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Abstract 

Atmospheric CO2 levels have increased by 30 % since the onset of the industrial 

revolution and are likely to continue to rise in the future. Whilst growth of plants 

is typically enhanced under elevated CO2 concentrations, the degree of the 

response varies from species. In this study 4 species were exposed to 6 different 

CO2 levels across a range from sub ambient to super ambient conceliltrations. 

Two of the species were indigenous to Fynbos - a woody perennia L. ureoulum 

and a herbaceous annu I D. sinua e whilst the other two were woody, invasive 

aliens (A. cyclops and A. saligna). The species were grown at low nutrient levels 

for 5 months or 3 months in the case f D. sir.wata, after which the 

morphological and growth responses across the range of CO2 concentrations 

were measured. All four species exhibited significant increases in root dry mass 

under elevated CO2, and three of the four had significant increases in leaf mass. 

The degree to which growth of roots and leaves was enhanced differed between 

the different species, with the herbaceous annual exhibiting the most dramatic 

response. The two alien species didn't appear to be more responsive than the 

woody indigenous species. Evidence from the leaf and dry masses suggest that 

the growth of all four species is not saturated at ambient CO2 concentrations. 

The morphological responses to eleva ed re also generally positive but more 

variable. Gas exchange measurements were also conducted on the indigenous 

woody species and suggest that its growth will only become saturated by CO2 

concentrations of lOOOppm but this result may have been affected by the 0·~ y) 

duration of the experiment. 
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Introduction 

Atmospheric CO2 concentrations have doubled since the last glacial maximum 

(Neftel et al. 1988), and have increased by over 30% since the pre-Industrial 

Revolution, mainly as a result of anthropogenic activities such as the bur ing of 

fossil fuels and changes in land use (Korner, 2003). There are still pie tY f ssil 

fuels left to burn, and population pressure is bound to result in further shifts in 

land use, which means that levels will almost certainly continue to rise in the 

future. The reason that there is cause for concern, is that increasing CO2 levels 

will reach everywhere on earth and directly affect the reaction that is most 

important to the existence of life on earth: The photosynthesis of green plants. 

Understandably, this has prompted a massive research effort over the last few 

decades, as scientists have tried to improve their understanding of how the 

growth of plants is affected by the concentration of CO2 within which they are 

grown (reviews in Curtis and Wang 1998 and Saxe eta/1998). What has 

emerged is as one would expect: increasing CO2 concentration generally tends to 

increase the rate at which plants photosynthesise, which, in most cases, 

translates into increased growth rates. However, most of the work that has been 

carried out has compared plants that are grown at only two CO2 concentrations, 

often ambient and double ambient (700ppm) (Anderson et al, 2001). A few 

studies have grown plants under 3 or 4 CO2 concentrations (eg Hunt et al 1991 

and 1993 (350, 500, 650 and 800ppm )) and have shown that, for many species, 

the response to elevated CO2 isn't linear, but becomes saturated at a certain CO2 

level - above which faster growth rates are not achieved. A non-linear response 

will be impossible to measure in experiments where plants are grown under only 

two CO2 concentrations, making the prediction of plant growth responses to 

intermediate CO2 concentrations impossible (Hunt et al, 1991). Therefore, in 

order to make predictions of plant responses to intermediate CO2 concentrations, 

experiments need to be conducted over as wide a CO2 gradient as possible. 
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Comparing plant growth under ambient and super-ambient conditions also does 

not take into account the effect that past increases in atmospheric CO2 have 

already had on vegetation . Due, possibly, to the difficulties in reaching sub 

ambient CO2 concentrations, there has been relatively little work done on the 

way that plant growth responds to elevated CO2 at sub-ambient CO2 

concentrations compared to how it responds to increases in CO2 concentration at 

ambient and super ambient CO2 concentrations (Ward et al, 2000). 

Plants' growth responses to different CO2 levels are extremely variable (Hunt, 

1991). In this study, I will compare the growth response of four plants that differ 

from each other in two different ways, across a CO2 gradient ranging from sub 

ambient to super ambient levels. The species that will be used are Leucodendron 

/aureo/um, an indigenous woody shrub, Dimorphotheca sinuata, an herbaceous 

annual and two species of invasive woody trees, Acacia saligna (Port Jackson) 

and Acacia cyclops (Rooikrans). The first way that these plants differ is that they 

have different growth forms and life strategies. D. sinuata, an herbaceous 

annual, germinates, grows as fast as it can, flowers, then dies. The rest of the 

species are woody perennials that are characterised by slower growth rates, 

larger carbon sinks (investing in their woodiness) and extended ontogeny. Since 

the plants in this experiment represent different functional types, we would 

therefore expect them to respond differently under a series of CO2 regimes. 

Another comparison of growth rate responsiveness that can be made is that of 

the two indigenous species with that of the two invasive acacia species. The ~~ 
acacia species have the added advantage of bein able to fix nitrogen, which, .lz. ----- __:;, 
when compared to the non-fixing indigenous species, gives them the competitive 

edge in the assimilation of carbon. Nitrogen fixing plants are likely to be more 

responsive than non-nitrogen fixing plants when grown under natural nutrient 

limiting conditions (Korner, 1995). Therefore, CO2 increase may have a greater 

) 
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enhancing effect on the growth of these alien species and, thus, facilitate their 

spread. On the other hand, Fynbos ecosystems are characterised by nutrient 

poor soils and fall in a winter rainfall region. One of the only studies carried out 

that investigated the responses of Fynbos species to different CO2 concentrations 

included L. laureo/um (Midgley, 1996). Studies have shown positive responses to 

elevated CO2 under a combination of adequate nutrients and moistur~? 

availability, Midgley (1996) however found a negative response f L even under 

nutrient enhancement. This would therefore put such~ pecies at a disadvantage 

in the ecosystem leading to invasion by species such as A. saligna and A. 

~ clops. To attain a more detailed and accurate understanding of the response 

of this species to the more varied CO2 concentrations utilized in my experiment, 

gas exchange measurements were carried out, and an A-ci curve drawn up. The 

ci:ca ratio of the leaves of the plants grown at different CO2 levels were also 

measured in order to determine whether or not the down regulation arose as a 

result of stomata! limitation. 

The main aim of this study is to assess differences in CO2 responsiveness of the 

two sets of functional types (herbaceous annual vs woody perennials and 

invasive aliens vs indigenous species), as well as to establish the CO2 sensitivity 

of the plants - thus indicating the release bottle neck of some of the functional 

types. However, the inclusion of the herbaceous annual adds another interesting 

slant. As increasing CO2 concentrations typically increase plant growth rates, 

they also increase rates of plant development. Reproduction is obviously a crucial 

stage in a plant's development, and, of the various developmental stages, it is 

the most visible. The flowering of D. sinuata, therefore, made it possible to 

assess the effect that varying CO2 concentrations has on the development of 

plants. 
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Methods 

Plant material 

Seeds of Acacia sa/igna and Acacia cyclops were collected from the field, and 

those of Leucadendron laureolum and Dimorphotheca sinuata were obtained 

from the Kirstenbosch Gardens Seed Bank Room. Seeds were germinated in 

seedling trays. Upon germination the seedlings were transplanted to sterile sand 

in 50x10cm plant pots to provide more space for rooting. Following this, the 

roots of the acacia species were nodulated with extracts of field-obtained 

nodules. Seven days later, seedlings in the plant pots were transferred into open 

top chambers for CO2 fumigation for the duration of the experiment. 

Growth conditions 

Plants were exposed to a series of CO2 regimes in open top chambers (180, 280, 

370, 550 700 and lOOOppm) for approximately 5 months, with the exception of 

D. sinuata, which was only grown for approximately 3 months due to difficulties 

in getting seed to germinate. 

CO2 control system 

Sub-ambient CO2 levels were achieved by bubbling normal ambient air through 

120 litres of a 1.25 molar solution of sodium hydroxide using a potent V3 SCL 

blower (Howden Donkin, South Africa) . The scrubbed air was then channelled 

through a pipe passing through a water trap (to remove any sodium hydroxide) 

and spiked with the desired concentration of CO2 from gas cylinders (Afrox Ltd) 

before it entered the open top chambers. The ambient and super ambient levels 

were reached by spiking ambient air that had been bubbled through 120 litres of 

water, with the desired concentration of CO2. Two chambers were used as 

.s 



controls to monitor the effect of the CO2 scrubbing procedure. Ambient air was 

scrubbed and enriched with CO2 to 370 and 550ppm. 

Open top chamber CO2 monitoring was carried out using the Li 820 infra red CO2 

gas analyzer (Licor, Nebraska, USA) interfaced with a Windows '97 compliant 

desktop. CO2 levels in each chamber were checked daily and the levels of CO2 

adjusted accordingly. Temperature probes were inserted into four open top 

chambers and programmed to record diurnal fluctuations, which was done 

concurrently with greenhouse and ambient temperature monitoring. 

The plants were watered twice a day with rainwater from a tank, by means of an 

automated irrigation system. Nutrients were applied twice a week, using a very 
~ 

'J dilute co mercial fertilizer containing the entire range of essential macro and 

micronutrients. -
Two weeks before the conclusion of the experiment, 4 plants (2 x L. laureolum 

and 2 x D. sinuata) died in the 280ppm chamber and were excluded from the 

analysis. 

Plant measurements 

Photosynthesis as a function of intercellular CO2 (A/Ci) was measured on ± 5 

months old plants of L. laureolum. Photosynthetic measurements were carried 

out on recently-developed mature leaves of three plants per CO2 treatment by 

means of a Li-6400 portable photosynthesis system (Li-cor, Nebraska, USA). The 

A/ci response curves were measured at a light intensity of 1800 µmol of light m-2 

s-1 and leaf temperature of 29°C. Photosynthetic parameters including Jmax 

(electron transport capacity) and Vcmax (carboxylation efficiency) were 

calculated using the Photosynthesis Assistant software (Dundee, UK). The 

software incorporates photosynthesis models as proposed by Farquahar and von 

~ er (1981), Sharkey (1985), and as modified by Harley et a/(1992). 

6')~ i..._ / 
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Growth measurements 

Total stem height (TSH) was measured using a standard tape measure, stem 

diameter (SD) using digital callipers and the number of leaves counted. Following 

this, the plants were clipped and separated into stems, leaves (phyllodes as well 

as compound for acacias) and roots, as well as buds and flowers for D. sinuata. 

The plant material was placed into paper bags and oven dried at 60 °C for a 

week, after which it was weighed. 

Statistical analyses 

For gas exchange measurements of L. laureolum, only three plants per CO2 

treatment were measured. Growth measurements were carried out on four 

plants per species per CO2 treatment. Following this, data was subjected to 

simple nova analysis to obtain means and standard errors. I also explored a 

variety of regression models, including linear, logarithmic and hyperbolic 

(y=(abx)/(a+bx), Hunt et al, 1991), using the non-linear regression wizard in 

Unistat (v4.53) to get trend lines with the best fit. 

An attempt was made to assess at what CO2 concentration the growth responses 

of the different plants had saturated, by looking at the graphs to see at what CO2 

concentration the DW variable achieved its maximum level. For the plant mass 

variables, graphs were also drawn up showing the responses of all four species 

on one set of axes in order to assess the relative responses of the different 

species. 



Results 

The four functional types in this study exhibited enhanced growth along the CO2 

gradient resulting in a curvilinear response of most growth parameters. For many 

of the variables the highest point reached on the graph is at 700ppm and drops 

off at lOOOppm. This suggests that the growth has saturated at 700ppm and the 

plants begin to down regulate at lOOOppm. 

Table I : Parameters of the different plant response curves. Significant values are in bold 

Species Growth var . Model F-stat P-value a b R2 

L. laureolum Stem OW hyperbolic 0.961 0.3386 0.1814 66 .3566 0.0459 

L. laureolum Leaf ON hyperbolic 16.646 0.0006 1.6661 425.6316 0.4542 

L. laureolum Root ON logarithmic 12.418 0.0021 0.8215 -1.6449 0.3831 

L. laureolum Height hyperbolic 0.019 0.8909 13.8059 -4.6063 0.0009 

L. laureolum Leaves hyperbolic 0.011 0.9170 23.1365 2.9040 0.0005 

L. laureolum Stem Diam hyperbolic 3.780 0.0648 3.1591 48.0395 0.1466 

D. sinuata Stem ON logarithmic 14.093 0.0012 1.5440 -3.1198 0.4134 

D. sinuata Leaf DW linear 2.496 0.1298 0.0007 0.9558 0.1110 

D. sinuata Root ON logarithmic 18.320 0.0004 2.0677 -4.0120 0.4781 

D. s inuata Flow+ bud DW logarithmc 4.091 0.0582 0.5090 -0.9936 0.1852 

D. s inuata Height hyperbolic 3.499 0.0747 17.1782 147.2922 0.1372 

D. sinuata Leaves hyperbolic 6.683 0.0169 102.0271 256.9761 0.2330 

D. sinuata Stem Diam. linear 8.552 0.0079 0.0019 2.3525 0.2799 

A . cyclops StemDW logarithmc 1.224 0.2806 0.0254 0.0444 0.0527 

A. cyclops Leaf ON linear 29.345 0.0000 0.0006 0.2035 0.5715 

A. cyclops Root ON hyperbolic 28.092 0.0000 0.6252 390.4250 0.5608 

A. cyclops Height logarithmic 7.043 0.0145 -4.2399 21.0173 0.2425 

A. cyclops Leaflets linear 0.519 0.4790 0.0071 87.0884 0.0230 

A . cyc lops Allloides hyperbolic 3.833 0.0630 2.7924 -53.3981 0.1484 

A . cyclops Stem Diam hyperbolic 0.970 0.3355 1.7745 33.5139 0.0422 

A . saligna StemDW logarithmc 0.744 0.3977 0.0627 0.0386 0.0327 

A. saligna Leaf ON hyperbolic 8.247 0.0089 1.8409 308.5561 0.2727 

A. saligna Root ON hyperbolic 4.602 0.0432 1.0606 260.0574 0.1730 

A . saligna Height linear 1.052 0.3161 -0.0038 17.3840 0.0457 

A . saligna Leaflets hyperbolic 0.758 0.3932 82 .9601 -15.8914 0.0333 

A. saligna Phlloides linear 6.525 0.0181 -0.0030 6.9521 0.2287 

A . saligna Stem Diam hyperbolic 0.836 0.3703 3.9108 24.5597 0.0366 

8 



The means and standard error bars are displayed in each graph. 

Stem dry weights of L. laureolum, A. cyclops and D. sinuata exhibited 

increased growth especially from 180 - 370 ppm (Figure 1). The dry weight 

(DW) of the stems of all four species showed a positive response to elevated 

CO2 concentration (Figs 1,2,3 and 4). The responses of the three woody 

species were however much less than the response shown by D. sinuata (fig 

5). 

Fig l : The relationship between chamber [CO,] and 
Sum DW for L. laureolum 

Fig 2: the relationship between chamber [CO,] and 
Stem DW for D. sinuata 
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Fig 3: The relationship between chamber [CO,] and 
Sum DW for A. cyclops 

Fig4: The relationship between chamber [CO,] and 
Stem DW for A. saligna 
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Figure 5: The relationship between chamber [CO2] and stem DNof all 
four species 
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The leaf OW of all four species showed a positive response to elevated CO2 that 

was significant for all of the species except D. sinuata. The most obvious 

saturation in leaf growth was for L. laureolum and A.cyc/ops'which both 

appeared to have had the growth of their leaves saturated at 700ppm (figs 6 and 

8). A. salignas'leaf growth also appeared to have saturated at 700 ppm although 

the fact that the leaf OW the plants at SSOppm were unusually low (fig 9) meant 

that the response curve wasn't as smooth. These results suggest that D. 

sinuata's leaf growth has perhaps not saturated at 700ppm as there is a slight 

increase in leaf OM at lOOOppm. 

D. sinuata's leaf OM showed the strongest response of the four species to 

increasing CO2 levels (fig 10). A. cyclops appeared to have the lowest response 

with A. saligna exhibiting a greater response that L. laureolum. 
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Fig 6 : The relationship between chamber [CO2] and 
leaf DW for L. Jaureolum 
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Fig 8: The relationship between chamber [CO2] and 
leaf DW for A. cvcloos 
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The root DWs of all four species showed a positive significant response to 

elevated CO2 (Figs 11, 12, 13 and 14, Table 1). The species that showed the 

clearest saturation response was A. cyclops which seemed to have quite 

clearly levelled off at 700ppm (Fig 13). L. laureolumand A. saligna'sroot 

growth response both seem to have saturated at 700ppm (Figs 11 and 14) 

whilst D. sinuata's response (Fig 12) seemed to have saturated at 550ppm. D. 

sinuata showed the greatest response to elevated [CO2], A. cyclops the 

lowest response with A. saligna showing a slightly more positive response 

then L. laureolum (Fig 15). 
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Fig 14: The relationship between chamber [CO,] and 
root DW for A salisma 
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A. cyclops was the only species to have shown a significant response in terms of 

height to elevated [CO2]. D. sinuata showed a slightly positive response whilst 

the other three species showed a slightly negative response. 

Fig 16: Relationship between chamber [CO2] amd plant 
he ight for L. laureolum 
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Fig 18: The relationship between chamber [CO2] and 
plant height for A. cyclops 
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plant height for D. sinuata 
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D. sinuata was the only species to have a significant response in terms of stem 

diameter to [CO2]. All four species showed a positive response to elevated [CO2] 

(figs 20, 21, 22 and 23). 

Rg 20 : The relationship between chamber [CO,l and 

stem diameter for L. laureolum 
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Fig 22: The relationship between chamber [CO2) and 

stem diameter for A. cyclops 
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. sinuata was the only species that had a singnificant response in the number 

aves to various [CO2]. A positive relationship existed between [CO2] and 

the number of leaves that D. sinuata had (Fig 25), whilst negative relationships 

existed between [CO2] and the number of phyllodes for A. cyclops and A. saligna 

(figs 28 and 29). 
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Fig 24: The relationship between chamber [CO2] number of 
leave s for L. laureolum 
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Fig 26 : The relationship between chamber [CO2] and 
number of leaflets for A. cyclops 

120 

100 1 I 1 !' £ i 
BO 

60 

40 

20 

0 
0 200 400 600 800 1000 

Chamber [CO2] (ppm) 

Fig 28: The relationship between chamber (CO2) 

and the number of phyllodes for A.cyclops 

5.0 ~ 

~ 4.0 ~ I f I 0 

f } 3.0 I Q. 

0 
i 

2.0 
.c 
E 1.0 , 
z 

0.0 
0 200 400 600 800 1000 

Chamber [CO2] (ppm) 

1200 

1200 

1200 

.. . 
~ 
.!! 
0 . 
.a 
E , 
z 

.. .. 
~ 
.!! 
0 
i 
.c 
E , 
z 

.. 
~ ,, 
S1 
>, 
.c 
Q. 

0 
i 
.c 
E , 
z 

Fig 26: The relat ionsh ip betw een chamber [CO2] and 
number of leaves for 0. sinuata 

100 

80 

60 

40 

20 

0 

0 200 400 600 800 1000 

Chamber [CO2] (ppm ) 

Fig 27 : The relationship between chamber [CO,J and the 
number of leaflets for A.saligna 
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There was a positive relationship between chamber [CO2] and root to shoot ratio 

for L. laureolum, D. sinuata and A. saligna (Figs 30, 31 and 33) it was however 

very slight in the case of A. saligna. A negative relationship existed between 

chamber [CO2] and root to shoot ratio for A. cyclops (Fig 32). 
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Fig 30: The relationship between chamber [COi] and 
mean root to shoot ratio for L. laureolum 
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mean root to shoot ratio for A. cyclops 

• • 
• • • 

Cll 0.3 
g 
8 0.2 ' 
it: 0.1 

0 

0 200 400 600 800 1000 

Chamber (CO,l (ppm) 

1200 

1200 

16 

0 
'; 0.8 
It'. 

g 0.6 
.c g 04 

g 0.2 
It'. 

0 

0.6 

~ 0.5 

~ 04 

l 03 Cl) . 

g 0.2 

! 01 

0 

Fig 31 : The relationship between chamber [COi] and 
mean root to shoot ratio for D. sinuata 
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Fig 33: The relationsh ip between chamber [COi] and 
mean root to shoot ratio for A. saligna 
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There was a significant, positive relationship between chamber [CO2] and bud 

and flower mass for D.sinuata (Fig 34) with a large drop in the bud and flower 

mass at 180ppm. 
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Fig 34: The relationship between chamber [CO 2] and 
bud and flower mass for D. sinuata 
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The relationship between the rate of CO2 assimilation (A) and the CO2 

concentration in the intercellular air spaces of the leaf (which when expressed 

as a mole fraction is abbreviated as Ci) is plotted for L laureolum in Figure 35. 

All of the treatments have a curvi-linear response. At low Q, there 

photosynthesis increases steeply with increasing cj. In the region of higher ci 

the increase in photosynthesis levels off. The line for the 1000ppm treatments 

sits below the lines of the other treatments 

Fig 35: The A ci curve for L. laureolum 
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There was a positive relationship between chamber[C02] and the ratio of 

intercellular to ambient CO2 (q:ca) ratio of the leaves of L. laureolum. 
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Fig 36: The relationship between chamber [CO2] 

and the ci:ca ratio of the leaves of L. laureolum 
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Discussion 

The comparisons that are presented here are from plants that have been 

grown for a substantial portion of their vegetative stage (5 months) under 

favourable growth conditions (lots of light, water and nutrients) in the 

absence of competition from other plants. The results, therefore, suggest the 

innate capacity that the different species have to respond to CO2 enrichment 

from sub-ambient levels. Small sample sizes, coupled with the inherent 

variability in the growth of native plants (Hunt et al, 1991), act to conceal the 

underlying trends that the plants exhibit. But for many of the variables -

especially the root and leaf masses - the trends were obvious. 

The most useful data that I have to assess the responses shown by the 

different plants to varying [CO2] are the root and leaf dry masses. The stem 

masses would also be useful, but, as the masses are so small, making up 

such a small portion of the total DW, trends are difficulL t~ 1ick up. From ) 
" looking at the dry masses of the leaf and dry masses of he f ur species, it 

seems as if growth saturates somewhere between 550 and 700ppm for 

A.cyclops/ A. saligna and L. laureolum. It is not quite as clear when the 

growth of D. sinuata saturates, as its root growth appeared to have saturated 

by 550ppm, whilst its leaf growth appeared to remain unsaturated at 

700ppm. The fact that none of the plants appear to have had their growth 

saturated at current CO2 levels means that any further increases in CO2 will 

directly affect the growth rates of all four of these species. As the growth 

response differs greatly between different functional types and species (as I'll 

discuss in greater detail later), there have been suggestions that, through 

increasing atmospheric CO2 levels, mankind has directly increased the 

intensity of natural selection within plant communities (Bazzaz et al, 1995). 

The fact that humans may be directly responsible for instigating massive 

worldwide ecological shifts is a sobering thought. 
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Comparison between herbaceous and non herbaceous 

' plants ~t ~.. r u 
' 

D. sinuata displayed by far the most dramatic resJ nse to elevated co, r 

concentrations in terms of stem weight anckLeaf weigh (Figs 5, 10 and 15). 

This is not surprising, considering how its life strategy differs from that of the 

woody plants. Woody plants are primarily defined by the production of 

secondary tissue, which enables them to grow taller than herbaceous species. 

Whilst this investment means that they have slow growth rates, they tend to 

be long lived. Herbaceous plants, on the other hand, don't accumulate any 

secondary tissue, enabling them to grow much faster, but have shorter life 

spans. Another factor that would have probably contributed to the smaller 

response shown in the masses of the woody plants is that, while the 

herbaceous plant would have allocated all of the carbon that it assimilated 

through photosynthesis into growth, the woody plants probably allocated 

quite a significant portion to the production of non-structural carbohydrates 

(NSCs), such as starch. Measuring the size of the non-structural carbon pool 

is particularly relevant to experiments such as this one, which aim to 

determine the [CO2] at which growth is no longer carbon limited. As plants 

store their carbon reserves in the form of NSCs, the size of the NSC pool can 

be used to determine the balance of a plants (-source vs sink activity - i.e. if 

a plant is accumulating more carbon through photosynthesis than is possible 

to dump into a sink (growth), then it will begin to accumulate NSCs (Korner, 

2003). An excellent addition to this experiment would, therefore, have been 

to measure starch concentrations (the most common form of NSC) in the 

plants at different CO2 concentrations, as these results would have indicated 

at which concentration the plants are no longer C limited (the concentration 

at which there is a sudden surge in starch concentration). However, due to 

time constraints this was not possible. 

LI 



The plants in this experiment were not grown under the various CO2 

concentrations for a great length of time and, as a result, only the growth 

response of the seedling stage could be measured. However, growth 

enhancement in this stage of a plant's life is particularly important, as it will 

have a compound interest effect, and no further stimulation is needed for the 

signal size to increase with time (Donovan and Ehleringer, 1991). The fact 

that I studied the seedling growth response is also particularly relevant for 

the two species of acacias, as initial growth is particularly important in the fire 

prone Fynbos system. 

Comparison between woody indigenous and alien plants 

Due to the fact that alien plants are able to fix nitrogen, they are likely to ~~ /1.{6 l 
more CO2 responsive than non-fixing plants under natural nutrient limiting> 0 tft 

conditions (Korner, 1995). However, based on the leaf and root DW data, this 

doesn't appear to be the case. In terms of the leaf DW data, whilst A. cyclops 

appeared to have the greatest response, L. laureolum appeared to have a 

greater response than A. saligna. In terms of the root DW data, A. saligna 

appeared to have the greatest response, followed by L. laureolum with A. 

cyclops having the lowest response. Whilst the plants were fertilised with a 

very dilute nutrient solution (1ml solution: 500ml water), they may have had 

more access to nutrients than they would have if they had grown in natural 

conditions in nutrient-poor Fynbos soils. Alien species growing in the Fynbos 

system may, therefore, benefit more from elevated CO2 levels in the future 

than these results suggest. 

Apart from being able to fix nitrogen, another factor that sets these two 

species at an advantage against the indigenous vegetation is that they 

develop much larger root systems than our indigenous vegetation typically do, 

enabling them greater access to water and nutrients within the soil. The 
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average size of A. cyclops'roots increased by 42% since the onset of the 

Industrial Revolution, whilst the average size of the roots of A. salignas roots 

increased by 50%. This will have aided their invasion into the arid Fynbos 

biome, as it will have enabled them to access more of the nutrients and water 

in the nutrient poor, arid soils common in the Fynbos environment. 

Responses in Morphology to different CO2 treatments 

The negative response in terms of height that all of the species except for D. 

sinuata had seems surprising, considering that all of the species had a 

positive response in terms of leaf and stem DW. Both of the acacias didn't 

appear to grow upwards, but, rather, sprawled sideways, and therefore 

height measurements are not a good reflection of the size of the plants. 

Stem weights tend to increase with elevated [CO2] All four of the species 

experienced an increase in stem diameter with increasing [CO2] , which is in 

line with the results of numerous studies (Tingey et al, 1996; Allen et al 

1991). The increase in stem diameter could, however, also be an indirect 

effect brought about by the fact that, as the plants grown at higher [CO2] 

were typically larger, they required more support. 

The only species that experienced an increase in the number of leaves with 

increasing [CO2] was D. sinuata. The rest of the species all, however, 

experienced an increase in leaf DW, which suggests that the average mass 

per leaf must have increased under elevated [CO2] . This would have resulted 

in either a higher leaf weight per unit area, or an increase in leaf area - both 

of which are typical responses of woody plants to elevated [CO2] (Saxe et al, 

1998; Enoch and Zieslin, 1988). 



Root to shoot ratios 

Apart from the rate at which plants are able to photosynthesize (and, 

therefore, the growth rate), elevated [CO2] can also affect the way that a 

plant's dry matter is partitioned, with higher root to shoot ratios typically 

observed in plants that are grown in elevated [CO2] (Enoch and Zieslin, 

1988). It has been suggested that the reason that plants do this is in order to 

balance the supply of, and demand for, materials needed by the whole plant 

for balanced growth (Allen et al, 1991; Acock and Allen, 1985). A plant 

growing in sub ambient [CO2] would benefit from partitioning C preferentially 

to the leaves, as it would increase its ability to fix C. 

Gas Exchange 

A tool that is often used when analysing the demand for CO2 are A-q curves. 

An A-ci curve was drawn up for L. laureolum (fig 35). The steep initial incline 

in the graphs where A (the rate of CO2 assimilation) increases steeply with 

increasing Ci (inter cellular [CO2]), is the region where CO2 limits the rate of 

functioning of Rubisco, and RuBP is present in saturating quantities (Lambers 

et al, 1998). However, as q increases, eventually a point is reached where the 

demand for CO2 is no longer the limiting factor, and A becomes limited by the 

rate at which RuBP becomes available. This, in turn, depends on the activity 

of the Calvin cycle (Lambers et al, 1998). There are two ways that leaves may 

respond to elevated CO2: They can reduce the amount of photosynthesis 

without changing the composition or photosynthetic capacity of the leaf 

( often referred to as "down regulation") by partially closing their stomata, or 

they may also decrease the amount of photosynthetic components resulting 

in a loss of photosynthetic capacity ( often referred to as "acclimation" 

(Kimball et al, 1991)). The fact that the plants grown at lOOOppm have a line 

that falls lower on the A-ci curve, is because they are down regulating their 

photosynthetic rate. This could be as a result of the plant allocating N to rate 



limiting steps in photosynthesis (eg RuBP regeneration), or as a result of the 

imbalance between source and sinks. A useful analogy when discussing the 

source and sink relationships in plants, is that of factories (photosynthesis) 

and warehouses (the sinks in which plants deposit the products of 

photosynthesis). If a factory produces a product faster than is able for it to be 

stored in warehouses, then eventually the factory will have to slow down 

production. Authors have claimed that the reason that plants tend to down 

regulate at high [CO2] is because of the un-natural sink limitation caused by 

the restriction of root growth that occurs when plants are grown in pots 

(Anderson et al, 2001). It is, however, unlikely that root growth restriction 

was a factor in this experiment, as the pots that the plants were grown in 

were large in relation to the size of the plants, and the down regulation 

probably stemmed from some other resource being limiting. In another study 

where gas exchange measurements were taken for L. /aureolum, plants that 

had been grown at elevated [CO2] concentrations, displayed a restriction in 

the rate of photosynthesis at 700ppm. The reason that this trend was not 

observed in my plants grown at 700ppm is possibly due to the fact that they 

had only grown for around 6 months (compared with 18 months) and, if they 

had been grown for longer, the a-ci curve for the plants would probably begin 

to drop as the plants mature, build up carbohydrates, and begin to down 

regulate. 

A useful tool that can be used in order to determine whether partial stomata! 

closure is responsible for reduced photosynthetic rates at high CO2, are 

graphs plotting the ci:ca ratio (ratio of intercellular to ambient [CO2]) against 

the CO2 concentration at which the plants are grown (Fig 36). High CO2 

conditions typically induce partial stomata! closure (Acock and Allen, 1985) 

which would mean that the ci:ca ratio would be expected to be lower for 

plants grown under elevated CO2. Our result (increasing ci:ca ratio with 

elevated CO2) is, therefore, unusual. This can possibly be attributed to 

measurement error, as the std error at 180ppm is very large as a result of the 

ci:ca ratios of two of the three plants grown at that concentration being 



exceptionally low. If the ci:ca ratios of the plants grown at 180ppm are 

excluded, then the trend becomes negative - as one would expect. 

Conclusion 

The growth rate of all four of the species was significantly increased by 

elevated [CO2], but the rate and magnitude of this response was variable. 

Herbaceous plants were much more responsive to changes in CO2 

concentration with a much larger response at elevated [CO2] than woody 

species, presumably as a result of differences in growth rates in the 

vegetative stage brought about by the plants having different life strategies. 

These results also suggest that the flowering of herbaceous plants is affected 

by the [CO2] within which they are grown. At a [CO2] of 180ppm in particular 

there is a large decline in flowering suggesting that between the last glacial 

maximum and the onset of the industrial revolution there may have been a 

large increase in the number of flowers displayed by indigenous herbaceous 

species or the flowering season could have just been delayed. 

Due to their possession of mychorrhizal relationships, enabling them to fix N 

from the air, invasive woo y A)·en species are able to achieve faster growth 

rates than indigenous, non-fixing woody species in Fynbos' low nutrient 

conditions. Their growth doesn't appear to be more responsive to elevated 

[CO2] than that of indigenous species, suggesting that their ability to fix N will 

not result in increasing CO2 levels facilitating future invasion. However, whilst 

the plants received very dilute levels of nutrients, they may have however 

received more than they would if they were growing in Fynbos (?). If this, 

was indeed the case, then the growth of indigenous species und r high [CO2] 

may not be as enhanced by the extent that my results would suggest. 



As growth rate is a major component of inter specific plant competition, 

differing responses of different functional types to impending increases in 

[C02i will have major ecological consequences. We need to become aware of 

what these consequences are likely to be, we could conduct experiments such 

as this one or just wait and s, 

""- -

Acknowledgements 

Massive thanks to Barney Kgope for all the countless hours he contributed to 

the running of the experiment and for valuable input. Thanks to Guy Midgley 

for the funding and for his contagious excitement. Thanks as usual to Joanne 

de la Cornillere for her help with the grama and to my mother for supplying 

the vitamins 

2.' 



I 

References 

Allen LH, Bisbal EC, Boote KJ, Jones PH (1991) Soybean dry matter allocation 

under subambient and super ambient levels of carbon dioxide. Agronomy 

Journal83: 875-883 

Acock Band Allen LH (1985) Crop response to elevated carbon dioxide 

concentrations In BR Strain and JD Cure (ed) Direct effect of increasing 

carbon dioxide on vegetation. U.S. Department of Energy, Carbon Dioxide 

Research Division, Washington DC 

Anderson LJ, Maherali H, Johnson HB, Polley HW, Jackson RB (2001) Gas 

exchange and photosynthetic acclimation over subambient to elevated CO2 in 

a CrC4 grassland. Global Change Biology 7, 693-707 

Bazzaz FA, Jasienski, Thomas SC, Wayne P (1995) Micro-evolution responses 

in experimental populations of plants to CO2 enriched environments: parallel 

results from two model system. Proceedings of the National Academy of 

Sciences (USA) 92: 8161-8165 

Donovan LA, Ehleringer JR (1991) Ecophysiological differences among 

juvenile and reproductive plants of several woody species. Oecologia 86: 594-

597 

Enoch HZ, Zieslin N (1988) Growth and development of plants in response to 

carbon dioxide concentrations. Applied Agricultural Research 3(5) 248-256 

Hunt R, Hand DW, Hannah MA, Neal AM (1991) Response to CO2 enrichment 

in 27 herbaceous species. Functional Ecology 5, 416-421 

Hunt R, Hand DW, Hannah MA, Neal AM (1993) Further responses to CO2 

enrichment in British herbaceous species. Functional Ecology 7, 661-668 

28 



Korner C (1995) Torwards a better experimental basis for upscaling plant 

responses to elevated CO2 and climate warming. Plant, cell and environment 

18: 1101-1110 

Korner, C. (2003) Carbon limitation in trees Journal of Ecology 91, 4-17 

Lambers H, Chapin FS, Pons TL (1998) Plant physiological ecology, Springer 

Verlag, New York, 540pp 

Neftel A, Oeschger H, Staffelbach T, Stauffer B (1988) CO2 record in the Byrd 

ice core 50 000 - 5000 years BP Nature 331: 609-611 

Midgley GF (1996) Influence of genotype and nutrients on the response to 

elevated CO2 of plants of a nutrient limited ecosystem. PhD thesis, University 

of Natal 

Saxe H, Ellsworth DS, Heath J (1998) Tree and forest functioning in an 

enriched CO2 atmosphere. New phytologist 139: 395-436 

Tingey DT, Johnson MG, Phillips DL, Johnson DW, Ball JT (1996) Effects of 

elevated CO2 and nitrogen on the synchrony of shoot and root growth in 

ponderosa pine. Tree Physiology 16: 905-914 

Ward JK, Antonovics J, Thomas RB, Strain BR (2000) Is atmospheric CO2 a 

selective agent on model C-3 annuals? Oecologia 123( 




