weight (g) Mean 7.69ab 7.88"b 5.07acd 3.89'd I 0.5 1" 9 .42" 6.22b<d 4.48d 
± SE 0.73 0.70 0.62 0.42 0.7 1 0.89 0.94 0.43 

(n) (17) (19) (20) (23) (23 ) (21) (23) (22) 

Root(> 40cm) weight (g) Mean 10.64b<d 12.44bt 7.94'd 6.02d 18.69' 14.3J•b 10.15bcd 6.72d 
± SE 1.22 1.25 0.95 0.79 1.72 1.61 1.24 0.85 

(n) (19) ( 19) (I 9) (22) (22) (21) (25) (22) 
~ 
00 

Total plant weight (g) Mean 43 . JOb< 44.92abc 30.06' 20.84' 60.61' 55.14"b 28.32' 22.28' 
± SE 4.52 4.10 6.00 2.49 3.99 5.76 2.83 2.49 
(n) (I 8) ( 19) ( 19) (22) (24) (20) (19) (22) 

Root: shoot Mean 73.16b< 82.62' 1 77.68bt 94.15" 90.82" 64 .92be 54.32bc 85.27" 
± SE 6.8 6.1 7 .1 3.2 4.5 5.3 2.6 2.5 

(n) (I 8) (19) (19) (21) (22) (20) (19) (22) 

Leaf area (m2
) Mean 0.116ab 0. 119'b 0.079'b 0.056b o. l38'b 0.157" 0. 139'b 0.058b 

± SE 0.0 17 0.013 0.020 0.010 0.014 0.024 0.045 0.012 
(n) ( 18) (19) (20) (21) (24) (21) (21) (23) 

SLA (m2/kg) Mean 7.10 1' 6.915' 6.769' 7.167' 6 .417' 5.755' 6.239' 5.838' 
± SE 0.499 0.135 0.377 0.41 I 0.521 0. 177 0.296 0.173 

(n) (18) (19) (20) (21) (24) (21) (21) (23) 
• 1: +N+P 2: +N-P 3: -N+P 4: -N-P 
Means followed by different letters are significantly different 



~1• 3.15 Ranqea ot total dry weight, and aean dry weight of Eucalyptus tetrodonta 

qrovn in aabient or enriched (700 "'aol aol . 1
) C02 • 



C02 treatment 

Nutrient treatment • 
(n) 

Minimum dry weight (g) 

Maximum dry weight (g) 

Dry v. eight (g) 

• 1: +N+P 2: +N-P 

Mean 

± SE 

3: -N+P 

Ambient C02 (350 ~mol mot·') 

1 
(18) 

22.30 

98.40 

~ 3 .09 

4.524 

4: -N-P 

2 
(19) 

1 1.51 

79.78 

.:t4 92 

4.096 

3 
(19) 

9.26 

127.61 

JD.Oo 

6.000 

4 
(22) 

5.67 

42.32 

_! (l _ X4 

2.489 

Enriched C02 (700 ~mol mol-') 

1 
(24) 

33.22 

100.71 

r,'; /) J 

3.993 

2 
(20) 

24.16 

114.43 

55.14 

5.764 

3 
(19) 

15.1 2 

60.75 

U .Jl. 

2.825 

4 
(21) 

4.53 

54.83 

L2.21S 

2.486 

-.::t 
00 



CHAPTER FOUR 

DISCUSSION AND CONCLUSION 

4.1 Micro-climate Data 

Tent 3 was significantly cooler than the other three tents, 

and the VPD was significantly lower and of a different 

pattern. That the temperature was lower was shown by the 

logged diurnal micro-climate data and also by the 

temperature data obtained when using the Li-Cor 6200 IRGA. 

As the environment in which this tent was situated was not 

different to the other tents in regards to shading or any 

other site factor, the explanation for the difference may 

be that the air conditioner, though the same model, and on 

the same setting, was running a few degrees cooler than 

those in the other tents. The extent to which this may have 

affected the growth of the plants is unknown, but it is 

possible that plants mat have been positively affected by 

the lower VPD, but negatively affected by what might have 

been a less than optimal temperature. The optimum 

temperature for Eucalyptus tetrodonta growing in ambient 

C02 was determined by Eamus et al • to be 3 0 °C. However, 

the influence is probably minor, since the optimal 

temperature of photosynthesis for Eucalyptus tetrodonta was 

broad, with only a 10% decline in assimilation rate for a 

10 °C drop in temperature from 30 °C to 20 °C. Therefore, 

the 2 - 3 °C lower temperature in tent 3 was likely to have 

h ad only a 3 - 5% impact on assimilation rate. 
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4.2 Experiment One: The Drought Experiment 

4.2.1 Water potential 

The water potential of plants subjected to drought was 

significantly lower than that of the controls within each 

co2 treatment (Table 2). There was no indication that 

growth in high C02 enhanced water status for this species 

as the water potential for each separate water treatment 

was not significantly different between C02 treatments. 

The water potential of plants grown in enriched C02 is 

often higher (closer to zero), because the decrease in g
5 

reduces transpiration rate, and because root growth, and 

therefore water uptake, is often enhanced by enriched C02 • 

However, another response to growth in enriched C02 is an 

increase in leaf area, resulting in a larger transpiring 

surface, which could result in whole plant transpiration 

not being significantly different between C02 treatments. 

Gifford (1989) proposes that the stomatal effect and the 

leaf area effect compensate for each other to the extent 

that the rate soil water depletion does not differ between 

co2 treatments. The signal that controls this balancing of 

opposing processes is thought to come from the roots, where 

soil water availability is detected. 

The leaf area of Acacia aulacocarpa was enhanced by 

growth in enriched C02 , as was root growth, and, within 

each co2 treatment, undroughted plants had more leaf area. 

Taking Giffords theory into consideration, this could 

explain the absence of response of water potential to 

enriched co2 • 
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In contrast, Rodgers et al . (1984) observed that the 

water potential of soybeans droughted for 4 days was 

significantly lower (ie more negative) for plants grown in 

ambient co2 compared to plants grown in enriched co2 • The 

water potential of well watered plants was not 

significantly affected by growth in enriched co2 • However, 

leaf water potential of well watered Maranthes corymbosa 

and Hyristica insipida was consistently higher in plants 

grown in enriched co2 (Eamus et al. 1994), though the 

diurnal pattern was the same for both C02 treatments. 

4.2.2 A/LAVPD 

When the Acacia aulacocarpa were subjected to drought, and 

the response of A to an increase in LAVPD measured, the 

plants were 41 weeks old. The pot volume used, at 5.4 L, 

was probably too small for plants of this age, and the 

plants may have been pot-bound . The roots of the plants had 

extended all the way to the bottom of the pots, and in some 

cases had clumped into a mass. 

The undroughted plants grown in enriched co2 had lower 

a assimilation rate than undroughted plants grown in 

ambient co2 , indicating that downward acclimation of 

assimilation had occurred due to reduction in sink 

strength. Reduction in sink strength has been shown to 

negatively affect A in other species (Arp 1991, Thomas and 

Strain 1991, McConnaughay et al. 1993). The reduction in 

assimilation comes about when available sinks become 

saturated and feedback inhibition occurs (Arp 1991). 
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Stomatal conductance and assimilation decline in 

response to an increase in LAVPD because stomata respond, 

by a reduction in aperture, to water deficits (an increase 

in the diffusion gradient) in either the air or the soil 

(Grantz 1990). 

The results for A/LAVPD were inconclusive. The trend 

for higher A at LAVPD of 1.5 kPa for undroughted plants in 

both co2 treatments could be the result of higher g
5

, but 

the g• data (not presented) had very large standard errors, 

and no trend of C02 or drought effect was apparent. 

Slopes of A/LAVPD were steeper for control plants than 

for droughted plants in ambient and enriched C02 , 

suggesting that plants which have been subjected to a 

period of drought, and then re-watered, are able to 

maintain a higher assimilation rate in drying air than 

control plants. 

4.2.3 Plant Dry Weight 

The dry weight of the plants, as measured at the end of the 

drought experiment, would have been affected not only by 

the droughting period, which was relatively short, but also 

by the long growth period of 41 weeks which preceded it. 

Analysis of the dry weight data produced few significant 

differences between treatments, therefore the following is 

a discussion of apparent trends. 

Those plants grown in enriched C02 had lower 

assimilation rates at LAVPD of 1.5 MPa, as measured in the 

laboratory, than those grown in ambient co2 , but had 
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greater biomass in all plant parts. Assimilation rate of 

these plants had been measured, in siru, 15 weeks prior to 

the present experiment (Berryman et al in prep), and was 

found to be significantly increased by growth in enriched 

C02 • At 15 weeks of age the plants would not have been pot 

bound, and there would have been no downward acclimation 

of photosynthesis. Therefore, it can be stated that 

assimilation of Acacia aulacocarpa is enhanced by growth 

in enriched co2 , and is negatively affected by drought 

The larger biomass of C02 enriched plants would be a 

reflection of the higher assimilation rate during the 

growth period. 

Root dry weight of ambient-grown plants was (non 

significantly) greater than the root dry weight of those 

plants which had been droughted. Water stressed plants 

often develop more roots in order to explore a larger soil 

volume to access the water (Schulze 1986). This response 

was not apparent in those plants grown in enriched C02 , 

where root dry weight was (non significantly) greater for 

non-droughted plants. The higher assimilation rate of these 

plants, measured in situ, by Berryman, would have increased 

the amount of photosynthate stored in the roots, and 

increased the water uptake ability of the plants in this 

group . Root:shoot ratio was lowest for the control plants 

grown in ambient co2, therefore the roots of these plants 

were supporting relatively more 

groups. This would have had an 

shoot than the other 

effect on the water 

relations of undroughted plants grown in ambient C02 , 
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because a greater leaf area relative to root growth reduces 

water uptake ability relative to the amount of 

transpirational surface. 

Plants grown in enriched co2 and then drought-stressed 

had higher dry weights than the undroughted plants grown 

in ambient C02 , though this may have been an effect of the 

long growth period before the stressed was induced. Morison 

(1993) reports that the percentage increase in the dry 

weight of water-stressed plants grown in enriched C02 often 

exceeds that of high C02 plants which have been well 

watered. Plant growth results from a combination of the 

effects of photosynthesis, which provides fixed carbon, ATP 

and NADPH and the photoassimilates, and cell turgor, which 

is a function of plant water status (Wong 1993) and 

transpiration water uptake. High co2 plants may have 

increased ability to draw water from the soil if more 

carbon, from increased photosynthesis, has been allocated 

to root growth (Morison 1993). The roots of Acacia 

aulacocarpa grown in enriched co2 had larger dry weights, 

in both droughted and undroughted plants, than the 

equivalent treatments in ambient co2• 

4.3 Experiment Two, Photosynthesis and growth: Eucalyptus 

tetrodonta 

4.3.1 Chlorophyll Fluorescence 

The results of the analysis of E . tetrodonta indicate 

that those plants grown in ambient C02 and fertilized with 

phosphorus alone had a lower Fv/Fm, and were therefore 
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generally less efficient (ie lost more energy via 

fluorescence), than plants receiving any of the other 

nutrient treatments within the ambient C02 treatment. This 

result, and the significant difference that occurred 

between this treatment and the nitrogen-only plants in 

ambient C02 indicates that nitrogen may be more limiting to 

quantum yield than is phosphorus. Nitrogen is not only 

important in the formation of Rubisco, but is also a 

component of chlorophyll a and other proteins in the 

electron transport chain (Lawlor 1987, Evans 1989). The 

plants from nutrient treatment 4 ( -N-P) , in ambient C02 had 

a relatively high Fv/Fm ratio, though Table 3.11 shows that 

they also had relatively low foliar nitrogen 

concentrations. The chlorophyll concentration of this group 

was not significantly different from that of the other 

nutrient treatments, suggesting that the plants had 

optimized their resources, using the limited amount of 

nitrogen available in the photosynthetic systems. 

The FvfF. ratio of plants from nutrient treatment 4 of 

enriched co2 plants is significantly lower than that of 

plants fertilized with nitrogen only, but not significantly 

different from those plants fertilized with phosphorus only 

in enriched C02 • This suggests that acclimation to 

phosphate deficiency had occurred when plants in enriched 

co2 were fertilized with nitrogen. 

There was no difference in Fv: Fm between C02 treatments 

in equivalent nutrient treatments, indicating that nutrient 

availability (particularly nitrogen) is more important to 
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chlorophyll fluorescence than the co2 concentration. 

4.3.2 Water Potential 

The absence of a time of day effect on ~w decreased any 

negative effect that a decline in water status may 

otherwise have had on photosynthesis. The increase in LAVPD 

that occurred in the afternoon may cause a decline in leaf 

water potential (Eamus 1993) and a subsequent decrease in 

g
8 

and C02 assimilation if plant water status declines. The 

water potential of plants is frequently affected by growth ~ 

in enriched co2 due to the reduction in stomatal aperture 

that occurs (Eamus 1992), therefore plants grown in 

enriched C02 have higher water potentials (all other things 

being equal) than plants grown in ambient C02 • 

4.3.3 Assimilation, Stomatal Conductance and Ci:c
1 

Assimilation at both times of day was significantly lower 

for nutrient treatments 3 and 4 in enriched C02 than for 

nutrient treatments 1 and 2, indicating that, in enriched 

co2 , assimilation was negatively affected by nitrogen 

deficiency. This did not occur in plants in ambient C02 • 

Table 3. 11 shows that plants from nutrient treatments 3 and 

4 in ambient C02 have non significantly lower foliar 

nitrogen concentrations than their counterparts in enriched 

co2• The plants grown in enriched co2 and fertilized with 

nitrogen were larger than those grown in enriched and not 

fertilized with nitrogen, and larger than those of any of 

the nutrient treatments in ambient co2 • Therefore, the 
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foliar nitrogen concentration was diluted by larger plant 

growth for the high C02 plants fertilized with nitrogen. 

Wong et al (1992) found this response in Eucalypts grown 

in enriched C02 and fertilized with high and low nitrogen. 

However, the high assimilation rate of nitrogen 

fertilized plants grown in enriched C02 indicates that the 

plants had become more nitrogen-use-efficient, in that they 

were able to fix more carbon at a lower nitrogen cost than 

enriched C02 plants not fertilized with nitrogen, and 

plants grown in ambient co2 in all nutrient treatments. -Nitrogen-use-efficiency of the Eucalypts studied by Wong 

et al. varied according to the species and the nitrogen 

treatment, with the NUE of E. camaldulensis and E. 

cypellocarpa increasing in high C02 in both low nitrogen 

and high nitrogen fertilization. NUE of the other 2 species 

was higher when nitrogen fertilization was low. 

Assimilation was not significantly different between 

C02 treatments in the morning, while the g
5 

of the enriched 

C02 group was significantly lower. Therefore the plants in 

enriched C02 were able to fix the same amount of carbon at 

a lower cost of water lost via transpiration. This response 

of increased water use efficiency has been observed across 

a range of species ( Arp et al. 1986, Ziska et al. 1991, 

Eamus 1992, Morison 1993) , and will be of particular 

importance in the wet-dry tropics because of the log annual 

dry season. Competitive interactions between species will 

be altered by species specific responses to the effect of 

enriched co2 on water relations. 

93 



Stomatal conductance of enriched C02 plants increased 

in the afternoon, with a corresponding increase in 

assimilation. This suggests that, in the morning, the 

assimilation of the enriched co
2 

plants may have been 

limited to some degree by g
5

• Plants had been watered prior 

to the measurements being taken, but it is possible that, 

given the nature of the soil used, it should have been done 

earlier, giving enough time for the water to penetrate down 

into the pot for uptake by deeper roots. This may have been 

especially true for high C02 grown plants where roots may 

have been deeper than in ambient co2 • 

In the afternoon, water from the morning and the noon 

application would have had time to penetrate down into the 

pot, reducing the limiting effect on g
5

• The assimilation 

rate of the plants in enriched C02 increased significantly 

in the afternoon, taking advantage of high light and high 

C
8

• The plants in enriched co2 which had been fertilized 

with either nitrogen and phosphorus, or nitrogen only, had 

significantly higher rates of assimilation in the 

afternoon, compared with both the morning within enriched 

C02 and the afternoon between C02 groups. The assimilation 

of plants not fertilized with nitrogen was not 

significantly different between C02 treatments, therefore 

nitrogen limited plants were not able to take advantage of 

the enhanced g
1 

to utilize the greater availability of 

carbon. 

Sands et al. (1992) found that the ~x' per unit leaf 

area, of Eucalyptus grandis (grown in ambient C02), 
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increased with nitrogen addition rate, Cromer et al. {1993) 

observed that the photosynthetic rate of Gmelina arborea 

was increased with foliar nitrogen concentrations, and 

Brown (1991) found that the combination of C02 and nitrogen 

enrichment increased the net assimilation rate of trembling 

aspen. Low nitrogen reduces photosynthesis of both ambient 

and enriched co2 plants, though the suppression is greater 

in enriched C02 {Arp 1991). This effect may be the result 

of reduced sink strength, or the relocation of nitrogen 

away from Rubisco to more limiting processes (eg nutrient 

uptake). In contrast, the photosynthesis of soybean in 

enriched C02 was not affected by nitrogen fertilization {Li 

and Gupta 1993), though soybean is a nitrogen fixing plant 

and able to meet its' own requirements. 

The C; :c. ratio was not significantly affected by C02 , 

therefore the demand for carbon in plants grown in enriched 

C02 , though greater in absolute terms, was the same in 

relative terms as the demand in plants grown in ambient 

C02 • Stomatal aperture is regulated to keep c1 at point 

where Rubisco activity and RuBP regeneration both limit the 

assimilation rate. Photosynthesis and g
5 

respond to changes 

in (C
8

] so that c1 :c. remain relatively constant (Mott 

1990). 

In ambient co2 , c1 : C
8 

and g
8 

were higher in nutrient 

treatments 1 and 4, than nutrient treatments 2 and 3. This 

pattern was not always matched by the assimilation 

response. Nutrient treatment 4, for example , had increased 

g• and c1 : C
8

, but lower assimilation than the other nutrient 



treatments in ambient co2 • In contrast, the Ci : C
1 

ratio and 

g
1 

of all nutrient treatments in enriched C02 were higher 

in the afternoon than in the morning, and the assimilation 

rates increased. This suggests that, in ambient co2 , 

assimilation rate was limited by c i (compared to plants in 

enriched C02), in all nutrient treatments, whereas enriched 

C02 may have the effect of ameliorating nutrient s tre ss to 

some degree. Eamus et al . (1993) found that the mean Ci :C8 

of Haranthes corymbosa not subjected to nutrient stress was 

significantly lower in enriched C02 , compared to controls, 

and that ci:C
1 

of the controls did not differ from morning 

to afternoon. However, plants in enriched co2 h a d a higher 

ci: C
1 

in the afternoon than in the morning. This latter 

response was also found in Eucalyptus tetrodonta, and may 

indicate that, when water is not limiting, g
5 

of these 

species will increase in enriched C02 to further enhance 

photosynthesis. 

4.4 A/Ci 

Carboxylation efficiency (CE , where the assimilation rate, 

in low Ci, is limited by the a c t i vity rate of Rubisco) of 

Eucalyptus tetrodonta in this experiment was r e duced by 

growth in enriched C02, especially for nutrient treatments 

2 and 3. A reduction in CE for this species was also found 

by Eamus et al. ( 1994) , for plants which had not been 

nutrient stressed.This decline was not attributed to 

downward acclimation due to reduction in sink strength. 

Rather, the decline was considered to be due to short-term 
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adjustments of Rubisco activity to limitations other than 

C02 supply. However, the fact that ~x and Jmax were higher 

for all nutrient treatments in ambient co2 , compared with 

the equivalent nutrient treatments in enriched C02 , 

suggests that acclimation to growth in enriched C02 had 

occurred in the present study. Deficiencies in either 

nitrogen or phosphorus, combined with downward acclimation 

of photosynthesis could explain the significantly lower 

slopes of CE for nutrient treatments 2 and 3 in enriched 

C02 • 

The reason for the decline in assimilation at high C; 

is not clear without biochemical analysis, but was possibly 

caused by a biochemical factor triggered by the 

experimental method of starting at high C; and working 

stepwise downward. Assimilation at high C; is usually 

limited by the RuBP regeneration rate, the activation state 

of Rubisco, by the efficiency of the electron transport 

chain, or by P; (Sage et al. 1990). Table 3. 9, of the 

percentage decline in assimilation in relation to foliar 

phosphorus concentrations indic ates no pattern that would 

suggest phosphate limitation. 

Figures 3.16- 3.31 support the view that A is limited 

at high C; by a biochemical factor, and not by g
5

• At high 

Ci substrate (carbon) is not limiting, and g
5 

declines in 

response. Sage (1990) reports that, in high light and above 

normal C02 concentration, assimilation is limited by the 

capacity of the thylakoid reactions (light harvesting and 

electron transport) to regenerate RuBP, and by the capacity 
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of starch and sucrose synthesis. However , for those plants 

grown in enriched co2, high ci would have been normal, and 

the fact that the assimilation pattern was the same for all 

nutrient and co2 treatments suggests that the limiting 

factor was due to a physiological response they had in 

common. 

4.5 Chlorophyll and Foliar Nutrients 

Chlorophyll a, chlorophyll b and total chlorophyll reflect 

the light harvesting capacity of the plant, and would have 

been higher in plants grown in enriched co2 in order to 

take advantage of the increased concentration of substrate 

available to the Calvin cycle. 

The foliar chlorophyll concentration of Maranthes 

corymbosa remained the same between co2 treatments {Eamus 

1993), and was higher in co2-enriched Brassica pekinensis 

{Kriedemann and Wong 1984). In contrast , Wullschleger et 

al. ( 1992) observed a decline in the concentration of 

chlorophyll of yellow poplar and white oak grown in 

enriched C02 • 

Growth in enriched co2 resulted in a lower chlorophyll 

a:b ratio, because of the relative increase in the 

concentration of chlorophyll b. Chlorophyll b is an 

accessory pigment which passes excitation on to chlorophyll 

a (Lawlor 1987), and an increase in concentration may be 

related to the higher assimilation rate measured, in situ, 

at the time the chlorophyll analysis was done. 

There was no effect of growth in enriched C02 on 
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soluble protein concentration, a finding supported by the 

results of Eamus et al. (1994). Berryman et al. (1993) 

found that the soluble protein levels in the basal leaves 

of Maranthes corymbosa declined over time in enriched co2 , 

though there was no initial difference between the two C02 

treatments. 

The concentration of soluble protein in the leaf 

tissue is a measure of the amount of Rubisco. The fact that 

there was no difference in the amount of soluble protein 

between co2 treatments, but there was a decline in CE in 

plants grown in enriched C02 points to some factor other 

than Rubisco being involved in the inhibition of 

assimilation at low Ci. 

The plants in enriched C02 became more nitrogen-use

efficient, as the results show that despite having lower 

concentrations of foliar nitrogen, they accumulated greater 

biomass. The lower foliar concentrations of nitrogen could 

have resulted from a dilution effect, caused by the greater 

overall plant growth, especially in regard to leaf area, 

which occurred in enriched C02 • Coleman et al. (1993), 

found that, if the leaf nitrogen concentration of plants 

grown in enriched C02 was compared with that of ambient

grown plants at a common stage of growth instead of at a 

common time, there was no significant difference between 

C02 treatments. The lower concentration of foliar nitrogen 

usually found in enriched C02 plants comes about because 

they grow bigger, faster. 

A dilution and nutrient-use efficiency effect could 
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explain the general trend for plants grown in enriched co2 , 

especially those from nutrient treatments 1 and 2, to have 

lower foliar phosphorus, potassium and magnesium than 

plants grown in ambient C02 • 

Foliar manganese and calcium concentrations were 

higher in enriched co2 • Calcium is important in the 

formation of cell walls, and the decrease in SLA in plants 

grown in enriched co2 , could be due to an increase in leaf 

thickness. An increase in the number of mesophyll cells 

could also account for the increased amount of chlorophyll 

in the leaves of plants grown in enriched C02 • 

Duff et al (1994), found that there was no significant 

co2 effect on foliar calcium. Brown ( 1991) found that, over 

time, C02 enrichment and nitrogen fertilization decreased 

the concentrations of calcium and magnesium in trembling 

aspen. Foliar concentrations of phosphorus and potassium 

increased relative to nitrogen fertilization. 

4.6 Plant Dry Weight 

Plant dry weight was enhanced by growth in enriched co2 , 

whether the plant parts are considered separately or in 

total. The difference between the 2 C02 treatments was not 

always significant due to the large range of minimum and 

maximum dry weights within C02 and nutrient treatments. SLA 

was higher for plants grown in ambient co2, indicating that 

the leaves of plants grown in enriched C02 were relatively 

heavy. As stated in the previous section, leaf thickness 

increases in plants grown in enriched C02 due to the 
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increase in the number of mesophyll cells. Increase in leaf 

weight in enriched C02 has also been attributed to the 

accumulation of starch (Norby and O'Neill, 1991). 

Root biomass, for both root sections, was increased 

by growth in enriched co2 • Greater production of 

assimilates from enhanced photosynthesis would lead to the 

use of roots as storage organs. Norby and O'Neill (1991), 

found that the significant increase in yellow poplar dry 

weight occurred primarily in the roots. 

The root:shoot ratio data show little in the way of 

pattern, but indicate that growth in enriched co2 with both 

nitrogen and phosphorus had a similar effect on root to 

shoot ratio as unfertilized growth in ambient or enriched 

C02 • Plants in enriched C02 and fertilized with nitrogen 

and phosphorus have higher assimilation rates and may 

accumulate biomass in the roots due to the storage of 

starch, and therefore the roots become relatively heavy. 

Plants grown in ambient C02 had limited growth of the 

shoot, due to small leaves. 

Plants grown in enriched co2 and fertilized, 

especially with nitrogen, are able to accumulate greater 

biomass than plants grown in ambient C02 • Plants fertilized 

with phosphorus only were able to overcome nitrogen 

limitation to some degree when grown in enriched C02 • 

Conroy et al. {pers. comm.) have found that, in cotton, low 

phosphorus precluded a growth response, but the data for 

E. tetrodonta do not show this response, as plants 

fertilized with nitrogen only in enriched co2 had a 
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relatively large dry weight. 

CONCLUSION 

The data from the drought experiment were too inconclusive, 

and the experiment would have to be repeated for the 

questions regarding the sensitivity of the stomata of pre

droughted Acacia aulacocarpa to an increase in LAVPD to be 

answered. There was a trend for undroughted plants grown 

in enriched C02 to have a higher assimilation rate at an 

LAVPD of 1.5 kPa, but there was an absence of pattern in 

the g
1 

and A/LAVPD data. Leaf area and root dry weight was 

increased by growth in enriched C02 • Both of these factors 

are important in plant water relations, and would benefit 

the species in a enriched C02 environment. 

The data from the photosynthesis experiment on 

EUclayptus tetrodonta indicated that assimilation rate was 

higher in enriched co2 , and was positively affected by 

nitrogen fertilization. Phosphorus fertilization alone did 

not enhance assimilation. The stomatal response differed 

according to the time of day, gs being lower in the morning 

in enriched C02 than in the afternoon. Assimilation rate in 

the morning in enriched C02 was not different from that of 

plants grown in ambient C02 , indicating that enriched C02 

plants had become water-use-efficient. Nutrient treatments 

appeared to have no discernible effect on 9s· C; did not 

seem to be related to nutrient treatment in either ambient 

or enriched co2 • 

The carboxylation efficiency of E. tetrodonta was 
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negatively affected by growth in enriched C02 , though this 

could have been an effect of downward acclimation due to 

reduction in sink strength induced by growth in relatively 

small pots. 

Biomass accumulation was positively affected by a 

combination of growth in enriched co2 and fertilization by 

nitrogen. Plants fertilized with phosphorus only did not 

respond to growth in enriched C02 to the same degree, 

though growth in enriched co2 without nitrogen or 

phosphorus did result in enhanced biomass accumulation 

compared to controls. 

Foliar nutrients were generally lower in plants grown 

in enriched C02 , probably because of a dilution effect due 

to the larger plant sizes. However, plants in enriched C02 

and fertilized with nitrogen had higher assimilation rates, 

and therefore had become more nutrient use efficient. 

A species such as Eucalyptus tetrodonta, which has 

evolved in the wet-dry tropics in nutrient poor soils, will 

be advantaged by growth in enriched co2 by becoming more 

water-use and nutrient-use efficient. 
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APPENDIX A 

A Calibrat i on curve and reqression equation of PPFO i n 

chamber 1 of the lab.-based IRGA, as derived froa the 

LI 1000 data logger and Li-Cor quantu. sensor readings 

against the chamber photodiode output in volta. 

B Calibration curve and regression equation of PPFO in 

chamber 2 of the lab.-based IRGA, as derived fro• the LI 

100 0 data l og ger and Li -Cor quantum sensor readings 

against the c hamber photodiode output in volts. 
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c Calibration curve and reqreaaion equation ot PPFD in 

chamber 3 ot the lab.-based IRGA, aa derived troa the LI 

1000 data logger and Li-Cor quantu. aenaor readinqa 

against the c hamber photodiode output in volta. 

D Calibration curve and regression equation ot PPrD tor 

chamber 4 of the lab .-based IRGA, as derived troa the LI 

1000 data logger and Li-Cor quantum sensor readings 

against the output of the chamber photodiode in volts. 
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B A leaf area calibration curve and regression equation, 

used to derive the leaf area measured on the Oelta-T lear 

area meter. 
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P The calibration curve and regression equation used to 

calculate the flow of air through chamber l ot the lab.

based IRGA. 
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G Calibration curve and regression equation used to 

calculate the flow of air through chamber 4 ot the lab.

based IRGA. 
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