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Abstract 
 

 

Increasing atmospheric carbon dioxide concentration ([CO2]) is the main contributing 

factor to anthropogenically derived global climate change.  The impact of climate 

change upon terrestrial ecosystems is still uncertain.  If information can be obtained 

on how past fluctuations in [CO2] and temperature has affected terrestrial 

communities this knowledge can increase our understanding as to how future climate 

change may impact upon modern-day ecosystems.   

 

Foliar stomatal frequency analysis is a proxy-CO2 measure that may provide estimates 

of atmospheric [CO2] from subfossil or fossil leaf material.  Currently, the majority of 

the research in this field has been conducted on deciduous Northern Hemisphere 

species including extant and fossil material.  Southern Hemisphere fossil species are 

currently under-represented in the fossil proxy-CO2 database.  The rate of climate 

change in the Southern Hemisphere is less than that experienced in the Northern 

Hemisphere, so using Northern Hemisphere derived training sets to provide Southern 

Hemisphere CO2 estimates may introduce confounding errors.  Therefore, the use of 

Southern Hemisphere training sets on Southern Hemisphere fossil material will 

provide more accurate atmospheric CO2 estimations.  This thesis will contribute to the 

field of knowledge by determining the applicability of three Southern Hemisphere 

evergreen tree species to be used as potential proxy-CO2 indicator species.   

 

Selected test species included two mesic evergreen tree species Acacia melanoxylon 

and Eucalyptus obliqua and one warm temperate rainforest evergreen tree species 

Acmena smithii.  These species were chosen because of their frequency of herbarium 

lodgings and their commonality in Victoria, Australia.  In addition they were 

considered suited for the gradient analysis implemented in this study due to their wide 

environmental range.  To assess the potential of these species to act as proxy-CO2 

indicator species, the following was determined: 1) intrinsic variation in stomatal 

frequency within and among leaves and between trees, 2) the capacity of these species 

to track [CO2] over sub- and superambient CO2 gradients and 3) the potential of 

confounding factors to obscure any CO2 signal, such as major climatic factors 

including temperature and precipitation variables. 
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This study also employs a novel combination of statistical procedures that have not 

been used in past stomatal proxy studies.  This combination of statistical analysis 

allows the amount of intrinsic variation within, and between plants to be directly 

compared to that attributed to [CO2].  Thus, increasing the confidence in which a 

potential proxy-indicator species can be selected and employed.     

 

Intrinsic variation in stomatal frequency within and among leaves of A. melanoxylon, 

A. smithii and E. obliqua were quite low, particular over the leaf surface and within 

leaf fragments (i.e. cuticle).  This stable stomatal frequency within these parameters 

makes these species suitable for palaeo-stomatal frequency analysis, as the majority of 

fossil samples are already fragmented.   

 

Analysis of stomatal frequency from herbarium-lodged specimens revealed that only 

stomatal indices from A. melanoxylon and A. smithii were capable of tracking 

increasing subambient [CO2].  The decrease in stomatal indices attributed to [CO2] in 

these species was more than twice the variability accounted for by intrinsic variation 

within herbarium-sheets.  When stomatal index in A. melanoxylon was regressed 

against atmospheric [CO2], the strength of the regression analysis increased in 

comparison to that against year of collection.  This suggests that CO2 may be the 

primary factor initiating stomatal development in this species.  Therefore, stomatal 

index in A. melanoxylon and A. smithii are suitable for use as a proxy-CO2 measure.  

Furthermore, upon application of statistical protocols a novel stomatal response to 

increasing [CO2] was observed, that being one of a stepped nature, indicating that 

there is a critical [CO2] threshold that initiates reductions in stomatal indices of these 

species.       

 

The intrinsic variability between trees was high and accounted for the majority of 

significant variation in stomatal frequencies over both the temperature and 

precipitation transects in each of the test species.  The majority of variation in 

stomatal frequency in the tested species was accounted for by intrinsic variation 

between trees within sites along the temperature and precipitation transects.  This 

variation was only double that of between leaf intrinsic variation (i.e. approaching the 

variability of stomatal frequency attributed to [CO2] in herbarium-lodged specimens) 

approximately 15% of the time.  In order to mitigate the potential of this intrinsic 
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variability to dampen any CO2 response in stomatal frequency, it is recommended that 

large fossil datasets are used and paleo-CO2 estimates be compared to other proxy-

CO2 measures. 

 

Growth of A. melanoxylon, A. smithii and E. obliqua at superambient [CO2] resulted 

in significant reductions in stomatal density and index, while increasing total cell 

numbers in A. melanoxylon and A.smithii were documented.  This trend is consistent 

with that observed for stomatal index in A. melanoxylon and A. smithii from 

herbarium-lodged specimens.  Stomatal density characters in E. obliqua did not 

respond to superambient [CO2], however stomatal indices significantly increased, 

while total cell numbers decreased under elevated [CO2].  The response of stomatal 

frequency characters in E. obliqua are opposed between the subambient and 

superambient [CO2] studies, suggesting that in situ factors other than [CO2] are 

exerting a greater influence on stomatal frequency in this species. 

 

Macro-morphological characteristics were also examined in these species after growth 

at superambient [CO2]; a fertilisation effect was only noted in A. smithii.  Acacia 

melanoxylon demonstrated nutrient limitation under elevated [CO2], so this species 

may not have the capacity to increase growth rate under superambient [CO2] if 

nutrients are limited in situ.  Eucalyptus obliqua did not exhibit an increase in any 

biomass characters examined suggesting other environmental variables dictate growth 

rate in this species, not atmospheric [CO2]. 

 

Stomatal index of A. melanoxylon and A. smithii have the sensitivity to track changing 

atmospheric [CO2], with an inverse relationship found between stomatal index and 

[CO2] in both sub- and superambient [CO2] experiments.  Stomatal index of A. 

melanoxylon and A. smithii therefore have the potential to act as a proxy [CO2] 

indicators between 280 – 550 ppm.  It was noted that stomatal index of both these 

species exhibited a stepped response to [CO2] increase, suggesting a critical [CO2] 

threshold, that once exceeded will illicit a significant (P < 0.05) stomatal index 

response.   

 

Stomatal index of Acacia melanoxylon and Acmena smithii may be applied to fossil 

material to estimate not only past [CO2], but provide information as to how past 
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climate change may have impacted upon Australian terrestrial ecosystems and 

therefore, predict how possible future climate change may impact upon current-day 

ecosystems.               
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Introduction 

 

Since the industrial revolution began in about 1750 when fossil fuels were first 

utilised as broad-scale energy source, there has been a marked increase in greenhouse 

gases in the atmosphere, that is, carbon dioxide, methane, nitrous oxides and 

halocarbons (Forster et al., 2007).  These greenhouse gases contribute 75% to 

anthropogenically derived climate change with the remaining 25% derived from 

altered land use regimes (Forster et al., 2007).  The major contributor to climate 

change is carbon dioxide (CO2).  Increased radiative forcing from this gas has risen 

20% in the last 200 years, thus contributing to global warming (Forster et al., 2007).  

Atmospheric carbon dioxide concentration ([CO2]) has increased by 36% since the 

start of the industrial revolution (from 280ppm to 385ppm) (Woodward, 1987; Tans, 

2009).  In fact, in the last 30 years atmospheric [CO2] increased by 50ppm, in 

comparison to the 220 years required for the first 50ppm increase (Forster et al., 

2007).  Atmospheric [CO2] continues to rise at 1.9ppm/yr (Keeling et al., 1995; 

Forster et al., 2007).           

 

The link between [CO2] and other greenhouse gas levels with climate change is not a 

recent phenomenon as this association has been observed throughout geological time 

(Visscher et al., 1996; Jansen et al., 2007).  Analysis of ice cores dating back 650 kyr 

found that increased greenhouse gas levels have been associated with an increase in 

global mean temperature (Jansen et al., 2007).  This relationship was also described in 

the Pre-Quaternary, dating back from 2.6 M.a. (Haywood et al., 2005).  Conversely, 

ice sheet expansion 35 – 40 M.a. occurred at a time of low atmospheric [CO2] 

(DeConto and Pollard, 2003; Jansen et al., 2007).  The implication of the ice-core and 

other proxy records is that by examining past palaeoclimatological variations, we may 

then predict how future greenhouse gas levels may not only alter the current climate, 

but also how current-day ecosystem type and composition may be affected in the 

future (Zachos et al., 2008). 

  

Estimates of palaeo-[CO2] can be directly measured from air bubbles trapped in ice 

cores, although this can only provide estimates of [CO2] back 650 kyrs (Jansen et al., 

2007).  Whereas chemical, physical and biological proxy measures can estimate 
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palaeoclimate parameters back millions of years (Visscher, 1993; Visscher et al., 

2004; Jansen et al., 2007; Zachos et al., 2008).  The major proxy techniques used to 

determine palaeo-[CO2] include: estimation of carbon isotopic ratios in water and soil, 

boron isotopic ratios and the use of stomatal frequency analysis (Pearson and Palmer, 

2000; Royer, 2003; Pagani et al., 2005; Jansen et al., 2007; Passalia, 2009).  

Currently, there are much fewer well-dated proxies for the Southern Hemisphere in 

comparison to the Northern Hemisphere and as climate change is more rapid in the 

Northern Hemisphere (Jensen et al., 2007), due to increased fossil fuel use, proxy-

CO2 estimates from Northern Hemisphere species may not be directly applicable to 

the Southern Hemisphere.  So there is great scope to enhance the knowledge-base of 

palaeoclimatic conditions using proxy techniques in this hemisphere, in order to 

understand the impact that elevated [CO2] may exert on Southern Hemisphere 

ecosystems.  This study will examine the potential of stomatal frequency analysis in 

Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua to be used as a proxy 

measure of atmospheric [CO2] in these Southern Hemisphere species. 

 

In the following sections I will review 1) the role of stomata, 2) the potential impact 

of future climate change on stomatal frequency, 3) the applicability of fossil stomatal 

frequency to estimate palaeo-[CO2], 4) stomatal frequency response to changing 

[CO2], 5) the potential of stomatal frequency to be used as a proxy, 6) the use of 

altitudinal and historical datasets for subambient CO2 studies, 7) experimental and 

natural CO2 springs for superambient studies 8) genetic controls on stomatal 

frequency and desirable attributes of proxy CO2 indicator species and 9) potential 

confounding influences upon stomatal-based CO2 proxies 

 

1.1 The role of stomata in leaf physiology 

 

Stomates are pores on the leaf surface that act as the 

interface as the interface between internal leaf area and 

external atmosphere.  The stomatal complex consists of two 

kidney shaped guard cells which open and close by osmotic 

adjustment, allowing gas diffusion across the leaf surface 

(Murray, 1995).  Stomatal frequency is the number 

stomates present over a leaf surface, and may be defined as 

 
Figure 1.1: A cuticle 

impression of the leaf surface 

of Eucalyptus obliqua, (1) a 

stomate consisting of guard 

cells (), and (2) epidermal 

cells.  
 

1 

2 
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a density count, stomata per mm
2
, or expressed as an index (Salisbury, 1927), as the 

ratio of stomata to epidermal cells (Figure 1.1). 

 

The function of stomata on the leaf surface is to facilitate movement of atmospheric 

CO2 into the leaf, and thus, be incorporated into the photosynthetic reaction.  Carbon 

dioxide is an essential substrate in the photosynthetic process and is incorporated in 

the light-independent reaction of photosynthesis to produce simple sugars (Kramer et 

al., 2004). 

 

For photosynthesis to occur stomata must open to obtain CO2 which produces an 

unavoidable trade-off, that is, as CO2 moves into the  

leaf, water from within the leaf is lost through   

the open stomata via transpiration (Gutschick, 1999; 

Figure 1.2).  In order to optimise photosynthetic 

returns the plant must balance CO2 uptake with 

transpirational losses, thereby trying to maximise 

carbon gain while minimising water loss (Givnish, 

1978).  The water molecules lost per molecule of 

carbon fixed by the plant during photosynthesis, is 

referred to as water use efficiency or WUE  

(Ellsworth, 1999).   

 

1.2 Future climate change and stomatal frequency 

 

Carbon dioxide is not only an essential substrate in photosynthesis it is also the most 

abundant greenhouse gas (Houghton et al., 2001).  Along with other greenhouse gases 

such as, methane and nitrous oxide, these gases are having a direct influence on 

climate change, i.e. global warming (Houghton et al., 1990 & 2001; Crowley, 2000; 

Forster et al., 2007).  As CO2 is a critical component in both photosynthesis and 

climate change, it is not surprising the two processes are linked (Visscher, 1993; 

Ceulemans and Mousseau, 1994; Cowling and Sykes, 1999; Körner, 2006). 

 

 

 
Figure 1.2: Depiction of 

transpirational losses associated 

with CO2 uptake. Source: Knox et 

al., 2005. 
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Anthropogenic increases in atmospheric CO2 concentration allow plants to restrict 

stomatal opening, while maintaining carbon uptake (Murray, 1995; Figure 1.3).  

Restricted stomatal opening will result in decreased stomatal conductance, lower  

transpiration rates and hence, increased plant 

water use efficiency (Tricker et al., 2005).  

As a result, the plant may reduce stomatal 

frequencies under elevated CO2 

concentration and maintain equal or 

increased carbon uptake, so this relationship 

is of an inverse nature (Gregory, 1996; 

Fernández et al., 1998).  Combined with 

reduced stomatal opening, conductance, and 

t r a n s p i r a t i o n  r a t e s ,  e l e v a t e d  C O 2   

concentration also depresses dark respiration rates also leading to increased water use 

efficiency (Wullschleger et al., 1992; Murray, 1995).   

 

Increase in water use efficiency has been found to increase drought tolerance in many 

plant species, which may allow increased plant distributions (Tyree and Alexander, 

1993; Huxman et al., 1998).  Whether future increases in plant distribution are 

realized is dependent upon whether increased water use efficiency will be greater 

than enhanced transpiration, as a result of global warming (Houghton et al., 1990 & 

2001; Crowley, 2000).  The impact of these two opposing factors on the distribution 

of Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua, are yet to be 

determined. 

 

1.3 Using stomatal frequency from fossil assemblages to estimate 

palaeo-CO2 concentration 

 

If stomatal frequency exhibits the ability to respond to past and future increasing CO2 

concentrations stomatal frequency then has the potential to be applied to fossil 

datasets, providing estimates of atmospheric [CO2] over geological time scales 

(millions of years, e.g. Royer, 2001 & 2003; Royer et al., 2001a & b; Greenwood et 

al., 2003).  Fossil stomatal frequency may provide a wealth of information on past 

CO2 concentrations, particularly during the fossil-rich quaternary i.e. 2 M.a. to present 
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Figure 1.3: Southern-hemisphere atmospheric 

CO2 versus time. Source: Etheridge et al., 1996. 
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(van Hoof et al., 2005).  This type of palaeo-CO2 analysis has the benefit of being 

sensitive to CO2 fluctuations at the subdecade level (Wagner et al., 2004), therefore 

providing high resolution of palaeoatmospheric CO2 concentrations (Kouwenberg et 

al., 2005). 

 

Estimations of palaeo-CO2 concentrations from fossil stomatal frequency analysis 

have been consistently reproduced, demonstrating an inverse response in 88% and 

94% of studies using stomatal density and index, respectively (Royer, 2001; Wagner 

et al., 2004).  This inverse relationship has been observed between continents, 

amongst different species and compares well with other proxy methods of 

determining past CO2 concentration (e.g. McElwain and Chaloner, 1995; Chen et al., 

2001; Demicco et al., 2003; Greenwood et al., 2003; Kouwenberg et al., 2005; 

Rundgen et al., 2005; van Hoof, 2005).    

 

These other proxy methods used to estimate palaeo-CO2 concentration include the use 

of air trapped in ice cores, carbon-13 (C
13

) analyses, paleosol CO2 barometer, and 

boron isotope analyses (Cerling, 1992; Etheridge et al., 1996; Petit et al., 1999; Royer 

et al., 2001a; Beerling and Rundgren, 2003).  Limitations associated with these 

methods include, short applicable time spans (approximately 500,000 years) for ice 

core and C
13

 analyses, and a lack of temporal resolution to short-term CO2 

fluctuations; typically these proxies track changing CO2 concentration over 10
3
 – 10

4
 

years (Cerling, 1992; Etheridge et al., 1996; Petit et al., 1999; Royer et al., 2001a; 

Beerling and Rundgren, 2003; Palmer and Pearson, 2003; Roth-Nebelsick, 2005).  

 

As with the above mentioned CO2 proxies, fossil stomatal frequency analysis also has 

limitations (Roth-Nebelsick, 2005).  These include uncertainties to estimate CO2 

concentrations outside the realms of the CO2 training sets, that is, typically between 

280-360 ppm CO2 (Wagner et al., 2004).  Intraspecific variation, and intrinsic 

variation between extant training set species and extinct fossil species also have the 

potential to obscure estimates of atmospheric-CO2 concentration (Barnola et al., 1995; 

Poole et al., 1996; Kürschner, 1997; Atchison et al., 2000; McElwain et al., 2002; 

Wagner et al., 2002; Beerling and Rundgren, 2003; Kouwenberg et al., 2005; Roth-

Nebelsick, 2005).  However, much of these potential limitations may be negated by 

the use of large sample sizes (Kürschner, 1997) and adequate testing prior to the use 



          

  Chapter 1 

6 

 

of particular species as palaeo-CO2 proxy (Beerling, 1999; Poole and Kürschner, 

1999). 

  

The potential error in estimating CO2 concentration using stomatal frequency analysis 

compares favourably with other proxy methods.  Potential errors in the estimation of 

CO2 concentration using fossil stomatal analysis is the order of ±40 ppm (Rundgren 

and Beerling, 2003), while uncertainties associated with the above mentioned physio-

chemical methods vary between ±20 – 500 ppm (Cerling, 1992; Jasper et al., 1994).  

 

The advantages of using stomatal frequency analysis as a proxy-CO2 method is that it 

has high temporal resolution that is capable of detecting rapid CO2 excursions, and 

therefore is an integral part of proxy-CO2 datasets (Beerling, 1999; Wagner et al., 

2004; Roth-Nebelsick, 2005).  Also, the use of fossil leaves allow estimation of CO2 

concentration over extended time periods, 10 – 20 million years in extant species 

(Visscher, 1993; Beerling and Chaloner, 1994) and even further back using nearest 

living equivalents or relatives (Roth-Nebelsick, 2005).     

   

Using fossil assemblages not only provide palaeo-CO2 estimates, they may also 

contribute valuable knowledge as to how modern-day ecosystems may respond to 

future climate change, by determination of past climatic envelopes via foliar 

physiognomy and systematics (Visscher, 1993; Visscher et al., 1996; Visscher et al., 

2004).  This provides information on ecosystem composition and type, and the type of 

climate required to support such ecosystems. 

 

Southern Hemisphere proxy-[CO2] estimates are currently under-represented in 

comparison to Northern Hemisphere studies (Jensen et al., 2007).  Furthermore, over 

the last 500 years Australia is warming at half the rate of Northern Hemisphere 

continents (Pollack et al., 2006) and coupled with the species specific nature of 

stomatal frequency to rising [CO2] this study presents an opportunity to determine the 

applicability of Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua to be 

employed as proxy-indicator species.   
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1.4 Stomatal frequency response to changing CO2 concentration 

 

Stomatal frequency may respond to elevated CO2 concentrations in a number of 

ways, including a linear decrease (Woodward, 1987), sigmoidal decrease (Wagner et 

al., 1996; Kürschner, 1997), be unresponsive (Raven and Ramsden, 1989) or  

increase (Ferris and Taylor, 1994; Figure 1.4).  

Stomatal frequency response to changing CO2 

concentration depends upon species-specifity, 

evolution, life history strategies, physiology, and 

environmental pressures (Brodribb and Hill, 1993; 

Atkin et al., 1999; Schortemeyer et al., 1999; 

Beerling and Royer, 2002b; Bergmann, 2004; 

McElwain, 2004 Pandey et al., 2007; Sekiya and 

Yano, 2008).   

 

The manner in which stomatal frequency respond to 

changing CO2 concentration be it, negative, positive, 

or non-responsive is dependent upon the method used 

to determine this response (Figure 1.5).  Generally, 

increased exposure time to changing CO2 

concentrations over generational time spans allow 

genotypic and phenotypic adaptation in stomatal 

frequency, whereas short-term experimental 

responses only allow phenotypic plasticity to be 

examined (Royer, 2001; Table 1.1 overleaf).   

 

Distribution of stomata over a leaf surface also affects 

the sensitivity of stomatal frequency to changing CO2 

concentration (Royer,  2001).  Plants that  are   

hypostomatous- having stomata distributed on the abaxial (lower) leaf surface only- 

appear more sensitive than amphistomatous plants- leaves that have stomata present 

on both adaxial (upper) and abaxial leaf surfaces (Table 1.1 overleaf).      

 

 

 
Figure 1.5: Taken from Royer (2001) depicting 

responses of a) stomatal density and b) stomatal 

index to different methods of changing CO2 

concentrations  
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Fig 1.4: Stylised representation of 

incremental stomatal responses to 

incremental increases in CO2 

concentration; - sigmoidal decrease, - 

inverse linear decrease, - no response 

and - linear increase. 
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Table 1.1:  a) Adapted from Royer (2001) who reviewed different methods to assess stomatal 

frequency response (negative or positive) to changing CO2 concentrations, including: experimental 

approaches where CO2 concentration was artificially manipulated, the use of subfossil and fossil leaf 

material, and leaf surface discrimination.  The number of species and stomatal responses reported for 

each method are also included (S.D. - stomatal density; S.I. - stomatal index).       

 

a) 

Stomatal dataset Negative response 

(%) 

Positive response 

(%) 

Species (n) S.D. 

(n) 

S.I. 

(n) 

 S.D. S.I. S.D. S.I.    

Experimental 40 36 9 4 68 127 74 

Growth 

chambers 

48 48      

Open top 

chambers 

13 13      

Subfossil 50 34 11 9 95 133 35 

Herbarium 57 89      

CO2 springs 30 16      

Fossil 88 94 12 3 28 25 35 

Hypostomatous 56 69      

Amphistomatous 44 32      

Combined ~50 ~50 11 5 176 285 145 

 

1.5 Assessing the potential of stomatal frequency to be used as a proxy 

indicator of atmospheric CO2 concentration 

 

Before stomatal frequency analysis could be applied as an atmospheric CO2 proxy, 

stomatal frequency response to changing CO2 concentrations must to be demonstrated 

(Beerling, 1999).  The current techniques employed to document if a relationship 

between stomatal frequency and [CO2] exist are: 1) leaf material obtained from plants 

grown under subambient CO2 and 2) plant material grown in superambient CO2 

conditions.  Methods used in the subambient CO2 approach will first be discussed, 

followed by methods used in superambient CO2 investigations. 

 

1.6.1 Using altitudinal transects to establish subambient CO2 gradients 

 

As altitude increases partial air pressure decreases, reducing CO2 concentration by 1% 

per 100m (Gladstones, 1992).  Therefore, altitudinal transects allow stomatal 

frequency to be examined in response to decreasing CO2 concentration (McElwain, 

2004).  The first study to use an altitude-based transect to establish a subambient CO2 

gradient to examine the effect on stomatal frequency study was Woodward (1986), 

where stomatal density in Vaccinium myrtillus was found to increase as CO2 

concentration decreased.  Other published studies have reported the same trend in 
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stomatal frequency, that is, they demonstrate an inverse relationship with CO2 

concentration (Körner and Cochrane, 1985; Körner et al., 1986; Woodward, 1986; 

Hovenden and Brodribb, 2000; Kao and Chang, 2001; McElwain, 2004; Hovenden 

and Van der Schoor, 2006; Kouwenburg et al., 2007).  

 

Reductions in stomatal frequency associated with increasing altitude have also been 

documented (Körner et al., 1983; Hultine and Marshall, 2000; Schoettle and Rochelle, 

2000), as have no significant response (Goble-Garratt et al., 2001; Hultine and 

Marshall, 2000; Hovenden and Van der Schoor, 2006). Also, increases followed by 

decreases in stomatal frequency over the one altitudinal transect has been found 

(Qiang et al., 2003; Luo et al., 2006).  Variations in the above findings may be due to 

numerous reasons, such as, species-specific responses, differences in sample sizes, 

altitudinal ranges and microsite variations (Körner et al., 1986; Luo et al., 2006).  

Environmental variables, other than CO2, may also be exerting a significant influence 

on stomatal frequency (i.e. irradiance, water stress, water vapour pressure deficits) 

(Körner and Cochrane, 1985; Qiang et al., 2003; Luo et al., 2006).  Only six studies 

use stomatal index (the most stable measure of stomatal frequency) over altitudinal 

transects (Körner et al., 1983; Sun et al., 2003; Stenglein et al., 2005; Li et al., 2006; 

Kouwenberg et al., 2007). In addition to these only Hovenden and Brodribb (2000) 

and Kao and Chang (2001) have actually measured [CO2] over the transect 

 

A summary of major findings from studies that used altitude transects to establish 

subambient [CO2] gradients are presented in Appendix 1.1.  As numerous 

environmental variables vary concurrently with [CO2] over altitudinal transects the 

use of stomatal index has been recommended (Royer, 2001).  Stomatal index has been 

documented to be unresponsive to factors that influence epidermal cell size, and thus, 

may reduce the impact of confounding variables (Royer, 2001).  However, only 25% 

of studies presented in Appendix 1.1 use stomatal index.  Also, the majority of the 

species examined have been of Northern hemisphere origin with hypostomatous 

distributions (Appendix 1.1).  To date no studies have examined the response of 

stomatal index in amphistomatous-Southern-hemisphere-species to a subambient 

[CO2] gradient over an altitudinal transect, this study will be the first to do so. 
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All of the studies listed in Appendix 1.1 have applied a nested sampling design for 

data collection, this occurs when one level of data is nested within the next level, for 

example, the use of multiple stomatal counts per leaf, then numerous leaves per tree, 

and then multiple trees per site and so on (Zar, 1996).  The most appropriate statistical 

technique for analysing nested data is a nested ANOVA, which also has the advantage 

of identifying levels of significance at all nested levels, hence, allowing intrinsic 

variation to be quantified.  To date only Kouwenburg et al. (2007) has used a nested 

analytical technique.  Also, one study so far, to the best of my knowledge, by Kessler 

et al. (2007) has examined intrinsic variation associated with stomatal frequency over 

an altitudinal transect from fern species in the Northern Hemisphere.  This study will 

be the first to employ this analytical technique and examine intrinsic variation over 

altitudinal transects in evergreen Southern Hemisphere tree species. 

 

While a number of authors have used altitudinal transects to establish subambient 

[CO2] gradients, the expected increase in stomatal density and index as result of 

exposure to reduced [CO2] was observed in 53.3 and 16.7% of studies respectively 

(Appendix 1.1).  This finding indicates 1) environmental or climatic variables had a 

major influence on stomatal frequency over the altitudinal transect, and 2) as [CO2] is 

known to directly affect stomatal initiation and hence stomatal index, the lack of a 

response in stomatal index to reducing [CO2] over the altitudinal transect suggests the 

change in [CO2] over the transect may not be enough to illicit a stomatal response in 

most studied species, and / or an inappropriate passage of time has not passed to allow 

a genotypic response to subambient [CO2].  Furthermore, only studies by Hovenden 

and Brodribb (2000), Kao and Chang (2001) and McElwain (2004) have actually 

measured changing [CO2] over the altitudinal transect and quantified stomatal 

response to this variable. This study will also measure changing [CO2] over an 

altitudinal transect, in order to determine to appropriateness of this technique, to 

assess stomatal frequency response to a subambient CO2 gradient via an altitudinal 

transect.          

 

Stomatal frequency sensitivity to changing [CO2] has been demonstrated to be 

species-specific (Beerling, 1999; Royer, 2001), so it would be errant to assume a 

blanket response in all species; as it would be to assume a consistent response 

between Northern and Southern Hemispheres.  Based on studies presented in 
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Appendix 1.1 a decrease in stomatal density of 1.05% per 100m altitudinal increase 

was found in Northern Hemisphere species, while a decrease of 8.97% / 100m 

increase was found in Southern Hemisphere species.  It appears that stomatal density 

of Southern Hemisphere species are more sensitive to environmental factors that 

decrease stomatal density over an altitudinal transect, although no significant 

difference in the response was found (T test two-tailed; P>0.05).  While stomatal 

density was found to increase 5.77% and 3.07% per 100m altitudinal increase 

respectively, for Northern and Southern Hemisphere species (T test two-tailed; 

P>0.05), decreases in stomatal density over an altitudinal transect appears more 

pronounced in Southern Hemisphere species, while Northern Hemisphere species 

appear more sensitive to factors that increase stomatal density over an altitudinal 

transect, such as [CO2].  This difference in stomatal density sensitivity to changing 

[CO2] over altitudinal gradients may suggest a delineation between Northern and 

Southern Hemispheres species.   

 

When stomatal index was compared between hemispheres, stomatal index of 

Northern Hemisphere species decreased 1.16% / 100m increase, while in Southern 

Hemisphere species this decrease was 2.48% per 100m increase (Appendix 1.1; T 

test; P>0.05). Although, there was no significant difference observed the trend is 

consistent with stomatal density, in that, Southern Hemisphere species appear to have 

an enhanced inverse response to increasing altitude in comparison to Northern 

Hemisphere counterparts; once again suggesting a delineation between stomatal 

response and hemispheres.  An increase in stomatal index to increasing altitude was 

only observed in one study (Körner et al., 1983; Appendix 1.1), so no meaningful 

comparisons could be made, in fact, 33.3% of stomatal index responses where 

inversely related to altitude.  Based on the studies listed in Appendix 1.1, stomatal 

index appears to be insensitive to altitudinal derived [CO2] fluctuations, this makes 

stomatal index a promising candidate to be used as a proxy-[CO2] measure.       

 

When comparisons were made of stomatal density data in trees / shrubs from studies 

listed in Appendix 1.1, evergreen trees / shrubs were found more likely to decrease 

stomatal density as altitude increased than deciduous trees/shrubs, 4.8% and 0.15% / 

100m respectively (T test two-tailed; P>0.05).  Conversely, increases in stomatal 

density over an altitudinal transect was more pronounced in deciduous trees/shrubs 
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(5.1% / 100m) when compared to their evergreen counterparts (2.89% / 100m).  No 

statistical comparisons could be undertaken due to low sample size.  This significant 

increase in stomatal density response in deciduous Northern Hemisphere species 

reflects ambient [CO2] at the time of leaf development, which can be used to estimate 

palaeoaltimetry (McElwain, 2004), but also increasing the error associated with 

palaeo-[CO2] estimations through increased microsite variation may result. 

 

Stomatal indices were also compared from Appendix 1.1 in order to determine 

whether leaf life strategy influenced stomatal response to decreasing [CO2] over an 

altitudinal transect. Reductions in stomatal index were more pronounced in 

evergreens than deciduous species.  This enhanced significant reduction in stomatal 

index of evergreens over an altitudinal transect suggests environmental factors are 

exerting primary control over stomatal initiation in these test species; this may 

actually confound the use of stomatal indices in evergreens as a proxy-[CO2] measure.  

Only on altitudinal-based study by Li et al. (2006) on Quercus aquifoloides found 

stomatal index to increase as altitude increase, and hence decreasing [CO2], however 

this increase was only observed until a critical altitude was reached; above which 

stomatal index than began to decrease, suggesting another environmental factor may 

affecting stomatal initiation.    

 

Finally evergreen trees / shrubs were compared between hemispheres, decreases in 

stomatal density with increasing altitude were found to be more responsive in 

Southern Hemisphere species.  Increases in stomatal density of Northern Hemisphere 

tree / shrub species were more responsive than their Southern Hemisphere 

counterparts, 5.77 and 3.07% per 100m (T test; P>0.05).  This trend is consistent with 

that found when all plant life forms were included in the analysis.   

 

This study will examine the impact of 40 climatic / environmental variables, other 

than CO2 concentration on stomatal density and index in Acacia melanoxylon, 

Acmena smithii and Eucalyptus obliqua over an altitudinal transect.  The variety of 

climatic and environmental variables examined in this thesis will make it one of the 

most comprehensive altitudinal studies undertaken. 
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1.6.2 Using herbarium-lodged specimens to establish subambient CO2 

gradients 

 

As atmospheric CO2 concentration is increasing 1 – 2 ppm 

annually (Keeling et al., 1995), herbarium-lodged leaves 

offer the potential to assess stomatal frequency response to 

increasing subambient CO2 concentration.  Woodward 

(1987) was the first study to demonstrate an inverse  

relationship between stomatal frequency and increasing 

atmospheric CO2 concentration using herbarium-lodged 

specimens.  It was from this study that the concept of using 

stomatal frequency as a proxy indicator of atmospheric CO2 

concentration originated. 

 

An inverse relationship between stomatal frequency and CO2 concentration has been 

repeatedly observed in herbarium-based studies (Woodward, 1987; Peñuelas and 

Matamala, 1991; Beerling and Chaloner, 1993a; Visscher, 1993; He et al., 1998; 

Greenwood et al., 2003; Wagner et al., 2005; Appendix 1.2). Only a few herbarium 

studies have not found a significant, inverse stomatal response (Körner, 1988; Raven 

and Ramsden, 1989; He et al., 1998; Eide and Birks, 2006; Wagner, et al., 2005; 

Appendix 1.2), this may be due to species-specifity, fragmented and disjunct 

collections, high intrinsic variation, or confounding influences of other environmental 

variables which cannot be assessed (Bettarini et al., 1998).      

 

From the 16 herbarium-based studies assessing stomatal frequency responses to 

increasing atmospheric [CO2] over 100 species have been examined (Appendix 1.2).  

Herbaceous species are the most common life form examined, while trees constitute 

40.6% of the total species represented, with deciduous trees representing 69.8% of the 

tree dataset.  Distribution of stomata in the test species are skewed towards 

hypostomatous distribution, with 63% of the examined species being hypostomatous.  

From the dataset in Appendix 1.2, there is scope for further investigation examining 

the potential of amphistomatous-evergreen tree species’ ability to track atmospheric 

[CO2]. 
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Figure 1.6: Stylised depiction of 

Woodward’s (1987) study 

demonstrating decreasing stomatal 

frequency, with increasing year of 

collection.  
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The majority of findings (from the listed herbarium-based studies, Appendix 1.2) 

demonstrate an inverse response between stomatal frequency and [CO2], as first 

described by Woodward (1987).  Stomatal density and index decreased in response to 

increasing [CO2] 74.4% and 81.8% of the time.  Increases and no significant response 

in stomatal frequency were also noted, highlighting the species-specific nature of 

stomates to [CO2].  From Appendix 1.2 the average response to a 10ppm increase in 

[CO2] was a 5.02% decrease in stomatal density, 7.36% increase in stomatal density, 

and a 1.62% decrease in stomatal index.      

 

When trees and shrubs were examined stomatal density in deciduous trees and shrubs 

displayed an inverse relationship with [CO2] in 77.4% of cases.  Evergreen trees and 

shrubs exhibited an inverse response to [CO2] only 25% of the time.  If stomatal 

density were to be employed as a proxy-indicator of [CO2] it would be recommended 

that it only be used on deciduous species.  An inverse stomatal index response to 

increasing [CO2] in both deciduous and evergreen trees and shrubs was found 100% 

of the time.  When stomatal index responded to increasing [CO2], this response was 

consistent regardless leaf longevity in tree and shrub species.  Therefore, stomatal 

index should be the preferred measure of stomatal frequency in CO2 proxy analyses.    

 

The discrepancy between stomatal sensitivity of deciduous and evergreen tree and 

shrub species was further examined by comparing percentage change in stomatal 

frequency per 10ppm increase in [CO2].  Reductions in stomatal density and index of 

4.65% and 2.18%, and 4.12% and 0.9% were found in deciduous and evergreen trees 

and shrubs, respectively.  A stomatal density increase of 9.33% and 0.32% was 

observed in deciduous and evergreen trees and shrubs across the dataset.  From the 

herbarium dataset stomatal frequency of deciduous trees and shrubs appeared to be 

more sensitive to increasing [CO2] than evergreen trees and shrubs, however, upon 

statistical analyses no significant difference between stomatal sensitivity was found 

(Appendix 1.2).   

 

Based on the current herbarium catalogue there is much scope to increase the number 

of Southern Hemisphere distributed species, at present only 2.7% of the total species 

examined occur in the Southern Hemisphere.  Stomatal index decreased in response to 

CO2 increase by 1.74%/10ppm and 1.09%/10ppm respectively, in the Northern and 
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Southern Hemispheres.  Although stomatal index response in Northern hemisphere 

species appeared more sensitive to CO2 increase than Southern Hemisphere species, 

no significant difference was observed between them.  However, due to the low 

sample size of species from the Southern Hemisphere, this finding may be viewed as 

dubious and there is a need to increase the number Southern Hemisphere species in 

the herbarium catalogue to better determine if there is hemisphere discrimination 

between stomatal frequency sensitivity to CO2 increase.            

 

An opportunity also exists to increase information that may be extracted from 

herbarium-lodged samples by altering statistical analysis techniques.  Currently 

intrinsic variation is assessed prior to undertaking stomatal analysis as described by 

Beerling (1999) and Poole (1999) to reduce intrinsic variation that may obscure a CO2 

signal.  While this procedure is valid, few studies actually assess intrinsic variation 

associated with large herbarium datasets from which a CO2 signal is trying to be 

extracted.  To date only 12.5% of herbarium-based studies have attempted to quantify 

the strength of the CO2 signal and / or intrinsic variation associated with herbarium 

datasets.  The application of a standised method to assess the intrinsic variation and 

the amount of variability attributed to CO2 increase in stomatal frequency would 

allow easy comparisons between herbarium-based studies and increase confidence 

when using stomatal frequency analyses as a [CO2]-proxy measure.  

  

Independent of a standardised methodology for stomatal frequency analysis, the 

majority of herbarium-based studies still demonstrate an inverse response of stomatal 

frequency to increasing [CO2], however this relationship cannot automatically be 

assumed.  A species’ ability to respond to changing CO2 concentration may depend 

upon evolution, life history strategies, physiology, and environmental pressures 

(Brodribb and Hill, 1993; Atkin et al., 1999; Schortemeyer et al., 1999; Beerling and 

Royer, 2002b).   

  

1.6.3 Using subfossil leaf material to establish subambient CO2 

gradients 

 

Subfossil leaf material is buried leaf matter that has not yet completed the taphonomic 

(fossilisation) process for example in peat bogs (Wagner et al., 1996 & 2005; 
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Kürschner, 1997).  Using stomatal frequency from subfossil leaves will also allow 

assessment of stomatal frequency response to increasing CO2 concentration 

(Appendix 1.3).  Subfossil stomatal frequency may potentially be examined from an 

individual tree over a decadal period of CO2 increase using this technique, as per 

Wagner et al. (1996).   

 

The use of stomatal frequency from subfossil leaf material was first employed in the 

Northern hemisphere; with stomatal frequency demonstrating an inverse relationship 

to CO2 concentration (Beerling and Chaloner, 1993b; Wagner et al., 1996 & 2005; 

Kűrschner et al., 1997; Kouwenberg et al., 2005; van Hoof et al., 2005).  Subfossil 

stomatal frequency has been examined in Australian plant species (Atchison and 

Head, 1999; Atchison et al., 2000), however, contrary to Northern hemisphere studies 

a positive increase in stomatal index of Eremophila deserti was found (Atchison et 

al., 2000).  Atchison et al. (2000) attributed this increase in stomatal index to 

changing precipitation regimes over the sampling period. 

 

As with using herbarium specimens to examine stomatal frequency responses over 

subambient CO2 gradients, the use of subfossil leaf material is also subject to the 

same limitations as herbarium-lodged leaf material (see above).  

 

1.7.1 Using natural CO2 springs to establish superambient CO2 

gradients 

 

The use of subambient CO2 gradients has demonstrated an inverse relationship 

between stomatal frequency and CO2 concentration (Woodward, 1986 & 1987; 

Wagner et al., 1996).  However, does this relationship apply to stomatal frequency 

exposed to [CO2] above current-day levels (superambient concentration), that is, will 

stomatal frequency continue to decrease in response to future [CO2] rise.  Natural 

CO2 springs allow stomatal frequency assessment in response superambient CO2 

concentration in situ to be determined.  However, stomatal frequency response to 

elevated CO2 concentration around natural CO2 springs have been inconsistent 

(Appendix 1.4), with 8 out of 22 species demonstrating a reduction in stomatal 

frequency in response to elevated CO2 concentration (Jones et al., 1995; Bettarini et 

al., 1997 & 1998; Fernández et al., 1998; Paoletti et al., 1998; Marchi et al., 2004).  
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These inconsistencies may be explained by species-specifity, environmental 

heterogeneity or emission of toxic substances, such as hydrogen sulphide, may 

attribute to the inconsistency in stomatal frequency response to elevated CO2 

concentration around these springs (Miglietta et al., 1993; Fernández et al., 1998; 

Marchi et al., 2004).  Therefore, stomatal frequency response to superambient [CO2] 

may be obscured by the above listed factors.  

 

1.7.2 Artificial manipulation of CO2 concentration to establish 

superambient CO2 gradients 

 

Stomatal frequency response of plants to superambient CO2 concentration can be 

assessed by artificial manipulation of atmospheric CO2 concentration.  Manipulation 

of atmospheric CO2 concentration can be achieved for individual plant species by 

using growth chambers or glasshouses, a number of species using open-top chambers, 

and whole ecosystems by using free-air CO2 enrichment (FACE) systems (Herrick et 

al., 2002; Uprety et al., 2002; Woodward et al., 2002; Soares et al., 2008; Riikonen et 

al., 2008).  Major findings from using these three superambient techniques will be 

discussed below 

 

Variable responses in stomatal frequency to superambient CO2 concentration have 

been reported for all the above listed techniques (Appendix 1.5).  Growth chamber or 

glasshouse studies have reported reductions in stomatal frequency in response to 

elevated CO2 concentration (Ferris and Taylor, 1994; Beerling and Woodward, 1995 

Kürschner et al., 1998; Woodward et al., 2002; Baars and Edwards, 2008), increases 

(O’Leary and Knecht, 1981; Ferris and Taylor, 1994; Poole et al., 2000; Driscoll et 

al., 2006; Sekiya and Yano, 2008; Soares et al., 2008) and no response (Radoglou and 

Jarvis, 1990; Ferris and Taylor, 1994; Reedy et al., 1998; Poole et al., 2000; Marchi et 

al., 2004; Tocquin et al., 2006).  Similar findings have also been demonstrated in 

open-top chambers and FACE experiments, where exposure to elevated CO2 

concentration has resulted in decreases (Beerling, 1997; Rey and Jarvis, 1997; Bryant 

et al., 1998; Ferris et al., 2002; Uprety et al., 2002), increases (Uprety et al., 2002) 

and no change in stomatal frequency (Rey and Jarvis, 1997; Centritto et al., 1999; 

Sebastiani et al., 2002; Herrick et al., 2004; Riikonen et al., 2008). 

 



          

  Chapter 1 

18 

 

Each one of the above superambient CO2 techniques has limitations and the variation 

in findings may be, in part, attributed to differences in methods, for example CO2 

exposure concentrations and experimental duration.  Growth chambers / glasshouses 

and open-top chambers in particular, typically have short experimental times so 

responses to elevated CO2 concentration represent only a fraction of the plants 

lifetime (Wagner et al., 1996; Kürschner et al., 1997).  It is therefore uncertain to 

what extent information gathered from seedlings may be extrapolated to mature trees 

(Körner 1995; Kürschner et al., 1997).  ‘Pot effects’ may also confound results 

obtained from growth chambers due to limited root volume, as well as the artificial 

growth conditions these plants experience (McConnaughay et al., 1993; Nowak et al., 

2004). 

 

Another drawback of the use of open-top chambers includes a ‘chamber effect’, 

where microclimate variation occurs due to the constructed chamber (Leadley and 

Drake, 1993).  Due to size limitations, herbaceous and grassland plants and 

communities can only really be studied in open-top chambers (Drake, 1992; Owensby 

et al., 1999; Nowak et al., 2004).  The general limitation of these FACE systems is 

that they require large portions of land, are extremely expensive to operate, require a 

high degree of expertise (Beier, 2004).   

 

Finally, a limitation common to all artificial superambient CO2 methods described 

here is that traditionally a step increase in CO2 concentration is used, this does not 

represent the gradual atmospheric increase of 1.9 ppm CO2 per annum (Eamus and 

Jarvis, 1989; Ceulemans and Mousseau, 1994; Körner, 1995; Forster et al., 2007).  

The difference in dose effects due to these methods may result in exaggerated 

physiological responses; making it difficult to extrapolate information gained to plants 

experiencing gradual CO2 increases (Hui et al., 2002).         

 

While there are limitations associated with superambient CO2 techniques, these 

methods have the advantage of allowing whole plant morphology and biomass to be 

assessed, such as possible fertilisation effects and altered biomass allocation as a 

result of growth under elevated CO2 concentration (O’Leary and Knecht, 1981; Hunt 

et al., 1991; Diaz et al., 1993; Stitt, 1993; Ceulemans and Mousseau, 1994; Spring et 

al., 1996; Stiling et al., 2004). 
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Despite the above listed limitations surrounding the use of artificially manipulated 

superambient CO2 methods findings have been consistent with subambient CO2 

studies.  Firstly, the majority of studies have found stomatal density and index to 

decrease upon exposure to elevated [CO2], with stomatal frequency of Northern 

Hemisphere species being more responsive than their Southern Hemisphere 

counterparts.  Secondly, evergreen tree species demonstrate a greater reduction in 

stomatal density than deciduous tree species under elevated [CO2]; the converse is 

true for stomatal index (Appendix 1.5).  Finally, as previously highlighted in other sub 

ambient methods, stomatal index is only used in 26.67% of the time, Southern 

Hemisphere species are once again under represented (12.5% of species tested) and 

81% of studies have not used nested ANOVA’s to analyse nested data.  This study 

will be the fourth study to examine the phenoplastic capability of stomatal frequency 

to respond to superambient [CO2] in Southern Hemisphere species and the first to 

incorporate a warm temperate rainforest tree species.        

 

1.8 Genetic control of stomatal frequency and interaction with CO2 

concentration 

 

Carbon dioxide concentration has also been found to alter gene expression involved in 

stomatal initiation and distribution.  Reduced transcription of three specific genes 

(HIC, TMM & SDD1) in altered (mutant) lines of Arabidopsis all increased stomatal 

frequency in response to elevated CO2 concentration (Berger and Altmann, 2000; 

Gray et al., 2000; Nadeau and Sacks, 2002).  These genes via different mechanisms 

alter signal transduction pathways involved in stomatal initiation (Kim et al., 2006). 

The ERECTA gene in mutant lines of Arabidopsis reduced stomatal density under 

elevated CO2 concentration.  However, this was due to altered epidermal cell number 

hence the stomatal initiation processes and thus, stomatal index was not affected by 

this gene (Masle et al., 2005).  

  

Elevated CO2 concentration was also found to significantly reduce mRNA encoding 

for RUBISCO subunits in Arabidopsis (Cheng et al., 1998) and the ERECTA gene has 

been identified as the gene that also controls transpiration efficiency (Masle et al., 

2005).  Findings by Kim et al. (2006) support the above studies, in that plants are 

capable of sensing CO2 concentration and this can alter rates of transcription for a 
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number of genes.  Transcription profiling in maize plants found that 5.2% of tested 

genes responded to elevated CO2 concentration (Kim et al., 2006).  The fact that CO2 

has been found to alter gene expression and hence, stomatal frequency bode well for 

these micro-morphological characteristics to be used as atmospheric CO2 

concentration proxies. 

 

1.9 Desirable attributes of a proxy-CO2 indicator species 

 

If stomatal frequency is to be used as a proxy indicator of atmospheric CO2 

concentration in a particular species, stomatal frequency must be shown to respond to 

CO2 change in a meaningful manner.  When selecting an indicator species, it is 

important to consider that intrinsic variation in stomatal frequency has the potential to 

be significant in angiosperms (Poole et al., 1996 & 2000; Kouwenberg et al., 2004; 

Uhl and Kerp, 2005).  Large intrinsic variability may limit the applicability of 

stomatal frequency analysis to accurately measure palaeo-CO2 concentration (Körner, 

1988; Wagner et al., 2005).  Therefore, a highly desirable trait in the selection of a 

proxy-CO2 indicator species would be one that has low intrinsic variation in stomatal 

frequency.   

 

Intrinsic variation in stomatal frequency typically occurs across the leaf surface, 

stomatal density increases from the base to tip, midrib to margin and between adaxial 

and abaxial leaf surfaces (Salisbury, 1927; Sharma and 

Dunn, 1968; James and Bell, 1995; Ferris et al., 1996; 

Smith et al., 1989; Zacchini et al., 1997; Stancato et al., 

1999; Royer, 2001).  Variation in stomatal density also 

occurs within the canopy, from top to bottom, and 

between sun and shade leaves (Salisbury, 1927; 

Oberbauer and Strain, 1986; Kűrschner, 1997; Zacchini 

et al., 1997; Wagner, 1998; Royer, 2001) (Figure 1.7). 

 

In general, stomatal index is found to be quite 

consistent across the leaf surface and within the canopy  

(Royer, 2001).  However, Poole et al. (1996) did find 

significant variation over a leaf surface, and found sun 

 
a) 

 
b) 

Figure 1.7: Depicts variation in stomatal 

frequency a) within a leaf and b) over a 

canopy. Photos: a) Scarr, 2007 & b) 

Gullan, 1998. 
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leaves to have slighter higher stomatal index than in shade leaves.  This consistency 

in stomatal index is due to stomata being expressed as ratio to epidermal cells, which 

accounts for epidermal cell expansion that may be influenced by a number 

environmental variables and hence, alter stomatal density (Salisbury, 1927; Beerling 

and Chaloner, 1992; Visscher, 1993). 

 

The main problem identified with using stomatal frequency analysis to estimate 

palaeo-CO2 concentration is intrinsic variation (Poole and Kürschner, 1999).  Intrinsic 

variability may be reduced by conducting a pilot study to determine the sources of 

variation, before proxy-CO2 measures are obtained (Poole and Kürschner, 1999).  

Firstly, stomatal index should be the preferred measure of stomatal frequency 

(Beerling and Chaloner, 1992).  Secondly, decide whether to include veinal areas in 

the count and assess stomatal distribution over the adaxial and abaxial leaf surfaces 

(Poole and Kürschner, 1999).  Thirdly, determine the number of replicate stomatal 

counts required to provide a meaningful statistical mean with acceptable variability in 

the dataset (Poole and Kürschner, 1999; Greenwood et al., 2003). Fourthly, intrinsic 

variation and the ability of stomatal frequency to track atmospheric CO2 concentration 

should be assessed on a species-by-species basis, to account for species-specific 

responses (Salisbury, 1927; Beerling, 1999).  

 

Finally, before employing stomatal frequency as a proxy indicator of atmospheric 

CO2 concentration, it is important to 1) establish if a relationship exists between 

stomatal frequency and subambient CO2 concentration, that is, does stomatal 

frequency have the ability to track past changes in CO2 concentration (Rundgren and 

Beerling, 1999; Wagner et al., 1999) and 2) demonstrate that stomatal frequency has 

the plasticity to respond to, and track future changes in CO2 concentration (Osborne 

and Beerling, 2002).  This is of vital importance if stomatal frequency is to be used as 

a palaeoclimatological tool, as palaeo-CO2 concentrations are thought to have been 

much higher than current ambient CO2 concentration throughout the geological past 

(Berner, 1993; McElwain and Chaloner, 1995; Royer et al., 2001a & b; Greenwood et 

al., 2003). 
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1.10 Potential confounding influences upon stomatal frequency that 

may obscure a CO2 signal 

 

Confounding factors that may obscure the CO2 signal in stomatal frequency analysis 

are those that influence epidermal cell size and include a range of climatic and 

environmental variables, such as temperature, precipitation, irradiance, and nutrients 

for example (Royer, 2001). Factors such as those listed also impact stomatal 

frequency at a physiological level by affecting photosynthetic gains and 

transpirational losses, and hence, plant water use efficiency which may dampen the 

CO2 signal (McElwain, 2004; Yang et al., 2004; Bussotti et al., 2005; Luomala et al., 

2005; Wentworth et al., 2006).   

 

If stomatal frequency is to be successfully employed as a proxy-indicator of 

atmospheric CO2 concentration, the potential for confounding factors to obscure any 

CO2 signal must be mitigated.  Stomatal density as a measure of stomatal frequency is 

susceptible to factors that influence epidermal cell expansion, such as temperature 

and precipitation (Murray, 1995).  Stomatal index can reduce ‘noise’ caused by 

confounding variables by expressing stomatal numbers irrespective of epidermal cell 

spacing.  Therefore, factors that only affect stomatal initiation will affect stomatal 

index (Salisbury, 1927; Beerling and Chaloner, 1992; Visscher, 1993; Royer, 2001).    

 

Stomatal initiation and therefore stomatal index is influenced by CO2 concentration 

(Royer, 2001), stomatal index however is also sensitive to humidity (Park and 

Furukawa, 1999), irradiance (Furukawa, 1997; Kakani et al., 2003; Pandey et al., 

2003), moisture levels (Xu and Zhou, 2005), and nutrient availability (Mao et al., 

2005).  It is important to note that stomatal index response to nutrient levels was only 

observed at elevated [CO2] and this response may be due to a synergistic relationship 

between CO2 and nutrient availability upon stomatal index (Mao et al., 2005).  

Therefore, the ability of stomatal index to track CO2 concentration may be 

confounded by humidity, irradiance, moisture levels, and nutrient availability. 

   

Variation in stomatal frequency responses to factors that may confound any CO2 

signal, such as temperature, precipitation, irradiance, and nutrient availability have 

been reported.  Stomatal frequency has exhibited a positive correlation, negative 



          

  Chapter 1 

23 

 

correlation and was unresponsive to variations in temperature and nutrient availability 

(Pritchard et al., 1998; Apple et al., 2000; Broadley et al., 2001; Weng and Hsu, 

2001; Equiza & Tognetti, 2002; Mao et al., 2003; McElwain, 2004; Luomala et al., 

2005).  Moisture deficits and irradiance levels may also confound stomatal frequency 

response to CO2 with positive, negative and no correlations being observed 

(Furukawa, 1997; Kakani et al., 2003; Pandey et al., 2003; McElwain, 2004; Yang et 

al., 2004; Gitz III et al., 2005), while only a positive relationship was observed 

between humidity and stomatal frequency (Park and Furukawa, 1999).    

 

Stomatal frequency response to CO2 concentration and the above listed potential 

confounding factors are species-specific in nature.  Therefore, when selecting a 

potential proxy-CO2 indicator species the influence of possible confounding variables 

needs to be assessed, as these may diminish the potential of a species to be used as a 

CO2 proxy. 

 

1.11 Contribution to the field of study 

 

The majority of studies assessing the potential of stomatal frequency to be used as a 

proxy-indicator of atmospheric CO2 concentration are of European and North 

American origin (Greenwood et al., 2003).  There has been very limited research 

assessing the potential of stomatal frequency in Australian tree species to track 

changing CO2 concentration.  The Australian flora has been isolated for 60 million 

years and as a result Australian flora has adapted to this unique environment; 

typically one of aridity and low soil fertility (Crisp et al., 2004).  Therefore, stomatal 

frequency sensitivity to CO2 concentration cannot automatically be assumed, as other 

factors such as temperature, precipitation, and nutrient availability may override the 

influence of CO2 on stomatal numbers in Australian tree species.   

 

To date there has only been one Australian-based study where stomatal frequency of 

herbarium-lodged specimens were examined in response to increasing CO2 

concentration (Greenwood et al., 2003).  Greenwood et al. (2003) found stomatal 

index in the tropical rainforest tree, Neolitsea dealbata to linearly decrease in 

response to rising CO2 concentration.  Greenwood’s study is the only Australian-

based training-set that may be applied to estimate palaeo-CO2 concentrations from 
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Australian fossil specimens.  Currently, the applicability of stomatal frequency 

analyses to estimate palaeo-CO2 concentration from Australian fossil specimens is 

hampered by the lack of training-set data in Australia. 

 

Indicative of this lack of Australian-based stomatal frequency training-sets, there are 

only two published studies exploring the use of fossil stomatal frequency to estimate 

palaeo-CO2 concentration.  Greenwood et al. (2003) found palaeo-CO2 estimations 

using stomatal index of Litsea to be comparable to those derived by using the fossil 

Gingko (Royer, 2001). However, Atchison et al. (2000) found stomatal frequency in 

the Australian arid-zone shrub, Eremophila deserti to be unstable as a proxy-CO2 

indicator species, as moisture availability appeared to be the primary determinant of 

stomatal frequency in this species. 

 

As mentioned earlier, an ideal proxy-CO2 indicator species should have the ability not 

only to track past increases in CO2 concentration, but also future increases, as palaeo-

CO2 concentrations throughout geological timescales are thought to be higher than 

current ambient levels (Royer, 2001).  The ability of particular species to adjust 

stomatal frequency in response to superambient CO2 concentrations may be 

investigated, for example, by the use of CO2 controlled growth chambers.  To date 

there have been no studies examining the response of stomatal frequency in 

Australian tree species to superambient CO2 concentration. 

 

Due to the species-specific nature of stomatal frequency response to increasing CO2 

concentration there is still much to be learned about how Australian plant species may 

respond to future CO2 increases.  This will be the first Australian study to examine: 

 stomatal frequency response to superambient CO2 concentration,   

 the second study to use herbarium-lodged samples to assess stomatal response 

to increasing subambient CO2 concentration, 

 be one of the most comprehensive investigations into possible confound 

variables upon stomatal frequency,  

 stomatal index will also be included in all analyses; a measure that has been 

under-represented in herbarium-based studies, with only a few studies 

including it (Raven & Ramsden, 1989; Greenwood et al., 2003; Wagner, 
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2005) even though it is considered to be sensitive to CO2 concentration than 

stomatal density. 

 the use of novel statistical procedures to provide more powerful conclusions 

from stomatal-based datasets  

 

The selected tree species to be examined as potential proxy-CO2 indicators include: 

Acacia melanoxylon and Eucalyptus obliqua, two evergreen mesic species, and 

Acmena smithii, an evergreen warm-temperate rainforest species.  The bulk of 

previous Northern Hemisphere studies have focused on deciduous species, with a 

current lack of research describing stomatal frequency response in warm-temperate 

rainforest tree species to increasing CO2 concentration (Wagner et al., 2005).  This 

study will contribute to the knowledge-base by examining the applicability of 

stomatal frequency analysis to track CO2 change in evergreen tree species including, 

a warm-temperate rainforest tree species.  Evergreen tree species retain leaves 

typically for 3-7 years, as opposed to the 4-9 months for deciduous species 

(Greenwood et al., 2003).  Therefore, this study will examine whether leaf life-span 

has the potential to affect stomatal sensitivity to CO2 change.  This study will also 

allow comparisons of stomatal frequency response in Australian evergreen species to 

Northern Hemisphere deciduous species.             

 

Statistical analyses of past studies examining stomatal frequency response to 

subambient CO2 increase and other confounding variables have typically used 

regression analyses or one-way ANOVA’s to determine whether a significant 

response has occurred (Beerling and Chaloner, 1993a; He et al., 1998; Chen et al., 

2001; Greenwood et al., 2003; Sun et al., 2003).  While regression analyses and one-

way ANOVA’s are appropriate to test whether or not CO2 concentration significantly 

alter stomatal frequency, the use of a nested ANOVA can yield much more 

information than the above statistical procedures.  Much of the subambient CO2 

studies have used a nested experimental design (Beerling and Chaloner, 1993a; He et 

al., 1998; Chen et al., 2001; Greenwood et al., 2003; Sun et al., 2003), where one 

level of data is nested within another level, for example, multiple herbarium-sheets 

are selected and within each sheet, multiple leaves are chosen and within each leaf, 

multiple stomatal counts are obtained.  Apart from the appropriateness of using a 

nested ANOVA on nested data, this method coupled with variance component 
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analysis has the advantage of determining the amount of variability attributed to each 

level within the data.  Therefore, not only can variation in stomatal frequency be 

attributed to CO2 concentration, but intrinsic variation in stomatal frequency may also 

be quantified and compared using this technique.  As a result, analysis of data using 

this technique was undertaken where appropriate in this study.  Also, post hoc 

comparison testing was conducted to attach statistical rigor to any possible ceiling 

response that was observed.         

 

1.12 Objectives and intents of this research 

 

The main objective of this study is to determine the potential of stomatal frequency in 

Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua to be used as proxy-

indicators of atmospheric CO2 concentration.  This will be achieved by assessing the 

potential of stomatal frequency in Acacia melanoxylon, Acmena smithii and 

Eucalyptus obliqua to respond to subambient and superambient increases in CO2 

concentration, and by determining the impact of intrinsic variation and other potential 

confounding factors on stomatal frequency.  This overall objective will be achieved 

by addressing the following hypotheses. 

 

Hypotheses to be addressed in this study include: 

1. Stomatal density and index of Acacia melanoxylon, Acmena smithii and 

Eucalyptus obliqua will decrease in response to decadal increases in 

subambient atmospheric CO2 concentration, 

2. Stomatal density and index of Acacia melanoxylon, Acmena smithii and 

Eucalyptus obliqua will increase in number due to a decrease in atmospheric 

CO2 concentration over an altitudinal transect, 

3. Changes in climatic and environmental variables over temperature and 

precipitation transects will influence stomatal density and index in Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua,  

4. Climatic and environmental variables will not have the same impact upon 

stomatal frequency in Acacia melanoxylon, Acmena smithii and Eucalyptus 

obliqua as atmospheric CO2 concentration,  

5. Stomatal density and index of Acacia melanoxylon, Acmena smithii and  

Eucalyptus obliqua will decrease in response to exposure to superambient 
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CO2 concentration, and 

6. Plant biomass in Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua 

will increase (i.e. fertilization effect) under growth at superambient CO2 

concentration, and  

7. Biomass allocation will be altered in Acacia melanoxylon, Acmena smithii and 

Eucalyptus obliqua as a growth response to superambient CO2 concentration. 
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Species Description and General Methods 

 

2.1 Species Description 

 

2.1.1 Species description of Acacia melanoxylon (R. Br.) 

Acacia melanoxylon is a highly variable species, ranging from a small mountain shrub 

to a tall tree reaching a height of 35 meters, making A. melanoxylon one of the largest 

acacias in Australia (Boland et al., 1984; Figure 2.1).  The life span of this species 

greatly exceeds 100 years (Boland et al., 1984).  

 

 

Figure 2.1: Individual tree of Acacia melanoxylon, a dense sprawling tree, growing up to 

35m. Source: Gullan, 1998. 

 

Acacia melanoxylon is found from the tablelands, coastal escarpments to cooler 

undulating coastal lowlands, from 200 km north of Brisbane, south to Tasmania and 

across to the southeast of South Australia (Boland et al., 1984; Figure 2.2 overleaf).  

The latitudinal range reaches from 16 - 43ºS and an altitudinal range from near sea 

level to 1500 m above sea level.  The species occurs from a minimum coldest month 

temperature of 1ºC, to a maximum hottest month temperature of 30ºC, with annual 

precipitation across the species range varying from 750 – 7500 mm per annum 

(Boland et al., 1984). 
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Figure 2.2: Distribution of Acacia melanoxylon  represents collection locations of lodgings 

from the National Herbarium (Canberra). 

 

Topography on which Acacia melanoxylon occurs varies from lowland swampy areas, 

low valley slopes and high hill slopes, exposed mountain tops, tablelands and pastoral 

regions (Gullan, 1998; Boland et al., 1984).  Vegetation types in which A. 

melanoxylon is found include cool temperate rainforest, wet sclerophyll forest, tall 

open forest, open forest and mountain heath (Boland et al., 1984; Walsh and Entwisle, 

1996). 

 

Leaf morphology of Acacia melanoxylon consists of juvenile and adult forms.  

Juvenile leaves are bipinnate consisting of 2 - 5 pairs of pinnae and 12 -15 pairs of 

leaflets.  These leaflets are oblong, 0.8 x 0.2 cm, green on upper surface, lighter on 

under surface (Boland et al., 1984; Figure 2.3a).  In the adult leaf form the leaf blades 

shorten and petioles become enlarged and flattened forming phyllodes (Boland et al., 

1984).  Phyllodes are arranged alternatively, are oblanceolate in shape with a blunt 

apex and tapered base, 10 - 20 x 1.5 - 4 cm in length.  Both surfaces of the phyllodes 

are glabrous, grey green in colour with 3 - 7 equally prominent longitudinal nerves 

(Gullan, 1998; Figure 2.3b). 

 

 

 

 

 

 

 

 

  a)              b) 

 
Figure 2.3: Leaf forms of Acacia melanoxylon, a) juvenile bipinnate leaves and b) phyllodes 

formed from enlarged, flattened petioles. Source: Gullan, 1998. 
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2.1.2 Species description of Acmena smithii (Poiret) Merr. & Perry var. smithii 

Acmena smithii is a medium to tall tree up to 30 m tall and 0.6 m in diameter, though 

may be found as a shrub in exposed coastal locations.  Foliage of A. smithii is dense 

and glossy, forming a compact crown (Boland et al., 1984; Figure 2.4). 

 

 

Figure 2.4: General appearance of Acmena smithii, tree growing up to 30m with dense 

foliage. Source: Gullan, 1998. 

 

Acmena smithii is distributed along the east coast of Australia, from eastern Victoria 

to north Queensland.  The main occurrences in Victoria are in East Gippsland, 

extending up through the eastern ranges in New South Wales and from Coolangatta to 

Cape York in Queensland (Boland et al., 1984; Figure 2.5).    

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5: Distribution of Acmena smithii  represents collection locations of lodgings 

from the National Herbarium (Canberra). 

 

The latitudinal range of Acmena smithii is from 11 - 39ºS and has an altitudinal range 

from near sea level to 1200 m above sea level (Boland et al., 1984).  The species 

occurs from a minimum coldest month temperature of 5ºC, to a maximum hottest 
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month temperature of 32ºC.  Mean annual precipitation over this species range varies 

from 700 - 2000 mm per annum (Boland et al., 1984). 

 

Acmena smithii commonly occurs on banks of streams, rivers, wet gullies and on a 

variety of soil types (Gullan, 1998; Boland et al., 1984).  Vegetation types in which 

Acmena smithii occur include warm temperate rainforest and subtropical rainforest 

(Boland et al., 1984; Walsh and Entwisle, 1996).   

 

The leaves of Acmena smithii are simple and entire, and are arranged in an opposite 

orientation with glossy green upper surface and dull green lower surface.  Leaf size 

varies from 5 - 10 x 2 – 5 cm with a drawn out drip tip (Gullan, 1998; Boland et al., 

1984; Figure 2.6). 

 

 

Figure 2.6: Simple and entire leaves of Acmena smithii. Source: Gulllan, 1998. 

 

2.1.3 Species description of Eucalyptus obliqua (L’Hér.) 

Eucalyptus obliqua is a tall tree up to 90m in height and 3m in diameter at breast 

height.  In some coastal sites however, size may be greatly reduced (Boland et al., 

1984; Walsh and Entwisle, 1996; Figure 2.7 overleaf).   
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Figure 2.7: Eucalyptus obliqua can grow to 90m and commonly has a sprawling crown. 

Source: Gullan, 1998. 

 

Eucalyptus obliqua is widely distributed throughout the cooler, southern areas of 

eastern Australia and is common throughout Tasmania and Victoria.  E. obliqua 

occurs primarily through the southern to central parts of Victoria (Boland et al., 

1984).  In New South Wales, E. obliqua occurs on the easterly side of the southern 

and northern tablelands and into adjacent areas of Queensland, and across to south-

eastern parts of South Australia (Boland et al., 1984; Figure 2.8).   

 

 

 
 

 

 

 

Figure 2.8: Distribution of Eucalyptus obliqua  represents collection locations of lodgings 

from the National Herbarium (Canberra). 

 

The latitudinal range of Eucalyptus obliqua is from 28 - 43.5ºS, occurring from sea 

level to 1200 m above sea level (Boland et al., 1984).  The species is found in cool 

sub-humid to humid climates with a mean minimum temperature of the coldest month 

of –4 - 8ºC, to a mean maximum temperature of the hottest month of 19 - 29ºC.  Mean 
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annual precipitation varies from 500-2400 mm per annum over the species range 

(Boland et al., 1984). 

 

Eucalyptus obliqua occurs on hilly or mountainous country, containing a variety of 

soils types.  This species is most common in tall open forests in cooler mountain areas 

(Boland et al., 1984).  

 

Foliage of Eucalyptus obliqua may be represented in juvenile, intermediate and adult 

forms.  Juvenile leaves are orientated oppositely, though becoming alternate, ovate in 

shape and may be symmetrical or mildly asymmetrical, 6 x 3 cm in dimension.  The 

intermediate leaf forms are alternately orientated are broad-lanceolate in shape (20 x 

10 cm) and markedly asymmetrical.  Alternate adult leaves are lanceolate and 

asymmetrical (oblique) with dimensions of 8 – 15 x 2.4 cm (Gullan, 1998; Figure 

2.9). 

 

 

 

 

 

 

                                             

a)         b)    c) 

 
Figure 2.9: Leaf forms of Eucalyptus obliqua a) juvenile foliage, b) intermediate foliage and 

c) adult leaf form. Source: Gullan, 1998. 

 

 

2.2  Leaf Digestion, Cuticle Preparation and Staining, and 

Stomatal Counts 

 

All leaves were destructively sampled for stomatal analysis by removing a leaf square 

of approximately 4 x 4 mm from each of the sampled leaves with a scalpel.  Leaf 

squares were removed from the outer leaf edge at the mid point of the leaf (Figure 

2.10 overleaf) and placed in capped centrifuge tubes and soaked in 90% ethanol 

overnight.  Ethanol dehydrates the leaf square and promotes break down of cellular 

organelles, which enhances hydrogen peroxide penetration into the leaf.  The ethanol 
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was removed from the tubes and the samples rinsed with distilled water; 17.5% 

hydrogen peroxide (H2O2) was then added to the samples (Christophel and Rowett, 

1996).  Hydrogen peroxide is an oxidising agent and will digest biological tissue; the 

cuticle will remain from which stomatal counts can be made.    

 

 

Figure 2.10: Dried leaf sample of Acmena smithii, with a 4 x 4 mm leaf square removed from 

the mid point of the leaf. 

 

The centrifuge tubes were loosely capped and placed in a Thermoline™ water bath 

and heated at 84˚C for approximately eight hours a day (Figure 2.11).  The 

Thermoline™ water bath could hold a maximum of 100 samples at one time.  During 

the early stages of digestion the samples were left in the water bath overnight and the 

hydrogen peroxide changed every three days.  During the digestive period the leaf 

squares turned from green to a greyish-opaque colour, as the biological material was 

oxidised.  When this began to occur, the samples were transferred from hydrogen 

peroxide to distilled water. The centrifuge caps were tightened and the tubes were 

lightly agitated by a gentle shaking motion or were placed on a vortex mixer for 30 

seconds.   

 

 

Figure 2.11: Photograph of leaf samples being digested in 17.5% (v/v) hydrogen peroxide in 

a water bath at 84C.  
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If the waxy cuticle separated from remaining biological material, which consisted 

mainly of vascular material, the cuticle was ready to be stained and mounted as per 

Christophel and Rowett (1996).  Much of the time though, the cuticle would not 

separate from the biological material. When this was the case, the samples were 

returned to hydrogen peroxide and reheated.  The hydrogen peroxide was removed at 

the end of everyday and the sampled stored in distilled water overnight.  The gentle 

agitation was regularly repeated until cuticle separation was achieved. 

 

Digestion was complete once the leaf squares turned opaque and the cuticle envelope 

separated from remaining leaf material.  Samples were taken from the water bath, the 

hydrogen peroxide removed and the cuticle rinsed twice with distilled water.  Samples 

were rinsed twice to ensure the digestive process was halted and all hydrogen 

peroxide residue was removed.  If mounting of the cuticle did not take place 

immediately the cuticles were stored in distilled water in the centrifuge tubes until 

that time. 

 

Mounting the cuticle was conducted as described in Christopel and Rowett (1996): the 

cuticle was first removed from the centrifuge tube with a fine brush and placed on a 

glass slide which had two drops of distilled water previously placed on it.  At this 

point the cuticle would always be rolled up or folded to various degrees.  The amount 

of cuticle contortion was dependent on the ease of separation.  Cuticles that separated 

easily would tend to be rolled up, whereas cuticles that required vigorous shaking 

tended to be folded and highly entangled.  

 

Using a Leica™ Zoom 2000 dissecting microscope, fine brush and Pasteur pipette to 

hold the cuticle in place, the cuticle was carefully flattened out.  Cellular debris, if 

present on the cuticle, was removed by gently tapping the cuticle with the pipette and 

brushing off the debris. 

 

Excess water on the slide was soaked up using Kimwipe™ tissues and one drop of 

1% toluidene blue stain was added to the cuticle.  The stain was left for approximately 

two minutes before being soaked up, and the sample was rinsed three times with 

distilled water to remove excess stain.  One drop of Mowiol mounting media was then 

directly applied to the cuticle and a coverslip gently lowered onto the sample, 
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ensuring no air bubbles were trapped under the coverslip (for preparation of mounting 

media refer to Appendix 2.1).  All slides were labeled and stored until stomatal counts 

were undertaken.  

 

Stomatal counts were taken using Olympus CH20 light microscope fitted with an 

ocular gradicle at 400X magnification.  The viewing field was determined using a 

stage micrometer, and all subsequent stomatal counts were multiplied by sixteen to 

convert them to frequency per square millimeter.  This magnification and 

multiplication factor was used as a result of even stomatal distribution over the leaf 

square (refer to Chapter 3) and to ensure accurate data acquisition.  Three counts were 

taken from mid cuticle (Figure 2.12) and the stomatal density and epidermal cell 

density were recorded. Total cell number (epidermal cell density + stomatal density), 

and stomatal index (Salisbury, 1927; equation 2.1) was determined and recorded. 

 

Stomatal Index (SI) =   no. of stomata X 100        

         no. stomata + no. epidermal cells   (Equation 2.1) 

 

All data was lodged in an EXCEL 2000 (Microsoft™) spreadsheet package.  

 

 
 
Figure 2.12: A stained and mounted cuticle of Acmena smithii, the boxed section presents the 

middle of the cuticle from which stomatal frequency counts were taken. Stomates and 

epidermal cells are shown.

Stomate 
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Intrinsic variation associated with stomatal frequency within 

Victorian specimens of Acacia melanoxylon, Acmena smithii and 

Eucalyptus obliqua. A preliminary study: implications to use 

within the palaeobotanical realm. 

 

This chapter has been published in Quaternary Australasia as: Scarr, M.J., 
Greenwood, D.R. & Scarpaci, C. (2008). Intrinsic variation associated with stomatal 
frequency within Victorian specimens of Acacia melanoxylon, Acmena smithii and 
Eucalyptus obliqua. A preliminary study: implications for palaeoclimatological 
reconstructions. Quaternary Australasia 25(2):9-15.  

 

Abstract  Intrinsic variation in stomatal frequency, density and index, was assessed 

in three Australian tree species, Acacia melanoxylon, Acmena smithii and Eucalyptus 

obliqua to determine the applicability of these leaf characters to be applied as 

palaeoclimatological tools. Intrinsic variation was assessed among leaves, over the 

leaf surface, across the leaf surface and between leaf surfaces. Stomatal index in A. 

melanoxylon did not show any significant intrinsic variation in any of the test factors, 

stomatal density of Acacia melanoxylon varied significantly among leaves and over 

the leaf. Stomatal density and index in Acmena smithii only varied significantly 

among leaves, while Eucalyptus obliqua exhibited significant variation in stomatal 

density and index among leaves, and between leaf surfaces. Stomatal index of Acacia 

melanoxylon is a potential candidate for application within the palaeobotanical realm. 

 

 

3.1   Introduction 

 
Stomates or stomata are pores upon the leaf surface that allow gas exchange between 

the leaf and atmosphere.  It is the movement of carbon dioxide [CO2] from the 

atmosphere into the leaf, via these pores, that permits the photosynthetic reaction to 

occur (Beerling and Chaloner, 1992; Royer, 2001).  Stomatal frequency refers to the 

number of stomata distributed across the leaf surface and it may be defined as a 

density count, stomata density per mm
2
, or expressed as an index which calculates the 

ratio of stomata to epidermal cells (Salisbury, 1927; Greenwood et al., 2003). 

 

Leaf morphological characters, such as stomatal frequency, have been found to 

respond to changing environmental variables, such as, temperature, rainfall, irradiance 

and [CO2] (Givnish, 1978; Greenwood, 1992; Visscher, 1993; Royer, 2001).  If 

stomatal frequency is able to respond to a particular environmental or climatic 

variable in a predictable manner, this character holds the potential to be applied as a 

palaeoclimatological tool; thus potentially providing past climate estimates 
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(Woodcock, 1992; Wing and Greenwwood, 1993; McElwain, 2004).  The 

applicability of such a relationship is dependent upon the selected characters ability to 

accurately track a changing environmental variable and the characters ability not to be 

obscured by other factors.  Therefore, documenting a range of factors that can affect 

the efficiency of utilising a chosen characteristic (i.e. stomatal frequency) to 

document past climate change is crucial. 

 

Intrinsic variation is a factor that may obscure the potential use of stomatal frequency 

as a palaeoclimatological tool (Körner, 1988; Wagner et al., 2005).  In terms of 

stomatal frequency, intrinsic variation is the variability in stomatal distribution across 

a leaf surface (Poole and Kürschner, 1999), and has the potential to be large in 

angiosperms (Poole et al., 1996 & 2000, Kouwenberg et al., 2004; Uhl and Kerp, 

2005).  Typically, variation in stomatal frequency has been found to vary from the 

base to tip, midrib to margin, between surfaces of a leaf, within a leaf fragment and 

between individual leaves; with stomatal density exhibiting greater intrinsic 

variability than stomatal index (Salisbury, 1927; Sharma and Dunn, 1968; James and 

Bell, 1995; Ferris et al., 1996; Smith et al., 1989; Zacchini et al., 1997; Stancato et 

al., 1999; Royer, 2001). So if stomatal frequency is to be used as a proxy-estimator of 

some past climate parameter, the degree of intrinsic variation needs to be determined, 

as will be undertaken in this chapter.   

 

The species to be examined in this study include two mesic species, Acacia 

melanoxylon and Eucalyptus obliqua, and one warm temperate rainforest species, 

Acmena smithii.  These species were chosen based on their broad environmental range 

(Table 3.1 overleaf), which allows establishment of wide environmental transects, 

thus permitting the assessment of stomatal frequency response to changing 

environmental and climatic parameters.  Currently, there is no study examining the 

response of stomatal frequency in A. melanoxylon to increasing atmospheric [CO2].  

The use of stomatal frequency analysis in A. smithii and E. obliqua has not been 

reported.  If stomatal frequencies in A. melanoxylon, A. smithii and E. obliqua are 

found to be stable, that is, exhibit low intrinsic variation this will make stomatal 

frequency analysis in these selected species ideal for palaeoclimatological 

reconstructions, based on stomatal frequency analysis.  
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Table 3.1: Physical and climatic parameters associated with distributions of Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua. Source: Boland et al., 1984. 

Species Latitudinal 

Range (S) 

Altitudinal 

Range (m) 

Annual 

Temperature 

Range (C) 

Annual 

Precipitation 

Range (mm) 

Acacia melanoxylon 14 – 43 0 – 1500 29 750 – 7500 

Acmena smithii 11 – 39 0 – 1200 27 700 – 2000 

Eucalyptus obliqua 28 - 43 0 – 1200 32 500 – 2400 

 

3.1.2 Aims 

To determine the intrinsic variation associated with specimens of Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua, in order to assess their 

applicability to be applied in the palaeobotanical realm.  

 

 

3.1.3 Hypotheses 

It is hypothesized that significant variation will be found among individual leaves, 

across the leaf surface from base to tip, mid lamina to leaf margin (i.e. within a leaf 

fragment) and between adaxial (upper) and abaxial (lower) leaf surfaces in leaves of 

specimens from Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua.  

 

Stomatal density is hypothesised to exhibit greater intrinsic variation than stomatal 

index, due to this measure of stomatal frequency being directly influenced by 

epidermal cell size. 

 

3.2 Methods 
 

In order to assess the within- and between-leaf intrinsic variation in stomatal 

frequency from specimens of Acacia melanoxylon, Acmena smithii and Eucalyptus 

obliqua, a random sample of 20 leaves were collected per species from the outside of 

the crown behind the branch tip from single specimens in Victoria, Australia (Table 

3.2). 
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Table 3.2: Latitudinal, longitudinal and elevational information from specimen collection 

sites, Victoria, Australia. 

Specimen Latitude (S) Longitude (E) Elevation (m) 

Acacia melanoxylon 3747’14” 14448”51” 70 

Acmena smithii 3743’20” 14723’12” 80 

Eucalyptus obliqua 3730’46” 14545’50” 580 

 

Sampled leaves were dried using a plant press and light box over a two-week period.  

Once dried, five leaves were selected randomly from each sample for stomatal 

frequency analysis.  A leaf square approximately 4 x 4 mm was removed from the tip, 

middle and base of each leaf from each of the three species (Figure 3.1). Chemical 

digestion dissolved leaf biological material, leaving the waxy cuticle which was 

mounted on a microscope slide, ready for stomatal analysis, as per Christophel and 

Rowett (1996). 

 

 
 
Figure 3.1: An example of leaf squares removed from the tip, middle and base from a leaf of 

Acmena smithii, which was used for the assessment of within leaf stomatal frequency 

variation. 

 

Three replicate stomatal / epidermal cell counts were taken using a light microscope 

fitted with a graded eyepiece on a known viewing field; these counts were obtained 

from the adaxial and abaxial surface of leaf squares sampled from the tip, middle and 

base of the five leaves of each specimen.  Within the leaf fragment, that is, the leaf 

square removed mid-leaf, three replicate stomatal / epidermal cell counts were taken 

from the inner, middle and outer fragment, on both adaxial and abaxial surfaces.  As 

Acmena smithii is hypostomatous (i.e. stomata restricted to the abaxial surface), no 

stomatal analysis was conducted between leaf surfaces.   

 

Stomatal density was then expressed as number of stomata per mm
2
, while stomatal 

index was calculated by equation 3.1, as per Salisbury (1927). 
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Stomatal Index (S.I.) =         no. of stomata X 100        

   no. stomata + no. epidermal cells  (Equation 3.1) 

 

 

3.2.1 Statistical analysis 

A full-factorial repeated-measures general linear model (GLM) analysis was 

conducted using SPSS to determine whether there was significant variation in 

stomatal frequency, between leaves of the same species, within different positions on 

the leaf surface, between adaxial and abaxial leaf surfaces, and within a cuticle (i.e. 

leaf fragment). 

 

3.3 Results 
 

Raw data from the assessment of intrinsic variability within specimens of Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua are presented in Appendices 3.1 

- 3.3. 

 

3.3.1 Assessment of intrinsic variation in stomatal density from leaves 

of Acacia melanoxylon 

Significant differences were found in stomatal density amongst different leaves within 

a single specimen of Acacia melanoxylon and amongst various locations within a 

single leaf (Table 3.3 overleaf; Appendix 3.4).  No significant difference was found 

between adaxial and abaxial leaf surfaces for stomatal density, nor was any significant 

interaction between any of the specimens assessed (Table 3. 3 overleaf; Appendix 

3.4). 

 

Variation in stomatal density within a cuticle, a 4 x 4mm leaf square, sampled from 

the middle of leaves from Acacia melanoxylon were found to be significantly different 

among leaves (Table 3.3; Appendix 3.5).  There was no significant difference in 

stomatal density sampled from various locations within a leaf fragment, nor was there 

any difference between leaf surfaces or interactions between specimens assessed 

(Table 3.3; Appendix 3.5). 
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Table 3.3: Assessment of intrinsic variation in stomatal density (mm
2
) among leaves (n = 5), 

from different locations within a leaf (tip, middle and base), within a leaf fragment (inner, 

middle and outer) and between leaf surfaces from each of these locations in Acacia 

melanoxylon, using General Linear Model Analysis (‘’ - no significant difference; ‘+’ - 

significant difference, P  0.05). 

Test Variable 

Within leaf 

stomatal density 

(mm
2
) 

Test Variable 

Within leaf 

fragment stomatal 

density (mm
2
) 

Leaf + Leaf + 

Location (tip, middle & 

base) 
+ 

Location (inner, middle 

& outer) 
 

Surface  Surface  

Leaf*Location  Leaf*Location  

Leaf*Surface  Leaf*Surface  

Leaf*Location*Surface  Leaf*Location*Surface  

 

 

3.3.2 Assessment of intrinsic variation in stomatal index from leaves of 

Acacia melanoxylon 

Stomatal index of Acacia melanoxylon was found not to vary significantly among 

different leaves, among locations within the same leaf or between leaf surfaces (Table 

3.4; Appendix 3.6).  Variation in stomatal index within a leaf fragment (inner, middle 

and outer positions), among leaves from the same position and between adaxial and 

abaxial leaf surfaces were not significant, even after correcting for a violation of 

sphericity (Table 3.4; Appendix 3.7 & 3.8).   

 

Table 3.4: Assessment of intrinsic variation in stomatal index among leaves (n = 5), from 

different locations within a leaf (tip, middle and base), within a leaf fragment (inner, middle 

and outer) and between leaf surfaces from each of these locations in Acacia melanoxylon, 

using General Linear Model Analysis (‘’ - no significant difference; ‘+’ - significant 

difference, P  0.05). 

Test Variable 
Within leaf 

stomatal index  
Test Variable 

Within leaf 

fragment 

stomatal index  

Leaf  Leaf  
Location (tip, middle & 

base) 
 Location (inner, middle 

& outer) 
 

Surface  Surface  
Leaf*Location  Leaf*Location  
Leaf*Surface  Leaf*Surface  

Leaf*Location*Surface  Leaf*Location*Surface  
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3.3.3 Assessment of intrinsic variation in stomatal density from leaves 

of Acmena smithii 

Assessment of intrinsic variation among leaves from an individual specimen of 

Acmena smithii was found not significant when comparing stomatal density among 

various locations within these leaves (Table 3.5; Appendix 3.9).  Nor was a significant 

difference noted for stomatal density from different locations within a single leaf, and 

no interaction between the test subjects was found to be significant (Table 3.5; 

Appendix 3.9).   

 

Significant variation was demonstrated in stomatal density within a leaf fragment 

sampled from the mid point among leaves of Acmena smithii (Table 3.5; Appendix 

3.10).  No significant difference was found at various locations within the leaf 

fragment, nor was there any significant interactions between specimens tested (Table 

3.5; Appendix 3.10).  

 

Table 3.5: Assessment of intrinsic variation in stomatal density (mm
2
) among leaves (n = 5), 

from different locations within a leaf (tip, middle and base), within a leaf fragment (inner, 

middle and outer) and between leaf surfaces from each of these locations in Acmena smithii, 

using General Linear Model Analysis (‘’ - no significant difference; ‘+’ - significant 

difference, P  0.05). 

Test Variable 

Within leaf 

stomatal density 

(mm
2
) 

Test Variable 

Within leaf 

fragment stomatal 

density (mm
2
) 

Leaf  Leaf + 

Location (tip, middle & 

base) 
 Location (inner, middle 

& outer) 
 

Surface n/a Surface n/a 
Leaf*Location  Leaf*Location  
Leaf*Surface n/a Leaf*Surface n/a 

Leaf*Location*Surface n/a Leaf*Location*Surface n/a 

 

3.3.4 Assessment of intrinsic variation in stomatal index from leaves of 

Acmena smithii 

No significant difference was found among leaves when stomatal index was examined 

from various locations within Acmena smithii leaves (Table 3.6 overleaf; Appendix 

3.11).  Sample position within an individual leaf and interaction between these 

factors, also did not significant influence stomatal index (Table 3.6 overleaf; 

Appendix 3.11).  When stomatal index was sampled from the mid point among 
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leaves, a significant difference was found (Table 3.6; Appendix 3.11).  Sampling 

stomatal index from various locations within the leaf fragment revealed no significant 

variation, nor was there any significant interaction between factors (Table 3.6; 

Appendix 3.12).  

 

Table 3.6: Assessment of intrinsic variation in stomatal index among leaves (n = 5), from 

different locations within a leaf (tip, middle and base), within a leaf fragment (inner, middle 

and outer) and between leaf surfaces from each of these locations in Acmena smithii, using 

General Linear Model Analysis (‘’ - no significant difference; ‘+’ - significant difference, P 

 0.05). 

Test Variable 
Within leaf 

stomatal index 
Test Variable 

Within leaf 

fragment stomatal 

index 

Leaf  Leaf + 

Location (tip, middle & 

base) 
 Location (inner, middle 

& outer) 
 

Surface n/a Surface n/a 
Leaf*Location  Leaf*Location  
Leaf*Surface n/a Leaf*Surface n/a 

Leaf*Location*Surface n/a Leaf*Location*Surface n/a 

 

3.3.5 Assessment of intrinsic variation in stomatal density from leaves 

of Eucalyptus obliqua 

 

Significant variation in stomatal density was observed among leaves and between leaf 

surfaces from leaves of Eucalyptus obliqua, a significant interaction was found 

between leaf * surface test subjects, was also found (Table 3.7 overleaf; Appendix 

3.13).  As the leaves of E. obliqua hang vertically, leaf surfaces were designated 1 and 

2, as opposed to adaxial (upper) and abaxial (lower) leaf surfaces.  No significant 

difference was noted in stomatal density from different locations within leaves (Table 

3.7 overleaf; Appendix 3.13).  However, a significant difference in stomatal density 

was found between leaf surfaces, but there were no significant interactions between 

any test factors (Table 3.7 overleaf; Appendix 3.13, 3.14 & 3.17).  
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Table 3.7: Assessment of intrinsic variation in stomatal density (mm
2
) among leaves (n = 5), 

from different locations within a leaf (tip, middle and base), within a leaf fragment (inner, 

middle and outer) and between leaf surfaces from each of these locations in Eucalyptus 

obliqua, using General Linear Model Analysis (‘’ - no significant difference; ‘+’ - 

significant difference, P  0.05). 

Test Variable 

Within leaf 

stomatal density 

(mm
2
) 

Test Variable 

Within leaf 

fragment stomatal 

density (mm
2
) 

Leaf + Leaf  
Location (tip, middle & 

base) 
 Location (inner, middle 

& outer) 
 

Surface + Surface + 
Leaf*Location  Leaf*Location  
Leaf*Surface + Leaf*Surface  

Leaf*Location*Surface  Leaf*Location*Surface  

 

3.3.6 Assessment of intrinsic variation in stomatal index from leaves of 

Eucalyptus obliqua 

Intrinsic variation in stomatal index from Eucalyptus obliqua was significant among 

leaves and between leaf surfaces, but no significant interaction was observed between 

these test factors (Table 3.8; Appendix 3.15).  There was no significant variability in 

stomatal index in relation to location on the leaf (Table 3.8; Appendix 3.15).  

Stomatal index did not vary significantly among leaves when sampled from the same 

leaf location or among different positions within a leaf fragment; however a 

significant difference was demonstrated between leaf surfaces (Table 3.8; Appendix 

3.15 & 3.16).  Also, interactions between test factors were not significant (Table 3.8; 

Appendix 3.15 & 3.16).  

 

Table 3.8: Assessment of intrinsic variation in stomatal index among leaves (n = 5), from 

different locations within a leaf (tip, middle and base), within a leaf fragment (inner, middle 

and outer) and between leaf surfaces from each of these locations in Eucalyptus obliqua, 

using General Linear Model Analysis (‘’ - no significant difference; ‘+’ - significant 

difference, P  0.05). 

Test Variable 
Within leaf 

stomatal index 
Test Variable 

Within leaf 

fragment stomatal 

index 

Leaf + Leaf  
Location (tip, middle & 

base) 
 Location (inner, middle 

& outer) 
 

Surface + Surface + 
Leaf*Location  Leaf*Location  
Leaf*Surface  Leaf*Surface  

Leaf*Location*Surface  Leaf*Location*Surface  
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3.4 Discussion 
 

Intrinsic variation in stomatal density and index was assessed among leaves, within 

leaves, within leaf fragments and between leaf surfaces from individual specimens of 

Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua.  As hypothesized, 

stomatal index produced a more stable measure of stomatal frequency than stomatal 

density (Tables 3.3 - 3.8), thus being less prone to intrinsic variation, a finding 

consistent with many studies (Salisbury, 1927; Sharma and Dunn, 1968; James and 

Bell, 1995; Ferris et al., 1996; Smith et al., 1989; Zacchini et al., 1997; Stancato et 

al., 1999; Royer, 2001).  This consistency in stomatal index is due to stomata being 

expressed as ratio to epidermal cells, which accounts for epidermal cell expansion that 

may be influenced by a number environmental variables and hence, alter stomatal 

density (Salisbury, 1927; Beerling and Chaloner, 1992).   

 

Stomatal density in Acacia melanoxylon, with stomatal density and index in Acmena 

smithii and Eucalyptus obliqua exhibited significant intrinsic variability among leaves 

(Tables 3.3, 3.5 - 3.8).  Intrinsic variation in stomatal density could be assumed to be 

attributed to, in part, by leaf-age which would affect epidermal cell expansion and, 

hence stomatal density (McElwain and Chaloner, 1995).  However, this is unlikely as 

a) all leaves were collected progressively down the branch starting behind any 

obvious juvenile leaves, and b) stomatal frequency is fixed early in leaf development 

typically, when the leaf is 10 – 60% of its final size (Tichá, 1982).  Therefore, the 

most likely cause of intrinsic variation among leaves is self shading. 

 

Self shading would result from a heterogeneous microclimate across the leaf surface, 

with resultant variations in irradiance, leaf temperature and relative humidity (Givnish 

and Vermeij, 1976).  These variables may potentially influence epidermal cell 

expansion and stomatal initiation; thus affecting both stomatal density and index 

(Körner et al., 1983; Ferris et al., 1996; Tichá, 1982; Furukawa, 1997).  Interestingly, 

stomatal index in Acacia melanoxylon did not exhibit any significant intrinsic 

variation (Table 3.4).  Thus, whatever factor(s) influenced stomatal density in A. 

melanoxylon, and both stomatal density and index in Acmena smithii and Eucalyptus 

obliqua did not influence stomatal initiation in A. melanoxylon.   
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Significant intrinsic variation was observed in stomatal density when sampled from 

the tip, middle and base of a leaves of Acacia melanoxylon (Table 3.3). Variation in 

this stomatal character is likely due to microsite variation across the leaf surface, 

which is driven by boundary layer thickness (Givnish, 1978) and decreased water 

potential that is, increased evaporative demand and poor water supply (Royer, 2001).  

The product of increased evaporative demand is smaller epidermal cell size, and 

increased stomatal density per unit area (Royer, 2001). 

 

No significant variation was found in stomatal index of Acacia melanoxylon among 

different leaf positions, nor was it observed in stomatal density or index from leaves 

of Acmena smithii and Eucalyptus obliqua (Tables 3.4 - 3.8).  This lack of intrinsic 

variation across the leaf suggests that microsite variability over the leaf surface is not 

large enough to elicit a significant change in stomatal initiation or epidermal cell 

expansion, which is in contrast to previous studies (Salisbury, 1927; Sharma and 

Dunn, 1968; Ferris et al., 1996; Smith et al., 1989; Zacchini et al., 1997; Stancato et 

al., 1999; Royer, 2001).   

 

Examination of the inner, middle and outer regions of a mounted cuticle (i.e. leaf 

fragment) revealed no significant variation of stomatal frequency in Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua (Table 3.3 - 3.8).  As the inner 

leaf fragment represents mid lamina and the outer leaf fragment representing the leaf 

margin, the hypotheses stating that intrinsic variation is expected to be observed 

across this region of the leaf can be rejected.  This finding is in contrast with previous 

research using other tree species (Salisbury, 1927; Sharma and Dunn, 1969; Smith et 

al., 1989).  Also, this suggests uniform stomatal distribution over leaf fragments in 

these species and explains the notable lack of intrinsic variation across the leaf 

surface.   

    

Stomatal frequency did not vary significantly between the adaxial and abaxial leaf 

surfaces in Acacia melanoxylon (Table 3.3), suggesting that intrinsic or environmental 

factor(s) are exerting the same influence upon stomatal initiation and epidermal cell 

expansion, irrespective of leaf surface; resulting in consistent stomatal distribution 

between leaf surfaces.  This finding is in contrast to past studies that have found the 

abaxial surface to be the most stable, in terms of stomatal frequency, differences in 
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these results may be attributed to species-specific variation (Rowson, 1946; Sharma 

and Dunn, 1968 & 1969; Royer, 2001; Greenwood et al., 2003).  

 

Acmena smithii is hypostomatous, that is, stomata are restricted to the lower leaf 

surface, so no analysis was conducted for this variable. Significant intrinsic variation 

was found in stomatal density and index between leaf surfaces of Eucalyptus obliqua 

(Tables 3.7 & 3.8), suggesting varying microclimatic conditions between leaf surfaces 

are eliciting different stomatal frequency responses.  The environmental variable that 

is most likely to be attributed to this response in Eucalyptus obliqua is irradiance.  As 

leaves hang vertically they will receive morning and dusk light directly, one may 

assume that stomatal frequency would be greater on the leaf surface receiving 

morning light, as this would be the time when internal leaf [CO2] is most reduced and 

thus demand would be at its greatest. 

 

If stomatal frequency is to be employed as a palaeoclimatological tool, it would be 

highly desirable to select species that exhibit low degrees of intrinsic variability in 

their stomatal frequency, thus reducing the error associated with any past climate 

estimate. Significant intrinsic variation among leaves will result in a larger sample 

size being required in order to reduce this potential error, which may not always be 

possible in a limited fossil sample.  Also, many fossil leaf samples are fragmented, so 

using a selected species that does not exhibit intrinsic variation across the leaf surface 

would be of great use.  Stomatal index in Acacia melanoxylon meets all the 

requirements to be applied in the palaeobotanical realm due to the lack of intrinsic 

variation associated with this stomatal character.  Palaeoclimatological estimates 

based on leaf morphological characteristics have the potential to provide valuable 

information on how future climate change may affect modern-day ecosystems at a 

regional level.  Therefore, the ability to identify the appropriate candidates for 

palaeoclimatological analysis is fundamental in the interruption of regional climate 

change this research paper identifies an appropriate technique that can be applied for 

other species of trees.   
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3.5 Conclusions 

 

It was found that stomatal index in Acacia melanoxylon was not influenced by any 

intrinsic factor tested in this study, making stomatal index of Acacia melanoxylon an 

ideal candidate for application within the palaeobotancial realm.   

 

Stomatal density of Acacia melanoxylon demonstrated significant intrinsic variability 

among leaves and among different leaf positions.  Stomatal density and index in 

Acmena smithii was only found to vary significantly among leaves, while Eucalyptus 

obliqua exhibited significant variation in stomatal density and index among leaves, 

and between leaf surfaces within those leaves. 

 

It can be concluded that stomatal frequency in these three Australian tree species were 

relatively stable, in that, of the four measures of intrinsic variation (1 Among leaves, 2 

Over the leaf surface- tip to base, 3 Across the leaf surfaces- mid lamina to margin 

and 4 Between leaf surfaces) no species exhibited significant variability in more than 

two test variables.  Future work should be geared towards assessing the number of 

replicate leaves required to dampen the significant intrinsic variation observed in 

stomatal index amongst leaves of Acmena smithii and Eucalyptus obliqua, thereby 

increasing their suitability for use in the palaeo-CO2 reconstructive realm.   
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The potential of stomatal frequency in Acacia melanoxylon, 

Acmena smithii and Eucalyptus obliqua to act as proxy-pCO2 

indicators. Using herbarium-lodged specimens to establish a 

subambient CO2 gradient over time with application of novel 

statistical analyses. 

 

 

Abstract 
Stomatal density, index and total cell number from herbarium-lodged specimens of 

Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua were examined to 

determine their ability to track increasing subambient [CO2] from the mid-1800s to 

the late-1900s. Stomatal density in A. melanoxylon and A. smithii was insensitive to 

increasing subambient [CO2], while stomatal density- surface 1 and –combined 

surfaces in E. obliqua significantly decreased in response [CO2] increase. However, 

large intrinsic variation ruled out the application of stomatal density from E. obliqua 

as a CO2-proxy measure. Stomatal index of A. melanoxylon and A. smithii 

demonstrated low intrinsic variation and the sensitivity required to accurately track 

increasing subambient [CO2]. The response of stomatal index in these species 

demonstrated a ‘stepped’ response to increasing [CO2], suggesting a critical threshold 

[CO2] that elicited significant stomatal index reductions. Stomatal index and total cell 

number in E. obliqua and total cell number of A. smithii were insensitive to increasing 

[CO2].  However, a reduction in total cell number of A. melanoxylon suggests reduced 

stomatal aperture and increased water use efficiency. Stomatal index of A. 

melanoxylon and A. smithii demonstrated the attributes required to be employed as 

proxy-pCO2 indicators.    

 

 

4.1  Introduction 
 

Stomata on the leaf surface allow carbon dioxide uptake from the atmosphere, an 

essential substrate in the photosynthetic reaction.  However, when stomata are open to 

uptake CO2, water is lost from the leaf via transpiration (Gutschick, 1999).  In order to 

maximise photosynthetic profits the plant will try to increase carbon acquisition, in 

the form of CO2 uptake and / or reduce transpirational losses; thus increasing water 

use efficiency (Givnish, 1978; Ellsworth, 1999).  An increase in atmospheric [CO2] 

can allow the plant to reduce stomatal frequency and still maintain adequate CO2 

uptake (Visscher, 1993).  Lower stomatal frequency will decrease transpirational 

losses increase water use efficiency and promote competitive ability (Beerling and 

Chaloner, 1992; Murray, 1995).  Stomatal frequency refers to the number of stomata 

across the leaf surface and it may be defined as a density count, stomata density per 
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mm
2
, or expressed as an index which calculates the ratio of stomata to epidermal cells 

(Salisbury, 1927; Greenwood et al., 2003). 

 

Since the industrial revolution in 1750, atmospheric [CO2] has increased from 

280ppm to 395ppm and is currently rising 1.9ppm per annum (Jansen et al., 2007).  

Herbarium-lodged specimens provide a temporal leaf catalogue from which stomatal 

frequency can be assessed in response to increasing atmospheric [CO2] over extended 

time periods (Woodward. 1987).  Therefore, leaf-climate relations can be investigated 

over the past several hundreds of years, during a time of profound atmospheric change 

(Pedicino et al., 2002). 

 

The pioneering study using herbarium-lodged leaf material to assess the ability of 

stomatal frequency to track atmospheric [CO2] was by Woodward (1987).  Woodward 

(1987) demonstrated stomatal density declined with increasing [CO2] in a linear 

manner.  However, research post Woodward (1987) has not demonstrated consistency 

across comparative research studies, with a curvilinear stomatal frequency response to 

increasing [CO2] being noted (Kürschner et al., 1997).  Reports of no change and 

increases in stomatal frequency to increasing [CO2] have also been observed (Körner, 

1988; Penuelas & Matamala, 1990; Beerling & Chaloner 1993a; Paoletti & Gellini, 

1993; Beerling & Kelly, 1997; Kürschner et al., 1997; Rundgren & Beerling, 1999; 

Chen et al., 2001; Mehrotra et al., 2003; Greenwood et al., 2003; Eide & Birks, 2005; 

Wagner et al., 2005; Garcia-Amorena et al., 2006; van Hoof et al., 2006; Kürschner et 

al., 2008).  The variation observed in stomatal frequency response to increasing [CO2] 

is species-specific and therefore an inverse relationship cannot automatically be 

assumed for all species.  In light of the literature, stomatal frequency response to 

[CO2] must be examined on a species by species basis. 

 

If stomatal frequency is able to accurately track [CO2] increase, herbarium-lodged 

specimens may act as a training set to provide palaeo-[CO2] estimations from fossil 

samples of the test species or nearest-living-equivalent (Royer, 2001; Greenwood et 

al., 2003).  The potential of this proxy technique is dependent upon potentially 

confounding variables that may obscure a CO2 signal, such as, intrinsic variation- 

natural variability in stomatal frequency, that if large enough may dampen any 

response to [CO2] (Körner, 1988) - and major climatic / environmental variables may 
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also exert a strong influence upon stomatal frequency to the same end (Royer, 2001; 

see proceeding chapters).  Therefore, the ideal test candidate for paleo-[CO2] 

reconstruction will have stomatal frequency that exhibits low intrinsic variation and is 

not highly affected by other climatic or environmental variables. 

 

To date, most studies using herbarium-lodged material to assess stomatal frequency 

response to increasing subambient [CO2] have been of Northern Hemisphere origin 

using deciduous, hypostomatous species (Appendix 1.2).  In the current dataset there 

is a lack of Southern Hemisphere, evergreen, amphistomatous tree species, with warm 

temperate tree species being particularly under-represented (Wagner et al., 2005). 

Intrinsic variation associated with stomatal frequency has the potential to obscure a 

CO2 signal in herbarium catalogues; however, this is commonly not assessed or done 

so in an ad hoc manner.  The only current Australian herbarium-based study that 

assessed stomatal frequency response to historically rising [CO2] was from the 

tropical rainforest tree Neolitsea dealbata (Greenwood et al., 2003). This study 

demonstrated a reduction in stomatal index with increasing [CO2] which is consistent 

with previously published work (Appendix 1.2) (Rundgren and Beerling, 1999; 

Mehrotra et al., 2003; Wagner et al., 2005; Garcia-Amorena et al., 2006; van Hoof et 

al., 2006; Kürschner et al., 2008). 

 

In this study, three species were selected to examine stomatal frequency response in 

herbarium-lodged specimens to increasing [CO2] throughout time. The test species 

included two mesic, evergreen, amphistomatous species, Acacia melanoxylon and 

Eucalyptus obliqua, and one warm temperate, evergreen, hypostomatous species, 

Acmena smithii.  Acacia melanoxylon, A. smithii and E. obliqua species commonly 

occur in Victoria and were chosen because of the probability of obtaining numerous 

herbarium-lodgings throughout time and the use of these species may address some 

limitations in the current herbarium dataset, for example, the under representation of 

warm-temperate tree species and Southern Hemisphere evergreen species in the 

current dataset (Wagner et al., 2005).  This study will not only evaluate the viability 

of stomatal frequency to track subambient [CO2] in these test species, but also assess 

the degree to which intrinsic variation influences stomatal frequency, and hence, may 

obscure any possible CO2 signal.  If such a relationship is demonstrated, this will 

provide baseline information from which palaeo-[CO2] estimates may be derived.   
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4.1.2 Aims 

To determine if stomatal frequency in herbarium-lodged samples of Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua are sensitive to, and able to 

track, past increases in atmospheric [CO2] over time, and hence act as a proxy for 

atmospheric [CO2].   

 

To apply novel statistical testing to accurately assess intrinsic variation connected 

with measures of stomatal frequency, thus increasing the confidence associated with 

this potential biological proxy.  

 

4.1.3 Hypotheses 

Stomatal density and index in herbarium-lodged specimens of Acacia melanoxylon, 

Acmena smithii and Eucalyptus obliqua will decrease in response to past increases in 

atmospheric [CO2] 

 

Intrinsic variation in stomatal density and index of Acacia melanoxylon, Acmena 

smithii and Eucalyptus obliqua will not obscure a CO2 signal in these micro-

morphological leaf characters.  

 

4.2 Methods 

 

In order to determine if stomatal frequency in Acacia melanoxylon, Acmena smithii 

and Eucalyptus obliqua were sensitive to increasing subambient [CO2], herbarium-

lodged leaf specimens were sampled from the early-mid 1800s to the late 1900s and 

stomatal frequencies were examined to determine if a decrease in this character was 

associated with rising [CO2] over this period. 

 

All leaf samples were obtained from the National Herbarium of Victoria in 

Melbourne, Australia (MEL).  This was achieved by manually cataloguing each 

herbarium sheet present in the MEL collections containing the tree species Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua.  Information recorded from 

each sheet was collated in database, including (if available): sheet number, year of 



          

  Chapter 4 

54 

 

collection, latitude and longitude, elevation, branch tip present, flowers present and 

leaf number.  

 

The selection strategy was to sample one herbarium sheet per decade (if available) for 

each species.  Herbarium sheets were preferentially selected if a) sheets were from 

similar locations (to reduce geographic and genotypic variation), b) contained large 

numbers of leaves, as specimens were destructively sampled and c) the specimen 

consisted of the branch tip with flowers present, to ensure correct taxonomic identity 

and that only sun leaves were sampled.   

 

Within each herbarium sheet, three leaves were destructively sampled by removing a 

4 x 4mm leaf square from the middle outer edge of each of the sampled leaves.  The 

leaf squares were then returned to the laboratory for chemical digestion and mounting, 

following the protocols outlined in Christophel and Rowett (1996).  Stomatal and 

epidermal cell counts were taken using a light microscope fitted with a graded 

eyepiece on a known viewing field.  Stomatal density (mm
2
), stomatal index (equation 

4.1, as per Salisbury 1927) and total cell number (mm
2
; equation 4.2) were recorded 

for later analysis.  From herbarium-lodged specimens stomatal frequency and total 

cell number counts were obtained from one cuticular surface from Acacia 

melanoxylon and Acmena smithii, and from both surfaces of Eucalyptus obliqua 

(which were treated as separate and combined entities) (Scarr et al., 2008).  

 

Stomatal Index (S.I.) =         no. of stomata X 100        

   no. stomata + no. epidermal cells  (Equation 4.1) 

 
Total cell number (T.C.N.) = no. stomata + no. epidermal cells  (Equation 4.2) 

 

Before stomatal frequency analysis was conducted on the full herbarium dataset, a 

preliminary investigation was conducted to determine the minimum number of 

replicates required per leaf, in order to reduce any potential intrinsic variability.  

Three leaves were selected from different years of collection for each species and 

within each cuticle mean stomatal frequency was determined from three, five and 

seven replicate counts.  Analysis was then undertaken to determine whether the 

number of stomatal counts (n = 3, 5 and 7) resulted in significant variation between 

each mean stomatal frequency.   
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4.2.1 Statistical analysis 

To examine whether the number of replicate stomatal counts per leaf significantly 

affected the mean stomatal frequency, a missing values ANOVA was conducted, due 

to unbalanced data (Zar, 1996).  To determine if year of collection, and hence, 

increasing atmospheric [CO2] significantly altered stomatal frequency, least squares 

linear regression was conducted.  If the regression analysis was found to be 

significant, then a two-level nested ANOVA was performed.  The nested ANOVA not 

only assessed the change in stomatal frequency throughout time, and to increasing 

atmospheric CO2 levels, but also whether there was significant variation within the 

nested factor in herbarium sheets, that is, between-leaf variation.  Then the change in 

stomatal frequency in response to each test factor was expressed as a percentage value 

via variance components analysis. Finally, Tukey HSD testing was conducted to 

determine between what years a significant difference in stomatal frequency occurred. 

 

All statistical analyses were conducted using SPSS v12.0, except least squares linear 

regression (Microsoft Excel 2000) and nested ANOVA’s (Systat v11.0). 

 

4.3 Results 

 

Herbarium sheet descriptions and raw data for Acacia melanoxylon, Acmena smithii 

and Eucalyptus obliqua are presented in Appendices 4.1 – 4.6 respectively. 

 

4.3.1 Stomatal calibration in herbarium-lodged specimens of Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua 

In Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua no significant 

difference was found (P > 0.05) in means of stomatal density (mm
2
), or stomatal 

index taken from three, five or seven replicate counts obtained from three selected 

herbarium leaves from varying years of collection (Table 4.1 overleaf; Appendix 4.7- 

4.9).  Accordingly, all stomatal frequency analyses were conducted using three 

replicate stomatal counts per cuticle.  
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Table 4.1: Stomatal density (mm
2
) and stomatal index obtained from 3 sampled herbarium 

sheets of Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua: ‘’  - no significant 

difference (P ≥ 0.05) between means obtained from 3, 5 & 7 replicate stomatal counts; ‘+’- 

significant difference (P   0.05). 

 

Acacia melanoxylon 

Year of collection 
1887 1905 1942 

Stomatal density (mm
2
)    

Stomatal index    

Acmena smithii 

Year of collection 

1887 1910 1983 

Stomatal density (mm
2
)    

Stomatal index    

Eucalyptus obliqua 

Year of collection 

1887 1905 1942 

Stomatal density (mm
2
)- surface 1    

Stomatal index- surface 1    

Stomatal density (mm
2
)- surface 2    

Stomatal index- surface 2    

 

4.3.2 Potential for stomatal density to track past increases in 

atmospheric [CO2] in herbarium-lodged specimens of Acacia 

melanoxylon 

Fourteen different decades were sampled for Acacia melanoxylon spanning from 1835 

to 1992.  Mean stomatal density values  standard errors are listed in Table 4.2.   

 
Table 4.2: Collection year of herbarium sheets of Acacia melanoxylon and corresponding 

atmospheric [CO2] for year of collection (Etheridge et al., 1996): mean stomatal density 

(S.D.; mm
2
) and  standard error (S.E.).  

 

Year 1835 1848 1871 1887 1899 1905 1916 

CO2 ppm 283.8 284.4 287.7 293.6 295.2 297.6 301.7 

S.D. 332 318 396 322 469 320 404 

S.E. 10.3 10.8 14.3 11.5 27.1 9.2 15 
        

Year 1929 1942 1959 1968 1970 1981 1992 

CO2 ppm 306.8 310.3 315.6 322.8 324.8 338.1 354.1 

S.D. 332 354 359 325 473 332 306 

S.E. 10.3 8.6 10.4 16.4 12.3 4.4 20.4 

 

Analysis via least squares linear regression demonstrated no significant difference (P 

= 0.92; R
2
 = 0.0007) between stomatal density and year of collection (Figure 4.1a 

overleaf; Appendix 4.10a).  Also, least squares linear regression of stomatal density 

against CO2 concentration was not significant (P = 0.69; R
2
 = 0.0135; Figure 4.1b 

overleaf; Appendix 4.10b). 
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Figure 4.1: Stomatal frequency analysis from herbarium lodged samples of Acacia 

melanoxylon, dating from 1835-1992. A linear trendline, equation and R
2
 value were fitted to 

all scattergrams (Standard error bars: ± 1 Standard Error): a) stomatal density (S.D.; mm
2
) 

versus year of collection, b) S.D. (mm
2
) versus pCO2 (ppm). 

 

4.3.3 Potential for stomatal index to track past increases in 

atmospheric [CO2] in herbarium-lodged specimens of Acacia 

melanoxylon 

Raw data and mean stomatal index from herbarium-lodged samples of Acacia 

melanoxylon are presented in Appendix 4.4b and Table 4.3.   

 
Table 4.3: Collection year of herbarium sheets of Acacia melanoxylon and corresponding 

atmospheric [CO2] for year of collection (Etheridge et al., 1996): mean stomatal index (S.I.) 

and  standard error (S.E.).  

 

Year 1835 1848 1871 1887 1899 1905 1916 

CO2 ppm 283.8 284.4 287.7 293.6 295.2 297.6 301.7 

S.I. 7.41 7.05 7.5 7.71 7.76 7.49 6.78 

S.E. 0.18 0.31 0.24 0.16 0.36 0.19 0.24 
        

Year 1929 1942 1959 1968 1970 1981 1992 

CO2 ppm 306.8 310.3 315.6 322.8 324.8 338.1 354.1 

S.I. 6.02 6.32 6.02 5.78 6.56 5.92 5.42 

S.E. 0.17 0.19 0.34 0.23 0.19 0.19 0.32 

 

A scattergram was generated where stomatal index was plotted against year of 

collection with a fitted linear trendline (Figure 4.2a overleaf), least squares linear 

regression analysis revealed a strong, significant relationship (R
2
 = 0.676; P = 0.0003; 

Appendix 4.11a).  When stomatal index was regressed against atmospheric CO2 

concentration, this significant relationship strengthened (R
2
 = 0.7107; P = 0.0001; 

Figure 4.2b overleaf; Appendix 4.11b). 
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Figure 4.2: Stomatal frequency analysis from herbarium lodged samples of Acacia 

melanoxylon, dating from 1835-1992. A linear trendline, equation and R
2
 value were fitted to 

all scattergrams (Standard error bars: ± 1 Standard Error): a) stomatal index (S.I.) versus year 

of collection, b) S.I. versus pCO2 (ppm). 

 

Stomatal index decreased from 1835 to 1992 by 26.9%, corresponding to a 70.3ppm 

increase in atmospheric [CO2] (Table 4.3).  This relates to a 3.8% decrease in stomatal 

index per every 10ppm increase in atmospheric [CO2] (Appendix 4.12).  Variation in 

stomatal index with regards to year of collection and between leaves within each 

herbarium-sheet, were shown to be significant (P < 0.001; Appendix 4.13a).  By 

estimating variance components, year of collection was shown to account for 46.1% 

of total variation in stomatal index, variance between leaves within herbarium-sheets 

was 20.5%, and error variance accounted for 33.4% of total variation in this character 

(Appendix 4.13b & c). 

   

Tukey HSD post hoc testing revealed mean stomatal index of the 1992 sample was 

not significantly different (P > 0.05) from the mean stomatal index sampled from 

1920s to 1980s (Appendix 4.14).  However, the mean stomatal index from 1992 was 

significantly different (P < 0.05) from mean stomatal indices from 1830s to 1910s 

(Figure 4.3 overleaf; Appendix 3.18). 
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4.3.4 Total cell number response to past increases in atmospheric 

[CO2] in herbarium-lodged specimens of Acacia melanoxylon 

Raw data of total cell number (T.C.N.) for Acacia melanoxylon is provided in 

Appendix 4.4c.  Mean values of T.C.N.  standard errors are presented in Table 4.4.  

 

Table 4.4: Collection year of herbarium sheets of Acacia melanoxylon and 

corresponding atmospheric [CO2] for year of collection (Etheridge et al., 1996): mean 

total cell number (T.C.N.; mm
2
) and  standard error (S.E.).  

 

Year 1835 1848 1871 1887 1899 1905 1916 

CO2 ppm 283.8 284.4 287.7 293.6 295.2 297.6 301.7 

T.C.N. 4487 4535 5284 4172 5868 4272 5961 

S.E. 76 91 89 102 202 54 152 
        

Year 1929 1942 1959 1968 1970 1981 1992 

CO2 ppm 306.8 310.3 315.6 322.8 324.8 338.1 354.1 

T.C.N. 5536 5616 6036 5616 7212 5650 5561 

S.E. 146 97 169 103 94 156 140 

 

Total cell number was plotted against year of collection with a linear trendline fitted, 

a significant relationship was found (R
2
 = 0.4287; P = 0.011; Figure 4.4a overleaf; 

Appendix 4.15a).  Least squares linear regression revealed no significant relationship 

between T.C.N. and [CO2] (R
2
= 0.2813; P = 0.051; Figure 4.4b overleaf; Appendix 

4.15b).  

 

Figure 4.3: Homogeneous subsets of mean 

stomatal indices from herbarium-lodged 

samples of Acacia melanoxylon, as 

determined via a Tukey HSD post hoc test 

(α = 0.05) versus CO2 concentration. Mean 

stomatal indices within subsets are not 

significantly different (P > 0.05), but are 

significantly different (P < 0.05) between 

subset 1 and 2. 
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Figure 4.4: Stomatal frequency analysis from herbarium lodged samples of Acacia 

melanoxylon, dating from 1835-1992. A linear trendline, equation and R
2
 value were fitted to 

all scattergrams (Standard error bars: ± 1 Standard Error): a) total cell number (T.C.N.) versus 

year of collection, b) T.C.N. versus pCO2 (ppm). 

 

Changing total cell numbers (T.C.N.) from 1835-1992 represents a 19.3% increase in 

response to a 70.3ppm increase in atmospheric [CO2], hence, T.C.N. increases 2.8% 

per every 10ppm elevation in atmospheric [CO2] (Appendix 4.16).  The response of 

total cell number to year of collection and atmospheric [CO2] was found to be 

significant, as was T.C.N. between leaves within herbarium sheets (P < 0.001; 

Appendix 4.17a).  Estimation of variance components (Appendix 4.17b) demonstrated 

that year of collection accounted for 79% of total variance in T.C.N., while leaves 

within sheets and error variance accounted for 12.9% and 8.1% of the variance, 

respectively (Appendix 4.17c).   

 

From post hoc multiple comparison testing the mean total cell number (T.C.N.) of the 

1992 sample was not significantly different (P > 0.05) from 1981, 1968, 1959, 1942, 

1929, 1916, 1899, & 1871, while was significantly different (P < 0.05) from mean 

T.C.N. of the years 1970, 1905, 1887, 1848 & 1835 (Figure 4.5; Appendix 4.18). 
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Figure 4.5: Homogeneous subsets of mean 

total cell number (mm
2
) from herbarium-

lodged samples of Acacia melanoxylon, as 

determined via a Tukey HSD post hoc test 

(α = 0.05) versus CO2 concentration. Mean 

total cell numbers within subsets are not 

significantly different (P > 0.05), but 

significantly different (P < 0.05) between 

subset 1 and 2. 
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4.3.5 Potential for stomatal density to track past increases in 

atmospheric [CO2] in herbarium-lodged specimens of Acmena 

smithii 

Eleven decades of herbarium-lodgings were sampled for Acmena smithii, spanning 

from 1853 to 1996 (Appendix 4.5a), mean stomatal density values  standard errors 

are listed in Table 4.5.   

 
Table 4.5: Collection year of herbarium sheets of Acmena smithii and corresponding 

atmospheric [CO2] for year of collection (Etheridge et al., 1996): mean stomatal density 

(S.D.; mm
2
) and  standard error (S.E.).  

 

Year 1853 1873 1887 1890 1900 1910 

CO2 ppm 285.1 288.1 293.6 294.2 295.8 299.7 

S.D. 468 487 569 364 521 629 

S.E. 12.7 14.4 17.7 15 12 29.3 
       

Year 1937 1951 1969 1983 1996  

CO2 ppm 310 311.1 323.8 340.4 359.8  

S.D. 443 443 439 574 368  

S.E. 21.8 16.4 16.7 7.7 19  

 

Regression analyses demonstrated no significant regression (P > 0.05) between 

stomatal density and year of collection (R
2
 = 0.0371), or atmospheric [CO2] in 

Acmena smithii (R
2
 = 0.061) (Figure 4.6a & b; Appendix 4.19a & b).  
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Figure 4.6: Stomatal frequency analysis from herbarium lodged samples of Acmena smithii, 

dating from 1853-1996. A linear trendline, equation and R
2
 value were fitted to all 

scattergrams (Standard error bars: ± 1 Standard Error): a) stomatal density (S.D.; mm
2
) versus 

year of collection, b) S.D. (mm
2
) versus pCO2 (ppm). 
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4.3.6 Potential for stomatal index to track past increases in 

atmospheric [CO2] in herbarium-lodged specimens of Acmena 

smithii 

A reduction in stomatal index of Acmena smithii was observed from herbarium-

lodgings between 1835 and 1996 (Table 4.6; Appendix 4.5b).  Upon regression 

analyses a significant reduction in stomatal index versus year of collection was shown 

(R
2
 = 0.585; P = 0.006; Figure 4.7a; Appendix 4.20a).  A significant regression was 

also observed between stomatal index and atmospheric CO2 concentration (P = 0.009; 

Appendix 4.20b), with a slight reduction in the R
2
 value (R

2
 = 0.5499; Figure 4.7b). 

 
Table 4.6: Collection year of herbarium sheets of Acmena smithii and corresponding 

atmospheric [CO2] for year of collection (Etheridge et al., 1996): mean stomatal index (S.I.) 

and  standard error (S.E.).  

 

Year 1853 1873 1887 1890 1900 1910 

CO2 ppm 285.1 288.1 293.6 294.2 295.8 299.7 

S.I. 10.07 9.53 9.88 9.1 10.21 9.18 

S.E. 0.33 0.22 0.26 0.28 0.1 0.2 
       

Year 1937 1951 1969 1983 1996  

CO2 ppm 310 311.1 323.8 340.4 359.8  

S.I. 8.13 8.98 9.27 8.31 8.27  

S.E. 0.24 0.3 0.22 0.14 0.24  

 

a) b).

y = -0.0117x + 31.747

R
2
 = 0.585

7

8

9

10

11

1840 1880 1920 1960 2000

Year

S
.I

.

y = -0.0229x + 16.255

R
2
 = 0.5499

7

8

9

10

11

280 300 320 340 360

p CO2 (ppm)

S
.I

.

 
 

Figure 4.7: Stomatal frequency analysis from herbarium lodged samples of Acmena smithii, 

dating from 1853-1996. A linear trendline, equation and R
2
 value were fitted to all 

scattergrams (Standard error bars: ± 1 Standard Error): a) stomatal index (S.I.) versus year of 

collection, b) S.I. versus pCO2 (ppm). 
 

A 17.9% decrease in stomatal index was measured between 1853 and 1996, 

corresponding to an increase in atmospheric [CO2] of 74.7ppm, representing a 2.4% 

decrease in stomatal index per 10ppm increase in atmospheric [CO2] (Appendix 4.21).  

The nested ANOVA revealed a significant difference in stomatal index when 
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compared to year of collection (P = 0.001) and between the leaves within each 

herbarium-sheet (P = 0.002; Appendix 4.22a).  Upon completion of estimating 

variance components (Appendix 4.22b), it was found that year of collection accounted 

for 42.4% of total variation in stomatal index, variance within herbarium sheets was 

19.8%, and error variance accounted for 37.8% of total variation in this character 

(Appendix 4.22c).  

 

Tukey HSD post hoc testing determined the mean stomatal index for 1996 was not 

significantly different (P > 0.05) from the decades 1980s to 1910s, and the 1890s, 

however, mean stomatal index for 1996 was significant different (P < 0.05) from the 

mean stomatal indices for the decades of 1850s to 1880s, and 1900s (Figure 4.8; 

Appendix 4.23).  
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Figure 4.8: Homogeneous subsets of mean stomatal index from herbarium-lodged samples of 

Acmena smithii, as determined via a Tukey HSD post hoc test (α = 0.05) versus CO2 

concentration. Mean stomatal index within subsets are not significantly different (P > 0.05), 

but are significantly different (P < 0.05) between subset 1 and 2. 

 

4.3.7 Total cell number response to past increases in atmospheric 

[CO2] in herbarium-lodged specimens of Acmena smithii 

Raw data of total cell number (T.C.N.; mm
2
) for Acmena smithii is presented in 

Appendix 4.5c and for mean values of T.C.N.  standard errors refer to Table 4.7 

overleaf.  Least squares linear regression found no relationship between T.C.N. versus 

year or collection (P = 0.674) or for T.C.N. versus atmospheric CO2 concentration (P 

= 0.819), with R
2
 values of 0.0205 and 0.0061, respectively (Figure 4.9a & b overleaf; 

Appendix 4.24a & b).  

 



          

  Chapter 4 

64 

 

Table 4.7: Collection year of herbarium sheets of Acmena smithii and corresponding 

atmospheric [CO2] for year of collection (Etheridge et al., 1996): mean total cell number 

(T.C.N.; mm
2
) and  standard error (S.E.).  

 

Year 1853 1873 1887 1890 1900 1910 

CO2 ppm 285.1 288.1 293.6 294.2 295.8 299.7 

T.C.N. 4663 5109 5760 4000 5102 6846 

S.E. 393 313 297 241 280 777 
       

Year 1937 1951 1969 1983 1996  

CO2 ppm 310 311.1 323.8 340.4 359.8  

T.C.N. 5424 4928 4725 6917 4428  

S.E. 390 251 241 270 354  
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Figure 4.9: Stomatal frequency analysis from herbarium lodged samples of Acmena smithii, 

dating from 1853-1996. A linear trendline, equation and R
2
 value were fitted to all 

scattergrams (Standard error bars: ± 1 Standard Error): a) total cell number (T.C.N.; mm
2
) 

versus year of collection, b) T.C.N. versus pCO2 (ppm). 

 

4.3.8 Potential for stomatal density to track past increases in 

atmospheric [CO2] in herbarium-lodged specimens of Eucalyptus 

obliqua 

Fourteen decades of herbarium-lodged specimens of Eucalyptus obliqua, 

encompassing 1853 to 1994 were examined (Appendix 4.6a).  Mean stomatal density 

(mm
2
) ± standard errors for leaf surface 1, 2 and combined surfaces of Eucalyptus 

obliqua are presented in Table 4.8. 
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Table 4.8: Collection year of herbarium sheets of Eucalyptus obliqua and corresponding 

atmospheric [CO2] for year of collection (Etheridge et al., 1996): mean stomatal density- 

surface 1 (S.D.1; mm
2
), stomatal density- surface 2 (S.D.2; mm

2
) and stomatal density- 

combined surfaces (S.D.1&2; mm
2
), and  standard error (S.E.).  

 

Year 1853 1879 1884 1890 1908 1917 1929 

CO2 ppm 285.1 290.2 292.6 294.2 298.9 302.1 306.8 

S.D.1 254 207 247 199 190 247 229 

S.E. 20 19.1 10.7 6 7.3 6 12.8 

S.D.2 135 124 172 162 140 172 156 

S.E. 7.1 12.4 7 5 7 9.2 9.2 

S.D. 1&2 389 332 420 361 331 420 386 

S.E. 23.6 28.7 10.9 7.6 10.7 11.9 18.9 
        

Year 1936 1942 1950 1964 1974 1987 1994 

CO2 ppm 309.8 310.3 310.7 319.2 329.2 346.3 356.3 

S.D.1 240 226 180 215 171 204 180 

S.E. 12.5 7.3 7.4 8.9 5.3 13.3 9.2 

S.D.2 158 140 132 117 114 119 142 

S.E. 10.8 8.3 4.4 3.8 6.2 6.6 6.2 

S.D. 1&2 398 366 311 332 284 324 322 

S.E. 19.5 10.1 9.3 8.8 9.2 14.3 12.9 

 

Least squares linear regression found stomatal density- surface 1 and combined 

surfaces to be weakly, but significantly related to year of collection and atmospheric 

[CO2] (Table 4.8; Figure 4.10a & b; Appendix 4.25 & 4.27). Stomatal density- surface 

2 was not correlated to either year of collection or atmospheric [CO2] (Table 4.9; 

Figure 4.10a & b overleaf; Appendix 4.26). 

 
Table 4.9: Summary results of linear regression analyses (least squares) of stomatal density 

(S.D.; mm
2
) from herbarium-lodged samples of Eucalyptus obliqua against year of collection, 

and atmospheric [CO2]. Summary findings are taken from Appendix 3.42, 3.46 & 3.47. 

 

Total cell number R
2
 value P value 

Surface 1- Year of collection 0.3094 0.0388 

Surface 1- CO2 concentration 0.2867 0.0484 

Surface 2- Year of collection 0.1764 0.1349 

Surface 2- CO2 concentration 0.1655 0.1488 

Combined surfaces- year of collection 0.3178 0.0357 

Combined surfaces- CO2 concentration 0.2959 0.0443 

 



          

  Chapter 4 

66 

 

a)

y = -0.5561x + 1428.1

 S.D.1&2, R
2
 = 0.3182 

y = -0.3576x + 903.26

S.D.1, R
2
 = 0.3077

y = -0.1928x + 513.55

S.D.2, R
2
 = 0.1753

100

175

250

325

400

475

1840 1880 1920 1960 2000

Year

S
.D

. 
(m

m
2
)

y = -0.7078x + 433.5

S.D.1, R
2
 = 0.2858

y = -0.3841x + 261.02

S.D.2, R
2
 = 0.1649

y = -1.1x + 697.35

S.D.1&2, R
2
 = 0.2951

100

175

250

325

400

475

280 300 320 340 360

p CO2 (ppm)

S
.D

. 
(m

m
2
)

 

b)

y = -0.7078x + 433.5

S.D.1, R
2
 = 0.2858

y = -0.3841x + 261.02

S.D.2, R
2
 = 0.1649

y = -1.1x + 697.35

S.D.1&2, R
2
 = 0.2951

100

175

250

325

400

475

280 300 320 340 360

p CO2 (ppm)

S
.D

. 
(m

m
2
)

y = -0.0007x + 9.6661

S.I.1, R
2
 = 0.0007

y = -0.0065x + 19.657

S.I.1&2, R
2
 = 0.0936

y = -0.0002x + 6.6585

S.I.2, R
2
 = 4E-05

4

5

6

7

8

9

10

11

1840 1880 1920 1960 2000

Year

S
.I
.

 
 

Figure 4.10: Stomatal frequency analysis from herbarium lodged samples of Eucalyptus 

obliqua, dating from 1853-1994. A linear trendline, equation and R
2
 value were fitted to all 

scattergrams (Standard error bars: ± 1 Standard Error): a) ▲- stomatal density (mm
2
) - 

surface 1 (S.D.1), surface 2 (S.D.2) and combined surfaces (S.D.1&2) versus year of 

collection, b) ♦ - stomatal density (mm
2
) - surface 1 (S.D.1), surface 2 (S.D.2) and c) ■ - 

combined surfaces (S.D.1&2) versus atmospheric [CO2]. 

 

Stomatal density- surface 1 decreased by 29.1% from 1853 to 1994, corresponding to 

71.2ppm increase in atmospheric [CO2] (Table 4.7; Appendix 4.28a).  This 

corresponds to a 4.1% decrease in stomatal density- surface 1 per 10ppm rise in 

atmospheric [CO2].  The response of stomatal density- surface 1 was found to be 

significantly different between and within herbarium sheets, P = 0.022 and P < 0.001 

respectively (Appendix 4.29a).  Estimation of variance components (Appendix 4.29b) 

found that year of collection contributed 25.5% of the variance, between leaf variance 

within herbarium sheets accounted for 41% of total variation, and error variance 

accounted for 33.5% of total variation in this character (Appendix 4.29c).  

 

Tukey HSD post hoc testing determined stomatal density- surface 1 for the 1994 

mean was significantly different (P < 0.05) from means from the decades of the 

1930’s, 1910’s, 1880’s and 1850’s (Figure 4.11; Appendix 4.30). 
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There was a reduction of 17.2% in stomatal density- combined surfaces (surface 1 + 

surface 2) from 1853 to 1994, corresponding to 71.2ppm decrease in atmospheric 

[CO2].  This represents a 2.4% decrease in combined stomatal density per 10ppm 

increase in atmospheric [CO2] (Appendix 4.28b).  A significant difference in stomatal 

density- combined surfaces was found between (P = 0.006) and within herbarium 

sheets (P < 0.001; Appendix 4.31a).  Year of collection contributed 33% of the 

variance, between leaf variance within herbarium sheet variance accounted for 37.4% 

of total variation in stomatal density- combined surfaces, and error variance accounted 

for 29.6% of total variation in this character (Appendix 4.31c).  Conduction of a 

Tukey HSD post hoc test determined that mean stomatal density- combined surfaces 

from 1994 was significantly different (P < 0.05) from decades of the 1910s and 1880s 

(Figure 4.12; Appendix 4.32). 
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Figure 4.12: Homogeneous subsets of stomatal density- surface 1&2 (mm
2
) from herbarium-

lodged samples of Acacia melanoxylon, as determined via a Tukey HSD post hoc test (α = 

0.05) versus CO2 concentration. Mean stomatal density- surface 1 within subsets are not 

significantly different (P > 0.05), but are significantly different (P < 0.05) between subset 1 

and 2. 

 

Figure 4.11: Homogeneous subsets of 

stomatal density- surface 1 (mm
2
) from 

herbarium-lodged samples of Acacia 

melanoxylon, as determined via a Tukey 

HSD post hoc test (α = 0.05) versus CO2 

concentration. Mean stomatal density- 

surface 1 within subsets are not 

significantly different (P > 0.05), but are 

significantly different (P < 0.05) between 

subset 1 and 2. 
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4.3.9 Potential for stomatal index to track past increases in 

atmospheric [CO2] in herbarium-lodged specimens of Eucalyptus 

obliqua 

Raw data of stomatal indices and mean stomatal indices  standard errors of 

herbarium-lodged samples of Eucalyptus obliqua were collected, and determined 

between 1835 and 1994 (Table 4.10; Appendix 4.6b). 

 
Table 4.10: Collection year of herbarium sheets of Eucalyptus obliqua and corresponding 

atmospheric [CO2] for year of collection (Etheridge et al., 1996): mean stomatal index- 

surface 1 (S.I.1), stomatal index- surfaces 2 (S.I.2) and stomatal index- combined surfaces 

(S.I.1&2), and  standard error (S.E.).  

 

Year 1853 1879 1884 1890 1908 1917 1929 

CO2 ppm 285.1 290.2 292.6 294.2 298.9 302.1 306.8 

S.I.1 8.79 7.27 7.92 8.82 7.41 8.89 6.77 

S.E. 0.37 0.45 0.35 0.26 0.29 0.28 0.37 

S.I.2 5.56 5.16 6.32 8.28 5.73 7.58 5.24 

S.E. 0.3 0.43 0.25 0.33 0.27 0.33 0.17 

S.I. 1&2 7.3 6.29 7.16 8.3 8.3 8.3 6.05 

S.E. 0.22 0.37 0.12 0.25 0.25 0.25 0.23 
        

Year 1936 1942 1950 1964 1974 1987 1994 

CO2 ppm 309.8 310.3 310.7 319.2 329.2 346.3 356.3 

S.I.1 8.18 9.98 9.98 9.98 6.88 7.74 7.4 

S.E. 0.35 0.33 0.33 0.33 0.19 0.48 0.37 

S.I.2 6.77 7.15 7.15 7.15 5.2 5.42 6.35 

S.E. 0.41 0.33 0.33 0.33 0.31 0.28 0.24 

S.I. 1&2 7.55 8.68 6.38 6.65 6.09 6.68 6.89 

S.E. 0.32 0.25 0.18 0.17 0.23 0.24 0.26 

 

Stomatal index- surface 1, 2 and combined surfaces did not significantly respond to 

year of collection or atmospheric [CO2] in herbarium-lodged specimens of Eucalyptus 

obliqua (Table 4.11; Figure 4.13a & b overleaf; Appendix 4.33 – 4.35). 

 
Table 4.11: Summary results of linear regression analyses (least squares) of stomatal index 

(S.I.) from herbarium-lodged samples of Eucalyptus obliqua against year of collection, and 

atmospheric [CO2]. Summary findings are taken from Appendix 3.50 – 3.52a & b. 

 

Total cell number R
2
 value P value 

Surface 1- Year of collection 0.0007 0.9266 

Surface 1- CO2 concentration 0.0320 0.5404 

Surface 2- Year of collection <0.0001 0.9816 

Surface 2- CO2 concentration 0.0155 0.6714 

Combined surfaces- year of collection 0.0934 0.2877 

Combined surfaces- CO2 concentration 0.1005 0.2692 
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Figure 4.13: Stomatal frequency analysis from herbarium lodged samples of Eucalyptus 

obliqua, dating from 1853-1994. A linear trendline, equation and R
2
 value were fitted to all 

scattergrams (Standard error bars: ± 1 Standard Error): a) ■ - stomatal index- surface 1 (S.I.1), 

surface 2 (S.I.2) and combined surfaces (S.I.1&2) versus year of collection, b) ♦ - stomatal 

index- surface 1 (S.I.1), surface 2 (S.I.2) and c) ▲ - combined surfaces (S.I.1&2) versus 

atmospheric [CO2]. 

 

4.3.10 Total cell number response to past increases in atmospheric 

[CO2] in herbarium-lodged specimens of Eucalyptus obliqua 

Total cell numbers (T.C.N.) of herbarium-lodged samples of Eucalyptus obliqua were 

collected between 1835 and 1994 (Appendix 4.6c), from this mean total cell numbers 

 standard errors were determined (Table 4.12 overleaf).   
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Table 4.12: Collection year of herbarium sheets of Eucalyptus obliqua and corresponding 

atmospheric [CO2] for year of collection (Etheridge et al., 1996): mean total cell number 

(mm
2
)- surface 1 (T.C.N.1), total cell number- surface 2 (T.C.N.2) and total cell number- 

combined surfaces (T.C.N.1&2), and  standard error (S.E.).  

 

Year 1853 1879 1884 1890 1908 1917 1929 

CO2 ppm 285.1 290.2 292.6 294.2 298.9 302.1 306.8 

T.C.N.1 2866 2838 3127 2260 2572 2793 3460 

S.E. 130 161 54 41 47 73 243 

T.C.N.2 2441 2412 2731 1961 2452 2276 2999 

S.E. 84 112 48 33 44 63 164 

T.C.N. 1&2 5307 5251 5858 4220 5024 5068 6459 

S.E. 205 266 83 60 79 121 405 
        

Year 1936 1942 1950 1964 1974 1987 1994 

CO2 ppm 309.8 310.3 310.7 319.2 329.2 346.3 356.3 

T.C.N.1 2933 2267 2524 2748 2484 2642 2428 

S.E. 93 42 78 60 51 76 33 

T.C.N.2 2341 1956 2359 2256 2197 2199 2242 

S.E. 71 34 43 44 48 55 60 

T.C.N. 1&2 5275 4222 4884 5004 4681 4841 4670 

S.E. 135 45 104 59 59 114 58 

 

From linear regression (least squares) no significant relationship was observed 

between any total cell number character and year of collection, or atmospheric CO2 

concentration (Table 4.13; Figure 4.13a & b overleaf; Appendix 4.36 – 4.38). 

 
Table 4.13: Summary results of linear regression analyses (least squares) of total cell number 

(T.C.N.; mm
2
) from herbarium-lodged samples of Eucalyptus obliqua against year of 

collection, and atmospheric [CO2]. Summary findings are taken from Appendix 3.53 – 3.55a 

& b. 

 

Total cell number R
2
 value P value 

Surface 1- Year of collection 0.0947 0.2844 

Surface 1- CO2 concentration 0.0968 0.2795 

Surface 2- Year of collection 0.0843 0.3139 

Surface 2- CO2 concentration 0.0798 0.3277 

Combined surfaces- year of collection 0.0942 0.2857 

Combined surfaces- CO2 concentration 0.0932 0.2889 
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Figure 4.14: Stomatal frequency analysis from herbarium lodged samples of Eucalyptus 

obliqua, dating from 1853-1994. A linear trendline, equation and R
2
 value were fitted to all 

scattergrams (Standard error bars: ± 1 Standard Error): a) ▲ - total cell number (mm
2
) - 

surface 1 (T.C.N.1), surface 2 (T.CN.2) and combined surfaces (T.C.N.1&2) versus year of 

collection, b) ♦ - total cell number (mm
2
) - surface 1 (T.C.N.1), surface 2 (T.C.N.2) and c) ■ - 

combined surfaces (T.C.N.1&2) versus atmospheric [CO2]. 

 

 

4.4 Discussion 

 

From the herbarium dataset a significant difference was found in: stomatal index and 

total cell number in Acacia melanoxylon, stomatal index in Acmena smithii and 

stomatal density in Eucalyptus obliqua.  These characters will be discussed in turn 

below. 

 

4.4.1 Stomatal density response to past increases in atmospheric [CO2] 

in herbarium-lodged specimens of Acacia melanoxylon, 

Acmena smithii and Eucalyptus obliqua 

Stomatal density from herbarium-lodged samples of Acacia melanoxylon, Acmena 

smithii and Eucalyptus obliqua- surface 2 exhibited no relationship between year of 
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collection, or atmospheric [CO2] (Figure 4.1a & b; 4.6a & b; 4.10a & b), thus was 

unable to track increasing subambient [CO2].  Stomatal density- surface 1 and 

combined surfaces from E. obliqua did significantly respond to year of collection, and 

hence atmospheric [CO2] (Figure 4.10a & b).  This variation in sensitivity to [CO2] 

between leaf surfaces has been observed in past studies (Woodward, 1986; Malone et 

al., 1993; Beerling and Kelly, 1997); however, this is the first report of this response 

in an Australian tree species and allows for direct leaf surface comparison between 

Northern and Southern Hemisphere species.  

 

The novel use of variance component analysis in this study allowed intrinsic variation 

to be assessed with a statistical rigor that has not been employed in past studies 

(Körner, 1988; Wagner et al., 2005).  Variance component analysis allows detection 

of significant intrinsic variation and also assigns the amount of change in stomatal 

frequency that is attributed to this confounding variable.  This technique found 

intrinsic variation of stomatal density (surface 1 and combined surfaces) in 

Eucalyptus obliqua was greater than the stomatal density response to year of 

collection, and thus [CO2] (Appendix 3.44c).  Due to large intrinsic variability of 

stomatal density in E. obliqua, this stomatal character would not be recommended for 

use as a proxy-CO2 indicator. 

 

Stomatal density in Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua 

appear to be primarily influenced by environmental and / or intrinsic variables, other 

than [CO2], which are affecting epidermal cell size, and hence, obscuring any CO2 

signal (Desai, 1937; Boardman, 1977; Tichá, 1982; Beerling and Chaloner, 1992; 

Beerling and Chaloner, 1993a).  Environmental variables that can influence epidermal 

cell expansion include: water availability, irradiance, temperature, humidity, leaf age 

and nutrient availability (Visscher, 1993; Ferris and Taylor, 1994; Peat and Fitter, 

1994; James and Bell, 1995; McElwain and Chaloner, 1995; Murray, 1995; Beerling 

and Woodward, 1996), so any one, or a combination of these factors could be the 

primary determinant of stomatal density in A. melanoxylon, A. smithii and E. obliqua.  

Therefore, stomatal density in these evergreen Australian tree species are not capable 

of tracking past changes in [CO2]. 
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4.4.2 Stomatal index response to past increases in atmospheric [CO2] 

in herbarium-lodged specimens of Acacia melanoxylon, 

Acmena smithii and Eucalyptus obliqua 

A significant inverse relationship was found between stomatal index, year of 

collection and [CO2] in Acacia melanoxylon and Acmena smithii (Figure 4.2a & b; 

4.7a & b).  No relationship was observed in stomatal index (all surfaces) in 

Eucalyptus obliqua (Figures 4.10a & b).  Acacia melanoxylon and A. smithii will be 

discussed first as these species exhibited a significant change in stomatal index from 

the herbarium-lodged specimens.  

 

Stomatal index in Acacia melanoxylon was inversely related to year of collection, 

however, when regressed against atmospheric [CO2] the strength of this significant 

response increased, suggesting that [CO2] is the primary factor influencing stomatal 

initiation in A. melanoxylon (Figure 4.2b).  In fact, [CO2] has been demonstrated to 

affect stomatal frequency via gene expression (Berger and Altmann, 2000; Gray et al., 

2000; Nadeau and Sacks, 2002).  When stomatal index of Acmena smithii was 

regressed against atmospheric [CO2] the strength of the stomatal response marginally 

decreased (< 5%) (Figure 4.7b), suggesting other variables are also exerting a slight 

influence over stomatal formation.  This variable is most likely to be temperature and 

/ or altered precipitation regimes resulting from global climate change, which would 

affect plant water use efficiency, thus reducing stomatal index (Ferris et al., 1996; 

Wagner, 1998; Jansen, 2007).  

 

Regression analysis of stomatal index in Acacia melanoxylon and Acmena smithii 

found atmospheric [CO2] to account for the majority of change in this character; 

which was double that attributed to intrinsic variability (Appendix 4.13 & 4.22).  

Therefore, low intrinsic variation and the capacity to respond to increasing [CO2] 

make stomatal index in A. melanoxylon and A. smithii ideal for proxy-[CO2] 

indication.   

 

Stomatal index in herbarium-lodged specimens of Acacia melanoxylon and Acmena 

smithii decreased by 3.8% and 2.4% respectively, in response to every 10ppm 

increase in [CO2].  This reduction in stomatal index of A. melanoxylon and A. smithii 
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lies mid-range in comparison to previous studies where reduction in stomatal 

frequency ranges from approximately 0.3% to 6% per 10ppm [CO2] increase 

(Woodward, 1987; Peñuelas and Matamala 1990; Beerling and Chaloner 1993a; 

Beerling and Chaloner, 1993b; Wagner et al., 1996; McElwain, 1998; Kürschner et 

al., 2001; Greenwood et al., 2003; Wagner et al., 2005).   

 

Stomatal index in herbarium-lodged specimens of Acacia melanoxylon and Acmena 

smithii decreased by 3.8% and 2.4% respectively, in response to every 10ppm 

increase in [CO2], highlighting a species specific response (Royer, 2001).  This 

reduction in stomatal index of A. melanoxylon and A. smithii lies towards the upper-

range in comparison to previous studies where reduction in stomatal index ranges 

from approximately 0.3% to 4.2% per 10ppm [CO2] increase (McElwain, 1998; 

Rundgren and Beerling, 1999; Kürschner, 2001; Greenwood et al., 2003; Mehrota et 

al., 2003; Wagner et al., 2005; Garcia-Amorena et al., 2006; van Hoof et al., 2006; 

Kürschner et al., 2008).  This suggests that stomatal index in these evergreen 

Southern Hemisphere species are as responsive as both deciduous and evergreen 

Northern hemisphere counterparts.  Greenwood et al. (2003) suggested the long leaf 

life-span in evergreen dicots exposes the leaf to significant seasonal fluctuations 

during development, coupled with evolution to the dry and arid Australian 

environment this may result in water relations being the primary driver behind 

stomatal frequency; thus these factors may blunt any CO2 signal.  However, this did 

not appear to be the case regarding stomatal index in A. melanoxylon and A. smithii. 

 

Previous subambient CO2 studies have suggested a ceiling response, a point where 

maximum phenotypic adjustment in stomatal frequency has been reached (Kürschner, 

et al., 1997), which has been found to be between 310 – 350ppm [CO2] (Woodward, 

1993; Kürschner, 1996; Kürschner et al., 1997; Beerling and Royer, 2002a & b; 

Greenwood et al., 2003).  To date no statistical rigor has been applied to test the 

assumption of a ceiling response, therefore, this cannot be claimed with any degree of 

confidence.  This study will be the first to do so and conclusively determine if a 

ceiling response is present in Acacia melanoxylon, Acmena smithii and Eucalyptus 

obliqua.  Documentation of a ceiling response is important in the assignment of a 

proxy species as it limits the applicability of a species to be applied in the 
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palaeobotanical realm, as palaeo-[CO2] have been higher than current-day levels 

(Jansen et al., 2007). 

 

Tukey HSD post hoc test groups the dataset into homogeneous subsets, therefore, if a 

ceiling response was observed all stomatal frequencies beyond that [CO2] will be 

grouped into the one subset.  An apparent ceiling response was observed in stomatal 

indices from Acacia melanoxylon and Acmena smithii, suggesting stomatal index is 

insensitive to [CO2] above 306.8ppm in A. melanoxylon and 299.7ppm in A. smithii 

(Appendix 4.14 & 4.23).  This lack of response in stomatal index is consistent with 

the lower end of the range, suggested by past studies (Woodward, 1993; Kürschner, 

1996; Kürschner et al., 1997; Beerling and Royer, 2002a & b; Greenwood et al., 

2003).  However, suggestions of a ceiling response in stomatal frequency being 

reached in a subambient CO2 gradient should be done so with great care and be 

complemented with superambient CO2 analysis.  Acacia melanoxylon and A. smithii 

grown elevated [CO2] (550ppm) had significant reductions in stomatal index, this 

demonstrates in actuality the ceiling in these species may yet to be reached (refer to 

Chapter 5).   

 

Interestingly, Tukey HSD post hoc tests revealed only two distinct datasets in 

stomatal index from Acacia melanoxylon and Acmena smithii (Figure 4.3 & 4.8), this 

indicates stomatal index may be placed in subset 1 or 2, which are significantly 

different from each other, but not significantly different within each subset.  If there 

was a truly linear response in stomatal index to increasing [CO2], one would expect 

more than two subsets.  This raises a novel concept that may well account for the 

insensitivity in stomatal frequency above a certain [CO2].  This concept is based on 

the idea of there being a threshold [CO2], that is, once a critical threshold [CO2] is 

exceeded a significant reduction in stomatal frequency will result.  The concept of 

stomatal frequency having a critical [CO2] centers on the premise that a particular leaf 

form has set tolerances limits, or a viable operational range as outlined in the law of 

tolerances (Smith and Smith, 1998).  Within a set tolerance range, the selected leaf 

form will maintain a positive return on investment, that is, photosynthetic gains will 

exceed transpirational losses (Givnish, 1978; Romero and Botia, 2006).  However, 

when a shift occurs in a particular parameter and a critical threshold point exceeded, 

photosynthetic gains may no longer exceed construction, maintenance and respiration 
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cost over the leaf’s lifetime. As a result, a change in leaf form will occur to deliver a 

more viable return on investment.  In the case of increasing [CO2], the alteration is 

made to stomatal frequency.  

 

Critical threshold levels have been found for soil water availability (Girona et al., 

2002), leaf water potential (Fisher et al., 2006) and vapour pressure deficits (Romero 

and Botía, 2006), all influencing stomatal behaviour once a set point has been 

exceeded.  Alteration to stomatal behaviour is aimed at increasing plant water use 

efficiency (Romero and Botía, 2006) and as increasing [CO2] has been found to 

influence water use efficiency (Murray, 1995), one may conclude that atmospheric 

[CO2] may well have a critical threshold level; similar to the above listed factors that 

also affect plant water use efficiency.   

 

The suggested CO2 ceiling response in stomatal frequency may indicate that current 

stomatal frequencies maintain adequate photosynthetic gains compared to 

transpirational losses, future CO2 increases may exceed another critical threshold, thus 

further reducing stomatal frequencies.  Therefore, the inverse relationship between 

stomatal frequency and [CO2] may take place in a series of steps (Figure 4.15 

overleaf).   

 

This suggested step response in stomatal index to increasing [CO2] was clearly 

demonstrated by Acacia melanoxylon (Figure 4.3).  The oscillation in stomatal index 

of Acmena smithii between the 1890s and 1900s samples, may be due to the fact, that 

as [CO2] approached this critical level, stomatal index from subset 1 or 2, proved to 

be operationally viable under that [CO2] regime (Figure 4.8).   
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Figure 4.15: Theorised stepped response of stomatal index to incremental increases in 

atmospheric CO2 concentration. This theory suggests that a particular stomatal index will be 

functionally viable over a range of [CO2]. However, once a critical [CO2] is exceeded, 

stomatal index will no longer be viable in terms of investment costs of leaf production and a 

significant reduction in stomatal index will occur.  

 

No significant reduction in stomatal index (surface 1, 2 and combined) from 

Eucalyptus obliqua was found when regressed against year of collection, or 

atmospheric [CO2] (Figure 3.10a - f).  This non-inverse response in stomatal index to 

increasing [CO2] once again highlights the species specific nature of this relationship 

and has been observed in past subambient [CO2] studies (Raven and Ramsden, 1989; 

Miglietta and Raschi, 1993; Bettarini et al., 1998; Fernández et al., 1998; Royer, 

2001).   

 

Stomatal index in Eucalyptus obliqua could be insensitive to increasing [CO2] 

because a) CO2 is not limiting photosynthesis and / or b) water use efficiency may 

already be adequate.  Carbon dioxide uptake in leaves of Eucalyptus pauciflora was 

found to be 70% of its maximum even when light interception is minimal (Körner and 

Cochrane, 1985).  Also, Eucalypts have been shown to precisely regulate transpiration 

rates, via stomatal movements (Bolhar-Nordenkampf, 1987), allowing this genus to 

take advantage of favourable conditions via enhanced CO2 uptake (Fordyce et al., 

1995), especially when exposed to significant seasonal fluctuations (Greenwood et 

al., 2003). One or both of these physiological adaptations may apply to E. obliqua, 

thus obscuring a CO2 signal in stomatal index. 
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4.4.3 Total cell number response to past increases in atmospheric 

[CO2] in herbarium-lodged specimens of Acacia melanoxylon, 

Acmena smithii and Eucalyptus obliqua 

Total cell number in Acacia melanoxylon demonstrated a significant positive 

correlation when regressed against year of collection (Figure 4.4a; Appendix 4.15a).  

An increase in total cell number indicates reductions in epidermal cell and stomatal 

size; this may be in response to changing environmental variables, such as 

temperature or irradiance, increasing [CO2] or microsite variation over the years of 

collection (Beerling and Chaloner, 1993b; Furukawa, 1997; Royer, 2001). 

 

Increasing [CO2] has been shown to influence total cell number via alteration to cell 

cycle events, and increased epidermal cell divisions (Ferris and Taylor, 1994; Taylor 

et al., 1994; Ranasinghe and Taylor, 1996).  Also, a reduction in stomatal size will 

result in decreased stomatal aperture manifesting as reduced stomatal conductance, 

thus leading to increased water use efficiency (Wong, 1979; Radoglou and Jarvis, 

1990; Kellomaki and Wang, 1997; Morison, 1998).   Increased water use efficiency in 

Acacia melanoxylon would possibly increase the competitive ability of this species in 

response to increasing [CO2]. 

 

Total cell number from Acmena smithii and Eucalyptus obliqua exhibited no 

relationship between year of collection or atmospheric [CO2] (Figure 3.5e-f & 3.11a-

f), suggesting that epidermal cell and stomatal size are not responding to any changing 

variable with time.  Variation in total cell number of A. smithii and E. obliqua may be 

attributed to microsite variation, for example, an examination of leaf morphology in 

Eucalyptus camaldulensis found that local precipitation and groundwater availability 

exerted the greatest impact on leaf form, including stomatal characters (Jacobs, 1955; 

Mensforth et al., 1994; Thorburn and Walker, 1994).        

 

If stomatal frequency is to act as a proxy-[CO2] indicator it must have the capacity to 

respond to increasing atmospheric [CO2].  Herbarium-lodged specimens permit this 

relationship to be investigated in situ, thus allowing stomatal frequency response to 

changing atmospheric to be assessed in real time.  If stomatal frequency is able to 

track changing [CO2] in a meaningful manner and the CO2 signal is not obscured by 
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other factors, such as intrinsic variation, stomatal frequency analysis has the potential 

to be a powerful tool as a palaleo-CO2 proxy measure.  Stomatal index of Acacia 

melanoxylon and Acmena smithii demonstrate the sensitivity to track subambient 

[CO2] increase, without being masked by intrinsic variation, making these two species 

ideal as proxy-CO2 indicators within the [CO2] realm of the herbarium training set.            

 

4.5 Conclusions 

 

Using novel statistical techniques, intrinsic variability in stomatal index of Acacia 

melanoxylon and Acmena smithii was less than half the variation attributed to year of 

collection, and increasing [CO2].  Low intrinsic variation in stomatal frequency is 

highly desirable if these species are to accurately track atmospheric [CO2].   

 

Stomatal density in Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua 

(surface 2) do not demonstrate the sensitivity to track changing atmospheric [CO2].  

Stomatal density surface 1 and combined surfaces significantly decreased in response 

to increasing subambient [CO2], however, variation due to intrinsic variation was 

greater than that attributed to [CO2].  Therefore, stomatal density surface 1 and 

combined surfaces of E. obliqua would not be recommended for use as an 

atmospheric [CO2] proxy. 

 

Stomatal index of Acacia melanoxylon and Acmena smithii was found to track 

atmospheric [CO2] increase, with A. melanoxylon exhibiting the greater sensitivity to 

this factor.  The stomatal index of these species demonstrated the required sensitivity 

to be employed as proxy measures of atmospheric [CO2].  The response of stomatal 

index in these evergreen Australian tree species are consistent with that found in 

Northern Hemisphere deciduous and evergreen trees 

 

Stomatal index of Eucalyptus obliqua was not responsive to atmospheric [CO2], 

suggesting that other environmental factor(s) are predominantly controlling stomatal 

initiation in this species 
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Applying novel statistical techniques to stomatal index response to increasing [CO2] 

in Acacia melanoxylon and Acmena smithii, revealed a species-specific threshold 

[CO2] that once exceeded, resulted in a significant reduction in stomatal index.  This 

suggests a ‘stepped’ reduction in stomatal index in response to increasing [CO2], as 

opposed to a linear or curvilinear response reported in the current literature. 

 

A positive correlation between total cell number and atmospheric [CO2] was found in 

Acacia melanoxylon, suggesting a reduction in stomatal size and thus stomatal 

conductance resulting in increased water use efficiency.  Total cell number in Acmena 

smithii and Eucalyptus obliqua were not responsive to increasing atmospheric CO2 

concentration.  

 

Due to the limited nature of herbarium-lodgings, multiple samples of the same year 

were not able to be assessed, therefore, between tree intrinsic variation was not able to 

be examined.  Future research should be aimed at trying to locate suitable samples so 

this possible source of potential variability in stomatal indices can be quantified. 
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Do climatic and environmental variables impact upon stomatal 
frequency of Acacia melanoxylon, Acmena smithii and 

Eucalyptus obliqua over temperature gradients? The potential to 

obscure a long-term CO2 signal. 
 

 

Abstract 
Major climatic variables such as mean annual temperature have the potential to 

undermine the application of stomatal frequency analysis as CO2 proxy. To 

investigate the possible influence of such factors stomatal density, index and total cell 

number of Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua were 

examined over temperature gradients, using altitudinal transects. A suite of 43 

climatic and environmental variables were assessed to determine the primary 

influence on stomatal frequency over these transects.  Isothermality (which divides 

the mean diurnal temperature range by the annual temperature range and describes the 

flux between daily and annual seasonal temperature variations) was the controlling 

factor of stomatal density in A. melanoxylon and stomatal index increased in response 

to a combination of isothermality and soil phosphorus content over this transect. Total 

cell number- surface 1 in E. obliqua was primarily affected by radiation wettest 

quarter. Stomatal density, index and total cell number- surface 2 of E. obliqua and 

total cell number in A. melanoxylon and stomatal index in A. smithii did not 

significantly respond to test variables in this study. Significant intrinsic variation 

between trees within sites accounted for the majority of variation in stomatal 

frequency of A. smithii and E. obliqua. Reducing [CO2] over the altitudinal transects 

resulted in significant increases in stomatal density and index of only A. melanoxylon. 

The promotion of photosynthetic efficiency appeared to be the primary factor that 

effected stomatal frequency in A. melanoxylon, genotypic and / or microsite 

variability also exerted a dominant effect upon stomatal frequency in A. smithii and E. 

obliqua. 

 

 

5.1 Introduction 

 
Leaf morphology has long been found to respond in a predictable manner to changing 

climatic and environmental conditions, such as temperature and precipitation (Bailey 

and Sinnott, 1916; Raunkier, 1934; Webb, 1959 & 1968; Givnish, 1978; Givnish, 

1988; Greenwood, 1992).  The demonstrated relationship between leaf morphology 

and climate allows leaf morphology to be used as a predictive palaeoclimatological 

tool (Wing and Greenwood, 1993; McElwain, 2004).  Of recent times leaf micro-

morphological characteristics such as stomatal frequency have been employed as a 

proxy indicator of atmospheric [CO2] (Edwards et al., 1998; Royer, 2001; Greenwood 

et al., 2003; Osborne et al., 2004).  If stomatal frequency is to be successfully 

employed as a proxy-[CO2] indicator, the potential confounding effects of major 
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environmental factors that may obscure or dampen a CO2 signal need to be assessed 

to ensure that accurate documentation is achieved. 

 

Gradient analysis allows examination of leaf characters, such as, stomatal frequency 

to gradual changes to a range environmental or climatic variable(s).  This type of 

analysis has been used to assess stomatal frequency response in numerous plant 

species to changes in [CO2], irradiance, temperature and precipitation (Körner and 

Cochrane, 1985; Woodward, 1986; Greenwood et al., 2003; Sun et al., 2003; 

McElwain, 2004; Hovenden and Vander Schoor, 2006) (Appendix 1.1).  

Environmental factors found to influence stomatal frequency include: irradiance, 

nutrient supply, moisture, humidity and temperature (Beerling and Chaloner 1993a; 

Furukawa, 1997; Park and Furukawa, 1997; Weng and Hsu, 2001; Equiza and 

Tognetti, 2002; Pandey et al., 2003; Mao et al., 2005; Xu and Zhou, 2005).  Changes 

in stomatal frequency are species-specific, so the influence of abiotic and biotic 

factors on stomatal frequency should be determined on a species by species basis.  

This study is unique in that it will assess 42 climatic and environmental variables 

making it the most comprehensive study examining the influence of climatic and 

environmental variables upon stomatal frequency.   

 

Changing abiotic and biotic factors does not solely affect stomatal frequency over 

altitudinal transects; intrinsic variability in stomatal characters may also influence 

stomatal frequency.  If large, intrinsic variation may also dampen or remove any 

potential of stomatal frequency to track changing [CO2] in a selected species (Reddy 

et al., 1998; Beerling, 1999; Poole and Kűrschner, 1999).  The suitability of a 

particular species to be employed as a proxy indicator of [CO2] thus depends upon its 

sensitivity to environmental variables (other than CO2) and the degree of intrinsic 

variation in the stomatal frequency of a potential proxy species.   

 

Previous authors examining stomatal frequency response over temperature transects 

have typically used single factor ANOVA’s or regression analyses during statistical 

testing (Appendix 1.1).  However, these authors use a nested experimental design and 

as such should employ nested ANOVA’s in their statistical analyses, only Hovenden 

and van der Schoor (2003) and Kouwenberg et al. (2007) has correctly done this.  

Also, the use of variance component analyses allows the intrinsic variation between 
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leaves, trees and sites over the gradient to be assessed; this statistical technique has 

not been employed in any altitudinal-based studies. 

 

In Australia, altitudinal gradients have been used to examine stomatal frequency 

response to decreasing temperature and [CO2] (Goble-Garrett, 1981; Greenwood et 

al., 2003; Hovenden and Brodribb, 2000; Hovenden and Vander Schoor, 2006; 

Körner and Cochrane, 1985; Scarr, 1997).  To date there has been no published 

studies assessing stomatal frequency response in Acacia melanoxylon, Acmena smithii 

and Eucalyptus obliqua over temperature transects, nor has any of the previous 

Australian studies used nested ANOVA’s and / or variance component analysis to 

evaluate intrinsic variation between leaves, trees and sites.      

 

5.1.2 Aims 

To determine the primary climatic and / or environmental variables that influence 

stomatal frequency in Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua 

over a temperature transect and hence identify potential factors that may obscure a 

long-term CO2 signal in these leaf characters.      

 

To apply novel statistical testing to accurately assess intrinsic variation connected 

with measures of stomatal frequency within and between trees in Acacia melanoxylon, 

Acmena smithii and Eucalyptus obliqua over a temperature transect 

 

5.1.3 Hypotheses 

Stomatal density and index of Acacia melanoxylon, Acmena smithii and Eucalyptus 

obliqua will significantly respond to changing environmental / climatic variables over 

the temperature transect. 

 

Intrinsic variation in stomatal density and index of Acacia melanoxylon, Acmena 

smithii and Eucalyptus obliqua will not be as large as the influence of environmental / 

climatic variables over the temperature transect. 
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5.2   Methods 

 

A temperature transect was established over an altitudinal gradient (warm to cool), 

following the principle of orthogonal design.  Site selection was made using the Wild 

Plants of Victoria, Viridans Biological Database™ (Gullan, 1998) in conjunction with 

Phillip Wyzbowski (Arthur Rylah Institute, Heidleberg, Victoria).  Sites located next 

to roads, tracks and paths were chosen preferentially for ease of access.  The 

temperature transects for Acacia melanoxylon and Eucalyptus obliqua were 

established in the Eastern Highlands of Victoria, over Lake Mountain.  The 

temperature transect for Acmena smithii was established over Mt. Ellery in East 

Gippsland, Victoria (Figure 5.1 overleaf).   

 

5.2.1 In-field collections  

In-field collections occurred from winter to spring and a site was suitable for 

sampling if it contained five trees in close proximity (< 20m) and was homogeneous, 

that is, having consistent slope and aspect.  Twenty leaves were removed from each of 

the five trees by cutting off a branch tip from the outer crown at head height, 

approximately 1.90m.  This method was readily applicable to Acacia melanoxylon 

and Acmena smithii, however in the majority of cases the crown height of Eucalyptus 

obliqua was above 1.90m.  Extension shears were used to remove an outer-branch tip 

from the lowest point of the crown; on one occasion (Site 5) leaves were obtained 

from the base of the tree as direct collection was not possible.   

 

Site descriptions over temperature transects included the presence of other species, 

amount of leaf litter present and projected foliage cover (Appendix 5.1 – 5.3).  A soil 

core sample was collected to 10cm of depth at each site, stored in sealed plastic bags 

and refrigerated at 4°C until soil nutrient analysis was undertaken.  Summer and 

winter carbon dioxide measurements were collected at head height (approx. 1.90m) 

from each site (n = 3) over the temperature transects to assess annual [CO2] variation 

using a Q-Track Air Quality Meter (refer to Appendix 4.4 for specifications).  

Ambient [CO2] was also determined for site altitude as described by Gladstone 

(1992).   

 



          

  Chapter 5 

85 

 

 

  
 

  

 

 

 

 

 

   

a) 

                                                                                                                                                         

 

                                                                                                   
b) 

 

Figure 5.1: Collection sites from a) temperature transects of Acacia melanoxylon () 

and Eucalyptus obliqua () from Lake Mountain, Victoria and b) temperature 

transect of Acmena smithii (о) from Mt Ellery, Victoria. Maps sourced from Gullan 

(1994). 
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5.2.2 In-laboratory work 

Soil samples were sent to the Victorian State Chemistry Laboratories (Werribee, 

Victoria) to determine soil carbon, nitrogen, phosphorus and potassium.  Methods of 

soil analysis included: total organic matter, Leco total carbon and nitrogen, Olsen 

phosphorus and Skene potassium analytical techniques.  

 

Collected leaves were dried using a plant press and light box over a two-week period.  

Once dried, five representative leaves were selected from each site along the 

temperature transect for stomatal frequency analysis.  An approximate 4 x 4 mm leaf 

square was removed from the middle of each leaf and chemical digested, leaving the 

waxy cuticle which was mounted on a microscope slide, ready for stomatal analysis, 

as per Christophel and Rowett (1996). 

 

Three replicate stomatal / epidermal cell counts were taken using a light microscope 

fitted with a graded eyepiece on a known viewing field, stomatal density (mm
2
), 

stomatal index (equation 5.1, as per Salisbury 1927) and total cell number (mm
2
; 

equation 5.2) were recorded for later analysis.  Stomatal frequency and total cell 

number counts were obtained from one cuticular surface from Acacia melanoxylon 

and Acmena smithii, and from both surfaces of Eucalyptus obliqua (which was treated 

as separate and combined entities, Refer to Chapter 3).  

 

Stomatal Index (S.I.) =         no. of stomata X 100        

   no. stomata + no. epidermal cells  (Equation 5.1) 

 

Total cell number (T.C.N.) = no. stomata + no. epidermal cells  (Equation 5.2) 

 

Thirty five climatic variables, including temperature, precipitation, moisture indices 

and radiation parameters were determined using ANUCLIM 5.0; a climatic modelling 

package (ANU, 1999; Table 5.1 overleaf).  

 

5.2.3 Statistical analysis 

Scattergrams with least squares linear regression equations were generated for the 

major climatic variable of interest, that being mean annual temperature, which was 

regressed against stomatal density, index and total cell number over the temperature 

transect.  Stepwise linear regression analyses was then performed to determine which 
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of the individual abiotic or biotic test variables, or combination of variables had the 

greatest influence on stomatal density, index and total cell number.  If a relationship 

was observed between any stomatal character and climatic variables, a nested-

ANOVA was performed to test the significance of this relationship ( < 0.05); the 

nested ANOVA was also used to determine significant differences in stomatal 

characters attributed to other nested levels within the sampled sites.  Finally, variance 

components analyses was conducted to determine the percentage variation in stomatal 

frequency attributed to by each nested level with this experimental design, post hoc 

testing was then undertaken if a significant difference between sites was noted. 

 

Statistical packages used included Microsoft Excel (2000), SPSS (Versions 12.0) and 

Systat (Version 11.0).   

 
Table 5.1: Climatic variables determined using ANUCLIM 5.0 software for each site along 

the temperature transects. 

 

Temperature 

variables 

Precipitation 

variables 

Radiations 

variables 

Moisture index 

variables 

1. Annual Mean 

Temperature (MAT)                   

12. Annual 

Precipitation (Ann. 

Ppn)                     

20. Annual Mean 

Radiation (Ann. 

Mean R)                    

28. Annual Mean 

Moisture Index (Ann. 

Mean MI)               

 2. Mean Diurnal 

Range (Mean(period 

max-min)) (Diurnal 

range) 

13. Precipitation of 

Wettest Period 

(PwetPeriod)          

21. Highest Period 

Radiation (Hi period 

R)                 

29. Highest Period 

Moisture Index (Hi 

period MI)            

 3. Isothermality 2/7                         14. Precipitation of 

Driest Period 

(PdryPeriod)           

22. Lowest Period 

Radiation (Lo period 

R)                  

30. Lowest Period 

Moisture Index (Lo 

period MI)             

 4. Temperature 

Seasonality (C of V) 

(T seasonality)         

15. Precipitation 

Seasonality(C of V) 

(P seasonality)        

23. Radiation 

Seasonality (Cof V) 

(R seasonality)            

31. Moisture Index 

Seasonality (C of V) 

(MI seasonality)      

 5. Max Temperature 

of Warmest Period 

(Max warm period)        

16. Precipitation of 

Wettest Quarter 

(PwetQ)         

24. Radiation of 

Wettest Quarter 

(RwetQ)             

32. Mean Moisture 

Index of High Qtr. 

MI (Mean MI Hi Q)      

 6. Min Temperature 

of Coldest Period 

(Min cold period)        

17. Precipitation of 

Driest Quarter 

(PdryQ)          

25. Radiation of 

Driest Quarter 

(RdryQ)              

33. Mean Moisture 

Index of Low Qtr. 

MI (Mean MI Lo Q)       

 7. Temperature 

Annual Range (5-6) 

(Ann. T range)            

18. Precipitation of 

Warmest Quarter 

(PwarmQ)         

26. Radiation of 

Warmest Quarter 

(RwarmQ)             

34. Mean Moisture 

Index of Warm Qtr. 

MI (Mean MI warm 

Q)      

 8. Mean 

Temperature of 

Wettest Quarter 

(MTwetQ)      

19. Precipitation of 

Coldest Quarter 

(PcoldQ)         

27. Radiation of 

Coldest Quarter 

(RcoldQ)             

35. Mean Moisture 

Index of Cold Qtr. 

MI (Mean MI cold 

Q)      

 9. Mean 

Temperature of 
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Driest Quarter 

(MTdryQ)       

10. Mean 

Temperature of 

Warmest Quarter 

(MTwarmQ)      

   

11. Mean 

Temperature of 

Coldest Quarter 

(MTcoldQ)      

   

 

5.3  Results 

 

Stomatal frequency analysis of Acacia melanoxylon, Acmena smithii and Eucalyptus 

obliqua from temperature transects are presented in Appendices 5.5 – 5.19.  For 

climatic variables, soil nutrient analysis and atmospheric [CO2] from associated 

transects, refer to Appendix 5.20 – 5.22. 

 

5.3.1 Foliar micro-morphological response of Acacia melanoxylon over 

a temperature transect 

Mean stomatal density of Acacia melanoxylon increased as mean annual temperature 

decreased over the temperature transect (R
2 

= 0.5506; Figure 5.3a; Table 5.2).  From 

the suite of biotic and abiotic factors regressed against stomatal density, stepwise 

linear regression found isothermality exhibited the greatest significant influence (P = 

0.009) on site mean stomatal density in A. melanoxylon; accounting for 88.1% of 

variability in this character (R
2
 = 0.7763; Figure 5.3b; Appendix 5.23). 

 

Table 5.2: Mean annual temperature (MAT C) values and corresponding mean stomatal 

density (S.D., mm
2
) and  standard error (S.E.) of Acacia melanoxylon from the temperature 

transect. 

 

Site 1 2 3 4 5 6 7 

MAT 16.90 10.90 10.60 9.60 8.70 8.50 7.70 

S.D, 412 468 426 412 622 602 642 

S.E. 8.5 8.7 6.1 8.5 6.8 11.8 14.5 
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Figure 5.3: Stomatal density of Acacia melanoxylon sampled across a temperature transect 

(MAT: 7.7-16.9C), a) Stomatal density (S.D.; mm
2
) versus MAT (C) fitted with a log 

trendline, equation and R
2
 value (Standard error bars:  1 Standard Error) and b) S.D. (mm

2
) 

versus isothermality fitted with a linear trendline, equation and R
2
 value (Standard error bars: 

 1 Standard Error). 

 

Significant variation (P < 0.001) in stomatal density of Acacia melanoxylon was 

found within all nested factors over temperature transect (Appendix 5.24a), estimation 

of the variance components (Appendix 5.24b) found that site along the temperature 

transect accounted for the majority of the variation (56.3%) in stomatal density (Table 

5.3; Appendix 5.24c).  A Tukey HSD post hoc multiple comparison test was 

conducted, this found that stomatal density at site 1 was significantly differently from 

all other sites sampled over the temperature transect (P < 0.05; Appendix 5.25). 

 
Table 5.3:  Percentage of observed variation attributed to nested factors in stomatal density of 

Acacia melanoxylon over a temperature transect.  

 

Variation attributed to: Percentage variation 

Site 56.3% 

Trees within sites 24.1% 

Leaves within trees, within sites 8.1% 

Error variance 11.5% 

 

Mean stomatal index of Acacia melanoxylon increased in response to decreasing 

mean annual temperature over the temperature transect (R
2 

= 0.5254; Figure 5.4a 

overleaf; Table 5.4).  The greatest influenced upon mean stomatal index in A. 

melanoxylon was isothermality, accounting for 89.9% of variation in this character 

(R
2
 = 0.8083; P = 0.006; Figure 5.4b overleaf); when Olsen phosphorus was 

combined with isothermality these two characters accounted for 97.9% variation in 

stomatal index over the temperature transect (P = 0.019; Appendix 5.26).  
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Table 5.4: Mean annual temperature (MAT C) values and corresponding mean stomatal 

index (S.I.) and  standard error (S.E.) of Acacia melanoxylon from the temperature transect. 

 

Site 1 2 3 4 5 6 7 

MAT 16.90 10.90 10.60 9.60 8.70 8.50 7.70 

S.I, 6.08 6.55 5.92 6.37 9.89 9.2 9.45 

S.E. 0.1 0.11 0.08 0.1 0.11 0.11 0.11 

 

Significant variation (P < 0.001) in stomatal index of Acacia melanoxylon was found 

amongst all nested factors, with sites along the temperature transect accounting for 

78.2% of variation in stomatal index, over seven times higher than that attributed to 

any other nested factor (Table 5.5 overleaf; Appendix 5.27). Post hoc testing found 

stomatal index of A. melanoxylon from site 1 to be significantly different from all 

other sample sites, except site 3 (P < 0.05; Appendix 5.28). 
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Figure 5.4: Stomatal index of Acacia melanoxylon sampled across a temperature transect 

(MAT: 7.7-16.9C), a) Stomatal index (S.I.) versus MAT (C) fitted with a log trendline, 

equation and R
2
 value (Standard error bars:  1 Standard Error) and b) S.I. versus 

isothermality fitted with a linear trendline, equation and R
2
 value (Standard error bars:  1 

Standard Error). 

 

Table 5.5:  Percentage of observed variation attributed to nested factors in stomatal index of 

Acacia melanoxylon over a temperature transect.  

 

Variation attributed to: Percentage variation 

Site 78.2% 

Trees within sites 7.6% 

Leaves within trees, within sites 3.9% 

Error variance 10.3% 

 

No relationship was observed between mean annual temperature and total cell number 

of Acacia melanoxylon over the temperature transect (R
2
 = 0.0505; Figure 5.5 

overleaf; Table 5.6).  Nor was any relationship found using stepwise linear regression 

between site mean total cell number and any of the climatic variables, soil nutrient 
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concentrations and site [CO2] tested.  As no relationship was established between total 

cell number and any test variable in A. melanoxylon, no nested ANOVA or post hoc 

testing was undertaken. 

 

Table 5.6: Mean annual temperature (MAT C) values and corresponding mean total cell 

number (T.C.N.; mm
2
) and  standard error (S.E.) of Acacia melanoxylon from the 

temperature transect. 

 

Site 1 2 3 4 5 6 7 

MAT 16.90 10.90 10.60 9.60 8.70 8.50 7.70 

S.I, 6745 7267 7209 6484 6309 6550 6809 

S.E. 80 162 68 99 54 92 98 
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5.3.2 Foliar micro-morphological response of Acmena smithii over a 

temperature transect 

No correlation was observed when stomatal density of Acmena smithii was plotted 

against mean annual temperature (R
2
 = 0.0027; Figure 5.6a; Table 5.7), however, 

stepwise linear regression determined 68.8% of variability in site mean stomatal 

density over the temperature transect was attributed to radiation cold quarter (RcoldQ) 

(P = 0.04; R
2
 = 0.4735; Figure 5.6b; Appendix 5.29).   

 

Table 5.7: Mean annual temperature (MAT C) values and corresponding mean stomatal 

density (S.D.; mm
2
) and  standard error (S.E.) of Acmena smithii from the temperature 

transect. 

 

Site 1 2 3 4 5 6 7 8 9 

MAT 13.90 12.80 12.40 11.60 11.30 10.90 10.70 10.30 9.40 

S.D, 338 390 410 316 390 363 344 356 369 

S.E. 6.4 9.3 8.7 7.8 8.0 7.1 7.7 5.8 5.7 

 

Figure 5.5: Total cell number (T.C.N.; mm
2
) 

of Acacia melanoxylon sampled across a 

temperature transect (MAT: 7.7-16.9C) with a 

linear trendline, equation an R
2
 value fitted to 

the scattergram (Standard error bars:  1 

Standard Error). 
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Figure 5.6: Stomatal frequency analysis of Acmena smithii sampled across a temperature 

transect (MAT: 9.4-13.9C). A linear trendline, equation and R
2
 value fitted to all 

scattergrams (Standard error bars:  1 Standard Error), a) Stomatal density (S.D.; mm
2
) versus 

MAT (C) and b) S.D. (mm
2
) versus radiation cold quarter (RcoldQ; mj/m

2
/d).  

 

 

The change in stomatal density attributed to radiation cold quarter did not 

significantly (P = 0.079) alter stomatal density over this transect, although all other 

nested factors did vary significantly (Table 5.8; Appendix 5.30).  As no significant 

difference was observed in stomatal density of A. smithii between sites over the 

temperature transect, a Tukey HSD post hoc multiple comparison test was not 

conducted.  

 
Table 5.8:  Percentage of observed variation attributed to nested factors in stomatal density of 

Acmena smithii over a temperature transect.  

 

Variation attributed to: Percentage variation 

Site 8.6% 

Trees within sites 38.0% 

Leaves within trees, within sites 20.8% 

Error variance 32.6% 

 

Stomatal index of Acmena smithii collected from the temperature transect was not 

correlated to MAT (R
2
 = 0.0358; Table 5.9; Figure 5.7).  Nor was site mean stomatal 

index influenced by any climate, soil or [CO2] variation over the temperature transect.  

As no relationship was established between stomatal index and any test variables no 

nested ANOVA or post hoc testing was undertaken. 
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Table 5.9: Mean annual temperature (MAT C) values and corresponding mean stomatal 

index (S.I.) and  standard error (S.E.) of Acmena smithii from the temperature transect. 

 

Site 1 2 3 4 5 6 7 8 9 

MAT 13.90 12.80 12.40 11.60 11.30 10.90 10.70 10.30 9.40 

S.I, 7.78 7.77 8.17 7.52 8.43 8.11 7.37 8.00 8.16 

S.E. 0.08 0.10 0.11 0.10 0.12 0.09 0.07 0.09 0.08 
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Total cell number in Acmena smithii did not respond to changing mean annual 

temperature over the temperature transect (R
2
 = 0.0244; Figure 5.8a; Table 5.10 

overleaf), however, stepwise linear regression found radiation wettest quarter 

(RwetQ; mj/m
2
/day) accounted for 82.0% of the variability in this character over the 

temperature transect (R
2
 = 0.672; Figure 5.8b; P = 0.07).  When RwetQ was 

combined with Skene potassium (mg/kg), variability in total cell number attributed to 

these variables increased to 93.8% (P < 0.019; Appendix 5.31).  

 

Table 5.10: Mean annual temperature (MAT C) values and corresponding mean total cell 

number (T.C.N.) and  standard error (S.E.) of Acmena smithii from the temperature transect. 

 

Site 1 2 3 4 5 6 7 8 9 

MAT 13.90 12.80 12.40 11.60 11.30 10.90 10.70 10.30 9.40 

T.C.N. 4317 4984 5006 4158 4618 4516 4687 4447 4512 

S.E. 50 67 67 60 64 42 62 40 44 

 

 

Figure 5.7: Stomatal index analysis of 

Acmena smithii sampled across a temperature 

transect versus mean annual temperature 

(MAT: 9.4-13.9C). A linear trendline, 

equation and R
2
 value fitted to the 

scattergram (Standard error bars:  1 

Standard Error). 



          

  Chapter 5 

94 

 

a) b)

y = 48.854x + 4095.5

R
2
 = 0.672

4000

4300

4600

4900

5200

6 8 10 12 14 16 18 20

RwetQ (mj/m
2
/day)

T
.C

.N
. 

(m
m

2
)

y = 31.894x + 4216.9

R
2
 = 0.0244

4000

4300

4600

4900

5200

9 10 11 12 13 14

MAT (°C)

T
.C

.N
. 

(m
m

2
)

 
 
Figure 5.8: Stomatal frequency analysis of Acmena smithii sampled across a temperature 

transect (MAT: 9.4-13.9C). A linear trendline, equation and R
2
 value fitted to all 

scattergrams (Standard error bars:  1 Standard Error), a) Stomatal density (S.D.; mm
2
) versus 

MAT (C) and b) S.D. (mm
2
) versus radiation cold quarter (RcoldQ; mj/m

2
/d).  

 

Significant differences (P < 0.05) in total cell numbers were found at all nested levels 

over the temperature transect (Appendix 5.32a); the majority of the variation was 

attributed to trees within sites (Table 5.11; Appendix 5.32b & c).  Post hoc 

comparison testing determined site 1 was significantly different (P < 0.05) from sites 

2, 3, 5 and 7 over the temperature transect (Appendix 5.33).  

 
Table 5.11:  Percentage of observed variation attributed to nested factors in total cell number 

of Acmena smithii over a temperature transect.  

 

Variation attributed to: Percentage variation 

Site 17.4% 

Trees within sites 31.9% 

Leaves within trees, within sites 28.3% 

Error variance 22.4% 

 

5.3.3 Foliar micro-morphological response of Eucalyptus obliqua over a 

temperature transect 

Mean stomatal density from leaf surface 1 were positively associated with increasing 

MAT, stomatal density- leaf surface 2 was negatively associated and stomatal density- 

combined surfaces showed little response in Eucalyptus obliqua over the temperature 

transect (Figure 5.9a – c; Table 5.12). 
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Table 5.12: Mean annual temperature (MAT) values and corresponding mean stomatal 

density- surface 1 (S.D. surface 1, mm
2
), stomatal density- surface 2 (S.D. surface 2, mm

2
) 

and stomatal density- combined surfaces (S.D. combined surfaces, mm
2
)  standard error 

(S.E.) of Eucalyptus obliqua from the temperature transect. 

 

Site 1 2 3 4 5 6 7 

MAT 11.9 11.7 10.9 10.1 9.6 9.0 8.5 

S.D. surface 1 307 273 247 258 241 273 213 

S.E. 6.4 9.3 8.7 7.8 8 7.1 7.7 

S.D. surface 2 144 156 161 145 153 178 187 

S.E. 3.2 4.7 3.6 3.0 2.5 4.1 3.0 

S.D. combined surfaces 451 429 408 404 393 451 401 

S.E. 8.3 8.8 6.4 5.3 5.3 8.4 5.0 
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Stepwise linear regression found precipitation driest quarter (PdryQ; mm) accounted 

for 77.1% of variation in site mean stomatal density- surface 1 of Eucalyptus obliqua 

(R
2
 = 0.5941; Figure 5.10a), when this factor was combined with radiation warmest 

quarter (RwarmQ; mj/m
2
/day) and total nitrogen (%w/w), these factors accounted for 

98.9% of the variation in stomatal density- surface 1 (P = 0.033; Appendix 5.34a).  

Stepwise linear regression was unable to attribute any change in stomatal density- 

surface 2 to any test variable.  Total nitrogen (%w/w) was to found account for 77.8% 

of variation in stomatal density- combined surfaces in E. obliqua (P = 0.039; R
2
 = 

0.8394; Figure 5.10b; Appendix 5.34b). 

Figure 5.9: Stomatal frequency analysis 

of Eucalyptus obliqua sampled across a 

temperature transect (MAT: 8.5-11.9C). 

A linear trendline, equation and R
2
 value 

fitted to all scattergrams (Standard error 

bars:  1 Standard Error). a) Stomatal 

density- surface 1 (S.D. surface 1; mm
2
) 

versus MAT (C), b) S.D. surface 2 

(mm
2
) versus MAT (C), c) S.D. 

combined surfaces (mm
2
) versus MAT 

(C). 
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Figure 5.10: Stomatal frequency analysis of Eucalyptus obliqua sampled across a 

temperature transect (MAT: 8.5-11.9C). A linear trendline, equation and R
2
 value fitted to all 

scattergrams (Standard error bars:  1 Standard Error). a) Stomatal density- surface 1 (S.D. 

surface 1; mm
2
) versus radiation dry quarter (RdryQ; mj/m

2
/d) and b) S.D. combined surfaces 

(mm
2
) versus total nitrogen (Total N; %w/w) 

 

Stomatal density from surface 1 exhibited significant variation (P < 0.05) within all 

nested levels, while stomatal density- combined surfaces in Eucalyptus obliqua was 

significantly different (P < 0.05) between leaves and between trees but not between 

sites (P = 0.259) over the temperature transect (Appendix 5.35).  From the variance 

component analysis, trees within sites accounted for most of the variation in stomatal 

density of E. obliqua over the temperature transect (Table 5.13 overleaf) 

 

Post hoc testing revealed stomatal density- surface 1 from site 1 in Eucalyptus 

obliqua was significantly different (P < 0.05) from all other sampled sites along the 

temperature transect, while stomatal density- surface 2 from site 1 was significantly 

different (P < 0.05) from sites 3, 6 and 7 (Appendix 5.36).  As no significant change 

in stomatal density- combined surfaces was found in E. obliqua over the temperature 

transect no post hoc testing was conducted.  

 

Table 5.13:  Percentage of observed variation attributed to nested factors in stomatal density- 

surface 1 and combined surfaces of Eucalyptus obliqua over a temperature transect.  

 

Variation attributed to: Percentage variation 

Stomatal density- surface 1  

Site 27.8% 

Trees within sites 29.5% 

Leaves within trees, within sites 27.2% 

Error variance 15.5% 

Stomatal- combined surfaces  

Site 3.8% 
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Trees within sites 42.1% 

Leaves within trees, within sites 37.1% 

Error variance 17.0% 

 

Stomatal index- surface 1 of Eucalyptus obliqua increased with increasing mean 

annual temperature, stomatal index- surface 2 decreased and stomatal index- 

combined surfaces exhibited no response (Table 5.14; Figure 5.11 overleaf). 

 
Table 5.14: Mean annual temperature (MAT) values and corresponding mean stomatal index- 

surface 1 (S.I. surface 1), stomatal index- surface 2 (S.I. surface 2) and stomatal index- 

combined surfaces (S.I. combined surfaces)  standard error (S.E.) of Eucalyptus obliqua 

from the temperature transect. 

 

Site 1 2 3 4 5 6 7 

MAT 11.9 11.7 10.9 10.1 9.6 9 8.5 

S.I. surface 1 8.91 8.71 8.35 7.54 7.55 8.66 7.94 

S.E. 0.12 0.11 0.11 0.09 0.11 0.09 0.09 

S.I. surface 2 5.43 6.28 6.44 5.25 5.67 6.9 7.32 

S.E. 0.14 0.12 0.12 0.1 0.09 0.11 0.08 

S.I. combined surfaces 7.38 7.65 7.47 6.51 6.7 7.87 7.63 

S.E. 0.12 0.09 0.09 0.06 0.09 0.08 0.07 

 

Stepwise linear regression found Olsen phosphorus (mg/kg) accounted for 90.1% of 

variation in site mean stomatal index- surface 1 of Eucalyptus obliqua over the 

temperature transect (P = 0.006; Figure 5.12a overleaf; Appendix 5.37a).  Stomatal 

index- surface 2 was not affected by any test variable over the temperature transect, 

while 85.9% of variability in site mean stomatal index- combined surfaces was 

attributed to total nitrogen (%w/w) (Figure 5.12b overleaf), this increased to 95.8% 

when radiation wettest quarter (RwetQ; mj/m
2
/day) was included in the analysis (P = 

0.041; Appendix 5.37b).  
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Figure 5.12: Stomatal frequency analysis of Eucalyptus obliqua sampled across a 

temperature transect (MAT: 8.5-11.9C). A linear trendline, equation and R
2
 value fitted to all 

scattergrams (Standard error bars:  1 Standard Error). a) Stomatal index- surface 1 (S.I. 

surface 1) versus Olsen phosphorus (Olsen P; mg/kd) and b) S.I. combined surfaces versus 

total nitrogen (Total N; %w/w). 

 

Significant differences (P < 0.05) were observed within all nested levels for all 

stomatal indices in Eucalyptus obliqua from the temperature transect (Appendix 

5.38).  Error variance attributed the majority of variation in stomatal index- surface 1 

and tress within sites accounted for most of the variation in stomatal index- combined 

surfaces over this transect (Table 5.15; Appendix 5.38d).  

 

Figure 5.11: Stomatal frequency analysis 

of Eucalyptus obliqua sampled across a 

temperature transect (MAT: 8.5-11.9C). A 

linear trendline, equation and R
2
 value 

fitted to all scattergrams (Standard error 

bars:  1 Standard Error). a) Stomatal 

index- surface 1 (S.I. surface 1) versus 

MAT (C), b) S.I. surface 2 versus MAT 

(C), c) S.I. combined surfaces versus 

MAT (C). 
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Table 5.15:  Percentage of observed variation attributed to nested factors in stomatal index- 

surface 1, surface 2 and combined surfaces of Eucalyptus obliqua over a temperature transect.  

 

Variation attributed to: Percentage variation 

Stomatal index- surface 1  

Site 21.8% 

Trees within sites 29.3% 

Leaves within trees, within sites 14.1% 

Error variance 34.8% 

Stomatal index- combined surfaces  

Site 32.2% 

Trees within sites 41.4% 

Leaves within trees, within sites 22.1% 

Error variance 4.3% 

 

Post hoc testing found stomatal index- surface 1 site 1 from Eucalyptus obliqua was 

significantly different (P < 0.05) from all other sampled sites across the temperature 

transect.  Stomatal index- surface 2 from site 1 was significantly different (P < 0.05) 

from sites 2, 3, 6 and 7 and stomatal index- combined surfaces was significantly 

different (P < 0.05) from sites 4 – 6 over this transect (Appendix 5.39). 

 

Total cell number- surface 1 and combined surfaces of Eucalyptus obliqua increased 

with increasing mean annual temperature, while total cell number- surface 2 exhibited 

no response over the temperature transect (Table 5.16; Figure 5.13 overleaf). 

 
Table 5.16: Mean annual temperature (MAT) values and corresponding mean total cell 

number- surface 1 (T.C.N. surface 1, mm
2
), total cell number- surface 2 (T.C.N. surface 2, 

mm
2
) and total cell number- combined surfaces (T.C.N. combined surfaces, mm

2
)  standard 

error (S.E.) of Eucalyptus obliqua from the temperature transect. 

 

Site 1 2 3 4 5 6 7 

MAT 11.9 11.7 10.9 10.1 9.6 9 8.5 

T.C.N. surface 1 3481 3151 2979 3439 3187 3155 2698 

S.E. 79 58 46 56 37 50 34 

T.C.N. surface 2 2711 2468 2515 2778 2703 2577 2569 

S.E. 54 47 44 35 29 44 38 

T.C.N. combined surfaces 6192 5619 5495 6218 5890 5732 5267 

S.E. 130 101 85 82 60 90 69 
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Stepwise linear regression found radiation wettest quarter (RwetQ) accounted for 81.1 

and 76.0% of variation in site mean total cell number- surface 1 and combined 

surfaces respectively, in Eucalyptus obliqua over the temperature transect (P < 0.05; 

R
2
 = 0.6585 & 0.5781; Figure 5.14a & b overleaf; Appendix 5.40a & b).  No climatic, 

soil nutrient or site [CO2] variables were regressed against total cell number- surface 2 

using stepwise linear regression.  As no relationship was established between total 

cell number- surface 2 and any test variables, no nested ANOVA or post hoc testing 

was undertaken.  

 

Significant differences (P < 0.001) were found within all nested levels for total cell 

number- surface 1 of Eucalyptus obliqua over the temperature transect (Appendix 

5.41a).  Sampled sites along the temperature transect were not significantly different 

(P = 0.207) for total cell number- combined surfaces, but all other nested levels were 

significantly different (P < 0.001; Appendix 5.41b).  Sampled sites over this transect 

accounted for the vast majority of variation in total cell number- surface 1, while trees 

within sites accounted for most of the variation in total cell number- combined 

surfaces in E. obliqua (Table 5.17 overleaf; Appendix 5.41c – f).   

 

 

Figure 5.13: Stomatal frequency analysis of 

Eucalyptus obliqua sampled across a 

temperature transect (MAT: 8.5-11.9C). A 

linear trendline, equation and R
2
 value fitted 

to all scattergrams (Standard error bars:  1 

Standard Error). a) Total cell number- 

surface 1 (T.C.N. surface 1; mm
2
) versus 

MAT (C), b) T.C.N. surface 2 (mm
2
) versus 

MAT (C), c) T.C.N. combined surfaces 

(mm
2
) versus MAT (C). 
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Figure 5.14: Stomatal frequency analysis of Eucalyptus obliqua sampled across a 

temperature transect (MAT: 8.5-11.9C). A linear trendline, equation and R
2
 value 

fitted to all scattergrams (Standard error bars:  1 Standard Error). a) Total cell 

number- surface 1 (T.C.N. surface 1; mm
2
) versus radiation wettest quarter (RwetQ; 

mj/m
2
/d) and b) T.C.N. combined surfaces (mm

2
) versus radiation wettest quarter 

(RwetQ; mj/m
2
/d).  

 

 

Table 5.17:  Percentage of observed variation attributed to nested factors in total cell 

number- surface 1 and combined surfaces of Eucalyptus obliqua over a temperature 

transect.  

 

Variation attributed to: Percentage variation 

Total cell number- surface 1  

Site 83.0% 

Trees within sites 9.0% 

Leaves within trees, within sites 5.3% 

Error variance 2.7% 

Total cell number- combined surfaces  

Site 5.8% 

Trees within sites 47.0% 

Leaves within trees, within sites 41.2% 

Error variance 6.0% 

 

Post hoc testing found total cell number- surface 1 in Eucalyptus obliqua from site 1 

was significantly different (P < 0.05) from all other sampled sites, except site 4 over 

the temperature transect (Appendix 5.42).  As total cell number- combined surfaces 

did not differ significantly between sites along this transect, no post hoc testing was 

undertaken. 
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5.3.4 Foliar micro-morphological response of Acacia melanoxylon, 

Acmena smithii and Eucalyptus obliqua to decreasing ambient 

[CO2] over a temperature transect 

Stomatal density, index and total cell numbers of Acacia melanoxylon, Acmena 

smithii and Eucalyptus obliqua were analysed against ambient [CO2] adjusted for 

altitude, as described in Gladstones (1992), using least squares linear regression over 

the temperature transect (Figure 5.15).  Stomatal density and index of A. melanoxylon 

were the only micro-morphological leaf characters to demonstrate a significant 

inverse response (P = 0.01) to decreasing ambient [CO2] over the transect (Figure 

5.15).  
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Figure 5.15: Stomatal frequency regression analyses versus mean CO2 concentration 

(parts per million; ppm) over a temperature transect, with a linear trendline, equation 

and R
2
 value fitted to all scattergrams (Standard error bars: ± 1 Standard Error). 

Acacia melanoxylon a) stomatal density (S.D.; mm
2
) vs mean [CO2] (P = 0.01) and b) 

stomatal index (S.I.) vs [CO2] (P = 0.01). 

 

5.4 Discussion 

 

Stepwise linear regression analyses found primary factors affecting stomatal 

frequency in Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua varied 

between species.  This suggests that the underlying stressors that affect stomatal 

frequency are species specific, that is:  

 isothermality and soil phosphorus content are related to stomatal frequency in 

A. melanoxylon,  

 radiation wettest quarter and soil potassium levels affect stomatal frequency in 

A. smithii, and  
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 precipitation driest quarter, radiation warmest and wettest quarter, nitrogen 

and phosphorus levels are associated with stomatal frequency in E. obliqua.  

Due to different climatic and environmental variables affecting these species 

differentially, the impacts of these upon each of species will be discussed separately 

below. 

 

5.4.1 Environmental and climatic impacts upon stomatal frequency of 

Acacia melanoxylon 

Stomatal density, index and total cell number of Acacia melanoxylon were collected 

over an altitude gradient to construct a temperature transect. Stomatal density was 

found to significantly increase as altitude increased and mean annual temperature 

decreased (R= -0.678, P= 0.047).  Stomatal density in A. melanoxylon increased 

7.25% / 100m rise over this transect, which is slightly more responsive than 

previously published positive stomatal frequency responses over a temperature 

transect (Appendix 1.1).   In contrast, stomatal index and total cell number did not 

significantly respond to decreasing mean annual temperature (R= -0.659, P= 0.054 & 

R= 0.224, P= 0.314 respectively; Figures 5.3a, 5.4a & 5.5a).  This trend is consistent 

with findings from past studies that have found stomatal density decreases in response 

to increasing temperature to limit transpirational losses (Woodward, 1986; Hovenden 

and Brodribb, 2000; Kao and Chang, 2001; Loveys et al., 2002; Sun et al., 2003; 

Hovenden and Vander Schoor, 2006).  The lack of significant increase in total cell 

numbers indicates that changes in stomatal density are the result of increased stomatal 

formation and not attributed to changing epidermal cell size. 

 

Isothermality was the primary factor related to stomatal density and index in Acacia 

melanoxylon over the temperature transect (Figures 5.3b & 5.4b; Appendix 5.23 & 

5.26).  Isothermality has not previously been previously studied to determine if 

stomatal frequency is affected by this variable.  Decreasing isothermality with 

increasing elevation indicates an increasing difference between mean diurnal and 

annual temperature ranges, denoting larger annual variation in temperature compared 

daily temperature variation.  Decreasing isothermality was correlated to elevated 

stomatal density and index in A. melanoxylon.   
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Decreasing isothermality results from warmer summers and cooler winters, thus the 

leaf must adapt to reducing transpirational losses in summer, while promoting gas 

exchange in cooler winters.  A leaf can acclimate to this situation by increasing 

stomatal frequency, which allows flexible and precise regulation of water loss and 

also enhances gas exchange when required (Fordyce et al., 1995; James and Bell, 

1995).  

 

A secondary factor found to have a significant positive correlation on stomatal index 

in Acacia melanoxylon was soil phosphorus content (Appendix 5.26).  Phosphorus is a 

critical nutrient due its impact on photosynthetic capacity and it has been found that 

photosynthetic output is directly related to phosphorus levels (Conroy and Barlow, 

1986; Jia and Gray, 2004).  Over the temperature transect phosphorus nutrition was 

found to directly effect stomatal initiation as increased photosynthetic capacity would 

require increased CO2 uptake hence, increased stomatal formation.   

    

Post hoc testing of stomatal density and index response to altitude in Acacia 

melanoxylon found there was a critical altitude (1020m; sites 6 & 7) where the 

reduction in isothermality leads to a significant increase in these characters (Figure 

5.3b & 5.4d). This concept of a critical altitude producing significant responses in 

stomatal parameters has been previously observed by Luo et al. (2006); however this 

study was not able to identify the factor responsible for this increase.  Stomatal 

frequency in A. melanoxylon responds to environmental change in a ‘stepped’, rather 

than in a linear fashion. 

 

Intrinsic variation in stomatal density and in particularly stomatal index of Acacia 

melanoxylon over the temperature transect was found to be low in comparison to the 

effect of isothermality and soil phosphorus content on these micro-morphological 

characteristics (Table 5.3 & 5.5).  Low intrinsic variation allows the response of 

stomatal density and index to environmental variables to be assessed accurately.  As 

stomatal density and index was significantly influenced by isothermality and soil 

phosphorus content over this transect, this may imply that these variables may 

obscure any potential palaeo-CO2 signal in A. melanoxylon.  Therefore, the potential 
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of these confounding factors must be considered when utilising stomatal frequency of 

A. melanoxylon as a potential CO2 proxy indicator.    

 

5.4.2 Environmental and climatic impacts upon stomatal frequency of 

Acmena smithii  

Stomatal density, index and total cell number of Acmena smithii did not significantly 

respond to decreasing mean annual temperature over this transect (Figure 5.6a, 5.7a & 

5.8a). Results from this study indicate that mean annual temperature and its impact 

upon transpiration does not influence stomatal characters in A. smithii and this finding 

is consistent with previous literature (Goble-Garratt et al., 1981; Körner et al., 1983; 

Woodward, 1986; Hovenden and Brodribb, 2000; McElwain, 2004; Hovenden and 

Van Schoor, 2006).  

 

Increased radiation of the coldest quarter was found to significantly reduce pooled 

mean stomatal density in Acmena smithii over the temperature transect (Figure 5.6b; 

Appendix 5.29).  Irradiance levels have direct impacts on leaf thermoregulation and 

photosynthetic capacities, irradiance has previously been found to effect stomatal 

density over altitudinal transects (Körner and Cochrane, 1985; Körner et al., 1986). 

 

Reductions in irradiance levels change foliar macro-morphology by increasing leaf 

area to allow increased light interception, hence potentially increasing leaf 

temperature and photosynthetic output (Lee, 1996).  The disadvantage of increased 

leaf area is to increase boundary thickness which restricts heat and gas exchange by 

increasing the diffusion pathway (Schuepp, 1993).  Gas exchange may be enhanced 

by increasing stomatal density in Acmena smithii in response to reducing radiation 

coldest quarter, and hence promote stomatal conductance (Wentworth et al., 2006), 

thereby increasing photosynthetic returns.   

 

Increasing radiation of the wettest quarter significantly increased total cell number in 

Acmena smithii over the temperature transect (Figure 5.8; Appendix 5.31).  Increased 

radiation wettest quarter will be beneficial as irradiance and water are essential 

components for photosynthesis, and enhanced availability of these will increase rates 

of photosynthesis and relative growth rates.  Increased relative growth rates are the 

result of plants producing new tissue (Körner and Woodward, 1987) which may 
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manifest as increased total cell number in Acmena smithii over the temperature 

transect. Similar findings have been reported by Furukawa (1997) who found 

increased stomatal and epidermal cell numbers (i.e. total cell numbers) under 

increased irradiance. 

 

In combination with radiation wettest quarter, soil potassium content accounted for 

greatest variation total cell number in Acmena smithii (Appendix 5.31).  Potassium 

availability directly influences photosynthetic potential via: stomatal movements, 

uptake of water by root cells, and has been association with leaf nitrogen levels and 

also potassium uptake is proportional to leaf CO2 uptake (Marschner, 1995; 

Wijesuriya, 1999; Bussotti et al., 2005; Delaire et al., 2005).  The combination of 

these effects may result in increased photosynthetic output and enhanced leaf growth, 

resulting in increased total cell number. 

 

The majority of variation in stomatal density and total cell number in Acmena smithii 

was attributed to among trees within sites over the temperature transect (Tables 5.8 & 

5.11).  This highlights significant genotypic variation in stomatal density, and a 

combination of genotypic and / or microsite variation in total cell number, which did 

vary significantly between sites over this transect (Appendix 4.49).  These findings 

are in accordance with Hovenden’s, who found significant genotypic variation in 

stomatal frequency from Nothofagus cunninghamii, a dominant cool temperate 

rainforest tree species in south-eastern Australia, within sites over an altitudinal 

gradient (Hovenden and Brodribb, 2000; Hovenden and Schimanski, 2000; 

Hovenden, 2001; Hovenden and Vander Schoor, 2003).  Hovenden and Vander 

Schoor (2003) suggested that large genotypic variation is an evolutionary advantage 

in a heterogeneous environment. 

 

Stomatal index and therefore stomatal initiation of Acmena smithii was insensitive to 

changes in all tested variables over the temperature transect (Figure 5.7).  This may be 

due to 1) stomatal initiation being affected by a factor not tested for in this study, 2) 

changes in the test variables of this study were not great enough to elicit a change in 

stomatal index or 3) water use efficiency is primarily a physiological adaptation 

controlled by precise stomatal movements.  The fact that stomatal index is insensitive 

to major climatic factors such as mean annual temperature and fluctuations in [CO2] 
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attributed to altitude over this transect, demonstrates the potential of this stomatal 

character to be used as a proxy-[CO2] measure to track long-term changes in [CO2] 

(refer to Chapter 4), as other environmental factors tested in this study will not 

obscure this climatic signal.   

 

5.4.3 Environmental and climatic impacts upon stomatal frequency of 

Eucalyptus obliqua 

In Eucalyptus obliqua stomatal density- surface 1 was found to significantly decrease 

with declining mean annual temperature, while stomatal density- surface 2 

significantly increased and stomatal density combined surfaces did not respond 

significantly, when univariate least squares linear regression was used (P= 0.036 & 

0.029 respectively; Figure 5.9).  However, when mean annual temperature was 

included in stepwise linear regression (multivariate analysis), mean annual 

temperature was not a significant contributor to changing stomatal density in E. 

obliqua.  This variable response in stomatal density between leaf surfaces has been 

observed in past altitudinal-based studies that have found variation in stomatal density 

to be dependant upon leaf surface examined (Körner et al., 1986; Woodward, 1986; 

Weng and Hsu, 2001).  Generally, the adaxial stomatal frequency demonstrates 

greater variation due to the adaxial leaf surface being more exposed to environmental 

fluctuations, particularly in radiation and thermal loading.  Stomatal index and total 

cell number did not respond to mean annual temperature in any univariate or 

multivariate analysis, therefore mean temperature is not primary determinant in 

stomatal initiation or epidermal cell size (Figure 5.11 & 5.13). 

 

Precipitation of the driest quarter, radiation of the warmest quarter and total soil 

nitrogen content accounted for 98.9% of the variation in stomatal density- surface 1, 

while soil nitrogen accounted for the majority of variation in stomatal density- 

combined surfaces of Eucalyptus obliqua (Appendix 5.34; Figure 5.10a & b).  

Previous studies have found precipitation, radiation and soil nitrogen content to 

influence stomatal frequency (Körner and Cochrane, 1985; Körner et al., 1986; 

Hultine and Marshall, 2000; Schoettle and Rochelle, 2000; Weng and Hsu, 2001; Sun 

et al., 2003); however, this number and combination of climatic and environmental 

factors have not been previously reported.   
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Over the temperature transect precipitation of the driest quarter increased, radiation 

warmest quarter remained constant and total soil nitrogen increased, but with some 

microsite variability over the altitudinal transect.  The combination of these factors 

alter plant water balance by affecting 1) water availability during the time of greatest 

water stress during the year, 2) leaf thermal loading during the warmest period of the 

year and 3) influence photosynthetic capacity (Field, 1983; Hopkins, 1995; Groom 

and Lammont, 1996; Luo et al., 2006).  The outcome of the changing parameters over 

the transect would be to enhance plant water status and photosynthetic efficiency, thus 

increasing water use efficiency and in turn, reduce stomatal density- surface 1 and 

combined surfaces of Eucalyptus obliqua in response to decreased transpirational 

loads as less precise transpirational control is required (Goble-Garratt et al., 1981; 

James and Bell, 1995).     

 

Stomatal index surfaces- 1, 2 and combined in Eucalyptus obliqua was not affected by 

any temperature variable over the temperature transect (Figure 5.11), therefore 

temperature does not appear to influence stomatal initiation in this species.  A 

significant inverse relationship was found between soil phosphorus and nitrogen 

content and stomatal index surfaces- 1 and combined, respectively over this transect 

(Figure 5.12).  Nitrogen and phosphorus are essential components of photosynthesis 

and increased availability of these nutrients would result in increased plant 

photosynthetic potential (Field, 1983; Conroy et al., 1986; Jia and Gray, 2004).  The 

rate of nutrient uptake by a plant is dependant upon transpiration rates (Givnish and 

Vermeij, 1976) so as phosphorus and nitrogen availability increased rates of 

transpiration could decrease, while still maintaining the same amount nutrient uptake.  

This in turn would increase plant water use efficiency and reduce stomatal index- 

surface 1 and combined surfaces (Körner, 1989; Sparks and Ehleringer, 1997; Luo et 

al., 2006).    

 

Using Tukey HSD post hoc analysis a critical phosphorus and nitrogen concentration 

was observed, decreases in phosphorus and nitrogen below this level caused a 

significant increase in stomatal index surface- 1 and combined surfaces (4 mg/kg for 

phosphorus; 0.27 %w/w for nitrogen; Figure 5.12).  Critical thresholds levels in soil 

water availability, leaf water potential and vapour pressure deficits have been found to 

influence stomatal behaviour (Girona et al., 2002; Fisher et al., 2006; Romero and 
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Botia, 2006), but this is the first study to find a critical threshold for soil nutrient 

content.       

 

Radiation of the wettest quarter was also found to significantly alter stomatal index 

combined surfaces, in Eucalyptus obliqua over the temperature transect (Appendix 

5.37b).  Increased irradiance during the time of year when water is most available 

combined with increased nitrogen levels would enhance photosynthetic potential, 

increase water use efficiency, thus leading to a reduction in stomatal initiation 

(Körner, 1989; Sparks and Ehleringer, 1997; Luo et al., 2006). 

 

Total cell number surfaces 1, 2 and combined were not significantly influenced by 

any temperature parameter in Eucalyptus obliqua over the temperature transect, this 

suggests that temperature is not affecting epidermal cell and stomatal size (Figure 

5.13).  Radiation wettest quarter was the only factor to significantly alter total cell 

number surface 1 and combined surfaces (Figure 5.14).  Increasing irradiance during 

the wettest quarter of the year would increase photosynthetic output, leading to larger 

leaf sizes which may manifest itself via epidermal cell expansion, thus reducing total 

cell number on surface 1 and combined surfaces in E. obliqua. 

 

Stomatal density, index and total cell number from leaf surface 2 in Eucalyptus 

obliqua was found to be insensitive to all climatic and environmental variables tested 

over the temperature transect.  Therefore, the factor(s) that affect stomatal and 

epidermal cell development on leaf surface 2 are yet to be identified. 

 

In Eucalyptus obliqua stomatal density, index and total cell number- surfaces 1 

combined, all responded significantly to changing environmental variables over the 

temperature transect.  However, when intrinsic variability between leaves within an 

individual tree and between trees within a site were included in the analyses, variation 

between trees within a site accounted for the majority of variability in stomatal 

density surfaces- 1 and combined, and both stomatal index and total cell number- 

combined surfaces.  The error variance attributed to stomatal index- surface 1 in E. 

obliqua exerted the greatest impact upon this character.  Thus, intrinsic noise exerts a 

greater impact upon the above stated stomatal characters than the tested 

environmental variables, therefore, these characters would be unsuitable for use as 
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biological proxies.  However, the intrinsic variation associated with total cell number- 

surface 1 was less than that accounted for radiation wettest quarter, so this character 

may have the potential to track this climatic variable.       

 

5.4.4 The influence of reducing atmospheric partial pressure and [CO2] 

stomatal frequency over temperature transect on Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua 

Carbon dioxide concentration was measured twice over the temperature transect, in 

winter and summer to give a mean [CO2].  Summer-time [CO2] value was also used in 

analysis as at this the time soil respiration would be the highest and [CO2] may have a 

greater impact on forming leaves.  However, this two-point monitoring would not 

give a highly accurate measurement of ambient [CO2] due to high variability 

throughout the year (Etheridge pers. comm.).  Therefore, to assess the impact of 

reducing [CO2] on stomatal frequencies of Acacia melanoxylon, Acmena smithii and 

Eucalyptus obliqua univariate least squares linear regressions were conducted against 

ambient [CO2] (calculated as per Gladstones (1992); via a reduction in [CO2] of 

1%/100m).  This calculation of ambient [CO2] adjusted for altitude was also included 

in stepwise linear regression analysis, but this did not alter the outcome of the 

analyses.  

 

Stomatal density and index of Acacia melanoxylon were the only two stomatal 

characters that exhibited a significant increase as [CO2] decreased by 28.1 ppm over 

the altitudinal transect (Figure 5.15), both these characters increased by 12.7% / 

10ppm CO2 decrease, respectively.  The increase in stomatal frequency in A. 

melanoxylon as [CO2] decreased over this transect concurs with previous findings 

(Woodward, 1986; Kao and Chang, 2001; Greenwood et al., 2003; Qiang et al., 2003; 

McElwain, 2004).  However, none of these studies have included the numerous 

amount of climatic and environmental variables assessed in this study, if all these 

variables had been included, they may have found stomatal frequency not 

significantly respond to decreasing [CO2], but perhaps to some other variable not 

tested for. 

 

Stomatal density, index and total cell number in Acmena smithii and Eucalyptus 

obliqua were all found not to track changing [CO2] over the temperature transect, this 
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is consistent with previous observations (Hovenden and Brodribb, 2000; Schoettle 

and Rochelle, 2000; Luo et al., 2006).  This lack of a response may be attributed to 

two factors: 1) the altitudinal transect may not have been great enough to cause a 

significant reduction in [CO2] which will elicit an increase in stomatal frequency, and 

2) the drop in [CO2] may not have been as large as calculations would suggest, 

because as air pressure diminishes, gas diffusivity increases with altitude, therefore 

the reduction [CO2] may only be slight (Hovenden and Brodribb, 2000; Schoettle and 

Rochelle, 2000).    

 

5.5 Conclusions 

 

Environmental and climatic factors were found to influence stomatal frequency in 

Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua.  Stomatal frequency 

response to these factors were aimed at minimising transpirational losses while 

maximising photosynthetic output, hence allowing the plant to remain competitive 

across the temperature transects. 

 

The underlying stressors affecting stomatal frequency were found to be species-

specific. In Acacia melanoxylon, the main variables influencing stomatal frequency 

were isothermality and soil phosphorus content, while in Acmena smithii radiation of 

the coldest quarter and soil potassium content influenced stomatal frequency and in 

Eucalyptus obliqua stomatal frequency was determined by radiation of the warmest 

and wettest quarter, precipitation of the driest quarter, and soil nitrogen and 

phosphorus levels.  Importantly, stomatal index of A.  smithii was not significantly 

affected by any test variable over the temperature transect and coupled with its ability 

to track changing atmospheric [CO2] (refer to Chapter 3) makes this character, in this 

species a desirable candidate for use as a proxy-[CO2] indicator species.   

    

Previous studies have used altitude transects to examine stomatal frequency response 

to reducing [CO2] and this was assessed in this study.  Only stomatal density and 

index of Acacia melanoxylon was found to respond in an inverse, significant manner 

to reducing [CO2] over the temperature transect when analysed singularly.  However, 

this response was diminished when all other variables were included in the analyses, 

therefore climatic and environmental variables did obscure the altitudinal CO2 signal 
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in Acacia melanoxylon over the temperature transect.   

 

Climatic and environmental factors exerted a dominant effect on stomatal density and 

index of Acacia melanoxylon, and total cell number- surface 1 in Eucalyptus obliqua 

over the temperature transect.  However, in general the climatic and environmental 

factors examined in this study did not exert the dominant influence on the majority of 

stomatal characters assessed.  The greatest influence on stomatal frequency in Acmena 

smithii and Eucalyptus obliqua over temperature was genotypic variation, in 

particular, variation between trees within sites.  This indicates that genotypic variation 

and / or microclimate variability within a site is contributing to the majority of 

variation in stomatal frequency of these species.   

   

Overall, stomatal frequency in Acacia melanoxylon, Acmena smithii and Eucalyptus 

obliqua demonstrate potential to be used as proxy-[CO2] indicators provided that: a 

large sample size be used to account for the observed genotypic variation in Acmena 

smithii and Eucalyptus obliqua, and [CO2] estimates be complemented by other 

methods to account for climatic or environmental factors that may obscure the CO2 

signal in Acacia melanoxylon. 
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Do climatic and environmental variables impact upon stomatal 
frequency of Acacia melanoxylon, Acmena smithii and 

Eucalyptus obliqua over precipitation gradients? The potential to 

obscure a long-term CO2 signal. 
 

 

Abstract 
Stomatal density (S.D.), index (S.I.) and total cell number (T.C.N.) of Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua were determined over 

precipitation gradients in order to assess the potential of this major climatic factor to 

significantly influence stomatal frequency and potentially restrict their use as proxy-

CO2 species. A suite of 43 climatic and environmental variables were assessed to 

determine the primary influence on stomatal frequency over these transects. 

Isothermality and total soil carbon accounted for the majority of variation in S.D. 

surface 1 and combined surfaces in E. obliqua over this transect. However, genotypic 

variation accounted for the bulk of the variability in stomatal index and total cell 

number in E. obliqua, and accounted for the majority of variation in all stomatal 

frequency measures in A. melanoxylon and A. smithii. Therefore, the potential of the 

examined environmental and climatic factors assessed over the precipitation transects 

to obscure a long-term [CO2] in A. melanoxylon, A. smithii and E. obliqua appear to 

be negligible.   

 

 

6.1  Introduction 

 
Annual precipitation is a primary climatic variable that can impact upon 

photosynthetic capacity, transpirational losses and overall plant water status.  

Changing precipitation regimes have been found to affect leaf morphology with 

alterations to macro- and micro-morphological leaf characters (Salisbury, 1927; 

Raunkier, 1934; Centritto et al., 1999; Zeppel et al., 2008).  Decline in annual 

precipitation will reduce plant water use efficiency, unless physiological or 

morphological changes are made to reduce transpirational losses.  As stomata 

represent the interface between internal leaf area and the atmosphere, reductions to 

transpiration loads may be achieved by stomatal closure and / or reductions to 

stomatal frequency and aperture (Bañon et al., 2004; Yang et al., 2004; Baldocchi and 

Xu, 2007; Franks et al., 2007).   

 

The role of stomata is to facilitate carbon dioxide (CO2) movement into the leaf to be 

incorporated into the photosynthetic reaction, while minimising transpirational losses, 

thus maximizing plant carbon gain (Gutschick, 1999).  Thus, stomatal frequency is 

sensitive to factors that may affect water use efficiency, that is, the number of water 

molecules lost per molecule of fixed carbon (Ellsworth, 1999).  Stomatal frequency 
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will respond to environmental variables that may impact upon plant water use 

efficiency. Therefore, stomatal frequency has the potential to act as proxy-indicator of 

that variable.  This has been the case with stomatal frequency and atmospheric [CO2] 

(Edwards et al., 1998; Royer, 2001; Greenwood et al., 2003; Osborne et al., 2004).  

The successful application of stomatal frequency as a proxy-indicator of [CO2] is 

dependent upon its insensitivity to other environmental variables (i.e. annual 

precipitation) that may dampen any potential CO2 signal. 

 

Previous studies have found stomatal frequency to be sensitive to water availability, 

with decreasing water availability; generally reducing stomatal frequency (Awada et 

al., 2002; Bañon et al., 2004; Xu & Zhou, 2005).  However, stomatal frequency 

response has been found to be species specific, with different species exhibiting 

different levels of sensitivity to water stress (Sun et al., 2003; Yang et al., 2004). 

Alteration to precipitation regimes also affects other biotic factors, such as, soil 

nutrient levels via altered microbial activity (Sardans and Peñuelas, 2007; McMurtrie 

et al., 2008; Pepper et al., 2008; Zeppel et al., 2008). This study examined 40 climatic 

and environmental variables to assess their impact upon stomatal frequency of Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua over a precipitation gradient.  

To my knowledge no previous study has examined such a suite of factors to determine 

their impact upon stomatal frequency.   

 

To date there has been no published studies examining stomatal frequency response in 

Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua over an environmental 

gradient.  In fact, no Australian study has examined stomatal frequency over a 

latitudinally derived precipitation gradient; this study will be the first to do so, thus 

providing valuable information on which factors exert the greatest influence on 

stomatal frequency in these Australian species.  This study will also apply novel 

statistical analysis that not only allows variation in stomatal frequency between sites 

to be examined but also intrinsic variability within and between trees to be assessed.           

 

6.1.1 Aims 

To determine the primary climatic and / or environmental variables that influence 

stomatal frequency in Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua 
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over a precipitation transect.  Hence, investigate the potential of these variables to 

obscure a long-term CO2 signal in these leaf characters.      

 

6.1.3 Hypotheses 

Stomatal density and index of Acacia melanoxylon, Acmena smithii and Eucalyptus 

obliqua will significantly respond to changing environmental / climatic variables over 

the precipitation transect. 

 

Intrinsic variation in stomatal density and index of Acacia melanoxylon, Acmena 

smithii and Eucalyptus obliqua will not be as large as the influence of environmental / 

climatic variables over the temperature transect. 

 

6.2   Methods 

 

A precipitation transect was established along a longitudinal gradient across Victoria, 

Australia, moving from dry to wet sites following the principle of orthogonal design 

(Zar, 1996).  Sample sites were selected using the Wild Plants of Victoria, Viridans 

Biological Database™ (Gullan, 1998) in conjunction with Phillip Wyzbowski (Arthur 

Rylah Institute, Heidleberg, Victoria).  Sites in close proximity to roads, tracks and 

paths were chosen preferentially for ease of access.  The precipitation transect for 

Acacia melanoxylon and Eucalyptus obliqua ran from central western Victoria to 

central highlands of Victoria, while in Acmena smithii the precipitation transect ran 

from Wuk Wuk in eastern Victoria to Cann River in far eastern Victoria (Figure 6.1 

overleaf). 

 

6.2.1 In-field collections  

A site was suitable for sampling if it contained five trees in close proximity (< 20m) 

and was homogeneous, that is, having consistent slope and aspect.  Twenty leaves 

were removed from each of the five trees by cutting off a branch tip from the outer 

crown at head height (approximately 1.90m).  This method was readily applicable to 

Acacia melanoxylon and Acmena smithii, however in the majority of cases the crown 

height of Eucalyptus obliqua was above 1.90m, so extension shears were used to 

remove an outer-branch tip from the lowest point of the crown.  Sites were described  
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a) 

 

 
                                                                                                                    

 
b) 

 

Figure 6.1: Collection sites from a) precipitation transects of Acacia melanoxylon 

() and Eucalyptus obliqua () from central west to central highlands of Victoria  

and b) precipitation transect of Acmena smithii (о) from Wuk Wuk to Cann River, 

Victoria. Maps sourced from Gullan (1994). 
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from the precipitation transects, including: presence of other species, amount of leaf 

litter present and projected foliage cover (Appendix 6.1 – 6.3).  Also, a soil core 

sample was collected to 10cm of depth at each site, stored in sealed plastic bags and 

refrigerated at 4°C until soil nutrient analysis was undertaken.   

 

6.2.2 In-laboratory work 

Soil samples were sent to the Victorian State Chemistry Laboratories (Werribee, 

Victoria) to determine soil carbon, nitrogen, phosphorus and potassium.  Methods of 

soil analysis included: total organic matter, Leco total carbon and nitrogen, Olsen 

phosphorus and Skene potassium analytical techniques.  

 

Collected leaves were dried using a plant press and light box over a two-week period.  

Once dried, five representative leaves were selected from each site along the 

precipitation transect for stomatal frequency analysis.  An approximate 4 x 4 mm leaf 

square was removed from the middle of each leaf and chemically digested, leaving the 

waxy cuticle which was mounted on a microscope slide, ready for stomatal analysis, 

as per Christophel and Rowett (1996). 

 

Three replicate stomatal / epidermal cell counts were taken using a light microscope 

fitted with a graded eyepiece on a known viewing field, stomatal density (mm
2
), 

stomatal index (equation 6.1, as per Salisbury 1927) and total cell number (mm
2
; 

equation 6.2) were recorded for later analysis.  Stomatal frequency and total cell 

number counts were obtained from 1 cuticular surface from Acacia melanoxylon and 

Acmena smithii, and from both surfaces of Eucalyptus obliqua (which was treated as 

separate and combined entities, Refer to Chapter 3).  

 

Stomatal Index (S.I.) =         no. of stomata X 100        

   no. stomata + no. epidermal cells  (Equation 6.1) 

 
Total cell number (T.C.N.) = no. stomata + no. epidermal cells  (Equation 6.2) 

 

Thirty five climatic variables were determined using ANUCLIM 5.0; a climatic 

modelling package (ANU, 1999). Climate estimates were divided into four main 

classes, those being predictors of 1) temperature, 2) precipitation, 3) moisture indices 

and 4) radiation variables (Table 6.1 overleaf). 
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Table 6.1: Climatic variables determined using ANUCLIM 5.0 software for each site along 

the temperature transects. 

 

Temperature 

variables 

Precipitation 

variables 

Radiations 

variables 

Moisture index 

variables 

1. Annual Mean 

Temperature (MAT)                   

12. Annual 

Precipitation (Ann. 

Ppn)                     

20. Annual Mean 

Radiation (Ann. 

Mean R)                    

28. Annual Mean 

Moisture Index (Ann. 

Mean MI)               

 2. Mean Diurnal 

Range (Mean(period 

max-min)) (Diurnal 

range) 

13. Precipitation of 

Wettest Period 

(PwetPeriod)          

21. Highest Period 

Radiation (Hi period 

R)                 

29. Highest Period 

Moisture Index (Hi 

period MI)            

 3. Isothermality 2/7                         14. Precipitation of 

Driest Period 

(PdryPeriod)           

22. Lowest Period 

Radiation (Lo period 

R)                  

30. Lowest Period 

Moisture Index (Lo 

period MI)             

 4. Temperature 

Seasonality (C of V) 

(T seasonality)         

15. Precipitation 

Seasonality(C of V) 

(P seasonality)        

23. Radiation 

Seasonality (Cof V) 

(R seasonality)            

31. Moisture Index 

Seasonality (C of V) 

(MI seasonality)      

 5. Max Temperature 

of Warmest Period 

(Max warm period)        

16. Precipitation of 

Wettest Quarter 

(PwetQ)         

24. Radiation of 

Wettest Quarter 

(RwetQ)             

32. Mean Moisture 

Index of High Qtr. 

MI (Mean MI Hi Q)      

 6. Min Temperature 

of Coldest Period 

(Min cold period)        

17. Precipitation of 

Driest Quarter 

(PdryQ)          

25. Radiation of 

Driest Quarter 

(RdryQ)              

33. Mean Moisture 

Index of Low Qtr. 

MI (Mean MI Lo Q)       

 7. Temperature 

Annual Range (5-6) 

(Ann. T range)            

18. Precipitation of 

Warmest Quarter 

(PwarmQ)         

26. Radiation of 

Warmest Quarter 

(RwarmQ)             

34. Mean Moisture 

Index of Warm Qtr. 

MI (Mean MI warm 

Q)      

 8. Mean 

Temperature of 

Wettest Quarter 

(MTwetQ)      

19. Precipitation of 

Coldest Quarter 

(PcoldQ)         

27. Radiation of 

Coldest Quarter 

(RcoldQ)             

35. Mean Moisture 

Index of Cold Qtr. 

MI (Mean MI cold 

Q)      

 9. Mean 

Temperature of 

Driest Quarter 

(MTdryQ)       

   

10. Mean 

Temperature of 

Warmest Quarter 

(MTwarmQ)      

   

11. Mean 

Temperature of 

Coldest Quarter 

(MTcoldQ)      

   

 

6.2.3 Statistical analysis 

Scattergrams with least squares linear regression equations were generated for the 

major climatic variable of interest, that being annual precipitation, which was 

regressed against stomatal density, index and total cell number over the precipitation 

transect.  Stepwise linear regression analyses was then performed to determine which 
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of the individual abiotic or biotic test variables, or combination of variables had the 

greatest influence on stomatal density, index and total cell number.  If a relationship 

was observed between any stomatal character and climatic variables, a nested-

ANOVA was performed to test the significance of this relationship ( < 0.05); the 

nested ANOVA was also used to determine significant differences in stomatal 

characters attributed to other nested levels within the sampled sites.  Finally, variance 

components analyses was conducted to determine the percentage variation in stomatal 

frequency attributed to by each nested level within this experimental design.  Post hoc 

testing was then undertaken to determine if a significant difference existed between 

collection sites over the precipitation transects. 

 

Statistical packages used were dependent upon their capacity to perform required 

tests.  Therefore, packages used included Microsoft Excel (2000), SPSS (Versions 

12.0) and Systat (Version 11.0).   

 

6.3 Results 

 

Stomatal frequency analysis of Acacia melanoxylon, Acmena smithii and Eucalyptus 

obliqua from precipitation transects are presented in Appendices 6.4 – 6.18.  Climatic 

variables and soil nutrient analysis from associated transects are presented in 

Appendix 6.19– 6.21. 

 

6.3.1 Foliar micro-morphological response of Acacia melanoxylon over 

a precipitation transect 

The mean stomatal density response of Acacia melanoxylon exhibited a significant 

positive regression to increasing precipitation over this transect (P < 0.05; Table 6.2; 

Figure 6.2a overleaf). However, upon stepwise linear regression analysis annual mean 

radiation was found to account for 82.3% of the change in stomatal density (R
2
 = 

0.6777; P = 0.001) over the precipitation transect and when combined with 

temperature seasonality this relationship increased to 89.6% of the variability in this 

character (Figure 6.2b overleaf; Appendix 6.22).   
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Table 6.2: Annual precipitation (Ann. Ppn.) values and corresponding mean stomatal density 

(S.D., mm
2
)  standard error (S.E.) of Acacia melanoxylon from the precipitation transect. 

 

Site # 1 2 3 4 5 6 

Ann. Ppn 648 790 644 741 666 662 

S.D. 362 305 330 324 332 298 

S.E. 7.4 10.5 5.9 5.4 4.8 6.7 
       

Site # 7 8 9 10 11 12 

Ann. Ppn 738 872 824 955 1149 1279 

S.D. 312 353 356 346 443 412 

S.E. 4.2 7.3 4.9 5.9 7.6 5.2 
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Figure 6.2: Stomatal frequency analysis of Acacia melanoxylon sampled across a 

precipitation transect (Ann. Ppn: 648-1279 mm). A linear trendline, equation and R
2
 value 

fitted to all scattergrams (Standard error bars:  1 Standard Error). a) Stomatal density (S.D.; 

mm
2
) versus Ann. Ppn (mm), b) S.D. (mm

2
) versus annual mean radiation (Ann. Mean R; 

mj/m
2
/d) 

 

Stomatal density of Acacia melanoxylon demonstrated significant variation within all 

nested levels (P < 0.001) over this transect and variance components analysis revealed 

that trees within sites contributed to the most to variability in stomatal density, 

followed by between site variation (Table 6.3; Appendix 6.23).  Post hoc tests 

determined stomatal density site 1 (one of the sites with the lowest precipitation) was 

significantly different (P < 0.05) from other sampled locations over the precipitation 

transect, except for sites 8 – 10 (Appendix 6.24). 

 
Table 6.3:  Percentage of observed variation attributed to nested factors in stomatal density of 

Acacia melanoxylon over a precipitation transect.  

 

Variation attributed to: Percentage variation 

Site 29.7% 

Trees within sites 31.1% 

Leaves within trees, within sites 20.2% 

Error variance 19.0% 
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Stomatal index was not responsive to changing annual precipitation over the 

precipitation transect in Acacia melanoxylon (R
2
 = 0.0038; P > 0.80; Figure 6.3a).  

Change in site mean stomatal index over this transect was found to be attributed to by 

isothermality (74.4%; R
2
 = 0.5538; Figure 6.3b), when combined with annual mean 

radiation this increased to 86.5%, and when further combined with temperature 

seasonality, 94.2% of variation in stomatal index of A. melanoxylon was accounted 

for (P < 0.03; Appendix 6.25).  
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Figure 6.3: Stomatal frequency analysis of Acacia melanoxylon sampled across a 

precipitation transect (Ann. Ppn: 648-1279 mm). A linear trendline, equation and R
2
 value 

fitted to all scattergrams (Standard error bars:  1 Standard Error). c) Stomatal index (S.I.) 

versus Ann. Ppn (mm), d) S.I. versus Isothermality.  

 

The nested ANOVA found mean stomatal index of Acacia melanoxylon between sites 

along the precipitation transect did not vary significantly (P = 0.08), however, all 

other nested levels did exhibit significant differences (P < 0.001; Appendix 6.26a).  

The majority of variability in stomatal index was accounted for by trees within sites 

(Table 6.4; Appendix 6.26b & c) and as no significant difference was found between 

sites over this transect, no post hoc was undertaken.   

 
Table 6.4:  Percentage of observed variation attributed to nested factors in stomatal index of 

Acacia melanoxylon over a precipitation transect.  

 

Variation attributed to: Percentage variation 

Site 8.9% 

Trees within sites 50.7% 

Leaves within trees, within sites 12.5% 

Error variance 27.9% 
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Univariate linear regression found that total cell number of Acacia melanoxylon 

increased significantly with annual mean precipitation (R
2
 = 0.7518; P < 0.001; 

Figure 6.4a).  However, when a suite of environmental and climatic factors analysed 

using stepwise linear regression radiation warmest quarter (RwarmQ) accounted for 

94.6% of the change in mean site total cell number of A. melanoxylon over the 

precipitation transect (P < 0.001; R
2
 = 0.8954; Figure 6.4b; Appendix 6.27).   
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Figure 6.4: Stomatal frequency analysis of Acacia melanoxylon sampled across a 

precipitation transect (Ann. Ppn: 648-1279 mm). A linear trendline, equation and R
2
 

value fitted to all scattergrams (Standard error bars:  1 Standard Error): a) Total cell 

number (T.C.N.; mm
2
) versus Ann. Ppn (mm) and b) T.C.N. (mm

2
) versus radiation 

warm quarter (RwarmQ; mj/m
2
/d).  

 

Total cell number in Acacia melanoxylon demonstrated significant differences within 

all levels of nesting, over the precipitation transect (Appendix 6.28a).  Variance 

components analysis determined most of the change in total cell number was 

attributed to trees within sites over this transect (Table 6.5; Appendix 6.28b & c). Post 

hoc testing found total cell number from site 1 was significantly different (P < 0.05) 

from sites 8 – 12 over the precipitation transect (Appendix 6.29). 

 
Table 6.5:  Percentage of observed variation attributed to nested factors in total cell number 

of Acacia melanoxylon over a precipitation transect.  

 

Variation attributed to: Percentage variation 

Site 29.8% 

Trees within sites 51.4% 

Leaves within trees, within sites 14.4% 

Error variance 4.4% 
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6.3.2 Foliar micro-morphological response of Acmena smithii over a 

precipitation transect 

Stomatal density did not exhibit a significant difference in response to increasing 

annual mean precipitation over this transect (P > 0.10; Table 6.6; Figure 6.5a). 

Multivariate stepwise linear regression found high period radiation (Hi period R) 

accounted for 74.7% of the change in site mean stomatal density in Acmena smithii (P 

= 0.033; R
2
 = 0.5578; Figure 6.5b; Appendix 6.30).   

 

Table 6.6: Annual precipitation (Ann. Ppn.) values and corresponding mean stomatal 

density (S.D., mm
2
)  standard error (S.E.) of Acmena smithii from the precipitation 

transect. 
 

Site # 1 2 3 4 

Ann. Ppn 756 762 754 760 

S.D. 395 419 359 414 

S.E. 6.3 8.5 6.3 9.4 
     

Site # 6 7 8 9 

Ann. Ppn 899 918 1028 1027 

S.D. 340 415 496 433 

S.E. 6.3 5.3 10.4 7.5 

 

Stomatal density in Acmena smithii varied significantly within all nested levels over 

the precipitation transect (P < 0.005; Appendix 6.31a) and trees within sites attributed 

to most to the change in this character (Table 6.7 overleaf; Appendix 6.31b & c).  

Post hoc testing found stomatal density from site 1 to be significantly different from 

site 3, 5, 7 and 8 over the precipitation transect (P < 0.05; Appendix 6.32).  

 

a) b)

y = 0.2091x + 228.46

R
2
 = 0.2857

300

350

400

450

500

550

700 800 900 1000 1100

Ann. Ppn (mm)

S
.D

. 
(m

m
2
)

y = -152.86x + 4157.9

R
2
 = 0.5578

300

350

400

450

500

550

23.75 24 24.25 24.5 24.75

Hi period R (mj/m
2
/day)

S
.D

. 
(m

m
2
)

 
 

Figure 6.5: Stomatal frequency analysis of Acmena smithii sampled across a precipitation 

transect (Ann. Ppn: 756-1027 mm). A linear trendline, equation and R
2
 value fitted to all 

scattergrams (Standard error bars:  1 Standard Error). a) Stomatal density (S.D.; mm
2
) versus 

Ann. Ppn (mm), b) S.D. (mm
2
) versus high period radiation (Hi period R; mj/m

2
/d),  
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Table 6.7:  Percentage of observed variation attributed to nested factors in stomatal 

density of Acmena smithii over a precipitation transect.  

 

Variation attributed to: Percentage variation 

Site 26.0% 

Trees within sites 34.4% 

Leaves within trees, within sites 20.2% 

Error variance 19.4% 

 

Stomatal index of Acmena smithii exhibited a significant increase in response to 

increasing annual precipitation over this transect (P < 0.005; R
2
 = 0.7945; Table 6.8; 

Figure 6.6a).  However, stepwise linear regression found precipitation dry period 

(PdryPeriod) accounted for 91.6% of the observed change in site mean stomatal index 

of A. smithii over this transect when a large suite of variables were assessed (P = 

0.001; R
2
 = 0.839; Figure 6.6b; Appendix 6.33).   

 

Table 6.8: Annual precipitation (Ann. Ppn.) values and corresponding mean stomatal 

index (S.I.)  standard error (S.E.) of Acmena smithii from the precipitation transect. 
 

Site # 1 2 3 4 

Ann. Ppn 756 762 754 760 

S.I. 8.17 8.99 8.18 8.59 

S.E. 0.09 0.1 0.08 0.1 
     

Site # 6 7 8 9 

Ann. Ppn 899 918 1028 1027 

S.I. 8.77 9.39 9.76 9.76 

S.E. 0.08 0.07 0.13 0.11 
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Figure 6.6: Stomatal frequency analysis of Acmena smithii sampled across a precipitation 

transect (Ann. Ppn: 756-1027 mm). A linear trendline, equation and R
2
 value fitted to all 

scattergrams (Standard error bars:  1 Standard Error): a) stomatal index (S.I.) versus Ann. 

Ppn (mm) and b) S.I. versus precipitation dry period (PdryPeriod; mm). 
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The nested ANOVA found stomatal index varied significantly within all nested levels 

(P < 0.001; Appendix 6.34a).  Error variance contributed the greatest variation in 

stomatal index, just marginally greater than that attributed to sites along the 

precipitation transect (Table 6.9; Appendix 6.34b & c).  Post hoc testing of stomatal 

index from site 1 was significantly different from all other sites over this transect, 

except site 3 (Appendix 6.35).     

 

Table 6.9:  Percentage of observed variation attributed to nested factors in stomatal 

index of Acmena smithii over a precipitation transect.  

 

Variation attributed to: Percentage variation 

Site 30.2% 

Trees within sites 29.4% 

Leaves within trees, within sites 9.9% 

Error variance 30.5% 

 

Total cell number of Acmena smithii was not related to annual precipitation over the 

precipitation transect (P = 0.894; R
2
 = 0.0032; Table 6.10; Figure 6.7 overleaf).  Also, 

stepwise linear regression analysis was unable to produce a model to ascribe any 

variation in total cell number to any test variables, be it, biotic or abiotic. As no 

relationship was established between total cell number and any test variable used, no 

nested ANOVA, or post hoc testing was undertaken. 

 

Table 6.10: Annual precipitation (Ann. Ppn.) values and corresponding mean total 

cell numbers (T.C.N., mm
2
)  standard error (S.E.) of Acmena smithii from the 

precipitation transect. 
 

Site # 1 2 3 4 

Ann. Ppn 756 762 754 760 

T.C.N. 4832 4630 4373 4804 

S.E. 45 55 47 81 
     

Year 6 7 8 9 

Ann. Ppn 899 918 1028 1027 

T.C.N. 3869 4430 5027 4430 

S.E. 53 53 50 53 
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6.3.3 Foliar micro-morphological response of Eucalyptus obliqua over a 

precipitation transect 

Stomatal density- surface 1, surface 2 and combined leaf surfaces of Eucalyptus 

obliqua sampled over the precipitation transect was not responsive to increasing 

annual precipitation (P > 0.5; Table 6.11; Figure 6.8a – c overleaf).   

 

Table 6.11: Annual precipitation (Ann. Ppn.) values and corresponding mean 

stomatal density- surface 1 (S.D. surface 1, mm
2
), stomatal density- surface 2 (S.D. 

surface 2, mm
2
) and stomatal density- combined surfaces (S.D. combined surfaces, 

mm
2
)  standard error (S.E.) of Eucalyptus obliqua from the precipitation transect. 

 

Site # 1 2 3 4 5 6 7 8 9 

Ann. Ppn 790 686 754 858 990 753 939 1149 1243 

S.D. surface 1 213 258 250 252 261 264 386 262 254 

S.E. 3.2 4.3 3.8 2.7 3.7 3.5 11.2 4.2 4.6 
          

Site # 1 2 3 4 5 6 7 8 9 

Ann. Ppn 790 686 754 858 990 753 939 1149 1243 

S.D. surface 2 153 167 143 160 179 179 198 173 161 

S.E. 2.4 2.5 2.3 2.5 2.6 2.5 4.5 2.9 3.1 
          

Site # 1 2 3 4 5 6 7 8 9 

Ann. Ppn 790 686 754 858 990 753 939 1149 1243 

S.D. combined surfaces 366 425 393 412 439 443 583 435 415 

S.E. 4.8 5.8 4.9 4.1 5.4 4.9 13.1 6.4 6.9 

 

Figure 6.7: Stomatal frequency analysis of 

Acmena smithii sampled across a 

precipitation transect (Ann. Ppn: 756-1027 

mm). A linear trendline, equation and R
2
 

value fitted to all scattergrams (Standard 

error bars:  1 Standard Error): total cell 

number (T.C.N.) versus Ann. Ppn (mm)  
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Isothermality was found to account for 81.3, 79.7 and 84.2% of the change in site 

mean stomatal density- surface 1, surface 2 and combined surfaces, respectively over 

the precipitation transect (P ≤ 0.010; Figure 6.9 a – c overleaf; Appendices 6.36).  

When total carbon was combined with isothermality, these variables accounted for 

93.0% and 94.6% of the change in stomatal density- surface 1 and combined surfaces 

respectively, over this transect (P < 0.05; Appendix 6.36).  

 

 

Figure 6.8: Stomatal frequency analysis of 

Eucalyptus obliqua sampled across a 

precipitation transect (Ann. Ppn: 790-1243 

mm). A linear trendline, equation and R
2
 

value fitted to all scattergrams (Standard 

error bars:  1 Standard Error). a) Stomatal 

density (S.D. surface 1; mm
2
) versus Ann. 

Ppn (mm), b) S.D. surface 2 (mm
2
) versus 

Ann. Ppn (mm), c) S.D. combined surfaces 

(mm
2
) versus Ann. Ppn (mm) 
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Stomatal density- surface 1, surface 2 and combined surfaces of Eucalyptus obliqua 

exhibited significant differences in all nested levels over the precipitation transect 

(Appendices 6.37a - c).  For stomatal density- surface 1 and combined surfaces, sites 

over the precipitation transect accounted the majority of variability in these 

characters, while error variance contributed the most change in stomatal density- 

surface  2 (Table 6.12; Appendices 6.37d - i). 

 

 
Table 6.12:  Percentage of observed variation attributed to nested factors in stomatal density- 

surface 1, surface 2 and combined surfaces of Eucalyptus obliqua over a precipitation 

transect.  

 

Variation attributed to: Percentage variation 

Stomatal density- surface 1  

Site 48.6% 

Trees within sites 16.5% 

Leaves within trees, within sites 24.4% 

Error variance 10.5% 

Stomatal density- surface 2  

Site 25.1% 

Trees within sites 17.6% 

Leaves within trees, within sites 25.2% 

Error variance 32.1% 

Figure 6.9: Stomatal frequency analysis of 

Eucalyptus obliqua sampled across a 

precipitation transect (Ann. Ppn: 790-1243 

mm). A linear trendline, equation and R
2
 

value fitted to all scattergrams (Standard 

error bars:  1 Standard Error). a) Stomatal 

density (S.D. surface 1, mm
2
) versus 

isothermality, b) S.D. surface 2 (mm
2
) 

versus isothermality and c) S.D. combined 

surfaces (mm
2
) versus isothermality. 
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Stomatal density- combined surfaces  

Site 48.1% 

Trees within sites 16.2% 

Leaves within trees, within sites 24.8% 

Error variance 10.9% 

 

Post hoc testing found stomatal density- surface 1 of Eucalyptus obliqua from site 1 

was significantly different from all other sampled sites over the precipitation transect 

(P < 0.05; Appendix 6.38a).  Stomatal density- surface 2 from site 1 was found to be 

significantly different from sites 2, 5 – 8 (P < 0.05; Appendix 6.38b) and stomatal 

density- combined surfaces from site 1 was significantly different from all sites over 

the transect, except site 3 (P < 0.05; Appendix 6.38c). 

 

No significant relationship was observed between stomatal index- surface 1, 2 and 

combined leaf surfaces and annual precipitation in Eucalyptus obliqua over the 

precipitation transect (P > 0.80; Table 6.13; Figure 6.10 overleaf).   

 
Table 6.13: Annual precipitation (Ann. Ppn.) values and corresponding mean stomatal index- 

surface 1 (S.I. surface 1, mm
2
), stomatal index- surface 2 (S.I. surface 2, mm

2
) and stomatal 

index- combined surfaces (S.I. combined surfaces, mm
2
)  standard error (S.E.) of Eucalyptus 

obliqua from the precipitation transect. 

 

Site # 1 2 3 4 5 6 7 8 9 

Ann. Ppn 790 686 754 858 990 753 939 1149 1243 

S.I. surface 1 8.64 9.3 9.07 9.57 9.23 9.1 10.31 8.86 9.27 

S.E. 0.1 0.1 0.1 0.08 0.09 0.12 0.13 0.13 0.09 
          

Site # 1 2 3 4 5 6 7 8 9 

Ann. Ppn 790 686 754 858 990 753 939 1149 1243 

S.I. surface 2 7.16 7.12 6.46 7.15 7.4 7.31 6.76 6.86 7.1 

S.E. 0.09 0.1 0.1 0.1 0.1 0.11 0.19 0.09 0.1 
          

Site # 1 2 3 4 5 6 7 8 9 

Ann. Ppn 790 686 754 858 990 753 939 1149 1243 

S.I. combined surfaces 7.96 8.28 7.91 8.46 8.38 8.28 8.7 7.94 8.28 

S.E. 0.08 0.08 0.08 0.07 0.08 0.1 0.11 0.1 0.07 
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Stepwise linear regression determined diurnal range contributed 68.2% and 73.9% of 

the change in site mean stomatal index- surface 1 and combined surfaces, respectively 

over this transect (P = 0.043 & 0.023; Figure 6.11a & b; Appendix 6.39).  Variability 

in stomatal index- surface 2 was non responsive to any examined test variable, 

therefore no further analysis was performed on this character.  
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Figure 6.11: Stomatal frequency analysis of Eucalyptus obliqua sampled across a 

precipitation transect (Ann. Ppn: 790-1243 mm). A linear trendline, equation and R
2
 value 

fitted to all scattergrams (Standard error bars:  1 Standard Error). a) Stomatal index (S.I.) 

surface 1 versus diurnal range (C) and b) S.I. combined surfaces versus diurnal range (C). 

 

Figure 6.10: Stomatal frequency analysis of 

Eucalyptus obliqua sampled across a 

precipitation transect (Ann. Ppn: 790-1243 

mm). A linear trendline, equation and R
2
 value 

fitted to all scattergrams (Standard error bars:  

1 Standard Error). a) Stomatal index (S.I. 

surface 1) versus Ann. Ppn (mm), b) S.I. 

surface 2 versus Ann. Ppn (mm), c) S.I. 

combined surfaces versus Ann. Ppn (mm), 
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A significant difference (P ≤ 0.001) was found within all nested factors for stomatal 

index- surface 1 and between tress within sites and within trees for stomatal index- 

combined surfaces in Eucalyptus obliqua (Appendix 6.40a & b).  From assessment of 

variance components the error variance accounted for the majority of change in both 

stomatal index- surface 1 and combined surfaces over the precipitation transect (Table 

6.14; Appendix 6.40c - f).  

 
Table 6.14:  Percentage of observed variation attributed to nested factors in stomatal index- 

surface 1, surface 2 and combined surfaces of Eucalyptus obliqua over a precipitation 

transect.  

 

Variation attributed to: Percentage variation 

Stomatal index- surface 1  

Site 16.4% 

Trees within sites 16.1% 

Leaves within trees, within sites 23.2% 

Error variance 44.3% 

Stomatal index- combined surfaces  

Site 3.0% 

Trees within sites 36.0% 

Leaves within trees, within sites 21.6% 

Error variance 39.4% 

 

Post hoc testing found stomatal index- surface 1 site 1 of Eucalyptus obliqua to be 

significantly different (P < 0.05) from sites 2, 4, 5, 7 and 9 over the precipitation 

transect (Appendix 6.41).  As stomatal index- combined surfaces did not vary 

significantly between sites over this transect, no post hoc testing was undertaken. 

 

Total cell number- surface 1, 2 and combined surfaces of Eucalyptus obliqua sampled 

from the precipitation transect was not influenced by annual precipitation (P > 0.60 

Table 6.15 overleaf; Figure 6.12). 
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Table 6.15: Mean annual temperature (MAT) values and corresponding mean total 

cell number- surface 1 (T.C.N. surface 1, mm
2
), total cell number- surface 2 (T.C.N. 

surface 2, mm
2
) and total cell number- combined surfaces (T.C.N. combined surfaces, 

mm
2
)  standard error (S.E.) of Eucalyptus obliqua from the precipitation transect. 

 

Site # 1 2 3 4 5 6 7 8 9 

Ann. Ppn 790 686 754 858 990 753 939 1149 1243 

T.C.N. surface 1 2472 2777 2762 2644 2845 2927 3737 2988 2740 

S.E. 34 35 41 27 47 45 91 52 46 
          

Year 1 2 3 4 5 6 7 8 9 

Ann. Ppn 790 686 754 858 990 753 939 1149 1243 

T.C.N. surface 2 2144 2351 2224 2243 2430 2474 3024 2532 2270 

S.E. 29 25 27 23 34 37 72 42 37 
          

Year 1 2 3 4 5 6 7 8 9 

Ann. Ppn 790 686 754 858 990 753 939 1149 1243 

T.C.N. combined 

surfaces 4617 5129 4986 4887 5275 5401 6760 5521 5010 

S.E. 61 56 65 46 77 79 159 91 80 
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Stepwise linear regression found isothermality accounted for 82.9, 82.5 and 83.1% of 

change in site mean total cell number- surface 1, 2 and combined surfaces 

respectively, in Eucalyptus obliqua over the precipitation transect (P = 0.006; Figure 

6.13 overleaf; Appendix 6.42).  When isothermality was combined with total nitrogen 

Figure 6.12: Stomatal frequency analysis of 

Eucalyptus obliqua sampled across a 

precipitation transect (Ann. Ppn: 790-1243 

mm). A linear trendline, equation and R
2
 value 

fitted to all scattergrams (Standard error bars:  

1 Standard Error). a) Total cell number (T.C.N. 

surface 1; mm
2
) versus Ann. Ppn (mm), b) 

T.C.N. surface 2 (mm
2
) versus Ann. Ppn (mm), 

c) T.C.N. combined surfaces (mm
2
) versus 

Ann. Ppn (mm),  
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(%w/w) these factors accounted for 92.7, 92.9 and 93.1% of variability in total cell 

number- surface 1, 2 and combined surfaces in E. obliqua (Appendix 6.42).  
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Total cell number- surface 1, surface 2 and combined surfaces of Eucalyptus obliqua 

varied significantly within all nested levels over the precipitation transect 

(Appendices 6.43a - c).  The majority of variability within total cell numbers in E. 

obliqua were attributed to trees within sites across this transect (Table 6.16; Appendix 

6.43g - i).   

 

Table 6.16:  Percentage of observed variation attributed to nested factors in total cell number- 

surface 1, surface 2 and combined surfaces of Eucalyptus obliqua over a precipitation 

transect.  

 

Variation attributed to: Percentage variation 

Total cell number- surface 1  

Site 32.0% 

Trees within sites 39.9% 

Leaves within trees, within sites 21.3% 

Error variance 6.8% 

Total cell number- surface 2  

Site 29.1% 

Trees within sites 39.8% 

Leaves within trees, within sites 22.2% 

Figure 6.13: Stomatal frequency analysis of 

Eucalyptus obliqua sampled across a 

precipitation transect (Ann. Ppn: 790-1243 

mm). A linear trendline, equation and R
2
 

value fitted to all scattergrams (Standard 

error bars:  1 Standard Error). a) Total cell 

number (T.C.N. surface 1, mm
2
) versus 

isothermality, b) T.C.N. surface 2 (mm
2
) 

versus isothermality and c) T.C.N. combined 

surfaces (mm
2
) versus isothermality. 
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Error variance 8.9% 

Total cell number- combined surfaces  

Site 32.2% 

Trees within sites 41.4% 

Leaves within trees, within sites 22.1% 

Error variance 4.3% 

 

Post hoc testing found total cell number- surface 1 from site 1 of Eucalyptus obliqua 

significantly different from all sites except for site 4 over the precipitation transect (P 

< 0.05; Appendix 6.44a).  Total cell number- surface 2 site 1 was significantly 

different from sites 2, 6 - 8 and total cell number- combined surfaces site 1 was 

significantly different from all other sites over the precipitation transect except sites 3 

and 4 (P < 0.05; Appendix 6.44b & c).  

 

6.4 Discussion 

 

The primary factors affecting stomatal frequency in Acacia melanoxylon, Acmena 

smithii and Eucalyptus obliqua varied between species, highlighting the species 

specificity of these characters.  As different climatic and environmental variables 

affect these species, the impacts of these factors upon each of species will be 

discussed separately below. 

 

6.4.1 Environmental and climatic impacts upon stomatal frequency of 

Acacia melanoxylon 

Annual precipitation was not found to be the primary factor related to stomatal 

frequency of Acacia melanoxylon.  Isothermality was the primary factor found to be 

significantly correlated to stomatal index in positive manner over the precipitation 

transect.  Increased isothermality indicates a decrease in annual temperature range in 

comparison to diurnal temperature change, resulting in decreased temperature 

heterogeneity throughout the year.  In turn, this may lead to increased stomatal 

formation on the leaf surface of Acacia melanoxylon, in response to reduced 

temperature extremes and thereby increasing photosynthetic and biomass production 

potential. 
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The second climatic variable to be significantly associated with stomatal index, and 

the primary factor to be related to stomatal density in Acacia melanoxylon over this 

transect was annual mean radiation.  Increased solar radiation levels will increase the 

amount of light energy absorbed by a leaves, therefore, this will increase leaf 

temperature (Niinemets, 1996). Elevated leaf temperatures may result in thermal 

damage to the leaves photosynthetic apparatus; in an attempt to reduce potential 

thermal damage leaves must employ a cooling mechanism.  Two such mechanisms 

exist, 1) convective cooling, which is primarily used in small-leaved species and 2) 

transpirational cooling- used in larger-leaved species (Vogel, 1973; McDonald et al., 

2003).  As A. melanoxylon has small phyllodes the primary means of heat dissipation 

will be via convective cooling.  As stomatal density was found to decrease in response 

to increased radiation levels, this does suggest that convective and not transpirational 

cooling is the main heat dissipation in this species.  

    

The secondary variable to influence stomatal density, and third for stomatal index in 

Acacia melanoxylon over the precipitation gradient was temperature seasonality; 

denoting differences between summer and winter temperatures (Appendix 6.22 & 

6.25).  Increased temperature seasonality results in a need to balance morphological 

adaptations to reduce increasing transpirational loads in warmer summers, while 

promoting gas exchange in cooler winters, hence maintaining photosynthetic output 

(Fordyce et al., 1995; James and Bell, 1995; Wentworth et al., 2006).  Increased 

stomatal density and index in Acacia melanoxylon will allow flexible and precise 

regulation of water loss, and also enhances gas exchange when required. 

 

Factors found to both influence stomatal density and index of Acacia melanoxylon 

over the precipitation transect had direct effects on leaf temperature and thermal 

loading and hence, transpiration rates.  The response of these stomatal characters over 

this transect were aimed at alleviating plant water stress, which would have been 

confounded by reducing annual precipitation. 

 

Mean total cell numbers decreased, indicating an increase in epidermal and stomatal 

cell size, in Acacia melanoxylon over the precipitation transect as radiation warmest 

quarter increased (Appendix 6.27).  Therefore, larger leaf cells were found in the drier 

regions of the precipitation transect where radiation warmest quarter was greatest.  
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Increased radiation loads would increase leaf temperature and hence, transpiration 

rates (Zeppel et al., 2008).  Transpirational rates may be reduced by stomatal closure, 

however, a consequence of decreasing transpiration losses is that there is also reduced 

nutrient uptake (Givnish and Vermeij, 1976).  Diminished nutrient availability would 

have a direct effect upon the cell cycle, as cell division requires synthesis of new 

organelles resulting in nutrient expenditure (Roggatz et al., 1999).  Whereas 

increasing cell size would still allow leaf expansion to occur, though it would be 

cheaper in terms of nutrient currency.  Increases in cell size and thus reductions in 

total cell number in response to increased irradiance levels in A. melanoxylon, has 

also previously been observed by Furukawa (1997) and Pandey et al. (2003).  

 

Significant differences were observed within all nested levels for stomatal density, 

index and total cell number Acacia melanoxylon over the precipitation transect.  

However, changing environmental and climatic variables between sites over this 

transect did not impart the most influence upon stomatal density and index in A. 

melanoxylon, there is potential for these characters to be used as a palaeo-[CO2] 

proxy, as these variables do not appear to confound the CO2 signal.  Intrinsic variation 

between trees within sites that accounted for the majority of variability observed in 

the examined leaf characters.  This intrinsic variation in stomatal characters between 

trees would be attributed to genotypic variability, as sites were selected based on their 

homogeneity.  Although, some microsite variation may be responsible for some of the 

within-site variability in stomatal characters over the precipitation transect (Appendix 

6.23c & 6.28c).  To mitigate the potential of intrinsic variation to obscure a CO2 

signal the use large sample sizes would be recommended. 

 

6.4.2 Environmental and climatic impacts upon stomatal frequency of 

Acmena smithii 

Stomatal density and total cell number of Acmena smithii did not respond 

significantly to increasing precipitation over this transect, suggesting that water 

availability was not the primary factor controlling stomatal numbers or cell size in this 

species (Figure 4.9a & c).  High period radiation was found to be the primary variable 

influencing stomatal density over the precipitation transect.  This irradiance variable 

refers to the time in the year when irradiance levels are most elevated, that is, during 

the hottest part of the year when transpirational stress will be its greatest.  
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Transpirational losses will be even more exaggerated under reduced precipitation 

regimes.  Acmena smithii may reduce transpirational loads and hence water stress by 

decreasing stomatal density, therefore reducing the transpirational surface area 

(Awada et al., 2002; Luo et al., 2006).  Previous studies have also found irradiance to 

alter foliar morphology and physiology (Fitter and Hay, 1987; Mott and Michaelson, 

1991; Hopkins, 1995; Niinemets, 1996; Gitz III et al., 2005). 

 

Stomatal index in Acmena smithii demonstrated a significant positive relationship to 

increasing annual precipitation (P < 0.005) indicating water availability did alter 

stomatal index, however, this was not the primary variable influencing this character.  

Precipitation driest period was found to exert the greatest influence upon mean 

stomatal index of A. smithii over the precipitation transect (Appendix 6.33).  Acmena 

smithii is a warm temperate rainforest tree species occurring in areas receiving greater 

than 700 mm of precipitation per annum (Boland et al., 1984), therefore one would 

expect precipitation during the driest period to cause the greatest water stress upon 

this species.  Reducing stomatal index will decrease water loss via transpiration 

during this period by reducing the transpirational surface area (Luo et al., 2006).  

Stomatal initiation in Acmena smithii is dictated by the period of greatest water stress, 

this finding agrees with that of Xu and Zhou (2005), who found stomatal index to 

decrease during times of severe water stress. 

 

Total cell number in Acmena smithii was not influenced by annual precipitation or 

any other tested variable over this transect (Figure 6.7); demonstrating that any 

change in stomatal density was not attributed to changing epidermal cell size.  

 

Genotypic variation in stomatal density of Acmena smithii within sites over the 

precipitation transect exerted the greatest influence on this character when all nested 

levels were analysed, therefore climatic and / or environmental factors aren’t the 

primary controller(s) of this character.  Sites along this transect and error variance 

accounted for the most variation in stomatal index (Table 6.9).  Due to the strong 

correlation between precipitation driest quarter and stomatal initiation in A. smithii, 

this may potentially obscure any [CO2] signal. 
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6.4.3 Environmental and climatic impacts upon stomatal frequency of 

Eucalyptus obliqua 

Stomatal density, index and total cell number from leaf surface 1, 2 and combined 

surfaces in Eucalyptus obliqua were found to be insensitive to increasing annual 

precipitation over the precipitation transect (Figure 6.9a – c & 6.13 - 6.14 a - c).  This 

suggests E. obliqua may resist water stress by isohydry (stomatal transpiration 

control), anisohydry (physiological tolerance) and access to soil water via a deep tap 

root (Baldocchi & Xu, 2007; Franks et al., 2007). 

 

Isothermality was the primary factor related to pooled mean stomatal density and total 

cell number- surface 1, 2 and combined surfaces of Eucalyptus obliqua over the 

precipitation transect (Appendix 6.36 & 6.42).  Reduced isothermality suggests an 

increase in annual temperature range in comparison to diurnal temperature change, 

resulting in increased temperature flux throughout the year.  Increases in all stomatal 

density characters in E. obliqua in response to decreasing isothermality would allow 

flexible and precise regulation of water loss during warmer periods, and also enhances 

gas exchange when required during cooler periods (Fordyce et al., 1995; James and 

Bell, 1995; Wentworth et al., 2006).  Increases in pooled mean total cell number- 

surface 1, 2 and combined surfaces in Eucalyptus obliqua in response to decreasing 

isothermality indicates reductions in epidermal cell and stomatal size.  Therefore, the 

primary driver of stomatal density change is not a direct effect of environmental 

factors, but rather an indirect effect of these factors reducing epidermal cell and 

stomatal size. 

 

Soil carbon content was the second parameter to associate with stomatal density- 

surface 1 and combined surfaces in Eucalyptus obliqua over precipitation transect 

(Appendix 6.36a & c).  Soil carbon content is directly associated with soil organic 

matter content, soil microbial biomass and activity, hence overall soil nutrient 

availability (Ceulemans et al., 1999; Cardon et al., 2001).  As CO2 uptake and 

photosynthetic rates were proportional to nutrient uptake (Delaire et al., 2005), this 

would suggest that soil nutrient content is influencing stomatal density- surface 1 and 

combined surfaces in E. obliqua, based on photosynthetic potential.  Bussotti et al. 

(2005) also found stomatal frequency to be influenced by soil carbon content. 
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Total cell number- surface 1, 2 and combined surfaces were also significantly altered 

by soil nitrogen content in Eucalyptus obliqua over precipitation transect (Appendix 

6.42).  Increased soil nitrogen levels have been found to increase photosynthetic 

potential, relative growth rates and cell division, and therefore increasing total cell 

number (Roggatz et al., 1999).  This response is consistent with these findings. 

 

Diurnal temperature range was the only environmental variable found to significantly 

decrease pooled mean stomatal index – surface 1 and combined surfaces in 

Eucalyptus obliqua over the precipitation gradient (Appendix 6.39).  Increasing 

diurnal temperature range indicates larger differences between day and night-time 

temperature, therefore, this would result in cooler morning and dusk temperatures.  As 

leaves of Eucalyptus obliqua hang vertically photosynthesis occurs primarily in the 

morning and late in the afternoon (Körner and Cochrane, 1985) and cooler 

temperatures would reduce transpirational loads. Reductions in transpirational stress 

resulted in reduced stomatal indices and possibly prolonged stomatal opening; this 

proportional relationship between stomatal index and water stress has been previously 

observed in the Eucalyptus genus (Körner and Cochrane, 1985; Fordyce et al., 1995; 

James and Bell, 1995).   

 

Stomatal index- surface 2 of Eucalyptus obliqua was not influenced by precipitation, 

or any other environmental variable assessed over the precipitation transect. This 

suggests that site-specific (microsite) factors, not assessed in this study, are affecting 

stomatal index- surface 2 of E. obliqua.  Previous studies have also found microsite 

factors to significantly affect stomatal frequency (Körner and Cochrane, 1985; 

Hovenden and Brodribb, 2000; Luo et al., 2006).     

 

Variation between sites accounted for the majority of change in stomatal density- 

surface 1 and combined surfaces of Eucalyptus obliqua over the precipitation transect 

(Table 6.11).  Therefore, these characters have the potential to track changing 

environmental variables over this gradient.  Variation among stomatal frequency 

within individual leaves (error variance) accounted for most of the variability in 

stomatal density- surface 2 and stomatal index- surface 1 and combined surfaces, 

indicating that environmental variables do not exert the greatest influence upon these 

characters over the precipitation transect (Table 6.11 & 6.12).  Variation between 
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trees within sites, that is genotypic variability, accounted for the majority of variation 

in all total cell number characters over the precipitation in Eucalyptus obliqua (Table 

6.14).  Microsite variation was also observed in total cell numbers over this transect 

(Appendix 6.43); the combination of these two factors would mask any potential 

ability for total cell number to track environmental change.  

 

6.5 Conclusions 

 

Climatic and environmental factors were found to influence stomatal density, index 

and total cell number of Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua 

over a precipitation gradient, however, in the majority of cases these variables were 

not the primary drivers altering stomatal frequency.  Isothermality and total soil 

carbon were the only two climatic and environmental factors that accounted for the 

majority of variation in the tested stomatal characters, that being, stomatal density- 

surface 1 and combined surfaces of E. obliqua over the transect.  Therefore, stomatal 

density- surface 1 and combined surfaces of E. obliqua may be significantly altered 

by these variables, which in turn may obscure any potential CO2 signal within this 

stomatal character and limit the potential use of this species as proxy-[CO2] indicator. 

 

Climatic and environmental variables significantly altered stomatal frequencies in 

these species by affecting plant water status and stomatal frequencies responded to 

these stressors possibly to minimise transpiration loss and maintain photosynthetic 

output.  However, the majority of variability in stomatal frequencies was not 

attributed to these factors.  Genotypic variation produced the greatest variability 

stomatal density, index and total cell number over the precipitation gradients in all test 

species (except for stomatal density in Eucalyptus obliqua).   

 

As genotypic variation and not climatic or environmental variables was found to exert 

the greatest influence upon stomatal density, index and total cell number in Acacia 

melanoxylon, Acmena smithii and stomatal index and total cell number Eucalyptus 

obliqua over the precipitation transects, it may be concluded that the potential of 

environmental and / or climatic variables assesses in this study to obscure a long-term 

CO2 signal would be minimal in these species.  However, large sample sizes would be 
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recommended to reduce the possible impact of genotypic variation upon any [CO2] 

estimate. 
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Comparison of micro- and macro-morphological plant 
characteristics in Acacia melanoxylon, Acmena smithii and 

Eucalyptus obliqua to growth in ambient and superambient pCO2 

 

  

Abstract 
In order to increase the potential application of stomatal frequency as a proxy-CO2 

measure, 30 seedlings of Acacia melanoxylon, Acmena smithii and Eucalyptus 

obliqua were grown in a controlled environment glasshouse under 23ºC day / 15ºC 

night time temperatures exposed to either ambient (360 ppm) or elevated (550 ppm) 

[CO2] for four months. Upon harvesting five plants from each CO2 treatment were 

randomly selected for macro- and micro-morphological character assessment.  

Significant increases in macro-morphological characters were found in elevated CO2 

treatments, with A. smithii increasing branch number by 75%, tree height (cm) by 

44%, stem and root mass (g) by 64.9 and 53.8%, and leaf area (cm
2
) and specific leaf 

are (cm
2
/g) by 13.2 and 15.7%, while root : shoot ratio and specific leaf area increased 

in  A. melanoxylon by 100 and 10.8% and only leaf number increased in E. obliqua by 

42.3%.  While stomatal density and index significantly decreased and total cell 

number significantly increased in A. melanoxylon and A. smithii by 12.4, 20.6 and 

14.3%, and 10.7, 17.2 and 7.2%, respectively.  Whereas a significant increase was 

only found in stomatal index of E. obliqua by 16.1, 13.8 and 15.3% from leaf surface- 

1, 2 and combined surfaces and total cell number decreased by 14.1, 13.2 and 13.7% 

for separate and combined leaf surfaces.  Acmena smithii was the only test species to 

demonstrate a fertilisation effect after exposure to elevated [CO2], while micro-

morphological characters were capable of responding to superambient [CO2] in all 

test species..        

 

 

7.1  Introduction 

 

Due to ever increasing greenhouse gas emissions, primarily from anthropogenic 

sources, atmospheric CO2 concentration is expected to elevate from ~360 to between 

700 - 1000 parts per million (ppm) by the year 2100 (Makino and Mae, 1999; IPCC, 

2007).  Therefore, much scientific effort has been expended to examine how 

individual plants, plant communities and ecosystems will respond to a high CO2 

atmosphere (Beier, 2004; Sholtis et al., 2004; Turnbull et al., 2004).  A superambient 

CO2 atmosphere by may created artificially by using growth chambers, open top 

chambers or free-air CO2 enrichment (FACE) systems or by using natural CO2 springs 

(Lodge et al., 2001; Royer, 2001; Marchi et al., 2004; Tay and Furukawa, 2008; 

Soares et al., 2008). 

 

A unique characteristic of growing plants at superambient [CO2] is that not only can 

micro-morphological characters such as stomatal frequency be determined, but also 
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macro-morphological characteristics relating to leaf, stem and root biomass can also 

be assessed (O’Leary and Knecht, 1981; Hunt et al., 1991; Spring et al., 1996; Stiling 

et al., 2004).  This may provide valuable information on whole plant response to 

future CO2 concentrations, such as, a possible fertilisation effect and altered biomass 

allocation, both of which may influence competitive ability (Diaz et al., 1993; Stitt, 

1993; Ceulemans and Mousseau, 1994; Stiling et al., 2004).  This avenue of 

investigation is unavailable in subambient [CO2] approaches, such as, historical, 

subfossil and fossil analysis. 

 

As with subambient [CO2] studies, stomatal frequency analysis from superambient 

[CO2] research has demonstrated a species specific response (Eamus 1992; 

Woodward and Kelly, 1995; Indermuhle et al., 1999; Royer, 2001; Calfapietra et al., 

2003; Belote et al., 2004).  Much of the research has found stomatal frequency to be 

negatively correlated to CO2 rise (Royer, 2001; Baars and Edwards, 2008), however,  

positive correlations (Ferris and Taylor, 1994; Dixon et al., 1995; Soares et al., 2008) 

and no significant change (Drake, 1992; Estiarte et al., 1994; Riikonen et al., 2008) 

have also been observed.  

 

The majority of studies investigating the effect of superambient [CO2] on plant micro- 

and macro-morphology have been, primarily of North American and European origin, 

directed at grass, crop, coniferous and deciduous tree species (Karnosky et al., 2001; 

Wagner et al., 2005).  Whilst there has been relatively little assessment of stomatal 

frequency response to [CO2] conducted on broad-leaved evergreen, and Australian 

tree species (Atchison et al., 2000; Greenwood et al., 2003).  To date all superambient 

[CO2] Australian studies have not addressed micro-morphological characters, such as, 

stomatal frequency (Roden et al., 1997; Schortemeyer et al., 1999; Hovenden and 

Schimanski, 2000).  

 

If stomatal frequency is to be employed as a proxy indicator of atmospheric [CO2], it 

is 1) important to establish a relationship between stomatal frequency and subambient 

[CO2], that is, does stomatal frequency have the ability to track past changes in [CO2] 

(Rundgren and Beerling, 1999; Wagner et al., 1999); and 2) to demonstrate that 

stomatal frequency has the plasticity to respond to, and track future changes in [CO2] 

(Osborne and Beerling, 2002).  Addressing the second point is of vital importance as 
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palaeo-CO2 concentrations are thought to have been much higher than current 

ambient [CO2] throughout the geological past (Berner, 1993; McElwain and Chaloner, 

1995; Royer et al., 2001; Greenwood et al., 2003; Kürschner et al., 2008). 

 

7.1.2 Aims 

The aims of this chapter are two-fold: 

1) Examine the plasticity of micro-morphological leaf characters, such as, 

stomatal frequency in Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua to 

respond to superambient [CO2], and hence, assess their potential to be employed as a 

proxy-CO2 indicator species. 

2). Assess the impact of superambient CO2 concentration on macro-

morphological plant characteristics, such as, biomass and biomass allocation within 

these species, and whether this will significantly alter plant morphology in a future 

elevated [CO2] environment. 

 

7.1.3 Hypotheses 

The hypotheses to be tested in this chapter are: 

1) Exposure to superambient [CO2] will decrease stomatal frequency in Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua.   

2) Biomass allocation to root, stem and leaf tissue will alter as result of 

exposure to superambient [CO2] in Acacia melanoxylon, Acmena smithii and 

Eucalyptus obliqua.   

 

7.2   Methods 

 

Thirty seedlings of Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua were 

purchased as 1cm tube stock and transported to School of Plant Sciences, University 

of Tasmania (Hobart Campus), to be grown in an ambient / elevated [CO2] 

glasshouse.  

 

7.2.1 Growth chamber experiment  

Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua seedlings were 

acclimated in the glasshouse for three weeks before being re-potted for the 
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commencement of the growth chamber experiment.  Re-potting consisted of the tube 

stock being transferred into individual 22 cm diameter pots (6L volume) containing a 

1:1 mixture of sharp sand and composted pine bark.  Osmocote™ nine month slow 

release fertilizer (Scotts-Siera Horticultural Products, USA) was also added to each 

pot.  

 

Fifteen specimens from each species were placed on two benches in a randomised 

block design within each glasshouse cell (ambient / elevated [CO2]).  Carbon dioxide 

concentrations were maintained at an elevated level of 550ppm (+/- 40ppm; the 

concentration expected to be reached by 2050) and at an ambient level of 360ppm (+/- 

40 ppm), depending on local weather conditions.  Air temperature within each cell 

was maintained at 23ºC day / 15ºC night time temperatures on a 14 / 10 hr cycle.  

Both glasshouse cells were watered automatically twice a day keeping the soil moist 

at all times.     

 

Plants were exposed to ambient and elevated [CO2] for four months, after which all 

plants were harvested by removing above ground biomass at soil level, placing plant 

material in paper bags and oven drying at 70ºC for 48 hrs.  Below ground biomass 

was harvested by cutting away the plastic pot and removing as much of the soil as 

possible.  Then the root system with remaining attached soil was placed in sealed 

plastic bags and stored at 5ºC, until all plant material was returned to Victoria 

University, Melbourne for further analysis.  

 

Upon arrival at Victoria University all plants were stored at 4ºC until macro- and 

micro-morphological analyses were undertaken.  Analyses were conducted on five 

plants from each [CO2] treatment, for each of the three species.  A random number 

table was used to select the five plants to be analysed.  

 

7.2.2 Macro-morphological character analysis 

Five randomly selected plants from elevated and ambient [CO2] treatments underwent 

macro-morphological character assessment.  The morphological characters to be 

assessed included: root mass (g), tree height (cm), branch number, leaf number, leaf 

mass (g), stem mass (g), plant mass (g), root:shoot ratio, leaf area (cm
2
) and specific 

leaf area (cm
2
/g). 
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Root mass was determined by placing root material and attached soil into a four sieve 

series (4mm, 2mm, 1mm & 500m) and this was gently washed with tap water for 

approximately 30 seconds.  The separated root material was then removed from the 

sieves, placed in labelled plastic bags and dried in a Thermoline laboratory oven 

until no further weight was lost.  Dried root mass (g) was recorded using Sartorius 

BP3100s analytical scales with a calibrated weighing boat. 

 

Tree height (cm) was measured from the base of the stem, which had been cut at soil 

level, to the upper most plant part.  Branch number was noted as the number of stems 

branching off the main stem.  All leaves were then removed and counted.  Leaf mass 

(g) and stem mass (g) were determined as per root mass and these three measures 

were also added to yield plant mass (g).  Root:shoot ratio was calculated by  dividing 

root mass by shoot mass (stem + leaf mass), as described in Liu et al. (2002).   

 

Leaf area (cm
2
) and specific leaf area (cm

2
/g) were determined by selecting 15 

representative leaves from each sampled tree, the leaves were photocopied and the 

image transferred to a PC using a flat-bed scanner.  Leaf area was then calculated 

using Scion Image software (Release Beta 4.0.2).  The specific leaf areas of 

individual leaves were then calculated using Equation 7.1.   

 

SLA =   Leaf area (cm
2
)   

   Leaf weight (g)                 (Garnier et al. 2001; Equation 7.1) 

 

7.2.3 Micro-morphological character analysis 

Five representative leaves were chosen from each tree of each species from elevated 

and ambient [CO2] treatments with cuticle digestion and stomatal counts being 

conducted as described in General methods- Chapter 2.  

 

7.2.4 Statistical analysis 

An independent T-test ( = 0.05) was conducted using Microsoft Excel 2000 to 

determine whether elevated [CO2] elicited a significant change in any of the mean 

macro- or micro-morphological leaf characteristics tested. 
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7.3   Results 

 

Macro-morphological and micro-morphological characteristics of Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua, are presented in Appendix 7.1-

7.6, respectively. 

 

7.3.1 Macro- and micro-morphological response of Acacia melanoxylon 

to growth at elevated and ambient [CO2] 

Mean values of the assessed macro-morphological characters in Acacia melanoxylon 

all increased under elevated [CO2] compared to the mean values from ambient [CO2].  

Two out of the 10 macro-morphological characters examined demonstrated a 

significant increase (P < 0.05) in response to superambient [CO2] exposure.  

Root:shoot ratio  increased by 100% from 0.23 ± 0.04 to 0.46 ± 0.02, while specific 

leaf area increased by 10.8% from 99.7 ± 2.6 to 110.4 ± 3.2 cm
2
/g (Figure 7.1 

overleaf; Appendix 7.7). 

 

All micro-morphological characters demonstrated significant differences (P < 0.05) 

when grown at elevated [CO2].  Stomatal density and index in Acacia melanoxylon 

decreased by 12.4% (371 ± 5.6 to 325 ± 5.6 mm
2
) and 20.6% (8.82 ± 0.19 to 7.00 ± 

0.19), respectively and total cell number increased by 14.3% (4404  141 to 5033  

227 mm
2
) when grown at 550ppm CO2 (Figure 7.2 overleaf; Appendix 7.8).   
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Figure 7.1: Histograms of means ( 1 Standard Error) from macro-morphological 

characteristics of Acacia melanoxylon, grown at elevated [CO2] (Hi = 550ppm) and ambient 

[CO2] (Lo = 360ppm); a) branch number, b) leaf mass (g), c) plant mass (g), d) root:shoot 

ratio, e) leaf number, f) tree height (cm), g) stem mass (g), h) root mass (g), i) leaf area (cm
2
) 

and j) specific leaf area (cm
2
/g). 
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Figure 7.2: Histograms of means ( 1 Standard Error) from micro-morphological 

characteristics of Acacia melanoxylon, grown at elevated [CO2] (Hi = 550 ppm) and 

ambient [CO2] (Lo = 360 ppm); a) stomatal density (S.D.; mm
2
), b) stomatal index 

(S.I.) and c) total cell number (T.C.N.; mm
2
). 

 

7.3.2 Macro- and micro-morphological response of Acmena smithii to 

growth at elevated and ambient [CO2] 

A total of six out of 10 macro-morphological characters in Acmena smithii 

significantly altered under elevated [CO2] when compared to mean values from 

ambient [CO2].  Significant increases were found in branch number by 75% (4.8 ± 0.4 

to 8.4 ± 1.2), tree height by 44% (38.2 ± 2.59 to 55.0 ± 3.2 cm), stem mass by 64.9% 

(5.07 ± 0.46 to 8.36 ± 1.09 g), root mass by 54.8% (3.77 ± 0.13 to 5.80 ± 0.62) and 

leaf area by 13.2% (9.09 ± 0.24 to 10.29 ± 0.39). However, specific leaf area 

significantly decreased by 15.7% (105.6 ± 1.9 to 89.0 ± 1.8) (Figure 7.3 overleaf; 

Appendix 7.9).  
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Figure 7.3: Histograms of means ( 1 Standard Error) from macro-morphological 

characteristics of Acmena smithii, grown at elevated [CO2] (Hi = 550ppm) and ambient [CO2] 

(Lo = 360ppm); a) branch number, b) leaf mass (g), c) plant mass (g), d) root:shoot ratio, e) 

leaf number, f) tree height (cm), g) stem mass (g), h) root mass (g), i) leaf area (cm
2
) and j) 

specific leaf area (cm
2
/g). 
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Stomatal density and index of Acmena smithii were significantly reduced by 10.7% 

(428 ± 4.5 to 382 ± 5.8) and 17.2% (10.13 ± 0.1 to 8.39 ± 0.08) after growth at 

superambient [CO2], while total cell number significantly increased by 7.2% (4240 ± 

41 to 4547 ± 48) (Figure 7.4; Appendix 7.10).  
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Figure 7.4: Histograms of means ( 1 Standard Error) from micro-morphological 

characteristics of Acmena smithii, grown at elevated [CO2] (Hi = 550 ppm) and ambient 

[CO2] (Lo = 360 ppm); a) stomatal density (S.D.; mm
2
), b) stomatal index (S.I.) and c) total 

cell number (T.C.N.; mm
2
) 

 

7.3.3 Macro- and micro-morphological response of Eucalyptus obliqua 

to growth at elevated and ambient [CO2] 

Leaf area of Eucalyptus obliqua was the only macro-morphological character to 

significantly increase under superambient [CO2] by 42.3% from 182 ± 21 to 259 ± 19 

cm
2
 (Figure 7.5 overleaf; Appendix 7.11). 

 



          

  Chapter 7 

152 

 

a) b)

c) d)

e) f)

g) h)

i) j)

0

2

4

6

8

10

12

Lo Hi 

CO2 Treatment

B
ra

nc
h 

N
um

be
r

P =0.397

0

10

20

30

40

Lo Hi 

CO2 Treatment

Le
af

 M
as

s 
(g

)

P =0.167

0

20

40

60

80

Lo Hi 

CO2 Treatment

P
la

nt
 M

as
s 

(g
)

P =0.198

0

0.02

0.04

0.06

0.08

0.1

0.12

Lo Hi 

CO2 Treatment

R
oo

t:S
ho

ot
 R

at
io

P =0.087

0

50

100

150

200

250

300

Lo Hi

CO2 Treatment 

Le
af

 N
um

be
r

P =0.026

70

75

80

85

90

95

Lo Hi 

CO2 Treatment

T
re

e 
H

ei
gh

t (
cm

) P =0.502

0

5

10

15

20

25

30

Lo Hi 

CO2 Treatment

S
te

m
 M

as
s 

(g
) P =0.407

0

1

2

3

4

5

6

7

Lo Hi

CO2 Treatment

R
oo

t M
as

s 
(g

)

P =0.115

0

5

10

15

20

25

30

35

Lo Hi 

CO2 Treatment

Le
af

 A
re

a 
(c

m
2 )

P =0.649

0

30

60

90

120

150

Lo Hi 

CO2 Treatment

S
pe

ci
fic

 L
ea

f A
re

a 

(c
m

2 /g
)

P =0.182

 
 

Figure 7.5: Histograms of means ( 1 Standard Error) from macro-morphological 

characteristics of Eucalyptus obliqua, grown at elevated [CO2] (Hi = 550ppm) and ambient 

[CO2] (Lo = 360ppm); a) branch number, b) leaf mass (g), c) plant mass (g), d) root:shoot 

ratio, e) leaf number, f) tree height (cm), g) stem mass (g), h) root mass (g), i) leaf area (cm
2
) 

and j) specific leaf area (cm
2
/g). 
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No significant change in any stomatal density characters of Eucalyptus obliqua were 

observed when grown under elevated [CO2].  Stomatal index (leaf surface 1, 2 and 

combined surfaces) in E. obliqua were all found to significantly increase in response 

to elevated [CO2] by 16.1% (11.32 ± 0.32 to 13.49 ± 0.25), 13.8% (5.20 ± 0.17 to 

6.03 ± 0.16) and 15.3% (8.83 ± 0.24 to 10.42 ± 0.20) respectively (Figure 7.6d-f 

overleaf; Appendix 7.12).  Whilst total cell number (leaf surface 1, 2 and combined 

surfaces) were all significantly reduced after exposure to elevated [CO2] 14.1% (3685 

± 85 to 3166 ± 71 mm
2
), 13.2% (2593 ± 85 to 2250 ± 78 mm

2
) and 13.7% (6278 ± 

163 to 5417 ± 139 mm
2
) (Figure 7.5g-i overleaf; Appendix 5.12). 
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Figure 7.6: Histograms of means ( 1 Standard Error) from stomatal densities (S.D.), 

stomatal index (S.I.) and total cell number (T.C.N.) of Eucalyptus obliqua, grown at elevated 

[CO2] (Hi = 550 ppm) and ambient [CO2] (Lo = 360 ppm); a) S.D. surface 1; mm
2
), b) S.D. 

surface 2; mm
2
, c) S.D. combined surfaces; mm

2
, d) S.I. surface 1, e) S.I. surface 2, f) S.I. 

combined surfaces, g) T.C.N. surface 1; mm
2
, h) T.C.N. surface 2; mm

2
 and i) T.C.N. 

combined surfaces; mm
2
. 
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7.4    Discussion 

 

Micro-morphological characteristics (i.e. stomatal frequency) were found to be more 

sensitive to superambient CO2 concentration than macro-morphological characters in 

Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua.  The observed response 

of macro- and micro-morphological characteristics will be discussed, and the response 

compared for each species, and to the literature. 

 

7.4.1 Macro-morphological responses of Acacia melanoxylon, Acmena 

smithii and Eucalyptus obliqua grown at elevated and ambient 

CO2 concentrations 

Acmena smithii was the most responsive species to superambient [CO2] with 60% of 

the macro-morphological characters exhibiting a significant difference under these 

conditions, followed by Acacia melanoxylon (20%) and finally Eucalyptus obliqua 

(10%).  All macro-morphological characters displayed greater means under elevated 

[CO2] in all species, even though this difference was not significant much of the time. 

The species specific responses demonstrated by A. melanoxylon, A. smithii and E. 

obliqua may reflect differences in evolution, life history strategies, physiology and 

environmental pressures (Brodribb and Hill, 1993; Atkin et al., 1999; Schortemeyer et 

al., 1999; Beerling and Royer, 2002b). 

 

Branch number in Acacia melanoxylon and Eucalyptus obliqua did not significantly 

alter under elevated [CO2] (Table 7.1 & 7.5), this finding is in accordance with 

previous research (Jach et al., 2000; Volanen et al., 2006). Branch number has been 

linked to increased light acquisition, and a lack of a response suggests this parameter 

is not limiting in A. melanoxylon and E. obliqua (Givnish and Vermeij, 1976; 

Givnish, 1978).  A significant increase in branch number of 75% in Acmena smithii 

under elevated [CO2] would benefit growth performance (Xiao et al., 2003) by 

potentially increasing leaf display, reduce self-shading, increase light acquisition and 

therefore photosynthetic potential (Givnish and Vermeij, 1976; Givnish, 1978).  

 

Branch number has not been found to be highly heritable (Phookan et al., 1998), 

however, it has been be positively correlated with moisture availability (Xiao, 2001; 

Xiao et al., 2002; Mohamed and Abdu, 2004) and growth performance (Xiao et al., 



          

  Chapter 7 

156 

 

2003).  So the increase in branch number under elevated [CO2] in Acmena smithii 

suggests increased water use efficiency under this growth regime. 

 

A lack of significant response in leaf mass to elevated [CO2] in Acacia melanoxylon, 

Acmena smithii and Eucalyptus obliqua (Table 7.1, 7.3 & 7.5) suggests biomass 

allocation to leaf material, and hence, photosynthetic capacity is adequate in these 

species.  This finding in A. melanoxylon is in agreement with previous Australian 

studies examining growth response in this species to elevated [CO2] (Atkin et al., 

1999; Schortemeyer et al., 1999).  However, leaf mass has been found to increase 

under elevated [CO2] (Cao et al., 2008) and Roden et al. (1997) found leaf mass in A. 

smithii to significantly increase when grown at superambient [CO2].   

 

While no significant difference in leaf mass of Acmena smithii was observed in this 

study, greater leaf masses were observed under elevated [CO2].  The disparity in 

findings from this study compared with those of Roden et al. (1997) may be due to 

ontogeny causing variation between individuals under elevated [CO2] (Figure 7.3b), 

or a dose response difference (Hui et al., 2002) as the superambient [CO2] in this 

study was some 150ppm less than Roden et al. (1997). 

 

Plant mass was greater under elevated [CO2] in Acacia melanoxylon, Acmena smithii 

and Eucalyptus obliqua (Table 7.1, 7.3 & 7.5), however, this trend was not found to 

be significant, which is in contrast to most Northern Hemisphere studies that have 

described a significant increase in plant mass (Tobita et al., 2005; Shinano et al., 

2007; Tisserat et al., 2008).  The response of plant mass in A. melanoxylon to elevated 

[CO2] is mixed, Atkin et al. (1999) found plant mass to significantly increase in A. 

melanoxylon when soil nitrogen exceeded 50 mmol m
-2

 but not below this 

concentration, while Schortemeyer et al. (2002) observed greater total dry weights but 

did not conduct statistical analysis on the data.  Roden et al. (1997) did record a 

significant increase plant mass in A. smithii under elevated [CO2], in contrast to the 

finding in this study. 

 

Although no significant increases in plant mass may have been in this study, the 

responsive of this character was comparable to previous studies.  Acacia melanoxylon 

increase plant mass under elevated [CO2] by 114% in this study, which compares to 
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that of approximately 100% increase in Schortemeyer’s et al. (2002) study.  Also, 

elevated [CO2] resulted in an increase of 70.3% in plant mass of Acmena smithii, 

which is comparable to the significant increase of 74.5% found by Roden et al. (1997) 

using the same character and species. 

 

Lack of a significant response in plant mass under elevated [CO2] in Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua may be attributed to ontogeny, 

where there was increased variability around plant mass means under elevated [CO2] 

treatments.  Dose response effects may also affect comparisons between studies (Hui 

et al., 2002).  The elevated CO2 concentration of 550ppm used in this study was 

150ppm less than elevated [CO2] used in studies where a significant increase in plant 

was reported (Roden et al., 1997; Atkin et al., 1999). 

 

Acacia melanoxylon was found to have a significantly increased root:shoot ratio under 

elevated [CO2] (Table 7.1), in accordance with many past superambient CO2 studies 

(Calfapietra et al., 2003; Kruse et al., 2003; Ziche and Overdieck, 2004; Ziska et al., 

2004; Erice et al., 2007; Shinano et al., 2007).  The root:shoot ratio of Acmena smithii 

and Eucalyptus obliqua were not significantly (P > 0.05) altered by [CO2], 

highlighting a species specific response in this character to elevated [CO2], as has 

been previously demonstrated (Norby et al., 1995; Tissue et al., 1997; Chen et al., 

2001; Ainsworth et al., 2002; Calfapietra et al., 2003). 

 

Studies by Atkin et al. (1999) and Schortemeyer et al. (1999) found no change in 

root:shoot ratio of Acacia melanoxylon grown under superambient [CO2], variation in 

results may be due different nutrient treatment methodologies.  This study used slow 

release fertiliser instead of nutrient solution applied in irrigation water (Atkin et al., 

1999; Schortemeyer et al., 1999) and plants were not inoculated with N2 fixing 

bacteria (Schortemeyer et al., 1999), so nitrogen acquisition would be reduced in this 

study.  Nutrient limitation has been shown to increase root:shoot ratio under elevated 

[CO2] conditions (Eamus and Jarvis 1989; Berryman et al., 1993; Walsh-Liu et al., 

2001; Kruse et al., 2003; Ziska, 2003).  The findings of this study may well better 

reflect in situ conditions, as competition for nutrients will always be present under 

field conditions. 

 



          

  Chapter 7 

158 

 

As root:shoot ratio in Acmena smithii and Eucalyptus obliqua did not vary 

significantly in response to elevated [CO2] (Table 7.3 & 7.5), this implies that 

biomass production is not limited by nutrient acquisition.  Previous research also 

supports this conclusion (Eamus and Jarvis, 1989; Berryman et al., 1993; Kruse et al., 

1993; Ceulemans and Mousseau, 1994).  

 

Leaf number in Acacia melanoxylon and Acmena smithii did not significantly increase 

under superambient [CO2], suggesting adequate photosynthetic potential, or limitation 

of such by another factor(s) (i.e. nutrient acquisition).  In Eucalyptus obliqua, leaf 

number significantly increased by 42.3% under elevated [CO2] (Table 7.5).  This was 

the only macro-morphological character in this species to exhibit a significant 

response and may indicate increased photosynthetic potential in E. obliqua under an 

elevated CO2 atmosphere, when conditions are favourable such as regular water 

supply.   

 

In Acacia melanoxylon and Eucalyptus obliqua tree height and hence, biomass 

production was not significantly enhanced under superambient [CO2] (Table 7.1 & 

7.5).  This finding is consistent with previous Northern Hemisphere studies (Zhang et 

al., 2006; Ward et al., 2008).  As A. melanoxylon and E. obliqua are post fire 

regenerators, competition light may not be a factor in dictating seedling 

establishment.  Tree height in Acmena smithii was significantly enhanced by 44% 

under superambient [CO2] (Table 7.3), which concurs with previous studies (Jach and 

Ceulemans, 1999; Chen et al., 2001; Liu et al., 2002; Ziche and Overdieck, 2004; 

Overdieck et al., 2007).  Increase in tree height under elevated [CO2] would aid in 

light interception which is critical for seedling establishment in tree fall gaps in warm 

temperate rainforests where Acmena smithii occurs (Roden et al., 1997). 

 

Stem and root mass was increased under elevated [CO2], however, this did not alter 

significantly in Acacia melanoxylon nor Eucalyptus obliqua (Table 7.1 & 7.5) and 

may be due to ontogeny, where there was increased variability around stem and root 

mass means under elevated [CO2] treatments (Bunce, 2008; Qi et al., 2009).  In 

Acmena smithii stem mass was significantly enhanced by 64.9% under elevated CO2 

concentration (Table 7.3), which is positively correlated with increased branch 

number and hence, alleviation of water stress (Albaugh et al., 2004).  Roden et al. 
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(1997) reported stem mass of A. smithii to increase by 71.4% when exposed to 

700ppm of CO2, which is comparable to that observed in this study.   

 

Root mass of Acmena smithii was 53.8% greater in plants grown at superambient CO2 

(Table 7.3), which was 26.6% less than that observed by Roden et al. (1997) and may 

attributed to a dose effect (Hui et al., 2002).  Increased root mass will result in greater 

moisture and nutrient acquisition and may enhance nutrient turnover via increased 

fine root decomposition (Campbell and Sage, 2002; Prior et al., 2003; Iversen et al., 

2008), allowing for increased biomass production.  An increase in above and below 

ground biomass in Acmena smithii, suggests this species is able to incorporate the 

extra C available in a high CO2 atmosphere and convert this into whole plant biomass 

(i.e. a fertilisation effect). 

 

No significant increase in leaf area of Acacia melanoxylon and Eucalyptus obliqua 

under elevated [CO2] (Table 7.1 & 7.5) suggests light acquisition is not limiting 

photosynthetic potential in these species and this finding has been previously 

observed (Norby et al., 2003; Temperton et al., 2003).  However, leaf area of Acmena 

smithii significantly increased by 13.2% after exposure to superambient [CO2] (Table 

7.3), as described by Adamowicz and Bot (2008).  This increase was less than the 

42.2% observed by Roden et al. (1997) using the same species. However, irrespective 

of the degree of the response an increase in leaf area will result in a greater 

photosynthetic surface, therefore increasing photosynthetic capacity, biomass 

production and competitive ability (Usuda, 2004). It would appear that light 

acquisition may be the limiting factor imposed on A. smithii, as increased tree height, 

branch number, stem mass and leaf area all aid in light interception.   

 

The majority of superambient [CO2] studies have found specific leaf area (SLA) to 

decrease under elevated [CO2] (Kruger et al., 1998; Gibeaut et al., 2001; Goverde and 

Erhardt, 2003; Khurana and Singh, 2004; Franzaring et al., 2008).  However, 

increases in SLA (Seneweera et al., 1998; Bartak et al., 1999) and no change 

(Tognetti et al., 1998; Zha et al., 2002) has also been observed, once again 

demonstrating a species specific response to high [CO2].  The gamut of responses was 

found in this study; with SLA increasing in Acacia melanoxylon, decreasing in 
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Acmena smithii and exhibiting no response in Eucalyptus obliqua (Table 7.1, 7.3 & 

7.5). 

 

A significant increase in SLA under elevated [CO2] in Acacia melanoxylon results 

from a decrease in leaf weight per unit area and represents decreased leaf thickness 

(Westoby et al., 1998; Atkin et al., 1999).  The decrease in leaf thickness would result 

from a reduction in the mesophyll layer (tissue density), which will reduce energy and 

nutrient investment in leaf production.  Coupled with enhanced gas exchange due a 

thinner boundary layer, this will result in faster payback on initial investment and 

permits a more flexible response to environmental heterogeneity (Grime, 1994; 

Poorter, 1994; Westoby et al., 1998).  An increase in SLA of Acacia melanoxylon 

would suggest nutrient limitation under elevated [CO2], as was also evident by an 

increased root:shoot ratio in this species. 

 

Past studies using Acacia melanoxylon have found SLA to decrease under elevated 

[CO2] (Atkin et al., 1999; Schortemeyer et al., 1999 & 2002).  Variations in results 

from these studies may be attributed to different methodologies, such as, addition of 

nutrients and nitrogen-fixing bacteria which would alleviate nutrient stress and may 

explain the differences observation studies. 

 

Specific leaf area (SLA) was found to decrease by 15.7% in Acmena smithii under 

elevated [CO2], which is comparable to the reduction of 11% in SLA reported by 

Roden et al. (1997).  A reduction in SLA reflects an increase in leaf thickness, that is, 

increased tissue density via greater leaf mesophyll (Fordyce et al., 1995; Westoby et 

al., 1998).  Well developed palisade mesophyll facilitates light penetration, and aids 

in uniform chloroplast distribution, thus optimising photosynthetic capacity 

(Terashima, 1989; Vogelmann, 1993).  While increased spongy mesophyll thickness 

will enhance gas exchange, increasing the physiological activity of the cells (Fordyce 

et al., 1995).  Therefore, decreased specific leaf area enhances photosynthetic 

potential, but it also increases leaf longevity by reducing the potential leaf damage 

(Poorter, 1989; Reich et al., 1992). 

 

Growth under elevated [CO2] has been found to increase whole plant biomass, that is, 

a fertilisation effect (Cao and Woodward, 1998; Pritchard et al., 1998).  This 
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fertilisation effect appears to be species specific (Ferris and Taylor, 1994, Beerling 

and Royer, 2002a), with positive, negative and nil effects on whole plant biomass 

(Atkin et al., 1999; Kellogg et al., 1999; Volder et al., 2004; Ward et al., 2008).  The 

capacity of plants to exploit the extra carbon available in a superambient [CO2] 

environment may be reliant upon evolution, life history strategies, physiology and 

environmental pressures (Brodribb and Hill, 1993; Atkin et al., 1999; Schortemeyer et 

al., 1999; Beerling and Royer, 2002b). 

 

7.4.2 Micro-morphological responses of Acacia melanoxylon, Acmena 

smithii and Eucalyptus obliqua grown at elevated and ambient 

CO2 concentrations 

Stomatal density in Acacia melanoxylon and Acmena smithii was significantly 

reduced in response to growth at superambient [CO2] (ambient + 53%) by 12.4% and 

10.7%, respectively (Table 7.2 & 7.4). This change in stomatal density of A. 

melanoxylon and A. smithii corresponds to a 0.65% and 0.56% reduction per 10ppm 

increase, which is comparable to previous studies (Appendix 1.5) No significant 

difference was found in stomatal density from Eucalyptus obliqua (Table7.6).  

 

In comparison to past studies that used similar superambient CO2 concentrations (49 – 

60% above ambient) mixed results were observed.  No significant reduction in 

stomatal density was found by Estiarte et al. (1994), Apple et al. (2000), Driscoll et 

al. (2006) and Riikonen et al. (2008).  Of the studies that did report a significant 

reduction in stomatal density in response to elevated [CO2], the percentage reduction 

in stomatal density was observed to be between 16 – 29% (Rowland and Bamford, 

1990; Beerling, 1997; Beerling et al., 1998), while increases in stomatal density in 

response to elevated [CO2] have also been reported (Soares et al., 2008).  

 

The reduction of stomatal density observed in Acacia melanoxylon and Acmena 

smithii was least responsive when compared to past studies, but of a similar realm and 

may be due to differing elevated CO2 concentrations.  Also, the observed response 

may be attributed to the fact that both these evergreen Australian species maintain 

leaves from three to seven years, so seasonal fluctuations during leaf development 

may result in a conservative stomatal density response (Greenwood et al., 2003; 

Wagner et al., 2005).  Nonetheless, under elevated [CO2] reduced stomatal density 
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can decrease transpiration while still maintaining the same carbon intake, therefore 

increasing water use efficiency (Thomas and Harvey, 1983; Woodward, 1987; 

Woodward et al., 2002).  The lack of a response in stomatal density (surface 1, 2 and 

combined surfaces) in Eucalyptus obliqua suggests that superambient CO2 

concentration is not affecting epidermal cell formation or stomatal initiation. 

 

As with stomatal density, the response of stomatal index to elevated [CO2] have been 

varied, reductions (Beerling et al., 1998; Kűrschner et al., 1998), increases (Poole et 

al., 2000; Driscoll et al., 2006; Pandey et al., 2007) and no change (Reddy et al., 

1998) have all been found.  Stomatal index of Acacia melanoxylon and Acmena 

smithii was found to decrease significantly under elevated [CO2] (ambient + 53%), 

this reduction was in the order of 20.6% (1.08%/10ppm) and 17.2% (0.91%/10ppm) 

respectively (Table 7.2 & 7.4).  While, stomatal index of Eucalyptus obliqua was 

found to increase significantly (P < 0.05) by 19.2, 16 and 18% (0.95%/10ppm) under 

elevated [CO2] (ambient + 53%), for leaf surface 1, 2 and combined leaf surfaces 

respectively (Table 7.6).   

 

In comparison to other studies that have examined stomatal index response to similar 

increases in [CO2] (ambient + 60%), reductions in stomatal index of 7 – 26% in 

response to a 60% increase in [CO2] have been reported (Beerling and Woodward, 

1997; Beerling et al., 1998).  Percentage reductions in stomatal index in Acacia 

melanoxylon and Acmena smithii are consistent with previous studies.   Stomatal 

index is only affected by factors that directly affect stomatal development in the 

protoderm (Raven et al., 1976; Ferris and Taylor, 1994), of which CO2 is one 

(Beerling and Chaloner, 1992; Woodward and Kelly, 1995).  Carbon dioxide has also 

been shown to directly influence gene expression, hence stomatal formation (Berger 

and Altmann, 2000; Gray et al., 2000; Nadeau and Sacks, 2002; Rae et al., 2006).  A 

reduction in stomatal index under high CO2 will benefit the plant by increasing water 

use efficiency, as transpirational losses will be decreased (Royer, 2001).  

 

Studies that have found increased stomatal indices have used elevated CO2 

concentrations, 71 – 168% above ambient [CO2], much higher than that used in this 

study (Thomas and Harvey, 1983; Ferris and Taylor, 1994; Poole et al., 2000; 

Driscoll et al., 2006).  Increases in stomatal index have generally been from 11 – 
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36%, with an increase of 213% being observed on an adaxial leaf surface (Thomas 

and Harvey, 1983; Ferris and Taylor, 1994; Poole et al., 2000; Royer, 2001), so 

findings from this study are comparable with these past studies. 

 

It has been suggested by Ferris and Taylor (1994) that increased stomatal index will 

allow increased CO2 uptake and increased photosynthetic potential if other 

environmental factors are not limiting, due to reduced water use efficiency.  However, 

this may not be the case for Eucalyptus obliqua, as more stomata present per unit leaf 

area, the smaller the aperture will be (Tichá, 1985).  James and Bell (1995) found that 

an increase in stomatal frequency of E. camaldulensis resulted in total stomatal pore 

area per leaf to increase by only 4%.  Also, increased stomatal numbers and smaller 

sized stomata result in more flexible regulation of water loss and allow CO2 uptake 

when the relative humidity is low (Bolhar-Nordenkampf, 1987), so this response may 

actually aid plant water status.  

 

Enhanced stomatal index is not disadvantageous under water limitation as all stomata 

will close when conditions dictate (Fordyce et al., 1995).  It may well be 

advantageous to have a higher stomatal index to enhanced CO2 uptake when 

conditions are favourable (Fordyce et al., 1995), especially when plants are exposed 

to significant seasonal fluctuations (Greenwood et al., 2003).  

 

Unlike stomatal density and index, total cell number is seldom examined in 

superambient [CO2] studies, Radoglou and Jarvis (1990) is one such study.  Limited 

studies have reported epidermal cell numbers, and this character has been found to 

decrease (Bray and Reid, 2002; Uprety et al., 2002; Driscoll et al., 2006), increase 

(Ferris and Taylor, 1994) and not to change (Ferris et al., 2002; Reddy et al., 1998; 

Riikonen et al., 2008).  Total cell number in Acacia melanoxylon and Acmena smithii 

was found to significantly increase in elevated [CO2], by 14.3% and 7.2%, 

respectively indicating decreased epidermal cell, and stomatal size at superambient 

[CO2] (Table 7.2 & 7.4).  In contrast to the positive response of Acacia melanoxylon 

and Acmena smithii, total cell number observed in Eucalyptus obliqua decreased by 

14.1, 13.2 and 13.7% for leaf surfaces 1, 2 and combined surfaces respectively (Table 

7.6).  
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Increases in epidermal cell number at elevated [CO2] may be the result of increased 

epidermal cell divisions via cell cycle events being sensitive to [CO2] (Ferris and 

Taylor, 1994; Taylor et al., 1994; Ranasinghe and Taylor, 1996).  Smaller sized 

stomata will reduce stomatal aperture and hence, reduce stomatal conductance leading 

to increased water use efficiency under elevated [CO2] (Wong et al., 1979; Radoglou 

and Jarvis, 1990; Kellomaki and Wang, 1997; Morison, 1998).  

 

A reduction in total cell number at superambient [CO2] would suggest increased 

epidermal cell, and possibly stomatal size.  Reductions in epidermal cell density and 

hence, size under elevated [CO2] has been reported by many authors (Cruz et al., 

1997; Bettarini et al., 1998; Kürschner et al., 1998; Poole et al., 2000; Bray and Reid, 

2002; Uprety et al., 2002; Kouwenberg et al., 2004).  A differentiation-expansion 

mechanism was proposed by Poole et al. (2000), who found increased stomatal index 

at elevated [CO2] was in part contributed to by epidermal cell expansion.  Carbon 

dioxide may influence epidermal cell expansion by influencing cell wall extensibility 

(Ferris and Taylor, 1993), or increased turgor pressure or lower yield turgors (Ferris 

and Taylor, 1994) via alteration of cell wall biochemical processes and cell cycle 

events (Taylor et al., 1994; Ranasinghe and Taylor, 1996). 

 

An inverse relationship between epidermal cell density and total cuticle thickness has 

been demonstrated in a number of Eucalyptus species (Ridge et al., 1984; de Lillis, 

1991; James and Bell, 1995).  As this response appears consistent in this genus, it may 

be suggested that E. obliqua may potentially exhibit such a relationship.  The 

physiological advantage of possessing a thicker cuticle is that it protects against 

desiccation (James and Bell, 1995), and will result in reduced transpirational losses 

and a possible competitive enhancement in a future elevated atmosphere.  

 

Phenoplastic adjustment in foliar micro-morphology was found in all test species, 

except for stomatal density in Eucalyptus obliqua.  These findings are in contrast to 

authors such as O’Leary and Knecht (1981), Kürschner et al. (2001) and Beerling and 

Royer (2002a & b), who have suggested a ceiling response may be present and that 

stomatal frequency is at its phenotypic limit. This does not appear to be applicable to 

Acacia melanoxylon, Acmena smithii and E. obliqua. 
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7.5 Conclusions 

Acmena smithii demonstrated the greatest response in macro- and micro-

morphological characters when grown under elevated [CO2], followed by Acacia 

melanoxylon and Eucalyptus obliqua.  

 

From assessment of the macro-morphological characters Acmena smithii did exhibit a 

fertilisation effect in response to growth under superambient [CO2], suggesting high 

intra- and /or interspecific competition, or carbon limitation in situ.  In Acacia 

melanoxylon, nutrient acquisition appeared to be the limiting factor inhibiting a 

fertilisation response under elevated [CO2] in this species, as indicated by increased 

root:shoot ratio and specific leaf area.  While in Eucalyptus obliqua, nutrient and / or 

moisture regimes appear to be exerting major pressure on plant morphology and 

physiology, this is highlighted by general unresponsiveness of this species to 

superambient [CO2]. 

 

All micro-morphological characteristics (stomatal density, stomatal index and total 

cell number) of Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua were 

responsive to elevated [CO2], with stomatal index in A. melanoxylon demonstrating 

the greatest change.  Significant reductions in stomatal density and index, and 

increases in total cell number of A. melanoxylon and A. smithii will increase plant 

water use efficiency in a superambient [CO2] environment.  In Eucalyptus obliqua the 

increasing stomatal index and decreasing total cell number response to superambient 

[CO2] appear geared towards minimising transpirational losses during times of water 

deficit, while maximising carbon uptake during times of resource abundance. 

 

The fact that stomatal frequencies in these species have the phenotypic plasticity to 

respond to superambient [CO2], makes Acacia melanoxylon and Acmena smithii 

potentially viable proxy indicators for palaeo-[CO2] within this range (i.e. 360 ppm – 

550 ppm).  Eucalyptus obliqua, however, is not suitable as a palaeo-CO2 indicator, as 

it was unable to track subambient [CO2] (refer to Chapter 3). 
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Conclusions 

 

Carbon dioxide is the major greenhouse gas contributing to global climate change and 

atmospheric levels of CO2 will continue to rise into the future.  Thus, the Earth may 

experience an increase in mean global temperatures not seen since the mid-Pliocene 

and the impact of climate change upon ecosystem composition and distribution can 

only be postulated (Jansen et al., 2007).  The use of proxy-CO2 techniques can 

provide estimates of past climatic variations and if this information is incorporated 

with palaeobotanical data of vegetation type, an understanding of how possible future 

climate change may impact upon modern-day ecosystems may be predicted.  

Currently, proxy-CO2 measures from the Southern Hemisphere are under-represented 

in comparison to Northern Hemisphere proxies.  So there is scope to increase palaeo-

estimates of past CO2 variations in the Southern Hemisphere and determine if these 

are comparable to their Northern Hemisphere counterparts.  This study assessed the 

applicability of stomatal frequency analysis, a proxy-CO2 technique to be applied to 

three Southern Hemisphere species, thus potentially allowing palaeo-[CO2] to be 

estimated, hence, contributing to the knowledge base. 

 

The principle goals of this study were to determine the suitability of stomatal 

frequency in Acacia melanoxylon, Acmena smithii and Eucalyptus obliqua to be 

employed as proxy indicators of atmospheric CO2 concentration.  Attributes required 

by species to fulfill this role were: 

1) stomatal frequency must exhibit suitably low intrinsic variability,  

2) possess the ability to track past and future increases in [CO2] and  

3) be relatively insensitive to climatic and environmental variables that may 

dampen any CO2 signal.  

To this end stomatal density, index and total cell number were assessed in A. 

melanoxylon, A. smithii and E. obliqua, including examining a suite of over 40 

possible environmental and climatic factors that reduce the potential of these species 

to be used as proxy-indicator species.  The broad suite of potential confounding 

variables examined in this study provides the most comprehensive data on possible 

factors that may obscure CO2 signal in the stomatal frequency of these test species.  

Furthermore, unique applications of novel statistical procedures were employed in 
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this field of study allowing greater and more useful information to be extracted from 

the dataset and should become standard practice in stomatal frequency analysis. 

 

8.1 Assessment of intrinsic variation in stomatal frequency of Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua 

Stomatal frequency was consistently distributed across a sampled cuticle, with three, 

five and seven replicate counts exhibiting no significant difference within the assessed 

stomatal characters.  Nor was any difference observed between stomatal frequencies 

obtained from different positions within a cuticle.  Consistent stomatal distribution 

was also found over the leaf surface, this is in contrast to previous Northern 

Hemisphere studies (Salisbury, 1927; Tichá, 1982; Stancato et al., 1999; Royer, 

2001).  No significant difference was found between the top, middle and bottom of 

leaves in stomatal density and index of Acmena smithii and Eucalyptus obliqua and 

stomatal index of Acacia melanoxylon, with stomatal density in Acacia melanoxylon 

being the only exception. As fossil leaf material is often fragmented, this consistency 

is advantageous for use in the palaeobotanical realm as no significant difference in 

stomatal frequency was found across the leaf surface. 

 

Determination of intrinsic variation between leaf surfaces was not applicable in 

Acmena smithii, as this species is hypostomatous and no difference was found in 

Acacia melanoxylon.  However, a significant difference was observed between leaf 

surfaces of Eucalyptus obliqua.  As leaves of E obliqua hang vertically, leaf surfaces 

were not designated abaxial or adaxial, instead the surface containing a higher 

stomatal density was designated ‘surface 1’ and the other ‘surface 2’.  Leaf surfaces 

of E. obliqua were therefore, treated as separate and combined entities throughout this 

study. It is postulated that the difference detected in stomatal frequency between leaf 

surfaces in Eucalyptus obliqua is caused by the vertical nature of the leaves and 

increased stomatal frequency on surface 1, will enhance early morning gas exchange 

when internal leaf [CO2] will be low. 

 

A significant difference in stomatal frequency between leaves from an individual 

plant was observed in all three species, in concurrence with past Northern Hemisphere 

studies (Tichá, 1982; Oberbauer and Strain, 1996; Zacchini et al., 1997; Poole and 

Kürschner, 1999; Royer, 2001).  The exception was stomatal index in Acacia 
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melanoxylon which was not influenced by any intrinsic factor examined in this 

exploratory study making it an ideal proxy-[CO2] indicator character.  From the 

preliminary assessment of stomatal counts in these species, it can be concluded that 

stomatal frequency demonstrates potential for use in fossil assemblages as each test 

species did not exhibit a significant difference in more than two out of the four 

intrinsic variables tested.  It is recommended that if palaeo-[CO2] estimations be 

derived from these species, that these estimates be compared and / or supplemented 

with other proxy methods. 

 

8.2 Assessment of stomatal frequency to increasing subambient 

[CO2] in herbarium-lodged specimens of Acacia melanoxylon, 

Acmena smithii and Eucalyptus obliqua 

Herbarium-lodged specimens of Acacia melanoxylon, Acmena smithii and Eucalyptus 

obliqua were used to determine if stomatal frequency in these species were capable of 

tracking past [CO2] increases.  From this experiment it was concluded that only 

stomatal index of A. melanoxylon and A. smithii demonstrated the sensitivity to track 

increasing subambient [CO2].  Stomatal index of A. melanoxylon was the most 

sensitive character to rising [CO2], with the strength of the relationship increasing 

when stomatal index was regressed against [CO2], indicating CO2 is the primary 

factor determining stomatal initiation.  Reductions in stomatal indices of A. 

melanoxylon and A. smithii to increasing [CO2] suggests increasing water use 

efficiency, which has been demonstrated under elevated [CO2] (Tricker et al., 2005).  

Therefore, water availability may be applying selective pressures on leaf morphology 

in these species.  A significant increase in total cell number to rising subambient 

[CO2] in A. melanoxlyon would also imply a reduction in stomatal size, and hence, 

stomatal conductance. 

 

By application of novel statistical procedures it was determined that the change in 

stomatal indices in Acacia melanoxylon and Acmena smithii  attributed to atmospheric 

CO2 increase was at least twice that accounted for by intrinsic variation between 

sampled leaves, making both these species suitable proxy-CO2 indicator species.  

Also, additional analysis of reducing stomatal indices in herbarium specimens of A. 

melanoxylon and A. smithii indicate a threshold [CO2], above which significant 

reductions in these stomatal characters are elicited.  This threshold [CO2] may result 
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in ‘stepped’ reductions in stomatal indices to increasing [CO2], in contrast to linear 

and curvilinear responses that are currently accepted (Woodward, 1987; Kürschner et 

al., 1997). 

 

8.3 Stomatal frequency response to environmental and climatic 

variables over a temperature and precipitation gradient in Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua 

Stomatal density and index in Acacia melanoxylon varied significantly over the 

temperature transect in response to isothermality and soil phosphorus content and 

both these variables would directly impact upon photosynthetic output.  However, 

variations in these factors would have occurred in the herbarium dataset and it was 

found that when stomatal index was regressed against [CO2] the strength of this 

relationship increased, suggesting that CO2 is the primary factor behind stomatal 

initiation in this species.  Therefore, the potential of isothermality and soil phosphorus 

content to dampen any CO2 signal in stomatal indices of A. melanoxylon over any 

extended time period appears to be negligible.  Total cell number in Eucalyptus 

obliqua varied significantly in response to radiation wettest quarter over the 

temperature transect and stomatal density- surface 1 and combined surfaces altered 

significantly over the precipitation transect, however, as E. obliqua is not capable of 

tracking [CO2] throughout time, it is not a suitable proxy-indicator species. 

 

It was found that factors accounting for variation in stomatal frequency were not 

consistent over the temperature and precipitation transects for all examined species.  

From this it may be concluded that underlying stressors such as temperature and 

precipitation are acting in combination with other factors in order to alter stomatal 

frequency, as has been reported by Qiang et al. (2003).   

 

In general, over the temperature and precipitation transects genotypic variation, in 

particular intrinsic variation between trees within sites, accounted for the majority of 

variability in stomatal frequency in Acacia melanoxylon, Acmena smithii and 

Eucalyptus obliqua.  Therefore, the potential impact of climatic and environmental 

variables upon stomatal frequency is minimal compared to genotypic variation.  

Hovenden and Vander Schoor (2003) suggest that large genotypic variation is an 

evolutionary advantage in a heterogeneous environment in which evergreen trees exist 
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due to year-round leaf retention. This type of intrinsic variation has the potential to 

obscure any possible CO2 signature in the sensitive stomatal index of Acacia 

melanoxylon and Acmena smithii.  While intrinsic variability in stomatal frequency 

was assessed between leaves within herbarium sheets, destructive sampling and the 

limited nature of herbarium-lodged samples meant that multiple herbarium sheets 

were not able to be sampled within one year of collection.  As a result this study was 

not able to assess genotypic variation between trees throughout time.   

 

From herbarium samples it was found that variation in stomatal index of Acacia 

melanoxylon and Acmena smithii attributed to [CO2] was approximately double that 

accounted for by between leaf intrinsic variation.  Over the temperature and 

precipitation transects intrinsic variation between trees was greater than double 

between leaf intrinsic variation only 15.4% of the time.  It may then be tentatively 

inferred that between tree intrinsic variation may potentially obscure a CO2 signature 

in stomatal index of A. melanoxylon and A. smithii 15.4% of the time.  This potential 

error may be further be reduced by the use of large fossil assemblages and comparing 

CO2 estimates with those from other CO2 proxies. 

 

8.4 Macro- and micro-morphological responses of Acacia 

melanoxylon, Acmena smithii and Eucalyptus obliqua to growth at 

superambient [CO2] 

Macro-morphological characters were assessed in Acacia melanoxylon, Acmena 

smithii and Eucalyptus obliqua in response to superambient [CO2] exposure.  A 

significant increase in root:shoot ratio was found in A. melanoxylon after 

superambient [CO2] exposure, which suggests nutrient limitation under elevated 

[CO2].  An increase in specific leaf area was also found resulting from reduced leaf 

construction costs (Grime, 1994; Poorter, 1994; Westoby et al., 1998) and is a direct 

consequence of nutrient limitation.  A potential fertilisation effect in A. melanoxylon 

under elevated [CO2] will be dependent upon adequate nutrition, however the fact that 

this species appears to nutrient limited under superambient [CO2] may reduce the 

competitive ability of this species in a future elevated [CO2] atmosphere. 

 

A fertilisation effect was found in Acmena smithii under superambient [CO2] with 

increases in above and below ground biomass characters.  It can be concluded that A. 
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smithii may be carbon limited in situ and future superambient [CO2] may increase the 

competitive ability of this species.   Eucalyptus obliqua only demonstrated an increase 

in leaf number under elevated [CO2], with no increase in any examined biomass 

parameters suggesting a lack of a fertilisation effect.  This indicates that E. obliqua is 

not carbon limited in situ and this may result in reduced competitive ability at future 

superambient [CO2].       

 

8.5 Summation of findings 

In conclusion, stomatal index of Acacia melanoxylon and Acmena smithii have the 

potential to be used as proxy indicators of atmospheric [CO2], as they have been 

found to be sensitive to increasing subambient and superambient [CO2].  Therefore 

stomatal index in these species have the potential to act as proxies of atmospheric CO2 

concentration between 280 – 550 ppm and may be used to provide proxy-CO2 

estimates in the Southern Hemisphere.  Furthermore A. melanoxylon and A. smithii 

have the potential to add to a limited knowledge base of stomatal frequency response 

to increasing atmospheric [CO2] in Southern Hemisphere species.  It is also concluded 

that the major climatic variables (i.e. mean annual temperature and annual mean 

precipitation) do not obscure the CO2 signature in stomatal index of A. melanoxylon 

and A. smithii.  However, there is potential for intrinsic variation between trees to 

dampen the [CO2] signal in a small percentage of cases.  This potential error may be 

reduced by obtaining large datasets from fossil assemblages and comparing with other 

CO2 proxy methods. 

 

The use of novel statistical procedures, such as, the use of nested ANOVA’s, post hoc 

testing and variance component analysis are not only the most applicable techniques 

to use on stomatal frequency experimental designs, they also allow the direct impacts 

of multiple intrinsic and test factors to be readily compared.  Therefore, this analytical 

approach should ideally be implemented as standard practice in this field of research.   

 

Analysis of stomatal index in Acacia melanoxylon and Acmena smithii from the 

subambient and superambient [CO2] experiments leads to the proposition of a novel 

concept, that being one of a stepped response in stomatal index to increasing [CO2].  

This may explain the ceiling response proposed by Kürschner et al. (1997).  This 

stepped response theory revolves around the premise that a leaf form has set 
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operational limits where initial leaf investment costs can repaid.  However, outside a 

critical [CO2] threshold where initial investment costs aren’t recouped, this leaf form 

will no longer be viable and an alteration in stomatal frequency will result. 

 

In the superambient [CO2] study a fertilisation effect only in Acmena smithii was 

observed, suggesting this species may obtain a competitive advantage under future 

elevated [CO2] atmosphere. 

 

8.6 Future research 

If stomatal frequency of Acacia melanoxylon and Acmena smithii are to applied as a 

proxy indicators of palaeo-CO2 concentration there has to be a record of these species 

and / or nearest living relatives or equivalents present in the fossil record.  Each 

species will be discussed in turn, focusing on the stratigraphic age and location of the 

specimens; only locales containing macrofossil leaf material will be discussed. 

 

Multiple specimens of Acacia and A. melanoxylon have been discovered in Victoria 

and Australia.  The most expansive locality regarding stratigraphic age is at Sentinel 

Rock on the Aire River, Cape Otway in south-east Victoria. The Sentinel Rock site 

contains leaf compressions in mudstone sediment from Middle Eocene to Pliocene 

epoch (45 – 1.8 m.a.) (Cookson, 1954; Greenwood et al., 2000).   Leaves of Acacia 

have been found in central Victorian deposits around the Toolleen and Bendigo area, 

these specimens are from the Upper Paleogene and Neogene periods (approximately 

33.7 – 1.8 m.a.) (Pike, 1954; Wilkinson, 1971; Greenwood et al., 2000).  Acacia 

foliage from Bacchus Marsh and Maddingley, western Victoria has been located in 

sandstone deposits from the Early Miocene (23 m.a.) (Greenwood et al., 2000).   

 

Early Pliocene deposits (5.3 m.a.) of phyllodes in carbonaceous clay have be 

discovered at Grange Burn, Hamilton in western Victoria, while Middle Pliocene (3 

m.a) phyllode specimens have been located at Stoney Creek, eastern Victoria and at 

Daylesford in Western Victoria (Cookson, 1954; Greenwood et al., 2000).  The 

youngest compressed phyllodes of Acacia melanoxylon and other Acacia species 

occur at Regatta Point, eastern Tasmania and specimens of Acacia melanoxylon at 

Daylesford during the Pleistocene (<1.8 m.a.) (Carpenter etal., 1994; Jordan pers. 

comm. 2004) during the Pleistocene.  Northern Hemisphere specimens of Acacia have 
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been located in Chiapas, Mexico and are of Lower Miocene origin (<23 m.a.) 

(Cavillo-Canadel and Cevallos-Ferriz, 2005). 

 

The cohort of macrofossils for Acacia span 40 million years with bulk of localities in 

Victoria making potential to use stomatal frequency analysis in nearest living relatives 

or equivalents in this genus is a real possibility.  Furthermore, pleistocene phyllode 

specimens of Acacia melanoxylon from Victoria will allow direct stomatal frequency 

comparisons, with reduced latitudinal or longitudinal bias.  

 

There are no reported findings of macrofossils (macroscopic material) of Acmena 

smithii in the literature, however this does not mean that they are not present; they 

may have not yet been described or published.  Rainforests were very in prominent in 

Australia over the Oligo-Miocene epoch with macrofossils of Myrtaceae being 

common (MacPhail et al., 1994; Greenwood et al., 2000).  Early Miocene (<23 m.a.) 

macrofossils in freshwater pond sediments at upper subalpine/alpine transition zone at 

Kiandra, Southern Highlands of NSW contain Acmena specimens (MacPhail et al., 

1994). 

 

The La Trobe Valley in eastern Victoria contains coal seams interspersed with 

clastics, the coal seams contain macrofossils that were deposited in rain-fed swamps 

with little fluvial influence (Blackburn and Sluiter, 1994).  The Yallourn and Morwell 

seam coals are located within this region and are of Oligo-Miocene (approx. 23 m.a.) 

origin, rainforest taxa are very common in this substrate (Blackburn and Sluiter, 

1994).  Myrtaceae is a dominant taxa in these localities, with prominent rainforest 

genera such as Acmena, Eugenia and Syzygium being regularly represented in the 

macrofossil record (Blackburn and Sluiter, 1994).   

 

While macrofossils of Acmena have commonly been reported at Kiandra, New South 

Wales and in the La Trobe Valley, Victoria, the authors’ do not specify the 

constituents of these macrofossils.  Macrofossils may be comprised of leaves, wood 

and / or fruit.  Thereby, the applicability of these macrofossils to be used as a palaeo-

[CO2] proxy are yet to be determined, however, dispersed cuticles with Acmena 

affinities have been found in the La Trobe Valley and are very common under the 

friable horizon (Blackburn and Sluiter, 1994).  Therefore, stomatal frequency analysis 
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from these dispersed cuticles may then be applied to the regression equation from 

herbarium-lodged specimens of Acmena smithii to act as a nearest living relatives 

training set to provide palaeo-[CO2] estimations.  

 

Furthermore, the Acmena smithii training set may be applied to other nearest living 

relatives or equivalents, Acmena is part of the taxonomic group referred to as the 

Acmena alliance; fleshy fruited Myrtaceae (Harrington and Gadek, 2004).  This 

alliance consists of other closely related genera, such as, Eugenia and Syzygium 

(Vickulin, 1999).  Palaeogene leaf compressions of Eugenia and Syzygium have been 

identified from South East Asia, South America, New Zealand and Australia 

(Vickulin, 1999; Pole et al., 2008).  As a result [CO2] estimations may also be derived 

from these nearest living relatives, as have been previously applied in the literature 

(Greenwood et al., 2003).         

 

The selected test species have been identified and are well represented in the fossil 

record as either: macrofossils of the extant species or as nearest living relatives.  

Macrofossil specimens are preserved as leaf compressions or dispersed cuticles, 

which are both applicable for stomatal frequency analysis.  Fossil localities are found 

at multiple Victorian sites and in neighbouring Australian states, such as, New South 

Wales and Tasmania.  Specimens from other international locales have also been 

identified; therefore the location and occurrence in the fossil record would make these 

species and nearest living relative ideal for palaeo-[CO2] reconstruction.     

   

Also, attempting to locate other herbarium-lodged material that contains multiple 

lodgings within one year of collection so intrinsic variation between trees may be 

quantified in subfossil material and would add further weight to the potential use of A. 

melanoxylon and A. smithii as proxy-CO2 indicator species.  

 

Further superambient [CO2] research should be based on gradual [CO2] increases 

rather one large step, as this would allow possible future critical [CO2] thresholds to 

be identified. This will allow the proposed theory of a stepped response in stomatal 

index of Acacia melanoxylon and Acmena smithii to be accepted or rejected.               
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