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Abstract

Although stomata typically occupy only a small portion of the leaf surface (0.3-5%), stomata control
approximately 95% of all gas exchange between the leaf interior and external environment. Therefore,
stomatal behaviour has major consequences for photosynthetic CO, fixation and water loss from leaf to
canopy levels, influencing carbon and hydrological cycles at global scales. Plant acclimation to growth
light environment has been studied extensively; however, the majority of these studies have focused on
constant light intensity and photo-acclimation, with few studies exploring the impact of dynamic growth

light on stomatal acclimation and behaviour.

Initially, in this thesis natural variation in the response of stomatal conductance (gs) to light was

assessed in the model tree species Populus nigra. Dynamic growth light regimes (varying in intensity and
pattern) were subsequently used, to explore how stomatal acclimation to growth light impacts stomatal
behaviour, photosynthesis (A) and water use efficiency (W;). The rate, magnitude and diurnal behaviour
of the response of g; to light varied significantly between genotypes and growth light treatments, which

promoted differences in A and therefore W; over the course of the day.

The findings in this study illustrate the impact of growing plants in dynamic light regimes, similar to
those experienced by plants in the natural environment, on the physiology and performance of model
species Populus nigra and Arabidopsis thaliana. Furthermore, it emphasizes that growing plants under
laboratory conditions and square-wave illumination does not accurately represent plant acclimation and
development under a natural environment. Highlighting the need to potentially rethink how we grow
plants as a community if we are to infer results from the lab to the field. Finally, this study highlights the
importance of considering plant acclimation to growth light, and the impact this has on the functional
response of stomata, when attempting to model the response of gs across leaf to ecosystem and global

scales.
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CHAPTER 1

Introduction



1.1. Background

Plants fix carbon dioxide (CO,) from the atmosphere through photosynthesis, the dominant driver of
terrestrial primary production. This is accompanied by the loss of water vapour through stomata; small
pores on the leaf surface that regulate the diffusion of CO, and water vapour between the leaf and
atmosphere. As the surface of most leaves are virtually impermeable to CO, and water, nearly all CO;
fixed and water lost by plants passes through stomatal pores (Cowan and Troughton, 1971; Caird et al,
2007; Jones, 2013), and although typically occupying only a small proportion of the leaf surface
(between 0.3 and 5%), stomata control the majority of all gas exchange between the external
environment and leaf interior (Morison, 2003). Globally, an estimated 32 x 108 g of water vapour and
440 x 10% g of CO; are thought to pass through stomatal pores each year (Hetherington and Woodward,
2003), with estimations that 60% of all precipitation that falls on terrestrial ecosystems is taken up by
plants and transpired through stomata (Morison, 2003; Katul et al, 2012). Furthermore, stomata
account for 95% of all gaseous flux of CO, and water vapour in terrestrial vegetation, with an estimated
98% of the uptake of water by roots being transpired through stomatal pores (Morison, 2003).
Therefore, stomatal behaviour has major consequences for photosynthetic CO; fixation and water loss
from leaf to canopy levels, influencing carbon and hydrological cycles at global scales (Hetherington and

Woodward, 2003; Keenan et al, 2012).

It has been shown, that changes in climatic conditions has had major implications for stomatal
behaviour and ecosystem level water use efficiency (WUE; ratio of CO; fixation to water loss via
transpiration) in northern hemisphere temperate forests (Keenan et al, 2013). Where increased levels of
atmospheric CO; have driven reductions in stomatal conductance at the ecosystem level, with no
observable cost to carbon uptake (Keenan et al, 2013, 2014); impacting the economics of carbon and
water movement (Keenan et al, 2013). Furthermore, with recent research highlighting differences in the
dynamic response of stomatal between and within species (Vico et al, 2011; Drake et al, 2013;
McAusland et al, 2016), there is a need to re-assess the role of stomata in regulating the flux of carbon
and water through terrestrial ecosystems in response to climate change, potentially improving the

prediction of the impact of stomatal conductance dynamics in vegetation-climate models.

The capacity of stomata to allow CO; into or lose water vapour out of the leaf is known as stomatal
conductance (gs), measured as mole of flux per unit of area (mol m s?). Stomatal behaviour regulates
gs and net photosynthetic rate (A) through the diffusion of CO, into the leaf, depending on the needs of

the plant, with the ratio between these two factors characterized as intrinsic water use efficiency (W; =



A/gs). It has been shown that although potentially saving water, low gs can restrict CO, uptake into the
leaf thereby reducing A (Farquhar and Sharkey, 1982; Barradas et al, 1994) and conversely negatively
effect biomass accumulation (Fischer et al, 1998), whereas high gs enables higher rates of A but at a
greater cost of water loss via transpiration (Naumburg and Ellsworth, 2000; Lawson et al, 2010; Lawson
and Blatt, 2014). Many studies have reported a strong correlation between A and g; (see Wong et al,
1979) and it has been theorized that synchronicity exists to optimize the trade-off between
photosynthesis and water loss (Buckley 2017). In order to maintain this optimal balance at the leaf level,
stomata continually adjust aperture to balance the requirement for CO; entry for photosynthesis against
the need to maintain leaf hydration by reducing the transpiration of water vapour. This opening and
closing is driven by a number of external environmental (e.g light) and internal signaling cues (Lawson
and Blatt, 2014), and significant variation in response to these signals is known to exist between species
(McAusland et al, 2016). In general, stomata open with increasing or high light, low atmospheric CO,
([CO3]), and low vapour pressure deficit (VPD), while the reverse drives closure; low light, high [CO,],
and high VPD (Raschke, 1975; Outlaw, 2003). However, a plant rarely experiences these environmental
stimuli in isolation; therefore, stomata must respond continuously to multiple signals (Lawson and
Morison, 2004; Lawson et al, 2010; Aasamaa and SGber, 2011), with some signals having a greater

impact on stomatal response than others.

Light is the greatest environmental driver of photosynthesis, and stomata respond to changes in light
intensity more than any other environmental signal (Shimazaki et al, 2007). Many studies have
investigated steady-state stomatal responses to light, yet as these responses were measured under
constant light conditions, the situation, which they represent, is rarely found in the natural environment
(Jones, 2013). Measurements of g; collected under field conditions correlate poorly with laboratory
measurements under steady-state conditions as they are highly variable (Poorter et al, 2016), usually
due to slow responses of gs (see, McAusland et al, 2016) meaning that when measured, stomatal
conductance has often not yet reached a new steady state value (Whitehead and Teskey, 1995; Kaiser
and Kappen, 2000; Lawson et al, 2010). Whilst the majority of stomatal research has focused on steady
state responses of stomatal conductance to environmental and internal signals, less time has been given
to how the dynamic response of gs impacts photosynthesis and therefore water use efficiency, and how
this may change depending on the growth conditions of the plant. Therefore, a greater appreciation of
stomatal functionality under different growth light acclimation states is required to improve the

prediction of g; behaviour in terrestrial vegetation-climate models.



1.2. Stomatal and photosynthetic acclimation to growth light

During growth, plants experience a range of different environmental conditions that impact the
development of stomata and photosynthetic machinery. As mentioned above, light drives
photosynthesis and influences stomatal behaviour, and therefore impacts acclimation (Ticha, 1982).
Plants experience light in a range of intensities and spectral properties, largely due to changes in cloud
and canopy cover, and self-shading from overlapping leaves, which represents major consequences for
carbon gain (Pearcy, 1990; Chazdon and Pearcy, 1991) and water use (Hetherington and Woodward,
2003; Drake et al, 2013; McAusland et al, 2016). Stomata acclimate to the growth light environment by
adjusting anatomy, morphology and function to directly maintain or even improve performance, fitness
and survival (Ticha, 1982; Sage, 1994; Franks and Farquhar, 2001; Lake et al, 2001; Hetherington and
Woodward, 2003).

Plant acclimation is often defined as ‘physiological and morphological changes, which improve
performance and survival of an individual plant by enhancing growth, resource use, reproductive
output, stress tolerance, and/or lifespan during environmental change’ (Sage, 1994). Acclimation to
changes in light environment can be categorized as either dynamic or developmental. Developmental
acclimation refers to changes in morphology (leaf thickness and area), anatomy (stomatal density), and
photosynthetic biochemistry (e.g. Rubisco content), which are permanent and irreversible (Weston et al,
2000; Murchie, 2005). On the other hand, dynamic acclimation is usually a biological response to a
change in environment or during stress that is largely reversible, and often occurs on shorter time scales
(Walters and Horton, 1994; Mullineaux, 2006). Previously, studies investigating developmental
acclimation have focused on the effect of light intensity, with less emphasis given to the effect of
dynamic light during growth. The importance of light intensity on the anatomical acclimation of stomata
in ‘sun’ and ‘shade’ (high and low light) leaves is well established. However, it is not clear if
developmental acclimation of stomata (both anatomically and functionally) to dynamic light regimes
exists, and if so how it may influence temporal stomatal responses and the synchronicity of A and gs

over the diurnal and seasonal period.

The speed and magnitude of the temporal response of g; is known to vary between species (Vico et al,
2011; Drake et al, 2013; McAusland et al, 2016), but little is known about the heterogeneity in these
dynamic responses associated with the acclimation of stomata to different light regimes. It has been
hypothesized that variations in stomatal response may occur due to the spatial heterogeneity in gas

exchange over individual leaves (Lawson and Weyers, 1999) and within canopies (Weyers and Lawson,



1997), and the differences in anatomical stomatal features associated with growth under different light

intensities (sun/shade conditions), but this has yet to be characterized under a dynamic light regime.

Many studies have investigated the dynamics of stomatal response and photosynthesis to changes in
light intensity, and the influence sun/shade flecks have on carbon gain (Knapp and Smith, 1987;
Kirschbaum et al, 1988; Tinoco-Ojanguren and Pearcy, 1992, 1993; Lawson et al, 2010; Wong et al, 2012;
McAusland et al 2016). However, to date the majority of these have only considered the influence of
sun and shade flecks on carbon gain and stomatal response in species that have acclimated to shaded
conditions, such as understory forest dwelling species (Chazdon, 1988; Chazdon and Pearcy, 1991).
Furthermore, studies that have investigated acclimation to these conditions have generally focused on
the photosynthetic acclimation (Terashima et al, 2006) rather than the stomatal acclimation, and these
often ignore the dynamics of stomatal response and the potential limitation these may impose on
carbon gain and water loss. Studies that have investigated stomatal acclimation to light (Givnish, 1988)
primarily focused on the change in anatomical features (stomatal density, index, size), often associated
with plants developmentally acclimated to sun and shade conditions (often performed under square
wave light intensities), rather than the change in the functional response of stomata following

acclimation to a ‘natural’ pattern of light like those experienced in the field.

1.3. Influence of stomatal anatomy on the response to light

Stomatal anatomical features such as stomatal density, size and pore area are known to determine
steady-state values of stomatal conductance (g;) (Franks and Farquhar, 2001), and are the key
determinants for calculating the theoretical maximum of stomatal conductance (gsmax) of a plant (Dow
et al, 2014). Stomatal size and density vary greatly between plant species, and often change in response
to the growth environment (Willmer and Fricker, 1996; Hetherington and Woodward, 2003; Franks and
Beerling, 2009), with stomatal density regularly negatively correlated with stomatal size (Hetherington
and Woodward, 2003; Franks and Beerling, 2009). Recently a great deal of consideration has been given
to the impact of stomatal anatomical features on stomatal function and gas exchange, particularly to
the diversity in stomatal morphology with reference to performance and plasticity in stomatal response

(Franks and Farquhar, 2007).

Recent studies have implied that stomatal kinetics in response to fluctuations in the environment are
affected by anatomical attributes including size and density (Drake et al 2013; Raven, 2014), the

presence or absence of subsidiary cells (Franks and Farquhar, 2001) as well as guard cell shape



(McAusland et al, 2016), and that manipulation of these features could have positive effects for the
efficiency of carbon assimilation and water use (Lawson et al, 2012; Doheny-Adams et al, 2012; Tanaka
et al, 2013; Franks et al, 2015). Drake et al, (2013) investigated the correlation between stomatal density
and size, with the speed of stomatal responses and found that the maximum rate of stomatal opening
was driven by the surface-to-volume ratio of stomata, attributed to changes in stomatal density and
size. Although the work of Drake et al (2013) and subsequent review from Raven (2014) made
substantial progress in linking stomatal size to function, including the speed of g; response to light, the
size of stomata is not the only determinant of the speed of response. It has been shown that stomatal
density (Franks et al, 2015; McAusland et al, 2016) and even stomatal clustering (Papanatsiou et al,
2016) can greatly affect g kinetics independent of the stomatal dimensions. The results of Drake et al,
(2013) could have been skewed also by the experimental condition as step changes to high light from a
state of darkness will not only incur biochemical limitations on stomatal movement and assimilation, but
represent a state that is rarely seen in the natural environment except prior to dawn. Further recent
work from Kaiser et al, (2016) using similar experimental conditions to those of Drake et al (2013),
demonstrated that the limitation imposed on carbon assimilation (A) by the slow response of gs to a
step change in light, was marginal and mostly biochemical. However, these authors may have
potentially overestimated the biochemical limitation and underestimated the diffusional limitation on A
due to the slow response of g; and A from a state of darkness. Producing a step change from low to high
light is more representative of the shifting light conditions regularly experienced by plants in nature
during a diurnal period, caused by passing clouds and overlapping leaves (McAusland et al, 2016). In a
recent study, McAusland et al (2016) compared the speed of stomatal responses to a step change in
light, in a range of species, including model species and crops that differed in stomatal morphology.
These authors reported that slow stomatal opening in response to increasing light intensity limited
carbon assimilation by ca. 10%, which could equate to substantial losses in carbon gain over the course
of the day, potentially negatively impacting productivity and yield. Whereas, slow stomatal closure
when PPFD decreased resulted in a significant decrease in intrinsic water use efficiency, as overshoots in
gs by up to 80% were observed with only a negligible 5% gain in A. Closer coupling of A and g; therefore
has the potential to enhance carbon gain and W;, and in turn improve performance, productivity and

yield (Lawson et al, 2010; Lawson and Blatt, 2014; McAusland et al, 2016; Li et al, 2016; Qu et al, 2016).

1.4. Temporal response of stomatal conductance (g;): Impact on photosynthesis

and water use efficiency

Most studies concerning stomatal behaviour on intact leaves have utilized stomatal conductance (gs) as



a substitute for pore area, to investigate stomatal movements to changes in environmental conditions.
This has proved to be a useful tool for understanding stomatal dynamics, however, it should be noted
that the relationship between gs and pore area is not linear, as the influence of pore area on gs
decreases rapidly with the magnitude of stomatal opening (Kaiser and Kappen, 2001). Nevertheless, it
was shown by Kaiser and Kappen (1997, 2000, 2001) that g; and pore area measurements, would
generally lead to the same assumption regarding investigations into the limitations on photosynthesis
(A) and water use efficiency. It is well known that a low g; or slow stomatal opening can restrict the
uptake of CO; and therefore A (Farquhar and Sharkey, 1982; Barradas et al, 1994; Barradas and Jones,
1996; McAusland et al 2016), whilst high g; facilitates higher rates of A, but inevitably at the ‘cost’ of
greater water loss through transpiration (E) (Barradas et al, 1994; Naumburg and Ellsworth, 2000;
Lebaudy et al, 2008; Lawson et al, 2010; Lawson and Blatt, 2014; McAusland et al, 2013; 2016). Itis
commonly assumed that in response to fluctuating environmental parameters such as light, plants try to
synchronize stomatal opening with the mesophyll demand for CO,, and stomatal closure with the need
to minimize water loss (Cowan and Farquhar, 1977; Farquhar et al, 1980; Mott, 2009; Drake et al 2013;
Lawson et al 2012; Jones 2013). However, slow kinetics of the response of g; (e.g. McAusland et al,
2016) will mean that stomatal aperture often lags behind the steady state target (Kaiser and Kappen,

2000), which substantially impacts photosynthesis and water use.

1.4.1. Impact of fluctuations in light on stomatal response

The dynamic response of stomata and photosynthesis to fluctuations in light has been studied
extensively (Knapp and Smith, 1987; Kirschbaum et al, 1988; Tinoco-Ojanguren and Pearcy, 1993;
Barradas et al, 1994; Lawson et al, 2010; Wong et al, 2012; McAusland et al 2016). However, the
majority of these have focused on the impact of sun and shade flecks on photosynthesis in forest
species that have evolved in a deep shade, understory environment (Chazdon, 1988; Chazdon and
Pearcy, 1991; Tinoco-Ojanguren and Pearcy, 1993; Pearcy, 1994), or on plants that are acclimated to
exposed conditions (Knapp and Smith 1987, 1988). In nature the response of A and g, is largely
dominated by fluctuations in photosynthetic photon flux density (PPFD), which can vary on a scale of
seconds, minutes, days, and even seasons (Assmann and Wang, 2001), and is predominantly driven by
sun angle, cloud and canopy cover, and self-shading from overlapping leaves (Pearcy, 1990; Chazdon
and Pearcy, 1991; Way and Pearcy, 2012), as a consequence leaves are subjected to varying spectral
qualities and light intensities. It should also be noted that such rapid changes in PPFD will result in
modifications to leaf temperature, with greater levels of g; offering improved evaporative cooling

through increased transpiration, and possibly enhanced protection against heat damage (Schymanski et



al, 2013). Therefore, the speed of stomatal response to environmental fluctuations should be
considered crucial when assessing carbon uptake and water use efficiency in the field (Raschke, 1975;

Kirschbaum and Pearcy, 1988; Lawson and Morison, 2004; Lawson et al, 2010).

As mentioned above many studies have focused on species that have developmentally acclimated to
shade conditions, such as forest understory species, and have reported that sun flecks may contribute
between 10 to 60% of the total daily carbon gain (Way and Pearcy, 2012), depending on forest type and
plant age. Limitations on A imposed by stomata have been estimated at up to 30%, which is said to have
significant implications for carbon sequestration and yield across many species types (Fischer et al 1998;
Lawson and Blatt, 2014). Indeed Kirschbaum et al (1988), found that if initial g; values before a step
change in light intensity were high, A could be up to six times higher one minute after an increase in
PPFD than if the initial gs was low, with values of up to 82% reported for the limitation on A imposed by
stomatal conductance, which illustrates the importance of g; responses in natural dynamic conditions
such as those found in the field. Continued increases in gs after A has reached light saturation, have also
been reported which led to a decrease in intrinsic water use efficiency (W;) with higher water loss for no

extra CO; gain (Kirschbaum et al, 1988; Tinoco-Ojanguren and Pearcy, 1993; Lawson et al, 2010).

It is well known that differences in the magnitude of change in g; and the speed of stomatal opening and
closing in response to sun and shade flecks, exist between and within species and even within individual
plants (Assmann and Grantz, 1990; Ooba and Takahashi, 2003; Franks and Farquhar, 2007; Vico et al,
2011; Drake et al, 2013; McAusland et al, 2016). The response of g; is also dependent upon leaf age
(Urban et al, 2008), whole plant water status (Lawson and Blatt, 2014), and the duration and magnitude
of the change in PPFD (Weyers and Lawson, 1997; Lawson et al, 1998; Lawson et al, 2012; Lawson and
Blatt, 2014). Evidence also suggests that changes in the environment during growth and stomatal
development, such as the history of stress (Pearcy and Way, 2012; Porcar-Castell and Palmroth, 2012;
Wong et al, 2012; Zhang et al, 2012; Gerardin et al, 2018), influence the speed and dynamic response of
stomata in mature leaves (Arve et al, 2017). The speeds of opening and closing in response to changing
PPFD in many species are not correlated (Ooba and Takahashi 2003; McAusland et al, 2016); however,
Vico et al (2011) compared 60 published gas exchange data sets on stomatal responses to PPFD, to
determine the impact of delays in changes in gs on photosynthesis. The authors discovered that a
parallel relationship in the rates of stomatal opening and closing generally exists across all plant types,

concluding that rates of stomatal opening were essentially correlated with the rate of closure.

It is often assumed that if there is no delay in stomatal opening or closing, optimal leaf gas exchange

could be achievable (Cowan and Farquhar, 1977; Lawson and Blatt, 2014; Buckley, 2017), although it



must be taken into account that delays in stomatal movement may be specific to each plant type or
species, and may be indicators of the current needs of the plant (Ooba and Takahashi, 2003; Manzoni et
al, 2011; Vico et al, 2011; Drake et al, 2013). The response of g; is thought to reflect this; where under
well-watered conditions, stomata will remain open, particularly in lower canopy levels where other
conditions (e.g. vapour pressure deficit; VPD) are more favorable, in order to readily exploit light energy
from sunflecks. Maintaining high magnitudes of g; through increased stomatal opening, would
potentially maximize CO, diffusion into the leaf and therefore carbon assimilation (Pearcy, 2007; Way
and Pearcy 2012; Lawson et al, 2012), even at the cost of further water loss (Allen and Pearcy, 2000).
However, under drought or water-limited conditions stomata will often close, and remain so, to
prioritize water conservation over carbon gain (Knapp and Smith, 1988; Ooba and Takahasi, 2003;

Lawson et al, 2010, 2012; Lawson and Blatt, 2014).

1.4.2. Determining the temporal response of stomatal conductance (gs)

Dynamic stomatal behaviour plays a crucial role in regulating the flux of carbon and water through the
soil-plant-atmosphere continuum, and is an important element in scaling leaf level measurements of
water use and photosynthesis to the canopy level (Weyers et al, 1997). The importance of integrating
stomatal resistance and behavior into scaling models has long been recognized (Monteith et al, 1965;
Weyers et al, 1997; Bernacchi et al, 2007; Lawson et al, 2010; Bonan et al, 2014; Barman et al, 2014; De
Kauwe et al, 2015), and determining stomatal responses to environmental conditions through modeling
efforts, is generally considered to be the most effective tool for simulating stomatal behaviour (Damour
et al, 2010). Many current models calculate g; in steady state, and are useful in predicting the impact of
gs on water and carbon fluxes at ecosystem and regional scales. However, heterogeneity in the spatial
and temporal stomatal responses are often overlooked (Weyers et al, 1997; Lawson and Weyers, 1999),
limiting the confidence with which these current models can predict larger scale responses or the
impact of predicted climate change (Buckley et al, 2003; Dewar et al, 2009; Baldocchi, 2014). The
addition of dynamic stomatal responses to existing models has the potential to reveal the extent to
which g has been inaccurately predicted by steady-state models (Lawson and Blatt, 2014; Vialet-
Chabrand et al, 2016; Poorter et al, 2016). This is an important factor, as stomata are continuously
responding to changes in environmental conditions, and therefore g; is rarely in steady-state. This
reinforces the need for improved mechanistic models that incorporate the dynamic response of g
(Damour et al, 2010; Vialet-Chabrand et al, 2013, 2016). In future modelling efforts that are attempting
to scale from the leaf to canopy level, greater consideration should be given to the integration of
temporal stomatal dynamics in response to fluctuations in environmental signals (Vico et al, 2011;

Vialet-Chabrand et al, 2013, 2016). This would be to predict the impact of large-scale heterogeneity in



stomatal behaviour on water and CO; fluxes through the canopy, ecosystem and global scales.
Furthermore, as stomata are exposed to constant fluctuations in the environment over the diurnal
period, it is often the speed of stomatal response to a change in condition that is key in determining CO;
uptake and transpiration over the course of the day (Mencuccini et al, 2000; Tallman, 2004), rather than

the steady state values often reported that are often the basis of many existing models.

1.5. Stomatal behaviour and co-ordination of A and g; over the diurnal period

In the field, environmental conditions are rarely stable and influence A and g, responses continuously
through the day, leading to complex kinetic patterns over the diurnal period. Stomatal conductance (gs)
appears to be closely linked with mesophyll demands for CO,, and a strong correlation between
photosynthetic rate (A) and g; is often observed (Wong et al, 1979; Farquhar and Sharkey, 1982;
Mansfield et al, 1990; Buckley and Mott, 2013), and although conserved, it is not always constant
(Lawson and Morison, 2004; Bonan et al, 2014). The close correlation between photosynthesis (A) and
stomatal conductance (gs) is thought to help maximize A and minimize transpiration over a diurnal
period depending on the current needs of the plant. This is thought to be the result of co-ordination in
response to environmental factors, such as light intensity, with gs often limiting A irrespective of
whether A is the main optimization target. For example, it has been shown that maintaining leaf water
status under drought conditions is often more important than carbon fixation and, as such, the plant will
prioritize this signal and respond accordingly (Lawson and Morison, 2004; Lawson et al, 2010; Aasamaa

and Séber, 2011).

Cowan and Farquhar (1977) deduced that the coordination between A and gs can be seen as a plant
response to control gs in a way that will maximize A and minimize transpiration over a typical diurnal
light pattern (Buckley, 2017). However, observations of gs in response to variations in light intensity
revealed that, stomatal responses do not often mimic these simulations. Instead, gs responses are an
order of magnitude slower than A and can continue to increase even when A reaches a new steady state
level, resulting in a limitation of A during the initial part of the response followed by an unnecessary
increase in transpiration driven by the overshoot in g (Vico et al, 2011; Lawson et al, 2012; Vialet-
Chabrand et al, 2013; Drake et al, 2013; Lawson and Blatt, 2014; McAusland et al, 2016). This will often
result in more water loss than is necessary for the gain in CO; (Lawson and Blatt, 2014). In order to
understand how plants balance carbon gain and water loss, gas exchange needs to be considered at the
plant or canopy scale, and for that reason, it is important to recognize the spatial and temporal aspects

of the stomatal response over a diurnal period.
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A number of current models (Damour et al, 2010) predict the diurnal time course of gs and A based on
equations developed by Ball et al. (1987) and Farquhar et al. (1980), respectively. These models predict
gs and A in steady state and do not include any temporal (speed) or long term (diurnal) effect as well as
how the relationship between A and g; may vary across the leaf surface. The model of Ball et al. (1987)
used the apparent coordination of A and g; as a basis to predict gs but does not consider the slow
temporal response of stomata, which can often lead to imprecise predictions of the diurnal time course
of gs (Vialet-Chabrand et al, 2013). In general, the diversity of coordination between A and g observed
in steady state across species, suggests that there is no strong selective pressure for this trait in the
field, which highlights the need for improvements in understanding the patterns of g over the diurnal

period in predictive models.

1.5.1. Mechanisms of coordination between g; and A

For many years internal CO, concentration (C;) was considered to link stomatal responses to
photosynthetic demands for CO, (Ball and Berry, 1982; Mott, 1988). For example, when photosynthetic
rate (A) increases when a plant is subjected to an increase in light, G is reduced as carbon is fixed and
stomata respond to the increased demand for CO; by increasing aperture, and conversely when the
demand for CO; decreases with higher C; it results in stomatal closure. However, recent research has
suggested that C; is not the only driver of the coordination between A and g;. Von Caemmerer et al
(2004) suggested that guard cells might not sense C; but instead sense external atmospheric CO;
concentrations ([CO,]), whilst other reports have suggested that stomatal responses to C; are too small
to account for the observed change in gs in response to light (Raschke, 1975; Farquhar and Raschke,
1978; Sharkey and Raschke, 1981; Farquhar and Sharkey, 1982). More recent studies on transgenic
plants showed increases in gs in response to photosynthetic photon flux density (PPFD) even in plants
with reduced A and higher C; values (von Caemmerer et al, 2004; Baroli et al, 2008; Lawson et al, 2008),
which agrees with reports that gs responds to various environmental (and internal) stimuli even when C;
is held constant (Messinger et al, 2006; Lawson et al, 2008; Wang and Song, 2008). This has led to the
suggestion that an unknown signal produced by the mesophyll is sensed by the guard cells triggering a
stomatal response. Early research suggested an aqueous signal (Lee and Bowling, 1992; 1995), including
photosynthetic metabolites such as ATP, NADPH and ribulose 1, 5-bisphosphate (RuBP) (Wong et al,
1979; Farquhar and Wong, 1984; Lee and Bowling, 1992; Zeiger and Zhu, 1998; Tominaga et al, 2001,
Buckley et al, 2003), as well as malate and sugar (Hedrich and Marten, 1993; Hedrich et al, 1994; Lee et
al 2008), whilst more recent research has suggested a gaseous signal (Mott et al, 2008; Sibbernsen and

Mott, 2010; Mott and Peak, 2013). Furthermore, a number of alternative suggestions have been put
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forward including guard cell photosynthesis itself (Lawson et al, 2003; Lawson and Morison, 2004;
Lawson, 2009). Most of these experiments mentioned above were performed on herbaceous
angiosperms and evidence suggests that these stomatal responses may differ between species and plant
type (Chater et al, 2011; Ruszala et al, 2011; McAdam and Brodribb, 2012). This includes differences in
the way stomata perceive signals such as: CO,, Abscisic acid (ABA; Brodribb, 2017), leaf to air vapour
pressure deficit (VPD; Martins et al, 2016; McAdam and Brodribb, 2015) and the intensity and quality of
light (Doi et al, 2015). Differences in the stomatal response to these signals will influence the diffusion of
CO; to mesophyll tissues and therefore impact the coordination between A and g;. These mechanisms
mainly refer to short-term responses (seconds to minutes) and are not necessarily sufficient to explain
the diurnal influence on A and g;. Sucrose metabolism has been proposed to play a role in the longer-
term co-ordination (over the diurnal period) of A and g (Lawson et al, 2014), where excess sucrose
during periods of high photosynthesis is carried towards the stomata by the apoplast, stimulating
stomatal closure either through some signalling mechanism or by acting as an osmoticum (Lu et al,

1997; Outlaw and William, 2003; Kang et al, 2007; Kelly et al, 2013). Such a process could only occur
over longer timescales as high rates of photosynthesis are not associated with low gs, however
decreases in g; are often seen towards the end of the diurnal period despite environmental conditions

being similar to morning conditions (Lawson et al, 2014).

In nature, environmental conditions that are rarely stable influence A and g; responses continuously
through the day, leading to complex kinetic patterns in the co-ordination of A and g;. Therefore,
increasing the speed of stomatal response and/or improving the coordination between mesophyll and
stomatal responses, represents an unexploited potential avenue to improve A and plant water use

efficiency (Lawson et al, 2010).

1.5.2. Diurnal stomatal behaviour

Stomatal movements of most plants are due to the transport and accumulation of osmotically active
solutes. Therefore, as a large body of evidence supports the role of ion transport in both stomatal
opening and closing (Willmer and Fricker, 1996; Blatt, 2000; Chen et al, 2012; Hills et al, 2012), it must
be taken into consideration when attempting to model dynamic and diurnal stomatal behaviour. The
main inorganic transporters and anions that make up the bulk of solutes driving the flux of water and
guard cell turgor, are K+, Cl-, malate2- and Suc (Willmer and Fricker, 1996; Roelfsema and Hedrich,
2005; McAinsh and Pittman, 2009), which must be transported across the plasma membrane as mature

guard cells lack plasmodesmata. Because of this the dynamic responses of stomata are ultimately linked
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to characteristics of the guard cells, such as the capacity for solute transport and the speed with which

transport responds to an environmental stimulus (Lawson and Blatt, 2014).

Current models describing diurnal variations in gas exchange use predicted steady state values of g,
which presume instantaneous variations in gs at each light level (Damour et al, 2010). These models
describe the response of g; to light intensity but fail to accurately predict variations in gs, as they neglect
the temporal aspect of stomatal response (Vialet-Chabrand et al, 2013). Over the diurnal period, a
number of species display a decrease in gs and A that is not driven by decreases in light intensity or the
temporal response of g; (Mott and Parkhurst, 1991; Allen and Pearcy, 2000; Mencuccini et al, 2000;
Moriana et al, 2002; Dodd et al, 2006; de Dios et al, 2012), although the exact mechanism for this
requires further investigation. As mentioned earlier, sugar accumulation at high photosynthetic rates
are believed to provide a long-term photosynthetic feedback on gs (Lu et al, 1995, 1997; Outlaw and
William, 2003; Kang et al, 2007; Kelly et al, 2013), which also needs to be taken into account when
considering the incorporation of temporal responses into models of stomatal behaviour. Models have
been proposed that work on the assumption that the pool of sugars in the mesophyll, resulting from the
difference between the rate of sugar production by photosynthesis and their rate of export, increasingly
inhibit A over the diurnal period (Noe and Giersch, 2004). These models agree with recent research that
has focused on the role of sugars in the regulation of guard cell aperture and the co-ordination between
stomatal behaviour and mesophyll photosynthesis over the diurnal period (Lugassi et al, 2015; Santelia

and Lawson, 2016; Daloso et al, 2016).

Toward the end of the day, the often-slow response of g; to changes in the environment can result in
the maintenance of high gs, which leads to substantial water losses that are not accompanied by any
carbon uptake (Blom-Zandstra et al, 1995; Lawson and Blatt, 2014). Improving the rapidity of the
response of gs may fundamentally reduce the limitation of A and prevent the slow decrease in A and g;
through the day, potentially helping to maintain photosynthetic carbon assimilation for longer, whilst
positively influencing plant productivity and biomass. It should also be kept in mind that the water
status of the plant will affect temporal responses of g (Lawson and Blatt, 2014), which will often be
species specific as the transduction of the light signal triggering stomatal opening could be modified or
reduced to maintain leaf turgor (Aasamaa and Sober, 2011; Inoue and Kinoshita, 2017). As a
consequence, the water status of the plant is an important determinant of the steady state value of g;
and could result in a strong limitation on A throughout the diurnal period (Tuzet et al, 2003; Yan et al,
2016). However, as most studies have been carried out under ‘ideal’ well-watered conditions or using
steady state approaches (Wolf et al, 2016; Sperry et al, 2016), there are very few data sets describing

the influence of leaf water status or drought on the temporal response of g (Lawson and Blatt, 2014),

13



and even less on the modelling of this stomatal behaviour. Water availability and its transport from
roots to the stomata could also be a limiting factor for the rapidity of g; response, with factors such as
hydraulic conductance, leaf vein density and stomatal distribution potentially playing an important role

in spatial and temporal stomatal responses.

To help evaluate the impact of dynamic stomatal responses to perturbations in environmental
conditions over the diurnal period, more substantial data would need to be collected for and by the

community to develop and validate future predictive and descriptive models.

1.6. Aims and Objectives

Plant acclimation to growth light has been studied extensively, however, the majority of studies have
focused on light intensity and photo-acclimation, concentrating on how intensity under constant light
impacts stomatal anatomy and photosynthetic capacity. Few have truly explored the impact of dynamic

growth light on the acclimation of stomatal behaviour and response.

The aim of this study is to understand how acclimation to dynamic light will impact stomatal behaviour
and diurnal response, to realize the influence this has on photosynthesis and water use efficiency.
Having a greater understanding of the acclimation of stomatal behaviour to light will improve the
prediction of stomatal conductance in vegetation-climate models, which will facilitate greater
understanding of ecosystem response and fitness to changing climatic conditions. To investigate how
the acclimation of stomatal behaviour to light impacts carbon gain and water use efficiency, the aims

were addressed by the following objectives:

e Evaluate intra-specific variation in the kinetics of g; response, carbon assimilation and water use
efficiency to light in the model tree species Populus nigra. (Chapter 3)

e Assess the impact of growth light intensity on the acclimation of stomatal behaviour, carbon
assimilation and water use efficiency in Populus nigra. (Chapter 4)

e Determine to what extent growth under dynamic fluctuating light impacts photosynthetic
acclimation in the model species Arabidopsis. (Chapter 5)

e Does growth under fluctuating light influence the acclimation of stomatal behaviour and
anatomy in Arabidopsis? (Chapter 6)

e To what extent does acclimation to growth light impact the prediction of stomatal conductance

(gs) over the diurnal period? (Chapter 6)
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CHAPTER 2

Materials and Methods

This section outlines methods generic to all experimental chapters. Modifications made to protocols
outlined here and protocols specific to a chapter can be found in the methods section of each

experimental chapter.
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2.1. Plant material and growth conditions

For information regarding growth and selection of plant material, growth environment and

experimental set up, please refer to individual chapters.

2.1.1. Fluctuating growth light regime

The fluctuating light regime used for growth of Arabidopsis and for diurnal measurements was
recreated and adjusted over a 12h period, from natural variations in light intensity recorded during a
relatively clear day in July 2014 at the University of Essex (Fig. 2.1). The average light intensity integrated
over the entire light regime was 460 umol m st photosynthetic photon flux density (PPFD). This light
regime was considered as the fluctuating high light treatment, with the same regime but with half the
average light intensity (230 umol m?2 s?) set as the fluctuating low light treatment. Using these average

light intensities, square wave high and low light regimes were created and set over the same 12h period

(Fig. 2.1).
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Figure 2.1. Light regimes used for plant growth and leaf level diurnal measurements of gas exchange.
Areas under the curve represent the same average amount of light intensity over the 12-h light regime
depending on the light intensity: 460 umol m? s = square wave high light (SQH) and fluctuating high light
(FLH), 230 pmol m?2 st=square wave low light (5QL) and fluctuating low light (FLL).
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2.1.2. Simulating daily light fluctuations for sinusoidal growth light regime.

The sinusoidal light regime was simulated using a specific algorithm (devised by Silvere Vialet-Chabrand)
including a sinusoidal variation with random alterations in light to maintain the average daily amount of
light intensity (PPFD) constant during the growth. The sinusoidal variation as a function of time (t) was

obtained by:

—(t=b)? —(t;=b)?

PPFD = aqe 2c*? —qe 2c?

where a is the maximum PPFD reached during the peak, b is the time at which the peak is reached and ¢
a parameter related to the width of the peak. The value of a was arbitrarily set to 1000 for convenience

as the whole curve is rescaled at the final step of the algorithm.

A random number of increases and decreases in light intensity at different times throughout the diurnal
period were added, and ranged between 0 and 80% of the original light level. This guaranteed a light
intensity that mimics the daily variation of diffuse light through changes in cloud cover, canopy cover,

and self-shading.

The curve was scaled to obtain an average light intensity of 460 umol m s for the sinusoidal high light
treatment (SNyign) and 230 pmol m s for the sinusoidal low light treatment (SNy,w) as used in the
fluctuating and square wave light intensities. The same process was repeated for the number of days
required for the complete life cycle of Arabidopsis and was then programmed into the Heliospectra LED
light source (Heliospectra AB, Goteborg, Sweden). The five first days simulated are shown in Fig. 2.2,

highlighting that each day had a unique pattern of light intensity, mimicking a natural light environment.
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Figure 2.2. First five days of the simulated sinusoidal high light regime (SN4ign), highlighting the random
fluctuations in light intensity unique to each day.
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2.2. Leaf gas exchange

All gas exchange (A and g;) parameters were recorded using a Li-Cor 6400XT portable gas exchange
system, with light delivered via a Li-Cor 6400-40 fluorometer head unit (Li-Cor, Lincoln, Nebraska, USA),
with blue and red LEDs. For all gas exchange measurements, a constant flow rate was set at 300 umol s
1, with cuvette conditions maintained at a CO, concentration of 400 umol mol?, a leaf temperature of
25°C (unless otherwise stated). To maintain a leaf to air water vapour pressure deficit of 1 (+0.2) kPa,
the system was connected to a Li-Cor 610 portable dew point generator. All measurements were taken
using the youngest, fully expanded leaf and were made between 10am and 3pm (except for diurnal
measurements) to guarantee a high level of stomatal opening and photosynthetic activation, and to

reduce diurnal effects. Intrinsic water use efficiency was calculated as W, = A/gs.

2.2.1. A/Q (net photosynthetic rate/PPFD) response curves

The response of net CO, assimilation rate (A) to photosynthetic photon flux density (PPFD) (A/Q
response curves) was measured under cuvette conditions as mentioned above. Leaves were initially
stabilised at irradiance above saturation at 1800 pmol m? s and a measurement was recorded, at
which point PPFD was decreased in 13 steps (1500, 1300, 1100, 900, 700, 550, 400, 300, 200, 150, 100,
50, 0 pmol m?2 s) with a new recording being taken at each new light level once A had reached a new
steady-state (approx. 1-3 min), and before stomatal conductance (gs) decreased to the new light levels

to reduce the possibility of stomatal limitation of A.

2.2.2. A/C; (net photosynthetic rate/intercellular CO, concentration) response curves

The response of net CO, assimilation rate (A) to intercellular CO, concentration (C;) (A/C; response
curves) was measured at a saturating light intensity of 1500 umol m s, Leaves were initially stabilized
for a minimum of 10-15 minutes at ambient CO;, concentration of 400 umol mol?, upon reaching a
stable signal a measurement was taken before ambient CO, was decreased to 250, 150, 100, 50 umol
mol? before returning to the initial value of 400, and increased to 550, 700, 900, 1100, 1300, 1500, 1750
umol mol™?. Recordings were taken at each new CO; level when A had reached a new steady state
(approx. 1-3 min), and before stomatal conductance (g;s) changed to the new CO, levels to reduce the

possibility of stomatal limitation of A.
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2.2.3. Temporal response of A and g;

For the step change in light, leaves were placed in the Li-Cor cuvette and equilibrated at a PPFD of 100
umol m2 st until both A and gs were at steady state. Steady state in this case was defined as less than a
2% change of the given parameter over a 5-minute period (this would take ca. 10-30 min). Once at
steady state, PPFD was increased to 1000 pmol m2 s for 1.5h before returning to 100 umol m2s? for a

further 1h. A and gs were recorded every 20 seconds.

For measurements at different light levels the protocol remained the same (as above), however the
starting PPFD was changed to either 50 or 500 umol m s, and the target to either 250 or 1500 umol m-

251 respectively.

For measurements at the different times of day (Morning, Midday, Evening), plants were removed from
the growth chamber at 8am, 1pm, and 6pm, and the increase in PPFD from 100 to 1000 umol m? s was
initiated at approximately 9am, 2pm, and 7pm respectively. To prevent previous step changes in light
(e.g. Morning) having an effect on the response to step changes later in the day (e.g. midday), individual
leaves that were subjected to a step change in light were not subjected to another measurement until

the following day.

2.2.4. Diurnal measurements

Leaves were initially placed in the cuvette (Li-Cor 6400-40 fluorometer head) in darkness, with A and g;
allowed to stabilize under the controlled cuvette conditions (as shown above) for a minimum of 15-30
minutes. After readings of A and gs were stable for at least 5 minutes, the 12h light program was

started, with measurements of A, gs and chlorophyll fluorescence parameters recorded every 2 minutes.

2.2.5. Measurements and modelling of diurnal stomatal conductance under constant light

To investigate the acclimation of diurnal stomatal response in plants grown under the six light
treatments, all plants were subjected to a square wave light regime corresponding to their growth light
intensity (SQuign: high light treatments; SQiow: low light treatments; Fig. 2.1), with net CO; assimilation

(A) and stomatal conductance (gs) measured continuously over the diurnal period.

On the day of measurement, plants were removed from the growth chamber prior to the initiation of

the diurnal regime of light. Leaves were placed in the Li-Cor cuvette (for conditions see 2.2.) in darkness
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and both A and g; were allowed to stabilize for a minimum of 15-30 minutes. After A and g; were at
steady state for at least 5 minutes (<2% change over this time period), the automatic 12 h light

programs (SQuigh and SQuow) Were started, with A and g; recorded every 2 minutes.

As with the fluctuating light regimes laid out in section 2.1.1, the SQuigh regime had an average PPFD of

460 pmol m?2 st and the SQiow regime an average of 230 pumol m2 s PPFD.

The temporal response of g; to external and internal cues was modelled using an exponential equation:

dgs _ (G - gs)
dt T

where G represents the steady state target of gs and 7 the time constant to reach 63% of G. Due to the
asymmetry of response during a step increase or decrease in light intensity, a different value of T was

used in each condition (t; and 7).

The steady state target (G) was calculated as the sum of three processes: the decrease of g through the
diurnal period (D), the bell shape variation of g, through the diurnal period (S), the response of g; to light
intensity variation (G, G, G3). Before and after the lighted period, the response of gs to light was set to
G; and G; respectively, two values representing the steady state g; at the beginning and end of the dark
period. During the lighted period, it was set to G, assuming that the internal cues were activated by

light.

The decrease of g, (D) as a function of time (t) was modelled using an exponential function constrained

over the lighted portion of the diurnal period (between t,, and tog):

_t=ton

D= Gsl<1—e Tst ), ift>tonandt<toff

0, if t <topandt >ty

where Gy is the steady state target of the decrease in gs and t; the time constant to reach 63% of Gg.

The bell shape variation of gs (S) as a function of time (t) was modelled using a Gaussian function:

—(t=Tmgin)*
S = Ggipe (2Tssin”)
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where Ggin is the maximum g reached during the peak, Tmsi, the time at the centre of the peak and Tsg,

a parameter related to the width of the peak (see Fig. 2.3).

gs (molm2st)

v

Figure 2.3. Parameters derived from the Gaussian function describing the bell shaped variation of gs. Gsin;
the maximum g; reached during the peak, Tmsn; the time at the centre of the peak and Tssin; parameter
related to the width of the peak.

This model was implemented using the stan language and adjusted on the observation using R and the
RStan package (http://mc-stan.org/users/interfaces/rstan), with assistance from Silvere Vialet-

Chabrand.

2.3. Modelling gas exchange parameters

2.3.1. Determination of mass integrated net CO; assimilation

Net CO, assimilation (A) was converted to a mass integrated measurement using leaf mass area (LMA)

measured on the youngest fully expanded leaf:

o A (umolm=2s71)
Amass (nmol g s 1) = LMA (g m—Z)
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2.3.2. Estimating photosynthetic capacities

The maximum velocity of Rubisco for carboxylation (Vemax), the maximum rate of electron transport for
RuBP regeneration (Jmax), respiration rate during the day (Rqay), and mesophyll conductance (gm) were
estimated using the curve fitting method described by Sharkey et al. (2007). Maximum rates of CO,

assimilation (Amex) were determined from recorded values at 1500 umol mol™ CO, concentration.

2.3.3. Assessing stomatal limitation from A/C; response curves

The hypothetical A that could be obtained if the mesophyll had free access to CO; in the ambient air was
calculated to quantify the limitation that the combined stomatal and boundary layer conductance (g.)
impose on leaf CO;, uptake. This leads to the assumption that the ambient CO, concentration equals the
intercellular CO, concentration (C,=Ci). This was calculated from the A/C; response curves using the

graphical method outlined by Farquhar and Sharkey (1982); the limitation (/) imposed by g, is given by:

[=(A"—-A"/A"

Where A’ is the photosynthetic rate (A) at ambient CO, conditions; and A” the hypothetical A that would

be obtained if there was free access to ambient CO, concentrations.

2.3.4. Modelling net CO; assimilation rates

Net CO, assimilation (A) as a function of light intensity (PPFD) was modelled using an adapted non-
rectangular hyperbola to simulate the maximum diurnal variations of A in absence of stomatal limitation

under different light intensity conditions:

2
) #;PPFD + (Agqr + Raay) — J (€:PPFD + (Asat + Raay)) — 460, PPFD(Asqe + Ryay) .
= 26 Ty

with a; the quantum yield of photosynthesis, As,: the maximum net CO, assimilation at saturating light,
Rday the day respiration and 6 the curvature parameter. This equation was used to simulate the
maximum diurnal variations of A in absence of stomatal limitation under different light intensity

conditions.
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2.3.5. Determining the rapidity of stomatal conductance response

The rapidity of the stomatal response following a step change in light intensity was assessed as a
function of time (t) using a custom exponential equation (Vialet-Chabrand et al, 2013) including a slow

linear increase of the steady state target (G):

Is = (G + Slt) + (go — (G + Slt))e_t/T

where §; is the slope of the slow linear increase of G observed during the response, go the initial value of
Is— 9o

-_— = — _1~
GrsD-97) 1— e '~0.63).

gs, and T the time constant to reach 63% of G (whent =t

Due to the asymmetry of response during a step increase or decrease in light intensity, a different value
of T was used in each condition (7; and 7). Even if g; did not reach a plateau within the given
timeframe, the model was able to predict the final asymptotic response and therefore the time constant
(t; and t4). This equation was adjusted on response curves of each treatment at different times of the
day using a nonlinear mixed effect model. Parameter G, go and S, were assumed to vary at individual
level (random effects) and T was assumed to vary only at treatment level (fixed effect). R and the nime
package were used to perform the analysis. Confidence interval at 95% were reported at treatment

level.

2.3.6. Determining the rapidity of net CO; assimilation response

The rapidity of the photosynthesis response following a step change in light intensity was assessed as a

function of time (t):
A= (Ag+ 5it) + (Ag — (As + 5,8))e /7

where A; is the net CO, assimilation (A) at time t, As is the plateau of A reached in steady state, S is the
slope of the slow linear increase of A, Ao the initial value of A, and 7 the time constant to reach 63% of

A;. This equation was adjusted on response curves using the same method described above for g..
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2.3.7. Including diurnal stomatal behaviour in the Ball-Berry model for predicting g

An addition was made to the original Ball-Berry model (Ball et al, 1987) to take into consideration the

time of the day (t) effect on g.:

_(t_Tm)Z

AH5> + gze ZTSZ

Cs

Is =go+<g1

where go is the minimal conductance or intercept, g: the slope of the relationship between g; and the
Ball index (AHs/Cs), g> the amplitude of the Gaussian function, T, the time to reach the peak of the
Gaussian, Ts a parameter related to the width of the peak, and A the net CO; assimilation. The
conditions imposed at the surface of the leaf are represented by H; the relative humidity, and C; the CO,

concentration in the chamber.

Using R and the nls function, two versions (with and without the third above) were adjusted on an
independent dataset described previously in Chapter 5. The fluctuating light regime and different light
intensities applied on plants grown in different conditions give a large range of variation to test the

performance of the Ball-Berry model against our modified version.

The difference between observation (Obs.) and predictions (Mod.) of both models were assessed using

the root mean square error (rmse):

Y (0bs.—Mod.)*
n

rmse =

where n represented the number of recorded data.

2.4. Leaf and stomatal characteristics

2.4.1. Stomatal anatomical measurements

Stomatal impressions of the abaxial and adaxial surface of the leaves were taken from the same area
measured during gas exchange. Following the methods of Weyers and Johansen (1985), negative
impressions of the leaf surface were made using Xantopren dental polymer (Heraesus Kulzer Ltd, Hanau,

Germany). Once dry the Xantopren polymer was removed from the leaf, and clear nail varnish was
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spread over the polymer to produce a positive impression, upon drying the nail varnish was then peeled
from the surface of the polymer and placed on a microscope slide for analysis. Stomatal density,
stomatal pore length and pore width were measured via light microscopy (Olympus BX60, Southend-on-
sea, Essex, UK) using an eyepiece graticule. Maximum stomatal conductance (gs max) to water vapour as
defined by stomatal anatomy when subjected to 1000 pmol m2 s PPFD for 1 hour (functional gs max)

was estimated for each treatment using a version of the equation by Dow et al (2014):

Stomatal Density x Pore Area x Formula mass of air x Ef fective Dif fusion Coef ficient

smax = —
g Pore Depth x "end correction

Where the effective diffusion coefficient of water vapour and the formula mass of air were taken as 24.9
10° m? s and 40.9 mol3 respectively (Jones, 2013). Pore depth was calculated as 0.5 x pore width,
assuming guard cell was circular. An ‘End correction’ was used in the equation to consider the semi-
circular diffusion pathway that forms either end of the stomatal pore, calculated as 27 (pore
length/2)/4. Pore area was defined as an ellipse with the major axis equal to the pore length and minor
equal to the pore width. Nocturnal conductance (referred to here as gsnight) was defined by the value of

gs at the beginning of each diurnal measurement when PPFD was at zero.

2.4.2. Leaf anatomical measurements

Total leaf area (cm?), dry weight (g), and specific leaf area (SLA, cm?/g), were measured using the
youngest, fully expanded leaves. Total leaf area was calculated using IMAGE J software (National

Insitute of Health, Bethesda, Maryland, USA).

2.4.3. Leaf optical properties

Leaf absorbance was measured using a Skye Instruments light meter (Skye instruments, Llandrindod
Wells, Powys, UK) and an Ulbricht integrating sphere (built at University of Essex). Ten measurements of
transmittance and reflectance were made per treatment, using the youngest fully expanded leaf. The
transmittance and reflectance for each leaf was used to calculate absorbance, with the mean

absorbance for each treatment determined from ten combined measurements.
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2.4.4. Analysis of photosynthetic pigments

For pigment analysis, leaf discs (1.0 cm?) were taken from attached leaves 5 hours into the light
treatment without dark adaptation and frozen in liquid nitrogen, and stored at -80°C until extraction.
Pigments were extracted as described by Matsubara et al, (2005), and were separated by Ultra-
performance liquid chromatography as described by Zapata et al, (2000) with chlorophyll a, chlorophyll

b, and total carotenoid content identified via their absorption spectra and retention times.

2.4.5. Leaf cross-section analysis

The most recent fully expanded leaves were collected from plants after 28 days of growth. 1 mm wide
strips were cut from the centre of the leaf, extending from the mid-vein to the edge of the leaf. Samples
were preserved in 5% glutaraldehyde, and refrigerated for min. 24h. The samples were then subjected
to ethanol series (20, 40, 80, 100%) for duration of 15 min at each concentration. The samples were
placed in 100% ethanol for 24 h before being placed in LR white acrylic resin (Sigma-Aldrich, Gillingham,
UK), and refrigerated for a further 24h. After which the cleared leaf material was embedded in gelatin
capsules filled with LR white resin and placed in an oven at 60°C for a further 24h to harden. For light
microscopy, 0.5 um sections were cut from the samples using a Reichert-Jung Ultracut microtome
(Ametek Gmbh, Munich, Germany), stained with Toluidine blue and viewed under a microscope

following the method described by Lopez-Juez et al, (1998).

2.4.6. Protein Extraction and Western Blotting

Four leaf discs (1.0 cm diameter) were collected from 4 plants per treatment at 12 pm and immediately
plunged into liquid nitrogen, and stored at -80°C. With assistance from Andy Simkin, protein was
extracted in extraction buffer (50 mM 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) pH
8.2, 5 mM MgCl,, 1 mM Ethylenediaminetetraacetic Acid Tetrasodium Salt (EDTA), 10% Glycerol, 0.1%
Triton X-100, 2 mM Benzamidine, 2 mM Aminocaproic acid, 0.5 mM Phenylmethanesulfonyl fluoride
(PMSF) and 10 mM DTT) and the insoluble material was removed by centrifugation at 14000 g for 10
min (4°C) and protein quantification determined (Harrison et al, 1998). Samples were loaded on a leaf
area basis, separated using 12% (w/v) SDS-PAGE, transferred to polyvinylidene difluoride membrane,
and probed using antibodies raised against the Rubisco small subunit (Foyer et al. 1993). In addition to

the aforementioned antibody, samples were probed using antibodies raised against transketolase
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(Henkes et al, 2001), the cytochrome bsf complex proteins cyt f (PetA: (AS08306), cyt bs (PetB:
(AS03034), Rieske FeS (PetC: AS08330), the photosystem | Lhcal (AS01005) and PsaA (AS06172)
proteins, and the Photosystem Il PsbD/D2 (AS06146) protein, all purchased from Agrisera (via
Newmarket Scientific UK). FBPA antibodies were raised against a peptide from a conserved region of the
protein [C]-ASIGLENTEANRQAYR-amide (Cambridge Research Biochemicals, Cleveland, UK). Proteins
were detected using horseradish peroxidase conjugated to the secondary antibody and ECL
chemiluminescence detection reagent (Amersham, Buckinghamshire, UK). Protein content was
determined as a percentage of protein levels in plants grown in FLL and quantified using a Fusion FX

Vilber Lourmat imager (Peqlab, Lutterworth, UK).

2.5. Light use efficiency

Light use efficiency (LUE) was calculated as the ratio between leaf dry mass (g) and absorbed light
intensity (MJ). The absorbed light was calculated by taking into consideration the increase in area of the
Arabidopsis rosette through time. The rosette area for each day of growth (Rs) was predicted by using a

sigmoidal model adjusted on the observed data:

R, =a/(1 + e b*Day=0)
Where arepresents the curves maximum value; bthe steepness/slope of the curve; and cthe day at the

sigmoid midpoint.

2.5.1. Daily light use efficiency

Daily light use efficiency was calculated as the ratio between the predicted daily-integrated
photosynthesis (A) and the daily-absorbed light intensity (Mega Joules, MJ), which represents an
instantaneous estimate of the light use efficiency. The daily-integrated photosynthesis was predicted
using the response of A to light intensity. For each light intensity during the day, the corresponding
photosynthesis was calculated and integrated over the time. The integrated photosynthesis in pmol m?
st was converted into g by using the molecular mass of C (12 g/mol). Light intensity in umol m? st was
converted into J (Joules) by using a conversion factor (0.16) described in the manual of the Licor 6400

(Red-Blue light source; Li-Cor, Lincoln, Nebraska, USA).
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2.6. Statistical analysis

Statistics were conducted using R software (www.r-project.org; version 3.2.4). A one-way ANOVA was
used to test for single factor differences where more than one group existed. When significant
differences were observed, a Tukey post-hoc test was used to compare the different treatments. These
analyses were used for all chapters, although specific changes and additions are highlighted in each

chapter method section.
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CHAPTER 3

Natural variation in stomatal response to light in

Populus nigra: implications for photosynthesis and
water use efficiency
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3.1. Introduction

Stomata control the uptake of CO, and exchange of water vapour between the plant and atmosphere,
by regulating stomatal conductance (gs) and net photosynthetic rate (A), with the ratio between these
two characterized as intrinsic water use efficiency (W; = A/g;). Stomata adapt to changing environmental
conditions by altering anatomical features and functional response, with changes in the behaviour of
stomatal opening and closure essential for maximizing photosynthesis and water use depending on the

current needs of the plant (Casson and Hetherington, 2010).

The control of stomatal density and functional stomatal response is often a long-term developmental
acclimation to the plants native environmental conditions (Casson and Hetherington, 2010). However,
depending on the current needs of the plant, stomatal density and responses can also dynamically
acclimate between leaves of the same plant. For example, where stomatal traits change from leaf to leaf
as shown under changing atmospheric CO, conditions (Lake et al, 2001), and even through time on the
same leaf when subject to a change in light (Alter et al, 2012). Much is known about how plants alter
stomatal anatomy via acclimation to growth light (Gay and Hurd, 1975), however little is known how the
functional response of stomata acclimates to growth light, and the implications for carbon gain and
water use efficiency (Lawson and Blatt, 2014). In the natural environment, the response of stomatal
conductance (g;s) is influenced by fluctuations in light, driven by cloud cover, sun angle, and often most
importantly shading via neighboring plants, canopy structure, and self-shading via overlapping leaves
(Allen and Pearcy, 2000; Chazdon and Pearcy, 1991; Way and Pearcy, 2012). As a consequence, leaves
experience a range of light intensities, that vary on a scale of seconds, minutes, days and over the
course of the growth season (Assmann and Wang, 2001), which fundamentally has major implications

for photosynthetic carbon gain and water use efficiency (Lawson and Blatt, 2014).

The majority of studies investigating the acclimation or adaptation of plants to dynamic light, have
concentrated on the effect sunflecks (rapid changes in incident PPFD over the course of seconds and
even minutes) have on carbon gain in plants developmentally acclimated to shaded conditions (Knapp
and Smith, 1987; 1988), often in understory forest dwelling species (Chazdon and Pearcy, 1991; Tinoco-
Ojanguren and Pearcy, 1993; Pearcy, 1994; Leakey et al, 2005). It is often the speed of stomatal
response and behaviour over the diurnal period that is critical when assessing carbon uptake and water
use efficiency in a dynamic light environment (Kirschbaum and Pearcy, 1988; Lawson and Morison,
2004; Lawson et al, 2010; McAusland et al, 2016). Over the diurnal period fluctuations in light will drive

the dynamics of stomatal behaviour (Lawson and Blatt, 2014), with differences in the sensitivity of
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stomata, the magnitude of g;, and the speed of stomatal opening and closing, known to exist between
species (Ooba and Takahashi, 2003; Vico et al, 2011; McAusland et al, 2016), and between individuals of

the same species grown under different habitat conditions (Drake et al, 2013).

The rate of gs response to changing environmental conditions has often been correlated with stomatal
anatomical traits including stomatal density and size (Franks and Farquhar, 2007; Drake et al, 2013).
However, less attention has been given to how stomatal behaviour and the rate of g; response to light
influences Wi, at a given time point and over the entire diurnal period. Furthermore, it is important to
consider natural variation within species through developmental acclimation of stomatal anatomy and
function to a particular light environment. This is important because it will give us a basis for which to

understand the plasticity in stomatal response to a light environment in a given species.

Populus nigra is a species of poplar tree commonly known as Black poplar, whose range expands from
the United Kingdom to North Africa and Central Asia, although is predominantly found along riparian
habitats in Western and Central Europe (Muller et al, 2002; Dickmann and Kuzovkina, 2014). Due to its
abundance alongside river systems and riparian woodlands it is known to have considerable sensitivity
to drought (Vanden Broeck, 2003), which could potentially induce intraspecific adaptations of stomatal
behaviour between genotypes when subject to vastly different light environments. The population used
here consisted of poplar genotypes originally collected from 5 different sites across Europe with
contrasting latitudes of origin, and therefore differing annual amounts of light radiation, precipitation,

and temperature.

The aim of this chapter is to identify whether the stomatal response to light, both anatomically and
behaviorally, varied within a natural population of Populus nigra genotypes. It is also to assess the
influence this may have on carbon gain (A) and consequently intrinsic water use efficiency (W), the
identification of which may lead to greater understanding of adaptation of the response of g; in a model

species from different native environments.
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3.2. Materials and Methods

This section outlines methods specific to this chapter and modifications made to protocols outlined in

Chapter 2 — “Materials and Methods”.

3.2.1. Plant material and growth conditions

Cuttings from ten genotypes of Populus nigra were collected from a field site at the University of

Southampton, and were selected for their country of origin and were grouped according to leaf

phenotype (Table. 3.1 and Figure 3.1): Small-leaved (France, Spain), and Large-leaved genotypes (ltaly,

Germany, Netherlands).

Table 3.1: Summary of Populus nigra genotypes and environmental conditions at origin of genotypes.

Geno- | Countryof | Mean . Min/Max , Mean . Min/Max , Leaf

type origin ! annual : Monthly : annual : Monthly | type
: irradiance : temp : precip. : precip. :
i (kWh/m?) , (°C) (mm) (mm)

Fr2 | France '1300-1700 ' 0/28.7 ' 639 '21/90 ' Small
[} ] } 1 1
1 1 1 1 1

Fr4 | France \ 1300-1700 , 0/28.7 639 121/90  , Small
1 1 1 1 1

Spl | Spain | 1500-1700 1 1.8/29.7 1365-439 117/55 1 Small
1 1 1 I 1
1 1 1 1 1

2 Spain 1 1500-1700 '+ 1.8/29.7 1 365-439 1 17/55 1 Small

p

[} 1 1 I }
[} ] 1 I }

It1 Italy ' 1300-1500 ' -1/29 1 966-982 ' 55/122 ' Large
[} 1 I I }
[} I I I }

It3 Italy | 1300-1500 ; -1/29 | 966-982 | 55/122 | Large
[} I I I }

Ge2 | Germany |, 900-1200 , -2/245 , 605 1 37/67 , Large
| I I I }

Ged | Germany  1900-1200 1 -2/245 1605 137/67 1 Large
1 ] | I 1
[} ] 1 1 |

NI1 | Netherlands 1 800-1000 1 -1.3/21.8 1 731-1021 143/100 ' Large
[} ] 1 I }
[} ] } I }

NI3 Netherlands } 800-1000 | -1.3/21.8 | 731-1021 43/100 | Large
[} | } I }

Cuttings with replicates for each genotype were planted in 1L pots in Westland John Innes no.2 soil

(Westland Horticulture, Dungannon, Northern Ireland) with rooting compound, and moved to the

Graphic
colour

greenhouse (University of Essex). After three weeks of initial growth under shade (Fig. 3.2A) to
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encourage root growth, the shading mesh was removed and the plants were transferred into 4L pots
and left to grow in the greenhouse for a further week (Fig. 3.2B). At this point plants were transferred to
the roof garden where they were left to grow for a further four weeks in six plots, with the plants

spaced at random to reduce environmental error effects (Fig. 3.2C + D).

'YY YY

Italy Germany Netherlands Spain France

Figure 3.1. Representative examples of leaf genotypes used in this study. Italy, Germany, and Netherlands
genotypes are characterized as ‘Big leaf’, whilst Spain and France genotypes as ‘Small leaf’.
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Block 4 Block 5 Block 6

Figure 3.2. Preparation of Populus nigra cuttings: under initial shade (A); and after removal from shade in
the greenhouse (B); plants in plots on the roof garden (C); and layout of randomized plots (D).
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3.2.2. Leaf gas exchange

All gas exchange parameters, including net carbon assimilation (A) and stomatal conductance (gs) were
recorded and cuvette conditions maintained as laid out in Method 2.2, using a Li-Cor 6400XT portable
gas exchange system (Li-Cor, Lincoln, Nebraska, USA). All measurements were taken using the youngest,

fully expanded leaf, between leaves 5-8 as shown in Figure 3.3.

’1
2 &)

10

Figure 3.3. Representation of the numbering of Populus nigra leaves for selection for gas exchange and
anatomical analysis. Leaves are counted from the top to ensure similar age range during selection.

3.2.2.1. A/Q (net photosynthetic rate/PPFD) response curves

The response of net CO; assimilation rate (A) to photosynthetic photon flux density (PPFD) was
measured and recorded under cuvette conditions as described in method 2.2.1, although the following
changes were made to the protocol:
e Leaves were initially stabilized (5-10 minutes) at irradiance above saturation at 2100 umol m? s
PPFD and a measurement was recorded.
e PPFD was then decreased in 15 steps (1900, 1700, 1500, 1300, 1100, 900, 700, 550, 400, 300,

200, 150, 100, 50, 0 pmol m2 s!) with a new recording being taken at each new light level.
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3.2.2.2. A/Ci (net photosynthetic rate/intercellular CO, concentration) response curves

The response of net CO; assimilation rate (A) to intercellular CO, concentration (C;) was measured and
recorded under cuvette conditions as described in method 2.2.2, with the following changes to the
protocol:
e Leaves were initially stabilized for a minimum of 10-15 minutes at a saturating light intensity of
2100 pmol m?2 s and ambient CO, concentration of 400 umol mol?, upon reaching steady state
a measurement was recorded.
e Ambient CO, was then decreased to 300, 200, 125, 50 umol mol™? before returning to the initial
value of 400, and increased to 550, 700, 900, 1100, 1300, 1500, 1800 and 2100 pumol mol™.

Recordings were taken at each new CO; level.
3.2.2.3. Temporal response of photosynthesis (A) and stomatal conductance (gs)
The response of net CO; assimilation rate (A) and stomatal conductance (gs) to a step change in
photosynthetic photon flux density (PPFD), was carried out as described in method 2.2.3, with the
following changes to the protocol:
e leaves were equilibrated to a PPFD of 500 pumol m2 s until both A and gs were at steady state.
e PPFD was then increased to 1500 pmol m2 s for 1.5h with A and gs recorded every 30 seconds,
before returning to 500 umol m2 s for a further 1h.

3.2.2.4. Diurnal measurements

Diurnal gas exchange measurements of A and gs were carried out as described in method 2.2.4.

3.2.3. Modelling gas exchange parameters

3.2.3.1. Determination of mass integrated net CO; assimilation

Net CO, assimilation (A) was converted to a mass integrated measurement using leaf mass area (LMA) —

see method 2.3.1.
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3.2.3.2. Estimating photosynthetic capacities

Photosynthetic capacities (Vcmax and Jmax) were estimated from the A/C; response curves using method

2.3.2.

3.2.3.3. Assessing stomatal limitation from A/C; response curves

The hypothetical A that would be obtained if the mesophyll had free access to the CO; in the ambient air
was calculated to quantify the limitation that the combined stomatal and boundary layer conductance
impose on leaf CO, uptake using the method described in section 2.3.3.

3.2.3.4. Modelling net CO, assimilation rates

Net CO, assimilation (A) as a function of light intensity (PPFD) was modelled to simulate the maximum
diurnal variations of A in absence of stomatal limitation under different light intensity conditions. For
methods see 2.3.4.

3.2.3.5. Determining the rapidity of stomatal conductance response

The rapidity of the stomatal response following a step change in light intensity was assessed using

method 2.3.5.

3.2.3.6. Determining the rapidity of net CO; assimilation response

The rapidity of the photosynthesis response following a step change in light intensity was assessed using

method 2.3.6.

3.2.4. Leaf and stomatal characteristics

3.2.4.1. Stomatal anatomical measurements

Stomatal density, pore area, index, ratio, and theoretical maximum of stomatal conductance (gsmax)

were assessed by taking impressions of the surface of the leaf, following method 2.4.1.
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3.2.4.2. Leaf anatomical measurements

Total leaf area (cm?), dry weight (g), and specific leaf area (SLA, cm?/g), were measured on all poplar
genotypes using method 2.4.2, and were taken using the youngest, fully expanded leaf, between leaves
5-8 as shown in Figure 3.3.

3.2.4.3. Leaf optical properties

Measurements of transmittance and reflectance for each leaf was used to calculate absorbance,

transmittance, and reflectance, and were measured on the youngest, fully expanded leaf, between

leaves 5-8 as shown in Figure 3.3. See method 2.4.3.
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3.3. Results

3.3.1. Photosynthetic response to photosynthetic photon flux density (PPFD)

The response of net CO; assimilation rate (A) as a function of photosynthetic photon flux density (PPFD)
(Q) (A/Q curves, Fig. 3.4) was measured on all ten genotypes to investigate differences in photosynthetic
potential. Similar values of A at PPFDs below 400 pmol m st were observed between all genotypes (Fig.
3.4A + C), whereas at PPFD above this level there were noticeable differences in A between genotypes
with the small leaf genotypes (Fr, Sp) displaying higher values of A than two of the large leaf genotypes
(Ge, NI). Photosynthesis is generally measured per unit leaf area; however, area does not consider
changes in leaf thickness that can differ between and within species. To take into consideration
photosynthesis per unit leaf volume, A was integrated by mass of dry leaf (Amass) calculated from
measurements of leaf mass area (LMA). Anqss was found to be higher in the large leaved genotypes
compared to small leaved at PPFD above ca. 300 pmol m?2 s (Fig. 3.4B + D). Measurements of A at
saturating light (Asat) were significantly higher in small leaved genotypes (P<0.05), with both the Spanish
genotypes exhibiting significantly higher values than three of the large leaf genotypes (Ge2, NI1, NI3)
(Fig. 3.4E). Interestingly both the Italian genotypes displayed values of At more comparable to the small
leaved genotypes than the other large leaved. No significant difference was observed between
genotypes for Amasssat, although there was a trend toward the large leaved genotypes displaying higher

values, indeed when they are grouped in this manner the difference becomes significant (Fig. 3.4F).

3.3.2. Leaf size and absorbance properties

Leaf area measured on fully expanded mature leaves was as expected significantly higher (P<0.05) in
large leaved genotypes compared to small leaved genotypes with values ranging from ca. 19 cm? (Sp2)
to ca. 61 cm? (It1) (Fig. 3.5A). Italian genotypes had larger leaves than all other genotypes. Similar
differences were found for leaf dry weight, with small leaved genotypes significantly (P<0.05) lower than
large leaved genotypes, with values ranging from 0.18g (Sp2) to 0.48g (It1) (Fig. 3.5B). Italian genotypes
again had the highest dry weight than all other genotypes. As expected, the large leaved genotypes had
significantly (P<0.05) higher specific leaf area (SLA) than the small leaved genotypes when grouped by
size (Fig. 3.5C), with Sp1 being significantly lower than all six large leaved genotypes and Fr4, Sp2
significantly lower than both German genotypes (Ge2, Ge4). No significant differences were observed
between genotypes for leaf absorbance (Fig. 3.5D), reflectance or transmittance (Fig. 3.5E + F).

However, there was a trend toward small leaved genotypes exhibiting lower levels of reflectance
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compared to large leaved genotypes, with two of the small leaved (Fr4, Sp1) showing significantly lower

levels than one large leaved genotype (NI1).
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Figure 3.4. Photosynthesis as a function of light intensity (PPFD) for the four small-leaved genotypes (red
and orange), and the six large-leaved genotypes (Blue and turquoise). Net CO, assimilation on an area
basis (A4; A + C); relative to leaf mass (Amass; B + D); light saturated rate of photosynthesis (As.t) on an area
(E) and mass (F) basis. Inset graphs (E + F) highlight differences between grouped small and large leaf
genotypes for Asat and Amasssat. Error bars represent mean * SE. n = 4-6. Letters represent the results of
Tukey's post-hoc comparisons of group means, between genotypes and than leaf size.
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Figure 3.5. Leaf and Optical properties of the ten poplar genotypes, including; Leaf area (A); Dry weight
(B); Specific leaf area (SLA, C); Absorbance (D); reflectance (E); and transmittance (F). Inset graphs (A-C)
highlight difference between grouped small and large leaved genotypes for LA, DW, and SLA. Error bars
represent mean + SE. n = 6-10. Letters represent the results of Tukey's post-hoc comparisons of group
means, between genotypes and than leaf size.
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3.3.3. Intra-specific variation in photosynthetic capacity

Assimilation rate measured as a function of intercellular CO, (C;) on an area basis, was generally higher
in plants characterised as small leaved genotypes (Fig. 3.6A + C), with the two Spanish genotypes (Sp1
and Sp2) consistently displaying higher values of A than all other genotypes. In contrast, the light and
CO; saturated rate of A integrated by mass (Amass) was higher in large leaved genotypes, with German
(Ge2, Ge4) genotypes higher than all other genotypes (Fig. 3.6B + D). Values of the light and CO;
saturated rate of photosynthesis (Amax), were significantly higher in small leaved genotypes compared to
large leaved genotypes when grouped by size (Fig. 3.6E). However, individually Amax was only
significantly different (P<0.05) between two small leaved genotypes (Fr4 and Sp2) and one large leaved
(NL3). Values of Amax as a function of mass (Amass-max), Were also significantly higher (P<0.05) in large
leaved genotypes when grouped by leaf size, but no significant differences were observed by individual
genotype (Fig. 3.6F). Despite this, a large range in Amass-max Values was observed, with values ranging
from 0.33 (Sp1) to 0.48 umol gt s (Ged). No differences in the maximum rate of carboxylation by
Rubisco (Vemax) and the maximum electron transport rate (Jmax) for RUBP regeneration (Table. 3.2) were
found between genotypes. However, there was a trend toward small leaved genotypes and the Italian
genotypes having higher levels of Vemax and Jmax compared to the Ge and NL large leaved genotypes, with
Fr2 exhibiting the highest value for Vemax (102.7) and NI1 the lowest (62.4), and Sp2 the highest value for
Jmax (156.9) with NI1 the lowest (125).
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Figure 3.6. Photosynthesis as a function of intercellular CO; concentration (C;) for the four small-leaved
genotypes (red and orange), and the six large-leaved genotypes (Blue and turquoise). Net CO, assimilation
on an area basis (A; A + C); relative to leaf mass (Amass; B + D); light and CO, saturated rate of
photosynthesis (Amax) On an area (E) and mass (F) basis. Inset graphs (E + F) highlight differences between
grouped small and large leaf genotypes for Amax and Amass-max. Error bars represent mean + SE. n = 4-6.
Letters represent the results of Tukey's post-hoc comparisons of group means, between genotypes and
than leaf size.
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Table 3.2. Photosynthetic parameters (Vemax and Jmax) estimated from the response of A to C; of the ten
poplar genotypes. Mean * SE. Letters represent the results of Tukey's post-hoc comparisons of group
means.

Gen°type vcmax ( -Imax (

Fr2 102.7+10.7% 139.3+8.6%°
Frd 71.6+6.7%° 141.6+6.2%°
Spl 86.9+7.4%° 149.6+9.1*
Sp2 99.4+9.4%° 156.9+4.8°
It1 87.5+6.4%° 146.9+8.5%°
1t3 90.9+15.42° 149.1+4.1%°
Ge2 85.5+5.7%° 145.8+6.5%°
Ged 77.746.2%° 138.6+1.9%°
NIl 62.4+2.8% 125+3.8°
NI3 78.1+10.32° 135.1+3.2%°

3.3.4. Limitation of CO; uptake (A) imposed by stomata conductance

A/C; curves were used to estimate the limitation imposed on A by stomata (and the leaf boundary layer),
assuming the hypothetical A that could be achieved if the mesophyll had free access to CO, in ambient
air (therefore; Ci=C,) (Farquhar and Sharkey, 1982). Large differences in the limitation of A by stomata
from A/C; analyses (ACiiimit) were observed between genotypes (Fig. 3.7), with a small leaved genotype
exhibiting the lowest limitation of A (Fr2; 15.5%) and a large leaf genotype the highest (NI1; 29.5%) with
differences between these two genotypes recognized as significant (P<0.05). Despite no other
significant differences between other genotypes occurring, there was a distinct trend toward small
leaved genotypes demonstrating the lowest levels of ACi.imit, with the Italian genotypes revealing values
of limitation more akin to the small leaved rather than the other large leaved genotypes. It is
noteworthy, that the limitation imposed by stomata was substantial in all genotypes and highlighted
that even under ‘ideal’ conditions the limitation of CO; flux to the site of carboxylation was potentially

biologically significant.
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Figure 3.7. Estimation of the limitation (AClimit) placed on net CO, assimilation by stomata and leaf
boundary layer, calculated from the A/C; response curves (Fig. 3.6), represented as the percentage (%)
loss in A enforced by this limitation (ACiumit). Error bars represent mean + SE. n = 4-6. Letters represent
the results of Tukey's post-hoc comparisons of group means.

3.3.5. Diurnal responses of gs, A, and Wi, to a fluctuating pattern of light

To investigate stomatal and photosynthetic response over the diurnal period, and the implications for
diurnal intrinsic water use efficiency, plants from five genotypes (one from each region) were subjected
to a diurnal fluctuating light regime (see FLH; Figure 2.1), with stomatal conductance (gs; Fig. 3.8A), net
CO; assimilation (A; Fig. 3.8B), intercellular CO, concentration (C;; Fig. 3.8C), and intrinsic water use
efficiency (W;; Fig. 3.8D) measured continuously over the diurnal period. In general, the pattern of g
response over the diurnal period was similar between genotypes. However, the Italian genotype (IT) was
higher in the magnitude of g; response than all other genotypes, reaching a peak during the diurnal of
ca. 0.4 mol m?2s?, whereas the next closet genotype (Fr) only reached 0.27 mol m?2 s (Fig. 3.8A). Net
photosynthesis (A) displayed a similar response over the diurnal period in all genotypes (Fig. 3.8B).
However, the large leaved genotypes Ge and NL exhibited lower peaks at high light periods (ca. 6-9
hours into the light) compared with the small leaved (Fr, Sp) and Italian genotype (IT). With the IT
genotype reaching the highest value (ca. 17.2 pmol m?2 s) and NL the lowest value of A (ca. 12.6 pmol

m2s?) during the diurnal. A similar response was observed in the response of intercellular CO,
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concentration (G), as with an increase in A there was a corresponding increase in G (Fig. 3.8C). When
integrated over the diurnal period, the italian genotype (IT) consistently displayed the highest values of
Ci throughout the measurement, with two of the three lowest values exhibited by two of the large
leaved genotypes; Ge and NL. W; (measured here as A/gs) was consistently found to be lowest in the IT
and NL genotypes (Fig. 3.8D), and highest in two small leaved genotypes (Fr, Sp). In the IT genotype this
lower W, was driven by the large increase in gs during the whole diurnal period, whilst the NL genotype
exhibited lower levels of W, because of the lower levels of A compared to the other genotypes over the

entire diurnal.
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Figure 3.8. Diurnal measurements of gas exchange of stomatal conductance (gs, A); net CO; assimilation
(A; B); internal CO; concentration (G, C); and intrinsic water use efficiency (W, D) for the five selected
genotypes (one from each region). Error ribbons represent mean + SE. n = 4-6.
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Figure 3.9. Total daily net CO, assimilation (A; A); stomatal conductance (gs, B); intrinsic water use
efficiency (W, C) for the five selected genotypes (one from each region); and intrinsic water use efficiency
(W, D) when grouped under small or large leaved genotype. Error ribbons represent mean + SE. n = 4-6.
Letters represent the results of Tukey's post-hoc comparisons of group means.

To further characterize the response of net CO, assimilation (A), stomatal conductance (gs) and intrinsic
water use efficiency (W), these parameters were integrated over the whole 12h day period to
investigate levels of total daily gs, A, and Wi (Fig. 3.9). No significant differences in A integrated over a
12-hour period were observed between genotypes, although the Ge and NL large leaved genotypes
displayed the lowest values (Fig. 3.9A). No significant differences were also observed in integrated daily
gs (Fig. 3.9B), however it should be noted that the IT genotype exhibited values of g (ca. 2.65 mol m™
Day!) that were much higher than the other four genotypes over the course of the day, with the next
highest value (NL; ca. 1.8 mol m?2 Day?) ca. 68% that of the value of the IT genotype. Intrinsic water use
efficiency (W) was significantly lower in the IT genotype compared with Sp, and was lower than all other
genotypes (Fig. 3.9C). The lower value of Wi in the IT genotype was largely because of the large increase

in gs, whereas the highest value of W, exhibited by the Sp genotype was driven by a combination of a
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high integrated A and the lowest value of g; over the diurnal period. When grouped together as either
small leaved (Fr, Sp) or large leaved (IT, Ge, NL) genotypes, there was no significant difference between
groups (Fig. 3.9D). However, it is noteworthy that small leaved genotypes exhibited a 43% increase in Wi

compared with the large leaved genotypes (Fig. 3.9D).

3.3.6. Limitation of diurnal photosynthesis imposed by stomata

To investigate the potential limitation of net CO, assimilation (A) during the diurnal period (Diuriimit), A
was predicted from the A/Q response curves (Fig. 3.4) assuming no stomatal limitation, and a maximized
activation of the photosynthetic biochemistry. During the initial 2-3 hours of the diurnal light regime, all
genotypes reached the predicted values of A. However, over the course of the rest of the diurnal
measurement there was a tendency for measured values of A to be lower than the predicted from the
model A response, especially at higher light levels (Fig. 3.10). The differences between expected and
observed A integrated over the diurnal period were lowest for the three large leaved genotypes; IT
genotype (11.67%); Ge (14.48%); NL (15.82%), whilst the two small leaved genotypes were both above
18%; Fr (18.19%); Sp (20.18%). Correlations between the limitation of A estimated from the A/G analysis
(ACiumit) and the limitation of A over the diurnal period estimated from A/Q analysis (Diurimi) were
shown to be positively correlated (Fig. 3.11A), highlighting that any limitation imposed by stomata (and
leaf boundary layer) is conserved between methods and during different environmental responses.
However, an offset between small leaved and large leaved genotypes is evident with small leaved
genotypes displaying higher values of Diurumit compared to large leaved genotypes as previously shown
(Fig. 3.10) but similar values of ACi.mit (Fig. 3.7). Figure 3.11B highlights how the greater the limitation of
A imposed by stomata over the diurnal period (Diurimit), the higher the value of diurnal W, over the
same time period. This is expected, as a lower value of g; (e.g. to conserve water) would also lead to a

potentially greater limitation on A.
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through limitations in stomata, leaf boundary layer and biochemistry (Diuriimit). h = 4-6.
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Figure 3.11. Correlation between the estimation of the limitation placed on net CO, assimilation by
stomata and leaf boundary layer, calculated from the A/C;response curves (ACiumit, Fig. 3.7) and the
diurnal measurements (Diurimit, Fig. 3.10) (A). Correlation between the limitation (Diurimit) and daily
intrinsic water use efficiency (W) during the diurnal (B). Each data point represents an individual plant.
Filled areas highlight small leaved (red) and large leaved (blue) genotypes, whilst black dotted line
represents the trend in the data for all individuals.
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Figure 3.12. Temporal response of stomatal conductance (gs; A + B), net CO, assimilation (A; C + D), and
intrinsic water use efficiency (W;; E + F), to an step increase in light intensity (from 500 to 1500 pmol m™
s1) for the five selected genotypes (one from each region). Gas exchange parameters (gs and A) were
recorded at 20s intervals, leaf temperature maintained at 25°C, and leaf VPD at 1 + 0.2 KPa. Error ribbons
represent mean x SE. n = 4-6.
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Figure 3.13. Temporal response of stomatal conductance (gs) to a step decrease in light intensity (from
1500 to 500 umol m? s?) for the five selected genotypes (one from each region). Gas exchange
parameters (gs, and A) were recorded at 20s intervals, leaf temperature maintained at 25°C, and leaf VPD
at 1+ 0.2 KPa. Error ribbons represent mean £ SE. n = 4-6.

3.3.7. Response of gs and A to a step change in PPFD

To assess the difference in stomatal responses to light intensity, leaves from each genotype were
subjected to a step increase in PPFD (500-1500 pmol m s?) followed by a step decrease (1500-500
umol m2s?), and the effect on A and gs measured using gas exchange (Fig. 3.12). In all genotypes (Fr,
Sp, IT, Ge, NL) gs reached a new plateau within 90 minutes after the light was increased (Fig. 3.12A + B),
however the large leaved genotypes reached a new plateau after only ca. 60 min, whilst the small
leaved genotypes appear to take the entire 90 min. Following the increase in PPFD to 1500 pmol m?2s?
an almost instantaneous increase in A occurred, which was in contrast with the slow increase in g; (Fig.
3.12C + D). After the near instantaneous increase in A, gs continued to increase during the measurement
period despite the fact that A had reached near steady state levels. Intrinsic water use efficiency (W),
decreased over the course of the step increase in light intensity (Fig. 3.12E + F), predominantly driven by
the slow increase in gs over the same time period. Wi calculated from the small leaved genotypes (Fr,
Sp) was initially (first ten minutes) higher than the large leaved genotypes. However, by the end of the
step increase W; was lower in the small leaved genotypes than the large leaved, driven by the higher
values of g; at this time period. In all genotypes, gs decreased when the light intensity was returned to
500 pmol m?2 s (Fig. 3.13). The highest final values of gs at 500 PPFD were recorded in the Sp genotypes

(ca. 0.24 mol m2s?t), whilst Fr (ca. 0.17 mol m?2 s?) displayed the lowest values (Fig. 3.13A). Incidentally
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the three large leaved genotypes displayed remarkably similar responses in g; to a step decrease in light

intensity (Fig. 3.13B).

3.3.8. Speed of g; response to a step change in PPFD

Stomatal responses to a step increase and decrease in PPFD were used to determine natural variation in
the speed of gs response to light amongst Populus nigra genotypes. Determined from the temporal
response data were: time constants for stomatal opening (t;, Fig. 3.14A); final values of gs at 1500 PPFD
(G, Fig. 3.14B) in response to a step increase in light; time constants for stomatal closure (t,, Fig. 3.14C);
final values of gs at 500 PPFD for stomatal closure (Gg, Fig. 3.14D) in response to a step decrease in light;
magnitude of change in g; between steady state values at 500 PPFD to 1500 PPFD (AG;, Fig. 3.14E) and
1500 PPFD to 500 PPFD (AGy, Fig. 3.14F); the time constant for light saturated rate of carbon
assimilation at 1500 pumol m2 s PPFD (1, Fig. 3.14G) and saturated rates of A at 1500 PPFD (A, Fig.
3.14H). Net CO; assimilation (A) was deemed saturated at 1500 PPFD from analysis of light response
curves on the same plants (Fig. 3.4). Time constants for stomatal opening (t;, Fig. 3.14A) were
significantly slower (P<0.05) in the small leaved genotypes (Fr, Sp) compared with the large leaved
genotypes (IT, Ge, NL), with the three large leaved genotypes displaying remarkably similar values of 1,
despite no significant difference in final values of gs at 1500 PPFD (G;; Fig. 3.13B). In contrast to stomatal
opening, time constants for stomatal closure (t,) varied, with the Fr and Ge genotypes displaying
significantly slower responses of gs to a decrease in PPFD than the other three genotypes (Fig. 3.14C),
with the Sp genotype showing the fastest response. Again, this does not correlate with final values of g;
at 500 PPFD as no significant difference was observed (Fig. 3.14D). The magnitude of change in g
between steady state values at 500 PPFD to 1500 PPFD (AG;, Fig. 3.14E) and the magnitude of change in
gs between steady state values at 1500 PPFD to 500 PPFD (AGg, Fig. 3.14F) was higher in small leaved
genotypes, and was significantly higher (P<0.05) in the Fr genotype compared to all three large leaved
genotypes for both AG; and AG,. Time constants for light saturated A (1, Fig. 3.14G) were significantly
slower (P<0.05) in Ge compared to all other genotypes, with Sp displaying values of t,; that were
significantly faster (P<0.05) than all other genotypes. No significant differences in saturated rates of A at

1500 PPFD (A;; Fig. 3.14H) were observed between all five genotypes.
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Figure 3.14. Time constant for stomatal opening (t;, A), Final values of stomatal conductance at (1500
umol m2 s?) after an increased step change in light intensity (G, B); time constant for stomatal closure
(ta, C), Final values of stomatal conductance at (500 pmol m s!) after a decreased step change in light
intensity (Gg, D); difference in gs at 500 and 1500 pmol m2 s following the step increase (AG;, E) or
decrease (AGgq, F) in light intensity; light saturated rate of carbon assimilation (14, G) to a step change in
light intensity; and saturation of net CO; assimilation at 1500 PPFD (A;, H). Error bars represent 95%
confidence intervals. n=4-6.
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3.3.9. Stomatal anatomy

Significant differences (P<0.05) were observed in abaxial stomatal density (SDab), with all four small
leaved genotypes exhibiting significantly lower densities than all six large leaved genotypes (Fig. 3.15A).
Fr2 had significantly lower (P<0.05) adaxial stomatal density than It1 and Ge2, with Ge2 also being
significantly higher than the two Spanish genotypes (Sp1, Sp2) (Fig. 3.15B). Both French genotypes (Fr2,
Fr4) had significantly lower (P<0.05) stomatal index than It1 (Fig. 3.15C), though no other differences
were observed. No difference in stomatal ratio (Fig. 3.15D) or pore area (Fig. 3.15E) was observed
between genotypes. Theoretical maximum of stomatal conductance (gsmax; Fig. 3.15F) was significantly
higher (P<0.05) in all six large leaved genotypes compared with the four small leaved, which was driven

primarily by the large difference in stomatal density between these two groups.

3.3.10. Impact of stomatal density and speed of response on intrinsic water use efficiency

A negative relationship between abaxial stomatal density (SDab) and the time constant of stomatal
opening to light (t;) was observed in all genotypes (Fig. 3.16A). In this case, as SDap increased the time it
took g; to reach a new steady state after a step increase in light decreased. A negative relationship
between SDap and daily intrinsic water use efficiency during the diurnal (W) was also observed between
genotypes (Fig. 3.16B), where an increase in SDa, would lead to a decrease in W, as observed by the
large leaved genotypes typically exhibiting higher densities and therefore lower W.. It is interesting to
note that this data lead to a positive relationship between the time constant for stomatal opening (1))
and daily intrinsic water use efficiency (W) (Fig. 3.16C), where an increase in the time it took for
stomatal conductance to reach a new steady state value would correspond to an increase in W, over the

diurnal period.
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Figure 3.15. Stomatal anatomical characteristics including abaxial stomatal density (SDab; A); adaxial
stomatal density (SDag; B); stomatal index (C); stomatal abaxial:adaxial ratio (D); abaxial stomatal pore
area (E); maximum stomatal conductance (gsmax; F) for the four small-leaved genotypes (red and orange),
and the six large-leaved genotypes (Blue and turquoise). Inset graphs (A + F) highlight differences between
grouped small and large leaf genotypes for SDap and gsmax. Error bars represent mean + SE. n = 10. Letters
represent the results of Tukey's post-hoc comparisons of group means.
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Figure 3.16. Correlations between abaxial stomatal density (SDab) and time constant for stomatal opening
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trend in the data for all individuals.
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3.4. Discussion

Plants regulate stomatal conductance to optimize carbon uptake and reduce water loss (Cowan 1977,
Hetherington and Woodward, 2003; Ooba and Takahashi, 2003). A significant limitation in this process,
is the speed and magnitude of the g; response to light, which has been shown to vary widely between
species (Cowan and Farquhar, 1977; Vico 2011; McAusland et al, 2016), with several studies highlighting
large inter-specific variations in stomatal response through differences in stomatal anatomy
(Hetherington and Woodward, 2003; Franks and Farquhar, 2007; McAusland et al, 2016) and
biochemistry (McAusland et al, 2016). Despite this, the natural variation in stomatal responses to light
intensity within a given species has received less attention as well as the potential acclimation to
different environmental conditions. Previous research has focused on changes in gs response associated
with dynamic acclimation to sun and shade flecks in a controlled laboratory environment (Assmann and

Grantz, 1990; Ooba and Takahashi, 2003; Vico et al, 2011; Drake et al, 2013).

In this study, a collection of Populus nigra (Black Poplar) genotypes from various locations of origin in
Europe were assessed, to investigate natural variation in photosynthetic and stomatal traits, and the
impact on intrinsic water use efficiency. Ten genotypes from five different locations (two from each)
were chosen for analysis, and demonstrated large variation in leaf dimensions, stomatal anatomical

traits, and phenotype.

Analysis of A/Q curves revealed higher A..: values on an area basis in the small leaved genotypes,
suggesting that plants acclimate to higher light intensities associated with their native environment
(Chabot et al, 1979; Watling et al, 1997), as seen in the Spanish and French genotypes that had the
highest Mean annual irradiance (Table 3.1). The higher At values illustrated by the small leaved
genotypes are characteristic of plants grown in high PPFD environments often related to a greater
investment in photosynthetic compounds (Bailey et al, 2001). However, the thinner leaves exhibited by
the large leaved genotypes along with higher values of A on a mass basis (Amass) suggests that these
large leaved genotypes have a greater photosynthetic component (such as Rubisco) content per cell.
This data was mirrored by the analysis of A/C response curves, suggesting that under well watered
conditions plants will often adapt over the long term to maximise CO, uptake (greater photosynthetic
component per cell) and light capture (greater leaf area) at the expense of water use efficiency, this is
consistent with previous work that has highlighted these potential adaptations both between and within
species (Pearcy, 2007). Nevertheless, there was no difference in the maximum rates of carboxylation

(Vemax) and electron transport (Jmax), and although there was a trend toward small leaved genotypes
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having higher values of Vimax and Jmax the maximum rates may not be realised, as under ambient [CO;]
conditions and high light, CO, would be more limiting than light availability (Allen and Pearcy, 2000;

Pearcy, 2007). These observations suggest that small leaved genotypes invest in greater capacities for
photosynthesis on an area basis due to the higher levels of irradiance and temperature in their native

environment (see Table. 3.1) (Allen and Pearcy, 2000; Way and Pearcy, 2012).

Diurnal gas exchange under a fluctuating light regime, mimicking a light pattern that may be
experienced by plants in the field, was used to examine the inter-specific variation in A, gs, and W; over
the diurnal period in different Populus nigra genotypes. In general, the two small leaved (Spanish and
French) and the Italian genotypes displayed higher photosynthetic rates, which matched the findings
from the A/Q curves. In the Italian genotype this was accompanied by a higher value of G over the
diurnal period, indicating that there would have been a greater flux of CO, from the atmosphere to the
inside of the leaf. This is further supported by the lower value of the estimated limitation on A by
stomata (Diurumit) exhibited in this genotype, with the potential A over the diurnal period calculated
from the A/Q response curves measured under conditions most favourable for photosynthesis, with
theoretically maximised Rubisco activation and with no limitation on A imposed by stomata (Parsons et
al, 1998). Interestingly in contrast to the Italian genotypes, the lower G levels observed in the small
leaved genotypes (Spanish and French), indicate the possibility of a greater limitation in the flux of CO,
to the site of carboxylation, although this was not consistent with no change observed in Vimayx. This is
interesting to note, as the estimations of diurnal limitations on photosynthesis (Diuriimit) would indicate
that these genoptypes have a greater limitation imposed on them by stomatal conductance. However,
the limitation in A estimated from the diurnal measurements and A/Q curves were not coordinated with
the limitation in A estimated from the A/G; curves (ACiumit), with the small leaved genotypes exhibiting
the lowest levels of ACiLmit but the highest Diuriimit, suggesting that over the diurnal period all plants,
even under well-watered conditions, will balance the need for CO, uptake with the need to reduce
water loss, depending on the current needs of the plant (Casson and Hetherington, 2010). The higher
limitation of A along with the lower g, values over the diurnal period observed in the small leaved
genotypes, may indicate a water saving strategy that potentially balances CO, uptake and water loss
over the diurnal period to optimize the current needs of the plant, as revealed by the higher diurnal W,
in small-leaved genotypes (Lawson and Blatt, 2014; McAusland et al, 2016). Certainly, in areas where
drought might be a constant constraint on performance, often maintaining water status is far more
important than carbon gain, and as such represents a priority signal to which the plant must respond
(Lawson and Morison, 2004; Lawson et al, 2010; Aasamaa and Soéber, 2011). The high g; response shown
by the Italian genotype over the diurnal period potentially maximizes carbon capture, as highlighted by

the lowest value of Diurimit, but this also leads to a reduction in Wi. This corresponds strongly with the
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conditions at the origin site, where there is little limitation by water availability due to high precipitation
levels and therefore no need to reduce stomatal aperture to conserve water (Hetherington and
Woodward, 2003; Lawson and Blatt 2014), and with origin site air temperatures being high, there is a
requirement to open stomata to maximize evaporative cooling (Caird et al, 2007; Hills et al, 2012;

Schymanski et al, 2013).

The time taken to increase or decrease stomatal conductance (gs) to changes in environmental
conditions plays a critical role in maximising carbon gain and conserving water (Cowan and Farquhar,
1977; Lawson et al, 2010; Vico et al, 2011; Lawson and Blatt, 2014), with considerable variation
observed between species depending on growth environment and anatomy (Allen and Pearcy, 2000;
Ooba and Takahashi, 2003; Vico et al, 2011; Drake et al, 2013; McAusland et al, 2016). Slower stomatal
movement can often limit CO, diffusion for photosynthesis (Barradas et al, 1998; Barradas and Jones,
1996; Lawson et al, 1998; Kaiser and Kappen 2000; Vico et al, 2011), whilst faster responses and higher
gs can maximize carbon gain but at the expense of water use efficiency through increased transpiration
(Barradas et al, 1994; Naumburg and Ellsworth, 2000; Lebaudy et al, 2008; McAusland et al, 2016).
Considerable variation in the time taken for stomata to open or close to a step change in PPFD was
observed between genotypes, with all genotypes taking longer to increase g, than to decrease g, which
is consistent with the theory that plants prioritise conservation of water over carbon gain (Ooba and
Takahashi, 2003). Both the magnitude and rapidity of gs response to a step change in PPFD differed
between genotypes, primarily when grouped by leaf phenotype. Small leaved genotypes demonstrated
the slowest g responses, which corresponded with them exhibiting the largest magnitude of change in
gs between steady state measurements. In contrast to the opening response, there was no relationship
between the speed of stomatal closure and the magnitude of change in g.. In fact, it has been
hypothesised that the Spanish and French genotypes have developed smaller leaves to reduce total leaf
surface area as an adaptation to drought conditions in their native environment (Viger et al, 2016). The
slower g response by the Spanish and French genotypes may represent a negative impact on carbon
gain but would reduce the chance of drought at the whole plant level (Meinzer and Grantz, 1990;
Knapp, 1993), therefore benefitting genotypes adapted to environments more susceptible to drought
(Hetherington and Woodward, 2003). The consequences for this adaptation are highlighted in the
diurnal measurements, with the small leaved genotypes (Spanish and French) demonstrating the highest
values of Wi and of the limitation in A imposed by stomata (Diurumit), signifying that the speed of
stomatal responses to perturbations in light is critical in determining CO, uptake and (as seen in the
small leaved genotypes) water use efficiency over the course of the day (McAusland et al, 2016; Vialet-

Chabrand et al, 2016).
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Stomatal density has been shown to increase with increasing growth light intensity (Gay and hurd, 1975)
and is related to maximising CO, diffusion for carbon assimilation, nutrient uptake and evaporative
cooling (Schymanski et al, 2013). No major differences in stomatal index or pore area were observed
between genotypes, indicating the lower values of gsmax Observed in the small leaved genotypes was
driven by stomatal density (Dow et al, 2014). The lower values of SD seen in the small leaved genotypes
were consistent with the lower g; values observed during the diurnal measurements compared with the
Italian genotypes, which is consistent with the knowledge that growth light environment strongly
influences these factors (Willmer and Fricker, 1996; Hetherington and Woodward, 2003; Franks and
Beerling, 2009). However, these results do not correlate with the assumption that stomatal density
increases with growth light, which may be due to other environmental factors playing a role during
development, such as water availability (Gay and Hurd, 1975; Hetherington and Woodward, 2003;
Lawson and Blatt, 2014), and CO, concentration (Tricker et al, 2005). It should also be noted that most
of these studies have been carried out on annuals or crop species, and therefore may not be
comparable to work on Populus nigra. The German and Netherlands genotypes also demonstrated
lower g; over the diurnal despite higher SD, which was unexpected but may be due to differences in
guard cell signalling, light use efficiency, and other adaptive mechanisms (Chazdon and Pearcy, 1991;

Kulheim et al, 2002; Bailey et al, 2004; Lawson et al, 2010; Drake et al, 2013).

It has been reported that higher stomatal densities promote more rapid g; responses to changing light
intensity (Drake et al, 2013; Franks and Farquhar, 2007; McAusland et al, 2016), which is consistent with
the results shown here, as the higher stomatal densities observed in all individual plants was strongly
correlated with the time constant for stomatal opening (t). Intrinsic water use efficiency (W) decreased
with an increase in SD which was expected, as the greater magnitude in gs promoted by higher SD did
not necessarily come with a proportional increase in A. Interestingly, there was a trend toward slower
time constants for stomatal opening (ti) correlating with higher W, with the small leaved genotypes
exhibiting slower response times, higher Wi and demonstrating the highest values of stomatal limitation
over the diurnal period. This is interesting to note as it has been theorised that slower stomatal opening
responses are an adaptive mechanism in plants to reduce water loss and maintain leaf turgor (Lawson
and Morison, 2004; McAusland et al, 2013, 2016) when facing conditions that may be water limited,
again highlighting the strategy of prioritising water conservation over carbon gain in these genotypes

(Lawson and Morison, 2004; Lawson et al, 2010; Aasamaa and Séber, 2011).
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3.5. Main conclusions

In this chapter, natural variation in stomatal response to light was examined in a European Populus
nigra population, to highlight differences in intra-specific photosynthetic and stomatal response and it’s

impact on water use efficiency.

e Significant differences in the time taken for stomata to open to a step increase in light were
observed between genotypes. The fastest rates were observed in the large leaved genotypes,
which exhibited higher stomatal densities, suggesting the large leaved genotypes exhibit an
adaptive mechanism to increase CO; uptake by maximizing stomatal conductance when
conditions are ideal. Whilst the small leaved genotypes, that displayed the slowest rates of
stomatal opening, lowest stomatal densities and were adapted to drier, high temperature

environments, prioritize the conservation of water over the need for carbon gain.

e |nall genotypes, an increase in stomatal density was positively correlated with faster g
responses to an increase in light, and negatively correlated with intrinsic water use efficiency
(W) over the diurnal period. This led to the observation that slower gs response times to an
increase in light lead to higher W; over the diurnal period. In fact, time constants for stomatal
opening were greater than for closure in all genotypes, supporting observations in previous
studies on crops that indicate a greater prioritization of conserving water over the need for

greater carbon gain, by maintaining stomatal closure for longer.

e Over the diurnal period small leaved genotypes displayed higher levels of intrinsic water use
efficiency (W), driven largely by lower levels of stomatal conductance (gs) compared to large
leaved genotypes. This would indicate that small leaved genotypes prioritize water
conservation, however, as net CO; assimilation rates were comparable to the other genotypes,
it would suggest that small leaved genotypes are able to change this priority to maintain high

levels of carbon assimilation, depending on the current needs of the plant.

e Stomatal limitation of carbon assimilation estimated over the diurnal period was found to be
higher in small leaved genotypes, which positively correlates with limitation in A estimated from
the A/C; response curves. This again suggests that the small leaved genotypes will prioritize
water conservation over carbon gain even under well-watered conditions, by maintaining lower

levels of stomatal conductance.
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CHAPTER 4

Acclimation to growth light intensity impacts
stomatal response, photosynthesis and water use
efficiency in Populus nigra

61



Transition Statement

In chapter 3, it was shown that considerable natural variation in stomatal and photosynthetic response
exists with a European population of the model tree species Populus nigra. This population displayed
large differences in the speed and magnitude of g; response to instantaneous steps in light intensity and
in behaviour over the diurnal period, greatly impacting photosynthesis and therefore water use
efficiency. The diversity in adaptation observed in these genotypes to different native growth
environmental conditions, highlights the need to consider the impact of different acclimation states on
stomatal function and response. The majority of studies focused on growth light intensity have either

been undertaken under constant light conditions, or on crops in an aim to investigate plant productivity.

In this chapter, assessment of the impact of growth light intensity on stomatal and photosynthetic
acclimation in Populus nigra, was undertaken under dynamic light conditions on the roof at the
University of Essex. This was in an attempt to characterize stomatal acclimation to growth light intensity

under a real light environment, and investigate the impact on photosynthesis and water use efficiency.
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4.1. Introduction

In nature, plants are subject to changes in light intensity that vary over the course of seconds, minutes,
hours, days and during the entire growth period (Assmann and Wang, 2001), with the intensity of
growth light impacting stomatal morphology and by extension the steady state values of stomatal
conductance (gs) (Franks and Farquhar, 2001; Schluter et al, 2003). Furthermore, stomatal anatomical
characteristics, functional response, and behaviour are constantly adapting to changes in the light
environment that plants experience through development (Pearcy, 2007; Alter et al, 2012), and as light
is the main environmental driver of stomatal response and photosynthesis, it impacts dynamics of water

use efficiency (Lawson and Blatt, 2014).

It is well known plants acclimate to differences in growth light intensity, with plants subject to higher
light intensities often developing thicker leaves (Givnish, 1988; Evans and Poorter, 2001), higher
photosynthetic rates per leaf area (Terashima et al, 2006), changes in biochemistry and morphology
(Givnish, 1988; Weston et al, 2000; Bailey et al, 2001, 2004), and increases in stomatal density (Gay and
Hurd, 1975; Hetherington and Woodward, 2003; Alter et al, 2012). Stomatal anatomy increases and
decreases in response to changes in growth environment (Casson and Hetherington, 2010), with
stomatal density often changing between leaves on the same plant, with mature leaves systemically
signaling to developing leaves as conditions change through growth and development (Lake et al, 2001).
Although many studies have shown that stomatal density changes with growth light intensity (Gay and
Hurd, 1975), it is still unknown if and how stomatal function acclimates to growth light intensity
especially under a dynamic growth light regime. The bulk of studies that have investigated stomatal
acclimation to changes in light intensity, have done so on plants that have evolved in forest understory
conditions (Chazdon and Pearcy, 1991; Tinoco-Ojanguren and Pearcy, 1993; Pearcy, 1994), or have
revealed how these conditions impact stomatal anatomy (Knapp and Smith, 1987; 1988). As a
consequence, acclimation of the functional response of stomata, both temporally and diurnally, has
largely been overlooked (Lawson and Blatt, 2014), which fundamentally can have a profound impact on

photosynthesis and water use efficiency, and the estimation of these parameters in predictive models.

Leaves experience short and long-term fluctuations in light intensity to which stomata respond, with the
temporal response of stomatal conductance (gs) to these fluctuations, termed sunflecks, known to vary
between species (Ooba and Takahashi, 2003; Vico et al, 2011; McAusland et al, 2016). In Chapter 3, |
demonstrated how the temporal response varies within species that have developmentally acclimated

to different environments. However, little is known about how changes in growth light intensity can
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affect stomatal responses to sunflecks, at different light intensities and at different times of the day.
Diurnal variation in stomatal behaviour and sensitivity to changes in light have been reported
(Mencuccini et al, 2000; Tallman, 2004), and it has been highlighted that at certain times of the day g;
may restrict net CO, assimilation (A) (Mencuccini et al, 2000; Poorter et al, 2016). Furthermore, stomatal
acclimation to differences in growth light intensity will potentially influence the magnitude and
temporal dynamics of gs and A over the diurnal period, impacting daily patterns of photosynthesis and

water use efficiency (Lawson and Blatt, 2014; Raven, 2014).

It is often shown that changes in stomatal traits, particularly stomatal density, can greatly impact
intrinsic water use efficiency (W;) (Franks and Farquhar, 2007; Drake et al, 2013), however it is often the
speed of g; response at any given time point and over the diurnal period that is critical for carbon
assimilation and water use (Kirschbaum and Pearcy, 1988; Lawson et al, 2010; McAusland et al, 2016).
Despite this, little attention has been given to how stomatal behaviour acclimates to growth light, both
in magnitude of g; and the rate of response, and the impact this has on photosynthesis and water use.
In order to assess the impact of growth light intensity on the kinetics and diurnal responses of stomatal
conductance (gs), and the impact on photosynthesis (A) and intrinsic water use efficiency (W), bare root
Populus nigra subsp. Betulifolia trees were grown on the roof at University of Essex under shade
structures which reduced the light to 60 and 20% below that of ambient levels. As these plants were
grown on the roof, they were still subject to natural fluctuations in light so any acclimation that
occurred would be due to the average light intensity rather than any changes in the dynamics of growth

light.

The aim of this chapter was to identify the impact of growth light intensity on the acclimation of
stomatal conductance (gs) response and behavior over the diurnal period. This was assessed via the
response of g to step changes in light at different intensities and at different times of the day, along
with the measurement of gs over a constant diurnal period. This was further evaluated by considering
the impact changes in g response would have on carbon gain and intrinsic water use efficiency, the
identification of which may lead to improved understanding of the dynamics of daily water use
efficiency and how plants acclimate, both developmentally and dynamically, to differences in their

growth light environment.
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4.2. Materials and Methods

This section outlines methods specific to this chapter and modifications made to protocols outlined in

Chapter 2 — “Materials and Methods”.

4.2.1. Plant material and growth conditions

Growth structures were built large enough to contain nine bare root trees, and covered in neutral
density mesh to create growth light conditions approximately 60% and 20% that of ambient (Fig. 4.1).
Measurements of photosynthetic photon flux density (PPFD) were periodically made throughout growth

to make sure relative light levels were maintained under the mesh structures (Table. 4.1).

Table 4.1. Photosynthetic photon flux density (PPFD) measurements taken at ambient conditions and
under the two shade covers. Six measurements per light treatment were taken weekly to make sure the
light levels relative to ambient conditions remained the same under the shade covers during growth.

Light - PPFD

(% of Ambient)
Date Ambient P60 P20
31-May 180+2.2 96.8+0.6 (54) 40.3%0.6 (22)
07-June 1706.7+9.1 1033.4+11.9 (61)  391.1%5.2 (23)
14-June 323.842.8 203.5+2.1 (63) 68.3£0.9 (21)
21-June 448.9+3.9 280.9+3.0 (62) 91.3%1.1 (20)
28-June 1621.2+7.6 987.5+7.5 (61) 352.1+4.2 (22)
05-July 446.4+4.3 293.1+3.6 (66) 92+1.7 (21)
12-July 1443.6212.6 855.3+5.2 (59) 274.9+1.6 (19)
19-July 1835.7+8.4 1096.1+3.3 (60)  358.6%2.1 (20)
26-July 1150.2+11.2 677.1£7.2 (59) 231.2+3.7 (20)
02-August 489.7+4.1 295.6+3.9 (60) 98.5+1.6 (20)
Mean % (of 100 60.3 20.7
ambient)

Bare root Populus nigra subsp. betulifolia plants were selected for this chapter as they are native to the

UK, and represent a continuation of the species selected in chapter 3. They were planted directly in 15L
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pots in Westland John Innes no.2 soil (Westland Horticulture, Dungannon, Northern Ireland) with
rooting compound, and moved to the roof (University of Essex). Nine plants were placed directly in each
shade structure with a further nine in the open at ambient conditions (Fig. 4.1). Plants were allowed to
grow for four weeks before measurements took place, with the plants spaced at random and

continuously rotated to reduce environmental error effects.
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Figure 4.1. Structures built to create growth light conditions: at ambient under no mesh (A); ca. 60% of
ambient (B); and ca. 20% of ambient (C). Each structure and ambient block held nine plants with minimal
self-shading, with extra plants in ambient conditions in case any plants under any light condition showed
abnormal growth and needed replacing.
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4.2.2. Leaf gas exchange

All gas exchange parameters, including net CO, assimilation (A) and stomatal conductance (gs) were
recorded and cuvette conditions maintained as laid out in Method 2.2, using a Li-Cor 6400XT portable
gas exchange system (Li-Cor, Lincoln, Nebraska, USA). All measurements were taken between 9am and
3pm (to reduce time of day effects) using the youngest, fully expanded leaf, between leaves 5-8 as
shown previously in Chapter 3, Figure 3.3.

4.2.2.1. A/Q (net photosynthetic rate/PPFD) response curves

The response of net CO; assimilation rate (A) to photosynthetic photon flux density (PPFD) was

measured and recorded under cuvette conditions as described in method 2.2.1.

4.2.2.2. A/Ci (net photosynthetic rate/intercellular CO, concentration) response curves

The response of net CO; assimilation rate (A) to intercellular CO, concentration (C;) was measured and

recorded under cuvette conditions as described in method 2.2.2.

4.2.2.3. Temporal response of A and g;

The response of net CO, assimilation rate (A) and stomatal conductance (gs) to a step change in

photosynthetic photon flux density (PPFD), was carried out as described in method 2.2.3.

4.2.2.4. Diurnal measurements

Diurnal gas exchange measurements of net CO, assimilation (A) and stomatal conductance (gs) were

carried out as described in method 2.2.4.

4.2.3. Modelling gas exchange parameters

4.2.3.1. Determination of mass integrated net CO; assimilation

Net CO, assimilation (A) was converted to a mass integrated measurement using leaf mass area (LMA) —

see method 2.3.1.
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4.2.3.2. Estimating photosynthetic capacities

Photosynthetic capacities (Vcmax and Jmax) were estimated from the A/C; response curves using method

2.3.2.

4.2.3.3. Assessing stomatal limitation from A/C; response curves

The hypothetical A that would be obtained if the mesophyll had free access to the CO; in the ambient air
was calculated to quantify the limitation that the combined stomatal and boundary layer conductance
impose on leaf CO, uptake using the method described in section 2.3.3.

4.2.3.4. Modelling net CO; assimilation rates

Net CO, assimilation (A) as a function of light intensity (PPFD) was modelled to simulate the maximum
diurnal variations of A in absence of stomatal limitation under different light intensity conditions. For
methods see 2.3.4.

4.2.3.5. Determining the rapidity of stomatal conductance response

The rapidity of the stomatal response following a step change in light intensity was assessed using

method 2.3.5.

4.2.3.6. Determining the rapidity of net CO; assimilation response

The rapidity of the response of net CO; assimilation following a step change in light intensity was

assessed using method 2.3.6.

4.2.4. Leaf and stomatal characteristics

4.2.4.1. Stomatal anatomical measurements

Stomatal density, pore area, index, ratio and theoretical maximum of stomatal conductance (gsmax) Were

assessed by taking impressions of the surface of the leaf, following method 2.4.1, Chapter 2.
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4.2.4.2. Leaf anatomical measurements

Total leaf area (cm?), dry weight (g), and specific leaf area (SLA, cm?/g), were measured on all poplar
growth treatments and were taken using the youngest, fully expanded leaf, between leaves 5-8 as

shown in Figure 3.3, Chapter 3.

4.2.4.3. Leaf optical properties

Measurements of transmittance and reflectance for each leaf was used to calculate absorbance,

transmittance, and reflectance, and were measured on the youngest, fully expanded leaf, between

leaves 5-8 as shown in Figure 3.3, Chapter 3. For method see 2.4.3.
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4.3. Results

4.3.1. Photosynthetic response to photosynthetic photon flux density (PPFD)

The response of net CO; assimilation rate (A) as a function of photosynthetic photon flux density (PPFD)
(Q) (A/Q curves, Fig. 4.2) was measured on poplar trees subjected to the three growth light treatments,
to investigate differences in photosynthetic potential. Similar values of A at PPFDs below 400 pmol m?2 s~
! were observed between all treatments (Fig. 4.2A), whereas at PPFD above this level there were
noticeable differences in A between treatments, with plants grown at ambient conditions exhibiting
higher A than the other treatments at all light levels above 500 PPFD. Plants grown at P60 (60% that of
ambient) showed higher values of A than plants grown at P20 (20% that of ambient) at all light levels
from 900 PPFD and above. At saturating light (ca. 1500 umol m2 s?), As.: was found to be significantly
higher (P<0.05) in plants grown in ambient conditions compared to the other two treatments, with A
also significantly higher (P<0.05) in P60 grown plants compared with P20 (Fig. 4.2C). To take into
consideration photosynthesis per unit leaf volume, A was integrated by mass of dry leaf (Amass)
calculated from measurements of leaf mass area (LMA), to highlight the impact of leaf thickness on
measurements of A. Anmass Was found to be similar between treatments throughout the A/Q curve (Fig.
4.2B), although at saturating PPFD Apmass-sat Was significantly higher (P<0.05) in P60 grown plants
compared to P20 (Fig. 4.2D). At low PPFD levels (ca. 200 pmol m?2 s; A,p) there was no significant
difference between treatments (Fig. 4.2E), but when integrated by leaf dry mass (Amass200) both P60 and
P20 treatments displayed significantly higher A (P<0.05) then plants grown at ambient conditions (Fig.
4.2F).

4.3.2. Leaf size and absorbance properties

Leaf area was measured on fully expanded mature leaves and was significantly higher (P<0.05) in plants
grown under P20 conditions compared to the other two treatments with values ranging from ca. 80 cm?
(P20) to ca. 44 cm? (Amb), with P60 grown plants also displaying significantly higher (P<0.05) areas than
those grown at ambient conditions (Fig. 4.3A). Similar differences were found for leaf dry weight, with
P20 grown plants showing significantly higher (P<0.05) values of dry weight than those grown at
ambient conditions (Fig. 4.3B). The differences observed in leaf area and leaf dry weight led to
significant differences in specific leaf area (SLA) (Fig. 4.3C), with P20 grown plants exhibiting significantly
higher (P<0.05) specific leaf areas than those grown under the other two treatments, and P60 grown

plants displaying significantly higher (P<0.05) values than those grown under ambient conditions.
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Figure 4.2. Photosynthesis as a function of light intensity (PPFD) for the three Poplar light treatments:
Ambient (Orange); P60 (Green); P20 (Black). Net CO, assimilation on an area basis (A; A); relative to leaf
mass (Amass; B); light saturated rate of photosynthesis (Ast) on an area (C) and mass (D) basis;
Photosynthesis at 200 PPFD (A200) on an area (E) and mass (F) basis. Error bars represent mean = SE. n =
5-6. Letters represent the results of Tukey's post-hoc comparisons of group means.
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Figure 4.3. Leaf and Optical properties of the three Poplar light treatments; Ambient (Orange); P60
(Green); P20 (Black). Leaf area (A); Dry weight (B); Specific leaf area (SLA, C); Absorbance (D); reflectance
(E); and transmittance (F) are shown. Error bars represent mean + SE. n = 6. Letters represent the results
of Tukey's post-hoc comparisons of group means.
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Plants grown under ambient light conditions (Amb) displayed significantly higher (P<0.05) values of leaf
light absorption than those grown under the other two treatments (Fig. 4.3D). No significant differences
were found between treatments for reflectance (Fig. 4.3E), although the higher values of absorbance in
plants grown under ambient conditions led to a significantly lower (P<0.05) transmittance in these

plants (Fig. 4.3F).

4.3.3. Variation in photosynthetic capacity between growth light treatments

Net CO, assimilation rate (A) measured as a function of intercellular CO, (C)) on an area basis, was higher
in plants grown under ambient conditions compared with the other two treatments at all atmospheric
CO;, concentrations ([CO,]) above 200 ppm (Fig. 4.4A). Plants grown at P60 also displayed higher A than
P20 at all [CO,] concentrations above this level. Interestingly, when integrated by mass (Amqss) there was
no difference between the three growth light treatments at any [CO,] (Fig. 4.4B). Values of light and CO,
saturated rates of photosynthesis (Amax) Were significantly higher (P<0.05) in plants grown under
ambient light conditions compared to the other two treatments (Fig. 4.4C), with the P60 grown plants
also displaying significantly higher (P<0.05) rates than those grown under P20. When light and CO,
saturated rates of A are integrated by mass (Amass-max) there is seen to be no difference between growth
light treatments (Fig. 4.4D). Values of light saturated rates of A at a CO; concentration of 400 ppm seen
in the A/C; curves (As00) were similar to light saturated rates observed in the A/Q analyses (Fig. 4.2),
where plants grown under ambient conditions displayed significantly higher (P<0.05) values of A4 than
those grown under the other light treatments (Fig. 4.4E). As observed with the Apass-max Values, no
differences in the values of light saturated rates of A at 400 ppm when integrated by mass (Amassa00)
were observed (Fig. 4.4F). Differences in the maximum rate of carboxylation by Rubisco (Vimax) and the
maximum electron transport rate for RuBP regeneration (Jmax) Were found between treatments (Table
4.2). Plants grown under ambient conditions were found to have significantly higher (P<0.05) Vemax than
P20 grown plants with values ranging from 108.2 umol m2 s (Amb) to 77.3 pmol m?2 s (P20), and
significantly higher (P<0.05) Jmax than both the P60 and P20 treatments, values ranging from 161.1 umol
m2s?t(Amb) to 124.1 (P60) and 109.1 umol m2 s (P20).
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Figure 4.4. Photosynthesis as a function of intercellular CO, concentration (C) for the three Poplar light
treatments; Ambient (Orange); P60 (Green); P20 (Black). Net CO, assimilation on an area basis (A4; A);
relative to leaf mass (Amass; B); light and CO; saturated rate of photosynthesis (Amax) On an area (C); and
mass (D) basis; Light saturated Photosynthesis at ambient atmospheric CO, (400 ppm; Asgo) on an area (E)
and mass (F) basis. Error bars represent mean * SE. n = 5-6. Letters represent the results of Tukey's post-
hoc comparisons of group means.



Table 4.2. Photosynthetic parameters (Vcmax and Jmax) estimated from the response of A to G of the three
Poplar light treatments. Mean * SE. Letters represent the results of Tukey's post-hoc comparisons of group
means.

Treatment VCmax Jmax

Amb 108.2+5.12% 161.1+6.7°

P60 91.5+4.82b 124.1+5P

P20 77.3+4.2b 109.1+3.7°
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Figure 4.5. Estimation of the limitation (AClimit) placed on net CO, assimilation by stomata and leaf
boundary layer (A), calculated from the A/C;response curves (Fig. 4.4), represented as the percentage (%)
loss in A enforced by this limitation (ACiumit). Also shown is the intercellular CO, concentration (C) at a
reference CO, of 400 ppm during the A/C;response curves (B). Error bars represent mean * SE. n = 5-6.
Letters represent the results of Tukey's post-hoc comparisons of group means.

4.3.4. Limitation of CO; uptake (A) imposed by stomata conductance

A/C; curves were used to estimate the limitation imposed on A by stomata (and the leaf boundary layer),
assuming hypothetically that A could be increased if the mesophyll had free access to CO, in ambient air
(therefore; intracellular CO (Ci) = ambient CO, (C,)) (Farquhar and Sharkey, 1982). No differences in the

limitation of A by stomata (and leaf boundary layer) as calculated from the A/C; analyses (ACiumit) were
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observed between growth light treatments (Fig. 4.5A). Despite this, plants grown under ambient light
conditions (Amb) exhibited significantly lower (P<0.05) values of intracellular CO, concentration (C;) than
those grown under P20 conditions (Fig. 4.5B), with P60 also displaying higher values of C; than Amb

though not to a significant level.

4.3.5. Diurnal responses of gs, A, and Wi, to a fluctuating pattern of light

To investigate stomatal and photosynthetic response over the diurnal period, and the implications for
diurnal intrinsic water use efficiency, plants from the three growth light treatments were subjected to a
diurnal fluctuating light regime (see FLH; Figure 2.1). Gas exchange parameters were measured
continuously over the diurnal period, including: stomatal conductance (gs; Fig. 4.6A), net CO,
assimilation (A; Fig. 4.6B), and intercellular CO, concentration (C;; Fig. 4.6C), with intrinsic water use
efficiency (W;; Fig. 4.6D) calculated from the values of A and gs (Wi = A/gs). In general, the pattern of g
response over the diurnal period was similar between growth light treatments. However, plants grown
under ambient light conditions displayed higher magnitudes of the g, response than the other
treatments, reaching a peak value of gs of ca. 0.48 mol m?2 s, whilst the P60 and P20 grown plants
reached peaks of 0.37 and 0.32 mol m?2 s respectively (Fig. 4.6A). The pattern in the response of net
photosynthesis (A) was similar between growth treatments, though ambient grown plants (Amb)
displayed higher peaks of A during the diurnal than the other two treatments (Fig. 4.6B), with peak
values of A ranging from ca. 27 umol m2 s’ for ambient grown plants, to ca. 19 and 15 pmol m?2 s for
the P60 and P20 grown plants respectively. Regarding the response of intercellular CO; concentration
(G) there was no noticeable difference between treatments (Fig. 4.6C), with all plants displaying similar
values of C; throughout the diurnal measurement. W; (measured as A/gs) was similar between
treatments for most of the diurnal period (Fig. 4.6D), however, towards the end of the measurement
(ca. 9-12 h into the diurnal) P20 grown plants displayed higher levels of W; than both the P60 and Amb,
with the P60 also showing higher values of W, than the Amb grown plants during this period of the
diurnal (Fig. 4.6D). In the P20 grown plants the higher values of W; observed during this time of the
diurnal, were largely driven by the lower values of g; (Fig. 4.6A), as A (Fig. 4.6B) was similar between all

treatments at this time of the measurement.

Stomatal conductance (g;), net CO; assimilation (A), and intrinsic water use efficiency (W;) were
integrated over the whole 12h day period to further characterize and investigate levels of total daily gs,
A, and Wi, (Fig. 4.7). Plants grown under ambient light conditions displayed higher values of A integrated

over a 12-hour period than plants grown under P60 and P20 conditions (Fig. 4.7A), with significant
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differences (P<0.05) observed between the Amb and P20 plants. Ambient grown plants also exhibited
significantly higher (P<0.05) values of g, integrated over the diurnal period than plants grown under P20
conditions (Fig. 4.7B), though no differences were observed between P60 and P20 treatments. The
similarity in the differences of daily A and gs between growth treatments led to there being no
significant differences in integrated daily W; (Fig. 4.7C). However, it should be noted that W; was slightly
higher in P20 grown plants than P60 and Amb, which may be driven by the higher W; observed in the
P20 plants at the end of the diurnal period (Fig. 4.6D).
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Figure 4.6. Diurnal measurements of gas exchange of stomatal conductance (gs, A); net CO; assimilation
(A; B); internal CO, concentration (G, C); and intrinsic water use efficiency (W;, D) for the three Poplar light
treatments. Error ribbons represent mean * SE. n = 4-6.
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Figure 4.7. Integrated total daily net CO; assimilation (A; A); stomatal conductance (gs; B); and intrinsic
water use efficiency (W;; C), calculated from the diurnal measurements (Fig. 4.7) for the three Poplar light
treatments. Error ribbons represent mean + SE. n = 4-6. Letters represent the results of Tukey's post-hoc
comparisons of group means.

4.3.6. Limitation of diurnal photosynthesis imposed by stomata

To investigate the potential limitation of net CO, assimilation (A) during the diurnal period (Diuriimit), A
was predicted from the A/Q response curves (Fig. 4.2) assuming no stomatal limitation, and a maximized
activation of the photosynthetic biochemistry. During the first 2-3 hours of the diurnal regime, all
treatments reached the predicted values of A (Fig. 4.8). However, over the course of the rest of the
diurnal measurement there was a tendency, especially at higher light levels, for observed values of A to
be lower than those predicted from the A/Q response curves. Differences between expected and
observed values of A integrated over the day were lowest for plants grown under ambient conditions
(Amb) and highest for P20 grown plants, with values ranging from 10.1% (Amb) to 14.7% (P20).
Interestingly, later in the day (ca. 9-12 h into the diurnal) plants grown under P20 conditions displayed a
tendency to reach predicted values of A, whilst those grown under P60 and Amb conditions failed to
reach these values (Fig. 4.8). A positive correlation was observed between the limitation of A estimated
from the A/C analysis (ACiumit) and the limitation of A over the diurnal period estimated from the A/Q
analysis (Diuriimit), with all treatments following this trend (Fig. 4.9A). This highlights that the limitation
imposed by stomata (and any potential leaf boundary layer affect) is conserved between methods and
under varying environmental responses. These data shows that when grown under low light conditions
(P20) there is a trend toward greater stomatal limitation of A, as observed with the P20 grown plants

exhibiting higher values of Diuriimit and ACimit (Fig. 4.9A). When comparing Diurimit to the diurnal W;
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over the same time period, there is a noticeable trend toward plants that display higher values of

Diurimit also showing higher values of W; (Fig. 4.9B), this is highlighted by the fact that plants grown

under ambient conditions (Amb) exhibited the lowest values of Diurimit and W..
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Figure 4.8. Diurnal measurements of observed net CO, assimilation (black line) and predicted net CO,
assimilation modelled from the A/Q response curves (red dashed line) for the three Poplar light
treatments. Percentage figure is the difference between observed and modeled values representing a loss
in A through limitations in stomata, leaf boundary layer and biochemistry (Diuriimit). h = 4-6.

A
y=11+0.67-x, ’=0.314
20
S
E /)
=
o 10
® Amb
® P60
® P20
0 T T .
0 10 20 30

ACiLimit (%)

B

W; (umol mol™" Day™")

1000

800 1

600 1

400+

200 1

¥ =10+0.0043-x, r’=0.0197

10 20
Diurimit (%)

Figure 4.9. Correlation between the estimation of the limitation placed on net CO; assimilation by stomata
and leaf boundary layer, calculated from the A/C; response curves (ACiumt, Fig. 4.6) and the diurnal
measurements (Diurumit, Fig. 4.8) (A). Correlation between the limitation (Diurumit) and daily intrinsic water
use efficiency (W) during the diurnal (B). Each data point represents an individual plant. Filled areas
highlight each light treatment, whilst the black dotted line represents the trend in the data for all

individuals.
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4.3.7. Response of gs and A to step changes at different PPFDs

To assess the impact of growth light intensity on stomatal responses, leaves were subjected to step
increases in PPFD (Low; 50-250 pmol m2 s, Mid; 100-1000 pmol m? s, and High; 500-1500 umol m? s
1) followed by corresponding step decreases (Low; 250-50 pmol m?2 s, Mid; 1000-100 pmol m?2s?, and
High; 1500-500 umol m2 s1), with the effect on A and gs measured (Fig. 4.10). No differences in the
response of g to a step increase in PPFD at Low light intensities (50-250 pmol m? s) were observed
between growth light treatments (Fig. 4.10A). Following a step increase in PPFD at Mid levels (100-1000
umol m2s?) all three treatments reached a new plateau of gs within 90 min after the increase in light,
whilst all treatments failed to reach a new plateau of gs within 90 min when subjected to an increase in
PPFD at High light levels (500-1500 umol m2 s%) (Fig. 4.10A). Following the increase in PPFD a near
instantaneous increase in A was observed in contrast with the slow initial increase in gs in all growth
light treatments, and at all step light intensities (Fig. 4.10B). In all treatments and during all three light
intensity steps, gs continued to increase despite the fact that A had reached a new steady state, this led
to a continuous decrease in W; through the 90 min measurement in all growth treatments and during all
three light intensity steps (Fig. 4.10C). Despite all treatments displaying an uncoordinated temporal
response of A and g,, final values of A and gs were strongly correlated during all three light intensity
steps (Fig. 4.10A and B). This was particularly true for the High intensity step where plants grown under
ambient conditions (Amb) exhibited the highest values of A and g, whilst the P20 plants displayed the
lowest values of both parameters. W; was largely unchanged between each light step and between each
growth light treatment, although there was a tendency toward P20 and P60 grown plants to display
slightly higher values of W; than those grown under ambient conditions (Amb), especially during the Mid
light step where W; was ca. 30% greater in plants grown under P20 and P60 conditions during the first
30 min of the step increase in light (Fig. 4.10C). In all treatments, during the step decrease in light final
values of g increased with an increase in the intensity of the light step (Fig. 4.11), with those subjected
to a decrease in PPFD from 1500 to 500 pmol m2 s displaying higher final values of g; than those
subject to a decrease from 250 to 50 umol m2 s, When subjected to a decrease in PPFD at Low light
levels all treatments displayed similar responses, with P20 grown plants exhibiting the lowest final
values of g; (Fig. 4.11A). However, when exposed to decreases in PPFD at Mid and High light levels
differences in gs between treatments were more distinct, with plants grown under Amb conditions
displaying the highest values of gs and those grown under P20 conditions the lowest values (Fig. 4.11B

and C).
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Figure 4.10. Temporal response of stomatal conductance (gs, A), net CO; assimilation (A, B), and intrinsic
water use efficiency (W, C), to step increases in light intensity (50-250; 100-1000; and 500 to 1500 pmol
m2 s PPFD) for the three Poplar light treatments. Gas exchange parameters (gs and A) were recorded at
20s intervals, leaf temperature maintained at 25°C, and leaf VPD at 1 + 0.2 KPa. Error ribbons represent
mean * SE. n = 4-6.
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Figure 4.11. Temporal response of stomatal conductance (gs) to step decreases in light intensity (250-50
PPFD; A), (1000-100 PPFD; B), (1500 to 500 PPFD; C) for the three Poplar light treatments. Gas exchange
parameters (gs, and A) were recorded at 20s intervals, leaf temperature maintained at 25°C, and leaf VPD
at 1+ 0.2 KPa. Error ribbons represent mean £ SE. n = 4-6.

4.3.8. Speed of g; response to step changes at different PPFDs

Stomatal responses to a step increase in PPFD were used to determine the influence of growth light
intensity on the speed of g; response when subjected to different light intensity steps (Low; 50-250
umol m2 s, Mid; 100-1000 pmol m2 s, and High; 500-1500 umol m% s?). Time constants for stomatal
opening (1, Fig. 4.12A) in response to a step increase in Low PPFD were significantly lower (P<0.05) in
P60 grown plants compared with the other two treatments, with those grown under ambient conditions
displaying the slowest responses. The slower response observed in Amb grown plants remained when
subjected to a step increase in Mid PPFD, however the P20 grown plants exhibited significantly (P<0.05)
faster responses in gs than the other two treatments during this step (Fig. 4.12A). During a step increase
at High PPFD, it was revealed that the Amb grown plants had the fastest gs response, whilst the P60
grown plants displayed the slowest. In contrast to stomatal opening, time constants for stomatal closure
(t4) were similar for all three treatments during step changes at Low and High light intensities (Fig.
4.12B). During decreases in light at Mid PPFD, P20 grown plants revealed significantly faster (P<0.05) g
responses than P60 and Amb treatments, although at High PPFD P20 plants were found to decrease gs

significantly slower (P<0.05) than the other two treatments.

The time constants for light saturated rates of carbon assimilation at each PPFD level (., Fig. 4.12C)
were determined from the temporal response data (Fig. 4.10), along with final values of g; for stomatal
opening (G;, Fig. 4.12D), and stomatal closure (G, Fig. 4.12E), and final values of A (A,, Fig. 4.12F) at each
PPFD following a step change in light.
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Figure 4.12. Time constant for stomatal opening (t;, A), Final values of stomatal conductance after an
increased step change in light intensity (G;, B); time constant for stomatal closure (t4, C), Final values of
stomatal conductance after a decreased step change in light intensity (Gg, D); light saturated rate of
carbon assimilation (T, E) to a step change in light intensity; and saturation of net CO; assimilation (A, F),
at three different light steps (50-250, 100-1000, and 500-1500 umol m?2 s PPFD) for the three Poplar light
treatments: Ambient (Orange); P60 (Green); P20 (Black). Error bars represent 95% confidence intervals.
n=4-6.

Time constants for light saturated A (t,;, Fig. 4.12C) were significantly faster (P<0.05) in P60 grown plants
compared to the other two treatments during Low PPFD steps. Conversely, during Mid PPFD steps in
light P60 grown plants displayed significantly (P<0.05) slower responses of 1, compared to P20 and Amb
grown plants, with P20 presenting the fastest response times. During High PPFD light steps all
treatments displayed similar time constants, although P20 grown plants were found to be significantly

slower (P<0.05) than the other two treatments (Fig. 4.12C). No difference between the three growth
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light treatments was observed in the final gs values following a step increase in light (G;, Fig. 4.12D) at
Low PPFD. At Mid PPFD it was observed that plants grown at Amb conditions displayed significantly
higher values of G; compared to P20 grown plants. The difference in G; between Amb and P20 remained
at High PPFD steps, with P60 also showing significantly higher (P<0.05) G; than P20 grown plants (Fig.
4.12D). Final values of g; following a step decrease in light (Gy; Fig. 4.12E) displayed similar trends to
that of G;in all treatments, irrespective of the PPFD intensity of the step change in light. No differences
in Gy during Low and Mid PPFD step changes were observed between treatments, whilst at High PPFDs
P20 grown plants displayed significantly lower (P<0.05) values of G4 than P60 grown plants (Fig. 4.12E).
No significant differences in the saturated rates of A (Aj; Fig. 4.12F) were observed between treatment
during step changes at Low and Mid PPFDs, although as expected Amb grown plants displayed the
highest values of A; during Mid PPFD steps. However, after a step increase at High PPFD, plants grown at
ambient conditions exhibited the highest values of A; and were significantly higher (P<0.05) than P20

grown plants that in turn displayed the lowest values, which was to be expected.

4.3.9. Response of gs and A to a step change in PPFD as a function of time of day

To assess the impact of growth light intensity on stomatal responses at different times of the day, leaves
were subjected to a step increase in PPFD (100-1000 umol m2 s) followed by a step decrease (1000-
100 pmol m2s?), and the effect on A and gs measured (Fig. 4.13). In the morning period (8-10 am) P60
grown plants reached a new plateau of gs within 90 min after the increase in light (Fig. 4.13A), whilst
both the Amb and P20 treatments failed to reach a new plateau of gs within this timeframe. In the
midday (1-3pm) measurements gs reached a new plateau in all light treatments (Fig. 4.13A), within 90
minutes. In the evening period (6-8pm) P20 and P60 treatments reached a new plateau of gs, whilst the
Amb treatments failed to reach a new plateau of gs within the 90 minutes (Fig. 4.13A). Following the
increase in PPFD to 1000 pmol m?2 s, a near instantaneous increase in A was observed in contrast with
the slow initial increase in g; in all treatments, during the morning and midday measurements (Fig.
4.13B). In the evening, the Amb and P60 grown plants displayed a slow increase in A that was
synchronized with the response of g; at the same time, indicating a potential limitation of A by gs. In all
treatments during the morning and midday measurement times, gs continued to increase despite the
fact that A had reached near steady state levels. Despite all treatments displaying a predominantly
uncoordinated A and gs temporal response, final values of A and g; were strongly correlated, with plants
grown under ambient conditions exhibiting the highest values of g; and A, and P20 grown plants the
lowest values (Fig. 4.13A and B). Intrinsic water use efficiency (W) increased from morning to evening in

all treatments (Fig. 4.13C). This was predominantly driven by the decrease in g values in the evening
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(Fig. 4.13A), which led to lower values of A in all treatments (Fig. 4.13B). W; was consistently higher in
P60 grown plants compared to the other two treatments, at all times of day (Fig. 4.13C). This was mainly
due to the fact that P60 plants displayed gs values comparable to those of the P20 treatment, and values

of A comparable to those of plants grown under ambient conditions that exhibited the highest A values.
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Figure 4.13. Temporal response of stomatal conductance (gs, A), net CO; assimilation (A, B), and intrinsic
water use efficiency (W, C), to a step increase in light intensity (100-1000 umol m2 s PPFD), at different
times of day (Morning, Midday, and Evening) for the three Poplar light treatments. Gas exchange
parameters (gs and A) were recorded at 20s intervals, leaf temperature maintained at 25°C, and leaf VPD
at 1+ 0.2 KPa. Error ribbons represent mean £ SE. n = 4-6.
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In all treatments, final values of gs decreased through the day (morning to evening) when subjected to a
step decrease in PPFD from 1000 to 100 umol m s (Fig. 4.14). In the morning period the highest final
values of g; at 100 PPFD were presented by Amb grown plants, whilst P60 and P20 treatments jointly
displayed the lowest values (Fig. 4.14A), which correlated strongly with the final values of g at 1000
PPFD (Fig. 4.13A). These values were maintained in all treatments during midday measurements (Fig.
4.14B), whilst in the evening period final values of g; were decreased in all treatments (Fig. 4.14C),
though Amb grown plants maintained the highest values of gs with the P60 and P20 grown plants jointly

displaying the lowest values.
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Figure 4.14. Temporal response of stomatal conductance (gs) to a step decrease in light intensity (1000-
100 pmol m2 st PPFD) at different times of day: Morning (A); Midday (B); Evening (C), for the three Poplar
light treatments. Gas exchange parameters (gs, and A) were recorded at 20s intervals, leaf temperature
maintained at 25°C, and leaf VPD at 1 £ 0.2 KPa. Error ribbons represent mean + SE. n = 4-6.

4.3.10. Speed of gs response to a step change in PPFD as a function of time of day

Stomatal responses to a step increase in PPFD were used to determine the influence of acclimation to
growth light regime and intensity on the speed of g; response at different times of the day. Time
constants for stomatal opening (t;, Fig. 4.15A) in response to a step increase in light were significantly
slower (P<0.05) in plants grown under ambient conditions compared with P60 and P20 grown plants
when measured in the morning. Measurements at midday were comparable between all treatments,
however t; increased significantly (P<0.05) in the evening measurements in both Amb and P60 grown
plants, with P20 plants significantly faster (P<0.05) than the other two treatments (Fig. 4.15A). In

contrast to stomatal opening, time constants for stomatal closure (t,) significantly decreased (P<0.05)
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through the day (morning to evening) in all Amb and P20 treatments (Fig. 4.15B), although P60 grown
plants maintained time constants throughout the day. The time constant for stomatal closure (tg) in the
morning was significantly slower (P<0.05) in plants grown under ambient conditions, whilst P60 grown
plants displayed the fastest responses. Conversely, in the evening the fastest responses of stomatal
closure were exhibited by the Amb treatment, with time constants significantly faster (P<0.05) than the
other two treatments (Fig. 4.15B). In general stomatal closure was much faster than stomatal opening in

all treatments, and at all times of the day.

The time constant for light saturated rate of A at 1000 umol m2 s PPFD (ta;, Fig. 4.15C) were
determined from the temporal response data (Figs. 4.13), along with final values of gs at 1000 PPFD for
stomatal opening (G, Fig. 4.15D), stomatal closure (Gg, Fig. 4.15E), and saturated rates of A at 1000
PPFD (A, Fig. 6.10F). Net CO, assimilation was deemed near saturation at 1000 PPFD from analysis of
A/Q curves on the same plants (Fig. 4.2). Time constants for light saturated A (t;, Fig. 4.15C) were
significantly lower (P<0.05) in Amb grown plants compared to P60 and P20 at morning and midday, with
P20 grown plants displaying the highest values, whilst in the evening t,; was significantly higher (P<0.05)
in Amb compared with the other two treatments. The final value of gs at 1000 pmol m?2 s (G, Fig.
4.15D), and following closure when light was reduced from 1000 to 100 pmol m?2 s (G, Fig. 4.15E)
decreased significantly (P<0.05) through the day in all treatments. Final gs at 1000 PPFD (G;) was
significantly higher (P<0.05) in Amb compared with P20 grown plants in the morning and evening, with
Gy also significantly higher in Amb compared with P20 although only during the evening step change in
light (Fig. 4.15E). In general, final values of gs at 100 PPFD (Gy; Fig. 4.15E) displayed similar trends to that
of G;in all treatments, irrespective of the time of day. However, plants grown under ambient conditions
always displayed higher values of Gy than the other two treatments at all times of day, with these values
being significantly higher (P<0.05) than P20 grown plants in the evening. Saturated rates of A at 1000
PPFD (A;; Fig. 4.15F) remained constant from morning to midday in all treatments. In all light treatments
there was a decrease in A; from midday to evening, although this was only significant in P20 grown
plants (P<0.05). Interestingly, a strong correlation was observed in all treatments between the final

value of gs (G;) and A (A;) under 1000 pmol m?2 s PPFD.
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Figure 4.15. Time constant for stomatal opening (t;, A); final values of stomatal conductance after an
increased step change in light intensity (G;, B); time constant for stomatal closure (t4, C); final values of
stomatal conductance after a decreased step change in light intensity (Gg, D); light saturated rate of
carbon assimilation (T, E) to a step change in light intensity; and saturation of net CO, assimilation (A, F),
at different times of day (Morning, Midday, Evening) for the three Poplar light treatments: Ambient
(Orange); P60 (Green); P20 (Black). Error bars represent 95% confidence intervals. n=4-6.

4.3.11. Stomatal anatomy

Significant differences (P<0.05) in abaxial stomatal density (SDas) were observed between all three
growth light treatments (Fig. 4.16A), with plants grown under ambient conditions exhibiting the highest
and P20 the lowest values. Differences in adaxial stomatal density (SDaq) matched those of SDap, With
significant differences observed between all three treatments (Fig. 4.16B). Stomatal index was also

found to be significant between all treatments (P<0.05) (Fig. 4.16C), with Amb displaying the highest

88



values (ca. 16%) and P20 the lowest (ca. 10%). No differences in stomatal ratio between the abaxial and

adaxial surface (Fig. 4.16D), or pore area (Fig. 4.16E) were observed between growth light treatments.

The theoretical maximum of stomatal conductance (gsmax; Fig. 4.16F) was significantly higher (P<0.05) in

plants grown under ambient conditions (Amb) compared with the other two treatments, with P60

grown plants also significantly higher (P<0.05) than the P20. As there was no difference in pore area,

anatomical gsmex Was driven by the large differences observed in stomatal density in all treatments.
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Figure 4.16. Stomatal anatomical characteristics including abaxial stomatal density (SDab; A); adaxial
stomatal density (SDag; B); stomatal index (C); stomatal abaxial:adaxial ratio (D); abaxial stomatal pore
area (E); maximum stomatal conductance (gsmax; F) for the three Poplar light treatments. Error bars
represent mean + SE. n = 10. Letters represent results of Tukey's post-hoc comparisons of group means.
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4.3.12. Impact of stomatal density and speed of response on intrinsic water use efficiency

A negative relationship between abaxial stomatal density (SDab) and daily intrinsic water use efficiency
during the diurnal (W) was observed between treatments (Fig. 4.17), where an increase in SDa, would
lead to a decrease in Wi, as observed by the Amb treatment typically exhibiting higher stomatal
densities and therefore lower Wi. A positive relationship was observed between SDa, and the time
constant for stomatal opening (t;) after a step increase in PPFD from 50 to 250 umol m2 s (Fig. 4.18A),
and from 100 to 1000 pmol m2 s (Fig. 4.18B), with the Amb grown plants exhibiting the highest values
of SDap and the highest values of t; during each light step. Interestingly, this became a strong negative
relationship when SDa, was compared with the values of t; during a step increase in PPFD from 500 to
1500 umol m2 s (Fig. 4.18C), with the Amb grown plants displaying the lowest values of t; during this
light step. There was no discernable relationship between the time constant for stomatal opening (1))
and the daily intrinsic water use efficiency (W) measured from the diurnal measurements. However,
there was a trend toward higher time constants for stomatal opening during Low (Fig. 4.18D) and Mid
(Fig. 4.18E) PPFD step changes leading to lower values of W:. Conversely, time constants for stomatal
opening during High PPFD step changes showed a trend toward higher t; values leading to higher values

of W; during the diurnal (Fig. 4.18F).
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Figure 4.17. Correlation between abaxial stomatal density (SDab) and daily intrinsic water use efficiency
during the diurnal (W,). Each data point represents an individual plant. Filled areas highlight the three light
treatments: Ambient (Orange), 60% (P60; Green), 20% (P20; Black), whilst black dotted line represents
the trend in the data for all individuals.
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Figure 4.18. Correlations between abaxial stomatal density (SDab) and time constant for stomatal opening
(1)) at three different light steps: 50-250 PPFD (A); 100-1000 PPFD (B); and 500-1500 PPFD (C), for the
three Poplar light treatments. Correlations between time constant for stomatal opening to step increases
in light intensity: 50-250 PPFD (D); 100-1000 PPFD (E); and 500-1500 PPFD (F) (t;) and daily intrinsic water
use efficiency during the diurnal (W), for the three Poplar light treatments. Each data point represents an
individual plant. Filled areas highlight the three light treatments: Ambient (Orange), 60% (P60; Green),
20% (P20; Black), whilst black dotted line represents the trend in the data for all individuals.
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Figure 4.19. Correlations between abaxial stomatal density (SDay) and time constant for stomatal opening
to a step increase in light (t;) at three different times of day: Morning (A); Midday (B); and Evening (C), for
the three Poplar light treatments. Correlations between time constant for stomatal opening to a step
increase in light intensity (t;) at different times of the day: Morning (D); Midday (E); and Evening (F) and
daily intrinsic water use efficiency during the diurnal (W;). Three-hour periods were used to calculate W;
at times of the day: Morning (8-11am); Midday (12-3pm); Evening (4-7pm). Each data point represents an
individual plant. Filled areas highlight the three light treatments: Ambient (Orange), 60% (P60; Green),
20% (P20; Black), whilst black dotted line represents the trend in the data.
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Abaxial stomatal density (SDab), the time constant for stomatal opening following a step increase in
PPFD from 100 to 1000 pmol m?2 s (1;), and intrinsic water use efficiency (W;) during the diurnal
measurement were analyzed at different times of the day (Fig. 4.19). In the morning and evening a
positive relationship between SDa, and t; was observed, where the higher stomatal densities displayed
by the Amb treatment lead to an increase in the time constant for stomatal opening (Fig. 4.19A and C),
and the lower densities observed in the P20 treatment lead to the lowest values of t;. However, at
midday there was found to be no relationship between these two parameters (Fig. 4.19B). There was no
relationship between the time constant for stomatal opening (t;) and the daily intrinsic water use
efficiency (W) measured from the diurnal measurements, at the different times of the day (Fig. 4.19D-
F). However, there was a trend observed in the morning and evening that with an increase in the time
constant for stomatal opening there was a corresponding decrease in W; during the diurnal (Fig. 4.19D
and F), with the Amb grown plants exhibiting the highest values for t; and the lowest values of W; at

these times of the day.

4.4, Discussion

It was shown in Chapter 3 that there was significant intra-specific variation in the temporal response of
stomatal conductance (gs), and that this varied greatly in magnitude; speed of response, and over the
diurnal period. However, the aim of the work in this chapter was to investigate how this stomatal
behaviour acclimate to changes in growth light intensity, and how this acclimation would impact the
dynamics of photosynthesis (A) and water use efficiency (W) over the diurnal period. With previous
research highlighting that dynamic acclimation to sun and shade flecks occurred in controlled
environments (Assmann and Grantz, 1990; Ooba and Takahashi, 2003; Vico et al, 2011; Drake et al,
2013), it was important to investigate the impact of growth light intensity on the dynamic acclimation of

stomatal behaviour in a natural light environment under different average daily light intensities.

In this Chapter, a collection of Populus nigra subsp. Betulifolia (native Black Poplar) bare root trees were
evaluated, to investigate variation in stomatal and photosynthetic traits that occur through
developmental acclimation of plants subject to growth in different light intensity treatments. Further
assessment examined the impact on intrinsic water use efficiency over the course of the day. Three
different light treatments were chosen, and demonstrated large differences in leaf anatomy, stomatal

anatomical traits, stomatal behaviour and photosynthetic capacity.
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Analysis of A/Q response curves revealed higher A values in plants grown under ambient light
conditions, followed by those grown under 60% that of ambient light (P60), demonstrating that plants
photosynthetically acclimated to the average growth light intensity (Watling et al, 1997). Higher A
values observed in plants grown under ambient light conditions are characteristic of plants grown under
high PPFD environments, and is often related to greater investments in photosynthetic components
such as Rubisco and photosystem reaction centres (Bailey et al, 2001, 2004). Plants grown under 20% of
ambient light (P20) demonstrated thinner leaves than the other treatments, which along with larger leaf
areas is consistent with plants grown in shade conditions (Kirschbaum et al, 1988), and as they exhibited
similar values of A on a mass basis (Amass) despite lower values on an area basis (A), it suggests they may
have a greater per cell content of photosynthetic components. These findings were reflected by the
analysis of A/Ci response curves, which highlighted similar values of Amqss between treatments despite
large differences in the light and CO, saturated rates of photosynthesis (Amax). This suggests that plants
adapt even under different growth light conditions to maximise CO, uptake by potentially increasing cell
photosynthetic components (Pearcy, 2007; Weraduwage et al, 2015) or even enzyme (Rubisco)
activation (Ernstsen et al, 1997). However, this may be at the expense of water use efficiency, especially
under well-watered conditions when water availability is not limiting. On an area basis, differences in
the maximum rates of carboxylation (Vmax) and electron transport (Jmax) were observed, with plants
grown under higher light conditions exhibiting the highest values in both parameters. These
observations suggest that plants grown under ambient light invest in increased photosynthetic
capacities on an area basis due to the higher levels of PPFD experienced during growth (Allen and

Pearcy, 2000a, 2000b; Pearcy, 2007; Way and Pearcy, 2012).

In order to investigate the acclimation of plants to growth light intensity and the impact this had on
diurnal patterns of gs response, photosynthesis and water use efficiency, plants were subjected to a
fluctuating light regime (see FLH; Figure 2.1); mimicking a natural pattern of light that represented a
typical day during growth. Plants grown under ambient light displayed higher photosynthetic rates,
which matched the results from the A/Q analysis, along with significantly higher levels of stomatal
conductance. The fact that these were accompanied by C; values that were similar between all
treatments, suggests that there may have been a greater flux of CO; from the atmosphere to the site of
carboxylation in this treatment. The lower values of Diurumit exhibited by the Amb treatment further
support this theory, with the estimated limitation on A by stomata over the diurnal period lower in Amb
grown plants, despite predicted values of the potential A (calculated from the A/Q response curves)
being higher. However, the stomatal limitation in A estimated over the diurnal period was not

coordinated with the stomatal limitation estimated from the A/C; curves (ACi.mit), suggesting that over
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the diurnal period all plants, even under well-watered conditions, will balance the need for CO, uptake
with the need to reduce water loss, depending on the current needs of the plant (Casson and
Hetherington, 2010). The lack of correlation between stomatal limitation methodologies may be due to
the fact that during A/C; measurements, plants were subjected to conditions most favourable for
photosynthesis, in an attempt to maximise stomatal conductance to reduce stomatal limitation of A,
and maximise the activation of photosynthetic enzymes (Ernstsen et al, 1997; Parsons et al, 1998). The
high value of g; over the diurnal period shown by plants grown under ambient conditions potentially
increased carbon gain, as highlighted by the lower values of stomatal limitation during this period
(Diurumit), but led to a reduction in intrinsic water use efficiency (W) despite these plants displaying
higher values of A. Again, this highlights the fact that under well-watered conditions, there is a trend
toward plants maximizing CO, uptake over the need to conserve water (Lawson and Morison, 2004;
Aasamaa and Sober, 2011). As such, higher carbon assimilation rates would require greater transport
(driven by higher g;) of nutrients (Hills et al, 2012; Schymanski et al, 2013). Interestingly, the higher
levels of g; exhibited by the high light treatment would also contribute to evaporative cooling, as plants

grown under high light intensity are subject to higher leaf and air temperatures (Caird et al, 2007).

The time then for changes in stomatal conductance (g;) to alterations in the light environment is critical
for maximize carbon uptake and limit water loss (Lawson et al, 2010; Vico et al, 2011; Lawson and Blatt,
2014; McAusland et al, 2016), with significant variation occurring between species and within species
(see Chapter 3) depending on stomatal anatomy and acclimation to the growth environment (Ooba and
Takahashi, 2003; Vico et al, 2011; Drake et al, 2013; McAusland et al, 2016). It has been well established
that faster stomatal responses and higher magnitudes of g; can improve carbon gain but will do so at
the expense of water use efficiency (Barradas et al, 1994; Naumburg and Ellsworth, 2000; Lebaudy et al,
2008), whilst slower responses may limit CO, diffusion into the leaf and therefore photosynthesis
(Barradas et al, 1998; Barradas and Jones, 1996; Kaiser and Kappen 2000; Vico et al, 2011; Lawson et al,
2012; Lawson and Blatt, 2014). Both rapidity and magnitude of gs responses to a step change in PPFD
were influenced by growth light intensity, with plants grown under ambient (High) conditions exhibiting
greater magnitudes in gs at Mid and High light levels. However, at low light steps no differences were
observed, which is consistent with previously described data that shows that plants that are acclimated
to different light environments may only show differences in A and g; at higher light levels when light is
less limiting (Yin and Johnson, 2000). Furthermore, plants grown under ambient conditions
demonstrated the slowest g; responses at all times of the day, and the highest magnitudes of change in
gs, however these differences lessened throughout the day. This reduction in the magnitude of g;
through the day has been described previously (Pfitsch and Pearcy, 1989; Allen and Pearcy, 2000;

Mencuccini et al, 2000), although primarily in the context of changes in leaf water status (Mencuccini et
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al, 2000), with changes in the speed of response not reported. All treatments displayed considerable
variation in the time for stomata to open or close in response to a step change in PPFD, with all
treatments taking longer to increase than to decrease gs, which is consistent with the proposed strategy
that plants will prioritize water conservation over carbon gain (Ooba and Takahashi, 2003), whilst also
representing a more conservative strategy in energy consumption such as reducing the cost of stomatal

movement (Raven, 2014), and to potentially improve light use efficiency (Ooba and Takahasi, 2003).

The acclimation of the g, response was impacted by the growth light intensity, with changes in the
magnitude, rapidity, and diurnal response observed between treatments. Studies in forest (Pearcy,
2007; Eensalu et al, 2008) and crop canopies (Barradas et al, 1994, 1998; Qu et al, 2016) have
demonstrated photosynthetic and stomatal acclimation to different growth light environments,
highlighting the changes in anatomical and biochemical features that occur with leaves at different
positions within the canopy, that receive varying degrees of light intensity (Barradas et al, 1998).
Demonstrated here, is an acclimation to lower light that impacts the operational maximum of g;
throughout the day, and influences stomatal behavior when subjected to different step changes in light
intensity. The consequences of this acclimation are that higher magnitudes and faster responses of g;
promote greater carbon gain, although often at the expense of water use efficiency (W;), whilst slower
responses and lower magnitudes of gs may conserve water but limit CO, diffusion for A (Kirschbaum et
al, 1988; Kaiser and Kappen 2000; Lawson et al, 2010, 2012; Vico et al, 2011; McAusland et al, 2016).
However, as no differences in W; were observed between treatments during the step changes in light or
the diurnal measurements, it could be suggested that plants attempt to maintain the synchronicity
between g; and A to either maximize carbon gain or minimize water loss (Cowan, 1977; Hetherington
and Woodward, 2003) depending on the current needs of the plant (Meinzer and Grantz, 1990;
Medrano et al, 2015), irrespective of the acclimation state. Furthermore, this theory should be

considered since the plants were well watered and therefore not limited by water availability.

It is well known that stomatal density increases with growth light intensity (Gay and Hurd, 1975; Lake et
al, 2001), and the data reported here is consistent with previous studies findings. Anatomical stomatal
acclimation occurred between treatments, with significantly higher stomatal densities (both abaxial,
SDab; and adaxial, SDaqd) exhibited by plants grown under ambient light conditions. These differences are
again consistent with the knowledge that higher maximum levels of g; are strongly correlated with
maximum levels of CO, diffusion for carbon assimilation, evaporative cooling and nutrient uptake by the
plant (Schymanski et al, 2013). The large differences observed between treatments in the magnitude of
gs in all measurements (step changes in PPFD, and diurnal), can be attributed to changes in the

theoretical maximum of g, (gsmax). With no differences observed in pore area between treatments this
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would indicate that values of gsmex Were solely driven by stomatal density (Dow et al, 2014), which as is
already known, is strongly influenced by growth light intensity (Willmer and Fricker, 1996; Hetherington
and Woodward, 2003; Franks and Beerling, 2009).

Contrary to previous published work, higher stomatal densities did not necessarily promote faster g
responses to changing light intensity (Franks and Farquhar, 2007; Drake et al, 2013; McAusland et al,
2016). In fact, at Low (50-250 PPFD) and Mid (100-1000 PPFD) light intensities, a lower stomatal density
as seen in plants grown under low light, actually promoted faster responses in g to a step change in
PPFD. A possible explanation for this may be that plants that develop lower stomatal densities, often
develop larger stomata in an attempt to maintain stomatal conductance (Franks and Beerling, 2009;
McAusland et al, 2016), however, no differences in pore area were observed between treatments. At
High light intensities (500-1500 PPFD), stomatal density and speed of response was strongly correlated,
which matches the data observed in Chapter 3. This suggests that under low light conditions, when light
is most limiting, plants grown under ambient or high light conditions will conserve energy (Raven, 2014)
and possibly water (Ooba and Takahashi, 2003), by reducing stomatal movement as carbon gain is
maximised and therefore not limited by stomatal conductance. The energy conserved and water saved
could then potentially be available later in the day when light intensities may increase (Mencuccini et al,
2000; Raven, 2014). Furthermore, plants acclimated to low light intensity displayed behaviour in
contrast to those grown under high light, with faster responses occurring at low intensity light steps and
slower responses occurring at high intensities. This strengthens the theory mentioned above that, as
plants grown under low light rarely perceive high intensity light levels, they would maximise carbon
capture at low light by increasing the rapidity of gs response, whilst at high light levels that may never be
realised during growth the response of g; can be reduced (Raven, 2014; Lawson and Blatt, 2014).
Indeed, the slower g;s responses observed at the end of the day in plants grown under high light
conditions and with higher stomatal densities, may be due to changes in osmotic regulation that occur
through the day (Mencuccini et al, 2000). Whilst decreases in the absolute values of A and g; observed
in all treatments over the course of the day, could be attributed to the accumulation of photosynthetic
products or apoplastic sucrose in the guard cells, that may negatively feedback on the Calvin cycle and
the rate of transpiration (Lu et al, 1997; Paul and Foyer, 2001; Paul and Pellny, 2003; Outlaw 2003; Kang
et al, 2007; Kelly et al, 2013).
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4.5. Main conclusions

In this chapter, the impact of growth light intensity on the acclimation of stomatal response and diurnal

behavior was examined, using the model tree Populus nigra.

Growth light intensity modified stomatal anatomy, specifically stomatal density and index,
leading to significant changes in the theoretical maximum of stomatal conductance (gsmax),
which subsequently influences the magnitude of operational stomatal conductance (gs). This
anatomical acclimation to growth light intensity greatly impacted the magnitude of stomatal
conductance throughout the day and under different light intensities, whilst also increasing the

potential for CO, diffusion into the leaf and therefore net CO, assimilation (A).

The intensity of growth light determined the rapidity and magnitude of g; response and A over
the diurnal period, with plants grown under high light exhibiting higher levels of both
parameters. This increases the potential for carbon fixation but at the expense of water loss.
The synchronicity between these two parameters was maintained between all light treatments,
as highlighted by the similar values for intrinsic water use efficiency (W,). This represents an
important strategy under well-watered (non-water limited) conditions, by maintaining carbon

fixation, overall plant water status and therefore Wi,.

Plants grown under low light exhibited faster g; responses than those grown under high light,
when subjected to a step change at low light levels. Whilst the reverse is true at high light steps
in PPFD, with plants grown under high light displaying faster gs responses. This represents an
interesting strategy, where plants acclimate by increasing g, faster to light levels that they
experience more often during growth and development, either as a way of maximizing carbon

uptake or for the conservation of energy by limiting unnecessary stomatal movement.

All growth light treatments displayed similar patterns of g; response to a step change in light at
different times of the day. With decreases in the absolute values of A and g; evident throughout
the day, in all treatments. The slower response and lower magnitudes of gs and A observed at
the end of the day in plants grown under high light, may be due to changes in osmotic
regulation and the accumulation of photosynthetic products. As the rapidity of gs response was
maintained in low light grown plants throughout the day, it would suggest that accumulation of

these products may not occur linearly between each acclimation state. This would impact the
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estimation of the response of g; and A in analytical models that would assume the response of

these parameters not to change throughout the day.

The research in this chapter highlights the need to understand the impact of different growth
light intensities on stomatal function and response. With plants subjected to different growth
light intensities displaying variation in stomatal and photosynthetic response, and therefore
water use efficiency. This may lead to impacts on the prediction of carbon and water movement

in models predicting ecosystem-atmospheric flux.
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Transition Statement

In the previous two chapters, natural variation in photosynthetic and stomatal acclimation to growth
environment and light intensity was explored in the model tree species Populus nigra. It was highlighted
that growth light intensity has an effect not only on photosynthetic capacity and stomatal anatomy, but
also on the dynamic response of stomatal conductance to changes in the light environment, and the
impact this has on photosynthesis and water use efficiency. The acclimation of plants to light intensity
has been studied extensively in crop and model species such as Arabidopsis, yet little is known about the

effect of dynamic fluctuations in light on plant phenotype and acclimatory responses.

In this Chapter, natural fluctuations in light were mimicked over a diurnal period to examine the effect
on photosynthetic processes and growth. Due to technical considerations with the programmable
growth light environment, the model species Arabidopsis thaliana was used instead of Populus nigra, to
maximise repetition number and reproducibility. High and low light intensities, delivered via a realistic
dynamic fluctuating or square wave pattern were used to grow and assess the effect of fluctuating light

on photosynthetic acclimation and response.
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5.1. Introduction

In the natural environment plants experience a range of light intensities and spectral properties due to
changes in sun angle and cloud cover in addition to shading from overlapping leaves and neighbouring
plants. Leaves are therefore subjected to spatial and temporal gradients in incident light, which has
major consequences for photosynthetic carbon assimilation (Pearcy, 1990; Chazdon and Pearcy, 1991;
Pearcy and Way, 2012). As light is the key resource for photosynthesis, plants acclimate to the light
environment under which they are grown to maintain performance and fitness. Light is one of the most
dynamic environmental factors that directly impacts on plant performance, and it is therefore important
to understand how plants acclimate to fluctuating light environments such as those experienced under

field conditions.

Plant acclimation to changes in irradiance can be categorised as (i) dynamic acclimation which refers to
a reversible biological process present within a given period of time (Walters and Horton, 1994; Murchie
and Horton, 1997; Mullineaux, 2006; Okegawa et al, 2007; Athanasiou et al, 2010; Yin and Johnson,
2000; Tikkanen et al, 2010; Alter et al, 2012; Suorsa et al, 2012; Yamori, 2016); or (ii) developmental
acclimation which is defined as changes in morphology (e.g. leaf thickness and density) resulting from a
given growth light environment, and are largely irreversible (Weston et al, 2000; Murchie, 2005), and is
the focus of this Chapter. The ability of plants to developmentally acclimate to a given light environment
is particularly well-demonstrated in leaves grown in sun and shade conditions, which differ in
photosynthetic efficiency, biochemistry (e.g. Rubisco content and change in Photosystem Il and | ratio),
anatomy (e.g. chloroplast size and distribution) and morphology (e.g. leaf mass area and thickness)
(Givnish, 1988; Walters and Horton, 1994; Weston et al, 2000; Bailey et al, 2001; Bailey et al, 2004).
Plants grown under high light intensity tend to develop thicker leaves than those grown under low light
intensity (Evans and Poorter, 2001), which generally increases photosynthetic capacity per unit area
improving the plant’s ability to utilize light for carbon fixation (Terashima et al, 2006). Leaves acclimated
to shade tend to have higher net photosynthetic rates at lower light levels compared to sun leaves
(Givnish 1988). Previous studies investigating developmental acclimation have primarily focused on the
effect of light intensity, with less emphasis given to the effect of dynamic light during growth, like that
experienced under a natural environment. Fluctuations in light could have a significant impact on
acclimation processes during growth, and need to be investigated alongside light intensity to assess the

interaction between light regime and intensity.
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Under natural environmental conditions, the random duration and intensity of fluctuating light from
passing clouds or leaf movements (sun- and shade-flecks) result in incident light intensities below light
saturation that reduce photosynthetic rates, whilst those intensities greater than saturated lead to

IM

excess excitation energy that can result in short potential “stress” periods and long term damage to leaf
photosynthesis (Baker, 2008). Plants therefore employ mechanisms that enable them to deal with these
changes in excitation pressure, including thermal dissipation of excitation energy. Such processes are

termed non-photochemical quenching (NPQ) and are mainly associated with changes in the xanthophyll
cycle (Demmig-Adams and Adams, 1992; Muller et al, 2001; Kulheim et al, 2002) and protonation of PSII
antenna proteins (Li et al, 2000; 2004). Large diversity in light acclimation exists between individuals and

species (Murchie and Horton, 1997), partly due to the random nature of light fluctuations and species-

specific responses.

The majority of studies examining acclimation to fluctuating light conditions have been carried out on
plants grown under constant intensities of light and swapped to a simple light pattern (consisting of one
or more step changes in light intensity of different frequencies) (Yin and Johnson, 2000; Tikkanen et al,
2010; Alter et al, 2012; Suorsa et al, 2012; Yamori, 2016). Under these light conditions, acclimation
responses have often been monitored over a period of several days (e.g. Alter et al, 2012; Athanasiou et
al, 2010). Whilst this approach is powerful for studies on the mechanisms of dynamic light acclimation, it
fails to recognise the importance of how plants developmentally acclimate to growth under fluctuating
light intensities (Huxley, 1969), such as those found in the natural field environment (Frechilla et al,

Ill

2004). There are only a handful of studies that have examined the impact of “real” dynamic light
environments on plant growth and performance (Kulheim et al, 2002; Yamori et al, 2016), however,

none of these used a controlled environment to examine the direct impact of light.

In order to fully understand how plants integrate fluctuations in incident light, and how this influences
acclimation and modifies plant growth, there was a need to grow plants in a controlled but dynamic
environment that mimics a light regime that would be experienced in the field. How plants perform
under these conditions and the differences in responses with those grown in square wave light regimes
is important, as it will improve our understanding of how plants behave in “real” light environments,

potentially improving model prediction.

The aim of this chapter is to identify whether there is a developmental acclimation to fluctuating light in
the model species Arabidopsis, and if so how it may influence plant performance under dynamic light
conditions. The work presented in this chapter may lead to greater understanding of plant acclimation

to light, and potentially force us to rethink experimental growth conditions when drawing conclusions
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on how plants will perform in the field. To address this, Arabidopsis plants were grown and measured
under fluctuating and non-fluctuating (or square wave) light regimes at two different average intensities

(high and low) (Fig. 5.1), and the performance of these plants evaluated.

5.2. Material and methods

This section outlines methods specific to this chapter and modifications made to protocols outlined

previously, if more detail is required please refer to Chapter 2 — “Materials and Methods”.

5.2.1. Plant material and growth conditions

Arabidopsis thaliana (Columbia, Col-0) were grown in peat-based compost (Levingtons F2S, Everris,
Ipswich, UK) in a controlled environment with growth conditions maintained at a relative humidity of
55-65%, air temperature of 21-22°C, and a CO, concentration of 400 umol mol™. Fluctuating light growth
conditions were provided by a Heliospectra LED light source (Heliospectra AB, Goteborg, Sweden), with
the light regime recreated from natural variations in light intensity recorded during a relatively clear day
in July 2014 at the University of Essex (Fig. 5.1) and the assumption of a constant spectral distribution.
The average light intensity was 460 pumol m2 s for high light conditions and 230 umol m2 s for low
light conditions. Plants were maintained under well-watered conditions, with the position under the
growth light source randomized daily to remove any potential heterogeneity in the spectral quality and
qguantity. All gas exchange, chlorophyll fluorescence, and absorption measurements were taken on the

youngest fully expanded leaf of 21-27 days old plants.

5.2.2. Growth Analysis

5.2.2.1. Leaf anatomical measurements

Rosette area, taken as the area (cm?) of the visible rosette of the plant, was measured from when each
plant was sown and placed under the lights (day 0) until the appearance of inflorescence (day 28-37).

Total leaf area (cm?), total leaf dry weight (g), and specific leaf area (SLA, cm?/g), were measured on all
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treatments at the same time once the first inflorescence had appeared on any treatment (SQH plants
exhibited the first inflorescence after 28 days). All growth analysis measurements are a mean of 8-10

plants.
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Figure 5.1. Diurnal light regimes used for plant growth and leaf level measurements of gas exchange.
Areas under the curve represent the same average amount of light energy over the 12-h light regime
depending on the light intensity: square wave high light (SQH) and fluctuating high light (FLH; mean = 460
umol m2s?), square wave low light (SQL) and fluctuating low light (FLL; mean = 230 pumol m? s). Arrow
indicates time point (12pm) at which leaf discs were collected for protein and chlorophyll extraction.

5.2.2.2. Leaf optical properties

Measurements of transmittance and reflectance for each leaf was measured on the youngest, fully
expanded leaf on each plant after 14, 21, and 28 days of growth and used to calculate absorbance. See

method 2.4.3.

5.2.2.3. Analysis of photosynthetic pigments

105



To analyse changes in photosynthetic pigments, leaf samples were collected and analysed from intact

leaves as described in method 2.4.4.

5.2.2.4. Leaf cross-section analysis

To investigate changes in leaf thickness, cell size and composition, the most recent fully expanded leaves

were collected from plants after 28 days of growth, as described in method 2.4.5.
5.2.2.5. Protein Extraction and Western Blotting
Protein extraction was performed as described in method 2.4.6 to determine protein content and

composition.

5.2.3. Leaf gas exchange

All gas exchange (A and g;) parameters were recorded and cuvette conditions maintained as laid out in
section 2.2, using a Li-Cor 6400XT portable gas exchange system (Li-Cor, Lincoln, Nebraska, USA). All
measurements were taken using the youngest, fully expanded leaf.

5.2.3.1. A/Q (net photosynthetic rate/PPFD) response curves

The response of net CO; assimilation rate (A) to photosynthetic photon flux density (PPFD) was

measured and recorded under cuvette conditions as described in method 2.2.1.

5.2.3.2. A/Ci (net photosynthetic rate/intercellular CO, concentration) response curves

The response of net CO; assimilation rate (A) to intercellular CO, concentration (C;) was measured and

recorded under cuvette conditions as described in method 2.2.2.

5.2.3.3. Diurnal measurements

Diurnal gas exchange measurements of A and gs were carried out as described in method 2.2.4.

5.2.4. Modelling gas exchange parameters
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5.2.4.1. Estimating photosynthetic capacities and limitations

Photosynthetic capacities (Vcmax and Jmax) were estimated from the A/C; response curves using method

2.3.2.

5.2.4.2. Modelling net CO, assimilation rates

Net CO, assimilation (A) as a function of light intensity (PPFD) was modelled to simulate the maximum
diurnal variations of A in absence of stomatal limitation under different light intensity conditions. See

method 2.3.4.
5.2.4.3. Determination of mass integrated net CO; assimilation
Net CO, assimilation (A) was converted to a mass integrated measurement using leaf mass area (LMA) —

see method 2.3.1.

5.2.5. Light use efficiency

Daily light use efficiency was calculated as the ratio between the predicted daily-integrated
photosynthesis (g) and the daily-absorbed light intensity (MJ), as laid out in method 2.5.1. Light use
efficiency (LUE) was calculated as the ratio between leaf dry mass (g) and absorbed light intensity (MJ),

as described in method 2.5, see Chapter 2.

5.2.6. Statistical analysis

On each parameter derived from the diurnal measurement, a one-way ANOVA with light treatment as a
factor and corrected for unequal variance (White’s adjustment), was applied on each recorded time.
When significant differences were observed, a Tukey post-hoc test was used to compare the different

light treatments. All other stats were applied as laid out in method 2.6.
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5.3. Results

5.3.1. Photo-acclimation of plants grown under different light regimes

Light response curves in which net CO, assimilation rate (A) was measured as a function of
photosynthetic photon flux density (PPFD) (Q) (A/Q curves, Fig. 5.2A) revealed similar A values at PPFDs
below 250 umol m2 s in plants grown under all the different light regimes: square wave high (SQH) and
low (SQL) and fluctuating high (FLH) and low (FLL) light intensity. Measurements of A at PPFD above this
value and light saturated assimilation rate (A, Table 5.1), were significantly greater in plants grown
under high light intensity compared with those grown under low light, independently of the light regime

(Fig. 5.2A).

Commonly, photosynthesis is measured per unit leaf area, however this area also represents a volume
of photosynthetic tissues that can differ among plants (e.g. different leaf thickness). To take into
consideration photosynthesis per unit leaf volume, we integrated A by mass of dry leaf (Amass). There
was significantly greater Amass in plants grown under fluctuating light regimes compared to those grown
under square wave light regimes (Fig. 5.2B), and as expected a tendency for plants grown under high

light regimes to have greater rates of Anass compared to plants grown under low light regimes.

Dark respiration, derived from the A/Q curve (R4-model) Was significantly higher in plants grown under
SQH and there was a general tendency for higher respiration in plants grown in square wave light
intensity regimes compared with fluctuating regimes (Table. 5.1) in Ra-model s Well as those measured
during diurnals (Rs.diurmal). However, it should be noted that, Ry.diumal measured at the start of the diurnal
was lower than that Ry.model determined from the A/Q analysis. Plants grown under SQH also had a
significantly higher light compensation point (I) compared to plants grown under fluctuating light

regimes (Table 5.1).

The large differences observed in the response of A to PPFD between plants grown under low and high
light intensity, was less noticeable for Photosystem Il (PSlI) operating efficiency (F,’/F»’) (Fig. 5.2C). The
decrease in Fy’/F»’ with increasing PPFD was mainly driven by changes in the PSII efficiency factor
(Fq’/F)) (Fig. 5.2D). F4’/Fm’ was also affected, although to a lower extent, by the maximum efficiency of
PSII (F,’/Fm’) which was higher in plants grown under high PPFD (Fig. 5.2E), with low values illustrating
greater non-photochemical quenching. In general plants grown under fluctuating regimes had a higher
F.,’/Fn’ compared with those grown under square wave, particularly when measured under high PPFDs.
Plants grown under SQL showed the lowest values in both quenching parameters: F,’/F,” and F,’/Fp’.

Non-photochemical quenching (NPQ) increased more rapidly at low light intensity in plants grown under
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SQL compared to plants grown in the other lighting regimes, and in general NPQ had a tendency to be

lower in plants grown under fluctuating light (Fig. 5.2F).
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Figure 5.2. Photosynthesis as a function of light intensity (PPFD) of plants grown under the four light
regimes square wave high light (SQH); fluctuating high light (FLH); square wave low light (SQL) and
fluctuating low light (FLL). Net CO; assimilation on an area basis (A; A); relative to leaf mass (Amass; B); and
chlorophyll fluorescence parameters F,’/Fn’ (C); Fs’/F,” (D); F.’/F»’ (E) and NPQ (F). Error bars represent
confidence interval at 95%. n= 5.
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Table 5.1. Parameter values (meanSE) estimated from the response of A to light intensity, from plants
grown under the four light regimes: SQH; FLH; SQL; FLL. As:: maximum net CO; assimilation at saturating
light; a: quantum vyield of photosynthesis; 8: curvature parameter; I light compensation point. Two
values of dark respiration were estimated: the first from the model (“Rs.modei””) and the second at the
beginning of the diurnal period (“Ra-diumai”). Letters represent the results of Tukey's post-hoc comparisons
of group means.

FLH FLL SQH SQL
Aot 22.48+0.2° 18.78+0.21° 21.38+0.07° 17.38+0.19°
Rimodes  1.77%0.03° 1.59+0.04° 2.37+0.05° 1.95+0.05%°
Ri-diumal  0-89%0.22%° 0.41£0.04° 1.39+0.17° 1.03+0.11*°
o 0.053+0.0004*°  0.054+0.0007° 0.057+0.0007° 0.062+0.001°
9 0.78+0.01° 0.71+0.01% 0.78+0.01° 0.63+0.02°
r 33.77+0.52° 30.31+0.57° 42.87+0.83? 33.02+0.87°

5.3.2. Leaf properties in plants acclimated to different light regimes

Leaf absorbance (measured after 28 days of growth) was significantly different between plants grown in
the different light regimes (P<0.05) ranging from 0.88 (FLL) to 0.93 (SQH) (Fig. 5.3A). Plants grown under
fluctuating light regimes had significantly lower absorbance values (P<0.05) compared with those grown
under square wave regimes, with a smaller but also significant difference between high and low light
treatments. The only difference in leaf reflectance was observed between the fluctuating treatments,
with a higher value shown by FLL grown plants (Fig. 5.3B), whilst transmittance was generally higher in
fluctuating light treatments compared to square wave grown plants and in plants grown at lower light

intensities (Fig. 5.3C).

Differences in leaf thickness depended on both intensity and light regime (Fig. 5.4A), with significantly
thinner leaves (P<0.05) for plants grown under low light and fluctuating light compared to square wave
grown plants. A difference in leaf thickness was primarily driven by differences in the thickness of the
mesophyll palisade layer in all treatments (Fig. 5.4B). Thickness of the palisade mesophyll layer was
significantly (P<0.05) higher in square wave grown plants, and in plants subjected to a higher intensity of
light. The layer of spongy mesophyll cells was significantly thinner (P<0.05) in plants grown under

fluctuating light, whilst also being thinner in FLH compared with FLL (Fig. 5.4C).
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Figure 5.3. Optical properties including absorbance (A); transmittance (B) and reflectance (C) of leaves
grown under the four different light regimes square wave high light (SQH); fluctuating high light (FLH);
square wave low light (SQL) and fluctuating low light (FLL). Error bars represent mean * SE. n = 10. Letters
represent the results of Tukey's post-hoc comparisons of group means.

>

o o
w

o©
—

Leaf thick. (mm)
o
N

o
o

a
B b b
‘ i | i

FLH FLL SQH SQL
Treatment

o
(N

o
—

Palisade thick. (mm)

a
] b b
i | i

o
o

FLH FLL SQH SQL
Treatment

(@)

o o
— —
o [6)]

o
o
a

Spongy thick. (mm)

2 a
b
-Ci

o
o
S

FLH FLL SQH SQL
Treatment

Figure 5.4. Leaf anatomical properties including total thickness (A); palisade layer thickness (B) and
Spongy layer thickness (C) of plants grown under the four light treatments; square wave high light (SQH);
fluctuating high light (FLH); square wave low light (SQL) and fluctuating low light (FLL). Error bars represent
mean = SE. n = 6. Letters represent the results of Tukey's post-hoc comparisons of group means.

Figure 5.5. Cross section of leaves grown under the four light treatments square wave high light (SQH);
fluctuating high light (FLH); square wave low light (SQL) and fluctuating low light (FLL). Leaves collected
after 28 days growth under the light regime. Bar indicates 200 um.
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As a result of the increased leaf thickness in plants grown under square wave treatments, there was a

tendency for a higher number of cells (as observed in Fig. 5.5) with more circular cell shape in the

palisade mesophyll compared to fluctuating treatments, measured by the length/width ratio (P=0.06,

Table 5.2). Despite thicker leaves and a greater number of cells in square wave grown plants, there was

no significant difference in total protein content between treatments.

The only significant differences observed in chlorophyll a/b ratio between plants grown under

fluctuating or square wave light regimes was the lower ratio in FLL compared to SQL (Table 5.3). Plants

grown under SQL, FLL and FLH had significantly lower total carotenoid/total chlorophyll ratio compared

to plants grown under SQH (P<0.05).

Table 5.2. Cell size (width, length) and shape (length/width) (meanSE) from leaf tissues of plants grown
under the four light treatments. Epidermal Abaxial (EpiAb); Epidermal Adaxial (EpiAd).

Tissue  Treatment Width (mm) Length (mm) L/W
EpiAb FLH 0.024+0.004 0.018+0.002 0.828+0.061
FLL 0.026+0.005 0.016+0.002 0.691+0.059
SQH 0.031+0.006 0.021+0.002 0.918+0.22
sqL 0.031+0.003 0.02+0.002 0.696+0.074
EpiAd FLH 0.048+0.009 0.024+0.003 0.607+0.114
FLL 0.049+0.01 0.026+0.003 0.661+0.092
SQH 0.04+0.005 0.032+0.002 0.934+0.149
sqL 0.045+0.009 0.027+0.003 0.712+0.077
Palisade FLH 0.04+0.002 0.053+0.004 1.35340.115
FLL 0.034+0.003 0.048+0.003 1.45340.131
SQH 0.039+0.003 0.045+0.003 1.15540.041
sqL 0.043+0.003 0.048+0.003 1.13740.066
Spongy FLH 0.037+0.005 0.025+0.002 0.739+0.069
FLL 0.036+0.004 0.023+0.002 0.685+0.068
SQH 0.048+0.003 0.033+0.002 0.728+0.068
sqL 0.039+0.004 0.027+0.003 0.741+0.081
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Table 5.3. Chlorophyll a/b ratio (Chl a/b) and total carotenoid:total chlorophyll ratio (Car/Chl) of plants
grown under the four light treatments. n = 8. Letters represent the results of Tukey's post-hoc comparisons
of group means.

Treatment Chla/b Car/Chl

FLH 3.86+0.16% 0.36+0.01°
FLL 3.69+0.12° 0.32+0.02°
SQH 4.32+0.182% 0.44+0.02°
SQL 4.22+0.13P 0.31+0.02°

5.3.3. Impact of growth light on photosynthetic capacity

Assimilation rate measured as a function of intercellular [CO;] (Gj) was higher in plants grown under SQH
(Fig. 5.6A), and generally greater in plants grown under high light intensity regimes. The light and CO,
saturated rate of photosynthesis Amax Was highest in plants grown under square wave regimes compared
to plants grown under fluctuating light regimes irrespective of light intensity, with SQH grown plants >15%
higher than all other growth treatments. In contrast, the light and CO; saturated rate of Anass (A integrated
by mass) was significantly higher in plants grown under fluctuating light regimes compared with square
wave light regimes (Fig. 5.6B). Nevertheless, the differences in Amqsss between fluctuating and square wave
light regimes were smaller than those observed in the A/Q curves (Fig. 5.2B). The maximum rate of
carboxylation by Rubisco (Vcmex) and the maximum electron transport rate (Jmax) for ribulose 1,5-
bisphosphate (RuBP) regeneration (Fig. 5.6A), were highest in plants grown under square wave conditions,
and those grown under high light intensities (Table 5.4). Estimates of mesophyll conductance (gm) ranged
from 0.154 to 0.927 mol m? s, however the only significant difference was the high values in the SQH

plants (Table 5.4).

The operating efficiency of PSIl photochemistry (F,’/F»’) was significantly higher in plants grown under
the SQH regime compared to those grown under the other light regimes at all CO, concentrations
measured (Fig. 5.6C). Plants grown under the other three light regimes (FLH, FLL and SQL) showed no
significant difference at high CO,, but the C; concentration where the switch between the Rubisco- and
RuBP regeneration-limited A occurs (Cic), was significantly higher in plants grown under square wave

light regimes compared to fluctuating light conditions (Fig. 5.6C).
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Figure 5.6. Photosynthesis as a function of intercellular CO, concentration (G) of plants grown under the
four light treatments square wave high light (SQH); fluctuating high light (FLH); square wave low light
(5QL) and fluctuating low light (FLL). Net CO, assimilation on an area basis (A; A); relative to leaf mass
(Amass; B); and the operating efficiency of PSIl photochemistry (F,’/F’; C). Error bars represent mean + SE.
n = 6. Dotted line shows the C; at the point where the switch between Rubisco and RuBP regeneration-
limited A occurs.
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Table 5.4. Photosynthetic parameters (mean + SE) estimated from the response of A to G of plants grown
under the four light regimes: square wave high light (SQH); fluctuating high light (FLH); square wave low
light (SQL) and fluctuating low light (FLL). Letters represent the results of Tukey's post-hoc comparisons of
group means.

Treatment VCmax Jmax dm Rday

FLH 62.2+1.8 126.9+3.3° 0.570£0.14*®  0.6%0.1°
FLL 51.3+1.9° 105.2+3.1° 0.154+0.02°  0.7+0.2°
SQH 68.8+2.0° 148.2+4.6¢ 0.927+0.07*  0.9+0.4°
SQL 55.8+1.5% 118.8+1.7° 0.464+0.17°°  1.440.32

Although significant differences in Vcmax Were found between high and low light treatments, there was
no significant difference in Rubisco content or the contents of the Calvin-Benson cycle proteins fructose
1,6-bisphophate aldolase (FBPA) or transketolase (TK) between light treatments (Fig. 5.7). Furthermore,
compared to FLL grown plants, we observed a small significant increase in protein levels of the
photosystem | (PSI) protein PsaA in SQL grown plants. Interestingly, we did observe a significant increase
in the level of three key proteins of the cytochrome bsf'complex, Cyt f, Cyt bs and Rieske FeS in plants
grown under SQL compared to FLL, as well as for the PSI type | chlorophyll a/b-binding protein (Lhcal),
matching the observed differences in Jyax (Table. 5.4). A similar tendency for these proteins was found
between high light treatments with higher protein levels in SQH grown plants compared to FLH. A
significant increase in protein level was observed in FLH grown plants compared to FLL plants for Lhcal,
proteins of the cytochrome bsf complex and ATP synthase. The level of PsbD (D2), which forms the
reaction centre of PSIl was higher under high light treatments but only significantly between SQL and

SQH grown plants (Fig. 5.7).
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Figure 5.7. Percentage of change in protein concentration relative to FLL treatment determined from 4
replicate immunoblot analysis of leaves grown under the four light treatments. Rubisco, the Calvin-
Benson cycle proteins Transketolase (TK), FBP aldolase (FBPA) were probed along with the electron
transport cytochrome bsf complex proteins cyt f, cyt bs, and Rieske FeS, the photosystem | Lhcal and PsaA
proteins, the Photosystem Il PsbD/D2 proteins, and ATP synthase. Treatments were statistically analysed
against FLL grown plants using a one-sample t-test (* p < 0.05, ** p < 0.01).
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5.3.4. Diurnal leaf level responses of gas exchange and chlorophyll fluorescence

5.3.4.1. Measurements under diurnal high light fluctuating conditions (DFhign)

To determine the impact of acclimation to different growth light regimes on operational rates of
photosynthesis (A), plants were measured under a diurnal fluctuating high light regime (DFpigr). Infra-red
gas exchange measurements of A, C; and gs were recorded every 2 minutes along with chlorophyll
fluorescence parameters F,’/Fn’, F,’/Fr’ and Fy’/F,” in plant from all experimental growth conditions. In
general, plants grown under fluctuating conditions had the greatest net photosynthetic rates on an area
(A) basis through the majority of the diurnal, however these differences were only significant at specific
light periods (indicated by letters in Fig. 5.8A). Photosynthesis measured on a mass integrated (Amass)
basis was highest in plants grown under fluctuating light compared with square wave grown plants,
however differences were only significant (for all light levels during the diurnal) in high light grown
plants (Fig. 5.8B). This matched with a higher F,’/Fn” compared with plants grown under square wave
conditions irrespective of light intensity. Despite a generally lower photosynthetic rates, stomatal
conductance to water vapour (gs) in plants grown under SQH regime was significantly higher than those
grown under low light conditions (Fig. 5.8C), particularly at the beginning and the end of the diurnal
period. Despite the differences in A and gs, no differences in C; were observed between the treatments

for most of the DFpign period (Fig. 5.8D).
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Figure 5.8. Diurnal measurements of gas exchange of net CO, assimilation on an area basis (A; A); net CO;
assimilation on a leaf mass basis (Amass; B); stomatal conductance (gs, C); internal CO, concentration (G,
D); and chlorophyll fluorescence parameters F,’/Fn’ (E); Fy’/F/ (F); F.’/F’ (G) and NPQ (H) estimated under
fluctuating high light (DFpign) in all four light regimes square wave high light (SQH); fluctuating high light
(FLH); square wave low light (SQL) and fluctuating low light (FLL). Error bars represent mean + SE. Stars
above the curves denote a significant difference between the light regimes using a one-way ANOVA with
unequal variance. n = 5. Letters represent the results of Tukey's post-hoc comparisons of group means.
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During these measurements it was noted that after approximately 4h into the light of the DF;gn period
and under saturating light conditions, the plants grown under low light regimes (FLL and SQL) started to
display a decrease in A that was not correlated with a decrease in gs, in contrast to plants grown under
high light regimes which maintained a high level of A throughout the diurnal period. The decrease in A
observed in plants grown under low light regimes continued through the day and during periods of
saturating light intensities (>1000 umol m2 s) at approximately 6h and 8h into the light period, more
pronounced decreases in A were detected compared to plants grown under high light regimes (P <
0.05). The kinetics of Amgss did not change but in general Anass Was significantly higher in plants grown
under fluctuating light regimes (similar to the A/Q analysis; see Fig. 5.2) (P < 0.05; +50% Amass) compared

to plants grown under square wave light regimes over the majority of the diurnal period (Fig. 5.8B).

At periods of low light intensity (<300 umol m? s?), PSIl operating efficiency (F,”/Fn’) displayed
significantly higher values in plants grown under FLH regime compared to the other growing conditions
(Fig. 5.8E). In all treatments, F,"/Fn’ decreased through the DFyg, period with significantly lower values
at the end of the diurnal compared to the beginning even under comparable PPFDs. This difference in
F4’/Fm” was mostly driven by changes in PSII efficiency factor (F,’/F,”) which mirrored F,’/Fn’ through the
DFhign period (Fig. 5.8F). No differences in the maximum efficiency of PSII (F,’/Fn’) were observed until
the end of the diurnal period with the highest values observed in the FLH grown plants (Fig. 5.8G). On
the other hand, measurements of non-photochemical quenching (NPQ) showed significant differences
between FLH and SQH grown plants (Fig. 5.8H) during most of the DFpign period. At the end of the DFpign
period, significantly lower NPQ was observed in plants grown under high light intensity compared to low

light growing conditions.

5.3.4.2. Measurements under diurnal low light fluctuating conditions (DF,w)

To further investigate the interaction of fluctuating light intensity on the dynamic response of
photosynthesis, plants grown under the different treatments were measured under the same
fluctuating pattern but applied at the lower light intensity (DFj,w). For large periods of the DF,w, plants
grown under high light regimes (FLH and SQH) showed significantly higher A compared to those grown
under low light regimes (P < 0.05), with the highest values of A recorded in plants grown under FLH
regime (Fig. 5.9A). However, this difference in A between the measurements of plants grown under the
different conditions was only apparent at PPFDs above 300 pumol m2 s, In contrast to the observations
made for A, a significant difference in Amqss Was observed between the fluctuating and square wave light
treatments with the highest values observed in FLH grown plants, approximately 50% higher than in

plants grown under SQH (Fig. 5.9B).
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Figure 5.9. Diurnal measurements of gas exchange of A (A), Amess (B), gs (C), Ci (D), and chlorophyll
fluorescence parameters F,’/Fn’ (E); Fy’/F,/ (F); F,’/Fm’ (G) and NPQ (H) estimated under fluctuating low
light (DFiow) in all four light regimes SQH, FLH, SQL, FLL. Error bars represent mean * SE. Stars above the
curves denote a significant difference between the light regimes using a one-way ANOVA with unequal
variance. n = 5. Letters represent the results of Tukey's post-hoc comparisons of group means.
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Plants grown under high light intensity (FLH and SQH) also displayed significantly higher gs during large
periods of DF,,w compared to plants grown under low light intensity (FLL and SQL) (Fig. 5.9C). During
periods of higher light intensity (>500 umol m?2 s1), the gs of SQH grown plants was generally higher
than the other treatments. Similar to the results of plants measured under DFign, Ci was not significantly

different between treatments (Fig. 5.9D).

As observed under DFpign, the operating efficiency of PSII photochemistry (F,’/F»’) decreased
significantly through the DFj, period. F,’/Fn’ (Fig. 5.9E) and F,’/F.” (Fig. 5.9F) were significantly higher in
FLH grown plants over the entire DFj,w period. The PSII maximum efficiency (F,’/F.’) showed significantly
higher values in plants grown under high light intensity regimes (FLH and SQH) compared to low light
conditions, through the entire diurnal period (Fig. 5.9G). As predicted plants grown under low light
intensity showed a significantly higher NPQ compared with high light grown plants with the lowest
values observed in SQH grown plants (Fig. 5.9H). In comparison to DFpign measurements, DFjon

measurements showed a significantly higher F,’/F,” in high light intensity grown plants.

5.3.5. Comparison of measured diurnal photosynthesis with predicted from A/Q analysis

To reveal the potential limitation of net CO; assimilation (A) during the diurnal period, A was predicted
from the A/Q response curves assuming no gs limitation, and a maximized activation of the biochemistry
associated with photosynthesis. During the initial 4-6 hours of DFy;ss (Fig. 5.10A-D), all plants irrespective
of their growing conditions reached the predicted A. However, after this period, there was a general
tendency for measured A to be lower than that predicted from the model A response. The difference
between expected and observed A values integrated over the diurnal period was 18.8% for FLH grown

plants but more than 22% in all other treatments.

Surprisingly, none of the plants measured under DFj,, reached the predicted A values at any point over
the diurnal regimes (Fig. 5.10E-H). The lowest integrated differences between predicted and measured
A values were observed for plants grown under high light regimes (< 26.4%) with the lowest values for
FLH grown plants (19.8%). Differences of more than 30% were observed in plants grown under low light
regimes. In general, measurements under DF,,w regimes showed a larger difference between predicted
and observed A values but were able to maintain levels of A throughout the diurnal period, compared to
measurements under DFpig» that showed a continuous increase in the divergence between observed and

predicted A.
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Figure 5.10. Diurnal measurements of observed net CO, assimilation (black line) and predicted net CO,
assimilation modelled from the A/Q responses (see Eq. 6) (red dashed line) of the four light regimes square
wave high light (SQH); fluctuating high light (FLH); square wave low light (SQL) and fluctuating low light
(FLL) over diurnal periods of DFpign (A-D) and DFiow (E-H). n = 5. Grey shading is error bars represent
confidence interval at 95%.
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5.3.6. Influence of growth light regimes on plant development

The increase in rosette area as a function of time was modelled using a sigmoidal curve (Fig. 5.11A and
Table 5.5) and revealed a higher initial growth rate in plants grown under square wave light regimes
compared to those grown under fluctuating light, commencing day 10 until day 28 (Fig. 5.11A). After this
period of time, plants grown under fluctuating light regimes caught up with plants grown under square
wave light regimes. It is interesting to note that the plants grown under square wave light regimes
flowered approximately 6 days before those grown under fluctuating light regimes, irrespective of the

light intensity (Fig. 5.11A).
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Figure 5.11. Growth analysis of plants grown under the four light regimes, square wave high light (SQH);
fluctuating high light (FLH); square wave low light (SQL) and fluctuating low light (FLL). Shown is the
kinetics of the increase in rosette area (A), with each point representing a mean of 10 plants. Grey area
represents the period during which gas exchange measurements were taken. Dotted line indicates time
of harvest for all treatments. The last point of each curve was measured upon appearance of first
inflorescence. Also shown; total leaf area of each plant (B); total above ground dry mass (C) and specific
leaf area (D). Error bars represent mean + SE. n = 8-10. Letters represent the results of Tukey's post-hoc
comparisons of group means.
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Plants grown under square wave light regimes (SQH and SQL) had significantly greater total leaf areas at
28 days of growth, compared to plants grown under fluctuating light regimes (FLH and FLL) (Fig. 5.11B).
In general, high light grown plants had a higher total leaf area, and plants grown under fluctuating light
regimes were significantly higher than square wave. Plants grown under square wave light regimes had
greater total leaf mass than those grown in fluctuating light regimes (Fig. 5.11C). Specific leaf area (SLA)
was significantly lower in plants grown under square wave light regimes and under high light intensity
(Fig. 5.11D), resulting mainly from a change in leaf thickness (Fig. 5.5) (thinner leaves for plants grown

under fluctuating light intensity regime).

Table 5.5. Parameters (£SE) describing the increase in area of the rosette as a function of time (days after
germination) using a sigmoidal model: a/(1 + e~?*(Pay=)),

Treatment a b c

FLH 134.63+14.2 0.236%£0.023 29.72+1.04
FLL 132.4218.8 0.210+£0.014 31.05+0.77
SQH 94.03+4.9 0.196+0.009 22.83+0.63
saL 119.14+8.9 0.1691+0.008 26.94+0.97

The differences in rosette area and leaf absorbance described previously, influenced the total average
light absorbed by the plants grown under the different light regimes, with a significantly higher light
absorbed in plants grown under square wave light regimes compared to plants grown under fluctuating
light regimes (Fig. 5.12A). The predicted net CO, assimilation (A) and dark respiration (R4-moder) (from the
A/Q curves) integrated over the course of a 24h period revealed a significantly higher integrated carbon
assimilation in plants grown under square wave light regimes, and higher light intensities (Fig. 5.12B). It
should also be noted that the integrated daily carbon gain (Fig.5.12B) is determined from the integrated
daily net photosynthetic rate minus respiratory losses in the dark, which can represent a cost between
20-40% of total daily carbon gain (Fig. 5.12B). Overall, the amount of carbon lost to respiration in the
dark was higher in square wave grown plants; although this represented a smaller proportion of the
total carbon gain over 24h compared to fluctuating grown plants, irrespective of light intensity. Daily
light use efficiency (Daily LUE), the ratio of the daily-integrated carbon assimilation and absorbed light,
describes how efficiently the plants convert the light absorbed into biomass (Fig. 5.12C). Daily LUE was
significantly higher in plants grown under square wave light regimes independently of the light intensity.

Long term LUE calculated over 28 days of growth gave a different picture, with a significantly higher LUE
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in plants grown under low light intensity as well as in plants grown under fluctuating light intensities
(Fig. 5.12D). The long term LUE is the sum of the Daily LUE and therefore includes the variation thought

time as well as the heterogeneity between and within leaves.
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Figure 5.12. Total daily absorbed light (A), net carbon gain (darker colours) and carbon loss by dark
respiration (lighter colours) (B), modelled Daily light use efficiency (LUE) (C) and overall long term light
use efficiency (D) of plants grown under the four light treatments square wave high light (SQH); fluctuating
high light (FLH); square wave low light (SQL) and fluctuating low light (FLL). Error bars represent 95%
confidence interval. n = 8.
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5.4. Discussion

Most of our knowledge regarding photo-acclimation during development in A. thaliana has been gained
from growing plants under high or low square wave light regimes in a controlled environment (Yin and
Johnson, 2000; Tikkanen et al, 2010; Alter et al, 2012; Suorsa et al, 2012; Yamori, 2016), or focused on
plants grown in glasshouses with natural fluctuations in light intensity, but with uncontrolled and often
un-reproducible environmental conditions (Athanasiou et al, 2010; Kulheim et al, 2002). The aim of the
research presented in this chapter was to mimic natural fluctuations in light intensity in a controlled
manner, to study light acclimation response of Arabidopsis in order to further our understanding of how
plants operate in a realistic field environment. As a first step toward understanding how fluctuating light
intensities influence photosynthesis and development of A. thaliana, the effect of the growth light
regimes on photo-acclimation was examined, with the phenotype and performance of plants grown

under fluctuating and square wave light regimes compared.

Analysis of A/Q response curves revealed higher A, values, in plants grown under high light,
irrespective of whether this was delivered in a square or fluctuating light regime, suggesting minimal
limitation of photosynthetic rates by Rubisco and demonstrating that plants acclimate to the average
light intensity (Chabot et al, 1979; Watling et al, 1997), rather than a maximum or minimum light value.
Photosynthetic capacity has also been reported to depend on the pattern of switching between high
and low light intensity (Yin and Johnson, 2000; Retkute et al, 2015). Higher A, values observed in high
light grown plants are often related to the amount of photosynthetic components including Rubisco,
cytochrome f, H+-ATPase and reaction centres (Bailey et al, 2001). Although Rubisco content (on leaf
area basis) did not change between treatments, the difference in leaf thickness and cell number
suggests a greater Rubisco content per cell in plants grown under fluctuating light, (although this does
not necessarily correlate with Rubisco activity). This higher Rubisco concentration per cell in thinner
leaves enabled plants grown under fluctuating light to achieve similar A values to square wave grown
plants on a leaf area basis, and a higher A value on a mass basis. Compared to plants grown under
square wave conditions, those grown under fluctuating light were more limited by RuBP regeneration,
as illustrated by the lower Jnax values estimated from A/C; response curves. However, plants grown
under fluctuating light will not necessarily benefit from an increase in Jma, as under ambient conditions,
[CO,] will be more limiting than regeneration of RuBP under periods of high light such as those
encountered under the fluctuating regimes (Pearcy, 2007). Additionally, higher Jm.x values and the
higher operating efficiency of PSIl photochemistry (F,’/Fn’) at saturating light and high [CO,] in plants

grown under SQH conditions, suggests higher potential electron transport rates than plants grown
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under low or fluctuating light treatments. The higher content of Lhcal, PsbD and electron transport
proteins (Cyt f, Cyt bs, RieskeFeS, ATP synthase) in square wave grown plants, would also facilitate
greater light absorption and enhanced capacity to process light. All of these observations together
suggest that SQH grown plants have the ability and resources to invest in greater capacity for
photosynthesis on an area basis, even if the potential to fully utilise this investment is not realised on a

day-to-day basis (as shown in the diurnal responses; Figs. 5.8 and 5.9).

In order to examine the impact of developmental acclimation to growth irradiance the ability of the
plants to operate in fluctuating light environments was assessed by gas exchange and chlorophyll
fluorescence under a diurnal fluctuating high (DFhign) or low (DFiow) light regime in plants from all growth
treatments (see Fig. 5.8 and Fig. 5.9). In general plants grown under fluctuating light regimes had higher
photosynthetic rates and photosynthetic efficiency than their square wave grown counterparts, which
was particularly evident when measured under the DFoy, lighting regimes. The significantly higher F,’/Fn’
along with higher F,’/F,” illustrates that the greater PSIl operating efficiency in these plants was due to
an ability to utilize the products of linear electron transport (Baker, 2008). The greater capacity to utilize
light for processes down stream of PSlII in the fluctuating plants was not accompanied by a significantly
higher g, or greater C; indicating that greater CO; flux from the atmosphere to inside the leaf could not

account for these differences.

When measured under fluctuating light regimes (DFpigh and DFjow), the differences in dissipation of
excess absorbed energy (NPQ) between plants grown under fluctuating and square wave regimes,
illustrated differences in photo-protective strategies and developmental acclimation (particularly when
measured under DF,,) (Alter et al, 2012). As expected, irrespective of the regime, plants grown under
low light exhibited a greater NPQ over most of the diurnal period, compared to those grown under high
light conditions as these plants were acclimated to a lower level of light (Demmig-Adams and Adames,
1992). Despite slightly higher A during DFj,w and DFyign, plants grown under FLH regimes also displayed
higher NPQ than those grown under SQH regimes, suggesting that FLH plants have greater capacity to
tolerate high light stress associated with these conditions. The response of NPQ through the diurnal
period was in contradiction with the observations from the A/Q curves (which illustrated reduced NPQ
in plants grown under fluctuating light conditions), revealing a more complex nature of the regulation of
excess energy dissipation than the one observed in steady state. Furthermore, there is a temporal
component of the NPQ response that is not observed during an A/Q curve, illustrated by the difference
in NPQ at the start and end of the diurnal period when light intensities are similar. A possible
explanation for this increase in NPQ, towards the end of the light period is the development of

photoinhibition following exposure to high light levels towards the middle of the photoperiod. This is
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also supported by the fact that smaller difference in NPQ between the started and end of the

photoperiod are evident when measured under the low (DFj,w) light regime.

During these diurnal measurements all plants displayed a decrease in A after 4h into the diurnal period,
despite the fact that stomatal conductance (g;) increased over the same period and C; was not limiting.
The decrease in F,’/F,” along with A suggests this was due mainly to a decrease in sink capacity for the
end products of electron transport, namely ATP and NADPH (Murchie and Lawson, 2013). These results
suggests that there is a process that slows down Calvin cycle activity later in the diurnal period, which
for example, could be sugar accumulation in the leaf applying a feedback control on photosynthesis
(Paul and Foyer, 2001; Paul and Pellny, 2003). An alternative explanation has been proposed by Yamori
(2016), who stated that under fluctuating light the electron transport system accumulates excess
reducing power, which cannot be dissipated as heat and may lead to photoinhibition of PSI or PSII, and a

decrease in CO; assimilation.

A comparison was made between the measured leaf level gas exchange values and the predicted values
of assimilation rate (determined from A/Q analyses) measured under DFpign and DFj, conditions, to
examine the effect of fluctuating light on photosynthetic processes over the diurnal period. It is
interesting that none of the plants measured under DF,,, were able to achieve the predicted A
irrespective of their growth light regimes. One possible explanation for this is that predicted A is based
on the A/Q response curves that are conducted under conditions maximizing processes such as Rubisco
activation (Ernstsen et al, 1997; Carmo-Silva and Salvucci, 2013), and ensuring no stomatal limitation of
A (Parsons et al, 1998). For example, the A/Q response curves were initiated by stabilizing a leaf in a
cuvette for 30-60 min at saturating light to ensure that g; and A were maximal, after which light was
rapidly decreased and A recorded when a new steady state value was reached (1-3 min). The short delay
between each measurement was not long enough for gs and the activation of Rubisco to reduce,
consequently each measurement was recorded when the conditions were most favourable for
photosynthesis. During the diurnal, C; values did not indicate a g; limitation of A, but the slow increase in
light and the rapid fluctuations could prevent full activation of Rubisco during the diurnal and may be a
possible explanation for the differences observed, as the assumption is that under A/Q curve conditions

photosynthetic activation is maximised (Carmo-Silva and Salvucci, 2013; Meacham et al, 2017).

To assess the impact of light regime on plant growth efficiency, daily light use efficiency (Daily LUE) was
determined on mature leaves (between 21 and 28 days old), along with long term light use efficiency
(LUE) over the entire growth period (28 days), to examine instantaneous values of plant performance to

convert absorbed light into carbon as well as the long term LUE.
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Under both light intensities, LUE was higher in plants grown under fluctuating light regimes, suggesting a
specific adaptation to maximise the light utilised for carbon fixation, facilitated by their improved light
saturated rate of photosynthesis (on a mass basis) and lower cost of maintenance (illustrated by lower
respiration rates). Plants grown under square wave regimes (and high light intensity) absorbed more
light, had a greater daily carbon gain and a greater biomass compared to fluctuating and low light grown
plants, despite having lower light use efficiencies (LUE). The lower LUE efficiency in square wave grown
plants could be the result of greater investment in cells, metabolic components and leaf structure
relative to the carbon gained by this investment (Weraduwage et al, 2015). Compared to low light
grown plants, the lower LUE in plants grown under high light could be the result of an increase in the
energy dissipated through processes such as NPQ associated with the higher growth light intensity,
reducing the amount of carbon fixed relative to the amount of light absorbed (Porcar-Castell et al,
2012). In general, plants grown under square wave light regimes had higher photosynthetic capacity on
an area basis, but this was not sufficient to fully utilise the absorbed light for carbon fixation, resulting in
a reduction in LUE. This suggests that under fluctuating (high) light, plants balance acclimation between

the increase in photosynthetic capacity and the increase in dissipation of excess energy (Givnish, 1988).

At leaf level, daily light use efficiency (Daily LUE) represents the efficiency of the plant to convert the
incident light into carbon over a 24h diurnal period (Medlyn, 1998). For example, a decrease in Daily LUE
can be explained during periods of high light intensity that may occur in a fluctuating environment, by
the fact that plants cannot utilize all the available light for carbon fixation. This is illustrated in Fig. 5.1,
which shows the light intensity that saturates photosynthesis in FLH grown plants (dotted line) and the
shaded areas the proportion of light that is higher than saturation for photosynthesis and light above
this intensity will not drive additional carbon fixation in these plants. This theoretically decreases the
average growth light intensity FLH plants were grown in. Daily LUE was lowest in plants grown under
fluctuating light regimes, due to a smaller rosette area early in development. In plants grown under
fluctuating light, the greater investment in photosynthetic capacity by area along with the greater
proportion of daily respiration in the dark induced an extra cost to growth, which could explain the slow
development of these leaves at early stages (Pearcy, 2007). After the initial period of slow growth, the
rosette area of plants grown under fluctuating light regimes increased rapidly as the light absorbed by
these plants was converted more efficiently into biomass, as illustrated by the increased long term LUE.
These results seem contradictory, but one explanation could be that the partitioning of the carbon fixed
at different growth stages was not the same between treatments, with generally more carbon invested
in processes other than growth (such as photo-protection) early in development, in plants grown under

fluctuating light compared to square wave light regimes.
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5.5. Main conclusions

In this chapter, the impact of dynamic growth light regimes on photosynthetic acclimation and plant

growth was examined.

e Plants grown under fluctuating light showed a previously undescribed phenotype, exhibiting
thinner leaves, with a lower light absorption compared to square wave grown plants, yet similar
photosynthetic rates per unit leaf area and greater values when considered on a leaf mass basis.
The fluctuating growth light phenotype described here enabled these plants to perform more
effectively in dynamic environments than square wave grown plants, with greater rates of

photosynthesis along with lower gs, potentially increasing water use efficiency.

e Although A/Q analyses were useful to characterise the difference in photosynthetic capacity, in
this case they failed to accurately predict assimilation rates over the diurnal period,
overestimating these by up to 38% particularly under low light. This may suggest an activation of
photosynthesis during the light response curves that may not be present during diurnal
measurements if high light levels are not achieved, putting in to question how we view these

analyses (light response curves) as representations of every day plant behaviour.

e The diurnal data shown in this chapter revealed a negative feedback on photosynthesis that
resulted in an approximate 20% decrease of the predicted total daily carbon assimilated,
without a corresponding decrease in stomatal conductance. This potentially leads to major
impacts on predictions of daily water use and carbon gain, and therefore models of ecosystem-

atmosphere carbon and water budgets.

e The research in this chapter highlights that growing plants under laboratory conditions and
square wave illumination does not fully represent plant development under a natural
environment, with significant variation in leaf anatomy, biochemistry and performance between
growth light treatments. This stresses the importance of considering fluctuations in incident
light in future experiments that aim to infer plant productivity under natural conditions in the

field.
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CHAPTER 6

Acclimation to fluctuating light impacts the
rapidity of response and diurnal rhythm of
stomatal conductance in Arabidopsis
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impacts the rapidity of response and diurnal rhythm of stomatal conductance. Plant
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Transition Statement

In the previous chapter, it was revealed that growth under dynamic fluctuating light influenced the
photosynthetic acclimation and development of the model plant Arabidopsis thaliana, irrespective of
the average daily growth light intensity. In fact, plants subjected to fluctuating light had thinner leaves
and lower photosynthetic capacities, despite displaying photosynthetic rates per unit leaf area that
were comparable to those grown under square wave light. Plants grown under fluctuating light also
displayed slower growth rates early in development than square wave grow plants, likely due to not
being able to fully utilize the absorbed light energy at high light levels for carbon fixation. The majority
of light acclimation studies have focused on light intensity and photo-acclimation, with few exploring

the impact of dynamic growth light on stomatal acclimation and behavior.

In this chapter, assessment of the impact of growth light regime on stomatal acclimation was
undertaken, with plants grown under the same light regimes used in Chapter 5, with the addition of a
third treatment (sinusoidal regime at high and low light intensities), to assess the effect of light regime

dynamics on gas exchange and water use efficiency.
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6.1. Introduction

In order to maintain an optimal balance between A and g;, stomata continually adjust aperture to
external environmental cues (e.g. PPFD) and internal signals, which can include hormonal (e.g ABA,;
Mencuccini et al, 2000; Tallman, 2004), circadian (Gorton et al, 1989; Dodd et al, 2005; Hubbard and
Webb, 2015; Hassidim et al, 2017) and/or a currently unidentified ‘mesophyll signal’ (Lee and Bowling,
1992; Mott et al, 2008; Fujita et al, 2013). Many studies have reported a strong correlation between A
and gs (e.g. Wong et al, 1979) and it has been theorized that synchronicity exists to optimize the trade-
off between photosynthesis and water loss (Buckley 2017). However, this synchronicity is often
inhibited by the temporal stomatal response (Lawson and Blatt, 2014); the speed at which stomata open
and close to changing environmental cues, such as those experienced in a dynamic field environment
(Lawson et al, 2010; Jones, 2013). Stomatal responses to changing environmental cues are often an
order of magnitude slower than those observed in A, resulting in lags in stomatal behaviour and a
temporal disconnect between A and gs, with implications for water use efficiency and crop productivity

(Tinoco-Ojanguren and Pearcy, 1993; Lawson and Blatt, 2014; McAusland et al, 2016).

The close relationship between A and g; has often been reported under steady state conditions and has
been used by many models to predict diurnal time courses of gs (Damour et al, 2010), such as the widely
used Ball-Berry model (Ball et al, 1987) and its offshoots. The use of steady state models under
fluctuating environmental conditions, can lead to inaccurate predictions of the diurnal response of gs, as
these models do not really take into account the slow temporal response of stomata (Vialet-Chabrand et
al, 2013). Moreover, the lack in temporal synchronicity between A and g; that cannot be predicted by
these models, has important implications for carbon gain and water use when integrated over the
diurnal period and/or entire growing season. Furthermore, as measurements of g; in the field are highly
variable they correlate poorly with those measured under steady state conditions in the laboratory
(Poorter et al, 2016), which are often taken in the middle of the day to maximize photosynthetic

activation and reduce potential stomatal limitation on A.

In addition to the temporal responses outlined above, diurnal variation in sensitivity and temporal
kinetics to various stimuli, have been reported for both stomatal behavior and photosynthesis. For
example, there is evidence to suggest that the rapidity of stomatal responses may change at different
times of day (Mencuccini et al, 2000; Tallman, 2004). Additionally, changes in g; to fluctuations in water
status have been shown to restrict A depending on the time of day, and stomata have been reported to

be more responsive to ABA in the morning compared with the afternoon (Mencuccini et al, 2000). It has
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been recognized that the circadian clock at least in part controls these diurnal modifications in A and g;
responses over the diurnal period (e.g. Dodd et al, 2005; Hassidim et al, 2017), through regulating the
temporal patterns of transcription in photosynthesis, stomatal opening and other physiological
processes (Gorton et al, 1989, 1993; Hubbard and Webb, 2015). Adjustment of the circadian clock to
environmental cues such as light or temperature is fundamental for synchronizing plant biological
processes with growth environment (Yin and Johnson, 2000; de Dios et al, 2016), which is important for
photosynthesis and plant growth (Dodd et al, 2005; Caldeira et al, 2014). Although the mechanisms
behind diurnal regulation of A and gs and the impact on water use efficiency are not fully understood,
these studies highlight the need for a greater understanding of the impact of temporal stomatal
response over the entire diurnal period, as these will have important implications for cumulative A and

water loss as well as model predictions.

The speed and magnitude of the temporal response of g; is known to vary between species (McAusland
et al, 2016), although little is known about how growth light conditions may affect stomatal responses
at different times of the day. In the natural environment the response of A and g, is dominated by
photosynthetic photon flux density (PPFD) (Pearcy, 1990; Way and Pearcy, 2012), which varies
temporally over the course of seconds, minutes, days and seasons (Assmann and Wang, 2001), due to
changes in cloud cover, sun angle, and shading from neighboring leaves and plants (Pearcy, 1990;
Chazdon and Pearcy, 1991; Way and Pearcy, 2012). Leaves therefore experience short and long-term
fluctuations in light (sun/shade flecks) to which gs and A respond. Although it is well established that
photosynthesis and to some extent stomatal behavior (including g kinetics) acclimate to growth light
intensity, in Chapter 5 acclimation of photosynthesis to the pattern of growth irradiance as well as
intensity was demonstrated, with fluctuating light having a large impact on photosynthetic performance
(Kulheim et al, 2002; Alter et al, 2012; Suorsa et al, 2012; Yamori 2016; Kaiser et al, 2016). However, it is
not currently known if fluctuations in light impact stomatal acclimation and potentially influence the
magnitude and temporal dynamics of g; and A over the diurnal period, and how it may affect water use

efficiency.

In order to assess the influence of dynamic light on temporal kinetics and diurnal responses of gs and A,
gas exchange in Arabidopsis plants (Col-0) grown under dynamic light regimes that mimic the ‘field’
environment, were compared with plants grown under square wave light regimes, representative of
‘laboratory’ growth conditions. Plants were grown under three light regimes; fluctuating with a fixed
pattern of light, fluctuating with a randomized pattern of light (sinusoidal), and non-fluctuating (square

wave), to assess the effect of light pattern on gas exchange. Two different average light intensities (high
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and low) were used, to separate the effect of light intensity from light pattern on stomatal acclimation

and response.

The aim of this chapter was to evaluate the impact of growth light conditions on the acclimation of g;
response and diurnal behavior, with the response of gs to a step change in light as well as the diurnal
response of gs under constant light assessed. This allowed the quantification of the periodicity,
magnitude and rapidity of the response of g;, and determines if these processes significantly impact
stomatal behavior over the course of the day. To separate the response of g; from
environmental/external and non-environmental/internal signals, gas exchange measurements of A and
gs were captured over a 12h period under a constant square wave light regime. As a result, any variation
in the response of gs will be due to the acclimatory response of internal signals to the pattern of growth
light. When used in conjunction with current steady state models of g, a better understanding of the g;
response to internal signals could greatly improve their predictive power under a dynamic light

environment.

6.2. Material and Methods

This section outlines methods specific to this chapter and modifications made to protocols outlined

previously, if more detail is required please refer to Chapter 2 — “Materials and Methods”.

6.2.1. Plant material and growth conditions

Fluctuating and square wave light growth conditions were delivered via a Heliospectra LED light source
(Heliospectra AB, Goteborg, Sweden). A fluctuating light regime (FLuign) Was recreated from a natural
light regime recorded at the University of Essex during a relatively clear day in July (see Fig. 6.1) (with
the assumption of a constant spectral distribution). The average light intensity over the 12h fluctuating
regime was calculated as 460 pmol m?2 s and was used as the light intensity for the square wave high
light treatment (SQuign). This value was then halved to 230 umol m? s* for the fluctuating (FLiow) and

square wave (SQ.ow) low light conditions.
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Plants (Arabidopsis thaliana, Col-0) were grown in peat-based compost (Levingtons F2S, Everris, Ipswich,
UK) and were maintained under well-watered conditions in a controlled environment, with growth
conditions maintained at a relative humidity of 55-65%, air temperature of 21-22°C, and a CO,
concentration of 400 umol mol™?. The position of the plants under the light source was changed daily at

random to remove any effect of potential heterogeneity in the light quality and quantity.
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Figure 6.1. Diurnal light regimes used for plant growth conditions and leaf level gas exchange
measurements. Each diurnal represents the same average amount of light energy over the 12-hour light
regime for SQ (square wave) and FL (fluctuating) treatments depending on the light intensity, SQH (square
wave high light) and FLH (fluctuating high light) (mean = 460 pmol m? s1), SQL (square wave low light)
and FLL (fluctuating low light) (mean = 230 umol m™? s?). Shaded areas represent periods at which
measurements were taken for time of day effects (Morning; 8-10 am, Midday; 1-3 pm, Evening; 6-8 pm).

6.2.1.1. Simulating daily light fluctuations for sinusoidal growth light regime.

The sinusoidal growth light regime was simulated with random variations in light, and was constrained
to maintain the daily amount of light intensity (PPFD) constant during the growth, with each day
exhibiting different random fluctuations in light (Fig. 6.2). As with the other light treatments described

above, average light intensities of 460 umol m s for the sinusoidal high light treatment (SN4iz») and

136



230 umol m st for the sinusoidal low light treatment (SN.ow) were used. For more details, see method

2.1.
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Figure 6.2. First five days of the simulated sinusoidal high light regime (SN4ign), highlighting the random
fluctuations in light intensity unique to each day.

6.2.2. Leaf gas exchange

All gas exchange (A and g;) parameters were recorded and cuvette conditions maintained as laid out in
Method 2.2, using a Li-Cor 6400XT portable gas exchange system (Li-Cor, Lincoln, Nebraska, USA). All

measurements were taken using the youngest, fully expanded leaf.

6.2.2.1. Measurements and modelling of diurnal stomatal conductance under constant light
To investigate the acclimation of diurnal stomatal response in plants grown under the six light
treatments, all plants were subjected to a square wave light regime corresponding to their growth light
intensity (SQuign: high light treatments; SQiow: low light treatments), with net CO; assimilation (A) and
stomatal conductance (gs) measured continuously over the diurnal period. See method 2.2.5.

6.2.2.2. Temporal response of A and g;

The response of net CO, assimilation rate (A) and stomatal conductance (gs) to a step change in

photosynthetic photon flux density (PPFD), was carried out as described in method 2.2.3.
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6.2.3. Modelling gas exchange parameters

6.2.3.1. Determining the rapidity of stomatal conductance response

The rapidity of the stomatal response following a step change in light intensity was assessed using

method 2.3.5.
6.2.3.2. Determining the rapidity of net CO; assimilation response
The rapidity of the photosynthesis response following a step change in light intensity was assessed using

method 2.3.6.

6.2.4. Including diurnal stomatal behaviour in the Ball-Berry model for

predicting g;

An addition was made to the original Ball-Berry model (Ball et al, 1987) to take into consideration the
time of the day effect on g;: two versions (with and without the Gaussian response of g;) were adjusted
on an independent dataset described previously in Chapter 5. The difference between observed and

modelled data for both models was assessed. See method 2.3.7.

6.2.5. Stomatal anatomical measurements

Stomatal density, pore area, index, ratio, theoretical maximum of stomatal conductance (gsmax), and
Nocturnal conductance (referred to here as gsnight) Were assessed by taking stomatal impressions of the

surface of the leaf, for more details see method 2.4.1.
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6.3. Results

6.3.1. Diurnal responses of gs, A, and W, to a square wave pattern of light

To investigate the acclimation of diurnal stomatal response in plants grown under the six light
treatments (FLH, Fluctuating high light; SNH, Sinusoidal high light; SQH, Square high light; FLL,
Fluctuating low light; SNL, Sinusoidal low light; SQL, Square low light), all treatments were subjected to
the square wave light regime corresponding to their growth light intensity (SQuign: high light treatments;
SQiow: low light treatments), with net CO; assimilation (A; Fig. 6.3A), stomatal conductance (gs; Fig.

6.3B), and intrinsic water use efficiency (W;; Fig. 6.3C) measured continuously over the diurnal period.

When integrated over the entire diurnal period, A was higher in SQH grown plants compared to FLH and
significantly higher (P<0.05) in SQH compared to SNH grown plants (Fig. 6.3A), although there was no
difference between plants under low light treatments. After approx. 5h into the light regime, A started
to decrease in all high light grown plants and this decrease continued to the end of the light period (Fig.
6.3A). In all low light treatments a continuous slow decrease in A was observed throughout the entire
diurnal light period. In all growth light treatments g responses were not coordinated with A, and
displayed a Gaussian pattern of response (Fig. 6.3B), whilst A displayed a more square wave response
(Fig. 6.3A). FLH, SQH and SNH grown plants displayed similar patterns of g but differed in the maximum
gs achieved, and the time at which peak gs occurred over the diurnal period. Initial levels of gs ca. 1h
after the light was turned on were comparable between all treatments depending on light intensity,
whilst maximum values of g in all treatments were reached approx. 4.5-6h into the diurnal period (Fig.
6.3B). In the evening (6-8pm) gs decreased to a value approximately 0.06 mol m?2 s lower than the
initial value observed in the morning in SQH and FLH treatments (ca. 0.3 to 0.24 mol m?2 s, morning and
evening respectively), although this was not the case in SNH (0.27 to 0.26 mol m2 s) grown plants. The
maximum value of gs reached during the diurnal period was higher in FLH (0.38 mol m2s?) and SNH
(0.375 mol m?2 s!) compared to SQH (0.32 mol m s?) grown plants (Fig. 6.3B). FLL and SNL showed
higher levels of g; than SQL grown plants throughout the day, with the maximum g, reached significantly
higher (P<0.05) in FLL (0.27 mol m* s?) and SNL (0.275 mol m2 s!) compared to SQL (0.19 mol m?s?)
grown plants (Fig. 6.3B). Intrinsic water use efficiency (W;) was greater in SQ grown plants compared to
FL and SN treatments across the entire diurnal light period, in both high and low light grown plants
measured under their respective light intensities (Fig. 6.3C). In high light treatments W; remained
relatively constant between morning and evening, assisted by the fact that the decrease in A toward the

end of the day was accompanied by a decrease in gs. In low light treatments W; decreased through the
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day driven by the continuous slow decrease in A. All six treatments experienced a drop in W; at midday

due to the increase of g; at this time with little or no change in A (Fig. 6.3C).
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Figure 6.3. Diurnal measurements of gas exchange; net CO, assimilation (A; A); stomatal conductance (gs,
B); Intrinsic water use efficiency (W;; C), measured under square wave regimes of light. FLH, SNH and SQH
treatments were measured under square wave high light regime (SQuign); FLL, SNL and SQL treatments
were measured under square wave low light regime (SQ.ow). Error bars represent mean + SE, n = 5-7. Grey
shaded areas indicate when light source is off. Represented are examples of FLH (D), SNH (E) and SQH (F)
to highlight fit of the temporal response exponential model (black line). Pink shaded areas illustrate
growth light regimes for FLH (D), SNH (E) and SQH (F).
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The temporal response of g; to external and internal cues was modeled using an exponential equation
(See Method 2.2.5), Figures 6.3D-F display examples of the model fit on individuals of each high light
treatment (FLH, SNH, and SQH respectively). R and rmse of the relationship between observed and
predicted data were as follows for all treatments (R2, rmse respectively): FLH (0.99, 0.008), SNH (0.99,
0.008), SQH (0.99, 0.005), FLL (0.99, 0.006), SNL (0.99, 0.006), SQL (0.99, 0.002).

Time (h)
FLH == SNH == SQH - - FLL ==SNL == SQL

gs (mol m_23_1)

Figure 6.4. Gaussian signal of stomatal conductance (gs) during diurnal measurements of square wave
light (A). Shown is a diagrammatic example highlighting the parameters extracted from the data (B);
relative percentage of Gaussian driven gs (Rsin); the time at which peak gs occurs (Tmgin); the width of the
peak (Tssin ); and magnitude (Gsin), during the diurnal signal of gs. FLH, SNH and SQH treatments were
measured under square wave high light regime (SQuign); FLL, SNL and SQL treatments were measured
under square wave low light regime (SQiow).
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Figure 6.5. Parameters extracted from the gaussian signal of stomatal conductance (gs) during diurnal
measurements of square wave light. Shown is the relative percentage of Gaussian driven gs (Rsin, A); the
time at which peak gs occurs (Tmsin, B); the width of the peak (Tssin, C); and magnitude (Gsin, D), during the
diurnal signal of gs. FLH, SNH and SQH treatments were measured under square wave high light regime
(8Quign); FLL, SNL and SQL treatments were measured under square wave low light regime (5SQ;0w). Colored
bars are combined data from high and low light treatments. Error bars represent mean + SE, n = 5-7.
Letters represent the results of Tukey’s posthoc comparisons of group means.

To further characterize the importance of the Gaussian response of g; relative to the diurnal variation, a
descriptive model was used to dissect the data into parameters that relate to variation of the leaf
internal signals. Using this model, the Gaussian element of the diurnal response of g; was separated
from the response to change in light intensity (Fig. 6.4A), and separated into descriptive parameters (Fig.
6.4B). The percentage of Gaussian driven g; (Rsin, Fig. 6.5A), the time at which peak gs occurs (Tmgn, Fig.
6.5B), the width of the peak (Ts.in, Fig. 6.5C), and magnitude (Gsin, Fig. 6.5D) were determined from the
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descriptive model. Significant differences in the proportion of the Gaussian driven g; (Rsin; Fig. 6.5A)
were observed between plants grown under different light regimes (P<0.05), with the lowest values ca.
16% observed in SQL grown plants, and the highest ca. 30% in SNL. When the results were grouped
according to light regime (not divided into intensity), a significant difference in Rs» was observed
between SQ and SN grown plants (P<0.05), with SQ (ca. 17%) lower than both FL (ca. 21%) and SN (25%)
treatments (Fig. 6.5A). There was no significant difference in the time at which peak g; occurred (Tmsin)
between treatments irrespective of light intensity and treatment (Fig. 6.5B), except for SNH that took
ca. 1h longer to reach a maximum value of g than all other treatments. Although there was a noticeable
trend of FL treatments having lower values of Ts» than SN (irrespective of light intensity; Fig. 6.5C), no
significant differences were observed, however Tsq, was significantly lower in FL (ca. 2.1h) than SN (ca.
2.35h) when grouped by light regime (P<0.05; Fig. 6.5C). Large variation in the magnitude of the
Gaussian element (Ggin; Fig. 6.5D) was observed between and within treatments, with values ranging
from ca. 0.06 mol m?2stin SQL to ca. 0.15 mol m?s?tin FLH. SQ grown plants exhibited lower values of
Gsin than FL and SN under both light intensities, with SQL significantly lower (P<0.05) than all other
treatments. When light intensities were grouped together, SQ (ca. 0.08) grown plants were significantly

lower (P<0.05) than FL (ca. 0.125) and SN (ca. 0.13) treatments (Fig. 6.5D).

6.3.2. Response of gs and A to a step change in PPFD as a function of time of day

To assess the impact of growth light regimes on stomatal responses, leaves were subjected to a step
increase in PPFD (100-1000 pmol m2 s?) followed by a step decrease (1000-100 pmol m?2s?), and the
effect on A and gs measured using gas exchange (Figs. 6.6 and 6.7). In the morning period (8-10am) both
high and low intensity fluctuating light treatments (FLH and FLL) and sinusoidal light treatments (SNH
and SNL) reached a new plateau of gs within 90 min after the light increase (Figs. 6.6A and 6.7A), whilst
both the square wave treatments; SQH (Fig. 6.6A) and SQL (Fig. 6.7A), failed to reach a new plateau of g
within this timeframe. In the midday (1-3pm) and evening (6-8pm) measurements, gs reached a plateau
in all light treatments (High; Fig. 6.6A and Low; Fig. 6.7A), within 90 minutes. Following the increase in
PPFD to 1000 pmol m?2 s a near instantaneous increase in A was observed in contrast with the slow
initial increase in gs in all treatments, and at all times of day (Fig. 6.6B and Fig. 6.7B). In all treatments
and three measurement times, gs continued to increase during the measurement period despite the fact

that A had reached near steady state levels.
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Figure 6.6. Temporal response of stomatal conductance (gs, A), net CO; assimilation (A, B), and intrinsic
water use efficiency (W, C), to a increased step change in light intensity (from 100 to 1000 pmol m2 s),
at different times of the day. Gas exchange parameters (g;, A and W) were recorded at 20s intervals, leaf
temperature maintained at 25°C, and leaf VPD at 1 + 0.2 KPa. Plants grown under the three high light
treatments; fluctuating (FLH); sinusoidal (SNH); square wave (SQH). Error ribbons represent mean + SE. n
=5-6.
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Figure 6.7. Temporal response of stomatal conductance (gs, A), net CO; assimilation (A, B), and intrinsic
water use efficiency (W, C), to a increased step change in light intensity (from 100 to 1000 pmol m2 s),
at different times of the day. gs, A and W, were recorded at 20s intervals, leaf temperature maintained at
25°C, and leaf VPD at 1 £ 0.2 KPa. Plants grown under the three low light treatments; fluctuating (FLL);
sinusoidal (SNL); square wave (SQL). Error ribbons represent mean + SE. n = 5.
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Although all treatments displayed a predominantly uncoordinated A and gs temporal response, final
values of A and g; were strongly correlated, especially in the morning where FLH exhibited the highest
levels of operational maximum gs and A, whilst SQH displayed the lowest values in each category (Fig.
6.6A and 6.6B). Intrinsic water use efficiency (W), measured as A/g;, increased over the day in FL grown
plants (Fig. 6.6C), predominantly driven by the decrease in g, values over this period (Fig. 6.6A). W;
measured in SQ and SN grown plants changed little between morning and evening, although SQ grown
plants always exhibited higher values than SN plants. W; values were higher in the morning for SQ and
SN grown plants compared to FL treatments irrespective of light intensity (Fig. 6.6C and Fig. 6.7C),
driven largely by the lower g; values (Fig. 6.6A). In the evening the inverse was evident with FL
treatments displaying higher levels of W, driven by the higher A values in FLH grown plants (Fig. 6.6B)
and the lower final gs values in FLL grown plants (Fig. 6.7A). In all treatments, final values of g; decreased
through the day (morning to evening) when subjected to a step decrease in PPFD from 1000 to 100
umol m2 s (Fig. 6.8). In the morning period the highest final values of gs at 100 PPFD were shown by
FLH (ca. 0.26 mol m s?) grown plants, whilst SNH (0.14 mol m? s?) displayed the lowest values (Fig.
6.8A), which correlated strongly with the final values of gs at 1000 PPFD (Fig. 6.6A). In the evening

period final values of g; were comparable between all treatments (Fig. 6.8).
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Figure 6.8. Temporal response of stomatal conductance (gs), to a step decreased in light intensity (from
1000 to 100 pmol m?2 s?), at different times of the day. Stomatal conductance (gs) was recorded at 20s
intervals, leaf temperature maintained at 25°C, and leaf VPD at 1 £ 0.2 KPa. Plants grown under the three
high light treatments (A) and three low light treatments (B); fluctuating (FLH and FLL); sinusoidal (SNH and
SNL); square wave (SQH and SQL). Error ribbons represent mean * SE. n = 5-6.
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6.3.3. Speed of g; response to a step change in PPFD

Stomatal responses to a step increase in PPFD were used to determine the influence of acclimation to

growth light regime and intensity on the speed of g; response at different times of the day.
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Figure 6.9. Time constants for stomatal opening (t;, A), stomatal closure (14, B), and light saturated rate of
carbon assimilation (t,;, C) to a step change in light intensity (from 100 to 1000 pumol m2 s*; and from
1000 to 100 pmol m2 s? respectively). Final values of stomatal conductance after an increased step
change in light intensity (G;, D); after a decreased step change in light intensity (Gg, E); and saturation of
net CO, assimilation at 1000 umol m2 s (A;, F), at different times of the day (Morning, Midday, Evening).
Plants grown under the three high light treatments; fluctuating (FLH); sinusoidal (SNH); square wave
(SQH). Error bars represent 95% confidence intervals. n = 5-6.
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Figure 6.10. Time constants for stomatal opening (t;, A), stomatal closure (tg4 B), and light saturated rate
of carbon assimilation (ta;, C) to a step change in light intensity (from 100 to 1000 umol m? s; and from
1000 to 100 umol m s? respectively), at different times of the day. Final values of stomatal conductance
after (1000 umol m2 s?) an increased step change in light intensity (G, D); after (100 pmol m2 s?) a
decreased step change in light intensity (G, E); and saturation of net CO, assimilation at 1000 pmol m? s’
L (A, F), at different times of the day (Morning, Midday, Evening). Plants grown under the three low light
treatments; fluctuating (FLL); sinusoidal (SNL); square wave (SQL). Error bars represent 95% confidence
intervals. n = 5-6.

Time constants for stomatal opening (t;, Fig. 6.9A) in response to a step increase in light were
significantly lower (P<0.05) in SNH grown plants compared with FLH and SQH grown plants when

measured in the morning. The slower responses observed in the FLH and SQH grown plants remained at
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the midday measurement period, however 1; dropped significantly (P<0.05) in the evening
measurements in both FLH and SQH indicating a faster response similar to that observed for SNH
throughout the day (Fig. 6.9A). In low light treatments 1; was significantly faster in SNL grown plants
(P<0.05) compared to FLL and SQL at all times of day (Fig. 6.10A), with time constants decreasing at
midday in all treatments before returning in the evening to levels comparable to the morning. In
contrast to stomatal opening, time constants for stomatal closure (t,) increased significantly (P<0.05)
through the day (morning to evening) in all FL and SN treatments irrespective of light intensity (Fig. 6.9B
and Fig. 6.10B), although SN grown plants were significantly faster (P<0.05) than FL at all times of day.
The time constant for stomatal closure (t4) was maintained at all times of day in SQ grown plants
irrespective of light intensity, whilst in both FL and SN treatments 14 significantly increased (P<0.05)
from morning to evening. In general stomatal closure was much slower in plants grown under FL than in

SN and SQ, with SN g; responses slower than SQ in the evening.

The time constant for light saturated rate of carbon assimilation at 1000 pmol m?2 s PPFD (t;, Fig. 6.9C
and Fig. 6.10C) were determined from the temporal response data (Figs. 6.6 and 6.7), along with final
values of gs at 1000 PPFD for stomatal opening (G, Fig. 6.9D and Fig. 6.10D), stomatal closure (G, Fig.
6.9E and Fig. 6.10E), and saturated rates of A at 1000 PPFD (A;, Fig. 6.9F and Fig. 6.10F). Net CO,
assimilation was deemed saturated at 1000 PPFD from analysis of light response curves on the same
plants (see Chapter 5, Fig. 5.2). Time constants for light saturated A (1, Fig. 6.9C) were significantly
higher (P<0.05) in SNH compared to SQH and FLH at morning and midday, whilst in the evening t,; was
significantly higher (P<0.05) in FLH. In low light treatments (Fig. 6.10C) t, significantly decreased
(P<0.05) from morning to midday in SQL and SNL, and significant decreased (P<0.05) in all low light
treatments from midday to evening. The final gs at 1000 pmol m?2 s (G;, Fig. 6.9D and Fig. 6.10D), and
following closure when light was reduced from 1000 to 100 pmol m?2 s (Gg, Fig. 6.9E and Fig. 6.10E)
differed significantly through the day. Final g; at 1000 PPFD (G;) decreased significantly (P<0.05) from
morning to evening in FLH grown plants (ca. 0.46 to 0.25 mol m s}, respectively; Fig. 6.9D), whereas
SQH and SNH treatments remained constant throughout the day displaying a trend of increased G; at
midday. All low light treatments (FLL, SQL, SNL) displayed similar trends in G; throughout the day, with a
significant decrease (P<0.05) from morning to evening; ca. 0.35 t0 0.21 mol m2s?in FLL; ca. 0.34 t0 0.23
mol m?2s?tinSQL; and ca. 0.33 to 0.23 mol m?2 s in SNL (morning and evening respectively, Fig. 6.10D).
Final values of gs at 100 PPFD (Gg; Fig. 6.9E and Fig. 6.10E) displayed similar trends to that of G; in all
treatments, irrespective of light intensity. Gg significantly decreased (P<0.05) from morning to evening in
FLH grown plants (ca. 0.27 to 0.11 mol m s’%; Fig. 6.9E), though remained constant in SQH and SNH
treatments at all times of day. In all low light treatments, Gg significantly decreased (P<0.05) from

morning to evening (Fig. 6.10E); ca. 0.17 to 0.1 mol m? st in FLL; ca. 0.19 to 0.13 mol m? s in SQL; and
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ca. 0.15 to 0.1 mol m?2 st in SNL (morning and evening respectively, Fig. 6.10E). Saturated rates of A at
1000 PPFD (A;; Fig. 6.9F and Fig. 6.10F) remained constant from morning to midday in all treatments,
irrespective of light intensity. In all light treatments there was a decrease in A; from midday to evening,
although this was only significant in SNH and SQL treatments (P<0.05). A strong correlation was

observed in all treatments between the final value of gs (G;) and A (A;) under 1000 umol m s* PPFD.

6.3.4. Stomatal anatomy

With regard to stomatal anatomy, significant differences (P<0.05) in stomatal density (SD) were
observed between plants grown under high and low light intensity, though no difference was observed
between plants grown under the different patterns of growth light of the same average intensity (Fig.
6.11). FLH, SNH, and SQH grown plants had significantly higher (P<0.05) abaxial stomatal density than
SQL, with SNH also significantly higher than FLL grown plants (Fig. 6.11A). No difference in adaxial
stomatal density (Fig. 6.11B), abaxial pore area (Fig. 6.11C), or adaxial pore area (Fig. 6.11D) was
observed between treatments. Maximum stomatal conductance (gsmax) Was greater in all high light
compared to low light treatments, but was only significantly higher (P<0.05) in FLH, SNH, and SQH
grown plants compared to FLL (Fig. 6.11E), and no difference was observed between the different
patterns of growth light. Similar to gsmax, Nocturnal conductance (gsnight) was higher in all high light
treatments than low light grown plants, yet was only significantly different (P<0.05) between SNH and
SNL, with no difference observed between pattern of growth light. It should be noted that there was a
strong positive correlation between gsmax and gsnight, With all the low light treatments exhibiting lower

gsmax and gsnight Values compared to the high light treatments (Fig. 6.12).
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Figure 6.11. Stomatal anatomical characteristics including abaxial stomatal density (SD — Ab; A); adaxial
stomatal density (SD — Ad; B); abaxial stomatal pore area (C); adaxial stomatal pore area (D); maximum
stomatal conductance (gsmax; E); nocturnal stomatal conductance (gsnight; F) of plants grown under the six
light treatments; fluctuating high and low light (FLH, FLL); sinusoidal high and low light (SNH, SNL); and
square wave high and low light (SQH, SQL). Error bars represent mean + SE. n =20 (A-E), n = 5-7 (F). Letters
represent the results of Tukey's post-hoc comparisons of group means.
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Figure 6.12. Correlation between stomatal conductance characteristics; maximum stomatal conductance
(gsmax) and nocturnal stomatal conductance (gsnight) Of plants grown under the six light treatments;
fluctuating high and low light (FLH, FLL); sinusoidal high and low light (SNH, SNL); and square wave high
and low light (SQH, SQL). Error bars represent mean * SE. n = 20 (gsmax), N = 5-7 (gsnight)-

6.3.5. Impact of diurnal stomatal behaviour on predictive models of gs in a dynamic

environment

Based on the findings of g; response over the diurnal period, an addition of the time of day effect was
made to the Ball-Berry model to investigate whether adding this Gaussian element would improve
predictive power and model fit when trying to predict gs; under different light regimes and intensities. To
demonstrate the improvements in predictive power, and display an example of the fit of the two models
(with and without the Gaussian element), a completely independent data set measured under a
dynamic light environment previously described in (Chapter 5) was used. Figure 6.13A shows the
difference between measured and predicted g; values using the Ball-Berry model without (Fig. 6.13B)
and with (Fig. 6.13C) a Gaussian element. The new model that had the addition of a Gaussian element,

displayed improvements in the prediction of g; at all times of day, especially at periods of high and low
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light where the original Ball-Berry model failed to accurately predict the full range of variation in the
data (Fig. 6.13A). Under all light conditions the best model fit was always that with the addition of the
Gaussian element, as R? of the relationship between observed and predicted data increased by over
10% (0.837 to 0.941, respectively), and rmse was improved by ca. 40% (0.0527 to 0.0317, respectively)
indicating a significant improvement in predictive power. This indicates that with the addition of a

Gaussian element performance significantly improves, especially under a dynamic light environment.
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Figure 6.13. An example of adjustment made on an existing independent data set (black circles) measured
under a dynamic light environment (A; see Chapter 5), for the Ball-Berry model without (blue line) and
with (red line) a Gaussian element. Shown are the comparisons between measured and predicted g
values using the Ball-Berry model without (B; Blue dots) and with (C; Red dots) a Gaussian element. Open
and closed circles are the Fluctuating and Square-wave treatments respectively, from the independent
data set.
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6.4. Discussion

It was shown in Chapter 5 that photosynthesis and to some extent stomatal conductance acclimates to
the pattern and intensity of growth irradiance; however, the aim of the research in this chapter was to
investigate how acclimation to fluctuating growth light influences the magnitude and temporal
dynamics of gs over the diurnal period. The impact of fluctuating growth lighting regimes on stomatal
behaviour was examined, with the acclimatory response of stomata anatomy, the rapidity of response,
and the magnitude of gs stomatal responses over the day highlighted. Also shown is an internally driven
diurnal signal (referred to as the ‘internal signal’) that uncouples g; from A, the magnitude and shape of

which were modified by both light intensity and light pattern.

Similar to previously published work (Gay and Hurd, 1975; Lake et al, 2001), there was anatomical
stomatal acclimation to light intensity, with significantly higher stomatal density (SD) under high light.
However, as there was no change in SD between growth treatments of the same intensity, the
physiological differences observed, would potentially be the result of alterations to stomatal guard cell
biochemistry, sensitivity or signaling rather than any increases in the potential anatomical maximum of

gs (Lawson and Blatt, 2014).

Both the rapidity and magnitude of gs responses to a step change in PPFD were influenced by growth
light regimes, and this was particularly evident at the start of the day. Plants grown under dynamic
(fluctuating and sinusoidal) high light showed a faster response and in general a greater magnitude of
change, however these differences in stomatal responses diminished throughout the day. This has also
been described previously by Mencuccini et al. (2000), but not in the context of light acclimation. These
authors used detached leaves and pressurized them to simulate different levels of leaf water status, and
hypothesized that the magnitude of g; responses observed at different times of the day were driven by
changes in the osmotic regulation that altered stomatal aperture. Others have also described a
reduction in the magnitude of the g, response through time (Pfitsch and Pearcy, 1989; Allen and Pearcy,
2000), however faster responses towards the end of the day were not reported. In contrast to opening,
a slower closing response was observed in plants grown under dynamic light, with slower time constants
for closure in the evening compared to the morning. This strategy was described previously by Ooba
and Takahashi (2003), and it is believed to improve light use efficiency by maintaining open stomata
under fluctuating light, reducing the limitation of A by g;. This may also represent a more conservative

strategy in energy (e.g. cost of stomatal movements; Raven, 2014) under fluctuating light regimes.
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The decrease over the course of the day in the absolute values of both A and g; (observed in both the
measurements following the step increase in light and over the diurnal period) could be attributed to
the accumulation of photosynthetic products, resulting in a negative feedback on the Calvin cycle (Paul
and Foyer, 2001; Paul and Pellny, 2003), or an increase in apoplastic sucrose that accumulates in the
guard cells, regulated by the rate of transpiration (Lu et al, 1997; Outlaw 2003; Kang et al, 2007; Kelly et
al, 2013; Lawson et al, 2014; Daloso et al, 2016). However, no significant acclimation of the slow
decrease in A and g, through the day by growth light intensity and pattern was observed in this

experiment.

The acclimation of the rapidity of g; response was sensitive to light intensity as well as pattern. Previous
studies in forest (e.g. Pearcy, 2007) and crop canopies (Barradas et al, 1994; Qu et al, 2016) have
reported stomatal acclimation to different light environments with leaves at different heights or
positions within the canopy receiving varying degrees of light intensity (Barradas et al, 1998), resulting
in different anatomical and biochemical features (Givnish, 1988; Pearcy, 2007). In general under lower
light maximum g, throughout the day is reduced and the speed of the g, response is dependent on
species and growth environment (Allen and Pearcy, 2000; Ooba and Takahashi, 2003; Vico et al, 2011;
Drake et al, 2013; Vialet-Chabrand et al, 2013; McAusland et al, 2016). Quantified here is the impact of
growth light on the acclimation of the rapidity of the gs response at different times of the day. The
results show that estimates of the rapidity of g; depend on the micro-environment experienced by the

chosen leaf and the time at which the measurement was captured.

As stomatal responses to changing light are an order of magnitude slower than photosynthetic
responses (Jones 1998, 2013; Lawson et al, 2010), slower stomata can limit CO, diffusion for A (Barradas
et al, 1998; Kaiser and Kappen, 2000; McAusland et al, 2016; Vico et al, 2011), whilst higher g; can be at
the expense of W,. The different growth light regimes clearly produced different acclimation responses,
with plants grown under fluctuating light regimes showing the greatest variation in W; throughout the
day as observed in the light step measurements. W; was lowest in the morning in plants grown under
fluctuating light and increased towards the evening. A possible explanation for this could be that
although these plants receive the same amount of light as the other treatments throughout the day, the
majority of this light was delivered earlier in the day. This suggests that the pattern of light distribution
leads to an acclimation that will determine the kinetics and magnitude of the g, response at different
times of day. Although the stomatal acclimation described in this chapter in plants subjected to
fluctuating light may show a reduction in the efficiency of water use earlier in the day, it may be
important for light utilization of sun/shade flecks for photosynthesis, as previously shown in Chapter 5

when these plants were measured under their growth light regime. The variation in W; over the diurnal
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period may represent a more conservative strategy that potentially balances CO; uptake and water loss
over the diurnal period to optimize the current needs at the whole plant level (Meinzer and Grantz,

1990; Medrano et al, 2015).

Diurnal gas exchange under constant light revealed an internally driven diurnal gs response that was not
only disconnected from A, but also strongly influenced by the patterns of growth light regime and to a
smaller extent the average light intensity. This diurnal gs was unexpected and represented ca. 25% of
the total daily gs, and could be considered detrimental, as significant water is lost for no extra carbon
gain, however it may also play a valuable role in translocation of photosynthates, nutrient uptake,
and/or maintenance of optimal leaf temperature through transpirational cooling (Caird et al, 2007; Hills
et al, 2012). Although measured under constant light, all plants showed a sinusoidal pattern of response
of gs over the diurnal period, irrespective of growth light regime. What is novel about these findings is
that gs was not only partially uncoupled from A over a substantial part of the day, but that the
characteristics (magnitude and period) of this gs response are acclimating to the growth light intensity

and the pattern of the lighting regime.

Plants grown under dynamic light regimes showed a higher magnitude of g; response under constant
light conditions, which highlights the importance of growth light pattern on the acclimation of this
internal signal. Interestingly, the duration of the g; response to the internal signal was also dependent
on growth light regime. These large changes in g; over the course of the day represent a significant loss
in water with little variation in CO; assimilation over the same period, resulting in significantly reduced
plant Wi. This emphasizes the importance of the growth light regime as it potentially influences the
regulation of g; over the course of the day. It has been reported that diurnal oscillations in gs, such as
those seen here, may be due to circadian rhythms, as it is well established that regulation of temporal
transcription patterns by the circadian clock play an important role in rhythms of photosynthesis and
stomatal opening (Dodd et al, 2004, 2005; Hubbard and Webb, 2015; de Dios et al, 2016; Hassidim et al,
2017). However, characterization of this response as circadian would require continuous measurements
over multiple days (3+ days) in a constant low light environment to show if the rhythm persists in each
diurnal time period (Dodd et al. 2005). Some other hypotheses involving ABA concentration (Mencuccini
et al, 2000; Tallman et al, 2004), and the level of sucrose and calcium signaling (Dodd et al, 2006;

Haydon et al, 2017) have been put forward to explain internally driven diurnal variations in g.

Demonstrated in this chapter is that the addition of an equation describing the ‘internal’ signal to the
widely used Ball-Berry model (Ball et al, 1987) greatly improves the predictive power of the model,

when estimating gs under a dynamic light environment. Using an independent data set from Chapter 5,
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there was seen to be an improvement in both the R? (ca. 10%) and a reduction in the error (rmse; ca.
40%) between observed and predicted data, highlighting the importance of this added element under
dynamic fluctuating light. Although integration of a diurnal signal to the Ball-Berry model was first
attempted by de Dios et al (2016) and also showed an improvement in the prediction of gs, the results
shown here were at a higher time resolution which enabled the capture of rapid variations in g; when
subjected to fluctuating light regimes. To further improve the model prediction, a dynamic model that
can integrate other results such as those described in this chapter will be required, that not only

includes the diurnal regulation of g but also the altered g; kinetics at different times of day.

6.5. Main conclusions

In this chapter, the impact of dynamic growth light regimes on stomatal acclimation and diurnal

behavior was examined.

e Growth light environment modified stomatal kinetics at different times of the day, with
differences in the rapidity and magnitude of the response of g, to a step change in light
demonstrated between treatments. This time of day effect on stomatal response is important to
consider when attempting to compare stomatal behaviour between species and within
populations, and the impact this may have on photosynthetic measurements and therefore

water use efficiency.

e Both the intensity and pattern of growth light determined the acclimation of the rapidity of g
and the response of g; over the diurnal period. This represents an important strategy for
maintaining carbon fixation and overall plant water status by conditioning the plant to respond

appropriately to future diurnal variations in light.

o The different growth light treatments produced distinctly different acclimation responses in
intrinsic water use efficiency (W;), with plants grown under fluctuating light exhibiting lower W;
in the morning and higher W, in the evening, which was predominantly driven by changes in
stomatal conductance. This variation in W; over the diurnal period may represent a more
conservative strategy that potentially balances CO, uptake and water loss over the diurnal

period to optimize the current needs at the whole plant level.
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The diurnal response of gs was quantified, and the characteristics of which found to be modified
by growth light environment. The importance of this diurnal response was demonstrated by
improvements in the prediction of gs when a diurnal element was added to the widely used Ball-

Berry model of stomatal conductance.

A dynamic model of gs that includes the internally driven response of g; over the diurnal period
will help improve the prediction of gs, even under a dynamic environment such as that
experienced by plants in the field. This was illustrated by the improvement in predicted gs from

plants acclimated to different light environments and measured under dynamic regimes.
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CHAPTER 7

General discussion
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7.1. Overview

Despite stomatal behaviour occurring at the micro-scale, it is important to recognize the impact they
have on the global carbon and water cycles. Although stomata typically occupy only a small portion of
the leaf surface (0.3-5%), they account for up to 95% of all gaseous flux of CO, and water vapour in
terrestrial ecosystems, with estimations that 60% of all precipitation that falls on the terrestrial
biosphere is taken up by plants and transpired through stomatal pores (Morison, 2003; Katul et al,
2012). Therefore, the acclimation of stomatal behaviour to growth light has large effects on
photosynthetic CO; fixation and water loss through leaf, whole plant and canopy levels, with major
consequences for carbon and hydrological cycles at global scales (Hetherington and Woodward, 2003;

Keenan et al, 2012, 2013).

At the onset of this work most studies that have investigated plant acclimation to growth light, primarily
focused on photosynthetic acclimation in the form of adjustments to leaf morphology and
photosynthetic apparatus stoichiometry (e.g. see, Terashima et al, 2006; Athanasiou et al, 2010; Kono
and Terashima, 2014). Whilst studies that examined stomatal acclimation have focused on anatomical
changes such as stomatal density, size and index (Willmer and Fricker, 1996; Lake et al, 2001;
Hetherington and Woodward, 2003), often ignoring the impact on the functional response of stomata. It
is well known that during growth and development, plants experience a range of light intensities and
spectral qualities, and therefore, leaves are subjected to spatial and temporal gradients in incident light,
to which stomata respond to maximise CO; uptake or reduce water loss. Despite this, current models
that incorporate g; as a factor in carbon and water fluxes across scales, use predicted steady state
values of g that presume instantaneous changes in g; at each observed light level (Damour et al, 2010).
These models are ultimately limited in accurately predicting variations in gs, as they neglect to
incorporate the temporal aspect of stomatal response at a given time and over the diurnal period. It is
therefore essential to understand the impact of growth light on stomata behaviour, and to create a

more substantial data profile for use by the community to develop improved predictive models.

The aims of this thesis were to determine how acclimation to growth light environment would impact
stomatal behaviour and diurnal response, and how stomatal conductance (gs), and net CO; assimilation
(A), influence water use efficiency (W;). On identifying differences in the natural variation in stomatal
response to light in the model tree species Populus nigra, an experiment was set up to assess the impact
of stomatal acclimation to growth light intensity on the response of gs, A and W;. Additionally, the model

species Arabidopsis thaliana was subjected to dynamic growth light conditions, to separate the
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influence of light intensity and fluctuations in light on stomatal and photosynthetic acclimation. Through
the assessment of the response of g; to different light conditions, like those experienced by plants in the
field, the work in this study aims to potentially improve the prediction of stomatal conductance in
vegetation-climate models, and facilitate greater understanding of ecosystem response to changing

climatic conditions.

7.2. Influence of dynamic growth light on the temporal response of g;

When analyzing the influence of growth light on the temporal response of g; and A, and therefore W;, it
was apparent that acclimation of the gs response was altered by both the intensity and the pattern of
growth light. This acclimation led to changes in the speed of g; response as well as altering the
magnitude of change in g; before and after light was applied. The time taken to increase or decrease gs
to changes in PPFD plays a critical role in maximising carbon gain and conserving water, with faster
responses and higher magnitudes of gs improving carbon gain but often at the expense of water use
efficiency through increased transpiration (Barradas et al, 1994; Naumburg and Ellsworth, 2000;
Lebaudy et al, 2008; McAusland et al, 2016). The data in Chapter 3 demonstrated that changes in the
speed of g; response may well be due to developmental acclimation to conditions at the native site of
origin, with the slowest rates of response occurring in genotypes acclimated to drier, high temperature
environments. This may represent a negative impact on carbon gain but would reduce the chance of
drought at the whole plant level (Meinzer and Grantz, 1990; Knapp, 1993), therefore benefitting
genotypes adapted to environments more susceptible to drought (Hetherington and Woodward, 2003),
by prioritizing the conservation of water over carbon gain (Ooba and Takahashi, 2003). In contrast, it
would appear that Populus nigra genotypes that are adapted to more favourable conditions (lower
temperatures, higher precipitation), exhibit an adaptive mechanism to increase CO, uptake by
maximizing stomatal conductance under well-watered conditions. Interestingly, when a single genotype
of Populus nigra was subjected to changes in growth light intensity, as shown in Chapter 4, it became
apparent that adaptive strategies were in place by which plants would acclimate the rapidity of g
response to maximize performance under a given intensity of growth light. Highlighted in Chapter 4, was
the fact that plants grown under high light intensities exhibited faster gs responses than those grown
under low light, when subjected to a step change at high light levels. Conversely, those grown under low
light displayed the fastest gs responses when subjected to low intensity step changes in light. This is in
conjunction with previous work that has shown developmental acclimation to shade conditions;

highlighting the importance of acclamatory responses in maximizing carbon gain in light-limited
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environments (Pearcy, 2007; Way and Pearcy, 2012). Potentially, this represents an interesting strategy,
where plants acclimate by increasing the rapidity of the g; response to light levels experienced most
often during growth and development, either as a way of maximizing carbon uptake or for the
conservation of energy for use later in the day, by limiting unnecessary stomatal movement (Mencuccini

et al, 2000; Raven, 2014).

It should be noted that when plants (both Populus and Arabidopsis) were subjected to step changes in
light at different times of the day, it was revealed that there were significant differences in the rapidity
and magnitude of gs response. In Chapter 4, Populus nigra plants subjected to different growth light
intensities displayed a reduction in the magnitude and speed of g; responses toward the end of the day,
although as this was accompanied by similar reductions in A, W; remained constant throughout. The
synchronicity of these parameters was maintained in all treatments, representing an important strategy
under well-watered (non-water limited) conditions (Wong et al, 1979), to optimize the trade off
between photosynthesis and water loss (Buckley, 2017), and maintain overall plant water status and
therefore W,. The data disclosed in Chapter 6, showed similar g; responses through the day in
Arabidopsis when subjected to different fluctuating or square-wave light intensity regimes. However,
the differences observed in the magnitude and speeds of g; response were far greater than those
observed in the intensity treatments alone (see Chapter 4). This would indicate that the acclimation of
the rapidity of gs response was sensitive to the intensity as well as the pattern of growth light. This is in
line with previous studies that have reported stomatal acclimation to different light environments, with
leaves at different heights or positions within the canopy receiving varying degrees of light intensity
(Barradas et al, 1994; Barradas et al, 1998; Qu et al, 2016). However, as growth light was not quantified
in these studies, the data shown in this thesis potentially provides stronger evidence of the direct

impact of growth light on the acclimation of the dynamic response of stomata.

Highlighted in this study, the importance of the temporal response of g; is largely unknown and
underestimated, whilst understanding this variation will aid in the development of future scaling efforts
to scale from individual stomata to leaf and canopy levels. At this point in time, what is obvious is that
there is a lack of quantitative data on the rapidity of stomatal response under different environmental
and growth conditions. This lack of information makes it difficult to assess the impact of uncoordinated
responses of A and g; on leaf level gas exchange, and to potentially describe the mechanisms of guard

cell movement.
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7.3. Diurnal variation in stomatal response: impact on water use efficiency

In nature, environmental conditions are rarely stable and lead to complex patterns in plant response
over the day. Stomatal conductance (gs) and photosynthetic rate (A) are continuously responding to
changes in light and a strong correlation between these two parameters is often observed (Wong et al,
1979; Farquhar and Sharkey, 1982; Mansfield et al, 1990; Buckley and Mott, 2013). In all Chapters, a
fluctuating light regime, mimicking a pattern of light that may be experienced by plants in the field, was
used to examine diurnal gas exchange, the coordination of A and gs and the impact on water use
efficiency (W;) over the course of the day. All plant types displayed similar responses of g5, A and W; over
the diurnal period but differed in the magnitude of these parameters. Presented In Chapter 3, was how
genotypes of Populus nigra that were adapted to warmer, drier climates displayed lower levels of g
over the diurnal period whilst maintaining similar levels of A, which led to increases in daily W;in these
genotypes. These findings are supported by previous studies that found that when subject to drought
conditions, plants would often prioritize the signal to maintain leaf water status over the need to fix
carbon from the atmosphere (Lawson and Morison, 2004; Aasamaa and Sober, 2011). The data
observed in Chapter 4 revealed that W; was largely comparable in all plants, even when subjected to
different intensities of growth light. This was because the photosynthetic and stomatal acclimatory
responses led to increases in A and g; over the diurnal period, which was in conjunction with an increase
in the intensity of growth light. It has been suggested that the coordination between A and g; can be
seen as a plant acclimatory response to control g; in a way that will maximize A and minimize
transpiration over a typical diurnal light pattern (Cowan and Farquhar, 1977; Buckley, 2017), thereby

maintaining a near constant W;.

Interestingly, Chapters 5 and 6 revealed interesting results regarding acclimation to fluctuating light. It
would appear, at least in the model species Arabidopsis, that growth under fluctuating light has an
effect on the acclimation of stomatal response and photosynthesis, that is at least comparable if not
more than the effect from growth light intensity. The data revealed that plants grown under fluctuating
light displayed a previously undescribed phenotype, which enabled these plants to perform more
efficiently in dynamic light environments. Over the diurnal period, these plants displayed greater rates
of photosynthesis whilst maintaining similar, if not lower levels of stomatal conductance, which led to
improvements in daily water use efficiency. The diurnal data in Chapter 5 also showed a potential
negative feedback on photosynthesis through the day in all light treatments, which resulted in ca. 20%
decrease in the daily total carbon gain. It has been suggested that this may be due to a slowing down of

Calvin cycle activity later in the diurnal period, leading to sugar accumulation applying a feedback
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control on photosynthesis (Paul and Foyer, 2001; Paul and Pellny, 2003). Despite this reduction in
photosynthesis there was no corresponding decrease in g;, impacting the total daily water use efficiency

of the plant.

Crucially in Chapter 6, the impact of dynamic growth light regimes on stomatal acclimation and diurnal
behaviour was examined. It was revealed that there was an internally driven response of g, that
essentially uncouples A and g, over the diurnal period, with characteristics that are modified by the
growth light environment. The magnitude of the response of g; when subject to a square-wave pattern
of light was higher in plants that were not only subjected to higher intensities of growth light, but also if
they were subject to fluctuations in growth light. In fact, fluctuations in light had a greater impact on the
diurnal g; response than light intensity. These large changes in g; over the course of the day potentially
represent a significant loss in water with little variation in A over the same period, resulting in
significantly reduced plant W;. The importance of this signal on diurnal g; response was demonstrated
by the inclusion of the Gaussian element describing the internal signal, which greatly improved the
prediction of g; from the widely used Ball-Berry model (Ball et al, 1987). Quantification of the
components of the internal signal potentially provides a tool for assessing diurnal patterns of stomatal
behavior. A dynamic model of g, that includes these components will be able to describe the
contribution of each element to the diurnal response of gs, even under a dynamic environment such as
that experienced by plants in the field. Critically, the acclimation of diurnal stomatal response and
photosynthesis described in Chapters 5 and 6, revealed important strategies in plants for maintaining
carbon fixation and overall plant water status by conditioning the plant to respond efficiently to future
diurnal variations in light. Furthermore, these strategies led to major effects on daily water use and
carbon gain, and therefore will impact model prediction of ecosystem-atmosphere carbon and water

budgets.

7.4. Conclusions and further investigation

Dynamic stomatal behaviour plays a key role in regulating the flux of carbon and water through the soil-
plant-atmosphere continuum, and represents an important factor in scaling leaf level measurements of

photosynthesis and therefore water use efficiency through to whole plant and canopy levels (Weyers et
al, 1997). Over the diurnal period, fluctuations in light drive the temporal and spatial dynamics of carbon
gain and water loss. It is therefore essential to consider the speed of stomatal response to fluctuations

in light, when assessing carbon uptake and water use (Lawson and Blatt, 2014). The findings in this study
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highlight the variation in g; response, photosynthesis, and water use efficiency that can occur in plants
when subjected to different growth light conditions. This information illustrates the impact of growing
plants in dynamic light regimes, similar to those experienced by plants in the natural environment, on
the phenotype and physiology of model species Populus nigra and Arabidopsis thaliana. Potentially
providing a first step toward understanding how dynamic growth light influences stomatal dynamic
response, water use, and plant growth. Furthermore, it emphasizes that growing plants under
laboratory conditions and square-wave illumination does not accurately represent plant acclimation and
development under a natural environment. Highlighting the need to potentially rethink how we grow

plants as a community if we are to infer results from the lab to the field.

The spatial and temporal aspects of stomatal behaviour have often been ignored, with most descriptive
and predictive models neglecting to consider the impact of this variation in gs on gas exchange. Data
from this study suggests that the addition of stomatal dynamics to existing models, may reveal the
extent to which gs has been inaccurately predicted by steady-state models (Damour et al, 2010). It
should be noted that in the future, greater focus in modeling efforts should be given to the integration
of temporal stomatal dynamics to fluctuations in environmental signals (Vico et al, 2011; Vialet-
Chabrand et al, 2013). This would be in an attempt to predict the impact of large-scale heterogeneity in
stomatal traits caused by different acclimatory states, on the flux of carbon and water through the
canopy, ecosystem, and global scales. Furthermore, as stomata are subjected to constant fluctuations in
environmental conditions over the diurnal period, it is often the speed of gs response that is critical in
determining CO, uptake and transpiration dynamics over the course of the day (Vialet-Chabrand et al,

2016; McAusland et al, 2016).

Further development in dynamic models of guard cell movement and stomatal behaviour is limited by
the lack of quantitative data on the rapidity and diurnal response of g; to different environmental
conditions. Following the results of the research presented here, it is important to consider that
improvements and further validation of current models of gas exchange would only be possible through
the collection as a community, of more quantitative data on diurnal and temporal responses of g;. With
specific attention given to the impact of spatial variation in gas exchange on scaling efforts, triggered by

alterations in stomatal development and acclimation to environmental growth conditions.

In conclusion, the findings herein emphasize that an abundance of variation in g; responses to light
exists within species, and that acclimation to different light environments can bring about stark changes
in this response, greatly influencing photosynthesis and therefore water use efficiency. Acclimation to

growth light impacts the dynamic response of gs over the diurnal period, and can produce significant
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variation in the magnitude and rate of g response to light, outlining the potential for heterogeneity
across scales. Finally, this study highlights the importance of considering plant acclimation to growth
light, and the impact this has on the functional response of stomata, when attempting to model the

response of gs across leaf to ecosystem and global scales.
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