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Abstract
Stomatal responses to environmental and climate changes have been widely
investigated. However, stomatal response to these factors is not predictable.
Factors that affect stomatal morphology vary depending on the type of plant, the
environment to which it has adapted, or acclimated within, and climate changes
on both the long and short term scales. Stomatal morphology controls important
aspects of the physiological functioning of a plant, particularly photosynthesis
and water loss and therefore stomatal change influences photosynthetic and
transpirational potential.
This research examines changes in stomatal anatomy in response to climatic and
environmental factors using Australian species. These changes have been
investigated on both long term and short-term responses that are adaptation and
acclimation, respectively. Stomatal density and size have been measured, and leaf
width or area. Maximum potential water loss through open stomata, gwmax (mol
m-2 s-1), have also been calculated using the stomatal measurements. The response
of these traits to the environmental clines of elevation and latitude are shown;
these environmental clines were concurrent with the climatic clines of
temperature and rainfall. Herbarium, sub-fossil and fossil specimens are used to
investigate responses to CO2.
Responses to climatic clines are shown for all species though these responses
were varied. There is a positive relationship between gwmax and temperature for
two different angiosperm species, Dodonaea viscosa subsp. angustissima and
Melaleuca lanceolata that suggests that the species are increasing the potential
for evaporative leaf cooling when temperatures are high. There is also a stomatal
ii

response to rainfall of a littoral Queensland angiosperm Melaleuca
quinquenervia. This response was weak across the short, 12 year time frame
tested. In contrast, stomata measured across a 7300 year time frame, that was
available from a continuous data set from Swallow Lagoon on Stradbroke Island
in Queensland, showed no relationship between stomatal traits and rainfall. There
was also no response to CO2 in either the short term or long term dataset. This
species has been deemed unsuitable for use as a rainfall proxy in Queensland
during the past 7300 years. The final data chapter shows the response of pinnules
of the cycad Bowenia to CO2 with pinnule ages varying from 65Ma to present.
This response was found to be inconsistent, with no response in the extant
species, but a negative relationship between stomatal density and CO2 across the
Eocene to the present day. This is similar to what has been reported by others
researching cycads thus we conclude that environmental change can force change
in cycad stomata.
This thesis shows that stomata are capable of acclimating and adapting to
different environmental and climatic clines across space and time, but that the
responses vary with species.
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Chapter one: Adaptation and acclimation of leaf traits to environmental change in time and space

1 Introduction
1.1 Leaf acclimation and adaptation to climate changes
Terrestrial plants transpire approximately 3.2 x 104 billion tonnes of water vapour
into the atmosphere annually, constituting 30% of precipitation and making
transpiration an important part of the global hydrologic cycle (Beerling and
Franks 2010). Transpiration is controlled by stomata, and is also linked to plant
water relations through its role in driving water movement through plants from
roots to leaves. Stomatal pores must open in order to take in CO2 for
photosynthesis, but as a consequence water is lost. Therefore, unless humidity is
very high, transpiration is potentially always occurring during leaf CO2 uptake,
and plants need a sufficient supply of water in order to replenish lost water and
maintain plant function, and/or stomatal and leaf traits that minimise water lost
per CO2 absorbed (Pittermann 2010). As water supply may vary with changes in
climate, leaf and stomatal traits may also change in order to maximise water
uptake, by providing the driving force for movement from roots to leaves, but
also to minimise water loss through open stomata.
Indeed, leaf form and function are known to change in response to variation in
many abiotic variables in order to maximise growth during climate optimums or
survival during hostile climatic periods. Variation in leaf traits affects many
aspects of leaf function, including photosynthesis and transpiration (Xu and Zhou
2008). Leaves can acclimate and adapt to environmental change across time and
space. Acclimation can occur across time frames as small as a few months (e.g.
with seasonal change; Fraser et al. 2009), or over hundreds to thousands of years
as large scale climatic shifts occur (e.g. the El Niño phenomenon in the Southern
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Pacific; Donders et al. 2013). These changes are phenotypic plasticity; defined by
Nicotra et al. (2010) as “the range of phenotypes a single genotype can express as
a function of its environment”. Leaf traits acclimate to short- to long-term
seasonal or climatic variation within the life-span of individual plants. Variation
in leaf traits can also occur across space, as environmental factors vary depending
on location and local factors such as other vegetation, soil, moisture and
topography. For example, a single plant may have sun leaves and shade leaves
depending on where in the canopy the leaves are growing and how exposed they
are to sunlight (Eensalu et al. 2008). On a larger scale, climate varies with
latitude and elevation. Many aspects of leaf form can be influenced by such
variation, including stomatal density (Kouwenberg et al. 2007) and leaf width
(Guerin et al. 2012). Stomatal density and size both influence maximum potential
water loss through stomata (hereafter gwmax; Franks and Beerling 2009). Change
in these leaf traits is not only acclimational but can also be an adaptation to
different environments. Additionally, the ability to acclimate (i.e. plasticity) is
also an adaptation, with variation in acclimation potential occurring across
species. This has been termed as adaptive plasticity (Nicotra et al. 2010) and is
acclimation that results in an increase in genotype fitness.
Adaptation occurs across deep time, such as when a genus persists over millions
of years and adapts to the large-scale climate changes that inevitably occur over
such periods. In fact, these climate changes have often been identified through the
use of plant fossils, which are used as proxies (Beerling 2002; McElwain et al.
2002; Royer et al. 2001). Fossils are used for palaeoclimate indicators either
through use of the plant assemblages where species are known to survive in a
particular environment (Martin 1978; Martin 2006; Punyasena et al. 2008), or
2
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through plant morphological traits such as leaf size (Carpenter et al. 2012) and
stomatal variation (McElwain et al. 2002). Current plant distributions can
provide a strong indication of what the environmental conditions were like for
fossil plant species when they were growing (for example Kershaw 1997). As
data accumulates for several fossil species in a single deposit, it is possible to
more accurately reconstruct the prevailing climate when these plants were
alive. For example, where fossilised pollen can be identified the plant
assemblage can be used to indicate whether the climate was, for example, wet
or dry at the time the pollen was deposited. This technique was used by
Martin (2006) who reviewed the distribution of palynofloras during the
Cenozoic and mapped climate change from them. Fossilised pollen is one
method of inferring palaeoclimates, but macro-fossils can also provide
information such as leaf size and shape as well as stomatal and venation
characteristics. All of these traits change with changing environments.
However, it should be noted that the pollen record provides a very broad
reconstruction of regional vegetation, often with resolution at the family or
genus level, whereas the macrofossil record provides information on local
vegetation communities (Hill and Macphail 1985; Jordan et al. 1995), with
much higher taxonomic resolution. This high resolution of vegetation
assemblage enables us to accurately predict past climate changes. For
example, Hill and Scriven (1997) used Oligocene-Miocene aged Tasmanian
fossils to show that an altitudinal temperature gradient existed during this
time, this gradient was different to that experienced by extant species in the
region. Read et al. (1988; as cited by Hill 2001) (1988; as cited by Hill 2001)
(1988; as cited by Hill 2001) (1988; as cited by Hill 2001) (1988; as cited by
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Hill 2001) (1988; as cited by Hill 2001) (1988; as cited by Hill 2001) used the
presence of Nothofagus in south east Australia during the Cainozoic as well
as physiological experiments to determine that both seasonal and daily
temperature and rainfall increased in variability. Further from this, we can
also use leaf trait data to estimate climate scenarios and changes at the time
that the plant was growing.
Climate change may be associated with phenomena such as glaciation, changes in
atmospheric gases, and ocean currents. An example of a very rapid climate
change occurred at the end of the Younger Dryas cold interval (11 500 years BP).
Temperatures increased abruptly as indicated by the fractionation of 15N, records
of which are trapped in gas bubbles in ice cores (Severinghaus et al. 1998). The
abrupt warming following the Younger Dryas cold interval was approximately
5°C over ten years (Severinghaus et al. 1998). Climate change can also be a
gradual process, for example, in the mid–Pliocene (beginning 3.6Mya), the
Isthmus of Panama closed due to tectonic movement (Coates et al. 1992) and this
led to change in global ocean circulation (Dodson and Macphail 2004). As a
consequence, rainfall changed and aridification of the Sahara eventually lead to
the development of the dry-adapted vegetation of the Sahara (Leroy and Dupont
1994). In the face of such climate change, whether gradual or abrupt, organisms
can either acclimate, shift their distribution to suitable pockets both within and
outside of their original range (Hof et al. 2011), or adapt. While range shifting
can be an option, it assumes that suitable environments are available and that
dispersal to them is possible. Organisms living now will face changing climate in
a world where habitat fragmentation and modification may limit their ability to
shift their range. During past rapid changes in climate however, many species
4
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have survived owing to phenotypic variability within a population. Many
Australian plant species are adapted to high climatic variability and these species
may be pre-adapted to cope with proposed future rapid climate changes (Hughes
2011). However, if climate change is too great or too rapid for a species to
respond to, it may go extinct. This may happen to individual species but often
the genus persists. There are many examples of fossilised species that are no
longer extant but where living species of the same genus can be found. For
example, there are extant and extinct species of Nothofagus (Hill 1991) and
Bowenia (Hill 1978).
Leaves acclimate and adapt to different climate scenarios. These climate
changes themselves can be brought about by different environmental factors
such as glaciation, ocean currents and change in atmospheric gas
concentrations. Acclimation to these changes occurs for many leaf traits
including but not limited to stomatal traits and leaf size. These leaf trait
changes potentially increase the fitness of the plant and thus leave them more
able to cope with future climate changes.

1.2 Stomata and their influence on photosynthesis and water loss
Stomata consist of two guard cells surrounding the stomatal pore; these cells
regulate the opening and closing of the pore on the leaf surface, and form part of
the homoiohydric system in higher land plants (Raven 2014). This system
regulates plant internal hydration over a range of water availabilities in the soil
and vapour pressure differences between the interior of the leaf and the air
(Hemsley and Poole 2004). Stomata play a crucial role in this system as they
regulate the flow of gases out of the leaf and if water becomes limiting, they can
5

close to conserve water. This can prevent excessive water loss and xylem water
movement when soil water availability is low (Raven 2014). When the guard
cells are turgid with high osmolarity, the stomatal pore is open allowing gas
exchange, when the guard cells are flaccid, the pore is closed and no gas
exchange occurs through the pore. Uptake of CO2 through stomata is essential for
photosynthesis, and therefore photosynthetic rate is tightly linked to stomatal
opening and closing. The rate of gas exchange through stomata is called stomatal
conductance, which is a measure of moles of gas diffusing through the stomata
per unit area of leaf per second (Farquhar and Sharkey 1982). Stomatal opening,
and therefore conductance, is influenced by abiotic factors such as temperature,
light, atmospheric CO2 concentration (von Caemmerer and Farquhar 1981) and
water availability (Filella et al. 1998). Conductance is also influenced by the size
of stomatal pore and the number of stomata on the leaf surface (Nobel 2009).
These two stomatal traits largely determine the maximum possible conductance
through open stomata, also known as gwmax (Eqn 1.1).
𝑑

Eqn 1.1

𝑔𝑤𝑚𝑎𝑥 =

𝑣

∙ D ∙ 𝑎𝑚𝑎𝑥
⁄
𝜋 𝑎
(𝑙 + 2 √ 𝑚𝑎𝑥
)
𝜋

Where d is a constant denoting the diffusivity of water in air (24.9 x 10-6 m2 s-1), v
is also a constant denoting the molar volume of air (24.4 x 10-3 m3 mol-1), D is the
measured variable stomatal density (stomata mm-2), amax is the maximum pore
area of an open stoma (a calculated value: amax = π(p/2)2 μm2 where p stomatal
pore length defined as guard cell length/2 as the maximum potential pore length
is half of that of guard cell length (Franks and Beerling 2009; Franks and
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Farquhar 2007) and l (μm) is the stomatal pore depth (half of the guard cell pair
width assuming that guard cells inflate to be circular in cross section).
The equation describing gwmax is based on the distance that a water molecule
needs to travel in order to enter or exit the leaf as well as the number of sites
available for gas diffusion (Franks and Beerling 2009; Nobel 2009). Therefore,
changes in stomatal density and size can alter potential CO2 uptake and water
loss. Diffusion of CO2 through open stomata is 1.6 times slower than water, as the
CO2 molecule has a greater mass than the water molecule (Farquhar and Sharkey
1982). Higher gwmax means higher potential water loss but also higher potential
for photosynthesis (Franks et al. 2009). It is mostly assumed that water and CO2
molecules move through the stomata only and not through the leaf cuticle,
although it is likely that there is some small movement across the cuticle
(Riederer and Schreiber 2001).

1.3 Cell size and number in relation to leaf size
Stomatal size and density influence gwmax, as mentioned above, and these stomatal
traits are sometimes affected by epidermal cell size (Beaulieu et al. 2008). Larger
leaves may be a consequence of larger cells, where the cell number may not
change but the cell size increases to produce a larger leaf, or, cell number may
also increase as a means to increase leaf size (Horiguchi et al. 2005). Generally, if
cells grow larger, either because of environmental change (Brodribb et al. 2013)
or a change in genome size (Beaulieu et al. 2008), the leaf will also be larger,
stomatal size will increase and stomatal density decrease. Density decreases
because the larger epidermal cells are more spread out and there are fewer of
them per unit area of leaf.
7

The link between cell size and leaf size is complex and can vary with
environmental pressures and between species. The effect of temperature on cell
and leaf size has been investigated for Rosa hybrida cultivars grown under
elevated CO2 and two temperature regimes (Pandey et al. 2007). Leaf area and
guard cell size decreased, while stomatal and epidermal cell density increased for
plants grown under the higher temperature treatments (Pandey et al. 2007).
Negative relationships between cell size and stomatal density have been reported
in many studies (for example Brodribb et al. 2013; de Boer et al. 2011; Franks
and Beerling 2009; Hetherington and Woodward 2003; Lammertsma et al. 2011).
A recent study, however, has shown that humidity may alter the link between cell
size, number and leaf size. In leaves of Toona ciliata, high leaf to air vapour
pressure difference led to a significantly smaller leaf area with significantly
higher stomatal density and number of epidermal cells, but no change in
epidermal cell size and a significant change in stomatal size (Carins Murphy et al.
2013). In this case, the change in stomatal density was attributed to the change in
the number of epidermal cells per unit leaf area. However, these epidermal cells
did not change size, while the size of the guard cells did. Generally however, if
cells are larger, then there are fewer cells per unit area. Changes in cell size and
density affect stomata and thus have physiological consequences.
Larger guard cells are associated with longer pore depths and therefore longer gas
diffusion paths (Franks and Beerling 2009). When turgid, a large guard cell will
have a longer cross-section diameter than a smaller guard cell. Therefore, a larger
guard cell means a longer distance for gases to travel into and out of the leaf.
Large guard cell pairs are also slower to close than small guard cell pairs, because
of their smaller surface area to volume ratio (Raven 2014). Assuming a constant
8
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rate of solute movement across the guard cell membrane, it will take longer to
change the osmolarity of a large cell than a small cell (Raven 2014). This effect
of stomatal size on the rate of opening has been demonstrated for five Banksia
species, in which a negative logarithmic relationship between size and rate of
opening or closing was found (Drake et al. 2013).
Leaf traits vary with environmental variation. This change in leaf traits can have
flow-on effects to other leaf traits, for example, cell size increases can lead to
larger leaves and larger stomata thus changing the potential physiological limits
of the plant. When leaf traits changes to increase fitness within their environment
they may be considered to be adaptively plastic within their environment as
discussed in the first section of the Introduction. This increase in fitness allows
plants with a suite of plastic leaf traits to acclimate to environmental change.

1.4 Acclimation and adaptation to CO2 change
A common plant adaptation is the ability to acclimate to short-term
environmental change, and plasticity in stomatal and leaf traits is a common
acclimation response. For example, a study of leaf traits using clones of Betula
pendula showed that drought significantly reduced stomatal density over one to
two months (Pääkkönen et al. 1998). While climatic variables such as water
availability can affect stomatal traits, environmental variables such as CO2 can
also influence stomatal traits over the long and short term.
Stomata can respond to a change in CO2 concentration both physiologically and
morphologically. The physiological response is in stomatal conductance, where
the stomata open and close as they sense intercellular CO2 concentrations,
maintaining them at approximately 70% of the ambient CO2 concentration (Drake
9

et al. 1997). This physiological change occurs within the anatomical framework
of stomatal size and density, as stomata can only open as much as their physical
constraints will allow. The physiological change occurs over a matter of seconds
to minutes, while changes in stomatal anatomy in response to changes in
atmospheric CO2 occur over months to years. Changes in stomatal anatomy in
response to changing CO2 were first reported by Woodward (1987). Using
herbarium specimens he showed a decrease in stomatal density for eight
angiosperm species collected from the mid-18th century to the present, during
which CO2 had increased by 6 Pa (Woodward 1987). Woodward (1987) also
showed a decrease in stomatal density and index in response to CO2 changes from
22.5 to 34 Pa in a controlled environment experiment. There was no change in
stomatal density and index for CO2 concentrations above 34 Pa and this has been
referred to by other authors as the CO2 ceiling effect (Beerling and Chaloner
1993a). Since the pioneering work of Woodward, many others have used
herbarium specimens and growth experiments to ascertain the response to CO2 of
stomatal traits in a range of species (for example Beerling et al. 1998; Ceulemans
et al. 1995; Haworth et al. 2011b; Kouwenberg et al. 2003; Peñuelas and
Matamala 1990). Stomatal responses to CO2 have also been investigated through
analysis of plants across elevation gradients and around natural CO2 vents (for
example Kouwenberg et al. 2007; Tognetti et al. 2000). The stomatal responses
observed, however, are not uniform. Stomatal density has been shown to increase
in response to increasing CO2 for some needles of Pinus sylvestriformis (Zhou et
al. 2013), and to decrease in response to increasing CO2 for leaves of Olea
europea (Beerling and Chaloner 1993c), or to show no change, as was found for
many species investigated by Bettarini et al. (1998). An increase in stomatal
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density as a response to decreased CO2 availability is generally interpreted as a
means of increasing the number of sites available for CO2 to diffuse in to the leaf
(Franks and Beerling 2009). There have been fewer observations of changes in
stomatal size and gwmax though these have occasionally been documented. For
example, Franks and Beerling (2009) showed a positive linear relationship
between stomatal size and CO2 for leaf specimens collected across deep time with
a large CO2 range of ~40 to 250 Pa. The same study showed a negative
relationship between stomatal density and CO2; the combination of fewer, larger
stomata with increased CO2 leads to a decrease in gwmax. An increase in CO2 may
lead to an increase in photosynthesis and coupled with a decrease in maximum
potential stomatal conductance may increase water use efficiency (Hetherington
and Woodward 2003).
A consequence of the observed responses of stomatal traits to CO2 is that they
have been used to quantify what the CO2 concentration was in the past using
fossilised leaf cuticles. Although ice core records provide a direct measure of past
CO2 concentrations, the oldest known ice sheets that can be studied are only 800
000 years old (Lüthi et al. 2008), and therefore stomata of fossilised leaf cuticles
potentially provide CO2 concentration proxies for a much longer period. Many
studies use stomatal index, the number of epidermal cells that are stomata, as the
proxy. Stomatal index was first proposed by Salisbury (1927) as a means for
normalising variation in stomatal density due to different sized epidermal cells.
Larger epidermal cells result in stomata being further apart and smaller epidermal
cells result in stomata being closer together and therefore of a higher density. This
trait is related to stomatal density, however, studies have shown that where
stomatal density can be influenced by many environmental variables, stomatal
11

index is not and has therefore been put forward as a reliable gauge of CO2 at the
time of leaf development (Woodward 1987). There is also evidence, however,
that stomatal responses to CO2 vary with the species being investigated. For
example, Haworth et al. (2011a) found that when plants of Araucaria bidwillii,
Agathis australis and Wollemia nobilis were grown under CO2 concentrations of
38 and 150 Pa, there was a significant decrease in stomatal density and index at
the higher CO2 concentration. There was no change observed, however, for
herbarium specimens of Araucaria columnaris, A. heterophylla, A. angustifolia,
A. budwillii and Agathis australis across CO2 concentrations of 28–38 Pa
(Haworth et al. 2011a). Another study on six cycad species grown under CO2
concentrations of 38 and 150 Pa, found that there was no significant change in
stomatal density, index or stomatal pore length (Haworth et al. 2011b). The
authors suggested that this was due to the relatively low stomatal number in these
cycads, and that a further reduction in stomatal frequency may have implications
for nutrient uptake or leaf temperature (Haworth et al. 2011b). These examples
demonstrate that the ability to acclimate to changing CO2 varies with species
(other examples include Greer et al. 1995; Newton et al. 1994), and may be
limited by their inherent plasticity with regard to stomatal traits, or interactions
with other environmental factors.
The ability to acclimate in response to environmental change is an adaptation;
some species are responders to CO2 change and some are non-responders to CO2
change. Acclimation can be by one or both of physiology and stomatal anatomy
though the change in stomatal anatomy with changing CO2 is unpredictable as
stomatal density and size of different species respond to CO2 change in different
ways. Stomatal index has therefore been used as a proxy for palaeo-CO2
12
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concentrations as it corrects for change in epidermal cell size. However, this
variable also does not necessarily respond to CO2 change in a predictable manner.
Environmental factors other than CO2 therefore need to be considered when
considering stomatal response to CO2.

1.5 Environmental factors other than CO2
As for CO2, the way in which stomata respond to other environmental variables,
such as temperature and rainfall, varies depending on the species and possibly the
niche that the plant has adapted to. For example, an experiment using the
bluebunch wheatgrass, Pseudoroegneria spicata, found no change in stomatal
density in response to increased temperature when compared with the ambient
temperature using open top chambers in the field (Fraser et al. 2009). Likewise, a
study investigating the response of Zea mays to experimental warming found no
significant effect on stomatal density (Zheng et al. 2013). Similar results were
also found by Apple et al. (2000) when investigating the effect of elevated
temperatures on stomatal density of Pseudotsuga menziesii. However, an
investigation of the stomatal density of Quercus robur leaves across spring and
summer showed a significant negative response to the mean temperature under
which they grew (Beerling and Chaloner 1993b).
A similar range of responses in stomatal density can be found to variation in
water availability, both through precipitation experiments and observations. In
their study of bluebunch wheatgrass, Fraser et al. (2009) found a negative
relationship between water availability and stomatal density. Similarly, another
study using 14 species growing in irrigated and non-irrigated areas found that 13
of these species had significantly higher stomatal densities when not irrigated
13

(Gindel 1969). A field study of Leymus chinensis found a significant negative
linear relationship between stomatal density and both annual rainfall and soil
moisture (Limin et al. 2007). In contrast, a field study using Eucalyptus globulus
growing in two different rainfall regions showed that stomatal density varied
across a wider range under low rainfall than in high rainfall areas, and that
stomatal density of high rainfall plants fell within the range of stomatal densities
of the low rainfall plants, but towards the higher end (Franks et al. 2009).
Although some studies show that stomatal density is low with high water
availability (Gindel 1969; Limin et al. 2007), others show a more complex
response to water availability. In contrast to these studies of stomatal density,
there have been fewer studies investigating the response of stomatal size or gwmax
to environmental and climatic variation (although see Franks et al. 2009).
The integrated impact of changes in stomatal size and density can be determined
by calculating gwmax, the maximum potential water loss (or CO2 uptake) through
open stomata. The use of gwmax as a palaeo-CO2 proxy was investigated by Franks
and Beerling (2009), these authors also showed that gwmax responds to changes in
water availability through rainfall variation in E. globulus (Franks et al. 2009). In
this thesis, the impact of a range of environmental factors across temporal and
spatial gradients on stomatal traits is investigated. These traits include size,
density and gwmax, and in some cases on leaf size.

1.6 Conclusion
Many methods have been used to investigate stomatal responses to a range of
environmental factors including: field studies, growth chambers, glasshouse
experiments, and herbarium and fossil studies. Often, multiple methods are used
14

Chapter one: Adaptation and acclimation of leaf traits to environmental change in time and space

in the one study. This thesis tests the response of stomatal traits to environmental
variables using a combination of field surveys, herbarium collections, and fossil
leaves. These are not controlled environment experiments where it is possible to
quantify exactly how environmental factors varied; however, these approaches
provide a way to assess stomatal responses to natural environmental gradients
across different time scales. Using this approach plasticity (acclimation) and
adaptation, to variation within the environment is gauged where the investigated
species have been growing and evolving in situ for some time.
Given the effects of environmental parameters on stomatal and leaf traits, and the
fact that these features are often used as proxies for environmental variation in the
past, it is important to extend our knowledge of how reliable (or variable) these
traits are across different species and habitats. Therefore, the main question of
this thesis is how stomatal traits vary in a number of endemic Australian species
across a range of environmental variables. Spatial and temporal gradients are used
to investigate this question. The leaf traits measured are stomatal density and size
(see Figure 1.1 for detail on how stomatal size is measured), these measured
values are also used to calculate gwmax. Where possible, leaf width and area have
been measured. The four disparate but related chapters ask the following specific
questions; a rationale for the methodology for each chapter is also included:


Do leaf traits of Dodonaea viscosa subsp. angustissima respond to
environmental variables associated with latitude and elevation in southern
Australia?

Stomatal density and size were measured on D. viscosa subsp. angustissima;
gwmax has been calculated using these measurements. Leaf area has also been
15

recorded for the leaves collected along the latitude (Herbarium) gradient. This
subspecies has been chosen to study as one of the co-authors on this paper had
previously studied the same leaf collections for leaf width change and found a
significant response (Guerin et al. 2012). Thus we investigated stomatal trait
change to ascertain whether there were further changes in leaf anatomy.


Do leaf traits of Melaleuca lanceolata respond to temporal CO2 change
and environmental variables associated with latitude gradients?

Stomatal density and size have been measured for Melaleuca lanceolata and
gwmax calculated using these measurements. M. lanceolata has been chosen for
this study as work had previously been completed using testing stomatal traits
response of this species to CO2; this work had not been published. Therefore, this
project was an opportunity to publish these results using a species that is
abundant in the State Herbarium of South Australia.

16
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Figure 1.1 Images illustrated with how length and width of a single stoma was
determined. Images are (a) Dodonaea viscosa subsp. angustissima as featured in
chapter two, (b) Melaleuca lanceolata as shown in chapter three, (c) Melaleuca
quinquenervia from chapter four and (d) Bowenia sp. nov. 1 as described in
chapter five. All scale bars are 50µm.


Does rainfall influence stomatal traits in Melaleuca quinquenervia leaves,
and can this be used to predict past climate through the Holocene in
eastern Australia?

Stomatal density and size were calculated for this chapter and gwmax was
calculated using these measurements. No leaf area measurements were made as
no whole leaves were available for analysis. The sub-fossil leaves were highly
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fragmented and the modern leaf collections had been sampled for other studies
and thus the tips of all of these leaves had been removed. It was due to these
previous studies that this project was carried out using Melaleuca quinquenervia.
Carbon isotope analysis had been done by other research groups who were
interested in the potential stomatal response.


How have stomatal traits in the cycad genus Bowenia changed over the
past 65 million years, and is this reflected in modern distributions?

Stomatal density and size were measured on the Bowenia extant and fossil
species; gwmax has been calculated using these measurements. Pinnule size has
also been recorded. This genus was chosen as a new fossil specimen was
available to describe and along with analysis of extant stomatal change. This
work provided an interesting aspect to this thesis work not seen in other chapters
due to the age of the specimens and their stomatal changes.

18
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2.1 Summary text for table of contents
The environment and climate that a plant lives in influences its physical traits and
they, in turn, influence plant function. This study investigated the impact of
environmental and climatic pressures on the stomata of Dodonaea viscosa subsp.
angustissima in order to discover what environmental and climatic pressures exert
greatest influence on stomatal properties. We found that maximum temperature
exerted the greatest pressure on the stomata of this species.

2.2 Abstract
It is well known that physical leaf traits influence leaf functions, and that these
traits vary across environmental gradients. Stomata can influence leaf function,
with changes in density and size affecting potential water loss, CO2 uptake, and
also leaf cooling. Plasticity in stomatal traits occurs in response to environmental
factors, but identifying which factors have the greatest influence is often difficult.
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We investigated variation in leaf size, stomatal density and size, and potential
water loss from open stomata (gwmax), in the Australian native shrub Dodonaea
viscosa subsp. angustissima, across a range of environmental factors including
temperature, rainfall, and CO2. We used herbarium specimens collected across a
latitudinal gradient, and also sampled along an elevation gradient in southern
Australia. There were significant relationships between mean summer maximum
temperature and stomatal density, and gwmax. We found no significant
relationships between rainfall or CO2 and the leaf traits we studied. Increased
stomatal density at warmer locations may result in an increase in the potential for
transpiration, as a means for evaporative cooling. Alternatively, it may enable
increased CO2 and nutrient uptake during the short, winter growing season.
Key words: Plant adaptation, Leaf morphology, Sapindales, Phenotypic plasticity

2.3 Introduction
Environmental and climatic factors affect plant morphology, which in turn
determines the physiological performance of plants. Leaves are the interface
between the plant and the atmosphere and their ability to acclimate and adapt to
their local environment and climate is integral to the persistence of a species. Leaf
size and stomatal traits are two key features of leaf morphology that respond to
environmental change and have a significant influence on the physiological
performance of plants. Leaf size affects boundary layer thickness that is important
for leaf energy balance and transpiration. Large leaves have thicker boundary
layers than small leaves and this affects heat loss and potentially transpiration
rates (Nobel 2009). Stomata also play a critical role in gas-exchange across
leaves, influencing both photosynthesis and transpiration. Plants can change the
22
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number and/or size of stomata on their leaves, and this affects the maximum
potential stomatal conductance to both water and CO2. This type of stomatal
change can occur plastically within an individual over the lifetime of a plant
(Miller-Rushing et al. 2009) and also on a long term scale for populations of plant
species growing in different environments and climates (Franks et al. 2009).
Leaf size responds to changes in rainfall and soil phosphorus (McDonald et al.
2003), temperature, soil carbon to nitrogen ratio (Meier and Leuschner 2008) and
light availability (Xu et al. 2009). Stomatal size and density are known to change
in response to a variety of environmental factors including temperature (Limin et
al. 2007), water availability (Pääkkönen et al. 1998), light (Eensalu et al. 2008),
soil nutrients (Frey et al. 1996), humidity (Carins Murphy et al. 2013) and both
the partial pressure (Kouwenberg et al. 2007) and atmospheric concentration
(Woodward 1987) of CO2. A change in stomatal density modifies the number of
sites available for gas exchange per unit leaf area, and an increase in stomatal size
decreases gas diffusion rate by increasing the length of the diffusion pathway.
There is a limit, however, to the leaf area available for stomata to occupy due to
the requirements of other processes such as photosynthesis. Thus, as stomatal
density increases it is usually accompanied by a decrease in stomatal size, and
this results in an increase in the maximum potential water loss through open
stomata (i.e. gwmax) (Franks and Beerling 2009). For example, stomatal density
has been shown to increase with increasing temperature under CO2 enrichment
for five rose cultivars (Pandey et al. 2007), increasing the potential for
transpirational leaf cooling with warmer conditions.
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Using D. viscosa subsp. angustissima, Guerin et al. (2012) found that leaf area
decreased with increasing elevation and leaf width decreased with decreasing
latitude (°S). The same study found that there had been a 46% decrease in leaf
width of D. viscosa subsp. angustissima over a period of 127 years, and it was
suggested that temperature could be driving these morphological changes. In this
paper, we extended the investigation of the influence of natural climate variation
on leaf traits of D. viscosa subsp. angustissima by using both herbarium and
contemporary collections across a latitude and an elevation gradient. In addition
to examining leaf area, we also quantified changes in stomatal density and size,
and used these traits to calculate gwmax. We then compared these leaf traits with
two possible abiotic drivers of leaf change; temperature and rainfall, across the
latitude gradient, and also with changes in CO2 corresponding to the period over
which our herbarium samples were collected. We hypothesised that leaf area
would be negatively correlated with increasing temperature, while stomatal traits
would change to increase gwmax as temperature increased leading to an increased
potential for leaf cooling.

2.4 Methods
2.4.1 Plant material and climate data
Dodonaea viscosa is a morphologically variable and taxonomically complex
woody shrub distributed across much of southern Australia, but also worldwide,
in a range of habitats including temperate woodlands, arid shrublands and tropical
coasts (Harrington and Gadek 2009; West 1984). Dodonaea viscosa subsp.
angustissima (DC.) J. G. West is a medium-sized shrub with linear leaves that
occurs in semi-arid to arid woodlands and shrublands across southern and central
Australia (Harrington and Gadek 2009; West 1984).
24
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In this study, leaves were sampled from D. viscosa subsp. angustissima (Fig. 2.1)
growing along an elevation gradient in the Heysen Range, South Australia (Fig.
2.1). Three mature leaves were sampled from five individuals at each 50 m
interval from 300 to 800 m in elevation (n = 165). Vegetation along the transect is
open woodland; plants sampled were in full sun and mature sun leaves were
selected. Specimens were then dried as herbarium specimens.

25

Figure 2.1 Dodonaea viscosa subsp. angustissima (a) in the Heysen Range, South
Australia (31.3°S, 138.6°E) and (b) light micrograph of cuticle showing stomata.
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Herbarium specimens of D. viscosa subsp. angustissima collected in South
Australia between 1959 and 2011, and one specimen collected in 2011 from
Kelly Hill Conservation Park on Kangaroo Island under permit number U25975-1
granted from the Government of South Australia, were also used for this study
(Appendix 2.1 and Fig. 2.2). We present the herbarium data as data collected
from specimens taken from the State Herbarium of South Australia and the Kelly
Hill field sample as a single data set. The samples came from sites ranging in
elevation (9 – 506 m) and latitude (36°S–27°S). Five mature leaves were sampled
from each specimen. The drier, northern end of the latitude range has the lowest
average annual rainfall (163 mm) with the south having the highest (1061 mm).
Mean maximum temperatures across the latitude range varied from 23°C at
Kangaroo Island (36°S latitude) to 37.8°C at Lake Eyre (27°S latitude). Over the
collection period (1959–2011), average annual atmospheric CO2 increased from
31.6 to 39.1 Pa (Tans and Keeling 2013).
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Figure 2.2 Collection locations for Dodonaea viscosa subsp. angustissima from
herbarium specimens (closed circles) and the contemporary (2012) field sample
from the Heysen Range (open circle; Guerin et al. 2012). The Kelly Hill field
collection (permit number U25975-1) is presented as part of the Herbarium
dataset and is represented by the black circle on the western side of Kangaroo
Island.
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Climate data for collection locations were obtained using the WorldClim dataset,
which is interpolated at a resolution of 1 km2 (Hijmans et al. 2005). Climate data
are long term averages (1950–2003). Where latitude and longitude of specimens
were not recorded, they were estimated using locations on herbarium sheets.
Elevation of herbarium and field collected samples was calculated using Daft
Logic (daftlogic.com/sandbox-google-maps-find-altitude.htm).

2.4.2 Whole leaf measurements
Leaves collected from the South Australian herbarium were placed onto a flatbed
scanner and scanned using CanoScan Toolbox version 4.9.3.2toolpak (X for Mac
OSX). Images were then imported into ImageJ and leaf length and width were
measured in millimetres. Leaf sizes for the leaves collected from the Heysen
Range were taken from Guerin et al. (2012).

2.5 Stomatal morphology
2.5.1 Cuticle preparation
Cuticles were prepared using dried leaf material from both the Heysen Range
field site and the State Herbarium of South Australia. Sections of one cm length
were cut from the middle of each entire leaf, covered in 80% ethanol v/v and left
for 24h. Leaf sections were then submerged in a 2:1 solution of 35% hydrogen
peroxide and 80% ethanol v/v and heated until leaf sections were opaque.
Cuticles were removed and cleaned with a fine brush, then stained with 0.05%
crystal violet w/v and mounted on slides using glycerine jelly.

2.5.2 Stomatal measurements
Cuticle photographs were taken using an Olympus UC50 camera mounted on an
AX70 Olympus microscope. AnalySIS software (version 6.0.6001 Service Pack 1
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Build 6001, Acer, Australia) was used to photograph cuticles and subsequently
analyse them. Three photographs per cuticle section were taken. Length and
width of five guard cell pairs per image were measured to obtain stomatal size
(μm2). Stomatal density (stomata mm-2) was determined on 200 x 200 μm cuticle
sections. Stomatal size and density measurements were then used to calculate
maximum potential water loss (gwmax; mol m-2 s-1), using Eqn 2.1.
𝑑

Equation 2.1 𝑔𝑤𝑚𝑎𝑥 =

𝑣

∙ D ∙ 𝑎𝑚𝑎𝑥
⁄
𝜋 𝑎
(𝑙 + 2 √ 𝑚𝑎𝑥
)
𝜋

Where d is the diffusivity of water vapour in air (m2 s-1), v is the molar volume of
air (m3 mol-1), D is stomatal density (stomata mm-2), amax is the maximum
stomatal pore area of an open stoma (μm2) (Franks and Beerling 2009) and l (μm)
is the inferred stomatal pore depth (half of the guard cell pair width assuming that
guard cells inflate to be circular in cross section).

2.5.3 Data analysis
Response variables were assessed for the influence of outliers as follows. The
middle 50% of values for each variable, the 'interquartile range', was determined.
Data lying more than 1.5 times outside the interquartile range were identified as
outliers. Where outliers were detected, their influence on pattern in the data, and
on model fit and residuals was assessed. As all outliers were single replicates
from specimens, and they had no notable influence on the regressions, all data
points were included in the final analysis.
The five replicate samples per herbarium sheet were treated as nested within
those specimens. This recognises that the sampling, while accounting for within30
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sample variance, is a form of pseudo-replication, as the replicates are not
independent samples with respect to the environmental variables. Nested
sampling was explicitly dealt with by fitting mixed models; environmental
variables were treated as fixed effects, and herbarium specimens as random
effects, so that the model intercept was allowed to vary among herbarium
specimens for each regression.
Linear mixed models were fitted with Maximum Likelihood (ML); delta AIC
values were calculated by comparing the addition of single coefficients for
environmental variables to the null model containing only the random intercept.
Models were discarded if the addition of the environmental variables had a
positive delta AIC. For successfully fitted models (negative delta AIC),
coefficients were tested with 1000 bootstraps, to ensure the 95% Confidence
Intervals did not overlap zero, and R2 values were calculated using the method
proposed for linear mixed models by Nakagawa and Schielzeth (2013).
For fitted models, residuals were plotted against fitted values to rule out nonconstant error variance. Model residuals and random effects (intercepts) were
plotted against quantiles of the normal distribution, to ensure they were
approximately normal. As the regression methods used assume constant error
variance and a normal distribution of residuals and random effects, models that
substantially violated these assumptions (e.g. heteroscedastic residuals), without
and following log-transformation of the response variable, were rejected.
Regressions were conducted in R (Version 2.11.1; R Foundation for Statistical
Computing, Vienna, Austria) and using functions from the package 'lme4' (linear
mixed models; Bates et al. 2014).
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Linear regressions were performed with GraphPad Prism (Version 6.00 for
Windows, GraphPad Software, La Jolla California USA) to produce plots.

2.6 Results
2.6.1 Leaf trait variation with latitude and elevation
Stomatal density of D. viscosa subsp. angustissima ranged from 109 to 392
stomata mm-2 across the latitude gradient (Fig. 2.3a), while stomatal size varied
from 426.6 to 1104.2 μm2 (Fig. 2.3b). There was no significant relationship
between stomatal density and size (Supplementary Fig. 2.1). There was a
significant negative relationship between density and latitude, but not between
size and latitude (Table 2.1). Maximum potential water loss (gwmax) varied
between 0.9 and 2.8 mol m-2 s-1 and there was a significant negative relationship
with latitude (Fig. 2.3c, Table 2.1). No significant relationships were found
between elevation and any of the stomatal parameters measured for leaves
collected from the elevation gradients (Fig. 2.4, Table 2.1).
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Figure 2.3 The relationship between latitude and (a) stomatal density (stomata
mm-2), (b) stomatal size (μm2), and (c) maximum potential water loss (gwmax, mol
m-2 s-1), for the D. viscosa subsp. angustissima. Herbarium (closed circles) and
Heysen Range datasets (open circles), the mean of the Heysen Range dataset is
included here and is treated as a single latitude point. Data points are means ±SE.
Lines are linear regressions (see Table 2.1 for stats).
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Table 2.1 Statistics for stomatal responses of Dodonaea viscosa subsp.
angustissima to latitude, elevation and a range of climatic variables (Figs. 2.3–
2.5). Linear mixed models were fitted to the data with restricted maximum
likelihood (REML) and a simple stepwise procedure. ΔAIC was calculated using
Maximum Likelihood (ML) and models are statistically significant where the
addition of coefficients for environmental variables had a negative ΔAIC, with
respect to the null model. The Heysen Range data were included in the latitude
analysis and the mean of these values were taken to represent a single latitude
point for this gradient.
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Figure 2.4 The relationship between elevation and (a) stomatal density (stomata
mm-2), (b) stomatal size (μm2), and (c) maximum potential water loss (gwmax, mol
m-2 s-1), for the D. viscosa subsp. angustissima. Herbarium (closed circles) and
Heysen Range datasets (open circles). Data points are means ±SE. Lines are
linear regressions (See Table 2.1 for stats).
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2.6.2 Leaf trait relationships to environment and climate
There were significant positive relationships between mean maximum
temperature of the hottest month and both stomatal density and gwmax, but not
with stomatal size (Fig. 2.5, Table 2.1). Maximum temperature and latitude are
highly correlated, however, the linear mixed models suggested temperature was a
better predictor of stomatal density and gwmax than latitude (see AIC values in
Table 2.1), and therefore was likely to be the main influence on the latitudinal
cline. There were no significant relationships between stomatal traits and mean
rainfall (Supplementary Fig. 2.2; Table 2.1) or CO2 (Supplementary Fig. 2.3;
Table 2.1).
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Figure 2.5 The relationship between maximum temperature and (a) stomatal
density (stomata mm-2), (b) stomatal size (μm2), and (c) maximum potential water
loss (gwmax, mol m-2 s-1), for the D. viscosa subsp. angustissima Herbarium
(closed circles) and Heysen Range datasets (open circles). Data points are means
±SE. Lines are linear regressions (See Table 2.1 for stats).
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2.7 Discussion
The purpose of this study was to determine whether leaf size and stomatal traits
of Dodonaea viscosa subsp. angustissima respond to environmental gradients in
southern Australia. We found no response of leaf size to the latitude cline.
Stomatal trait clines were investigated across spatial and temporal environments
that encompassed a CO2 gradient and climate changes including temperature and
rainfall. Stomatal density and gwmax were both positively correlated with mean
maxima of the hottest month across 8.8° of latitude. As temperature was shown to
be a better predictor of stomatal density and gwmax than latitude, we suggest that
temperature is likely to be an important driver of stomatal characters in this
species.

2.7.1 Stomatal traits
When all specimens were considered as a single group, the range of all stomatal
traits was within what we would expect from other studies. The stomatal density
range of 109–392 stomata mm-2 was similar to that reported for different
Dodonaea viscosa subsp. angustissima hybrids (Mishio 1992; Shtein et al. 2011).
For example, a stomatal density range of ~300 to 500 stomata mm-2 was found
for an Israeli hybrid of D. viscosa subsp. angustissima when grown under
ambient conditions for two years to assess seasonal changes in leaf anatomy of
this species (Shtein et al. 2011). Mean stomatal density of D. viscosa subsp.
angustissima was 204 ± 44 stomata mm-2 for plants growing on ridges with much
exposed rock and shallow soils in Japan (Mishio 1992).
Stomatal size range of all southern Australian D. viscosa subsp. angustissima was
337 to 1105 μm2. This is within the expected stomatal size range of other
38

Chapter two: Temperature influence along latitude gradient of D. viscosa stomata

angiosperm species growing in Australia. The stomatal size of Eucalyptus
globulus grown in high and low rainfall sites was found to be between 200 and
1100μm2 (Franks et al. 2009). The stomatal size of five Banksia species all grown
in similar glasshouse conditions was between 300 and 600 μm2 and the maximum
range for one of these species was 400 to 500 μm2 (Drake et al. 2013).
The gwmax range of 0.9 to 2.8 mol m-2 s-1 was also what we would expect for a
modern species. The response of gwmax of Acer rubrum, Ilex cassine and Myrica
cerifera to a temporal gradient that encompassed a CO2 range of 29 to 38.7 Pa
was within the range of 0.8 to 3.2 mol m-2 s-1 (Lammertsma et al. 2011). The
gwmax of a group of conifers including 16 Podocarpaceae and seven Cupressaceae
species grown under well watered glasshouse conditions with ambient light was
calculated and within the range of 0.2 to 1.4 mol m-2 s-1 (Brodribb and Hill 1997).

2.7.2 Stomatal response to environmental gradients
We found a positive relationship between latitude, and within this latitude
gradient, temperature and both stomatal density and gwmax in our study species.
The increase in stomatal density has ecophysiological significance as it is
essentially the number of sites available to the leaf for evapotranspiration. We
found no significant relationship between leaf area and temperature, but our data
set was much smaller and thus the analysis less robust than that of Guerin et al.
(2012) who found a negative relationship between leaf area and maximum
temperatures associated with the latitude gradient. Small leaf size should enhance
the capacity for sensible heat loss during summer, while the high gwmax facilitates
high transpiration rates, and thus nutrient acquisition, during the short, winter
growing season (Yates et al. 2010).
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We found no significant relationships between leaf area or any of the stomatal
variables and elevation (Fig. 2.4), although leaf area was previously found to be
negatively correlated with elevation in the Heysen Range set of leaf samples
(Guerin et al. 2012). Several authors have found stomatal responses to a range of
environmental changes along elevation gradients (for example Aslantaş and
Karakurt 2009; Schoettle and Rochelle 2000) including change in partial pressure
of CO2 (Körner 2007; Kouwenberg et al. 2007). Aslantaş and Karakurt (2009)
studied the stomatal density of five species of apple cultivars growing at 1200 and
1900 m elevation. They found that stomatal density was significantly lower at the
1900m elevation than the 1200m elevation though they found no statistically
significant response to a single environmental parameter change associated with
either of the sites (Aslantaş and Karakurt 2009). The authors suggested that
stomatal density was lower at the higher elevation due to the harsh conditions at
that site; these harsh conditions include lower temperatures, humidity and
precipitation than the lower elevation (Aslantaş and Karakurt 2009). An
investigation using Pinus flexilis growing along an elevation gradient of 1630 to
3328 m also found a decrease in stomatal density with increasing elevation
(Schoettle and Rochelle 2000). The authors suggested that this was due to the
lower water availability at higher elevation (Schoettle and Rochelle 2000).
Another investigation using Nothofagus solandri var. cliffortioides trees growing
along an elevation gradient of 600 to 1460 m on a single mountain in New
Zealand, and Quercus kellogii trees from a range of populations in California
covering an elevation range of 1100 to 2400 m (Kouwenberg et al. 2007), found
that stomatal density increased with increasing elevation for both species. The
authors suggested that temperature, precipitation and light were unlikely to be
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possible influences (Kouwenberg et al. 2007). They concluded that the main
reason for stomatal density change was that the CO2 partial pressure decreases
with increasing elevation (Kouwenberg et al. 2007). Our study covered an
elevation gradient with a range of 500 m while the studies above used elevation
ranges of at least 700 m, with consequent significant variation in environmental
parameters (Aslantaş and Karakurt 2009). The maximum elevation sampled in
our study was only 800 m whereas the maximum elevations of the studies
discussed above ranged from1460–3328 m. As we found no response in stomatal
variables along the elevation gradient, we conclude that either there is no
elevation effect, or the elevation gradient we used was too low to drive
measureable change in leaf or stomatal traits in D. viscosa subsp. angustissima.
In contrast with elevation, there were significant positive relationships between
stomatal density and gwmax with latitude (Fig. 2.3a, c), and also with mean
maximum temperature (Fig. 2.5a, c). This contrasts with some other studies that
have reported the opposite effect of temperature on stomatal density, and
suggested this was a means to conserve water (Beerling and Chaloner 1993b;
Ferris et al. 1996). Our findings, however, are similar to those reported for rose
cultivars grown at a range of temperatures, in which leaf size declined and
stomatal density increased in plants grown at higher temperatures and under CO2
enrichment (Pandey et al. 2007). Pandey et al. (2007) also reported a reduction in
stomatal size with increasing temperature. The positive relationship between
mean maximum temperature and both stomatal density and gwmax that we
observed could be a means to increase evaporative cooling of leaves in warmer
regions. However, the increased gwmax at the warmer end of this gradient does not
mean that stomatal conductance is always high. During periods of high rainfall in
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areas where water is often not available to plant root systems (January, February
and March; Supplementary Figs. 2.4, 2.5), plants have been shown to use water
quickly (Mott et al. 1982). This quick, opportunistic use of water allows plants to
grow quickly during the small bursts of resource availability. During the rest of
the year, stomatal conductance is unlikely to be at the maximum potential
allowable by gwmax.
Although stomatal density responded to temperature, we found no corresponding
response for stomatal size. It is possible that leaf cell area, and hence stomatal
size, did not change given that we also found no change in leaf area with
temperature. We found no relationships between any of the stomatal traits we
investigated and rainfall or CO2, suggesting that temperature is at least one of the
main drivers of stomatal change in this species.

2.8 Conclusion
This study showed a stomatal density response to variation in mean summer
maximum temperatures along a latitude gradient, which is an ecophysiologically
significant cline that occurs in conjunction with previously demonstrated
latitudinal variation in leaf width. As no other stomatal traits varied with the
measured environmental factors, we believe this occurred to increase the number
of sites available for gas diffusion in order to increase transpiration at the hotter
end of the latitudinal gradient, either as a means of increased evaporative cooling
of the leaf, or to allow more rapid growth during a shorter growing season. It is
important to note that this is a maximum potential for transpiration and that
stomata open and close within these boundaries.
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3.1.1 Summary text for table of contents
Stomata are the interface between the atmosphere and leaf internal spaces, and
their size and density can vary with a range of environmental factors. We
investigated these responses using Melaleuca lanceolata and found a relationship
between stomatal traits and temperature, as well as between leaf width and
elevation, rainfall and temperature. Knowledge of leaf plasticity enhances our
understanding of how plants respond to changing environmental conditions.

3.2 Abstract
Herbarium specimens and contemporary collections were used to investigate the
effects of environment and CO2 concentration on stomatal density, stomatal size,
maximum potential water loss through stomata (gwmax) and leaf width of
Melaleuca lanceolata Otto in southern Australia. Variation in CO2 had no effect
on stomatal size and density, or gwmax of M. lanceolata. In contrast, stomatal
density was negatively correlated with annual rainfall and there were significant,
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positive relationships between both elevation and mean maximum temperature
and stomatal density. There was also a positive relationship between gwmax and
maximum temperature. Leaf width was negatively correlated with both maximum
temperature and elevation. We suggest that the increase in stomatal density and
gwmax with increasing maximum temperatures enhances the potential for
evaporative cooling of M. lanceolata leaves. It could also allow plants to
maximise opportunities for carbon fixation during the sporadic rainfall events that
are typical of drier, northern regions. This occurs in conjunction with a narrowing
of the leaves in warmer climates and higher elevations, which results in a
decrease in the thickness of the boundary layer. This combination of smaller
leaves and increased potential for evaporative cooling through increased stomatal
density and gwmax would allow the leaf to stay closer to its optimal temperature
for photosynthesis.

3.3 Introduction
Across the globe, climatic and environmental variations are associated with
changes in leaf morphology that, in turn, can influence plant function. Changes in
CO2 concentration can also influence leaf traits. For example, leaves of Olea
europea from 3530 before present to the present were found to decrease stomatal
density in response to a rise in CO2 of ~8 Pa during this time (Beerling and
Chaloner 1993c). Stomatal density in leaves of Pinus flexilis was found to
decrease with increasing elevation in northern Colorado and southern Wyoming,
most likely as a response to reduced water availability at higher elevations
(Schoettle and Rochelle 2000). Similarly, stomatal density of Lolium perenne
leaves was found to decrease with increased temperature in the transition from
spring to summer, and the authors suggested that this response was a means for
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reducing water loss through stomata in the warmer months (Ferris et al. 1996).
Changes in stomatal density, such as those described here, have an impact on leaf
function. For example, Carins Murphy et al. (2012) showed that stomatal density
of Toona ciliata has a significant positive linear relationship with stomatal
conductance.
Leaf size can also be influenced by environmental and climatic factors. For
example, size of Quercus acutissima leaves was positively correlated with both
water and light availability (Xu et al. 2009). CO2 has also been shown to affect
the leaf size of a range of Populus species during free-air CO2 enrichment
experiments, with leaf size positively correlated with CO2 concentration (Ferris et
al. 2001). Ferris et al. (2001) reported an increase in leaf size due to an increase
in the number of cells, rather than a consistent increase in cell size. Similarly,
Toona ciliata leaf size was found to be positively correlated with humidity, and
the increase in leaf size was found to be due to an increase in cell number (Carins
Murphy et al. 2013). Changes in leaf size influence the thickness of the boundary
layer, which can affect rates of gas diffusion and leaf energy balance. For
example, small leaves with a thinner boundary layer have higher rates of heat loss
in warm environments than do larger leaves (Nobel 2009).
The impact of environmental factors on leaf morphology can be investigated
using natural gradients that occur with changing elevation and/or latitude, and
also temporal changes, such as that for CO2 that can be investigated using
herbarium specimens. In the present study, the effects of variation in temperature
and rainfall on stomatal traits and leaf size of Melaleuca lanceolata Otto were
investigated using both herbarium specimens and contemporary material
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collected across latitude and elevation gradients. We also investigated the effect
of CO2 on stomatal traits in this species, by using herbarium material collected
over the past 155 years. We chose to use M. lanceolata because it is a common
species in southern Australia, with a wide distribution. We also had access to
herbarium material from a relatively small area of South Australia that was ideal
for investigating the effects of CO2 because there was little or no topographical or
climatic variation within this region. We hypothesised that as CO2 has increased
during the past century, stomata would become fewer and larger as the CO2
gradient between leaf and surrounding air increased. We also suggest that leaves
will have fewer, larger stomata at higher elevations. This may be due to either
reduced water availability and/or temperatures. As conditions become warmer
and drier with decreasing latitude in southern Australia, we suggest two possible
combinations of leaf and stomatal traits. First, that there would be fewer, larger
stomata on smaller leaves, restricting water loss and maintaining a smaller
boundary layer so that the leaf temperature is similar to the ambient air
temperature. Alternatively, M. lanceolata leaves may actually have higher
stomatal densities to increase the potential for evaporative cooling; combined
with smaller leaves this would again maintain leaves closer to or below ambient
temperatures.

3.4 Materials and methods
3.4.1 Leaf material
Herbarium specimens of M. lanceolata from the State Herbarium of South
Australia collected across latitudes ranging from 30.78°S to 37.21°S within South
Australia were sampled (Fig. 3.1a, Appendix 3.1). Mean annual rainfall across
these latitudes varies from 205.4 mm in the north to 711.9 mm in the south. Mean
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annual maximum temperature is 24.9°C in the north and 17.9 °C in the south,
whereas mean annual minimum temperature is 13.6 °C in the north and 8.2 °C in
the south. Rainfall and temperature values used for this dataset were the mean
annual average for the period 1961–1990 obtained from the Australian Bureau of
Meteorology. Five leaves were also collected in 2011 from Kelly Hill National
Park on Kangaroo Island (Permit number U25975-1, Government of South
Australia). Five leaves per herbarium sheet were sampled with a total of 13
herbarium specimens sampled (70 leaves, Appendix 3.1). Elevation for the
collection locations of each specimen was determined using the latitude and
longitude of each in Daft Logic (©2014 daftlogic.com/sandbox-google-mapsfind-altitude.htm date accessed: January 2014). Elevations ranged from -3 m to
564 m asl.
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Figure 3.1 Collection locations for the herbarium specimens of Melaleuca
lanceolata used in the present study. (a) Locations across a range of latitudes used
for the elevation and climatic comparisons (solid circles), and (b) specimens from
a smaller geographic range used for the CO2 comparison (open circles).
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A further set of herbarium specimens of M. lanceolata collected over the period
from 1848 to 2003 was obtained from the National Herbarium of Victoria,
National Herbarium of New South Wales and the State Herbarium of South
Australia. The majority of these specimens were collected from a small area east
of Adelaide (Fig. 3.1b). In addition, individual specimens were also collected
from Goolwa and Kangaroo Island (Fig. 3.1b). Using specimens from the same
region minimises environmental differences allowing us to compare the effect of
changes in atmospheric CO2 over the 155-year collection period. Mean annual
rainfall for this region is 350 mm and mean minimum and maximum temperatures
are 9.9°C and 22.9°C, respectively (Commonwealth of Australia 2014). Five
leaves per herbarium sheet were sampled at approximately decadal intervals from
1848 until 2003 (n = 13 herbarium sheets, and 65 leaves in total). A list of the
accession numbers, years collected, latitude, longitude and herbaria where
specimens are kept is provided in Appendix 3.2.

3.4.2 Leaf measurements
Whole-leaf images were captured using a flatbed scanner (CanoScan Toolbox
Version 4.9.3.2toolpakX for Mac OSX, Canon Australia). Leaf width in
millimetres was determined with ImageJ 1.44p (Rasband, W.S., National
Institutes of Health, Bethesda, Maryland, USA, 1997 – 2014). Leaf widths were
measured only on the latitude-gradient specimens.

3.4.3 Stomatal measurements
Leaves were submerged in individual test tubes in 80% ethanol (v/v) for 24 hours,
and then placed in a 2:1 solution of 35% hydrogen peroxide: 80% ethanol (v/v).
Tubes with leaves were placed in beakers of water and simmered gently on a
hotplate until the leaves became translucent and the cuticle dissociated from the
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leaf. Leaf debris was gently brushed away from the cuticle with a paint brush.
Cleaned cuticles were stained using crystal violet 0.05% w/v and fixed to slides
with warmed phenol glycerine jelly.
One cuticle image each of the abaxial and adaxial leaf surfaces was obtained per
leaf by using an Olympus UC50 camera (Olympus Australia) mounted on an
AX70 Olympus microscope (Olympus Australia) and AnalySIS software (Soft
Imaging System, Münster, Germany). AnalySIS was used to measure guard cellpair length and width of five stomata per leaf surface. Guard cell-pair length and
width were then multiplied together to obtain stomatal size (μm2). Stomatal
density (stomata mm-2) was determined from a 200 x 200 μm area of each cuticle.
Stomatal density and size measurements were used to calculate maximum
potential water loss through stomata (gwmax), by using Eqn. 3.1 as follows:
𝑑

Equation 3.1𝑔𝑤𝑚𝑎𝑥 =

𝑣

× D × 𝑎𝑚𝑎𝑥
⁄
𝜋 𝑎
(𝑙 + √ 𝑚𝑎𝑥 )
2

𝜋

Where d is the diffusivity of water vapour in air (m2 s-1), v is the molar volume of
air (m3 mol-1), D is stomatal density, amax is the maximum pore area of an open
stoma (μm2) and l is the stomatal pore depth (μm) inferred from guard cell-width,
assuming that guard cells inflate to have a circular cross section (Franks and
Beerling 2009).

3.4.4 Statistical analysis
Regressions of leaf traits against environmental factors were performed and
analysed using GraphPad Prism (Version 6.00 for Windows, GraphPad Software,
La Jolla California USA). We also used this program to perform D'Agostino and
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Pearson omnibus normality tests on each stomatal trait to determine whether the
abaxial and adaxial leaf-surface measurements and calculations were normally
distributed. The Mann-Whitney test was also performed using GraphPad Prism to
determine whether the adaxial and abaxial leaf surfaces were significantly
different from each other.

3.5 Results
There was a significant (P < 0.0001) difference in the stomatal density between
the abaxial and adaxial leaf surfaces across all specimens of M. lanceolata. More
stomata were present on the abaxial leaf surface, as is the case for other
Myrtaceae (Bell 1999; James and Bell 2001). In most cases, significant stomatal
responses to environmental and climatic variables were found only for the abaxial
leaf surfaces; thus, we show data collected from the abaxial leaf surface, with one
exception, namely the relationship found between maximum temperature and
stomatal density. Data for the adaxial leaf surface are shown in Fig. 3.4a where
there was a significant relationship found between maximum temperature and
stomatal density.
There was a significant, logarithmic relationship between stomatal density and
size for M. lanceolata leaves across all sampled material, with stomatal size
tending to decrease as density increased (Fig. 3.2a). There was a strong and
significant linear relationship between stomatal density and gwmax (Fig. 3.2b), and
a weaker relationship between gwmax and size in M. lanceolata (Fig. 3.2c).
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Figure 3.2 The relationships between (a) stomatal size and density across all the
herbarium specimens of Melaleuca lanceolata used in the study (stomatal size =
10(-0.64xlog(stomatal density)) + 4.2; r2 = 0.42, P < 0.0001), (b) maximum potential water
loss through stomata (gwmax) and stomatal density (stomatal density = 146.4 x
gwmax + 16.16; r2 = 0.37, P < 0.0001) and (c) gwmax and stomatal size (stomatal
size = -53.04 x gwmax + 594.5; r2 = 0.03, P = 0.04). Data points are means ± SE.
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Despite a CO2 increase of ~9.5 Pa over the time period represented by herbarium
specimens collected from the region east of Adelaide (Fig. 3.1b), we found no
relationship between CO2 and stomatal density, size or gwmax for either the abaxial
or adaxial leaf surfaces of M. lanceolata (Table 3.1; Supplementary Fig. 3.1;
Supplementary Table 3.1). The range of stomatal density of the specimens from
the CO2 gradient was 150–500 stomata mm-2, and the range of stomatal size of
these specimens was 360–630 μm2. The range of gwmax across CO2 concentrations
was 0.8–3.1 mol m-2 s-1.
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Table 3.1 Results of linear regressions comparing leaf traits of Melaleuca
lanceolata with a range of environmental and climate variables.
Leaf trait CO2 (Pa)

2

r

P-

Elevation (m)

2

r

P-value

Mean annual

Mean maximum

rainfall

temperature

(mm year-1)

(°C)

2

r

value
Stomatal

P-

r2

P-value

value

0.009 0.59

0.06

0.046*

0.03

0.0001 0.9

0.07

0.03* 0.22

0.01

0.39

<0.0001*

density
Stomatal

0.2

0.0178*
A

size
gwmax

0.02

0.23

0.03

0.17

Leaf

-

-

0.2

0.0004* 0.04

width
*Significant result (P < 0.05)
*A Outliers removed
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0.08

0.0004 0.61
0.16

0.04*

0.10*A

0.08

0.02*

0.19

0.0005*
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Herbarium specimens collected along the latitude gradient (Fig. 3.1a) enabled us
to investigate the potential effects of rainfall, elevation and temperature on leaf
traits in M. lanceolata. Stomatal density of these specimens ranged from 75 to
450 stomata mm-2, stomatal size ranged from 208 to 965 μm2. This resulted in
gwmax ranging from 0.75 to 2.98 mol m-2 s-1 for the abaxial leaf surfaces. We
found no significant relationships between stomatal size and gwmax of the abaxial
or adaxial leaf surfaces with either elevation or annual rainfall, there is also no
significant relationship between stomatal density of the adaxial leaf surface with
annual rainfall (Table 3.1; Supplementary Table 3.1; Supplementary Figs. 3.2 and
3.3). In contrast, we found a negative relationship between annual rainfall and
stomatal density, and significant positive relationships between stomatal density
and elevation (Fig. 3.3, Table 3.1) and mean annual maximum temperature (Fig.
3.4a, Table 3.1). There was only a weak relationship between temperature and
stomatal size, and none when outliers were removed (Fig. 3.4b, Table 3.1)
suggesting that stomatal size was not influenced by temperature. In line with the
relationship between stomatal density and temperature, there was also a
significant positive relationship between mean annual maximum temperature and
gwmax (Fig. 3.4c); with a 0.09 mol m-2 s-1 increase in gwmax for every 1 C increase
in maximum annual temperature. There was no correlation between mean annual
maximum temperature and stomatal size or gwmax of the adaxial leaf surfaces
(Supplementary Fig. 3.4).
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Figure 3.3 The relationship between stomatal density and (a) rainfall (stomatal
density = -0.1 x rainfall + 331.4; r2 = 0.07, P = 0.03) and (b) elevation (stomatal
density = 0.1 x elevation + 236.7; r2 = 0.06, P = 0.046). Data points are means ±
SE.
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Figure 3.4 (previous page) The effect of maximum annual temperature on (a)
stomatal density of both abaxial (circles) and adaxial (triangles) leaf surfaces
(abaxial stomatal density = 16.85 x maximum temperature – 67.22; r2 = 0.24, P =
0.0003; adaxial stomatal density = 7.495 x maximum temperature + 6.845; r2 =
0.13, P = 0.0091), (b) stomatal size (stomatal size = -26.74 x maximum
temperature + 1060; r2 = 0.15, P = 0.0056); open circles are outliers of the linear
regression, when these outliers are removed the relationship is no longer
significant and (c) maximum potential water loss through stomata (gwmax) (gwmax
= 0.09143 x maximum temperature + 0.09761; r2 = 0.15, P = 0.005) in Melaleuca
lanceolata. Data points are means ± SE.

62

Chapter three: Melaleuca lanceolata leaf-trait change across southern Australia

Leaf width of M. lanceolata was significantly, negatively correlated with both
elevation and temperature (Fig. 3.5). Leaves were significantly narrower at higher
elevations, and in hotter and drier environments (Fig. 3.5). The mean leaf width
ranged from 1.01 to 2.03 mm across the latitudes sampled.
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Figure 3.5 The effect on leaf width of (a) elevation (leaf width = -0.0008 x
elevation + 1.6; r2 = 0.2, P = 0.0004) (b) annual rainfall (leaf width = 0.0004 x
annual rainfall + 1.2; r2 = 0.085, P = 0.026) and (c) maximum annual temperature
(leaf width = -0.06 x maximum temperature + 2.6; r2 = 0.17, P = 0.0083). Data
points are means ± SE.
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3.6 Discussion
The aim of the present study was to determine whether there were relationships
between leaf traits of M. lanceolata and environmental clines across southern
Australia. We found no effect of CO2, on stomatal traits. Stomatal density was
positively correlated with both elevation and maximum temperature, and
negatively correlated with annual rainfall. As a consequence of the relationship
between stomatal density and maximum temperature, gwmax was also positively
correlated with temperature across the latitudinal gradient. Leaf width varied
significantly with rainfall, elevation and maximum temperature.

3.6.1 Stomatal traits
We found a negative logarithmic relationship between stomatal density and size,
similar to results reported for other species (e.g., 48 Proteaceae species Brodribb
et al. 2013), a range of Acer, Quercus and Carpinus species (Miller-Rushing et
al. 2009) and three cultivars of Oryza sativa (Ohsumi et al. 2007). Franks and
Beerling (2009) also reported a similar relationship between stomatal density and
size for 14 plant groups, ranging from non-vascular plants to angiosperms, across
the Phanerozoic. They also suggested that there is an upper limit to stomatal size
for a given density because of physical constraints on the number of stomata that
can be accommodated on the leaf surface. That is, there is a finite amount of
space on leaves for stomata and therefore if there are more stomata per unit area,
they tend to be smaller (Brodribb et al. 2013). Stomatal size and density together
influence the maximum possible conductance from a leaf (i.e. gwmax). Across the
entire M. lanceolata data set sampled in the present study, we found a stronger
relationship between gwmax and stomatal density than between gwmax and stomatal
size (Fig. 3.2). This suggests that in responding to environmental variables, M.
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lanceolata varies stomatal density more than it does size, to achieve an optimal
gwmax.

3.6.2 Environmental and climatic influences on stomatal traits
Herbarium collections have provided an important tool for investigating changes
in stomatal traits in the past, particularly in response to changes in atmospheric
CO2 concentrations. For example, Beerling and Chaloner (1993b) used Quercus
robur leaves collected from UK herbaria from 1865 to 1988 as well as the
collation of other stomatal-density studies from the literature and field specimens.
Over a CO2 change of approximately 6 Pa, they reported a significant negative
relationship between stomatal density and CO2. A similar herbarium study of the
stomatal density of Betula pubescens from 1877 to 1978 spanning an atmospheric
CO2 concentration of 7.4 Pa (29 to 36.4 Pa; Eide and Birks 2006), showed no
response to the CO2 concentrations. The authors suggested that the CO2 change
may not have been large enough for the stomata to acclimate to the new CO2
levels and there may have been other environmental pressures affecting stomata
at the time of leaf development. In our study, there was a change in atmospheric
CO2 of 9.4 Pa between 1848 and 2003, which was greater than that in either of
the studies mentioned above. However, similar to the study of Eide and Birks
(2006), we found no relationship between stomatal traits and CO2 for M.
lanceolata across this period. It is possible that CO2 does not force a change in
stomata of M. lanceolata and that other climatic and environmental factors such
as elevation, rainfall and temperature are more important drivers of stomatal size
and density.
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In investigating possible climatic influences, we found that stomatal density
responded to both elevation and annual rainfall in M. lanceolata. Other studies
have shown similar responses by stomata to elevation gradients. For example,
Kouwenberg et al. (2007) found a significant positive linear relationship between
stomatal density and elevation for Nothofagus solandri leaves growing on a
mountain at elevations of 600–1460m in New Zealand and for Quercus kelloggii
growing at an elevation range of 1100–2400m. These authors suggested that the
variation in stomatal density was due to the change in partial pressure of CO2. For
example, temperature, partial pressure of CO2 and solar radiation may vary along
elevation gradients (Körner 2007). However, we found no stomatal response to
CO2 and a positive response to temperature, which is the opposite of what might
be expected. Thus, it is possible that changes in solar radiation may have been
responsible for the change in stomatal density with elevation, although we did not
test this.
We observed a negative response of stomatal density to rainfall in M. lanceolata.
Hogan et al. (1994) showed that stomatal density of the shrub Psychotria
horizontalis growing along a rainfall gradient in central Panama was significantly
higher at the high-rainfall end of the gradient and declined towards the lowrainfall end of the gradient. Franks et al. (2009) found that stomatal density and
size of Eucalyptus globulus coppice and seedlings varied more in low-rainfall
areas than in high-rainfall areas, resulting in a wider range and lower minimum
values of gwmax in the low-rainfall plants. Conversely, and similar to our results,
decreased water availability led to an increase in stomatal density of bluebunch
wheatgrass, Pseudoroegneria spicata (Fraser et al. 2009).
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We found a positive linear relationship between maximum annual temperature
and stomatal density, and also gwmax. A similar effect of temperature on stomatal
density has been reported in other studies. For example, a study of five rose
cultivars growing under two different temperature regimes, both with elevated
CO2 of 100 Pa, showed an increase in stomatal density with increased
temperature (Pandey et al. 2007). In contrast, Beerling and Chaloner (1993b)
measured stomatal density of Quercus robur from leaves grown in spring and
summer and found that leaves that had matured during the warmer summer
months had lower stomatal densities. The positive relationship between
temperature and both stomatal density and gwmax of M. lanceolata could provide a
means for enhanced evaporative leaf cooling via increased transpiration.
Increased stomatal density was positively correlated with transpiration rates for
Arabidopsis thaliana when grown under different CO2 and humidity treatments
(Lake and Woodward 2008). Likewise, Franks et al. (2009) reported that gwmax
was positively correlated with stomatal conductance in Eucalyptus globulus
inferred from leaf 13C values. Thus, we conclude that as a consequence of
increasing stomatal density (and gwmax), the potential for leaf cooling is likely to
increase with increasing maximum annual temperatures in M. lanceolata.
Additionally, the increase in both density and gwmax for the amphistomatic leaves
of M. lanceolata in drier, warmer parts of the spatial gradient may be a means to
increase the number of sites for CO2 exchange during short periods of high water
availability as a consequence of sporadic rainfall events (Mott et al. 1982).
Likewise, this increase in stomatal density may also lead to an increase in nutrient
uptake during rainfall events (Yates et al. 2010).
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We found that leaf width of M. lanceolata varied with environmental and climatic
gradients, with leaves being narrower in the hotter regions and also at higher
elevations, than in the cooler climates and lower elevations (Fig. 3.5). Similar
results were reported by Guerin et al. (2012) for leaf width of Dodonaea viscosa
subsp. angustissima sampled across a latitude gradient in South Australia (n =
255). These authors found that leaf width decreased with increasing temperature
across the southern Australian latitude gradient (Guerin et al. 2012). Narrow
leaves have a thinner boundary layer that helps increase heat loss, reducing the
difference between the temperature of the leaf and the atmosphere (Nobel 2009).
The combination of a thin boundary layer and high stomatal density and gwmax in
M. lanceolata may present an important solution to the requirement for leaf
cooling in warm conditions. Not enough is known about the rooting strategy of
M. lanceolata to complement these data on stomatal characteristics in relation to
survival in dry conditions.
Leaf width also responded to elevation. Other species have been reported to have
similar responses to elevation gradients. Guerin et al. (2012) measured leaf width
of Dodonaea viscosa subsp. angustissima across an elevation gradient. Like M.
lanceolata, D. viscosa subsp. angustissima is amphistomatic, indicating a
preference for open habitats (Jordan et al. 2014) and, therefore, leaves are
unlikely to be exposed by varying light conditions along an elevation gradient.
Guerin et al. (2012) suggested that leaf area decreased as a result of a decrease in
minimum temperature as elevation increased. Even though leaf width of M.
lanceolata decreased with increasing elevation, it seems unlikely that this was
due to decreasing temperatures, because we found a negative relationship
between leaf width and temperature overall. We cannot be sure of the exact cause
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of the response to elevation because there are many variables that could influence
leaf size across elevation (Körner 2007).

3.7 Conclusion
Stomatal density and gwmax of M. lanceolata across southern Australia increased
in response to increasing maximum temperatures and stomatal density decreased
in response to increasing rainfall. Leaves of M. lanceolata were also narrower as
temperature and elevation increased. In combination, the stomatal and leaf-width
changes may be a means to potentially increase transpirational cooling in warmer
climates. Increased stomatal density may also facilitate photosynthesis during
periods of high water availability (Mott et al. 1982), and also lead to an increase
in nutrient uptake (Yates et al. 2010). In contrast with other studies, we found no
evidence of an effect of CO2 on stomatal traits in M. lanceolata.
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Are stomatal traits good proxies of
climate change in Melaleuca

quinquenervia over the last 7300
years?

Image by Kathryn Hill, Melaleuca quinquenervia leaf cuticle from 6435 years ago, leaf courtesy
of Cameron Barr.
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4.1 Abstract
Stomata have been used as proxies of past CO2 change and have also been shown
to respond to climate variability. We investigated relationships between
environmental variables (CO2, temperature, and rainfall) and stomatal size,
density and maximum potential water loss (gwmax) of Melaleuca quinquenervia
(Cav.) ST Blake leaves over the past 7300 years. We determined whether stomata
of M. quinquenervia responded to climate variability in modern times and the
potential to use this response as a proxy for climate variability during the
Holocene. Stomatal traits of leaves collected between 1992 and 2003 were
compared with sub-fossil leaves from a 7300 year long sediment record. Both the
modern and sub-fossil leaves were collected from sites in south-east Queensland,
Australia, where precipitation variability is linked to the El Niño-Southern
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Oscillation (ENSO). No relationships were found with CO2 or temperature for
any stomatal traits. We found a weak, but significant relationship between rainfall
and stomatal size, but not between rainfall and stomatal density, suggesting that
water availability could be a driver of changes in stomatal size and, consequently,
gwmax. The range of stomatal density and size of sub-fossil leaves was greater than
that of the modern leaves. Despite this, gwmax of sub-fossil leaves largely
remained within that of the modern range. This may reflect the habitat of this
species, which grows beside lakes and in flood plains where there is more or less
permanent, though fluctuating levels of, water supply, resulting in little or no
change in gwmax, despite rainfall variation predicted by ENSO proxies during the
last 7300 years. As there was no systematic variation in stomatal traits with
changes in CO2 or temperature from the early Holocene to present, we suggest
that, in this species, stomatal traits are not a good proxy for past environmental
changes, including CO2.
Key words: Stomatal density, Stomatal size, gwmax, climate proxy, Holocene,
ENSO, Melaleuca quinquenervia.

4.2 Introduction
Plants are capable of morphological and physiological plasticity in response to a
range of conditions. This plasticity maximises survival in the face of
environmental variables such as light, rainfall, humidity, temperature, CO2 and
nutrients. Plant plasticity manifests in a number of ways including changes in leaf
size and shape, and stomatal traits. Stomatal change is related to plant function
because it constrains the maximum potential uptake of CO2 and water loss.
Maximum potential water loss through stomata (gwmax) is a function of stomatal
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size and density, and has been shown to be directly related to stomatal
conductance for a range of plants. For example, Feild et al. (2011) analysed 87
basal angiosperms from across the world and found a strong, positive relationship
between gwmax and measured stomatal conductance. Maximum potential water
loss through stomata determines the upper limit to stomatal conductance and
therefore can limit photosynthesis and whole canopy gas exchange (de Boer et al.
2011). It can vary in response to changing environmental conditions; for example,
it has been shown to increase with decreasing CO2 thereby increasing the capacity
for CO2 uptake as availability declines (Franks et al. 2012). The sensitivity of
gwmax to changing atmospheric CO2 concentration across the last 400 My has been
demonstrated for almost all plant groups, from non-vascular plants to
angiosperms (Franks and Beerling 2009). This gwmax response has also been
experimentally demonstrated in living specimens of Commelina communis, Vicia
faba, Osmunda regalis and Selaginella uncinata grown in growth chambers with
CO2 concentrations of 76 to 82 Pa (Franks et al. 2012).
Changes in gwmax occur through changes in stomatal density and size, with gwmax
being, generally, negatively correlated with size and positively correlated with
density (Franks and Beerling 2009). This is because CO2 uptake is facilitated
when there are many sites with short diffusion paths relative to few sites with
long diffusion paths (Nobel 2009). The same principle applies to water loss
through open stomata, with an increase in gwmax leading to a potential increase in
water loss (Franks et al. 2009). Stomatal size and density, and therefore gwmax, are
also affected by environmental factors other than CO2. These include water
availability (Fraser et al. 2009), temperature (Beerling and Chaloner 1993b),
nutrients (Peñuelas and Matamala 1990), light (Onwueme and Johnston 2000),
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soil salinity (Bray and Reid 2002) and humidity (Nejad and Van Meeteren 2005).
Thus, historical changes in CO2 as well as other environmental changes can lead
to a change in stomatal traits, and this is often used as a proxy to infer past
climate.
There have been times in the past when the atmospheric CO2 concentration has
been relatively stable. One of these periods was the Holocene epoch when CO2
changed by less than 3 Pa over the 11 700 years prior to ~1850 AD as measured
from air bubbles trapped in ice cores at Taylor Dome, Antarctica (Indermühle et
al. 1999). Therefore, changes in stomatal traits over this time may be due to other
environmental factors, such as temperature or rainfall variation. Considerable
global and regional scale climatic variability occurred through the Holocene
(Wanner et al. 2011). For example, the northern Australasian monsoon was
enhanced between 7500 and 5000 years before present (BP), resulting in high
rainfall, at times above that of the modern range (Shulmeister and Lees 1995). In
a review of eastern Australian mid-Holocene rainfall variability, Reeves et al.
(2013) found that the majority of studies indicate a decline in effective
precipitation after 5000 BP. These findings reflect those of an earlier study by
Donders et al. (2007), in which the authors invoke an enhanced ENSO system
after 5000 BP, leading to more frequent El Niño events, as the driver of
increasing aridity in eastern Australia. Proxy evidence from lake deposits in
Ecuador (Moy et al. 2002) and The Galápagos Islands (Conroy et al. 2008)
support the notion of an increase in the frequency of El Niño events in the lateHolocene, which could be expected to decrease effective precipitation across
much of eastern Australia (Dai and Wigley 2000). These proposed rainfall
fluctuations may have influenced stomatal traits across the Holocene.
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The relative stability of atmospheric CO2 during the Holocene provides an
opportunity to examine how stomatal traits and thus, gwmax may have varied over
this time in response to other environmental factors. In this study we investigated
responses of Melaleuca quinquenervia (Cav.) ST Blake to a range of
environmental variables. We calculated gwmax of leaves of M. quinquenervia from
samples obtained from both lake sediments (hereafter referred to as sub-fossils)
and modern leaf litter (hereafter referred to as the modern dataset). This is the
first study that we know of, that incorporates both a long term leaf litter collection
and sub-fossil specimens of the same species and analyses their response to
environmental variables.

4.3 Methods
4.3.1 Study site and species
Melaleuca quinquenervia is an Australian native tree species that occurs on flood
plains, wetlands (Greenway 1994), and littoral zones of lakes (Lockhart et al.
1999). When inundated, the tree grows roots from epicormic buds in an upward
direction thus allowing respiration from roots (McJannet 2008). It is categorised
as scleromorphic, based on features such as fibrous leaves with a thick cuticle,
and an evergreen habit (Hill 1998b). M. quinquenervia occurs along the east coast
of Australia in Queensland and New South Wales (Brophy et al. 2013). It also
occurs naturally in Indonesia, Papua New Guinea, and New Caledonia (Brophy et
al. 2013), and has naturalised in southern Florida and the Hawaiian Islands and is
considered an invasive species in Florida (Pratt et al. 2014).
We measured stomatal traits from M. quinquenervia leaves collected between
1992 and 2003 from Carbrook Wetland (-27.7°S, 153.2°E), a seasonally
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inundated wetland approximately 40 km south of Brisbane (Fig. 4.1; Greenway
1994). We also measured stomatal traits of sub-fossil leaves obtained from a
sediment core taken from Swallow Lagoon on North Stradbroke Island,
Queensland, Australia (-27.5°S, 153.4°E). Swallow Lagoon is a small (0.27 ha),
oligotrophic, freshwater lake located high in the dunes of North Stradbroke
Island, the World’s second largest sand island. The lake is perched, meaning that
it is separated from the regional water table. Variation in water depth is therefore
a function of the balance between precipitation and evaporation. Extant
populations of M. quinquenervia continue to grow as fringing vegetation around
the lake.
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Figure 4.1 Location of field sites where the modern leaves (Carbrook) and subfossil leaves (Swallow Lagoon) of M. quinquenervia were collected.
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As the modern specimens all came from Carbrook Wetland, we assume that
nutrient availability and soil salinity were similar for all leaves collected for this
study. We also assume that light availability did not affect leaves as the plants we
studied have open canopies and do not have significant self-shading.

4.3.2 Modern leaves
Modern M. quinquenervia leaves were taken from samples collected for a leaflitter monitoring project, the initial results of which are reported in Greenway
(1994). Leaf litter was collected in a litter trap at four-week intervals, between
April, 1992 and July, 2003, from Carbrook Wetland (Fig. 4.1); following
collection, these leaves were dried for 72 hours at 70°C in an oven as described
by Greenway (1994). For our study, one leaf was sampled every second month,
beginning in January 1992 with an even spread of sampling conducted over the
twelve year time frame (n = 4, 5 or 6 per year). A total of 61 leaves were
analysed.

4.3.3 Sub-fossil samples
Sediment cores were taken from a platform, anchored over the deepest part of
Swallow Lagoon, in March, 2011. The record is a composite of two cores. Core
SL1 (150–375 cm), which was collected using a Livingstone corer, was extruded
in the field where it was sealed and stored for transportation back to the
laboratory for analysis. Core SLP3 (0–250 cm) was collected using a clear
perspex soft sediment piston corer. This was extruded in the field at 1 cm
increments from 0 to 150 cm, and the remainder as a single section. The two
cores were correlated stratigraphically, using a distinct 5 cm thick band of sand
evident in both cores at a depth of 220 cm.
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The cores were sampled at contiguous 1 cm intervals and the sediment was
washed through a 500 μm sieve to obtain macrofossil remains. The retained
fraction was rinsed in distilled water and M. quinquenervia leaf fragments were
selected for analysis. One leaf fragment per 1 cm interval was selected.
Fragments of M. quinquenervia were identified using distinctive morphological
features, such as thick veins, epidermal colour and anatomy of the spongy
mesophyll (see Fig 4.2 for cuticles images of sub-fossil and modern cuticles). A
chronology for the core, based on twelve 14C dates on terrestrial leaf macrofossils,
indicates the record covers the last 7300 years (C Barr, The University of
Adelaide, Australia, unpubl. res.). The distribution of leaves varied through the
sediment column and specimens were collected where samples of sufficient size
and number were available. A total of 93 leaf fragments were analysed (see Fig.
4.3 for age-depth curve).

Figure 4.2 Cuticle images of Melaleuca quinquenervia from (a) the sub-fossil
deposit, this cuticle piece is from 3220 years BP and (b) the modern leaf litter
collection, this cuticle was collected in July 1995. Scale bars are 50 µm.
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Figure 4.3 Relationship between depth and age for sub-fossil material of M.
quinquenervia collected from Swallow Lagoon. Ages were determined by
radiocarbon dating of leaves and/or associated terrestrial macrofossils. The agedepth model consists of a narrow band of blue that is the 1-sigma age errors; the
wider band is the 2-sigma age models. The symbols represent the location and
errors of the individual radiocarbon dates.
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4.3.4 Cuticle preparation
4.3.5 Modern leaves
One cm2 pieces were cut from the leaf margin half way along the lamina. These
were placed in separate test tubes, covered in 80% ethanol v/v, and left for 24
hours at room temperature. The ethanol was then removed and leaves covered in
a 2:1 solution of 35% hydrogen peroxide and 80% ethanol (v/v). The test tubes
were then placed in a simmering water bath in a fume cupboard and gently heated
until the leaf samples were translucent, indicating that the cuticle had separated
from the rest of the leaf. The leaf samples were gently rinsed with RO water, and
debris was brushed away from the cuticle with a fine camel hair brush. The
cuticles were stained with 0.05% crystal violet (w/v) for 10 seconds. Leaf cuticles
were transferred to a slide, and mounted with warmed phenol glycerine jelly. A
coverslip was placed on top of the sample and left overnight at room temperature.
Nail polish was then applied to the coverslip edges to preserve the cuticles from
dehydration.

4.3.6 Sub-fossil samples
Leaf fragments were covered in a solution of 10% aqueous chromium trioxide
(w/v), and left for between 24 hours and 5 days at room temperature. The
resulting leaf cuticles were rinsed in reverse osmosis (RO) water, and then placed
into 0.05% w/v crystal violet stain for 10 seconds, and then mounted onto slides
using the same method as described for the modern leaves. Both the modern and
sub-fossil cuticle slides are housed at The University of Adelaide in the
Palaeobotany lab.

4.3.7 Stomatal measurements
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Leaf cuticles were examined with a light microscope (Olympus AX70), and
photomicrographs were taken with an Olympus UC50 camera. Micrographs were
analysed using imaging software (AnalySIS version 6.0.6001 Service Pack 1
Build 6001, Acer, Australia). In the case of the sub-fossil leaves, three pieces of
leaf cuticle per one cm of leaf core section were measured; these pieces of leaf
cuticle were often fragmentary.
Stomatal size (μm2) was calculated as the mean of length by width of five guard
cell pairs per piece of cuticle. Stomatal density (stomata mm-2) was determined
by counting the number of stomata in a minimum 100 x 100 μm area on each
cuticle. Where possible, a 200 x 200 μm area was used for stomatal counts with
three of these areas counted per cuticle. Three of the one cm core sections had
only one leaf fragment available for counting density, and three had only two leaf
fragments available for this purpose. Final numbers for stomatal density were n =
62, and for stomatal size were n = 93. Stomatal density had fewer measurements
as some leaf pieces were too small to determine stomatal density but we were
able to measure stomatal size on these leaf pieces.
Maximum stomatal conductance to water (gwmax; mol m-2 s-1) was calculated
using Eqn 4.1.

𝜋

𝑎𝑚𝑎𝑥

Equation 4.1 gwmax = (d/v x D x amax)/ (l + 2 √

𝜋

)

Where d is the diffusivity of water vapour in air (m2 s-1), v is the molar volume of
air (m3 mol-1), D is the stomatal density, amax is the maximum stomatal pore area
of an open stoma (amax = 𝜋 x (stomatal pore length/2)2; μm2) (Franks and Beerling
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2009) where stomatal pore length = guard cell length/2 (Franks and Farquhar
2007); l is the inferred stomatal pore depth (stomatal width divided by two) (μm).
For the modern leaves we present the mean of both leaf surfaces of stomatal
density, size and gwmax and compare these with stomatal traits from sub-fossil
samples. We were unable to ascertain which side of the modern leaves were
abaxial or adaxial as the leaves were not collected directly from the trees.
However, there is a significant difference in the density of stomata on the two leaf
surfaces of a single leaf (t = 3.3, P = 0.001, DF = 124). We believe that the mean
was a better comparison with the sub-fossil leaf data as it wasn’t possible to
determine if the latter were from adaxial or abaxial leaf surfaces.

4.3.8 Environmental data
Rainfall and temperature data were obtained from the Australian Bureau of
Meteorology (http://www.bom.gov.au/climate/data/). Stations used for
temperature data were Redlands HRS (station number 40265; 15.8 km from
Carbrook Wetlands) and Logan City water treatment plant (station number
40854; 6.6 km from Carbrook Wetland). The temperature data are defined by
Commonwealth of Australia (2014) as monthly mean maximum temperature, the
average of maximum daily temperatures for each available day of the month.
These maximum temperatures are recorded at 9am local time. The mean of these
values for the year has been used as the mean annual maximum temperature. The
mean annual maximum temperature ranged from 24.9°C for the 1992 dataset to
26.2°C for the 2000 dataset. Rainfall data was collected from Mt. Cotton farm
(station number 40460; 7.2 km from Carbrook Wetland). Mean annual rainfall
ranged from 798.6 mm in 2002 to 1886.6 mm in 2001. CO2 data were obtained
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from Keeling et al. (2005) for the modern leaves, from Etheridge et al. (1996) for
data from 900 BP to present, and from Monnin et al. (2004) for data from 1000 to
7300 BP. CO2 increased from 35.4 Pa to 37.1 Pa. As leaf longevity for M.
quinquenervia is 2–4 years (M. Greenway, Griffith University, Australia pers.
comm; Van et al. 2002), environmental data from two, three and four years prior
to leaf litter collection were compared with stomatal data.

4.4 Results
4.4.1 Stomatal size, density and gwmax
The ranges of stomatal density, size and gwmax as well as the means of these
parameters for both the modern and sub-fossil datasets are shown in Table 4.1.
Across both data sets there was a significant, negative one-phase decay
relationship between stomatal size and density (Fig. 4.4; r2 = 0.53, P = 0.04).
Stomatal density and size were significantly correlated with gwmax when modern
and sub-fossil leaves were combined as a single dataset (Fig. 4.5a, b). There was
a significant linear relationship between stomatal density and gwmax (Fig. 4.5a;
stomatal density = 65.44 x gwmax + 196.2; r2 = 0.05, P = 0.026), this relationship
was also found for stomatal size and gwmax (Fig. 4.5b; stomatal size = 144 x gwmax
+ 396.3; r2 = 0.06, P = 0.013).
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Table 4.1 Ranges and means of stomatal parameters for modern and sub-fossil datasets of Melaleuca quinquenervia. For the modern dataset, n =
61, for the sub-fossil material stomatal density and gwmax measurements, n = 61, for the sub-fossil material stomatal size measurements n = 92.

Modern data set

Sub-fossil data set

Minimum

Maximum

MeanSE

Minimum

Maximum

MeanSE

188

475

327 ± 9

150

800

345 ± 19

Stomatal size (μm2)

448.04

1057.97

743.14 16.68

177.48

1455.37

696 ± 31.6

gwmax (mol m-2 s-1)

1.1

3.2

2.15 ± 0.05

1.2

3.21

4.2 ± 0.07

Stomatal density (stomata mm-2)
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Figure 4.4 The relationship between stomatal size and density for M.
quinquenervia from 7300 BP to present.
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Figure 4.5 Relationships between gwmax and (a) stomatal density and (b) stomatal
size for modern (●) and sub-fossil (○), M. quinquenervia leaves. For the modern
leaves, data points are means SE.

89

4.4.2 Stomatal response to environmental factors
There were no significant relationships between stomatal density, size or gwmax
and annual mean maximum temperature two, three or four years prior to leaf litter
collection; growing season maximum temperature two, three or four years prior to
leaf litter collection; for the modern leaves (Supplementary Figs. 4.1, 4.2, 4.3, and
4.4). Stomatal density and gwmax were not correlated with annual rainfall two,
three or four years prior to modern leaf collection; response was found by any
stomatal traits to annual rainfall three and four years prior to leaf collection or
seasonal rainfall two, three or four years prior to leaf litter collection
(Supplementary Figs. 4.3, 4.4). We also found no significant relationships
between stomatal size, density or gwmax and CO2 over the 7300 year time period
represented by the sub-fossil and modern datasets combined (Supplementary Fig.
4.5). The only significant response to environmental conditions for the modern
material was for stomatal size with annual rainfall two years prior to modern leaf
collection, where we observed a weak, positive linear relationship (Fig. 4.6;
stomatal size = 0.12 x rainfall + 600.9; r2 = 0.08, P = 0.03).
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Figure 4.6 Relationship between stomatal size of modern leaves of M.
quinquenervia and annual rainfall two years prior to leaf litter collection (r2 =
0.08, P = 0.03). Leaves were collected over the 12 year period from 1992–2003.
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Stomatal size and density of the sub-fossil specimens varied over the past 7300
years, and values were often outside the range observed for the modern data set
(Fig. 4.7, Table 4.1). In contrast, while gwmax varied over the past 7300 years, it
remained within the range of the modern day values (Fig. 4.6, Table 4.1).
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Figure 4.7 Changes in (a) stomatal density (n = 62), (b) stomatal size (n = 93) and
(c) maximum potential water loss (gwmax; n = 62) during the Holocene for M.
quinquenervia from sub-fossil samples. The dotted lines indicate the maximum
and minimum values of stomatal density size, and gwmax for the modern dataset
(Table 4.1).
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4.5 Discussion
This study investigated relationships between stomata and a range of
environmental factors across two time periods. Leaf litter collected over twelve
years from 1992 to 2003, and sub-fossils of the same species collected from a
lake covering the period from 7300 years ago to 1975 AD.

4.5.1 Stomatal density and size
Previous studies have shown a negative, logarithmic relationship between
stomatal size and density (for example Brodribb et al. 2013; Franks and Beerling
2009), and we found a similar relationship between the two variables across both
the modern and sub-fossil leaves of M. quinquenervia (Fig. 4.4). This relationship
between stomatal size and density is likely to be due to the limited leaf area that is
available for stomata (Brodribb et al. 2013), but it also has functional significance
as more, smaller stomata result in a higher gwmax than fewer, larger stomata with
deeper pores (Brodribb et al. 2013; Franks and Beerling 2009). The relationships
between stomatal density, or size, and gwmax were weak, but significant (Fig. 4.5a
and b). The range of gwmax in both the modern and the sub-fossil leaves (Table
4.1) was within the range reported in other studies. For example, gwmax varied
between 0.4 to 4 mol m-2 s-1 for five C3 angiosperms and four conifers collected
in the 130 years since 1880, during which atmospheric CO2 concentrations
increased by 10 Pa (Lammertsma et al. 2011).
We found a significant positive relationship between rainfall and stomatal size in
modern leaves of M. quinquenervia (Fig. 4.6), but not for rainfall and stomatal
density or gwmax. There was no relationship with temperature or CO2 for any
stomatal traits measured or calculated. Other authors have found that stomata
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respond plastically to water availability. For example, Bosabalidis and Kofidis
(2002) found fewer, larger stomata in irrigated rather than non-irrigated leaves of
two olive cultivars Olea europaea L., cv. ‘Mastoidis’ and cv. ‘Koroneiki’.
Similarly, Gindel (1969) studied a range of xerophytic trees and found that
stomatal density was significantly higher in non-irrigated species than irrigated
species. A decrease in stomatal length also accompanied the observed increase in
stomatal density (Gindel 1969). Franks et al. (2009) found that the relationship
between stomatal density and size of Eucalyptus globulus from low and high
rainfall sites varied, such that for a given stomatal size high rainfall plants tended
to have higher stomatal density than those from low rainfall sites. Hence, while
gwmax could be high in both low and high rainfall plants, the lowest values were
observed in the low rainfall sites. We found that stomatal size of modern M.
quinquenervia tended to decrease with decreasing annual rainfall across a range
of 1100 mm y-1, however, neither stomatal density nor gwmax were influenced by
rainfall variation.
The increase in stomatal size with increasing rainfall may be a consequence of an
increase in leaf size due to greater water availability during some years. Yates et
al. (2010) found an increase in leaf width of 97 Protea, Leucodendron and
Leucospermum species with increased mean annual precipitation. Thus, though
we did not measure leaf size as whole leaves were not available, we suggest that
the increase in water availability through an increase in rainfall may have led to
an increase in leaf size. As stomatal density did not change but stomatal size
increased, we suggest that any increase in leaf size would have been due to an
increase in cell size rather than cell number. This plastic response in stomatal size
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to rainfall was observed during the short, modern period over which leaves of M.
quinquenervia were collected (Fig. 4.6).
There was greater variation in stomatal size and density for the sub-fossil leaves
than for the modern dataset (Fig. 4.7), and it is likely that this was due to greater
variability in environmental conditions through the Holocene as compared with
the short twelve year time period of the modern data set. The variability in
stomatal size and density also resulted in variability in gwmax across the Holocene,
however, apart from a few minor instances, gwmax of sub-fossil leaves was mostly
within the range found in the modern data set (Fig. 4.7).

4.5.2 Holocene ENSO
The variability in rainfall over the Holocene in eastern Australia is most likely a
consequence of variation in the El Niño-Southern Oscillation (ENSO). An
intensification of ENSO in the late-Holocene has been noted in a range of proxies
from the Eastern Pacific (for example Conroy et al. 2008; Koutavas and Joanides
2012; Moy et al. 2002) and Australia (for example Donders et al. 2007; Quigley
et al. 2010; Shulmeister and Lees 1995). As stomatal size responded to rainfall
variation during the twelve years of leaf litter collection for the modern dataset, it
is possible that variation in stomatal size during the past 7300 years could be
attributed to variation in rainfall due to El Niño or La Niña-like conditions.
There are numerous proxies available for eastern Australian water availability,
likely due to rainfall variation during the past 7300 years. For example, Quigley
et al. (2010) used the rate and amount of speleothem deposition from the
Yudanamutana cave site near Lake Frome in South Australia that suggested the
highest water availability (most rapid speleothem deposition) was between 7000
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to 6000 BP, relative to present. Donders et al. (2007) reported pollen evidence
that suggested high moisture availability 6000 to ~5000 BP for subtropical
regions of Australia. A review of Holocene moisture changes by Donders et al.
(2008) found that between 6000 and 5000 BP and again between 4500 and 3500
BP, the central east coast of Australia had increased mean moisture availability
relative to the present. Reeves et al. (2013) collated many studies on midHolocene rainfall variability and found that the majority of these suggest that
effective precipitation declined from 5000 BP. Although there are differences in
timing, it is clear that the bulk of studies indicated that eastern Australia
experienced drying from around 3500 BP, if not earlier (Shulmeister 1999). This
being the case, we expected to see a general decline in size over the course of the
Holocene due to the relationship between size and rainfall for modern leaves.
However, there doesn’t seem to be any clear trend in the sub-fossil material.

4.5.3 Stomatal traits during the Holocene
In our study, stomatal density and size fluctuated during the past 7300 years, but
gwmax remained relatively stable and within the modern range for this species.
Given the very large differences in time span represented by the modern and subfossil leaves, and likely environmental variation, this was unexpected (Fig. 4.7).
In addition to the evidence from various proxies that have suggested increased
drying in eastern Australia from around 3500 years BP, Koutavas and Joanides
(2012) used the δ18O variance of the foram Globigerinoides ruber to show that El
Niño events were also increasing from the mid to late Holocene. Given these
climatic shifts it is surprising that no change was observed for gwmax of M.
quinquenervia, relative to the modern data set, across the Holocene. Therefore,
we suggest that stomata of M. quinquenervia are not reliable proxies of rainfall
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variability during the past 7300 years when evidence suggests that rainfall was
highly variable, but with a trend to drying over the last 3500 years.

4.6 Conclusion
We have shown that stomatal size, density and gwmax of M. quinquenervia leaves
during a 12 year time period from 1992 to 2003 and over the past 7300 years
change very little, if at all, in response to a range of environmental factors. There
was no relationship between stomatal traits and CO2 or temperature for the
modern data set, but stomatal size was positively correlated with mean annual
rainfall. We suggest that this is likely due to a plastic leaf size response to water
availability. While stomatal size and density changed during the past 7300 years,
gwmax was maintained within the same range as observed for the modern data set.
Other proxies have indicated that rainfall has changed significantly over this
period, but we observed no clear trend of stomatal traits across the 7300 years
represented by the sub-fossil data set. Thus, we suggest that stomata of M.
quinquenervia are not reliable proxies of rainfall variation during the past 7300
years.
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Macrofossils of the Australian cycad

Bowenia and their significance in
reconstructing Eocene environments

Image by Kathryn Hill; Bowenia eocenica stomatal image, pinnule cuticle courtesy of the
Melbourne Museum (2094).
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5.1 Abstract
Bowenia is a cycad genus with two extant species that are endemic to Australia.
B. spectabilis has entire margined pinnules and resides in wet understoreys. The
other extant species, B. serrulata has serrate pinnules and grows in more open,
sclerophyllous communities. Two Bowenia fossils are also known from the
Eocene of Australia. A re-examination of known and newly discovered Bowenia
macrofossils confirms the presence of at least three fossil species from a total of
five Eocene locations in Australia. A new species, Bowenia sp. nov. 1, is
described from the oldest and most southerly location, the Early Eocene Lowana
Road site in south-west Tasmania. When compared with the two extant species,
the three fossil species demonstrate two distinct pinnule morphologies, one larger
101

with minute serrations, similar to that of pinnule morphology of extant
specimens, the new pinnule with this morphology is Bowenia sp. nov. 1. The
other pinnule morphology is one different to the extant species; it is relatively
small with distinct serrations in B. eocenica (R.S. Hill) and B. papillosa (R.S.
Hill). When considered together as a single group, the pinnules showed greater
stomatal density and larger stomatal size therefore having a higher maximum
potential water loss per unit pinnule area than the group of fossil taxa. Variation
in these pinnule and stomatal traits is probably due to the large scale
environmental changes experienced by Bowenia since the northward movement
of Australia, including changes in light, temperature, rainfall, humidity and
atmospheric CO2 levels.

5.2 Introduction
Cycads comprise a small but important part of the living Australian flora, with a
sparse but informative fossil record (Hill 1998a). Bowenia is an endemic
Australian cycad genus, restricted to two extant species, B. spectabilis Hook. ex
Hook.f. and B. serrulata (W. Bull.) Chamberlain, both found in small areas of
Queensland (Fig. 5.1). Both species are low-statured understorey plants, but occur
in distinctly different vegetation: B. spectabilis in tropical rainforest, and B.
serrulata in seasonally dry, open woodlands. The published fossil record of
Bowenia consists of pinnule fragments from several Eocene sites in eastern
Australia (Fig. 5.1), including two named species, B. eocenica (R.S. Hill) from
Anglesea and B. papillosa (R.S. Hill) from Nerriga (Hill 1978).
Bowenia has a long history of uncertain familial placement within the cycads,
having been variously assigned to the Zamiaceae, Stangeriaceae and the
102

Chapter five: Fossil Bowenia and their significance in reconstructing Eocene environments

monotypic Boweniaceae, based on its comparative morphology. Several
molecular phylogenies of cycads have been published (e.g. Bogler and FranciscoOrtega 2004; Chaw et al. 2005; Hill et al. 2003; Treutlein and Wink 2002;
Zgurski et al. 2008) and the consistent finding is that only two families can be
recognized with confidence, the Cycadaceae, containing the single genus Cycas,
and the Zamiaceae, containing all other genera.
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Figure 5.1 (opposite page) Map of Australia, showing the distribution of the
living Bowenia species (in green), the fossil localities that are considered in detail
in this study (red) and the approximate palaeolatitude of the fossil localities (as
stated by Wilford and Brown 1994) relative to southern Australia and Antarctica
as they are placed today (blue).
Stomatal size and density are important leaf traits as they determine the maximum
bounds of leaf gas-exchange. While stomata open and close in response to diurnal
changes in light, and on a shorter time scale are also influenced by other
environmental factors, stomatal morphology varies over longer time scales in
response to climate variation. This has been widely studied, and stomatal size and
density have been shown to respond to humidity (El-Sharkawy et al. 1985;
Gislerød and Nelson 1989), temperature (Frank et al. 1973; Limin et al. 2007),
CO2 concentration (Steinthorsdottir et al. 2012; Woodward 1987), water
availability (Gindel 1969; Limin et al. 2007) and light (Gay and Hurd 1975; Lake
et al. 2001). The response of stomatal morphology of fossil plants to climate can
be quantified by comparing them with extant species of the same genus.
Franks and Beerling (2009) showed that, in fossilised cycads, stomatal size varied
13-fold but stomatal density changed only eight-fold among species growing
between 200 and 40 million years ago. This suggests that stomatal size and
density of cycads vary through time, probably due to changes in environmental
conditions, making a comparison of the stomatal traits of Eocene Bowenia with
the extant species potentially very important, given the major environmental
changes in Australia and globally during the last ~55 million years.
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The purpose of this paper is to re-examine the species descriptions originally
published by Hill (1978) and specimens from three other localities that have less
certain specific affinities (Carpenter et al. 2012; Macphail et al. 2014; Pole 2007;
Rowett 1988; Scriven 1993), in order to determine what they reveal about the
evolution of this highly distinctive genus and its place in the broader Australian
vegetation. Furthermore, the preservation of most of the fossils allows a detailed
examination of the pinnule and stomatal morphology and hence an assessment of
the environments inhabited by these fossilised species when they were alive. We
investigated correlations between stomatal density, size, maximum potential
water loss through stomata (gwmax; a function of stomatal density and size) and
pinnule area, with changes in light, temperature, rainfall, humidity and
atmospheric CO2 levels. We compared these traits amongst the fossil species and
the two extant species of Bowenia, using fossils, herbarium specimens and
contemporary material collected in the field.

5.3 Materials and Methods
5.3.1 Extant Specimens
Five Bowenia spectabilis specimens were collected from Butchers Creek on the
Atherton Tablelands in Queensland (17°32’ S, 145°69’ E) in April 2012. Ten
Bowenia spectabilis and ten B. serrulata specimens were supplied by the
Queensland Herbarium (Appendix 5.1 and Appendix 5.2), spanning 90 years
from 1916 to 2006 AD for B. serrulata and 108 years, from 1903 to 2005 for B.
spectabilis.
Bowenia serrulata occurs near Gladstone in Queensland (Fig. 5.1); climate data
for this site were obtained from Australian Bureau of Meteorology (BOM)
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stations number 39082, 39083 and 39069 (Commonwealth of Australia 2014).
The mean annual rainfall for this region was 862.9 mm year-1 for the period 1961
to 1990, with a range of 332 to 1576 mm year-1. Mean maximum temperature of
this region was 28.3°C; with a range of 27.2 to 29.9°C. Mean maximum
temperature is defined by Commonwealth of Australia (2014) as the average of
maximum temperatures for each available day of the month recorded at 9am local
time. The mean of these monthly values for the year has been presented as the
mean annual maximum temperature.
Bowenia spectabilis occurs in north-east Queensland in areas surrounding Cairns
(Fig. 5.1). Climate data for this region were obtained from Australian BOM
stations number 31010, 32025, 32004, 31108 and 27005 (Commonwealth of
Australia 2014). Mean rainfall for 1961 to 1990 for this region was 2117 mm
year-1 with a range of 900.4 to 4087.7 mm year-1, and the mean maximum
temperature for this time period was 28.7°C with a range of 27.2 to 30.1°C. The
atmospheric CO2 level when the contemporary B. spectabilis specimens were
collected in 2012 was 39.7 Pa (Tans and Keeling 2013), this is an increase of
approximately 10 Pa since the beginning of the previous century (Etheridge et al.
1998), when the earliest herbarium specimens were collected.
We tested relationships between the climate variables of temperature and rainfall
and stomatal traits for between one and six years prior to pinnule collection as we
assume that, like other cycads, Bowenia has long-lived fronds (Clark et al. 1992;
Veneklaas and Poot 2003). The best relationships between stomatal traits and
climate variables were for climate measured six years prior to pinnule collection,
and so all the data presented here for the herbarium and contemporary field
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collected specimens are for climate measurements taken six years prior to pinnule
collection.

5.3.2 Preparation of cuticles
One centimetre square pieces of pinnule were cut from the margin half way along
the lamina. Pinnule pieces were placed into test tubes and covered in 80% ethanol
v/v overnight. The ethanol was then replaced with a 2:1 solution of 35% w/v
hydrogen peroxide and 80% ethanol v/v and gently heated until the pinnule pieces
turned translucent. The pinnule pieces were then rinsed with reverse osmosis
(RO) water, and placed under a dissecting microscope so that debris could be
brushed away from the cuticle, which was then rinsed with RO water. Cuticles
were then stained with crystal violet and mounted on slides in phenol glycerine
jelly. All cuticle slides prepared for this project are housed in The University of
Adelaide in the palaeobotany lab.

5.4 Fossil localities
5.4.1 Nerriga
The Nerriga locality is about 90 km east north-east of Canberra in the southern
tablelands of New South Wales (Fig. 5.1). The fossil-bearing sediments are
considered to be about 45 million years old based on K-Ar dating of basalt in the
area (Wellman and McDougall 1974), which is close to the early Middle Eocene
boundary (Table 5.1). The macrofossil flora at Nerriga has been described as
representing simple notophyll vine forest (Christophel 1980) as defined by Webb
(1959). The macrofossil flora at Nerriga is dominated by angiosperms, with large
and broad-leaved Lauraceae species dominating (Hill 1986), in conjunction with
a very common large-leafed Menispermaceae vine (Hill 1989) and several other
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entire- or serrate-margined leaf taxa (Hill 1982), along with the tropical
Casuarinaceae genus Gymnostoma (Christophel 1980). The extinct cycad genus
Pterostoma has also been recorded at Nerriga, as well as a fossil species of the
extant cycad genus Lepidozamia (Hill 1981).

5.4.2 Anglesea
The Anglesea coal mine is about 3 km north-west of Anglesea in Victoria (Fig.
5.1), and the fossil-bearing sediments are considered to be of late Middle Eocene
age (Table 5.1) due to the stratigraphic range of the floral assemblage
(Christophel et al. 1987). These sediments sit above the main coal seam as clay
and clay-sand lenses. The exact stratigraphic positions of the various lenses is
unknown (Christophel et al. 1987). The macroflora at Anglesea is also dominated
by angiosperms, but non-angiosperms include common fragments of the extinct
cycad Pterostoma (Hill 1981), and several species and genera within the conifer
family Podocarpaceae (Greenwood 1987; Hill and Scriven 1998). Angiosperm
remains are very well preserved and diverse and include Gymnostoma
(Christophel 1980), Ebenaceae (Basinger and Christophel 1985), several
Lauraceae species (Christophel et al. 1987), Proteaceae (Christophel 1984; Hill
and Christophel 1988) and Myrtaceae (Christophel and Lys 1986). Christophel et
al. (1987) regarded the Anglesea vegetation as being closest to extant Complex
Mesophyll Vine Forest, and considered that its composition and structure was
similar to that of the vegetation at modern Noah Creek in north-eastern
Queensland.

5.4.3 Maslin Bay
The Maslin Bay locality is about 35 km south of Adelaide in South Australia
(Fig. 5.1). The fossils were preserved within a single carbonaceous clay lens in
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the North Maslin Sands (Christophel and Blackburn 1978), that are considered to
have formed in the early Middle Eocene (Table 5.1) based on the microflora
present (McGowran et al. 1970, as cited by Christophel and Blackburn 1978).
The Maslin Bay macroflora is very diverse and dominated by broad-leaved
angiosperms (Christophel 1994). Rare ferns (Lygodium; Rozefelds et al. 1992)
and conifers (including Agathis in the Araucariaceae; Christophel and Blackburn
1978) and Willungia in the Podocarpaceae (Hill and Pole 1992) have been
recorded. Several broad-leaved angiosperm taxa have been identified, including
extinct genera of the Proteaceae (Blackburn 1981; Carpenter et al. 2006),
Ceratopetalum (Cunoniaceae; Barnes and Hill 1999), and a deciduous leaved
Nothofagus species (Nothofagaceae; Scriven et al. 1995). Many other taxa have
been reported (e.g. Brachychiton, up to five Myrtaceae taxa, Ebenaceae etc., see
Scriven (1993)), but have not been formally described. Gymnostoma is also
common (Christophel 1994). The flora as a whole has been compared with
modern Complex Notophyll Vine Forest (Greenwood 1994).

5.4.4 Rundle Formation and Biloela Basin sediments
The Rundle Oil Shale (Rundle Formation, Narrows Graben) occurs
approximately 25 km north-west of Gladstone in Queensland (Fig. 5.1), and
contains diverse but fragmented plant macrofossil remains (Rowett 1988), which
are regarded as being most probably of Late Eocene age (Table 5.1) due to the
pollen and spore data as compared with the Gippsland Basin (Mike Macphail,
pers. comm.). The macroflora at Rundle is so far known only from dispersed
cuticle, where diversity is high, angiosperms dominate, and Lauraceae is the
prominent family (Christophel 1989).

110

Chapter five: Fossil Bowenia and their significance in reconstructing Eocene environments

New fossiliferous material from the Biloela Formation of the Biloela Basin, west
of Gladstone, was collected for the current study from the Zillmere Exploration
Data Centre of the Geological Survey of Queensland. This Basin is proximal to
the Narrows Graben, and the Rundle and Biloela Formation sediments discussed
here are probably palynostratigraphically contemporaneous, and most likely of
Late Eocene age (Table 5.1). New samples of dispersed cuticle were recovered
from borehole GSQ Monto5, which contains the type section of the Biloela
Formation (Noon and Grimes in Noon 1982). Just as in the Rundle shale
sediments, Lauraceae cuticles were abundant in Monto 5 (Macphail et al. 2014).

5.4.5 Lowana Road
The Lowana Road sediments are part of widespread and thick Early Eocene
(Table 5.1) sediments that occur in the Strahan Region of Macquarie Harbour in
south-western Tasmania (Fig. 5.1). The dating of this site is based on the
stratigraphy of marine fossils (Carpenter et al. 2012). The Lowana Road fossil
flora is a discrete assemblage within this general region, and was derived from
estuarine vegetation that was growing in a warm to hot and wet climate
(Carpenter et al. 2012). The Early Eocene flora includes mangrove species (e.g.,
the southernmost record of the mangrove palm genus Nypa; Pole and Macphail
1996), an extinct seed fern (McLoughlin et al. 2008), and rainforest angiosperms
(Carpenter et al. 2007; Carpenter et al. 2012). Conifers are diverse and common,
and include representatives of the Araucariaceae (Bigwood and Hill 1985; Hill
1990; Hill and Bigwood 1987), Cupressaceae (Paull and Hill 2009) and
Podocarpaceae (Hill and Carpenter 1991; Wells and Hill 1989).
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Table 5.1 The location and age of the fossil sites.

Site

Location

Age

Lowana Road

42°11’S 145°22’E Early Eocene

Nerriga

35°07’S 150°05’E early Middle Eocene Wellman and
boundary
McDougall (1974);
Truswell and Owen
(1988)

Maslin Bay

35°13’S 138°29’E Early Middle
Eocene

McGowran et al.
(1970)

Anglesea

38°25’S 144°11’E Late Middle Eocene

Christophel et al.
(1987)

Rundle/Biloela 23°40’S 151°10’E Late Eocene
Basin
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5.5 Eocene climate
Mean daily irradiance of the Rundle fossil location (most northerly, Fig. 5.1) site
during the Late Eocene is estimated to be 246 ± 11 W m-2, while the irradiance
for the most southerly fossil site, Lowana Road is estimated at 82 ± 4 W m-2 (see
Supplementary Table 5.1 for insolation calculation information). The current
mean irradiance of the sites where extant Bowenia grows is 334 and 352 W m-2
(Laskar et al. 2004; Shellito et al. 2003) for B. serrulata and B. spectabilis,
respectively. This difference in irradiance for the fossil sites and the extant
locations is due to latitudinal movement of the Australian continent since the
Eocene when Australia was at considerably higher latitudes and winter daylight
hours were significantly shorter. Therefore, along with a difference in total
radiation, there is also an effect on the seasonal distribution of solar radiation that
must have impacted plant growth. Other important plant growth factors are water
availability, temperature and atmospheric CO2, all of which varied during the
Eocene and dramatically between the Eocene and the present day. Australia had
very high humidity and temperatures (but reduced temperature extremes) during
the Early Eocene with temperatures decreasing during the Mid–Late Eocene
(Martin 2006). At the end of the Late Eocene, the climate had started to dry,
principally as a consequence of Australia’s separation from Antarctica and the
initiation of the circum-Antarctic Ocean Current (Hill 2004). Atmospheric CO2
levels during the Early Eocene were up to 110 Pa but by the beginning of the Late
Eocene they had dropped to ~70 Pa (Beerling and Royer 2011). CO2 levels
continued to fall to less than 30 Pa in the Holocene, until the commencement of
the Industrial Revolution, and the level is now above 40 Pa and rising.
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5.6 Preparation of fossil pinnules and cuticle
The fossil pinnules from Nerriga and Anglesea are mummified and could be
retrieved more or less complete from the encasing sediments. This was done by
soaking sediment blocks in dilute aqueous hydrogen peroxide to disassociate the
sediments, which were then sieved to retrieve the macrofossils. Individual
specimens were gently brushed clean, and photographed using transmitted light to
best show the venation patterns. The Lowana Road specimens were too
fragmentary to be removed from the encasing sediments. Large blocks of
sediment were split along bedding planes to reveal pinnule remains, often with
high level venation preserved as impressions in the sediment and with large
pieces of the organic remains of the pinnules still attached. Sediment impressions
were photographed using low angle reflected light to best highlight the venation
pattern and the pinnule margins.
Cuticle slides of the six Bowenia eocenica specimens from the Anglesea site were
supplied by the Melbourne Museum. Cuticle slides of the Lowana Road
specimens were prepared by soaking organic pinnule fragments in 5% aqueous
chromium trioxide solution until all organic matter except the cuticle had
dissolved. The cuticle was then rinsed in distilled water, cleared briefly in 2%
aqueous ammonia solution, rinsed again and stained in crystal violet. Cuticles
were then mounted on microscope slides in phenol glycerine jelly. Some
unstained cuticles were attached to aluminium stubs with double-sided adhesive
and coated with a gold-carbon mix. They were examined with a Philips XL20
scanning electron microscope operated at 10kV.

114

Chapter five: Fossil Bowenia and their significance in reconstructing Eocene environments

Rundle and Maslin Bay specimens consisted of dispersed cuticle only and were
available from existing collections that formed the basis of detailed studies by
Rowett (1988) and Scriven (1993) respectively. The cuticle slides form part of the
palaeobotany collection at the University of Adelaide. Cuticles were rephotographed using an Olympus AX70 compound microscope fitted with an
Olympus UC50 digital camera. Fragments of Bowenia cuticle from the Biloela
Basin were recovered by sieving from associated sediments and prepared as for
the Lowana Road cuticles.
The holotype, and only specimen of B. papillosa, was retrieved from the South
Australian State Herbarium, where it is stored. Unfortunately, the accompanying
cuticle slide could not be located and so a new cuticle slide was prepared from the
remaining pinnule fragments. Observations made here relied on this new slide,
the existing published images, and some extra photographs that were not
published in the original paper (Hill 1978).

5.6.1 Measurements
Cuticles were examined with an Olympus AX70 microscope, and cuticle photos
were taken using the AnalySIS computer program (version 6.0.6001 Service Pack
1 Build 6001, Acer, Australia) software. Stomatal density (stomata mm-2) was
measured on both the fossilised and extant pinnule cuticles by drawing a box
measuring 400x400 µm on the cuticle photo and counting the number of stomata
per box. Stomatal density was determined as number of stomata per mm2 of the
entire pinnule. Stomatal size (μm2) was determined by measuring the length and
width of between two and six guard cell pairs per piece of cuticle and multiplying
these values. Replication varied depending on availability of pinnules (Lowana
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Road n = 5, Anglesea n = 3, Rundle/Biloela Basin n = 2, Nerriga n = 1 and
Maslin Bay n = 1, B. serrulata n = 10, B spectabilis n = 11). Stomatal density and
size values were used to calculate maximum stomatal conductance to water
(gwmax; mol m-2 s-1) according to Franks and Beerling (2009). Stomatal index was
difficult to consistently measure due to the distribution of the stomata and so it
was not considered here.
Whole pinnule images of herbarium, field-collected and fossil specimens were
captured using a CanoScan Toolbox version 4.9.3.2toolpak (X for Mac OSX)
flatbed scanner. Pinnule area (mm2) was determined with ImageJ 1.44p (Rasband,
W.S., National Institutes of Health, Bethesda, Maryland, USA, 1997 – 2014).
Unpaired t-tests, ordinary one way ANOVAs and linear regressions were
performed on data using GraphPad Prism version 5.01 for Windows, GraphPad
Software, San Diego California USA, www.graphpad.com. Unpaired t-tests were
performed on Bowenia for stomatal density, size, gwmax and pinnule area. Data
were divided into the two groups of fossil and extant specimens for each of these
measurements. The leaf area t-test included fossil data for B. papillosa, B.
eocenica and Bowenia sp. nov. 1, as whole pinnules or large pinnule fragments
were available for these species only.

5.7 Results
5.7.1 Fossil identification
The pinnule fossils from Nerriga and Anglesea have previously been described as
species of the cycad genus Bowenia (Hill 1978). Both fossil and extant Bowenia
pinnules have very distinctive serrate or entire margins, and simple
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dichotomously branching venation without anastomoses (see Bowenia serrulata
in Fig. 5.2a). When serrations are present, they are the termination point for veins,
in entire-margined pinnules veins terminate at the margin without forming teeth
at the end points of veins. According to Greguss (1968), Bowenia can be readily
distinguished from other extant cycad genera because it has stomata scattered on
the upper leaf surface (2–5 mm-2) and grouped in bands on the lower surface (55–
60 mm-2). Images of cuticle of extant Bowenia are in Fig. 5.4. Also, in
comparison with other cycads, the epidermal cell walls are mostly thin.
Given the combination of characters listed above, assigning a fossil to Bowenia is
relatively straightforward, provided a pinnule or a significant fragment of one is
preserved, and cuticle morphology is well preserved. This is the case for fossils
from Nerriga, Anglesea and Lowana Road. The fossils from Maslin Bay, Rundle
and the Biloela Basin consist of dispersed cuticle only. The Rundle dispersed
cuticle fragments are quite common, and include some with margins attached and
serrations are sometimes included. A combination of the cuticular morphology,
presence of serrations, and veins that terminate in them mean that these fossils
can be assigned to Bowenia with confidence. The Maslin Bay taxon is
represented by rare fragments of dispersed cuticle. While this cuticle is consistent
with Bowenia, no pinnule margins have been recovered and assignment to the
genus is somewhat less certain. However, the cuticular morphology of this taxon
is identical to Bowenia, and matches no other extant or fossil cycad. The same
justification applies for the Biloela Basin specimens.

5.7.2 Reconsideration of the previously described species

Bowenia papillosa (R.S. Hill)
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Hill (1978) described B. papillosa from early Middle Eocene sediments in
Nerriga, Victoria, from the basal half of a single pinnule that is still attached to
the rachis. This exceptionally well preserved fossil was assigned to a new species
of Bowenia because of the presence of unicellular papillae, which occur over the
veins, more commonly on the upper than on the lower pinnule surface. The other
notable feature of this fossil is the clear preservation of numerous dichotomously
branching veinlets arising from the veins. In reconsidering this specimen, it was
noted that in the original illustration of the specimen (Fig. 2 in Hill (1978)) the
pinnule and rachis, which were separated from each other during recovery of the
fossil from the sediment, were almost certainly reattached the wrong way around.
In all living Bowenia specimens examined, the lateral pinnules are asymmetrical,
with the more convex margin being on the apical side of the frond. The B.
papillosa specimen illustrated by Hill (1978) has the convex side presented
towards the base. That has been corrected in the illustration of this specimen here
(Fig. 5.2b). This specimen is smaller than pinnules of either of the extant species
(Table 5.2), although some B. serrulata pinnules from the Queensland Herbarium
overlapped this size range. Bowenia papillosa also has distinctly smaller and less
dense stomata than either of the extant species Fig. 5.6.
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Figure 5.2 (previous page) Pinnules of extant and fossil Bowenia. (a) Bowenia
serrulata, cleared pinnule of the extant species, showing the serrate margin, and
dichotomously branching veins that all arise from the pinnule base. All veins
terminate in serrations. (b) Holotype and only specimen of B. papillosa from
Nerriga (N-0114), with the basal half of a single pinnule preserved. The
attachment of the pinnule to the rachis is in the opposite direction to that figured
in Hill (1978) and more likely reflects the orientation of the pinnule. Venation is
very similar to that of B. serrulata, with veins terminating in serrations. (c)–(h)
Specimens of B. eocenica from Anglesea ((c) = AN2293, (d) = ANb3000, (e) =
AN2167, (f) = 2172/2094, (g) = ANb3001, (h) = P52689a). The venation is very
similar to B. serrulata, except that in each specimen there is a rudimentary midvein at the base of the pinnule that extends for up to one quarter of the length of
the pinnule. Veins terminate in serrations. (h) is the holotype of this species. (i)–
(k). Specimens of Bowenia sp. nov. 1 from Lowana Road, including the holotype
(j) ((i) = LO-4, (j) = LO-5, (k) = LO-7). Though it is difficult to see the venation
in (j), venation of Bowenia sp. nov. 1 is very similar to B. serrulata, with veins
terminating in very small serrations. Scale = 1cm.
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Bowenia eocenica (R.S. Hill)
Bowenia eocenica from Middle Eocene sediments in Anglesea, Victoria, was
described from two small fragments of what was probably a single pinnule (Hill
1978). While these fragments are small, they preserve important parts of the
pinnule, since one demonstrates that the margin is regularly serrate, and the other
shows what appears to be a rudimentary mid-vein at the base of the pinnule (Fig.
5.2h), a feature otherwise not seen in the genus. The cuticle lacks the papillae of
B. papillosa and hence was placed in a separate species. Since the publication of
this species in 1978, thousands of mummified leaves, mostly angiosperms, have
been collected from the Anglesea sediments and most are now housed in the
Melbourne Museum. Several new and nearly complete specimens of Bowenia
pinnules were therefore available for this study.
With complete pinnules available, there are important features that can be
considered in more detail. Firstly, all these pinnules belong to B. eocenica, since
they all have a rudimentary midvein at the base of the pinnule (Fig. 5.2c–h cf.
Fig. 5.2a). Secondly, it is clear that the pinnules of B. eocenica from Anglesea are
smaller (in both length and width) than either of the extant species (Table 5.2),
although as with B. papillosa, there was some overlap with B. serrulata.
An examination of the cuticular morphology of new specimens of B. eocenica
from Anglesea confirms the details of the original description. However,
occasionally trichome bases were observed and in some cases what appears to be
a basal cell of the trichome is also preserved (Fig. 5.3a). These structures are
different from the papillae described for B. papillosa. Bowenia eocenica also has
distinctly smaller and less dense stomata than either of the extant species Fig. 5.6.
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Table 5.2 Mean pinnule size and stomatal traits of all Bowenia species considered here, along with estimated temperature and atmospheric CO2
concentration. Temperature estimates presented for B. eocenica and B. papillosa are from Greenwood and Wing (1995), Bowenia sp. nov. 1
from Carpenter et al. (2012) and Maslin Bay from Greenwood (1994). Temperatures for B. serrulata and B. spectabilis are mean maximum
annual temperatures for the years 1961 to 1990. CO2 data are from Beerling and Royer (2011).
Species

Pinnule area Serrations

Cuticular papillae Trichomes Rudimentary Stomatal density Stomatal size gwmax

(mm2)

Temperature CO2

midvein

(stomata mm-2)

(µm2)

(mol m-2 s-1) (°C)

(Pa)

eocenica

832

Intermediate

Yes

Yes

Yes

33 ± 1

1270 ± 106

0.57 ± 0.01 17.1

90± 20

papillosa

1045

Intermediate

Yes

None

None

28

1390

0.47

90 ± 20

Bowenia sp. nov. 1

2726

Small

None

Occasional None

36 ± 4

1470 ± 96

0.57 ± 0.05 24

110

Maslin Bay

Unknown

Unknown

Unknown

Unknown

Unknown

40

1588

0.57

90 ± 20

Rundle

Unknown

Intermediate–large Yes

Unknown

Unknown

42 ± 2

1420 ± 31

0.68 ± 0.02 *

85 ± 25

serrulata

1200 ± 457

Large

None

Yes

None

47 ± 2

1960 ± 90

0.87 ± 0.04 28.3

~ 40

spectabilis

2420 ± 596

Absent or small

None

Yes

None

41 ± 3

1940 ± 134

0.78 ± 0.04 28.7

~ 40

*No reliable estimate could be found.
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5.7.3 Specimens from new locations

Lowana Road
The Early Eocene Lowana Road sediments (Fig. 5.1) have yielded a large number
of complete and fragmentary pinnules. These pinnules are much larger than the
specimens from Nerriga and Anglesea and fall within the size range of both
extant species (Table 5.2). They consistently lack a mid-vein, which separates
them from B. eocenica, and no papillae have been observed, which separates
them from B. papillosa. They have the typical Bowenia stomatal morphology
(Fig. 5.3b). Very occasional trichome bases are preserved, but there is no
evidence of the basal trichome cell that was present in some B. eocenica
specimens. The scanning electron micrographs of this species show the very thin
cuticle, including that around the stomata (Fig. 5.3e, f). However, occasional
epidermal cells have much thicker cuticle, which shows as a darker stained cell in
the light micrographs (Fig. 5.3e, f cf. Fig. 5.3b). An important feature of these
pinnules is the size and shape of the serrations. While they are clearly present,
they are very small and represent rounded indentations rather than the obvious
and relatively large teeth of extant B. serrulata (Fig. 5.5e cf. Fig. 5.5a), or the two
fossil species B. eocenica and B. papillosa (Fig. 5.5b, c). Some specimens of
extant B. spectabilis have serrations that are virtually identical to those of the
Lowana Road specimens (Fig. 5.5e cf. Fig. 5.5d). This means that either the
fossils represent B. spectabilis, or a new species should be established in
recognition of the large spatial and temporal separations of fossil and extant
specimens, and the possibility that reproductive or other vegetative characters
may have been distinct. We favour the latter option, given that all the fossil
specimens examined are serrate, whereas serrate pinnules are very rare in B.
123

spectabilis (Johnson 1959; Wilson 2004) and the Lowana Road fossils have
distinctly smaller and less dense stomata than either of the extant species (Fig.
5.6). Therefore we place the Lowana Road fossils in a new species of Bowenia,
here named Bowenia sp. nov. 1.
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Figure 5.3 (previous page) Light (LM) and scanning electron (SEM) micrographs
of fossil Bowenia cuticles. (a) LM of the upper pinnule surface of B. eocenica
from Anglesea showing a trichome base with a cylindrical basal trichome cell
(AN2094). (b) LM of the lower pinnule surface of Bowenia sp. nov. 1 from
Lowana Road showing stomata amongst characteristic cycad epidermal cells
(LO-5). Note the darker staining epidermal cells, indicating thicker cuticle over
those cells. (c) LM of the upper pinnule surface of probable B. papillosa from
Rundle showing two possible papillae surrounded by dark staining cells (R-007;
Greguss 1968). (d) LM of the Upper pinnule surface of probable B. papillosa
from Biloela Basin, showing a trichome base with a cylindrical basal trichome
cell (R-005). (e) SEM of the lower pinnule surface of Bowenia sp. nov. 1 from
Lowana Road, showing the inner cuticular surface, with characteristic cycad
stomata (LO-4). The cuticle has cracked over some cells where it is thicker, a
state represented by the darker staining cells in the LMs. (f) SEM of the upper
pinnule surface of Bowenia sp. nov. 1 from Lowana Road, showing the inner
cuticular surface, with characteristic cycad epidermal cells (LO-5). Note the
cracking of the cuticle over cells where the cuticle is thicker, as in (e).
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Figure 5.4 Cuticles of extant Bowenia showing epidermal cells and stomata,
specimens are (a) serrulata and (b) spectabilis. Scale bars are 50µm.
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Figure 5.5 (opposite page) Details of the margin of fossil and living Bowenia
species. (a) Bowenia serrulata, showing the well-developed serrations with a vein
terminating in each. (b) B. papillosa from Nerriga (N-0114), showing a welldeveloped serration, which is smaller than most of those of B. serrulata, but
approximately in proportion to the difference in pinnule size. (c) B. eocenica
(AN2293), showing well developed serrations that are similar in size to those of
B. papillosa; though it may be difficult to see, there is also a vein ending at the
apex of the tooth. (d) Bowenia from Rundle (after Rowett 1988). Note the
relatively large size of this serration, which is very similar to those of B.
serrulata. (e) Bowenia sp. nov. 1 (LO-5), showing very small and rounded
serrations that are quite distinct from all the other fossil species. (f) B. spectabilis,
a rare specimen with serrations, which are small and rounded and almost identical
to those of Bowenia sp. nov. 1. Scale = 1mm.
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Figure 5.6 Relationship between stomatal density and size for all known Bowenia
across time (r2 = 0.5, P < 0.0001). Each data point is labelled with either the name
of the species or the name of the site where the fossil was collected. Data points
are means ± SE.
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Rundle/Biloela Basin
Dispersed cuticle fragments from the probable Late Eocene sediments at Rundle
in Queensland (Fig. 5.1) were identified as Bowenia by Rowett (1988). Rowett
(1988) considered that papillae occur on at least some of the specimens,
especially on the upper surface and hence he assigned these specimens to B.
papillosa. We had access to some (but not all) of Rowett’s dispersed cuticle slides
and new cuticle specimens of Bowenia from the Biloela Basin, which probably
belong to the same taxon. Some possible papillae bases were observed (Fig. 5.3c,
although these may more plausibly be trichome bases without the basal cell
preserved), trichome bases were also observed with the basal trichome cell in
place (Fig. 5.3d). This suggested an affinity with B. papillosa, but more complete
specimens may lead to a different conclusion. Some specimens included
fragments of the pinnule margin, confirming the presence of well-developed
serrations at least 2mm long, similar to those seen in B. serrulata, and much
larger than those in B. papillosa (Fig. 5.5d cf. Fig. 5.5a, d). Further specimens
may show that this taxon is distinct from B. papillosa in having much larger
serrations, possibly within the range of the extant species. Hence these
fragmentary specimens, while clearly belonging to Bowenia, will not be assigned
to a species until more complete specimens are obtained.

Maslin Bay
Dispersed cuticle fragments from the Middle Eocene Maslin Bay sediments were
assigned to Bowenia by Scriven (1993). Her slides were available to us and we
found a small number of very fragmentary specimens of Bowenia. However, no
trichome bases or papillae were observed and no margin is preserved, so these
specimens must remain identified at the generic level only.
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Other specimens
Three other possible records of Bowenia deserve brief consideration. Hill (1998c)
and Pole (2007) record Bowenia from Regatta Point in south-western Tasmania.
This location is very close to Lowana Road, is the same age and is floristically
similar. They are considered here to be records of essentially the same fossil
vegetation and the same Bowenia species. Lowana Road specimens were
preferred because they are abundant and much more complete than those at
Regatta Point. Carpenter et al. (2011) described a single specimen from the
possibly latest Oligocene to mid–late Miocene sediments at Lightning Ridge as
?Bowenia, stating that the specimen “could be interpreted as the base of an
apparently robust pinna fragment showing stout, occasionally dichotomising
veins arising from a constricted base and lacking a midvein”. This specimen is
very similar to both fossil and extant pinnules of Bowenia in its size, shape and
venation, and is very likely to represent a fossil occurrence of the genus, but the
lack of cuticle preservation and of a margin to the pinnule precludes a definite
identification. Finally, Wilson (2004) notes a Miocene occurrence of Bowenia at
Baralaba in central Queensland, but in the absence of illustrations or any other
confirmation of the record, this is not considered further here.

5.7.4 Systematics
Order Cycadales
Family Zamiaceae
Bowenia Hook. ex Hook.f.
Bowenia sp. nov. 1 (Figs 5.2i–k, 5.3b, e, f, 5.5e)
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Diagnosis: Fossils without evidence of reproductive structures. Pinnules 94 (77–
104) mm long, 29 (21–34) mm wide, mid-vein absent, veins terminating in very
small, rounded teeth. Trichome bases rare on epidermis, papillae absent.
Holotype: LO-4, stored at the School of Biological Sciences, University of
Tasmania.
Type locality: Lowana Road, south-western Tasmania (42°11’S 145°22’E).
Etymology: Named in memory of Dr L.A.S. Johnson, who wrote the seminal
work on Australian cycads.

5.7.5 Comparison of fossil and living species
5.7.5.1 Pinnules
Of the two extant species, B. spectabilis has the largest pinnules and these are
usually entire-margined, except for occasional specimens in more open vegetation
which bear small serrations (Wilson 2004). Bowenia serrulata has, on average,
significantly smaller pinnules than B. spectabilis (Table 5.2; t = 4.4, P = 0.0086)
and much more prominent serrations and it also occurs in more open vegetation
and in a warmer and drier climate than B. spectabilis (Wilson 2004). Two of the
fossil species, B. eocenica and B. papillosa, both have small pinnules with
serrations of intermediate size and low stomatal density and size compared with
the other fossil and extant species (Table 5.2). Bowenia sp. nov. 1 has pinnules of
more than twice the area of B. eocenica and B. papillosa, but has smaller
serrations, and a similar relatively low stomatal density and size.
The common trichome type in Bowenia is typical of cycads in having a thickened
complex base and a basal trichome cell that is cylindrical in shape and terminates
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presumably where another trichome cell was once attached (Fig. 5.3a, d). This
trichome structure is common in the Zamiaceae (Stevenson 1981) and has been
illustrated by, for example, Acuña-Castillo and Marín-Méndez (2013) from
Zamia (now Chigua) restrepoi. The papillae in B. papillosa have not been
recorded in other cycads.
One of the most distinctive features of the fossil Bowenia species is the
rudimentary mid-vein in B. eocenica. Hill (1978) noted this feature in the pinnule
fragment he described, stating that the “dichotomously branching veins arise
alternately at the base of the pinnule over a greater distance than in the other
species and the central vein gives the appearance of a midrib”. This rudimentary
mid-vein occurs in every B. eocenica pinnule (Fig. 5.2c–h), but is absent from all
other fossil and living species examined. Mid-veins are a striking feature of
Cycas species, but they also occur in some Zamiaceae species. Perhaps the closest
to the situation seen in B. eocenica amongst the extant Zamiaceae species is in
Chigua restrepoi (Stevenson 1990; Fig. 5.7a). In this species a clearly defined
mid-vein extends for about two thirds of the length of the pinnule, with side
branches occurring at high angles, sometimes branching dichotomously, before
every vein ends in a serration. This venation pattern is very similar to that of B.
eocenica, except that in the latter the “mid-vein” only extends about one quarter
of the length of the pinnule before disappearing amongst high angle,
dichotomously branching veins that all terminate in serrations (Fig. 5.7c).
Bowenia eocenica is clearly intermediate between the pattern seen in Chigua
restrepoi and B. serrulata (Fig. 5.7c cf. Fig. 5.7a, d, e). Part of a fossil pinnule
that has very similar venation to C. restrepoi, but with an even more robust midvein, has been recovered from Early Cretaceous sediments in Patagonia (Passalia
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et al. 2010; Fig. 5.7b), showing that a strong mid-vein in pinnules was present in
Gondwanan cycads long before B. eocenica was growing in south-eastern
Australia. We do not have enough evidence at present to know whether B.
eocenica represents a link to a Bowenia ancestor that had mid-veins in the
pinnules that were lost over time, or whether it represents an isolated instance of
developing a mid-vein that did not persist through to the present.
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Figure 5.7 (opposite page) Line drawings of the venation of pinnules of selected
fossil and living cycads. (a) Extant Chigua restrepoi (modified from Stevenson et
al. 1996; Uzunova et al. 2001). Note the mid-vein that runs for about two thirds
of the length of the pinnule and the high angle, dichotomously branching veins
that arise from it and terminate in serrations. (b) Fossil Restrepophyllum
chiguoides (modified from Passalia et al. 2010). Note the well-developed midvein and the high angle, dichotomously branching veins that arise from it and
terminate in serrations. (c) Fossil Bowenia eocenica (AN2293). Note the
rudimentary mid-vein that runs for about one quarter of the length of the pinnule
and the high angle, dichotomously branching veins that arise from it and
terminate in serrations. (d, e). Extant B. serrulata. Note the lack of any mid-vein
and the dichotomously branching veins that terminate in serrations. Scale = 1 cm
for (a), (b), (d), and (e), and 0.5 cm for (c).
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5.7.5.2 Stomata
When comparing stomatal size and distribution, the short term plastic effect
measured on herbarium samples of Bowenia serrulata and B. spectabilis over
~110 years showed no significant correlations between stomatal density, size or
gwmax of the extant specimens with temperature, rainfall or CO2 (Table 5.3, Figs.
5.8–5.10). The range of stomatal density for all specimens, fossil and living, was
18 to 75 stomata mm-2, while the range of stomatal size was 1060 to 2475 µm2
and the gwmax range was 0.3 to 1.3 mol m-2 s-1. There were significant differences
between some stomatal traits of fossil and living Bowenia. Bowenia serrulata
stomatal density were significantly higher than in Bowenia sp. nov. 1 and B.
eocenica (F = 5.6, P = 0.003). The stomatal size of B. spectabilis was
significantly larger than that of B. eocenica and stomatal size of B. serrulata was
significantly large than that of B. eocenica and Bowenia sp. nov. 1 (F = 6.8, P =
0.001). Maximum potential water loss through stomata was significantly lower in
Bowenia sp. nov. 1 than both B. spectabilis and B. serrulata, gwmax of B. eocenica
was significantly lower than that of B. serrulata (F = 7.9, P = 0.0005). This
analysis did not include B. papillosa and Maslin Bay specimens as the sample
sizes there were too small. There was a significant, positive linear relationship
between stomatal density and size across all Bowenia species sampled (Fig. 5.6).
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Figure 5.8 Relationship between extant Bowenia and temperature changes during
the past ~110 years by (a) stomatal density, (b) stomatal size and (c) gwmax. See
Table 5.3 for statistics; data points are means ± SE.
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Figure 5.9 Relationship between extant Bowenia and annual rainfall (mm year-1)
changes during the past ~110 years by (a) stomatal density, (b) stomatal size and
(c) gwmax. See Table 5.3 for statistics; data points are means ± SE.
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Figure 5.10 Relationship between extant Bowenia and CO2 (Pa) changes during
the past ~110 years by (a) stomatal density, (b) stomatal size and (c) gwmax. See
Table 5.3 for statistics; data points are means ± SE.
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Table 5.3 Stomatal responses to environmental variation during the past 110 years for Bowenia serrulata and B. spectabilis. r2 and P-values for
linear regression of stomatal density (stomata mm-2), size (μm2) and gwmax (mol m-2 s-1) response to annual rainfall (mm year-1), mean maximum
temperature in the hottest month (°C) and atmospheric CO2 concentration. All environmental measurements presented are gathered from six
years prior to pinnule collection. There was no significant linear response by any of these stomatal traits presented to environmental parameters
as P > α < 0.05.
Stomatal density (stomata mm-2)
B. serrulata

B. spectabilis

Stomatal size (µm2)
B. serrulata

P-value r2

B. spectabilis

P-value r2

Annual rainfall (mm year-1)

0.002

0.8

0.0009 0.9

0.06 0.2

0.001

0.9

0.02 0.5

0.002 0.87

Maximum temperature (°C)

0.013

0.54

0.06

0.34

0.08 0.14

0.009

0.7

0.04 0.3

0.042 0.42

0.002

0.8

0.04 0.27

0.0008 0.9

0.02 0.5

0.02
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P-value r2

B. serrulata

r2

Atmospheric CO2 concentration (Pa) 0.0004 0.9

P-value r2

B. spectabilis

gwmax (mol m-2 s-1)

P-value r2

P-value

0.6
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There was a positive correlation between stomatal density, size and gwmax of
Bowenia with increasing temperatures in Australia since the Eocene (Fig. 5.11a:
r2 = 0.39, P = 0.0007, stomatal density = 1.2 x temperature + 9.2; Fig. 5.11b: r2
0.5, P < 0.0001, stomatal size = 65.6 x temperature + 53.6; Fig. 5.11c: r2 0.45, P =
0.0002, gwmax = 0.03 x temperature – 0.03). There was a negative correlation
between stomatal density, size and gwmax of Bowenia with CO2 over the long term
change from the Eocene to the present (Fig. 5.12a: r2 = 0.3, P = 0.001, stomatal
density = -0.01 x CO2 + 49.06; Fig. 5.12b: r2 = 0.5, P < 0.0001, stomatal size =
0.8 x CO2 + 2191; Fig. 5.12c: r2 = 0.6, P < 0.0001, gwmax = 0.0004 x CO2 + 1).
There appears to be two clusters of points; when the CO2 was high,
approximately 100 Pa, stomatal density, size and gwmax were low. As CO2
decreased to today’s levels, stomatal density, size and gwmax increased (Fig. 5.12
a–c). A t-test revealed that there were significant differences between the fossil
and extant groups for stomatal density (t = 3.05, P = 0.0049), size (t = 6.3, P <
0.0001) and gwmax (t = 5.9, P < 0.0001).
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Figure 5.11 Relationship between stomatal traits of Bowenia taxa and mean
annual temperature increases from the Eocene to now by (a) stomatal density, (b)
stomatal size and (c) gwmax. See Table 5.2 for information on palaeotemperature
references; data points are means ± SE.
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Figure 5.12 Relationship between stomatal traits of Bowenia taxa and CO2 (Pa)
increases from the Eocene to the present by (a) stomatal density, (b) stomatal size
and (c) gwmax. Data points are means ± SE.
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5.8 Discussion
Three fossil species of Bowenia are now recorded: B. papillosa, B. eocenica and
the newly described Bowenia sp. nov. 1. Stomatal density, size and gwmax have
also been analysed for the three described fossil Bowenia species as well as two
undescribed species and these fossils have been compared with the stomatal traits
of the two extant Bowenia species B. serrulata and B. spectabilis. We have also
considered the distribution and original growing latitudes of these fossils and the
potential impact on pinnule size and pinnation.

5.8.1 Biogeography
The locations of fossil Bowenia demonstrate that the genus must have been
common across at least south-eastern Australia and north into Queensland along
the eastern Australian coast, when Australia was still connected to Antarctica.
Fig. 5.1 shows the approximate palaeolatitudes of the fossil deposits containing
Bowenia pinnules, showing that the genus extended at least 35° further south than
its current subtropical to tropical distributions. Given that today Bowenia plants
grow close to the ground and the fronds do not have a clean abscission point, they
are inherently unlikely to provide vegetative material into fossil deposits, so these
fossil occurrences suggest that Bowenia was probably quite common at all sites,
and particularly so at Lowana Road and possibly Anglesea.

5.8.2 Pinnule morphology, stomatal anatomy and their relationship
with environment
The pinnules of the fossil Bowenia species are distinctive, with two, B. eocenica
and B. papillosa, having relatively small pinnules with small but clearly serrate
pinnules, while Bowenia sp. nov. 1 has large pinnules with very small, rounded
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serrations. As a group, the fossil species have significantly lower stomatal
density, size and gwmax than the group of living species, indicating that the relative
pinnule area allocated to stomata has increased since the Eocene.
Stomatal density, size and gwmax of both B. serrulata and B spectabilis did not
respond to temperature, rainfall or CO2 clines during the past 110 years (Figs
587–5.10; see Methods: Extant specimens section for ranges and means of
temperature, rainfall and CO2 data). However, from the Eocene to the present (i.e.
across the fossil and extant specimens), there were significant responses to
temperature and CO2 (Figs. 5.11, 5.12). The range of stomatal density and size
reported in this study is similar to that found in other studies. Haworth et al.
(2011b) reported a range of stomatal densities for six cycad species of 30 to 80
stomata mm-2. The gwmax values that we found are within the range reported by
others of 0.2 to 1.4 mol m-2 s-1 for 15 species of Podocarpaceae and Cupressaceae
(Brodribb and Hill 1997), 0.1 to 1.4 mol m-2 s-1 for fossilised plants growing
during the Phanerozoic (Franks and Beerling 2009), and 0.71 to 2.63 mol m-2 s-1
for Eucalyptus globulus seedlings growing in different rainfall environments
(Franks et al. 2009).
The change in the Australian environment since the Eocene has been extreme and
varied, and hence the explanation for the change in pinnule morphology and
stomatal size and density is not straightforward. Since the Eocene, the Australian
landmass has moved northwards, and the photoperiod has altered dramatically, as
has the angle of the sun in the sky during the growing periods. There is also
strong evidence that the Australian Eocene climate was very warm, with
extremely high humidity throughout the year that dampened temperature
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extremes. Many of the fossil cuticles other than Bowenia at the sites examined
have very high densities and diversities of epiphyllous fungi, which indicates very
humid environments, with no dry season (Lange 1976; Lange 1978; Wells and
Hill 1993). Furthermore, atmospheric CO2 levels during the Eocene were very
high by modern standards, enhancing the global greenhouse effect as well as
providing abundant CO2 for photosynthesis.
The small pinnules of B. eocenica and B. papillosa may be an advantage in a
warm climate as small leaf size results in a thinner boundary layer (Yates et al.
2010), which enhances convective leaf cooling relative to large pinnules with
thicker boundary layers. However, the very small, moderately serrate pinnules of
B. eocenica and B. papillosa were unexpected, since both species occur amongst
diverse angiosperm floras with relatively large leaf sizes, similar to those of
extant tropical or subtropical rainforest. It is possible that the fronds of the
fossilised species with small pinnules may have been tripinnate. Johnson (1959)
noted that extant Bowenia has bipinnate fronds, but Wilson (2004) stated that
occasional tripinnate fronds are found in B. serrulata, and these fronds had
significantly more and smaller pinnules per frond than bipinnate fronds. There is
a possible advantage in having tripinnate fronds for these understorey cycads
growing in complex rainforests in dense shade, at high latitudes, where the sun is
always low in the sky and coming from different directions near the horizon
throughout the day. Small but numerous photosynthetic units may be a very
effective way to maximise light uptake in such an environment where sunflecks
are the major source of light. Though no extant cycads from high latitudes are
tripinnate, for example Macrozamia riedlei from the Perth region of Australia
(Gerlach 2012) and Cycas revoluta from southern Japan (Takaso et al. 2013);
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fossilised tripinnate cycads and ferns have been described (for example Artabe
and Stevenson 1999; Carvalho et al. 2013). Clearly, Bowenia sp. nov. 1 did not
follow the same strategy as B. eocenica and B. papillosa. It has the largest
pinnules of any of the fossil Bowenia species, and presumably had bipinnate
fronds. The larger surface area of these pinnules may represent another strategy to
maximise light uptake in the high latitude, understorey environment. Consistent
with this idea, is the fact that extant B. spectabilis, which grows in rainforest
understoreys, has larger pinnules than B. serrulata, which occurs in more open
environments.
Amongst the living species of Bowenia, serrations appear to increase in presence
and size as the vegetation opens (Wilson 2004). Based on the extant species, and
given the likely light environment when the Eocene forests were growing, entiremargined pinnules would have been predicted for the fossil taxa. However, all
these taxa are serrate (Fig. 5.5, Table 5.2). Many hypotheses have been proposed
to explain the presence of serrate margins in leaves. For example, Royer and Wilf
(2006) showed that the serrate margins of leaves photosynthesised and transpired
faster than entire margins species during early growth. Thus serrations may be a
means to increase the potential growing season of leaves (Royer et al. 2012). Leaf
serrations have also been suggested to be a consequence of thin leaves that have
vein endings at the leaf margin and thus the structural support is not available for
entire margins (Givnish 1979; Givnish 1978; as cited by Royer et al. 2012). For
Bowenia, and other genera that have only simple dichotomous venation, it is
possible that as photosynthetic area reduces, the lamina shrinks back from the
margin more quickly than the vein endings, and hence the individual vein endings
become serrations. Certainly amongst the living and fossil Bowenia species, the
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smaller pinnules are the most prominently serrate. Given that extant B. spectabilis
can be either entire-margined or minutely serrate; depending on the vegetation
type it occurs in, this trait is clearly variable within the genus (Wilson 2004).
The increase in stomatal size and density, and gwmax since the Eocene may be a
response to the drop in atmospheric CO2 and humidity and the increase in
temperature and light during that time. Estimated atmospheric CO2 concentrations
varied during the Eocene, from ~110 Pa for Bowenia sp. nov. 1 to ~90 Pa for B.
eocenica, B. papillosa and the Maslin Bay taxon to ~85 Pa for the Rundle and
Biloela Basin taxon (Beerling and Royer 2011). These Eocene atmospheric CO2
concentrations are much higher than at present, with the extant species
experiencing CO2 concentrations of ~40 Pa (Tans and Keeling 2013), which is an
increase of approximately 10 Pa since the beginning of last century (Etheridge et
al. 1998). In the Eocene, Bowenia plants may have been adapted to maximising
their photosynthetic area in the highly light competitive complex rainforest
understorey and minimized the size and number of their stomata, since CO2 was
far from limiting for photosynthesis in these conditions. The small stomata of the
fossil taxa may be an advantage in closed, shady forests, where small stomata are
best placed to take advantage of short term light flecks because they respond
more rapidly than larger stomata (Jordan et al. 2015). In at least some of these
high latitude, southern Australian, highly diverse rainforests, winter deciduous
species occurred in canopy trees (Scriven et al. 1995), meaning that in summer,
the forest canopy would have been more closed than in late autumn and early
spring making light flecks a potentially important energy input for
photosynthesis.
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It is also possible that the increase in gwmax since the Eocene is an adaptation to
increased temperature (Fig. 5.11c), due to the northward movement of the
continent since the Eocene and hence a need for increased evaporative cooling. A
positive correlation between stomatal density, gwmax and temperature was also
found for Melaleuca lanceolata across a latitude gradient in southern Australia
(chapter three), whereas no relationship between stomatal traits and CO2 was
found in this species. The increase in density and gwmax since the Eocene is likely
an adaptation to increased temperatures to increase the potential for evaporative
cooling.
The mean number of sunlight hours during winter and photosynthetically active
radiation (PAR) has also increased with the northward movement of Australia.
Increased PAR has been shown to increase stomatal density for Toona ciliata and
this was correlated with increased stomatal conductance (Carins-Murphy et al.
2012). Therefore, the increase in stomatal density of Bowenia may also have been
a response to the increase in PAR as the Australian continent moved north during
the Eocene. The increase in stomatal density and gwmax since the Eocene, in
conjunction with increased PAR, may increase potential photosynthesis; although
this would be tempered by the lower CO2 concentrations that extant species are
exposed to.
There are two pinnule sizes of Bowenia, the small pinnules may have been from
tripinnate leaves and the larger ones from bipinnate leaves. Large leaf size may
therefore have been large through two different mechanisms with the purpose of
taking advantage of light flecks in their understorey habitats. Pinnule serrations
may also be present in some species as the structural support is reduced with
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dichotomous venation and as photosynthetic area reduces, the lamina shrinks
back from the vein endings that then become teeth. Stomatal trait change of
extant Bowenia did not correlate with temperature, CO2 or rainfall. However,
over the long term of 65 million years, stomatal traits may have responded to
CO2, temperature, humidity and PAR change as the Australian continent moved
north and thus Bowenia moved north. Smaller stomata of the Eocene species may
open and close faster than larger stomata of extant species. This makes the
Eocene species well-placed to take advantage of sun flecks and thus increase
photosynthetic potential in the understorey. Stomatal density of the Eocene aged
species increased with increasing PAR as Australia drifted northwards, this
increases potential stomatal conductance thus increasing potential photosynthesis.
Maximum potential water loss through stomata is lower in Eocene species and
increased as Australia drifted northwards and the temperature increased. This
would increase potential evaporative cooling of the pinnules.

5.9 Conclusion
Bowenia is a particularly interesting genus that is far removed morphologically
from other extant and fossil cycads. Extant Bowenia species are endemic to
Queensland while Eocene-aged Bowenia fossils are known from Tasmania, as
newly described here and Victoria. The fossil record of Bowenia is important in
determining the Cenozoic distribution of the genus, and also provides some
insight into the evolution of the extant species but as yet offers no information on
the origins of the genus. It is likely that Cretaceous finds of Bowenia and closely
related taxa will be required to answer more detailed questions about the
evolution of this genus.
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The stomatal responses of Bowenia to environmental and climate change across
time and space were different, in some respects, from those reported for other
species. The extant species showed no response to changing CO2, rainfall or
temperature over the last century, However, since the Eocene there have been
significant changes. We hypothesise that Bowenia has responded to decreasing
CO2 by increasing stomatal density and gwmax. Reductions in humidity with
warmer, drier conditions are also likely to have influenced stomatal traits across
the Eocene to the present. Pinnule size and morphology may have been driven by
light availability, but this is highly speculative. This study has shown that the
stomata and pinnule sizes of Bowenia change in a manner that potentially
increases the fitness of this species due to changing climates. More research on
the physiological responses of the extant species will be required to refine our
understanding of the responses reported here.
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6 Discussion and Conclusions
This thesis examined the change in stomatal and leaf width and area over space
and time in response to environmental changes. Spatial variation in
environmental factors arising from latitude and elevation gradients has been used
to examine the effects of CO2, temperature and water availability. The temporal
record provided by fossil, sub-fossil and herbarium material demonstrated
variation brought about by events such as continental drift, glacial and interglacial periods, and variation in ENSO and recent changes in atmospheric CO2.
Examination of stomata, leaf with and area from plants growing across these
environmental gradients, physiological responses to these variables is shown. Use
of these traits in this manner can assist in determining how plants have responded
to current or historical climate changes and assist in predicting how similar
species may respond to future climate and environmental change.
Stomata are indicators of physiological functioning of plants. Specifically,
stomatal density is a measure of the number of pores on a leaf available for gas
exchange, and stomatal size is an indicator of the path length that gases need to
travel to diffuse through stomata. Together these traits were used to calculate
maximum potential conductance to water (gwamx), or CO2 , through stomata.
Plants can alter these stomatal traits to optimise carbon gain and water loss
depending on the environmental conditions in which they are growing. This
information has been analysed to determine how plastic stomatal traits were in the
face of environmental variation in the Australian species studied. Using this
information on stomata, the potential impact of environmental variation is gauged
for physiological functions such as photosynthesis, water use, nutrient uptake and
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leaf cooling. Determination of whether these stomatal traits may be useful proxies
for past change in environmental conditions is shown, such as indicating
historical changes in CO2, temperature and rainfall.
Stomatal and whole leaf traits are important variables to understand in the face of
changing climates, whether this climate change is current or in the past. When
using these traits, however, it is important to remember that stomatal anatomy
determines the maximum potential conductance (i.e. gwamx) and that daily
stomatal conductance will actually vary within these morphological confines.
Leaf size is of interest because it influences boundary layer thickness and
therefore the potential for convective heat loss.

6.1 Taxa studied
The taxa studied in this thesis are Dodonaea viscosa subsp. angustissima (chapter
two), Melaleuca lanceolata (chapter three), Melaleuca quinquenervia (chapter
four) and Bowenia species (chapter five). Each species was chosen for different
reasons, as outlined below.

6.1.1 Dodonaea viscosa subsp. angustissima
Chapter two appeared as a paper in The Australian Journal of Botany volume 62,
2015. Dodonaea viscosa subsp. angustissima was chosen as the leaf width and
area had been studied by another group of authors. These authors found a
significant, negative linear correlation between leaf area and elevation and that
leaves decreased in width as they grew further north (Guerin et al. 2012). It was
due to these significant findings that the stomatal work has been done as a change
in leaf area or width may be accompanied by a change in stomatal anatomy. The
replication for this study was adequate as there were five specimens collected
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every 50m interval along the 500m elevation gradient (n = 55). The latitude
gradient study has been performed on leaves collected form the State Herbarium
of South Australia; therefore replication was not as thorough. Five leaves were
collected from each herbarium sheet with 26 herbarium sheets sampled (n = 130).
Fully expanded leaves were selected and where possible, leaves were selected
below flowers to ensure leaf maturity. Though this means that the sites had only
one replication, this is the best and most economical possible way to collect
leaves along a latitude gradient without field work. Stomatal density and size
have been measured and gwmax calculated for the work presented in this chapter.
In hindsight, field collections may have been a good way to supplement the
herbarium material, though the herbarium specimens provided enough data to
make claims about temperature correlations to stomatal traits. Collections from
further north would also have been useful for determining this relationship,
however, care is needed when sampling from D. viscosa subsp. angustissima as it
is morphologically diverse and can easily be confused with other subspecies of D.
viscosa. The statistics performed on these data were done by Greg Guerin using
R.

6.1.2 Melaleuca lanceolata
The Melaleuca lanceolata study chapter appeared as a journal article in The
Australian Journal of Botany volume 62 in 2015. This was a follow on study from
work previously completed and not published by the same authors. The CO2
gradient was work carried out previously and the leaves had been destructively
sampled thus no leaf area measurements were presented for the CO2 gradient. The
leaves collected for the CO2 gradient analysis have all been collected from a
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similar region (see Fig. 3.1b). This particular region varies little in elevation
whereas the elevation, rainfall and temperature did vary for leaves collected along
the latitude gradient. 14 herbarium sheets have been sampled from the State
Herbarium of South Australia for the latitude gradient with five leaves taken from
each sheet (n = 70). Leaf selection has been based on leaf maturity. Leaves
growing on the same branch as an inflorescence are assumed to be mature and
where inflorescences were not present, leaves growing on the branch closer to the
main stem than the most recently initiated leaves have been selected. Melaleuca
lanceolata was chosen as it was well represented within the State Herbarium of
South Australia.
Stomatal density and size have been measured and gwmax calculated for the
Melaleuca lanceolata chapter. Leaf width was measured for leaves collected
along the latitude gradient. The leaves are amphistomatic and therefore it is
necessary to test whether the measurements of stomatal traits were significantly
different. The linear regressions were an integral part of all works presented in
this thesis and thus all chapters showed these statistics. The outliers in Fig 3.4b
represented genuinely large or small stomata. The stomata on these leaves may
have been anomalous though if they were responding to temperature, the stomata
of leaves in nearby regions were not. Therefore, these values were excluded from
the analysis.
A multivariate analysis may have been useful here to analyse the combined
effects of temperature, rainfall and elevation on stomatal traits and leaf width.
Stomatal density and leaf width has been influenced by all three factors whereas
stomatal size responded only to maximum temperature. Thus an analysis of the
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combined effects of the three environmental variables on stomatal density and
leaf width may have been useful here. An additional measurement of epidermal
cell density would also have enabled analysis of whether the changes in leaf
width were due to cell size changes that therefore affected stomatal density.

6.1.3 Melaleuca quinquenervia
Chapter four has been submitted to Palaeogeography, Palaeoclimatology,
Palaeoecology and at the time of printing, was being reviewed. The stomatal
work in this chapter followed on from work performed by others, two of whom
are authors on this paper, Dr. Cameron Barr and Dr. John Tibby. This previous
work involved carbon isotope analysis where the authors used carbon isotope
analysis to infer rainfall during the Holocene (Tibby et al. 2013) using leaves
from the same core as presented in chapter four. Stomatal work has been done on
these leaves asking the question of whether stomata are a similarly useful proxy
of past rainfall events. One piece of leaf cuticle per core section has been used for
the sub-fossil analysis and six leaves per year for the modern equivalent analysis.
The sub-fossils used were the only ones available and though more sampling
would have been useful, this was not possible. For the modern leaf litter
collections, approximately six leaves per year have been sampled, subject to
availability. These leaves were not affected by seasonality and therefore the
sampling of one leaf every two months from Margaret Greenway’s modern leaf
litter collections is deemed appropriate.
The sub-fossils presented difficulties, the cuticle pieces were very fragmented and
(as stated in the chapter) some were too small to do stomatal density counts on.
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Therefore, though epidermal cell counts would have been useful to determine
whether cell size was changing overall, this was not feasible.
The statistics presented in this chapter were the same as for the other three data
chapters as environmental variables were tested against stomatal traits. The data
presented in Fig 4.7 were not statistically analysed. The aim of the figure was to
show that stomatal traits of modern leaf litter and sub-fossil collections were
within the same range, which they were. No statistical analysis was necessary.
Fig 4.6 shows the correlation between stomatal size and rainfall, the data point
with an annual rainfall two years prior to leaf litter collection of 1886.6 mm yr-1
was not an outlier. However, the entire correlation rests with this data point.
When it is excluded, the relationship no longer shows significance and there is
wide scatter of the other data points. Therefore, as found in the chapter, stomatal
size does not respond to rainfall in a reliable manner.

6.1.4 Bowenia
The Bowenia data chapter has been submitted to the American Journal of Botany
and at the time of thesis printing, was being considered by an editor. This work
has been done as a new fossil Bowenia was available for a species description.
Thus, all Bowenia fossil specimens were collated and stomatal traits measured
and calculated. The availability of herbarium Bowenia was low, though one fieldcollected species, B. spectabilis from Butcher’s Creek in Queensland, has been
included, this work relies on specimens collected over time to ascertain potential
responses to environmental change over the past ~110 years. Therefore, the
herbarium sampling for this project is low, though availability was also low and
therefore this situation is unavoidable.
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Similar statistics have been performed on these data as for other chapters with
one exception. A t-test determined the difference between stomatal traits and
pinnule area of the fossil and extant data sets. As these two groups of specimens
were separated by many factors such as time, temperature, CO2 levels, humidity
and latitude, it is appropriate to treat them as two groups. As such, a statistical
difference between the two is meaningful.
With hindsight, measuring epidermal cell size would be a useful addition to this
work. Stomatal density and size both changed over the 65 Mya time span of this
project and therefore epidermal cell size may have also changed. This would give
insight into pinnule size change as this formed part of this chapter and whether
the size or density of epidermal cells changed would inform how Bowenia cell
size changes. A multivariate analysis may also have been useful for this data set.
Many climate changes occurred over the past 65Mya and these have forced
change in Bowenia stomatal traits and pinnule size. An analysis of the effects of
these changes would give deeper insight into what combined environmental
changes force change in Bowenia.

6.2 Environmental responses
6.2.1 CO2
CO2 concentrations have varied across geological history, and are continuing to
do so although with an anthropogenic component now contributing. An increase
in CO2 concentration is expected to force a decrease stomatal density, and an
increase in stomatal size which results in a decrease in gwmax (Franks and Beerling
2009). In contrast, when CO2 decreases, photosynthetic organs tend to change so
that they have more, but smaller stomata for a given leaf area to increase the
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maximum potential CO2 uptake, but as a result potential water loss through
stomata also increases. This relationship between stomatal density and size has
been observed across many groups of plants using fossils, herbarium and field
collected specimens (Lammertsma et al. 2011). Pioneering work in this field was
conducted by Woodward (1987) using herbarium specimens collected over the
200 years since the industrial revolution during which time CO2 increases of 6 Pa
occurred. In that study, stomatal density of seven temperate forest trees and a
shrub were shown to be negatively correlated with CO2 (Woodward 1987).
Similarly, Kouwenberg et al. (2003) also found that stomatal density decreased in
needles of herbarium specimens of Tsuga heterophylla across a CO2 increase of
7.7 Pa; Lammertsma et al. (2011) also showed a decrease in stomatal density for
a CO2 increase of ~10 Pa for a range of woody angiosperms. Lin et al. (2001)
grew the conifer Pinus silvestris in elevated CO2 conditions and also found a
significant decrease in stomatal density. In contrast, stomatal traits of the species
included in this thesis, Dodonaea viscosa subsp. angustissima (chapter two),
Melaleuca lanceolata (chapter three) Melaleuca quinquenervia (chapter four) and
extant Bowenia specimens (chapter five) did not vary with CO2 change. Other
authors have also found no response to CO2 change, for example, Haworth et al.
(2011b) grew six cycad species in elevated CO2 concentrations of 150 Pa and
found no stomatal change. Radoglou and Jarvis (1993) grew Vicia faba seedlings
in elevated CO2 concentrations of 7 Pa and also found no stomatal anatomy
change; Bettarini et al. (1998) measured stomatal density of plants growing near a
CO2 spring and found that three out of 17 of these species had a significantly
lower stomatal density than those of a site 100m away. However, stomata of the
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Bowenia species studied did change in CO2 of ~80 Pa over the very long time
represented by the fossils and extant species (chapter five).
The change in Bowenia stomatal density, size and gwmax over 65 million years
was correlated with a large CO2 change of ~70 Pa, from the highest Eocene CO2
levels of ~110 Pa to modern day CO2 levels of ~30–37 Pa (chapter five). Across
this range, Bowenia stomata increase in both size and density as CO2 decreased,
resulting in an increased gwmax. The increased gwmax through more, larger stomata
for extant Bowenia would potentially allow increased CO2 uptake in the relatively
low CO2 conditions existing now relative to those during the Eocene. In contrast,
lower gwmax when CO2 was higher could have reduced potential water loss at a
time when plants were not CO2 limited.
In addition to stomatal variation in Bowenia, pinnule size also varied. Two of the
fossilised Bowenia species (B. eocenica and B. papillosa) had smaller pinnules
than Bowenia sp. nov. 1.This could indicate that B. eocenica and B. papillosa had
tripinnate fronds, and that may have resulted in them having a higher total leaf
area than Bowenia sp. nov. 1. These larger fronds would have enhanced the
ability of B. eocenica and B. papillosa to capture light from light flecks in forest
understoreys.
As mentioned above, there was no response to CO2 by stomata of Dodonaea
viscosa subsp. angustissima (chapter two), Melaleuca lanceolata (chapter three)
or Melaleuca quinquenervia (chapter four). One possible reason for the lack of
response to CO2 is that the CO2 changes that occurred across the times that these
plants were growing were low in comparison with those of Bowenia. For
example, CO2 changed by only 5 Pa during the 7300 year time frame represented
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by the sub-fossil material of M. quinquenervia t(Etheridge et al. 1998; Monnin et
al. 2004), and only 2.7 Pa during the twelve year time span of the modern leaf
collection (Tans and Keeling 2013). The other species D. viscosa subsp.
angustissima and M. lanceolata were sampled across CO2 changes of 1.5 and 9.4
Pa respectively. When compared with the CO2 changes of 70 Pa that occurred
across the Eocene to the present over which Bowenia grew, these concentration
changes are low. Others, however, have found negative correlations between
stomatal density and CO2 for increases of ~6 – 8 Pa over a short time frame of
~200 years (Kouwenberg et al. 2003; Woodward 1987). The lack of any
correlation in the species (other than Bowenia) with CO2 could mean that these
species are not responsive to CO2 over these concentration ranges, or it may be
that further sampling could show a response. The lack of response could mean
that factors other than CO2 are stronger drivers of stomatal change in these
species.

6.2.2 Rainfall
Rainfall also plays an important role in shaping of stomatal traits and may be a
more important driver of change that CO2 in the species shown in this thesis. As
the Australian continent moved north following its break from Antarctica, rainfall
generally decreased and became more seasonal (Quilty 1994). Utilising water
derived from sporadic rainfall events may have become an important driver of
stomatal and leaf traits in Australian species, many of which are amphistomatic.
In regions where sporadic rainfall events occur, gwmax tends to be higher than in
regions with higher water availability (Mott et al. 1982). As amphistomatic
species grow in open habitats and thus tend to experience high light conditions
(Jordan et al. 2014) they are well placed to take advantage of water when it is
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available for photosynthesis. Thus, when rainfall events occur, amphistomatic
plants with high gwmax can take advantage of the increase in soil water and open
stomata to photosynthesise. High transpiration during periods of high water
availability also increases nutrient uptake (Yates et al. 2010).
Interestingly, the only relationship with rainfall observed was a weak but
significant positive correlation between annual rainfall and stomatal size for
Melaleuca quinquenervia across a 12 year period; although there was no
associated change in gwmax (chapter four). The observed change in the stomatal
size of M. quinquenervia may have been a passive response due to the likely
increase in leaf size and the associated increase in cell size as rainfall increased.
While a weak relationship has been observed between annual rainfall and
stomatal size in modern M. quinquenervia, the responses observed in stomatal
density, size and gwmax of the sub-fossil material over 7300 years were,
apparently, more conservative. This was surprising as during this time rainfall
variability has been shown to be high by others using a range of proxies (for
example Donders et al. 2007; Quigley et al. 2010; Shulmeister and Lees 1995).
Despite this large variability in rainfall, gwmax of the sub-fossil material of M.
quinquenervia remained within the same range as that for the modern leaves
collected over a much shorter period. The lack of response by gwmax of M.
quinquenervia to rainfall variability was unexpected. However, M. quinquenervia
often grows in littoral zones around freshwater sources (Brophy et al. 2013) and
is therefore rarely exposed to dry conditions. Thus, rainfall variation may not be a
major driver of stomatal change in this species.
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There was also no rainfall response observed for stomatal traits of D. viscosa
subsp. angustissima (chapter two), M. lanceolata (chapter three) or the two extant
Bowenia species (chapter five), when collected along temporal and spatial
gradients over which rainfall varied. As these species are amphistomatic, a gwmax
response to rainfall was expected. Instead it may be that D. viscosa subsp.
angustissima and M. lanceolata have other mechanisms for coping with dry
conditions such as deep tap roots and small leaves to increase convective heat
loss and maintain cooler leaves, thus reducing leaf-air vapour pressure deficit.
The lack of any correlations between rainfall and stomatal traits in the extant
Bowenia species suggests that these species may have low plasticity, as they did
not respond to any environmental variation during the ~100 years over which
herbarium samples were collected.
Therefore, although there was a weak correlation with rainfall for the modern M.
quinquenervia samples, there were no other stomatal trait responses to rainfall in
any of the species studied in chapters two, three and five. This may be due to
other factors such as temperature being more important than rainfall in
determining stomatal and leaf traits in these species.

6.2.3 Temperature
Temperature is an important driver of leaf trait change. Leaves in warmer, dry
regions tend to be smaller than those growing in cooler regions as the boundary
layer in small leaves is thinner allowing higher convective heat loss (Okajima et
al. 2012; Yates et al. 2010). Coupled with this, stomatal densities may have a
positive correlation with temperature and as a consequence gwmax also increases
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(chapters two and three). This allows for higher maximum transpiration rates and
therefore higher evaporative heat loss per unit leaf area.
Stomatal density was observed to increase as temperature increased for D. viscosa
subsp. angustissima (chapter two), M. lanceolata (chapter three) and Bowenia
(chapter five). This increases the potential for evaporative cooling of the leaf in
regions with higher mean temperatures. In addition to changes in stomatal
density, a temperature response was also observed for leaf width. An increase in
temperature led to a decrease in leaf width for M. lanceolata. No change has been
observed in pinnule area of extant Bowenia or leaf size of D. viscosa subsp.
angustissima in response to temperature. The negative relationship between leaf
size and temperature in M. lanceolata is likely a mechanism for the leaves to
reduce their boundary layer and thus increase convective heat loss. Given
projected increases in temperature as a consequence of climate change the ability
of this species to change leaf morphology and stomatal traits may mean they are
more resilient to climate change than less plastic species.
For example, no change in stomatal density in response to increased temperature
was reported for the bluebunch wheatgrass, Pseudoroegneria spicata, when
compared with plants grown at ambient temperature using open top chambers in
the field (Fraser et al. 2009). There was also no correlation with temperature for
stomata of M. quinquenervia (chapter four). In contrast, an investigation of the
stomatal density of Quercus robur leaves across spring and summer showed a
significant negative response to the mean temperature under which they grew
(Beerling and Chaloner 1993b). Beerling and Chaloner (1993b) suggested that the
decrease in stomatal density with increasing temperature was a response to reduce
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water loss. The Q. robur response differs from that of D. viscosa subsp.
angustissima and M. lanceolata (chapters two and three respectively). As
mentioned above, the increase in stomatal density and gwmax of these species
increases the number of sites available for transpiration, and thus evaporative leaf
cooling. In addition, they are also equipped to take advantage of the sporadic,
high rainfall events that are characteristic of drier regions of Australia.
On the longest time scale investigated here of 65 million years, the genus
Bowenia was exposed to significant changes in temperature that occurred due to
the northward movement of the Australian continent. As the continent warmed,
stomatal density of the Bowenia species increased, as did gwmax. The higher gwmax
of extant species in the warmer climate may have a similar function to that of D.
viscosa subsp. angustissima and M. lanceolata in that it increases the maximum
potential for evaporative leaf cooling, and is also possibly a response to the
increasing unpredictability of rainfall as the continent moved north.

6.3 Overall significance and contribution to knowledge
The main findings from this work can be summarised as follows. First, little, if
any, correlation has been shown between stomatal traits and CO2, except for
Bowenia across a large CO2 change of 70 Pa over the past 65 million years.
Second, there was little response in stomatal traits to rainfall. Finally, stomatal
traits changed most in response to temperature, with both stomatal density and
gwmax increasing with warming across both temporal and spatial scales.
The work presented in chapter one to four shows a lack of correlation between
stomatal traits and CO2 for CO2 ranges of between 1.5 and 9.4 Pa. This range of
CO2 may be too small to elicit a stomatal response or the species investigated
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may not respond to CO2 changes as they are limited by other environmental and
climatic factors depending on their ecological niche. There was also a general
lack of correlation between stomatal traits and rainfall variation for species in
rainfall range of 163–1258 mm year-1. The ecological niche of D. viscosa subsp.
angustissima and M. lanceolata includes dry environments. These species are
amphistomatic and that the data collected here show that they have higher
stomatal density in warm regions of inland Australia where rainfall is sporadic.
This enables them to take advantage of these sporadic bursts of rainfall, and to
maintain more favourable leaf temperatures. Stomatal size of M. quinquenervia
was weakly correlated with annual rainfall across a range of 800 to 1900mm year1

. However, there was no evidence of major change in stomata for this species

across the longer 7300 year dataset despite published evidence that rainfall
changed significantly across that period.
Given the unexpected negative correlation with CO2 of stomatal density and gwmax
in the Australian cycad Bowenia, it is possible that stomata of cycads have
different relationships with CO2. The expected relationship between stomatal
density and gwmax with CO2 is negative (for example Brodribb et al. 2013; Franks
and Beerling 2009; Lammertsma et al. 2011). When more CO2 is available, plants
are able to conserve water by developing fewer stomata. When less CO2 is
available more stomata are required on the leaf or pinnule surface to uptake CO2
for photosynthesis.
These findings highlight the impact of temperature on the Australian vegetation.
More correlations have been found of all stomatal traits with temperature across
the species studied, than with either CO2 or rainfall. The arid interior of Australia
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tends to be dry and warm with unpredictable bursts of rainfall leading to filling of
ephemeral lakes and streams, and vegetation growth. The positive correlations
observed between temperature and stomatal density (and gwmax) suggest that
maintaining a favourable leaf temperature is important in these warmer regions.
The higher gwmax, however, could also provide potential benefits through
increasing responsiveness to sporadic rainfall events.

6.4 Suggestions for future work
These findings highlight further questions about stomatal and leaf traits and their
correlation with climate and other environmental variables. The potential for
further projects includes multi-environment and species analysis and growth
experiments. Observations of stomatal trait change across latitude gradients that
encompass temperature and rainfall change could be expanded. Other
environmental factors such as humidity, light, nutrients, rainfall periodicity and
temperature extremes could be investigated. Exploration of stomatal trait change
across latitude gradients should expand the number of species investigated. This
could include species with hypostomatic leaves, herbs, grasses, and nonangiosperm species. Growth experiments using controlled environment cabinets
could test how and how much stomatal traits actually vary with environmental
factors. This will also give us an idea of short term plasticity of stomatal
morphology. Further growth experiments could be conducted to determine how
different species have adapted to local climate and to environmental variation.
That is, if a species grows in a highly variable rainfall environment, is rainfall the
main driver of stomatal change rather than temperature or CO2?
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Testing of stomatal traits against CO2 using cycads could be useful due to the
unusual response of cycad stomatal traits to CO2 that was observed in chapter five
using Bowenia. This could be done using fossils spread across a long time span
representing a large change in CO2. This may show a sigmoidal correlation
between stomatal density and CO2 such as that shown by Kürschner et al. (1997),
or there may be a linear correlation such as that shown by Franks and Beerling
(2009) for a range of plant types collected from across the Phanerozoic.
The aridification of Australia may have shaped the vegetation as the continent
moved northwards since the Eocene. There are many xeromorphic species in
Australia as well as species that are adapted to warm conditions. Adaptations to
dry, warm environments may assist survival for such Australian species in the
future with projected increases in temperature and increased unpredictability of
rainfall. Projected increases in CO2 may also have consequences for the
Australian vegetation, but further work is required to determine how strong a
driver CO2 is of change in this unique vegetation.
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7 Supplementary material

Supplementary Figure 2.1 No correlation between stomatal density and size has
been found (Herbarium r2 = 0.03, P = 0.07; Heysen Range r2 = 0.0008, P = 0.72).
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Supplementary Figure 2.2 Relationships between rainfall variation and (a)
stomatal density, (b) stomatal size and (c) gwmax. There were no significant
relationships found here; see Table 2.1 for stats. Herbarium (closed circles) and
Heysen Range datasets (open circles). Data points are means ± SE.
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Supplementary Figure 2.3 Relationships between CO2 change and (a) stomatal
density, (b) stomatal size and (c) gwmax. There are no significant relationships
found here; see Table 2.1 for stats. Herbarium (closed circles) and Heysen Range
datasets (open circles). Data points are means ± SE.
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Supplementary Figure 2.4 Mean rainfall for the years 1882 to 2014 for the
Innamincka Station (station number 017028; 27.72° S, 140.76° E) in South
Australia. Innamincka station is illustrated here as it is where the second most
northerly specimen was sampled from and experiences small bursts of rainfall
from January to March. Columns are means ± SE.
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Supplementary Figure 2.5 Mean rainfall for the years 1938 to 2014 for the
Arkaroola Station (station number 017099; 30.31° S, 139.34° E) in South
Australia. Arkaroola station is illustrated here as it is where the fifth most
northerly specimen was sampled from and experiences small bursts of rainfall
from January to March. Columns are means ± SE.
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Supplementary Figure 3.1 There are no correlations between CO2 concentration
and (a) stomatal density, (b) stomatal size and (c) gwmax for both abaxial and
adaxial leaf surfaces of Melaleuca lanceolata leaves collected over ~150 years
that included a CO2 change of 9.5 Pa. See Supplementary Table 3.1 for stats; data
points are means ± SE.
176

Supplementary Table 3.1 Results of linear regressions comparing adaxial stomatal traits of Melaleuca lanceolata with a range of environmental
and climate variables.
Leaf trait

CO2 (Pa)
r2

Stomatal density 0.006

Elevation
(m)

Mean annual rainfall Mean maximum temperature
(mm year-1)
(°C)

P-value

r2

r2

P-value

r2

P-value

0.54

0.02 0.27

0.04

0.09

-

-

Pvalue

Stomatal size

3.8 x 10-5 0.96

0.00 0.8
1

0.004

0.6

0.09
0.008*A

0.01*
0.5*A

gwmax

0.0008

0.01 0.42

0.03

0.14

0.04

0.1

0.82

*Significant result (P < 0.05)
*A Outliers removed
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Supplementary Figure 3.2 There are no correlations between elevation and (a)
stomatal density, (b) both abaxial and adaxial leaf surfaces of stomatal size and
(c) gwmax for Melaleuca lanceolata leaves collected over a latitude gradient. See
Supplementary Table 3.1 for stats; data points are means ± SE.
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Supplementary Figure 3.3 There are no correlations between mean annual rainfall
from 1961 to 1990 and (a) stomatal density, (b) both abaxial and adaxial leaf
surfaces of stomatal size and (c) gwmax for Melaleuca lanceolata leaves collected
over a latitude gradient. See Supplementary Table 3.1 for stats; data points are
means ± SE.
179

Supplementary Figure 3.4 There are no correlations between mean annual
maximum temperature from 1961 to 1990 and (a) stomatal size and (b) gwmax for
adaxial leaf surfaces of Melaleuca lanceolata leaves collected over a latitude
gradient. See Supplementary Table 3.1 for stats; data points are means ± SE.
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Supplementary Figure 4.1 (previous page) There are no relationships between
maximum annual temperature and (a) stomatal density two years prior to leaf
litter collection (r2 = 0.004, P = 0.63), (b) stomatal density three years prior to leaf
litter collection (r2 = 0.04, P = 0.12), (c) stomatal density four years prior to leaf
litter collection (r2 = 0.001, P = 0.81), (d) stomatal size two years prior to leaf
litter collection (r2 = 0.01, P = 0.44), (d) stomatal size three years prior to leaf
litter collection (r2 = 0.002, P = 0.73), (e) stomatal size four years prior to leaf
litter collection (r2 = 0.03, P = 0.18), (f) gwmax two years prior to leaf litter
collection (r2 = 0.01, P = 0.42), gwmax three years prior to leaf litter collection (r2 =
0.05, P = 0.09) and gwmax four years prior to leaf litter collection (r2 = 0.04, P =
0.14) of modern leaves of M. quinquenervia. Leaves were collected over the 12
year period from 1992–2003; data points are means ± SE.
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Supplementary Figure 4.2 (previous page) There are no relationships between
growing season temperature (termed here ASON; August, September, October,
November) and (a) stomatal density two years prior to leaf litter collection (r2 =
0.0017, P = 0.75), (b) stomatal density three years prior to leaf litter collection (r2
= 0.02, P = 0.22), (c) stomatal density four years prior to leaf litter collection (r2 =
0.003, P = 0.68), (d) stomatal size two years prior to leaf litter collection (r2 =
0.03, P = 0.2), (d) stomatal size three years prior to leaf litter collection (r2 = 1.8 x
10-5, P = 0.97), (e) stomatal size four years prior to leaf litter collection (r2 =
0.008, P = 0.5), (f) gwmax two years prior to leaf litter collection (r2 = 0.001, P =
0.77), gwmax three years prior to leaf litter collection (r2 = 0.017, P = 0.31) and
gwmax four years prior to leaf litter collection (r2 = 0.00024, P = 0.9) of modern
leaves of M. quinquenervia. Leaves were collected over the 12 year period from
1992–2003; data points are means ± SE.
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Supplementary Figure 4.3 (previous page) There are no relationships between
annual rainfall (a) two years prior to leaf collection and stomatal density (r2 =
0.0003, P = 0.9), (b) three years prior to leaf collection and stomatal density (r2 =
0.005, P = 0.6), (c) four years prior to leaf collection and stomatal density (r2 =
0.02, P = 0.3), (d) three years prior to leaf collection and stomatal size (r2 = 0.01,
P = 0.4), (e) four years prior to leaf collection and stomatal size (r2 = 0.005, P =
0.6), (f) two years prior to leaf collection and gwmax (r2 = 0.02, P = 0.3), (g) three
years prior to leaf collection and gwmax (r2 = 0.0009, P = 0.8) and (h) four years
prior to leaf collection and gwmax (r2 = 0.05, P = 0.08) of modern leaves of M.
quinquenervia. Leaves were collected over the 12 year period from 1992–2003;
data points are means ± SE.
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Supplementary Figure 4.4 (previous page) There are no relationships between
growing season rainfall (as for Supplementary Figure 4.2, termed here ASON;
August, September, October, November) and (a) stomatal density two years prior
to leaf litter collection (r2 = 0.017, P = 0.31), (b) stomatal density three years prior
to leaf litter collection (r2 = 0.004, P = 0.64), (c) stomatal density four years prior
to leaf litter collection (r2 = 0.0009, P = 0.82), (d) stomatal size two years prior to
leaf litter collection (r2 = 0.03, P = 0.18), (d) stomatal size three years prior to leaf
litter collection (r2 = 0.04, P = 0.12), (e) stomatal size four years prior to leaf litter
collection (r2 = 0.03, P = 0.2), (f) gwmax two years prior to leaf litter collection (r2
= 0.04, P = 0.14), gwmax three years prior to leaf litter collection (r2 = 0.013, P =
0.4) and gwmax four years prior to leaf litter collection (r2 = 0.007, P = 0.53) of
modern leaves of M. quinquenervia. Leaves were collected over the 12 year
period from 1992–2003; data points are means ± SE.
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Supplementary Figure 4.5 There are no relationships between atmospheric CO2
concentrations and (a) stomatal density (r2 = 0.00008, P = 0.94), (b) stomatal size
(r2 = 0.01, P = 0.44) and (c) gwmax (r2 = 0.02, P = 0.3) of modern leaves of M.
quinquenervia. Leaves were collected over a 7300 year time frame. Data points
are means ± SE.
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Supplementary Table 5.1 Data used to generate insolation values presented in
section 5.5 Eocene climate; these data were entered into the website
http://www.imcce.fr/Equipes/ASD/insola/earth/online/index.php (Laskar et al.
2004).
Species
eocenica

Specimen age
(Mya)
-47.8 – -38

Latitude Longitude Mean ± SE insolation
Wm-2
-61
150
103.2 ± 4.9

papillosa

-47.8 – -33.9

-56

150

139.1 ± 6.3

sp. nov. 1

-56 – -47.8

-64

150

82.5 ± 3.9

Maslin
Bay
Rundle

-47.8 – -38

-59

150

117.1 ± 5.4

-47.8 – -33.9

-40

150

245.7 ± 10.9

serrulata

0

-23.1

150.7

334.6

spectabilis

0

-17.2

145.5

352.1
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8 Appendices
Appendix 2.1 Dodonaea viscosa subsp. angustissima sampled from the State Herbarium of South Australia with the exception of specimen
number KH94 which was collected in the field under permit number U25975-1 granted from the Government of South Australia.
Table columns are as follows: the specimen accession number is the herbarium identifying number of the specimen sampled; latitude and
longitude were usually provided by the State Herbarium of South Australia, locality of herbarium specimen collection, elevation, year leaves
were collected and the CO2 during the year of collection.
Specimen
accession number

Latitude
(°S)

Longitude
(°E)

Area where herbarium specimen was collected

Elevation
(m)

Year
collected

CO2 during year
of collection (Pa)

KH94

35.94

136.93

Kelly Hill Conservation Park

36

2011

39.1

AD97132117

36.93

140.03

Near Cascades on Reedy Creek, c. 3 miles SW of

12

1969

32.4

53

1994

35.9

the Palmer-Mannum road on the main Murray
Bridge road
AD99539226

35.84

137.73

C. 25 km SW of Penneshaw on road to Parndana
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AD99817062

35.03

138.76

1 mile S of Bridgewater

416

1974

32.9

AD96415052

34.89

138.66

Banks of Morialta Creek. St. Bernards (suburb of

54

1962

31.9

Adelaide)
AD98211095

34.57

138.45

Lower Light, 7 km NW of Two Wells

12

1977

33.2

AD97949416

34.07

140.78

River Murray, S side; Crooked Straight, c. 1 km W

63

1979

33.6

of its head, c. 1.5 km WSW of Warwilla
Homestead, c. 12 km NNE of Renmark
AD98948061

34.03

139.84

Survey of cliffs along the River Murray

32

1989

35.1

AD99651287

34

138.09

[8.9 km direct NNE of Kulpara]; Hd. Kulpara, Sect.

143

1994

35.8

63

1980

33.8

192

1967

32.1

482.; Site: BS63-LOC1301, Patchid: 11808
AD98105121

33.5

140.83

c. 5 km by road NW of Canegrass Dam, c. 5.5 km
by road ESE of Britannia DAm on old 'Hypurna' 'Canopus' road

AD96727129

192

33.42

136.26

Carappee Hill

AD96049038

33.41

136.25

On S side of Carappee Hill (Reserve)
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1959

31.6

AD98211036

33.28

136.18

Caralue Bluff, 27 km SW of Kimba

474

1977

33.3

AD98210040

33.2

138.05

4 km E of Port Pirie, just S of turnoff to Port Pirie

9

1976

33.2

on main Princes H[igh]way
AD98211080

33.15

138.92

0.5 km N of Terowie on Highway 32

506

1975

33.0

AD97206103

32.77

139.67

Spring Dam H[ome]S[tead]. Whealmotley Hills. c.

313

1971

32.6

40 km S of Yunta
AD96533080

32.31

138.53

c. 12.87 km N of Carrieton by road

388

1963

31.9

AD98211077

32.05

139.9

On Plumbago St[atio]n, Plumbago Hill, 1.5 km NE

330

1976

33.2

of Plumbago H[ome]S[tead], which is 52 km N of
Mannahill
AD98125083

31.73

140.4

0.25 km NW of Strathearn H[ome] S[tead]

74

1979

33.6

AD96308095

30.45

138.37

c. 3.5 mile E from Myrtle Springs Outstation
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1962

31.8

193

AD96505183

30.36

138.09

c. 5 km W of Yadlakenna Well

104

1964

32.0

AD98203323

30.13

139.44

Rocky outcrop area WNW of 4 Mile Creek, and 5

247

1981

34.0

340

1994

35.8

14

2004

37.6

56

1968

32.3

km ENE of Freeling Heights
AD99707330

29.54

138.81

5 km E from Lake Arthur. [7.1 km direct NNE of
Inakoo Hill]; Property: Murnpeowie; Site: BS69TW00701, Patchid: 12231

AD154997

28.59

138.72

Edge of Naterannie Sandhills, N of Cooper Creek.
W side of Birdsville Track

AD96838460

27.75

140.74

Strzelecki Track. c. 3 km N of the Cooper Creek
crossing, just S of Innamincka

AD96420133

27

140.62

20 miles S of Cordillo Downs

61

1960

31.6

n/a

30 to 35

137 to 139

Heysen Ranges

300 to 800 2011

39.1
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Appendix 3.1 Herbarium and location details of each specimen used for the
latitude cline aspect of the study in chapter three.
Accession numbers, latitude and longitude, years that the specimens were
collected and the source herbarium for the M. lanceolata specimens collected
along the latitude gradient used in this study are shown here. Records provided by
State Herbarium of South Australia accessed through ALA website. Data sourced
from Australia's Virtual Herbarium, a resource of the Council of Heads of
Australasian Herbaria and its member Herbaria listed at www.chah.gov.au.
Details are also included for field-collected specimen from Kelly Hill
Conservation Park, Kangaroo Island; collected using permit number U25975-1
from the Government of South Australia.
Accession number Latitude Longitude Date collected Herbarium where
from field
specimen is housed
AD97216291

-34.9

140.6167

1972

State Herbarium of
South Australia

AD99128454

-35.37

138.43

1990

State Herbarium of
South Australia

AD98505016

-34.87

138.77

1984

State Herbarium of
South Australia

AD97536561

-35.12

139.2

1974

State Herbarium of
South Australia

AD97913374

-34.15

138.42

1966

State Herbarium of
South Australia

AD98027300

-33.92

138.6

1980

State Herbarium of
South Australia

AD97018331

-30.78

138.68

1969

State Herbarium of
South Australia
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AD98513232

-32.35

138

1980

State Herbarium of
South Australia

AD156114

-31.38

138.73

1993

State Herbarium of
South Australia

AD99027360

-36.04

136.72

1989

State Herbarium of
South Australia

AD98550088

-35.75

137.77

1985

State Herbarium of
South Australia

AD96719065

-37.21

139.87

1967

State Herbarium of
South Australia

AD96201236

-37.15

140.72

1961

State Herbarium of
South Australia

KH96

-35.98

136.86

2011

n/a
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Appendix 3.2 Herbarium and location details of each specimen used for the
temporal (CO2) cline aspect of the study presented in chapter three.
Accession numbers, latitude and longitude, years that the specimens were
collected and the source herbarium for the M. lanceolata specimens collected
along the temporal gradient used in this study. Records provided by State
Herbarium of South Australia, National Herbarium of Victoria and National
Herbarium of New South Wales accessed through ALA website Data sourced
from Australia's Virtual Herbarium, a resource of the Council of Heads of
Australasian Herbaria and its member Herbaria listed at www.chah.gov.au.
Accession
number

Latitude Longitude Date collected
from field

Herbarium where
specimen is housed

MEL 2190376A

-35

139.35

1848

National Herbarium
of Victoria

AD97635109

-34.91

139.31

1880

State Herbarium of
South Australia

NSW182278

-35.5

138.77

1897

National Herbarium
of New South Wales

NSW572117

-35.12

139.27

1907

National Herbarium
of New South Wales

NSW182279

-35.75

138.05

1911

National Herbarium
of New South Wales

AD966120071

-35.12

139.27

1924

State Herbarium of
South Australia

AD97227271

-35.12

139.13

1938

State Herbarium of
South Australia

AD966051833

-35.12

139.2

1950

State Herbarium of
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South Australia
AD97618056

-35.12

139.27

1961

State Herbarium of
South Australia

AD97536561

-35.1

139.2

1974

State Herbarium of
South Australia

AD98604189

-34.96

139.17

1985

State Herbarium of
South Australia

AD99533240

-35.24

139.13

1995

State Herbarium of
South Australia

AD155785

-35.17

139.12

2003

State Herbarium of
South Australia
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Appendix 5.1 Accession numbers and years that Bowenia serrulata specimens
were collected.
Accession number
BRI AQ0141997
BRI AQ0142005
BRI AQ0142001
BRI AQ0141999
MEL 2270916A
BRI AQ0142006
BRI AQ0257527
BRI AQ0445078
BRI AQ0594313
BRI AQ0617442

Year collected
1916
1919
1931
1948
1963
1970
1977
1987
1993
2006
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Appendix 5.2 Accession numbers and years that Bowenia spectabilis specimens
were collected.
Accession number

Year collected

BRI AQ0142011
BRI AQ0325470
BRI AQ0009939
BRI AQ0295044
BRI AQ0608817

1903
1948
1951
1979
2005
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