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Abstract 

 
Global climate change is expected to increase drought duration and intensity in certain 

regions while increasing rainfall in others. The quantitative consequences of increased 

drought for ecosystems are not easy to predict. Process-based models must be informed by 

experiments to determine the resilience of plants and ecosystems from different climates.  The 

thesis provides quantitative information aimed at improving land surface models (LSMs). It 

includes four papers.  (1) Responses of leaf-atmosphere gas exchange to short-term drought 

were analysed, across plant functional types and climates, based on a synthesis of previous 

experiments. Explicit and consistent definitions of stomatal versus non-stomatal responses 

were adopted. Both types of response were shown to be important, and plants adapted to arid 

climates responded very differently from others. (2) Parallel responses of stomatal 

conductance, mesophyll conductance, and photosynthetic capacity were found in two 

glasshouse experiments with tree species from Australia and Europe, revealing a common, 

coordinated pattern of increasing tolerance in plants from drier environments. (3) Xeric and 

riparian species of Eucalyptus were subjected to short- and long-term drought. The species 

were found to differ not only in their tolerance for short-term drought, but also in the extent to 

which they could acclimate to long-term drought. (4) Experimentally based drought responses 

were used to define new, plant type-dependent relationships of stomatal sensitivity and 

photosynthetic capacity to soil water potential in the Community Atmosphere Biosphere Land 

Exchange (CABLE) LSM. Comparison with CO2 and latent heat flux measurements from 

eddy covariance flux measurement sites in Europe during the ‘heatwave’ year of 2003 

showed that discrepancies between model results and observations were not substantially 

improved by the inclusion of the more realistic functions, due to a persistent positive bias in 
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the model’s simulation of evapotranspiration which overshadowed the differences between 

different representations of drought response functions.  
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Chapter 1 

Introduction 

 
1.1 General introduction 

1.1.1 The importance of plant drought responses  

Climate change projections foresee increased temperatures in all continents, and increased 

drought duration and intensity in many regions – particularly in Mediterranean and 

subtropical ecosystems (Giorgi et al., 2004; Giorgi, 2006; Beniston et al., 2007; Allison et al., 

2009; IPCC, 2014). Climate change may also lead to increased inter-annual and seasonal 

variability in precipitation, thus episodically reducing soil water availability for plants 

(Christensen et al., 2007; Smith, 2011; IPCC, 2014). Increased drought duration and intensity, 

accompanied by high temperatures, are likely to have negative impacts on plant 

photosynthesis, respiration, and whole-plant reserves of non-structural carbohydrates (NSC) 

(Duan et al., 2013) which buffer plant function against episodes of reduced carbohydrate 

supply. Such effects on plants would be expected to cascade upwards to the ecosystem scale 

by limiting plant growth and productivity (Nemani et al., 2003), causing mortality and species 

replacement, and modifying the geographic distributions of species and communities 

(Engelbrecht et al., 2007) – potentially with major consequences for ecosystems and their 

services (Tezara et al., 1999). Soil water deficit is already the main environmental driver that 

limits Aboveground Net Primary Production (ANPP) in land vegetation (Webb et al., 1983; 

Zeppel et al. 2014), and vegetation mortality induced by drought has been documented on all 
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six vegetated continents and for most biomes across the globe (Potts 2003; Allen et al., 2010; 

Phillips et al., 2010; Anderegg et al., 2012; Choat et al., 2012; Williams, et al., 2013).  

Understanding the drought responses of trees is especially important because forests play an 

essential role in the carbon and water cycles. Covering nearly a third of the global land 

surface and accounting for nearly three-quarters of the net primary production (NPP) of 

terrestrial ecosystems, forests have a strong influence on climate through the hydrological 

cycle, soil biogeochemistry and land-surface exchanges (Bonan, 2008; Adams et al., 2011). 

Terrestrial ecosystems absorb on average about a quarter of annual anthropogenic CO2 

emissions (Le Quéré et al., 2013) and much of this uptake occurs in forests. Forest ecosystems 

are thus a major CO2 sink, with an estimated gross uptake of 4.0 ± 0.5 Pg C year−1 and net 

uptake of 1.1 ± 0.8 Pg C year−1 between 1990 and 2007 (Pan et al., 2011). But this 

exceptionally important global function of forests could be at risk, due to effects of the 

climate changes consequent on continuing emissions of CO2. Many plant communities have 

been predicted to exceed mortality thresholds in the near future, due to climate change 

(Breshears et al., 2005; Allison et al., 2009; Malhi et al., 2009; Choat et al., 2012). By 

eliciting physiological (e.g. canopy conductance), structural (e.g. leaf area, root length) and 

biogeographic (e.g. forest composition and species distribution) responses at the plant and 

community levels, extreme drought is expected to cause regional losses of biodiversity and 

biomass (Allison et al., 2009; Phillips et al., 2009) with impacts on ecosystem function and 

the terrestrial carbon sink (Pitman, 2003; Bonan, 2008; Phillips et al., 2010). Yet these 

processes are not well quantified. We do not know the likely extent of drought-induced 

changes in the function of forest ecosystems for different levels of climate change. Current 

state-of-the-art Earth System models (ESMs), which include dynamic global vegetation 

models (DGVMs) (Prentice and Cowling, 2013) coupled to physical representations of land-

atmosphere exchanges of energy, water vapour and CO2 (Land Surface Models, LSMs), make 
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widely divergent predictions of these effects (Ciais et al., 2013; Prentice et al., 2014b). This 

divergence is due in part to the lack of an established, empirically supported method for the 

representation of drought effects on plants (Egea et al., 2011). 

Relative to the large volume of published studies on physiological processes at the leaf and 

plant scale (e.g. photosynthesis, transpiration) (e.g. Flexas and Medrano 2002; Lawlor and 

Cornic 2002), studies on the drought effects at ecosystem scale are far fewer. This is partly 

because drought duration and intensity in humid and temperate environments are 

unpredictable (Baldocchi, 2008). The weather conditions to be expected during a multi-year 

field experiment are not known in advance. Studies at the ecosystem scale have been carried 

out in semi-arid ecosystems that reliably experience seasonal drought (Reichstein et al. 2002a; 

2002b; Rambal et al. 2003; Williams and Albertson 2005; Xu and Baldocchi 2004; Pereira et 

al. 2007). Such climates also typically show large year-to-year variation in rainfall and 

therefore in the duration and intensity of drought. Specific studies have also been focused on 

the large-scale droughts which occurred across North America in 1995 (Baldocchi 1997), 

across the boreal zone of western Canada between 2001 and 2003 (Kljun et al. 2006), and 

across Europe in 2003 (Ciais et al., 2005; Fischer et al., 2007; Granier et al., 2007; Reichstein 

et al., 2007).  

1.1.2 Mechanisms underlying drought-induced plant mortality 

A drier and warmer climate is likely to accelerate drought-induced vegetation mortality by 

amplifying several mechanisms that underlie drought-induced mortality. The principal 

mechanisms are: failure of hydraulic function due to xylem embolism; carbon starvation due 

to stomatal closure and therefore reduced photosynthetic carbon fixation; inhibition of the 

transport and use of stored NSC; and opportunistic pathogen and insect attacks. These 

mechanisms do not act in isolation (Sala et al., 2010; McDowell et al., 2011; Sala et al., 2012; 

Hartmann et al., 2013; O’Brien et al., 2014; Sevanto et al., 2014) but rather are 
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interdependent, so for example xylem embolism causes further stomatal closure and increases 

the risk of carbon starvation. 

Hydraulic failure and carbon starvation are the two most studied mechanisms underlying 

drought-induced tree mortality (McDowell et al., 2011). Uninterrupted transport of water 

through the xylem is essential for plant growth and survival, because it replaces water lost by 

transpiration, and allows stomata to remain open for photosynthesis. Water moves through the 

xylem under negative pressure. The rate of water flow is limited by the need to avoid 

cavitation – a sudden change from liquid to vapor phase within normally water-filled xylem 

conduits (Pockman and Sperry, 2000). Soil water deficit can cause insufficient water 

availability for the plants to replace the lost water through stomata, such that the tension in the 

plant xylem increases. Increased xylem tension in turn increases the risk of hydraulic failure, 

leading to death (Choat et al., 2012). To minimize the hydraulic risk, plants have to prevent 

water loss by closing the stomata, but this also prevent CO2 intake and slows or stops 

photosynthesis. Carbon starvation can thus occur due to a negative carbon balance (the 

difference between assimilation and utilization of carbohydrates) due to stomatal closure. 

When photosynthesis is scaled down or stopped during drought, plants rely on the storage of 

NSC compounds which help mitigate drought effects (O’Brien et al., 2014); but NSC stores 

are limited and mortality may ultimately occur when the NSC reserve is used up. NSC 

accumulation or hydraulic failure cannot be predicted without realistic prediction of 

photosynthesis and stomatal conductance under drought. 

1.1.3 The importance of quantifying and modelling plant drought responses  

Modelling the quantitative consequences of increased drought for forest ecosystems is 

challenging (McDowell et al., 2011), and requires unraveling the interaction between drought 

and plant gas exchange at different time scales, and in ecosystems with different degrees of 

drought effects must be based on the analysis adaptation to drought. Reliable prediction of 
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of observations to identify key traits that promote plant resistance to drought, and process-

based modelling including realistic representation of the ecophysiological mechanisms 

relating plant gas exchange to water availability and transport.  

Thousands of experiments have been done on the drought responses of plants; yet the 

fundamental mechanisms underpinning such responses of plants remain rather poorly 

understood in the quantitative sense required for modelling. Data sets containing enough 

quantitative information for the improvement of model representations are limited. Moreover, 

work is needed (a) to directly determine how different aspects of plant function respond to 

experimentally imposed drought and (b) to analyse experimental results in a theoretical 

framework, suitable for inclusion in LSMs and DGVMs. 

1.2 Drought responses of plant gas exchange 

1.2.1 Stomatal limitation 

Quantifying the drought stress effects on plant gas exchange – the exchanges of CO2 and 

water vapour between leaves and the atmosphere – is fundamentally important for the 

prediction of drought effects on vegetation (Ciais et al., 2005). Accurate model prediction of 

drought impacts on the global carbon and water cycles requires realistic representation of 

these processes at the leaf level. CO2 and water vapour exchange are strongly coupled through 

stomata, because stomatal conductance (gs) regulates both the CO2 uptake for photosynthesis, 

and the loss of water vapour by transpiration (Egea et al., 2011).  

The leaf carbon assimilation rate (A) is mainly driven by light, temperature and intercellular 

CO2, as represented in the almost universally used leaf photosynthesis model for C3 plants 

introduced by Farquhar et al. (1980). Intercellular CO2, in turn, is co-determined by gs 

(diffusional limitation) and A. The sensitivity of stomata to multiple environmental influences 

reflects the fact that plants have to trade off CO2 uptake and water loss. Reduction of gs is one 
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of the foremost, short-term, leaf-scale physiological responses both to atmospheric vapour 

pressure deficit (the driving force of transpiration) and soil water deficit. 

Stomatal behaviour is expected to be related to the marginal (carbon) cost of water loss 

(Berninger and Hari, 1993). Cowan and Farquhar postulated that for any given amount of 

total water available for transpiration in a period of time, the leaf can achieve the maximum 

CO2 uptake if it adjusts leaf scale conductance in the way that the derivative of E with respect 

to A (∂A/∂E) is maintained constant throughout the period (Cowan 1977; Cowan & Farquhar 

1977). This criterion amounts to saying that a plant with a given water availability regulates 

stomata to ensure maximal carbon gain per unit water loss in a finite period of time. Therefore, 

the constancy of ∂A/∂E has long been viewed as an optimality hypothesis (Cowan, 1977; 

Cowan & Farquhar, 1977). It has also been suggested that the rate at which water stress is 

imposed might influence the response of ∂A/∂E to water stress (Hall and Schulze, 1980). 

Medlyn et al. (2011) and Prentice et al. (2014a) have proposed re-interpretations of widely 

used empirical models of stomatal conductance, in terms of optimization theory. Medlyn et al. 

(2011) derived a simple expression that is a good approximate solution of the Cowan-

Farquhar optimization problem; and demonstrated its predictive power for a range of species. 

Prentice et al. (2014a) introduced a different derivation of the same expression, with further 

empirical support, based on the alternative hypothesis that plants minimize the sum of the unit 

costs (carbon expended per unit assimilation) of CO2 uptake and water loss. The theoretical 

analysis of Mäkelä et al. (1996) further predicted that the marginal carbon cost of water 

should decline exponentially with decreased soil moisture, and that the rate of decline should 

increase according to the probability of rain.  

1.2.2 Non-stomatal limitation 

Besides the stomatal resistance on CO2 diffusion from the atmosphere to the intercellular air 

spaces of the leaves, there is now known to be a considerable mesophyll resistance to CO2 
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diffusion from the substomatal cavity to the carboxylation sites in the mesophyll. In other 

words there is a mesophyll conductance, which is not infinite and can significantly limit the 

assimilation rate. Mesophyll conductance has been shown to play an important role in 

determining photosynthetic responses to environmental drivers such as temperature and CO2 

(e.g. Niinemets et al., 2011; Evans & von Caemmerer, 2013). Photosynthesis is reported to be 

limited by decreased mesophyll conductance (gm) – together with gs – in the initial stages of 

drought (Bota et al., 2004; Flexas et al., 2004; 2007; 2008; 2012; Grassi & Magnani, 2005; 

Egea et al., 2011). There has been controversy on the magnitude of the gm effect on 

photosynthesis under mild to moderate drought conditions, largely due to the methodological 

issues on estimation of the intercellular or the chloroplastic CO2 concentration (Pinheiro and 

Chaves 2011). In addition, there is controversy on whether, and how, to include gm in models 

(Rogers et al., 2014). Some recent studies suggested that the decrease of gm with increasing 

soil water deficit could contribute as much as the decrease of gs to the reduction of A under 

drought (see e.g. Flexas et al., 2012). However, far less is known about the environmental 

regulation and interspecific differences in gm compared with gs.  

As plant water status worsens, there is a further possibility that drought impedes enzyme 

activity and hence, photosynthetic capacity. In other words, there can be directly drought-

induced biochemical limitations on the activity of Rubisco (ribulose-1,5-bisphosphate 

carboxylase/oxygenase) and the regeneration capacity of RuBP (ribulose-1,5-bisphosphate)  

(Kanechi et al., 1996; Tezara et al., 1999; 2002; Thimmanaik et al., 2002; Castrillo et al., 

2001; Parry et al., 2002; Grassi & Magnani 2005). Drought-induced decrease of Rubisco 

activity is associated with down-regulation of the activation state of the enzyme (e.g., by de-

carbamylation and/or binding of inhibitory sugar phosphates). The maximum carboxylation 

rate (Vcmax) and the maximum rate of electron transport (Jmax) are the two key parameters 

limiting photosynthetic capacity in the Farquhar, von Caemmerer and Berry model (Farquhar 
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et al., 1980). Varying among leaves within a plant, with leaf age, between plants, among 

species and seasonally (e.g. Wilson, Baldocchi & Hanson 2000; Xu & Baldocchi 2003), Vcmax 

plays an important role in linking the carbon fluxes between the leaves and the atmosphere 

and thus in governing plant productivity and resource use efficiency (Long et al., 2006) and 

determining large-scale fluxes of CO2 between vegetation and the atmosphere (Bonan et al., 

2011; 2012). The trigger for decreased Rubisco activity depends on the severity and/or the 

duration of the stress imposed (Flexas et al., 2006; Galmés et al., 2011). The value of Vcmax is 

largely variable within individual PFTs among ecosystem models (Kattge et al., 2009; Bonan 

et al., 2011; 2012; Groenendijk et al., 2011). Recent studies have suggested that it is necessary 

to represent the effect of climate change on Vcmax in models to predict NPP (e.g. Bernacchi et 

al., 2013; Galmés et al., 2013). 

It is generally thought that with the increase of drought intensity and/or duration, biochemical 

limitations on photosynthesis should eventually come to dominate over diffusional (stomatal 

and mesophyll) limitations (for a review see Lawlor & Tezara 2009). However, there has been 

a good deal of debate about the relative importance of photosynthetic limitations of diffusive 

and biochemical origin, in the context of drought (e.g. Grassi & Magnani 2005). Reasons for 

controversy include the use of different measures of drought; the imposition of drought at 

different rates in experiments; different applied intensities and duration of drought; and 

different experimental designs, growth conditions, and (importantly) species – with different 

physiological and structural adaptations.  

1.3 Differential drought sensitivity of plant species from contrasting climates  

The drought responses of different species are likely to depend not only on drought duration 

and intensity, but also on the species-specific degree of adaptation to the soil water conditions 

in their native habitat. It is well documented that plants from dry climates can operate better 

than plants from wet climates down to severe soil water deficits. However, recent studies 
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have highlighted that mesic and xeric forest ecosystems are equally vulnerable to drought-

induced mortality, based on their functional hydraulic limits (Choat et al. 2012). Differential 

drought adaptations among species are presumed to underpin their different levels of 

sensitivity, resistance, and resilience to soil water deficits (Chaves et al., 2003; McDowell et 

al., 2008), and differential effectiveness of physiological mechanisms of drought tolerance in 

the face of decreasing water potential (Engelbrecht et al., 2007). The wide variation of 

drought adaptations among species is likely to be fundamentally important in determining 

their different degrees of vulnerability to biomass loss and mortality (Ciais et al., 2005; 

Adams et al., 2009; Allen et al., 2010). 

The theoretical analysis of Mäkelä et al. (1996) predicted that species that experience higher 

probability of rain in their natural habitats will show rates of increase in the marginal carbon 

cost of water with decreasing soil water content, relative to species that experience lower 

probability of rain in their natural habitats. This response could be quantified with the help of 

the sensitivity parameter (g1) of the Medlyn stomatal optimality model. This parameter is 

directly related to the marginal carbon cost of water (Medlyn et al., 2011). Both the value of 

this parameter and its response to soil water deficit is expected a priori to differ among plant 

functional types and species of different geographical origins (Medlyn et al., 2011; Héroult et 

al., 2013). On the other hand, Vcmax tends to be higher in plant species from drier climates 

(Prentice et al., 2014a), in compensation for reduced stomatal conductance. There is also 

significant variability in the Rubisco specificity factor among closely related C3 higher plants, 

which is associated mainly with temperature and drought (Galmés et al., 2005). 

Under a hotter and drier climate, the intra- and inter-specific variation in plant traits may 

provide an important contribution to plants’ resistance to drought, with responses 

characteristic of plants from dry environments promoting persistence and adaptation, reducing 

mortality and improving survival (Yachi and Loreau, 1999; Clark et al., 2012). Understanding 
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how these effects vary among species from contrasting climates is key to predicting the large-

scale consequences of drought on different communities and ecosystems. Few published 

experiments have systematically tested how the various components of plant drought response 

vary across species from contrasting hydro-climates.  

In addition, we need to understand how drought impacts vary among ecosystems. The drought 

impacts on different ecosystems depends on the drought duration, magnitude, and spatial 

extent, the vegetation type-specific responses to drought at different characteristic time-scales, 

and the mechanisms affecting the drought resistance and resilience of the vegetation types 

(Pasho et al., 2011; Vicente-Serrano et al., 2013). Different terrestrial ecosystems are reported 

to differ in their sensitivity to drought (Knapp et al., 2001; Zeppel et al., 2014). For example, 

the conifer forests were found to withstand drought impacts better than the broadleaf forests 

in Canada (Kljun et al. 2006) and in Europe (during the extremely dry year of 2003) (Granier 

et al. 2007). 

1.4 Differential drought acclimation in plant species from contrasting climates  

Plants subjected to short-term experimental drought are well documented to experience a 

decline in photosynthetic capacity. However, plants in the field may be able to acclimate to 

drought to some extent, for example through morphological adaptations such as changes in 

allocation to leaves versus roots, provided the drought is imposed slowly enough for such 

changes to take effect. In general, therefore, it is to be expected that the mechanisms 

underlying plant responses to water stress vary according to time scale (Maseda and 

Fernandez, 2006; Limousin et al., 2010a, b; Martin StPaul et al., 2012, 2013). Maseda and 

Fernandez (2006) proposed that plants acclimate to drought at the whole-organism level 

through physiological, anatomical, and morphological adjustments that are adaptive over a 

time scale of months.  
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Under long-term drought, leaves developed during the drought can acclimate by increasing 

partitioning to total soluble proteins, allowing higher Rubisco activity per unit leaf area 

(Pankovic et al., 1999). The Rubisco content could increase in leaves under prolonged 

drought, and the increase could be significantly higher in leaves of the drought-tolerant plant 

taxa than other taxa, conferring the drought-tolerant taxa with better acclimation and higher 

drought tolerance (Pankovic et al., 1999).  

In addition, plant functional traits that mediate the vegetation responses to environmental 

drivers are strongly coordinated within and among species along the leaf economics spectrum 

(Wright et al., 2004; Prentice et al., 2014a; Reich 2014). As leaf function critically depends on 

the transport of water and nutrients via the stem, leaf and stem functional traits are expected 

to be closely correlated (Reich, 2014). For example, hydraulic adjustments can occur together 

with the photosynthetic acclimation in long-lived plants such as trees during long-term 

drought, rendering the xylem less vulnerable to cavitation while maintaining gas exchange at 

a high level. Stomatal conductance is thus strongly and necessarily linked to plant hydraulic 

architecture (Mencuccini, 2003; Choat et al., 2012). Under short-term drought, maximizing 

gas exchange while avoiding hydraulic failure would lead to dysfunction (Sperry, 2004). 

Hydraulic failure occurs when insufficient control of water loss during severe drought leads to 

the formation of embolisms, xylem damage and desiccation. Alternatively, when plants 

maintain leaf and xylem water potentials by stomatal closure, photosynthesis is inhibited, 

risking mortality from carbon starvation (Sala et al., 2012; Adams et al., 2013). Under long-

term drought, hydraulic adjustment is expected to proceed in parallel with photosynthetic 

acclimation, in order to reduce water loss while maintaining photosynthesis. 

Ignoring potentially important acclimation processes in the field could lead to overestimation 

of the long-term consequences of drought. Reliable prediction of drought effects on 

contrasting species and forest ecosystems under field conditions requires long-term 
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experiments on the drought-induced diffusional and biochemical limitations, and their 

potential acclimation to the drought. The number of such studies in the literature however is 

surprisingly small, with most published manipulative experiments focusing exclusively on 

short-term responses to drought (Cano et al., 2014).  

1.5 Improving representation of photosynthesis in vegetation modelling  

There is an increasing motivation to improve the representation of photosynthetic responses to 

environmental drivers in large-scale vegetation modelling (e.g. Medlyn et al., 2011; Bonan et 

al., 2014; Prentice et al., 2014a). Photosynthesis is well described in the Farquhar, von 

Caemmerer and Berry model (Farquhar et al., 1980). Coupling of a variant of this 

photosynthesis model to the empirical Ball–Berry stomatal conductance model (Ball et al., 

1987; Collatz et al., 1991) was introduced into the land component of climate models in the 

mid-1990s, in order to estimate gross primary production (GPP) on a mechanistic basis 

(Bonan, 1995; Sellers et al., 1996; Cox et al., 1998). This or similar formulations are used 

widely in state-of-the-art ESMs. Research efforts have also been devoted specifically to the 

implementation of different modelling approaches for stomatal conductance (e.g. Bonan et al., 

2014).  

However, the present generation of DGVMs and LSMs embody a simplistic representation of 

plant ecophysiological properties and processes (Prentice & Cowling, 2013). Although 

photosynthesis accounts for the largest CO2 flux from the atmosphere into ecosystems and is 

the driving process for terrestrial ecosystem function (Bernacchi et al., 2013), the fundamental 

component processes of plant gas exchange are still incompletely represented in global 

models, notably in the area of drought responses, and photosynthetic and morphological 

acclimation generally (including acclimation to drought) (Prentice & Cowling, 2013). There 

has been a scientific debate on how to represent stomatal closure as soil moisture declines 

(Bonan et al., 2014). Powell et al. (2013) reported unrealistic drought responses from 
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five terrestrial biosphere models, using different water-stress functions – loosely constrained 

by data – to down-regulate gs. Another specific issue is that the Vcmax parameter has usually 

been attributed to a PFT as a single value, or as a single-valued function of environmental 

drivers (Haxeltine & Prentice, 1996). Emerging evidence points to the importance of 

representing both stomatal and non-stomatal responses to drought in models (Egea et al., 

2011). 

Currently there are large discrepancies in the way ecosystem models represent the drought 

responses of plant gas exchange (De Kauwe et al., 2013). Present ecosystem models treat all 

PFTs as experiencing similar stomatal limitation during drought (via soil texture and assumed 

rooting depths), and few considered non-stomatal limitation, such that the modelling approach 

lacks a functionally realistic representation of drought responses of gs and Vcmax. Largely due 

to the shortage of experimental studies describing the separate effects of drought on stomatal 

and non-stomatal processes, current models markedly differ in how they are represented. In 

models, drought may act either by increasing the marginal water use efficiency, which 

depends on the Ci/Ca ratio (the ratio of CO2 concentration inside and outside the leaf); by 

reducing Vcmax and/or Jmax; or both. Moreover, most models simulate the drought effect on 

photosynthesis in a rough way simply by reducing the slope of the relationship between gs and 

A, in a similar way for all PFTs. It is not known whether this method is adequate to capture 

the drought response, but there is a strong case to expect that it is not, as it does not account 

for either differences among species from different climatic origins, or for mechanisms of 

plant acclimation to drought. 

The process of estimation of required model parameters (including gs and Vcmax and their 

functions against soil moisture content) for global models is not straightforward and usually 

not transparent. Process-based modelling of the drought impacts on plants and ecosystems 

must be informed by experiments, which can help us to understand underlying processes. 
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Model evaluation and improvement must include the use of experimental observations, theory 

to explain the observations, quantitative parameterizations to describe the theory, and model 

simulations to test the impacts of environmental variables (Bonan et al., 2014) – necessary 

characteristics of ‘next-generation’ models as argued by Prentice et al. (2014b). 

1.6 Philosophy and approach in this thesis  

The research described in this thesis aimed at improving the representation of stomatal and 

non-stomatal responses to soil water potential within LSMs and DGVMs, based on the 

analysis of published and new experimental data on both the short- and long-term responses 

of gas exchange to drought, in species of contrasting climatic origins. The work also includes 

an exploratory study in which eddy covariance data (CO2 and latent heat fluxes) from flux 

tower sites in different types of forests were compared to model simulations, including 

simulations with a LSM modified to include parameterizations of stomatal and non-stomatal 

drought response derived from experiments. In particular:  

(1) Existing, mainly published data were collected and analysed quantitatively in an explicit 

modelling framework based on combining the Farqhuar et al. (1980) and Medlyn et al. (2011) 

models, in order to investigate how the stomatal and non-stomatal responses to drought differ 

across PFTs and climates.  

(2) Short-term experiments were conducted, and analysed in the same framework, in order to 

investigate how stomatal and non-stomatal drought sensitivity differ among tree species from 

contrasting environments. 

(3) Longer-term experiments were conducted in order to investigate the extent to which tree 

species from contrasting environments could acclimate (both in terms of stomatal and non-

stomatal responses) to drought, and the hydraulic adjustments involved in acclimation.  
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(4) Observed responses of stomatal and non-stomatal sensitivity among PFTs were included 

within an LSM, and results compared to eddy covariance flux measurements. 

The four research chapters sought to answer the following questions:  

(1) Which photosynthetic processes are affected in short-term drought? What shape does each 

response function take? How do the responses vary across PFT membership and hydro-

climates?  

(2) How stomatal, mesophyll, and biochemical responses to short-term drought differ among 

species originating from different hydro-climates? 

(3) Whether the plants acclimate to longer-term water stress? How riparian and xeric species 

differ in their degree of acclimation? 

(4) Whether the inclusion of experimentally based and PFT-specific drought response 

functions of gs and Vcmax would help LSMs to reproduce key features of ecosystems’ 

responses to the heatwave?  

The second chapter in this thesis (Zhou S, Duursma RA, Medlyn BE, Kelly JW, and Prentice 

IC, 2013. How should we model plant responses to drought? An analysis of stomatal and non-

stomatal responses to water stress. Agricultural and Forest Meteorology, 182, 204-214) 

describes the characterization of stomatal and non-stomatal responses to drought with data 

sets from published experimental studies, and investigates how the response patterns vary 

with PFTs and climates. The starting point is to introduce a new analytical framework to 

disentangle stomatal and non-stomatal limitations. Drought effects on stomatal conductance 

are further partitioned into changes that represent an optimal response to a reduction in 

photosynthetic capacity, and changes driven by an increase in the marginal cost of water. The 

difference between this new framework and the traditional one introduced by Jones (1985) is 
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important, and discussed in this chapter, because any reduction in photosynthetic capacity will 

automatically generate a reduction in stomatal conductance both according to the optimal 

stomatal model (Cowan, 1977; Cowan & Farquhar,1977) and empirical models (e.g. Ball et al. 

1987, Leuning 1995) potentially resulting in confounding of biochemical and diffusional 

effects. The approach adopted in this chapter avoids this problem and has the advantage of 

being able to be translated directly into modelling terms. The results obtained describe in a 

common, consistent framework the drought sensitivity of stomatal conductance, mesophyll 

conductance, carboxylation capacity, and maximum electron transport rate, across a variety of 

PFTs and climates. 

The third chapter in the thesis (Zhou S, Medlyn BE, Santiago S, Sperlich D, and Prentice IC, 

2014. Short-term water stress impacts on stomatal, mesophyll, and biochemical limitations to 

photosynthesis differ consistently among tree species from contrasting climates. Tree 

Physiology. DOI: 10.1093/treephys/tpu072) systematically tests the simultaneous drought 

limitation on stomatal conductance, mesophyll conductance, and photosynthetic capacity 

across species and ecosystems in Australia and Europe with two glasshouse experiments. The 

rates of decline in stomatal conductance, mesophyll conductance, carboxylation capacity, and 

maximum electron transport rate are quantified in nine tree species along a strong hydro-

climatic gradient. This chapter adopts the explicit and consistent definitions and analytical 

models introduced in the second chapter to characterize the stomatal and non-stomatal 

drought responses. It tests the hypothesis that there is a coordinated spectrum of increasing 

tolerance in plants from drier environments to wetter environments.  

The fourth chapter in the thesis (Zhou S, Medlyn BE, Prentice IC. 2014. Long-term water 

stress leads to acclimation of drought sensitivity of photosynthetic capacity in xeric but not 

riparian Eucalyptus species) tests whether species from contrasting hydro-climates differ in 

their degree of acclimation to long-term drought. It compares gas exchange parameters 



   
	  

	  

17 

between xeric and riparian Eucalyptus species at two months and four months of partial 

drought (70 % field capacity) under glasshouse conditions. After four months, all of the plants 

enters a drying-down cycle starting at 100 % field capacity and proceeding to full stomatal 

closure, thus allowing comparison of their drought sensitivities (including stomatal 

conductance, mesophyll conductance and biochemical responses) during short-term drought 

after previous acclimation to long-term drought. Hydraulic adjustments at four months are 

also compared among the species. 

The fifth chapter in the thesis (Zhou S, De Kauwe MG, Medlyn BE, Pitman AJ and Prentice 

IC. 2014. Representing observed plant responses to drought in a land surface model) tests the 

effects of representing empirically derived stomatal and non-stomatal drought responses 

within the Community Atmosphere Biosphere Land Exchange (CABLE) LSM. 

Experimentally derived stomatal and non-stomatal drought responses are used to define PFT-

dependent relationships of stomatal sensitivity and photosynthetic capacity to soil water 

potential, as alternatives to the standard representation (a generic response to volumetric soil 

moisture content) of drought effects in CABLE. Comparisons are made between model 

simulations and CO2 and latent heat flux measurements at six eddy covariance flux sites from 

different forest types and regions in Europe, across the heatwave that occurred in the summer 

of 2003. 

1.7 Collaboration and candidate’s role  

Each main chapter in this thesis has been written as a journal article, and is either published, 

in review, or ready to submit. 

Chapter 2 Zhou S., Duursma R.A., Medlyn B.E., Kelly J.W., and Prentice I.C., 2013. How 

should we model plant responses to drought? An analysis of stomatal and non-stomatal 

responses to water stress. Agricultural and Forest Meteorology, 182, 204-214. 
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Prentice I.C. and Medlyn B.E. proposed the original idea for this paper. Duursma R.A., 

Medlyn B.E., Prentice I.C. and Zhou S. were responsible for investigating the analytical 

models on stomatal and non-stomatal responses. Duursma R.A. instructed Zhou S. on plotting 

in R. Kelly J.W. offered two observational data sets from his glasshouse experiment. Zhou S 

collected all the published data sets, completed the quantitative characterizations, and wrote 

the first draft of the paper. Zhou S, Duursma R.A., Medlyn B.E., and Prentice I.C. contributed 

to the final version of the manuscript. 

Chapter 3 Zhou S., Medlyn B.E., Santiago S., Sperlich D., and Prentice I.C., 2014. Short-

term water stress impacts on stomatal, mesophyll, and biochemical limitations to 

photosynthesis differ consistently among tree species from contrasting climates. Tree 

Physiology. DOI: 10.1093/treephys/tpu072. 

Zhou S., Medlyn B.E., and Prentice I.C. were responsible for the design of the glasshouse 

experiment in Macquarie University. Zhou S., Santiago S., and Prentice I.C. were responsible 

for the design of the glasshouse experiment in University of Barcelona. Santiago S. 

established the experiment platform in University of Barcelona. Sperlich D. contributed to the 

experiment University of Barcelona. Zhou S. completed all measurements in both 

experiments and all quantitative characterizations, statistical analyses and figure plotting, and 

wrote the first draft of the paper. All authors contributed to the final version of the manuscript. 

Chapter 4 Zhou S., Medlyn B.E., Prentice I.C., 2014. Long-term water stress leads to 

acclimation of drought sensitivity of photosynthetic capacity in xeric but not riparian 

Eucalyptus species. In review with Annals of Botany. 

All authors were responsible for the design of the glasshouse experiment in Macquarie 

University. Zhou S. designed the investigation on hydraulic adjustments. Zhou S. completed 

all measurements, quantitative characterizations, statistical analyses and figure plotting, and 
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wrote the first draft of the paper. All authors contributed to the final version of the manuscript. 

Chapter 5 Zhou S., De Kauwe M.G., Medlyn B.E., Pitman A.J., and Prentice I.C., 2014. 

Representing observed plant responses to drought in a land surface model. In preparation for 

submission to Ecological Modelling. 

The original idea for this study (with different choice of models) arose from separated 

discussions among Medlyn B.E., Prentice I.C., De Kauwe M.G., and Zhou S.. Medlyn B.E. 

and De Kauwe M.G. designed the simulations within the CABLE model. Zhou S. fitted the 

PFT-specific stomatal and non-stomatal response functions based on his experimental 

observations. De Kauwe M.G. incorporated these functions into CABLE and ran the 

simulations. Zhou S. and De Kauwe M.G. completed the statistical analyses and figure 

plotting. Zhou S. wrote the first draft of the paper. All authors contributed to the final version 

of the manuscript. 
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a  b  s  t  r  a  c  t

Models  disagree  on how  to represent  effects  of  drought  stress  on  plant  gas  exchange.  Some  models
assume  drought  stress  affects  the  marginal  water  use  efficiency  of plants  (marginal  WUE  =  ∂A/∂E; i.e.
the  change  in  photosynthesis  per  unit  of  change  in  transpiration)  whereas  others  assume  drought  stress
acts  directly  on  photosynthetic  capacity.  We  investigated  drought  stress  in  an  analysis  of  results  from  22
experimental  data  sets  where  photosynthesis,  stomatal  conductance  and  predawn  leaf  water  potential
were  measured  at  increasing  levels  of water  stress.

Our analysis  was  framed  by a  recently  developed  stomatal  model  that  reconciles  the  empirical  and
optimal  approaches  to  predicting  stomatal  conductance.  The  model  has  single  parameter  g1, a decreasing
function  of  marginal  WUE.  Species  differed  greatly  in  their  estimated  g1 values  under  moist  conditions,
and  in  the  rate  at  which  g1 declined  with  water  stress.  In  some  species,  particularly  the  sclerophyll  trees,
g1 remained  nearly  constant  or even  increased.

Photosynthesis  was  found  almost  universally  to  decrease  more  than  could  be  explained  by  the  reduc-
tion  in  g1, implying  a  decline  in  apparent  carboxylation  capacity  (Vcmax).  Species  differed  in  the  predawn
water  potential  at  which  apparent  Vcmax declined  most  steeply,  and  in  the  steepness  of this  decline.  Prin-
cipal  components  analysis  revealed  a  gradient  in  water  relation  strategies  from  trees  to herbs.  Herbs  had
higher  apparent  Vcmax under  moist  conditions  but  trees  tended  to maintain  more  open  stomata  and higher
apparent  Vcmax under  dry  conditions.  There  was  also  a gradient  from  malacophylls  to  sclerophylls,  with
sclerophylls  having  lower  g1 values  under  well-watered  conditions  and  a lower  sensitivity  of  apparent
Vcmax to  drought.

Despite the  limited  amount  of  data available  for  this  analysis,  it  is  possible  to  draw  some  firm  conclu-
sions  for  modeling:  (1)  stomatal  and  non-stomatal  limitations  to  photosynthesis  must  both  be considered
for  the  short-term  response  to  drought  and  (2)  plants  adapted  to  arid  climate  respond  very  differently
from  others.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Soil water deficit or “ecological drought” is considered to be
the main environmental factor limiting global plant photosynthesis
(Nemani et al., 2003). Modeling the effect of drought on photosyn-
thesis (A) and stomatal conductance (gs) is crucial to understand
and project the consequences of global environmental change for
plants and ecosystems. However, there is disagreement among
models in how to represent drought effects. Many models sim-
ply reduce the slope of the gs/A relationship (e.g. Battaglia et al.,

∗ Corresponding author.
E-mail  addresses: shuangxi.zhou@students.mq.edu.au,

shuangxi.zhou2014@gmail.com (S. Zhou).

2004; Kirschbaum, 1999; Friend and Kiang, 2005; Medlyn, 2004;
Sala and Tenhunen, 1996; Wang and Leuning, 1998), whereas
others assume drought affects A directly by reducing Vcmax (maxi-
mum rate of carboxylation) and/or Jmax (maximum rate of electron
transport) in the Farquhar et al. (1980) C3 photosynthesis model
(e.g. Calvet et al., 2004; Keenan et al., 2009; Krinner et al., 2005;
Moorcroft et al., 2001; Sellers et al., 1996). Only a few models
include both effects (e.g. the Sheffield Dynamic Global Vegetation
Model, SDGVM) (Woodward and Lomas, 2004). Recent studies have
suggested that both effects ought to be included (Egea et al., 2011),
but it is not known which approach best captures the drought
response, nor is it known how drought responses vary among
species and plant functional types (PFTs). The goal of this paper
is to investigate drought responses in a range of species. Datasets
of photosynthesis, stomatal conductance and pre-dawn leaf water

0168-1923/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.agrformet.2013.05.009
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Fig. 1. A (filled squares) and gs (open squares) responses to ! pd, from two data sets representative for each of three PFTs. Herbs: (10) Helianthus annuus and (13) Mediterranean
Herbs; Malacophyll angiosperm tree: (2) Broussonetia papyrifera and (16) Platycarya longipes; Sclerophyll angiosperm tree: (20) Quercus ilex and (21) Quercus suber.

potential during drying cycles were obtained from the literature
(Fig. 1.) and were analyzed in the framework of a model of optimal
stomatal conductance.

The  theory of optimal stomatal behavior has been influential in
explaining how carbon gain and water loss are balanced. Optimal-
ity theory hypothesizes that plants regulate stomatal opening and
closing in such a way as to maximize (A − "E) where A is photosyn-
thesis, E is transpiration, and " is the marginal carbon cost of water
to the plant (Cowan, 1977; Cowan and Farquhar, 1977). When
water availability decreases, it is hypothesized that " increases,
due to the risk of damage from hydraulic failure if plants main-
tain high transpiration rate, and/or the increased cost of building
structures that are more hydraulically efficient (Berninger and Hari,
1993). Theoretical analysis by Mäkelä et al. (1996) indicated that
1/" should be expected to decline exponentially with decreasing
soil moisture availability, and the rate of decline with soil moisture
should increase with the probability of rain.

We use the term stomatal limitation to refer to this idea that
the optimal stomatal conductance declines in response to drought
causing a decline in photosynthesis. There can also be non-stomatal
limitation of photosynthesis, which involves a reduction in appar-
ent Vcmax. If A declines with drought more steeply than can be
explained by the observed stomatal limitation, this indicates the

presence  of non-stomatal limitation. Thus we interpret stomatal
limitation as involving a change in the leaf-internal concentra-
tion of CO2 (Ci) and non-stomatal limitation as a change in the
A–Ci curve (Fig. 2). Note that our approach differs from one tra-
ditional way  of analysing the drought effect on photosynthesis in
terms of stomatal and non-stomatal limitations, using the equa-
tions from Jones (1985) (e.g. Grassi and Magnani, 2005; Keenan
et al., 2009; Kubiske and Abrams, 1993; Ni and Pallardy, 1992;
Wilson et al., 2000). Our method differs from that of Jones (1985)
because the evidence for stomatal limitation is considered to be
reduced Ci and not just reduced gs, which could also arise a
response to biochemical limitation. The difference is important
because, in the optimal stomatal model and similar empirical
models (e.g. Ball et al., 1987; Leuning, 1995), any reduction in
apparent Vcmax will drive a reduction in stomatal conductance. Our
approach partitions drought effects on stomatal conductance into
changes that are an optimal response to a reduction in Vcmax, and
reductions that are driven by an increase in the marginal cost of
water. This way  of thinking about stomatal conductance has the
advantage of being able to be translated directly into modeling
terms.

There has been controversy – perhaps fueled by this ambigu-
ity over definitions – over the extent to which photosynthesis
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Fig. 2. Framework for the analysis of stomatal and non-stomatal limitations to pho-
tosynthesis. The non-stomatal limitation is represented by the solid lines, which
shows  the response of A to Ci . This curve depends on the apparent Vcmax. The stomatal
limitation  is represented by the dashed lines, which depend on g1. Blue lines rep-
resent well-watered conditions and red lines represent drought conditions. Under
drought, a reduction in g1 (stomatal limitation only) leads to a trajectory of A from
Aa  to Ab; a reduction in apparent Vcmax (non-stomatal limitation only) leads to a tra-
jectory  from Aa to Ac; and reduction in both parameters leads to a trajectory from Aa
to Ad. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

is more restricted by stomatal or non-stomatal limitations under
drought conditions (e.g. Grassi and Magnani, 2005; Lawlor and
Tezara, 2009). One strand of the literature has suggested that with
increasing drought severity, non-stomatal limitations (due to either
mesophyll conductance or leaf biochemistry or both) on photosyn-
thesis come to predominate over stomatal limitation (e.g. Grassi
and Magnani, 2005). Proposed non-stomatal mechanisms include
reduced Rubisco activity (e.g. Medrano et al., 1997; Parry et al.,
2002), reduced electron transport capacity (e.g. Cornic et al., 1989;
Epron and Dreyer, 1992), and reduced mesophyll conductance (e.g.
Egea et al., 2011): see Flexas et al. (2012) for a review. We refer to
the concept of ‘apparent’ carboxylation capacity (Vcmax) recogniz-
ing that changes in Vcmax, when measured in the standard way, can
arise either from changes in the actual capacity for carboxylation
within the chloroplast, or from changes in gm.

The objective of this work was to analyze available experimental
data in a model-oriented framework in order to answer the ques-
tion of how best to model the drought responses of gas exchange. In
particular: (1) Which processes are affected? (2) What shape does
the response function take? (3) How do the responses vary across
species and hydro-climates? We have consistently used pre-dawn
leaf water potential as the indicator of plant water stress (except
one data set with only data on soil water potential). We  investigated
how the gs/A relationship changes with experimental drought, and
analyzed the potential role of changes in apparent Vcmax. The start-
ing point for our study was the analysis by Manzoni et al. (2011),
which describes marginal water use efficiency (∂A/∂E) as increas-
ing monotonically with more negative leaf water potential (when
finite cuticular conductance is taken into account). Our analysis was
conducted in the framework of a recently derived and simple rep-
resentation of the optimal stomatal model (Medlyn et al., 2011).

The  model’s single parameter g1 is directly related to the marginal
carbon cost of water ("). To quantify the role of stomatal limitation,
we examine the response of fitted values of g1 to soil water deficit.
To quantify the role of non-stomatal limitation, we  examine the
effect of water stress on apparent Vcmax, calculated from observed
values of gs and A.

2. Materials and methods

2.1.  Sources of data

We  analyzed 22 experimental data sets (two unpublished) that
include concurrent measurement of net assimilation (A), stoma-
tal conductance (gs), and pre-dawn leaf water potential (# pd)
(except two  data sets on Glycine max: Huang et al., 1975 with soil
water potential data and Liu et al., 2005 with root water poten-
tial data, which allow us to estimate # pd) spanning well-watered
to water-stressed conditions. We  confined our attention to studies
that reported either # pd (except two allowing us to estimate # pd),
because daytime leaf water potentials depend strongly on transpi-
ration as well as soil water status. # pd is the best measure of water
availability to the plant, since it integrates soil water potential over
the root zone (Schulze and Hall, 1982) and is not influenced by
daytime transpiration. It is also independent of soil texture, unlike
volumetric soil moisture content, enabling us to compare species
from experiments using different soil types.

Fourteen data sets were derived from Manzoni et al. (2011) via
tables and digitized figures in the original sources. Six data sets
were derived from two  studies on species from karst substrates in
southwest China. Two unpublished data sets were added, derived
from drought experiments on two Eucalyptus species conducted in
glasshouses at Macquarie University in 2011 (Kelly, unpublished
data).

Most studies were under controlled conditions with plants
growing in pots. Water stress was  manipulated by withholding
irrigation, and leaf gas exchange was measured on the same plant
during a single drying cycle. Data on atmospheric CO2 concentra-
tion (Ca) and vapor pressure deficit (D) were also derived from the
reports. For a few studies where D was not reported, we assumed
D = 2 kPa (Peguero-Pina et al., 2009), or D = 2.1 kPa (Liu et al., 2010).
These D values are consistent with the sites’ climate during the
measurement period. We assumed dark respiration (Rd) to be neg-
ligible for our purpose. As a test of this assumption we  estimated
Rd as 7% of maximum photosynthesis rate recorded in each data
set (Givnish, 1988), and found that this had a negligible effect
on the results. The database spans tropical to boreal species, and
herbaceous annuals to woody gymnosperms and angiosperms.
Thus, the species are broadly representative of the PFTs commonly
employed in ecosystem modeling. Species were classified into five
PFTs (herb, shrub and liana, sclerophyll angiosperm tree, malaco-
phyll angiosperm tree, gymnosperm), defined by a combination of
phylogeny (angiosperm, gymnosperm), life form (tree, herb, shrub,
liana), phenology (evergreen and deciduous) and leaf consistency
(sclerophyll and malacophyll: sclerophyll leaves are hard, tough
and stiffened; malacophyll leaves are soft).

2.2. Analytical models

2.2.1.  Stomatal limitation
Medlyn  et al. (2011) showed that the theory of optimal stomatal

conductance leads, with some approximations, to a simple theo-
retical model that is closely analogous to widely used empirical
models (Ball et al., 1987; Leuning, 1995; Arneth et al., 2002):

gs ≈ g0 + 1.6
(

1 + g1√
D

)
A
Ca

, (1)



   
	  

	  

33 

 

S. Zhou et al. / Agricultural and Forest Meteorology 182– 183 (2013) 204– 214 207

Table 1
Parameter values across 22 species and 5 PFTs.

Species PFT No. Literature source b g∗
1 V ∗

c max Sf ! f

Allocasuarina luehmannii Sclerophyll angiosperm tree 1 Posch and Bennett (2009) 1.08 1.99 50.7 2.12 −2.16
Cinnamomum  bodinieri Sclerophyll angiosperm tree 4 Liu et al. (2010) −0.4 3.11 34.1 4.52 −1.52
Eucalyptus  pilularis Sclerophyll angiosperm tree 5 Kelly (unpublished) 0.94 2.22 69.38 1.82 −1.14
Eucalyptus  populnea Sclerophyll angiosperm tree 6 Kelly (unpublished) 0.15 3.15 52.94 2.06 −3.36
Olea  europaea var. Chemlali Sclerophyll angiosperm tree 14 Ennajeh et al. (2008) 1.28 2.72 125.83 0.4 −0.69
Olea  europaea var. Meski Sclerophyll angiosperm tree 15 Ennajeh et al. (2008) 0.49 3.16 72.52 0.51 −1.95
Quercus  coccifera Sclerophyll angiosperm tree 19 Peguero-Pina et al. (2009) 0.02 6.06 81.2 4.89 −1.66
Quercus  ilex Sclerophyll angiosperm tree 20 Peguero-Pina et al. (2009) −0.11 6.12 75.62 0.73 −0.17
Quercus  suber Sclerophyll  angiosperm tree 21 Peguero-Pina et al. (2009) 0.14 7.55 89.97 1.2 −3
Broussonetia  papyrifera Malacophyll angiosperm tree 2 Liu et al. (2010) 1.14 5.88 50.06 7.16 −1.32
Platycarya  longipes Malacophyll angiosperm tree 16 Liu et al. (2010) 0.66 5.85 37.16 2.53 −2.01
Pteroceltis  tatarinowii Malacophyll angiosperm tree 18 Liu et al. (2010) −0.14 3.7 33.49 3.49 −1.79
Ficus  tikoua Shrub and liana 7 Liu et al. (2011) 0.07 6.17 42.78 3.34 −1.6
Medit.  deciduous shrubs Shrub and liana 11 Galmés et al. (2007) 0.49 4.82 61.87 3.89 −1.82
Medit.  evergreen shrubs Shrub and liana 12 Galmés et al. (2007) 0.68 4.72 27.81 2.02 −2
Rosa  cymosa Shrub and liana 22 Liu et al. (2010) 0.22 3.07 52.6 1.62 −2.35
Glycine  max Herb 8 Liu et al. (2005) 0.09 3.74 71 1.89 −1.37
Glycine  max Herb 9 Huang et al. (1975) 0.41 3.77 84.2 7.93 −0.65
Helianthus  annuus Herb 10 Tezara et al. (2008) 2.07 4.64 105.4 1.7 −1.03
Medit.  herbs Herb 13 Galmés et al. (2007),

Medrano  et al. (2009)
1.61 4.72 71.23 11.97 −0.99

Cedrus  atlantica Gymnosperm 3 Grieu et al. (1988) 0.46 3.18 13.31 5.28 −2.31
Pseudotzuga  menziesii Gymnosperm 17 Grieu et al. (1988) 0.79 3.13 13.16 – –

PFT median values
Sclerophyll angiosperm tree 0.15 3.15 72.52 1.82 −1.66
Malacophyll  angiosperm tree 0.66 5.85 37.16 3.49 −1.79
Shrub  and liana 0.35 4.77 47.69 2.68 −1.91
Herb  1.01 4.2 77.72 4.91 −1.01
Gymnosperm  0.63 3.16 13.23 5.28 −2.31

where D is the vapor pressure deficit at the leaf surface
(kPa); Ca is the atmospheric CO2 concentration at the leaf sur-
face (!mol  mol−1); gs is stomatal conductance to water vapor
(mol m−2 s−1), and g0 is the leaf water vapor conductance when
photosynthesis is zero (mol m−2 s−1). The derivation of the model
(Medlyn et al., 2011) provides an interpretation for the single model
parameter g1 (kPa−0.5):

g1 ∝

√
" ∗

#
, (2)

where  " * is the CO2 compensation point in the absence of dark
respiration (!mol  mol−1), and # is the marginal water use efficiency
(∂A/∂E, mol  C mol−1 H2O) (Medlyn et al., 2011). We  estimated g1 for
each predawn leaf water potential from values of A and gs by re-
arranging Eq. (1). The parameter g0 is not part of the optimization.
In the analysis, g0 was estimated as the minimum value of gs in
each data set, similar to Manzoni et al. (2011) who set cuticular
conductance to water vapor at 90% of the minimum measured gs.
The  gas exchange data corresponding to the minimum measured
gs in each data set were excluded.

An  exponential response curve of g1 to ! pd was fitted to each set
of observations. Instead of setting the function shape responses in
advance (e.g. Egea et al., 2011), we inferred them based on the data
set. We  attempted to fit the logistic function (cf. Tuzet et al., 2003),
but the exponential function suggested by Mäkelä et al. (1996)
fitted better:

g1 = a exp(b pd), (3)

where  a and b are fitted parameters: a is the g1 value at ! pd = 0, and
b represents the sensitivity of g1 to ! pd. Species adopting different
water use strategies might be expected to differ in their estimated
g1 values under moist conditions (defined here as the value of g1
when ! pd = −0.5 MPa), and might also differ in their sensitivity to
water stress as represented by b.

2.2.2. Non-stomatal limitation
The  apparent effect of water stress on Vcmax was  quantified from

the measurements of A and gs as follows. Firstly, we assumed that
photosynthesis was Rubisco-limited under the conditions of the
experiments. Note that it is alternatively possible to assume that
photosynthesis was electron transport-limited, leading to an esti-
mate  of the apparent effect of water stress on Jmax. Results (Fig. 4 in
Appendix B) were closely similar, indicating that this method effec-
tively estimates the effect of drought stress on the photosynthetic
biochemistry. We  estimated the maximum apparent Vcmax value
when ! pd = 0 (V∗

c  max). This estimate was  obtained by inverting the
expression for photosynthesis as follows:

Vc max = (A + Rd)(Ci + Km)
(Ci − " ∗)

,  (4)

where  the value of Ci is obtained from measurements (Appendix
A). We then estimated, for each data point, the photosynthesis (Ac)
that  would be obtained if drought stress only affected Ci, by calcu-
lating the photosynthetic rate obtained with maximum V∗

c  max and
the observed Ci. The ratio of observed photosynthesis to the esti-
mated photosynthesis (A/Ac) measures the apparent effect of water
stress on Vcmax, as this ratio gives the decline in Vcmax that would
be needed to obtain the observed photosynthetic rate.

The  sensitivity of Vcmax to water availability was quantified
using  the logistic function (Tuzet et al., 2003):

f  (!pd) = 1 + exp[Sf!f]
1 + exp[Sf(!f − !pd)]

.  (5)

The  function f(! pd) accounts for the relative effect of water
stress on the apparent Vcmax. The form of this function allows a
relatively flat response of apparent Vcmax under wet  conditions,
followed by a steeper decline, with a flattening again (toward zero)
under the driest conditions. Sf is a sensitivity parameter indicating
the steepness of the decline, while ! f is a reference value indicating
the water potential at which f(! pd) decreases to half of its maxi-
mum value. Species adopting different water use strategies might
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Fig. 3. Variability of g1 responses to ! pd from two data sets representative for each of three PFTs. Herbs: (10) Helianthus annuus and (13) Mediterranean Herbs; Malacophyll
angiosperm tree: (2) Broussonetia papyrifera and (16) Platycarya longipes; Sclerophyll angiosperm tree: (20) Quercus ilex and (21) Quercus suber.

be expected to differ in their estimated Vcmax values under moist
conditions, and might also differ in the sensitivity of apparent Vcmax
to water stress (Sf) and reference water potential (! f).

There are two possible classes of causes for a reduction in appar-
ent Vcmax: biochemical reductions in enzyme activity, or reductions
in mesophyll conductance (gm). With the data available, we  are
not able to distinguish between these two effects. However, we
investigated the potential role of the two effects by calculating
the implied drought response of one parameter when the other
parameter was held constant. Firstly, we assumed gm as constant
at 0.15 mol  m−2 s−1 (Niinemets et al., 2009a), and then estimated
the decline of true Vcmax needed to account for observed photo-
synthesis decline with drought. Secondly, we assumed true Vcmax
as unchanged from its fitted value at ! pd = 0, and then estimated
the decline in gm needed to account for observed photosynthesis
decline with drought.

2.3.  Multivariate analysis

The  fitted values of five parameter, Sf, ! f, b, g∗
1 (g1 estimated at

! pd = −0.5 MPa) and V∗
c  max (apparent Vcmax estimated at ! pd = 0),

were entered as variables (traits) in a principal components
analysis (PCA) based on their correlations across species, grouped

by  PFTs. The results were interpreted in terms of emergent patterns
of differences among PFTs. The analysis was  written and run in R
(R Development Core Team, 2010).

3. Results

3.1. Response of g1 to water stress

Estimated parameter values from each data set, and median val-
ues for each PFT, are given in Table 1. Species differed greatly in
their estimated g1 values under moist conditions (parameter g∗

1),
and the rates at which g1 declined with water stress (parameter
b). Differences in the response curves are shown in Fig. 3 (which
shows selected species in detail; see also Fig. 2 in Appendix B) and
Fig. 4 (which compares response curves for all species). Malaco-
phylls generally (except Pteroceltis tatarinowii) had higher g∗

1 values
than sclerophylls (5.85 versus 3.15, based on PFT median values in
Table 1; Fig. 3).

The  rate of decline in g1 with drought varied considerably among
species, with g1 remaining nearly constant in some species and
declining severely with drought in others. For herbaceous species
(except Glycine max), g1 was found to decline more steeply with
water stress than in trees. Shrubs and lianas showed intermediate
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Fig. 7. Estimated responses of mesophyll conductance (gm) to ! pd under the assumption that true Vcmax is constant, for two data sets representative of each of three PFTs.
These curves were estimated from data by assuming that true Vcmax is constant and equal to its observed value at ! pd = 0, and calculating the reduction in gm that would be
needed to explain the observed reduction in apparent Vcmax.

responses. Woody species varied in their g1 responses to drought. In
the  Mediterranean sclerophyll Quercus species (Quercus ilex, Quer-
cus suber, Quercus coccifera) g1 remained nearly constant or even
increased with drought. The g1 of Cinnamomum bodinieri increased
with drought. The two Eucalyptus species (Eucalyptus pilularis, Euca-
lyptus populnea) had very different drought responses, according to
their  ecological niches: in the mesic tall-forest species E. pilularis,
g1 decreased rapidly with drought (b = 0.94) whereas in the semi-
arid woodland species E. populnea, g1 barely changed with drought
(b = 0.15).

3.2. Response of apparent Vcmax to water stress

We  quantified the non-stomatal limitation to photosynthe-
sis by calculating Rubisco-limited photosynthesis (Ac) values for
each species assuming that Vcmax is constant at the value shown
under moist conditions. The ratio of measured A and estimated Ac
then indicates the degree of non-stomatal limitation. The obser-
vations consistently show a decline in apparent Vcmax, and thus

a  progressive increase in non-stomatal limitation, with increasing
water stress (Fig. 5; see also Fig. 3 in Appendix B).

We  explored the relative impact of drought-induced reductions
on apparent Vcmax and g1 on photosynthesis. The effect of water
stress on measured photosynthesis was  compared (1) with the
effect on estimated photosynthesis when Vcmax was fixed (on the
Vcmax value at the least negative ! pd in each data set) and only g1
changed, and (2) with the effect on estimated photosynthesis when
g1 was fixed and only Vcmax changed (see Fig. 5 in Appendix B). This
analysis confirmed the strong inhibitory effect of water stress on
apparent Vcmax.

All  species showed a decline of apparent Vcmax as water avail-
ability declined, but species differed considerably in the parameters
(! f and Sf) of this response. Different PFTs varied in the sensitivity
to ! pd. Trees had generally more negative ! f than that of herba-
ceous species (Table 1), i.e. they showed the ability to continue
active photosynthesis down to lower soil water potentials than
herbaceous species. Among woody species, malacophylls showed
higher Vcmax sensitivity (Sf) to drought than most scleophylls (3.49
versus 1.82, based on PFT median values in Table 1; Fig. 5).
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Fig. 8. Estimated responses of true Vcmax to ! pd under the assumption that mesophyll conductance is constant, for two data sets representative of each of three PFTs. These
curves  were estimated from data by assuming that gm is constant and equal to 0.15 mol  m−2 s−1, and calculating the reduction in true Vcmax that woud be needed to explain
the  observed reduction in apparent Vcmax.

Separate estimates of the response of either gm (Fig. 7) or Vcmax
(Fig. 8) to water stress show that both could equally well explain
the declines in apparent Vcmax (Fig. 9).

3.3. Water relation strategies

PCA  was conducted on 21 data sets that allowed estimation of
all five parameters. Pseudotzuga menziesii was excluded because the
f("pd) curve could not be fitted, owing to the small number of data
points.

The first principal component (PC1) shows the existence of one
independent gradient, characterized by the positive correlation
among V∗

c  max, b and ! f (Fig. 9). It indicates that species with high
V∗

c  max also tend to have a high sensitivity of both g1 and Vcmax
to drought. Species with this combination of traits are aligned to
the right part of Fig. 9, with positive scores on the first princi-
pal component. The second principal component (PC2) shows the
existence of another independent gradient, characterized by the
positive correlation between g∗

1 and Sf. Species with high values of
g∗

1 and Sf are aligned in the upper part of Fig. 9, with positive scores
on the second principal component. The two principal components

together  account for 58.7% of the total variation in these five param-
eters.

This analysis shows species scattered through a continuum,
but nevertheless suggests some systematic patterns related to PFT
membership. The first principal component (PC1) can be inter-
preted as a gradient in water relation strategies from woody to
herbaceous species (explaining 35.2% of total variance). Compared
with the herbaceous species, most of the woody species tended
to have lower values of b (decreasing g1 slowly to maintain more
open stomata) and ! f (maintaining high apparent Vcmax) down
to lower water potential, and also lower Vcmax under wet condi-
tions.

The second principal component (PC2) can be interpreted as
a second gradient in water relation strategies from malacophyll
to sclerophyll tree species (explaining 23.5% of total variance).
Compared with malacophyll species (except P. tatarinowii, which
has drought-adapted leaf anatomical structure and epidermal
characteristics), sclerophyll species have lower values of g∗

1 and
Sf, corresponding to a combination of relatively low stomatal
conductance under wet  conditions, but with a slow decline of pho-
tosynthetic capacity under drought.
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Fig. 9. Principal components analysis of the five traits, Sf , ! f , b, g∗
1 (g1 estimated

at  ! pd = −0.5 MPa) and V ∗
c max (apparent Vcmax estimated at ! pd = 0). The first prin-

cipal  component (PC1) explained 35.2% of total variance, and the second principal
component (PC2) explained 23.5% of total variance. The two  principal components
together  accounted for 58.7% of the total variation in these five parameters.

4. Discussion

The goal of this analysis was to compare data sets in a model-
ing framework to identify key aspect for modeling drought effects
on plant gas exchange. The results are consistent with other stud-
ies showing that both stomatal and non-stomatal processes are
affected by drought (e.g. Egea et al., 2011; Keenan et al., 2010). Our
analysis shows that non-stomatal limitation is considerable and has
in  general a greater impact than that of stomatal limitation on pho-
tosynthetic rates. Photosynthesis under drought would be greatly
overestimated if the decline in apparent Vcmax was not taken into
account. Both assimilation rate and stomatal conductance decrease
as pre-dawn leaf water potential declines, but assimilation rate
usually decreases more – often many times more – than could be
explained by a reduction in stomatal conductance (and g1) alone
(see Figs. 1 and 2 in Appendix B).

The analysis showed large variation among species and PFTs
in drought effect on g1. This finding is consistent with those of
Manzoni et al. (2011) who showed the shape of ∂A/∂E response
curves to soil water availability varies according to PFT and climate.
The near-constancy (or slight increase) of g1 values with declining
! pd, as shown in Mediterranean oaks, is consistent with their evi-
dent ability to thrive in a climate with a long summer dry season;
this departs from Manzoni et al.’s (2011) generalization that ∂A/∂E
increases monotonically with increasing water stress. Among the
Eucalyptus species studied, E. populnea (from a xeric climate) and E.
pilularis (from a mesic climate) notably differ in their g1 responses
(see Fig. 2 in Appendix B), consistent with Manzoni et al.’s (2011)
indication of lower marginal WUE  (i.e. higher g1) in species from
dry climates.

The large variation among PFTs in the drought effect on appar-
ent Vcmax, as shown in our analysis, has not been reported before. It
appears that species with high V∗

c  max under moist conditions also
tend to be most sensitive to moisture stress, and that responses to
moisture stress of g1 and apparent Vcmax are correlated. The con-
sistency between g∗

1 and Sf (PC2 in Fig. 6) also suggests that water
stress is associated with consistent limitations on g1 and appar-
ent Vcmax. However, the lack of correlation between V∗

c  max and

g∗
1 indicates that photosynthetic capacity and water use strategy

under moist conditions are not correlated. Our results also high-
light the different strategies of drought response shown by species
of different PFTs and from different hydro-climates.

Variation between species and PFTs in their responses to water
deficit may  relate to species-specific trade-offs between transpi-
ration and vulnerability to hydraulic failure (Berninger and Hari,
1993). The ! pd at which the gs of sclerophyll trees (especially the
Mediterranean oaks) approaches zero was often well below that of
malacophyll trees, and was  much lower than that of the herbs (see
Fig. 1 in Appendix B). Sclerophyll trees are particularly noted for
their larger turgor maintenance capacity (e.g. Myers et al., 1997;
Prior et al., 1997), and maintaining high stomatal conductance
and photosynthetic capacity at low water potentials (e.g. Turner,
1994; Groom and Lamont, 1997; Niinemets et al., 2009b). Decidu-
ous trees usually display greater stomatal sensitivity to increasing
water deficit than semi-deciduous and evergreen sclerophyll trees
(Myers et al., 1997). Malacophyll, even when “evergreen”, may  have
to  shed their leaves to regulate water loss during prolonged drought
(Prior et al., 1997).

The  exponential decline of g1 with decreasing soil water avail-
ability is consistent with the theoretical analysis on optimal
stomatal response by Mäkelä et al. (1996). However, in their
analysis, Mäkelä et al. (1996) assumed no drought effect on photo-
synthetic capacity. Future analysis of optimal stomatal responses to
drought should consider how the reduction in apparent Vcmax with
water limitation alters the optimal stomatal behavior. Our finding
that apparent Vcmax is reduced is consistent with recent studies of
mesophyll conductance (gm) which report that gm decreases with
soil water deficit, and this effect may  also contribute as much as
the reduction in gs to the decrease of A under water stress (Flexas
et al., 2012; Keenan et al., 2010; Perez-Martin et al., 2009). The
available data did not allow us to calculate the extent of gm limita-
tion on photosynthesis under water-stressed condition. However,
declines in apparent Vcmax could be equally well explained by
declines in either gm (Fig. 7) or Vcmax (Fig. 8). Either way, the
responses can be modeled adequately using the concept of appar-
ent Vcmax.

The  data available for this analysis were limited. Noise might
have been introduced by digitizing figures in original publications,
setting D values when not reported, and differences in exper-
imental methods (especially given the large time span among
the experiments). Although thousands of experiments have been
done on plant response to drought, data sets containing enough
information for model improvement are rare. Thus, the analy-
sis highlights a need for further model-oriented experimental
work to better define quantitative relationships between the sev-
eral different aspects of drought response and other plant traits.
Nevertheless, this study permits some strong conclusion for mod-
eling: (1) it is necessary to represent non-stomatal limitation to
carbon assimilation during drought, and (2) there are large differ-
ences among plant species in the values of key drought-response
parameters, which appear to be related to PFT membership
and climate. Without consideration of these two points, it is
likely that models will underestimate short-term (within-season)
response of primary production to drought while also underes-
timating the ability of drought-adapted taxa to maintain their
function.
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Supplementary model estimation of Ac and Vcmax. 
 

The biochemically based photosynthesis model by Farquhar et al. (1980) was used to 

understand how photosynthesis responds to drought. Net photosynthesis, An, is modelled as 

the minimum of two different limiting rates: 

An =min (Ac, Aj) - Rd,                                                                                                               (1)              

where Ac is the rate of photosynthesis when Rubisco activity is limiting and Aj the rate when 

ribulose-1,5-bisphosphate (RuBP)-regeneration is limiting. Rd is the rate of mitochondrial 

respiration. We focus on Rubisco-limited photosynthesis, given by: 

Ac =
Vcmax (Ci !"

#)
Ci + Km( )

! Rd ,                                                                                                          (2)              
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where Ci is the intercellular concentrations of CO2. We assumed Rd to be negligible, because 

we estimated Rd as 7% of maximum photosynthesis rate recorded in each data set (Givinish, 

1988), and found that this had a negligible effect on the results. Km, the effective Michaelis-

Menten coefficient for Rubisco kinetics, and Γ∗ (µmol mol−1), the CO2 compensation point in 

the absence of mitochondrial respiration, were estimated by Bernacchi et al. (2001) as follows: 

Km  = Kc  (1 + Oi

Ko

) ,                                                                                                                 (3)      

Kc =exp(38.05 - 79.43
RTk

) ,                                                                                                          (4)      

Ko =exp(20.30 - 36.38
RTk

) ,                                                                                                          (5)      

!" = 42.75exp 37830(Tk # 298)
(298RTk )

$

%
&

'

(
),                                                                                            (6)      

where Oi is the intercellular O2 concentration (210 mmol mol−1), and Kc and Ko are the 

Michaelis–Menten coefficients of Rubisco activity for CO2 and O2, respectively. R is the 

universal gas constant (8.314 J mol−1 K−1), and Tk denotes leaf temperature in K.  

The net mass transpot of CO2 (A) through stomata is described by Fickian diffusion (Farquhar 

& Sharkey 1982) as 

A = gc (Ca - Ci),                                                                                                                        (7)      

from which Ci was estimated as  

Ci  = Ca  - A
gc

 ,                                                                                                                         (8)      

where gc is the stomatal conductance to CO2. We assumed cuticular conductance has a 

negligible impact on CO2 exchange. From these equations we can estimate the Ac value from 

the Ci, Γ∗
 and Km values at a given leaf temperature and at the different observed gs values, on 

the assumption that Vcmax was unchanged from the moist state. The ratio of measured A to this 

estimated Ac measures the relative effect of water stress on apparent Vcmax. 

 

 

 

 



   
	  

	  

42 

Supplementary figures 

 

Fig.1 A (filled squares) and gs (open squares) responses to Ψpd, from 22 data sets. 
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Fig. 2 g1 responses to Ψpd from 22 data sets. 
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Fig. 3 Relative effect of Ψpd on Vcmax from 21 data sets. 
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Fig. 4 The apparent effect of water stress on Vcmax (red point), and the apparent effect of water 

stress on Jmax (blue point). 
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Fig. 5 The effect of water stress on measured photosynthesis (blue point) was compared with 

the effect on estimated photosynthesis when Vcmax was fixed and only g1 changed (brown 

point), and with the effect on estimated photosynthesis when g1 was fixed and only Vcmax 

changed (green point). 
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Fig. 6 Estimated gm responses to Ψpd from 22 data sets. 
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Fig. 7 Estimated Vcmax responses to Ψpd from 22 data sets. 

 

 

-3.5 -2.5 -1.5 -0.5

0
20

40
60

80
10

0

V
cm

ax

1

-2.5 -2.0 -1.5 -1.0 -0.5 0.0

0
10

20
30

40
50

60
70 2

-2.0 -1.5 -1.0 -0.5 0.0

0
5

10
15

20

3

-3.0 -2.0 -1.0 0.0

0
10

20
30

40 4

-2.5 -2.0 -1.5 -1.0 -0.5 0.0

0
50

10
0

15
0

20
0

V
cm

ax

5

-4 -3 -2 -1 0

0
50

10
0

15
0

20
0 6

-2.5 -2.0 -1.5 -1.0 -0.5 0.0

0
10

20
30

40
50

60 7

-2.5 -2.0 -1.5 -1.0 -0.5 0.0

0
10

0
20

0
30

0
40

0
50

0

8

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

0
50

10
0

15
0

20
0

V
cm

ax

9

-2.5 -2.0 -1.5 -1.0 -0.5 0.0

0
50

15
0

25
0

35
0

10

-4 -3 -2 -1 0

0
50

15
0

25
0

35
0

11

-3.0 -2.0 -1.0 0.0

0
10

20
30

40
50

60 12

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

0
50

10
0

15
0

20
0

25
0

V
cm

ax

13

-6 -5 -4 -3 -2 -1 0

0
20

0
40

0
60

0
80

0 14

-5 -4 -3 -2 -1 0

0
50

10
0

15
0 15

-3.5 -2.5 -1.5 -0.5

0
10

20
30

40
50

16

-2.0 -1.5 -1.0 -0.5 0.0

0
5

10
15

20

V
cm

ax

17

-4 -3 -2 -1 0

0
10

20
30

40 18

-7 -6 -5 -4 -3 -2 -1 0

0
20

40
60

80
12

0

19

-4 -3 -2 -1 0

0
20

40
60

80
10

0 20

-5 -4 -3 -2 -1 0

0
20

40
60

80
12

0

!pd  (MPa)

V
cm

ax

21

-4 -3 -2 -1 0

0
20

40
60

!pd  (MPa)

22



   
	  

	  

49 

 

 

Chapter 3  

Short-term water stress impacts on 

stomatal, mesophyll, and biochemical 

limitations to photosynthesis differ 

consistently among tree species from 

contrasting climates 
S. Zhou1*, B. E. Medlyn1, Santiago Sabaté2,3, Dominik Sperlich2,3, I. C. Prentice1, 4 

1Department of Biological Sciences, Macquarie University, North Ryde, NSW 2109, 
Australia 

2Ecology Department, University of Barcelona, Avgda. Diagonal 643, 08028 Barcelona  

3CREAF (Centre de Recerca Ecològica i Aplicacions Forestals) Universitat Autònoma de 
Barcelona, 08193 Barcelona 

4AXA Chair of Biosphere and Climate Impacts, Grand Challenges in Ecosystems and the 
Environment and Grantham Institute – Climate Change and the Environment, Department of 
Life Sciences, Imperial College London, Silwood Park Campus, Buckhurst Road, Ascot SL5 

7PY, UK  

*Corresponding author: shuangxi.zhou@students.mq.edu.au 

This chapter is presented as the published journal article: 

Zhou S., Medlyn B. E., Santiago S., Sperlich D., and Prentice I. C., 2014. Short-term water 
stress impacts on stomatal, mesophyll, and biochemical limitations to photosynthesis 

differ consistently among tree species from contrasting climates. Tree Physiology. 
DOI: 10.1093/treephys/tpu072. 



Pages 50-82 of this thesis have been removed as they contain published material. 
Please refer to the following citation for details of the article contained in these 
pages.

Shuangxi Zhou, Belinda Medlyn, Santiago Sabaté, Dominik Sperlich, I. Colin
Prentice, David Whitehead, Short-term water stress impacts on stomatal, mesophyll
and biochemical limitations to photosynthesis differ consistently among tree species
from contrasting climates, Tree Physiology, Volume 34, Issue 10, October 2014,
Pages 1035–1046,

DOI: 10.1093/treephys/tpu072

https://doi.org/10.1093/treephys/tpu072


83 

Chapter 4 

Long-term water stress leads to 

acclimation of drought sensitivity of 

photosynthetic capacity in xeric but not 

riparian Eucalyptus species 
S. Zhou1, B. E. Medlyn1, I. C. Prentice1,2

1Department of Biological Sciences, Macquarie University, North Ryde, NSW 2109, 
Australia 

2AXA Chair of Biosphere and Climate Impacts, Grand Challenges in Ecosystems and the 
Environment and Grantham Institute – Climate Change and the Environment, Department of 
Life Sciences, Imperial College London, Silwood Park Campus, Buckhurst Road, Ascot SL5 

7PY, UK 

This chapter is in review with Annals of Botany. 

This article has been published in [Journal Title] Published by Oxford University Press.Annals of 
Botany, Volume 117, Issue 1, January 2016, Pages 133–144, https://doi.org/10.1093/aob/mcv161



   
	  

	  

84 

4.1 Abstract 

Experimental drought is well documented to induce a decline in photosynthetic capacity. 

However, given time to acclimate to drought, the photosynthetic responses of plants in field 

could differ from those found in short-term experiments. We compared shorter- and longer-

term drought responses of gas exchange in three Eucalyptus taxa from contrasting habitats. 

Photosynthetic parameters were measured after two and four months of watering treatments – 

field capacity or partial drought. At four months, all plants were watered to field capacity, 

then watering was ceased. Further measurements were made during subsequent ‘drying down’, 

continuing until stomata were closed. Two months of partial drought consistently reduced 

assimilation rate, stomatal sensitivity parameter (g1), apparent maximum Rubisco activity 

(Vcmax') and maximum electron transport rate (Jmax'). E. occidentalis from the xeric habitat 

showed the smallest decline in Vcmax' and Jmax'. However, after four months, Vcmax' and Jmax' 

had recovered. Species differed in their degree of Vcmax' acclimation. E. occidentalis showed 

significant acclimation of the predawn leaf water potential at which the Vcmax' and ‘true’ Vcmax 

(accounting for mesophyll conductance) declined most steeply during drying-down. It is 

concluded that carbon loss under prolonged drought could be overestimated without 

accounting for acclimation. In particular: (i) species from contrasting habitats differed in the 

magnitude of Vcmax' reduction in short-term drought; (ii) long-term drought allowed the 

possibility of acclimation, such that Vcmax' reduction was mitigated; (iii) the degree of Vcmax' 

acclimation was greater in xeric species; and (iv) photosynthetic acclimation would involve 

hydraulic adjustments to reduce water loss while maintaining photosynthesis. 

Keywords: drought acclimation, Huber value, hydraulic adjustment, Jmax, mesophyll 

conductance, stomatal conductance, Vcmax, water use efficiency
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4.2 Introduction 

Drought duration and intensity are predicted to increase in future in some regions, particularly 

in Mediterranean and subtropical climates (IPCC, 2014). The mechanisms underlying plant 

response to water stress are different for different time scales of stress (Maseda and Fernández, 

2006). Short-term water stress reduces plant photosynthesis (A) through limitation of stomatal 

conductance (gs) and/or mesophyll conductance to CO2 (gm) (Flexas et al., 2004, 2006, 2012; 

Bota et al., 2004; Grassi and Magnani, 2005; Egea et al., 2011; Galmés et al., 2013; Zhou et 

al., 2013, 2014), reduction of the maximum carboxylation rate (Vcmax) (Kanechi et al., 1996; 

Castrillo et al., 2001; Parry et al., 2002; Tezara, 2002; Zhou et al., 2013, 2014), and/or 

reduction of the maximum electron transport rate (Jmax) (Tezara et al., 1999; Thimmanaik et 

al., 2002; Zhou et al., 2014). Zhou et al. (2014) reported that short-term water stress led to 

concurrent stomatal, mesophyll, and biochemical limitations on photosynthesis, while species 

from contrasting hydro-climates differed in the drought sensitivity of each process – reflecting 

inherent differences in drought tolerance. During longer-term water stress in long-lived plants 

such as trees, acclimation can take place, rendering the xylem less vulnerable to cavitation. 

Acclimation can include adjustments at different levels including leaf physiology, anatomy, 

morphology, chemical composition, xylem hydraulics, growth, and/or carbon partitioning 

among organs (Maseda and Fernandez, 2006; Limousin et al., 2010a, b; Martin StPaul et al., 

2012, 2013). However, most of our knowledge about plant drought responses comes from 

short-term studies (Cano et al., 2014). If we were to predict drought effects on trees based on 

the drought-induced diffusional and biochemical limitations to photosynthesis found in short-

term experiments, we might overestimate the long-term drought impacts because we would be 

ignoring potentially important acclimation processes.  

Among long-term studies, there is disagreement about whether or not plants acclimate to 

long-term water stress by modifying the functional relationships between photosynthetic traits 

and water stress. Limousin et al. (2010b) and Misson et al. (2010) compared the responses of 
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Quercus ilex under different long-term manipulative precipitation regimes, and found high 

sensitivity of gs, gm, Vcmax, and Jmax to decreased predawn leaf water potential but no clear 

trend of acclimation in the drought treatment. In contrast, Martin StPaul et al. (2012) 

compared the responses of three populations of Quercus ilex in sites differing in mean annual 

rainfall, and found steeper declines of gs, gm, Vcmax, and Jmax as predawn leaf water potential 

declined in the wettest site than in the drier sites. There are also studies reporting that long-

term water stress causes an acclimation response through decreased mesophyll limitation on 

CO2 supply to the chloroplasts (Galle et al., 2009; Cano et al., 2014). 

Another important but largely unexplored question is whether species of contrasting climate 

origin differ in their degree of acclimation in photosynthetic traits during long-term water 

stress. Cano et al. (2014) reported that long-term water stress led to decreased mesophyll 

limitation in a xeric species, but not mesic species. A synthesis study (Choat et al. 2012) 

showed that vulnerability to drought is equally high in plants from both mesic and xeric 

ecosystems, despite soil water availability being lower in xeric ecosystems – indicating that 

there must be important differences between the responses of mesic and xeric species to 

prolonged drought.  

In this paper, we test three general hypotheses on the long-term water stress impacts on 

photosynthesis of contrasting tree species. (i) Long-term water stress should allow the 

possibility of acclimation, such that the diffusional and/or biochemical limitations found in 

short-term water stress are mitigated. (ii) Relative to species from riparian habitats, species 

from xeric habitats should show a greater degree of acclimation. (iii) Plants would respond to 

water stress by controlling stomatal openness in the shorter-term, but longer-term acclimation 

to water stress would involve hydraulic adjustments to reduce water loss while maintaining 

photosynthesis. We tested these hypotheses in a common glasshouse experiment with three 

congeneric (Eucalyptus) taxa originating from riparian and xeric habitats. Plants were 

maintained under either field capacity or partial drought treatment, and gas exchange was 
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monitored after shorter-and longer-term treatment. After the longer-term treatment, we 

watered all plants to field capacity and then withheld water and compared their stomatal, 

mesophyll, and biochemical responses during the ‘drying down’ process. We investigated 

whether the plants acclimate to the partial drought treatment. We then investigated whether 

the plants could better tolerate water stress during the drying-down process after the longer-

term water stress, and how the contrasting taxa differed in their degree of photosynthetic 

acclimation to water stress. We also assessed the hydraulic adjustments after the longer-term 

water stress. 

4.3 Materials and methods 

4.3.1 Choice of plant taxa  

Three evergreen taxa were selected from the widely distributed Australian genus Eucalyptus 

(Table 1). The selected taxa were E. occidentalis from southwestern Australia, E. 

camaldulensis subsp. subcinerea from central Australia, and E. camaldulensis subsp. 

camaldulensis from southeastern Australia. E. camaldulensis subsp. Camaldulensis and E. 

camaldulensis subsp. subcinerea are strongly riparian.  

Table 1. Description of the seed origin for the three taxa. 

Species  Seed source; Latitude, Longitude a 

E.occidentalis Spa Bundaleer, West Australia; 33.19°S, 138.33°E 

E.camaldulensis subsp.subcinerea Arthur Creek, Northern Territory; 22.40°S, 136.38°E 

E.camaldulensis subsp.camaldulensis Barmah SF, New South Wales; 35.50°S, 145.07°E 

a Data source: Australian Tree Seed Centre at Canberra 
 

4.3.2 Plant material, growth conditions, and experimental design 

Seeds of the three Eucalyptus taxa were directly collected from their natural habitats by the 

Australian Tree Seed Centre at Canberra (Table 1) and were germinated in May 2012 at 

Macquarie University. At three months, the seedlings were transplanted into 90-litre pots 

containing 80 kg of loamy soil (collected from the Robertson area in New South Wales, 
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Australia), evenly mixed with slow-release fertilizer. The plants were grown in the open air 

with regular watering and full sunshine for three months to allow natural establishment. At six 

months (December 2012), the plants were placed in a glasshouse under a 25°C/18°C diurnal 

temperature cycle and maintained in a moist condition (100% field capacity). In February 

2013, plants of each taxon were subjected to one of two treatments – full watering (100% 

field capacity) or partial drought (70% field capacity). Three plants of each taxon were 

randomly assigned to each treatment. Soil water content was maintained based on pot 

weighting. The soil surface was covered with gravel to minimize water loss. Pots were 

randomly located in the glasshouse, and randomly relocated twice a week.  

Leaf gas exchange measurements were conducted after two months (April 2013) and four 

months (June 2013) of treatment. After four months, all pots were watered to 100% field 

capacity. Then watering was ceased, and plants were subjected to drying down until stomatal 

conductance was close to zero. Daily measurements on predawn leaf water potential, leaf gas 

exchange, carbon response curves, and chlorophyll fluorescence were conducted throughout 

the drying-down process.  

4.3.3 Pre-dawn leaf water potential  

Pre-dawn leaf water potential (Ψpd) was adopted as the consistent measure of soil moisture 

across plants. Ψpd is the best measure of plant water availability because it integrates soil 

water potential over the root zone (Schulze and Hall, 1982). In particular: (i) Ψpd is not 

influenced by daytime transpiration, while daytime leaf water potential depends strongly on 

transpiration as well as soil water status; (ii) Ψpd is independent of differences in rooting 

depth and soil water access; (iii) unlike volumetric soil moisture content, Ψpd is independent 

of soil texture. Ψpd was measured using a pressure chamber (PMS 1000, PMS Instruments, 

Corvallis, OR, USA). All measurements were completed before sunrise. Two leaves per 

sapling were sampled. When the observed difference between the two leaves was > 0.2 MPa, 
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a third leaf was measured.  

4.3.4 Leaf gas exchange, carbon response curve, chlorophyll fluorescence, and mesophyll 

conductance 

Leaf gas exchange measurements were performed on current-year, fully expanded sun-

exposed leaves, using a portable photosynthesis system (LI-6400, Li-Cor Inc., Lincoln, NE, 

USA) equipped with a LI-6400-40 Leaf Chamber Fluorometer. Before each measurement, the 

leaf was acclimated in the chamber for 20 to 30 minutes to achieve stable gas exchange, with 

leaf temperature maintained at 25 °C, reference CO2 concentration at 400 µmol CO2 mol–1 air, 

and a saturating photosynthetic photon flux density (Q) of 1800 µmol photon m–2 s–1. Vapour 

pressure deficit (D) was held as constant as possible during the measurement. After the leaf 

acclimated to the cuvette environment, light-saturated net CO2 assimilation rate (Asat) and 

stomatal conductance were measured. A-Ci curves were then measured with the cuvette 

reference CO2 concentration set as follows: 300, 200, 150, 100, 50, 400, 400, 600, 800, 

1000, 1400 and 2000 µmol CO2 mol–1 air. The leaf was allowed to equilibrate for at least 

three minutes at each Ci step. After completion of these measurements, the light was switched 

off for 3 minutes and then leaf respiration rate was measured at the ambient CO2 

concentration. A and Ci values at each step were corrected for CO2 diffusion leaks with a 

diffusion correction term (k) of 0.445 µmol m–2 s–1, following the manufacturer’s 

recommendation (Li-Cor Inc.).  

At each measurement step, steady-state fluorescence (Fs) and maximum fluorescence (Fm') 

were measured during a light-saturating pulse, allowing calculation of the photochemical 

efficiency of PSII as ΦPSII = (Fm' − Fs)/Fm'. The rate of photosynthetic electron transport from 

fluorescence (JETR) was then calculated following Krau and Edwards (1992), as JETR = 

0.5·ΦPSII·α·Q, whereas 0.5 is a factor accounting for the light distribution between the two 

photosystems and α is the leaf absorptance (assumed to be 0.85-0.88 in the calculations of LI-
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6400).  

Mesophyll conductance was quantified following the variable electron transport rate method 

by Harley et al.(1992): 

gm =
A

Ci !
"# JETR +8(A + Rd )[ ]

JETR ! 4(A + Rd )

,
                                                                                               

(1)             
 

where the Γ* value was taken from Bernacchi et al. (2002), and the rate of non-

photorespiratory respiration continuing in the light (Rd) was taken as half of the rate of 

respiration measured in the dark (Niinemets et al., 2005). Thereafter, gm was quantified for 

every step of the carbon response curves, and then used to calculate the CO2 concentration at 

the chloroplast (Cc) as follows: 

Cc = Ci  – A/ gm.                                                                                                                        (2)   

4.3.5 Estimation of Vcmax', Jmax', Vcmax, and Jmax 

Estimation of Vcmax', Jmax', Vcmax, and Jmax (the terms without primes being ‘true’ values, 

accounting for gm) followed methods described in detail by Zhou et al. (2014). In brief, the 

values were quantified from CO2 response curves using the leaf photosynthesis model of 

Farquhar et al. (1980), based on the curve fitting routine was that introduced by Domingues et 

al. (2010) using the least-squares fitting method in the ‘R’ environment (R Development Core 

Team, 2010). 

4.3.6 Conduit anatomy, HV, sapwood-specific and leaf-specific hydraulic conductivity 

One current-year branch 25 cm long from the distal apex was collected from each plant for 

measurements on xylem conduit anatomy. A cross-section at 25 cm from the apex was made 

by hand, stained with methylene blue, and mounted in water for immediate microphotography. 

The microscope (Olympus BX53, Olympus America Inc.) was interfaced with a digital 

camera at ×4 magnification in order to record the whole sapwood area, and at ×20 
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magnification in order to record the conduit diameter. Both measurements were made using 

ImageJ image analysis software (http://rsb.info.nih.gov/ij/; ImageJ 1.48; U. S. National 

Institutes of Health, Bethesda, Maryland, USA). Huber Values (HV) were calculated as the 

ratio between the cross-sectional sapwood area and the leaf area supplied. The hydraulically 

weighted vessel diameter was calculated for each plant to determine the relative contribution 

of the conduit to hydraulic conductivity. Calculation of hydraulically weighted diameter and 

sapwood-specific hydraulic conductivity (KS, kg m–1 s–1 MPa–1) was performed as described 

by Lewis and Boose (1995). Leaf-specific conductivity (KL) was calculated as the product of 

KS and HV. 

4.3.7 LMA, intrinsic water use efficiency, leaf nitrogen content, height and basal 

diameter 

After four months of treatment, three current-year fully-expanded sun-exposed leaves of each 

plant were collected, scanned, and measured with the ImageJ image analysis software. The 

leaves were then oven-dried at 60 °C for at least 48 h and weighed in order to calculate leaf 

mass per area (LMA, kg m-2). The dried leaf tissue was analysed for stable carbon isotope 

composition (δ13C, ‰) and nitrogen content on a mass basis (Nmass, %) as described in 

Mitchell et al. (2008). δ13C provides a time-integrated measure of intrinsic water-use 

efficiency over the period in which the leaf carbon is assimilated. Nitrogen content on an area 

basis (Narea, g m-2) was calculated as the product of Nmass and LMA. The height and trunk 

basal diameter of each plant were also measured.  

4.3.8 Stomatal sensitivity to water stress 

The g1 parameter (kPa−0.5) was introduced by Medlyn et al. (2011) to represent the stomatal 

behaviour. Medlyn et al. (2011) showed that a stomatal optimality hypothesis results in a 

simple theoretical model of very similar form to the widely used empirical stomatal models 

(Ball et al., 1987; Collatz et al., 1991; Leuning, 1995; Arneth et al., 2002): 
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gs ! g0 +1.6 (1+
g1

D
) A
Ca

,                                                                                                       (3)              

where Ca is the atmospheric CO2 concentration at the leaf surface (µmol mol-1) and g0 is the 

leaf water vapour conductance when photosynthesis is zero (mol H2O m-2 s-1). The derivation 

of the model by Medlyn et al. (2011) provides an interpretation for g1 as being inversely 

proportional to the marginal carbon cost of water. An alternative derivation of the same 

expression, and further empirical support, were provided by Prentice et al (2014). The g1 

parameter has proved to be a useful, experimentally-determined measure of stomatal 

sensitivity across climates and plant functional types (PFTs) (Héroult et al. 2013; Zhou et al. 

2013, 2014). Its response to water stress is consistent with the theoretical analysis by Mäkelä 

et al. (1996) suggesting that the marginal water cost of carbon gain should decline 

exponentially with decreasing soil moisture availability, and the rate of decline with soil 

moisture should increase with the probability of rain (Zhou et al. 2013, 2014).  

We estimated g1 for each predawn leaf water potential from measurements of A, gs, Ca, and D 

by re-arranging equation (3). The parameter g0 is not part of the optimization and was 

assigned the value 0.001 mol m-2 s-1. 

4.3.9 Analytical model for the function of stomatal, mesophyll, and biochemical 

responses during the drying-down process 

We used equations introduced by Zhou et al. (2013, 2014) to analyse the response functions 

of g1, gm, Vcmax', and Jmax' to Ψpd during the drying-down process. An exponential decrease of 

g1 and gm with declining Ψpd was fitted to each set of observations: 

g1 = g1
* exp(b1 (Ψpd + 0.3)),                                                                                                     (4)              

gm = gm
* exp(b2 (Ψpd + 0.3)),                                                                                                    (5)              
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where g1
*, b1, gm

*, and b2 are fitted parameters: g1
* is the g1 value at Ψpd = −0.3 MPa, and b1 

represents the sensitivity of g1 to Ψpd. gm
* is the gm value at Ψpd = −0.3 MPa, and b2 represents 

the sensitivity of gm to Ψpd. Species adopting different water use strategies are expected to 

differ in their g1 sensitivity (b1) and gm sensitivity (b2) to water stress. The responses of Vcmax' 

and Jmax' were quantified using the logistic function (Tuzet et al., 2003): 

.                                                                                       (6)              

We also quantified all parameters defining the drought response of Vcmax. The function ƒ(ΨPD) 

accounts for the relative effect of water stress on Vcmax, Vcmax', and Jmax'. The form of this 

function allows a relatively flat response of Vcmax, Vcmax', and Jmax' under moist conditions, 

followed by a steep decline, with a flattening again (towards zero) under the driest conditions. 

K is the value of ƒ(ΨPD) under moist conditions. Sf is a sensitivity parameter indicating the 

steepness of the decline, while Ψf is a reference value indicating the water potential at which 

K decreases to half of its maximum value. Species adopting different water use strategies 

might be expected to differ in the sensitivity of Vcmax, Vcmax', and Jmax' to water stress (SfV, SfV', 

and SfJ') and reference water potential (ΨfV, ΨfV', and ΨfJ').  

4.3.10 Statistical analyses 

The analysis of variance package anova() in R was used to assess treatment effects, 

interactions between species and treatment and between treatment and duration. The nonlinear 

least-squares package nls() in R was used to find initial values (least-squares estimates) of the 

parameters of the exponential functions for responses of g1 and gm (g1*, b1, gm*, and b2); the 

alternative nonlinear least-squares package nls2() was used to find initial values of the 

parameters of the logistic functions for responses of Vcmax, Vcmax', and Jmax' (Vcmax*, Vcmax'*, 

Jmax'*, SfV, SfV', SfJ', ΨfV, ΨfV', and ΨfJ') (Table 2). These initial values were then input into the 

)](exp[1
)]exp(1[

)(
pdff

ff
pd S

S
Kf

Ψ−Ψ+

Ψ+
=Ψ
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maximum likelihood estimation package bblme() in R to yield best estimates and standard 

errors for each parameter. The package glht() was used to conduct multi-comparison analysis 

on response curves of each parameter across the three contrasting Eucalyptus taxa in the 

drying down process after four months of treatments. Principal components analysis (PCA) 

was conducted on the best estimates of parameters to investigate the correlations among the 

key traits defining the longer-term drought responses of g1, gm, Vcmax', and Jmax' of three 

contrasting taxa.  

4.4 Results  

4.4.1 Effect of partial drought on Asat, gs, g1, Vcmax', and Jmax' after two and four months 

The partial drought consistently reduced the light-saturated CO2 assimilation rate (Asat) after 

two months (P < 0.001) and four months (P < 0.01). There was a significant interaction 

between species and treatment (P < 0.01), indicating that partial drought had a greater impact 

on photosynthesis in the riparian E. camaldulensis than the xeric E. occidentalis (Fig.1a). 

There was also a significant interaction between treatment and duration (P < 0.05), indicating 

that in both riparian and xeric species, the effect of water stress on photosynthesis recovered 

over time. Compared to E. camaldulensis subsp. camaldulensis and E. camaldulensis subsp. 

subcinerea, E. occidentalis from the xeric habitat showed the smallest decline in Asat after two 

months (Fig.1a). In E. occidentalis, Asat recovered completely after four months, such that 

there was no difference in Asat between the droughted and well-watered plants (Fig.1a). The 

partial drought significantly reduced gs in all taxa after two months (P < 0.01) and four 

months (P < 0.001) (Fig.1b), and reduced g1 after four months (P < 0.01) (Fig.2a).  

Vcmax' was significantly reduced by the partial drought after two months (P < 0.001) but not 

after four months. There were significant interactions between species and treatment (P < 

0.05) and between treatment and duration (P < 0.05) (Fig.2b). Compared to the two riparian  
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taxa, E. occidentalis showed the smallest decline in Vcmax' after two months, and the Vcmax' 

recovered after four months (Fig.2b). The partial drought significantly reduced the Jmax' (P < 

0.01) and increased the ratio between Jmax' and Vcmax' (P < 0.05) after two months, while there 

was no significant reduction after four months (Fig.2c; Fig.2d). 

 

 

Figure 1. (a) Leaf net photosynthesis at saturating light (Asat) and (b) stomatal conductance (gs) 

of three Eucalyptus taxa exposed to watering treatments of 100% and 70% field capacity (FC), 

measured after 2 months and 4 months of treatment. Values are means ± SE (n = 3).  
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Figure 2. Components of leaf gas exchange in three Eucalyptus taxa exposed to watering 

treatments of 100% and 70% FC, after 2 months and 4 months of treatment. (a) Stomatal 

sensitivity parameter g1; (b) Apparent Rubisco activity Vcmax'; (c) Apparent maximum electron 

transport rate Jmax'; (d) Ratio of Jmax' to Vcmax'. Values are means ± SE (n = 3). 

4.4.2 Effect of partial drought on δ13C, KL, KS, HV, height, basal diameter, LMA, and 

Narea after four months 

Compared to plants of three taxa kept under 100% FC for four months, plants kept under 70% 

FC showed less negative δ13C (P < 0.05) (Fig.3a), larger KL (P < 0.01) (Fig.3b), larger HV (P 

< 0.001) (Fig.3d), smaller height (marginally significant, P < 0.1) (Fig.3e) and basal diameter 

(P < 0.001) (Fig.3f). There was no effect of growth treatment on the KS (Fig.3c), LMA 

(Fig.3g), Nweight and Narea (Fig.3h), or the hydraulically weighted vessel diameter 

(Supplementary Fig.2). These long-term responses to partial drought did not differ 

significantly among species.  
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Figure 3. Hydraulic traits, growth status, and leaf nitrogen content of three Eucalyptus taxa 

exposed to watering treatments of 100% and 70% field capacity (FC), measured after 2 

months and 4 months of treatment. (a) Carbon-isotope composition δ13C; (b) leaf-specific 

conductivity; (c) sapwood-specific conductivity; (d) Huber value (sapwood area per unit leaf 
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area); (e) height; (f) basal diameter; (g) leaf mass per area; (h) leaf nitrogen content on an area 

basis. Values are means ± SE (n = 3). 

4.4.3 Response of g1, gm, Vcmax', and Jmax' in the drying-down process after four months 

In the drying-down process after four months of treatments, all plants showed considerable 

decline of Asat, gs, g1, gm, Vcmax', and Jmax' as water availability declined (Fig. 4; 5). There was 

no effect of growth treatment (100% FC vs 70% FC) on the response of g1, gm, and Jmax' to 

declining ΨPD (Fig. 5a; 5b; 5d; Table 2). There was a significant effect of growth treatment on 

the response curve of Vcmax' to declining ΨPD in xeric E. occidentalis but not in either 

subspecies of riparian E. camaldulensis (Fig. 5c; Table 2). Compared to plants from 100% FC, 

E.occidentalis plants from 70% FC treatment had significantly more negative ΨfV' (the water 

potential at which Vcmax' decreases to half of its maximum value) (P < 0.01; Table 2). 

Similarly, there was a difference between these contrasting taxa when comparing the effect of 

growth treatment on the response curve of Vcmax, which was consistent with the contrasting 

responses of Vcmax' (SI Fig.1; Table 2). E.occidentalis plants from 70% FC had more negative 

ΨfV (marginally significant, P = 0.07) than plants from 100% FC (Table 2). Estimated 

parameter values for each Eucalyptus taxa from each treatment are given in Table 2.  
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Figure 4. (a) Light-saturated CO2 assimilation rate (Asat) and (b) stomatal conductance as a 

function of pre-dawn leaf water potential during a drying cycle following 4 months of 

treatment at 100% FC (solid squares) or 70% FC (open squares). Dark green: E. 

camaldulensis subsp. camaldulensis; Light green: E. camaldulensis subsp. subcinerea; Red: E. 

occidentalis.  
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Figure 5. Components of leaf gas exchange as a function of pre-dawn leaf water potential 

during a drying cycle following 4 months of treatment at 100% FC (solid squares for raw data; 

solid lines for fitted curves) or 70% FC (open squares for raw data; solid lines for fitted 

curves). (a) Stomatal sensitivity parameter g1; (b) Mesophyll conductance gm; (c) Apparent 

Rubisco activity Vcmax'; (d) Apparent maximum electron transport rate Jmax'. Dark green: E. 

camaldulensis subsp. camaldulensis; Light green: E. camaldulensis subsp. subcinerea; Red: E. 

occidentalis. 

4.4.4 Water relation strategies 

PCA (Fig.6) showed strong dominance by the first principal component (PC1), which 

explained 49.2% of total variation. PC1 showed a continuum from the most xeric Eucalyptus 

taxon (E. occidentalis towards the left) to the most mesic taxon (E. camaldulensis subsp. 
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camaldulensis towards the right), characterized by the positive correlation among b1, SfV', SfJ', 

ΨfV', and ΨfJ', and by their negative correlations with g1*, gm*, Vcmax*', and Jmax*' (Fig. 6). E. 

camaldulensis subsp. camaldulensis, found to the right of PC1, was characterized by (i) lower 

initial g1, gm, Vcmax', and Jmax' values under moist conditions, (ii) a relatively higher rate of 

decline in g1, Vcmax', and Jmax' in the drying-down process, and (iii) the decrease of Vcmax' and 

Jmax' commencing at a more negative predawn leaf water potential (Fig. 6; Table 2).  

The second principal component (PC2) explained 24.1% of total variation. Along PC2, the 

plants were arranged into two loose groups along another continuum from the Eucalyptus taxa 

kept under 70% FC for four months (towards the bottom) to the Eucalyptus taxa kept under 

100% FC (towards the top), characterized by the positive correlation with b2. The Eucalyptus 

taxa kept under 70% FC for four months were characterized by a slower rate of decline of gm 

in the drying-down process. PC1 and PC2 suggested a direction of acclimation from plants 

kept under 100% FC to that of 70% FC in long-term water stress. Compared with plants kept 

under 100% FC, plants kept under 70% FC for four months tended to have lower values of b2 

and ΨfV'. Parameter values of the three Eucalyptus taxa from two treatments are shown in 

Table 2.  
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Figure 6. Principal components analysis of ten drought-response traits, b1 (sensitivity of g1), 

g1
* (g1 estimated at Ψpd = −0.3 MPa), b2 (sensitivity of gm), gm

* (gm estimated at Ψpd = −0.3 

MPa), Vcmax'* (Vcmax' estimated at Ψpd = 0), SfV', ΨfV', Jmax'* (Jmax' estimated at Ψpd = 0), SfJ', and 

ΨfJ'. The first principal component (PC1) showed a continuum of species from more mesic to 

more xeric species, which explained 49.2% of total variation. The second principal 

component (PC2) showed a continuum of plants from 70% FC to 100% FC treatment, which 

explained 24.1% of total variation. Values of traits are shown in Table 2. 

4.5 Discussion 

When given time to acclimate to water stress, the photosynthetic response of plants could 

differ from that of plants in short-term water stress. However, the photosynthetic responses of 

plants to long-term water stress and its variation among species of contrasting climate of 

origin are poorly understood. In the present study, we investigated the varied photosynthetic 

responses of three contrasting Eucalyptus taxa in shorter- and longer-term water stress, and 

then compared their degree of acclimation of g1, gm, Vcmax', and Jmax' – if any occurred in the 

longer-term water stress – by imposing a drying-down process. We also investigated the  
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hydraulic adjustments after the longer-term water stress. This study provides important 

experimental evidence that the photosynthetic acclimation can occur in longer-term water 

stress, and highlights the significant acclimation of Vcmax' in xeric but not riparian Eucalyptus 

taxa.  

4.5.1 Differential acclimation of photosynthetic responses in contrasting Eucalyptus taxa 

to long-term water stress 

After two months of 70% FC treatment, we observed a significant reduction in Asat, gs, Vcmax', 

and Jmax' in all taxa (Fig.1; Fig.2). However, the effect of partial drought on photosynthesis 

differed among species, such that E.occidentalis from xeric habitat showed less stomatal and 

biochemical limitations than the riparian E. camaldulensis at two months.  

Meanwhile, the effect of partial drought differed at the different time points, being smaller at 

four months than at two months. Four months of 70% FC treatment allowed for acclimation 

of Vcmax' and and Jmax' such that the biochemical limitations found in short-term water stress in 

all taxa are mitigated (Fig.2). However, E.occidentalis showed more recovery of Vcmax' and 

Jmax' than E. camaldulensis after four months of water stress (Fig.2). 

In the subsequent drying-down process, all plants consistently showed a progressive increase 

in stomatal, mesophyll, and biochemical limitation with increasing water stress (Fig.4; Fig.5; 

Table 2), which is consistent with previous studies where a drying-down process was imposed 

without the longer-term water stress (Zhou et al. 2013, 2014). The response functions of g1, 

gm, Vcmax', and Jmax' to declining ΨPD were compared between plants from 70% FC and 100% 

FC using a multi-comparison analysis. We investigated two possible classes of causes 

accounting for mitigation of limitation on Vcmax' in longer-term water stress: (i) mitigation of 

limitation on gm as reported by Galle et al. (2009) and Cano et al. (2014); (ii) mitigation of 

limitation on Vcmax which has never been reported before according to our knowledge. The  
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results showed the three contrasting Eucalyptus taxa differed notably in their degree of 

modification of the functional relationship of Vcmax' (and Vcmax) with declining ΨPD (Fig. 5; 

Table 2). When comparing the plants kept under 70% FC and 100% FC, E. occidentalis 

showed a significantly higher degree of Vcmax' (and Vcmax) acclimation than the two riparian 

taxa in the longer-term water stress, by significantly displacing the start of severe limitations 

on Vcmax' (and Vcmax) to lower ΨfV' (and ΨfV) (Fig. 5; Table 2). E. occidentalis plants kept 

under 70% FC for four months – during which the significant acclimation process occurred – 

showed the ability to continue active photosynthesis down to much lower soil water potential 

(−3.9 MPa) than plants of the two riparian taxa kept under 70% FC for four months (Fig.4; 

Fig.5). 

For the first time, we report significant acclimation of drought sensitivity of Vcmax in xeric but 

not riparian Eucalyptus (Fig.2; Fig.5; Supplementary Fig.1; Table 2). This study adds novel 

information to previous studies investigating whether or not plants acclimate to long-term 

water stress by modifying the functional relationships between photosynthetic traits and water 

stress (Limousin et al. 2010b; Misson et al. 2010; Martin StPaul et al. 2012). After long-term 

water stress during which the acclimation process occurred, the xeric but not riparian 

Eucalyptus taxa could significantly modify the functional relationship between Rubisco 

activity and declined ΨPD. The inherent differences among the three Eucalyptus taxa of 

contrasting climatic origin were not only reflected in their contrasting degree of tolerance in 

short-term water stress, but also in their contrasting degree of acclimation in long-term water 

stress. 

Short-term water stress could lead to the decrease of Rubisco activity, associated with down-

regulation of the activation state of the enzyme (Galmés et al., 2013), reduction in Rubisco 

content and/or soluble protein content (Hanson and Hitz 1982; Wilson et al., 2000; Xu and 

Baldocchi, 2003; Grassi et al., 2005; Misson et al., 2006). However, the longer-term water 



   
	  

	  

106 

stress might lead to significantly higher protein content and/or protein allocated to Rubisco in 

leaves of the drought-tolerant taxa than drought-sensitive taxa (Tezara and Lawlor, 1995; 

Pankovic et al., 1999), indicating that higher Rubisco content could be one factor in 

conferring higher drought tolerance and acclimation in xeric species than mesic species. In 

this study, there was no difference on leaf Nmass or Narea between plants from two treatments 

(Fig.3), but we were unable to further test if the plants kept under 70% FC had higher 

nitrogen allocation to Rubisco than that of plants kept under 100% FC.  

We did not find significant higher gm in xeric species than mesic species after longer-term 

water stress as reported by Cano et al. (2014). Species-specific physiology may be of 

particular importance in comparing their responses to longer-term water stress, leading to 

varied findings among studies investigating the comparative acclimation in contrasting 

species (Ogaya and Peñuelas, 2003; Cano et al., 2014). It remains to be shown whether or not 

the same patterns found in the present study exist for mature Eucalyptus trees in field, and 

also for contrasting species of other genus and/or in other biomes.  

4.5.2 Hydraulic adjustments after the longer-term water stress 

Without sufficient control of water loss during severe drought, xylem embolism and damage 

could occur and lead to hydraulic failure. However, maintaining water potentials through 

stomatal closure during severe drought reduces photosynthesis, potentially leading to carbon 

starvation and mortality (Sala et al., 2012; Adams et al., 2013). Our results showed an 

adjustment of hydraulic properties in plants exposed to four months of 70% FC treatment 

(Fig.2; Fig.3; Fig. 6; Table 2), which would reduce the vulnerability of xylem to cavitation 

while maintaining photosynthesis during longer-term water stress. The plants kept under 70% 

FC for four months had stopped growth in height and basal diameter, and significantly 

increased their sapwood area invested per unit leaf area, yielding higher leaf-specific 

conductivity. Meanwhile, the plants kept under 70% FC for four months had lower δ13C, b2, 
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ΨfV', and ΨfJ' when compared with plants kept under 100% FC (Fig. 6; Table 2). This 

combination of trait changes allowed them to increase the intrinsic water use efficiency, 

decrease gm, Vcmax', and Jmax' slowly to maintain more CO2 supply to the chloroplasts, and also 

maintain higher photosynthetic capacity and RuBP regeneration capacity down to lower water 

potential. Prentice et al. (2014) predicted that Huber value and Vcmax' are necessarily linked, 

which supported our results on the acclimation of carboxylation capacity and the larger Huber 

values in plants kept under 70% FC for four months. 

It is concluded that the photosynthetic drought responses of plants in the long term can be 

different from those observed in short-term experiments. For plant physiologists and 

modellers, this study highlights the importance of considering the acclimation process and its 

variation with the climatic origin of species when predicting the long-term drought effect. The 

findings on intra- and inter-species variation of photosynthetic acclimation in long-term 

drought could also help restoration ecologists on the selection of species for restoration 

schemes aiming to increase long-term drought resistance and resilience of forest ecosystems. 
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4S1. Supplementary Information 

Supplementary Figure S1. Rubisco activity Vcmax as a function of pre-dawn leaf water 

potential during a drying cycle following 4 months of treatment at 100% FC (solid squares for 

raw data; solid lines for fitted curves) or 70% FC (open squares for raw data; solid lines for 

fitted curves). Dark green: E. camaldulensis subsp. camaldulensis; Green: E. camaldulensis 

subsp. subcinerea; Red: E. occidentalis. 
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Supplementary Figure S2. Hydraulically weighted vessel diameter of three taxa at 100% and 

70% FC treatments after 4 months. Values are means ± SE (n = 3). 
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5.1 Abstract 

Land surface models (LSMs) commonly include generic responses of plant carbon uptake and 

water loss to soil moisture content. It seems plausible that the performance of LSMs might be 

improved by including empirically based plant responses to drought, expressed as soil water 

potential (the key property affecting plant water uptake) and derived from measurements on 

different plant functional types. The effects of including empirically based representations of 

responses of stomatal conductance (gs) and carboxylation capacity (Vcmax) to soil water 

potential were tested in the Community Atmosphere Biosphere Land Exchange (CABLE) 

LSM, using flux measurements from deciduous and evergreen (needle-leaved and broad-

leaved) forests in Europe during the heatwave year of 2003 as a benchmark. We found that 

the effects were small. However, we also found that the CABLE results diverged markedly 

from the observations at most sites, particularly during the heatwave period. At the 

northernmost site (Tharandt), soil moisture limitations were minor and the time course of net 

ecosystem exchange was well simulated.  Elsewhere, modelled ecosystem CO2 uptake was 

too large early in the season and then too small during summer. Peaks of modelled latent heat 

flux were universally too large when soil moisture was abundant, commonly leading to soil 

moisture depletion and (in the southern European sites) a gross underestimation of 

evapotranspiration during the heatwave period. These results suggest that structural problems 

with the model’s simulation of evapotranspiration led to an unrealistic seasonal course of soil 

moisture, which overshadowed the specific responses of plants to drought. 

Keywords: CABLE, drought, heatwave, land surface model, Rubisco capacity, stomatal 

conductance, soil heterogeneity, flux measurements. 
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5.2 Introduction 

Changes in soil moisture availability induced by global climate change could cause 

widespread tree mortality and forest die-back in regions where drought duration and intensity 

increase (Allen et al., 2010; McDowell, 2011; IPCC, 2014). Mesic and xeric ecosystems 

appear to be about equally vulnerable to drought (Choat, et al., 2012), implying that plants 

from drier or wetter environments possess some degree of adaptation to the soil conditions 

encountered in their native habitat. Indeed, plants from dry climates are known to operate 

better down to lower water potential values than plants from wet climates. It is reasonable to 

assume that this feature of plants from dry climates is adaptive, important for their function 

under field conditions and shaping their potential geographic ranges (Engelbrecht et al., 2007).  

Model predictions of future drought effects on ecosystems, and feedbacks to the atmosphere, 

should aim to represent drought responses of major plant physiological exchanges (CO2 and 

water vapour fluxes between leaf and the atmosphere) realistically. To do so, they must 

account for the observed differences between the responses of different plant functional types 

(PFTs) to drought. Models differ in the ways in which they represent drought effects on 

photosynthesis (De Kauwe et al., 2013). Nonetheless, current state-of-the-art land surface 

models (LSMs – designed as components of climate models, representing energy, water and 

CO2 exchanges between ecosystems and the atmosphere) generally treat PFTs as having 

similar (stomatal and/or non-stomatal) responses to drought. Experimentally based, plant-

specific representations of the drought responses of stomatal conductance (gs) and 

carboxylation capacity (Vcmax) have not been implemented in current LSMs. Powell et al. 

(2013) reported apparently unrealistic drought responses in five terrestrial biosphere models, 

using current water-stress functions to represent soil moisture effects on gs. Zhou et al. (2013; 

2014) reported systematic differences in the effect of decreasing soil water potential on both 

gs and Vcmax, such that species from dry environments could maintain transpiration and 

photosynthesis down to lower soil water potentials than species from wetter environments. 
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Zhou et al. (2013; 2014) also fitted quantitative models for the gs and Vcmax responses to soil 

water potential, thus providing functions that potentially could represent these responses in 

process-based models. 

Here we use information pertinent to the representation of gs and Vcmax responses in process-

based models as provided by Zhou et al. (2013; 2014) to test whether a more realistic 

representation of plant drought responses would improve the prediction of canopy-atmosphere 

fluxes during drought in a LSM, the Community Atmosphere Biosphere Land Exchange 

(CABLE) model (Wang et al., 2011). We obtained CO2 and latent heat flux measurements at 

six eddy covariance sites in different forest ecosystem types in Europe through the Protocol 

for the Analysis of Land Surface models (PALS, http://pals.unsw.edu.au; Abramowitz, 2012), 

and evaluated the results of CABLE with standard and modified parameters against 

measurements made during the record-breaking “heatwave year” 2003 in Europe. Severe heat 

and drought occurred during the summer of 2003 in many European regions, especially in 

central Europe and the Mediterranean region. These conditions caused widespread reductions 

in gross primary productivity and a strong net source of CO2 to the atmosphere, reversing the 

effect of four years of net ecosystem carbon sequestration (Ciais et al., 2005; Fischer et al., 

2007; Granier et al., 2007; Reichstein et al., 2007). Thus, we expected that the model would 

reproduce key features of ecosystems’ responses to the heatwave, and aimed to test whether 

the inclusion of experimentally based differential drought response functions of gs and Vcmax 

among different PFTs as reported in Zhou et al. (2013; 2014) would improve the model 

results. 

5.3 Methods  

5.3.1 Model description 
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The CABLE LSM is a complex model of biosphere-atmosphere exchange, including 

submodels on canopy processes, soil and snow, and vegetation and soil carbon pool 

dynamics. A complete description of the CABLE LSM can be found in Kowalczyk et al. 

(2006) and Wang et al. (2011). CABLE represents the canopy with a “two-leaf” submodel 

that calculates photosynthesis, stomatal conductance and leaf temperature, distinguishing 

between sunlit and shaded leaves (Leuning et al., 1995; Wang and Leuning, 1998). 

Aerodynamic properties are a function of canopy height and leaf area index (Raupach, 1994; 

1997). The Richards equation for soil moisture, and the heat conduction equation for soil 

temperature, are numerically integrated with a multilayer soil model, using six soil layers and 

up to three layers of snow that can accumulate on the soil surface (Kowalczyk et al., 2006). 

CABLE has been used extensively for both coupled (Cruz et al., 2010; Mao et al., 2011; 

Lorenz et al., 2014) and offline simulations (Abramowitz et al., 2008; Wang et al., 2011; Kala 

et al., 2014) at a range of spatial scales. CABLE is the LSM used in the Australian 

Community Climate Earth System Simulator (ACCESS, see 

http://www.accessimulator.org.au; Kowalczyk et al., 2013), a fully coupled Earth system 

model that participated in the Coupled Model Intercomparison Project (CMIP5), which 

provided simulations for the Fifth Assessment Report of the Intergovernmental Panel on 

Climate Change. In this study we used as our “standard version” CABLEv2.0.1. The source 

code can be accessed after registration at https://trac.nci.org.au/trac/cable. 

5.3.2 Implementation of the “optimal” stomatal model 

Normally CABLE implements an empirical gs model following Leuning et al. (1995), with 

two parameters that vary according to photosynthetic pathway but otherwise are invariant for 

all PFTs. Following De Kauwe et al. (in review), we implemented the optimal stomatal 

conductance model introduced by Medlyn et al. (2011) in CABLE. The single parameter g1 of 

this model represents plant water use strategy. High values of g1 denote a “water spending”  
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strategy, low values represent a “water conserving” strategy:   

 
(1) 

where A is the gross carbon assimilation rate (µmol m-2 s-1), gs is the stomatal conductance 

(mol H2O m-2 s-1), g1 is a fitted parameter (kPa−0.5), Ca is the atmospheric CO2 concentration at 

the leaf surface (µμmol mol-1), D (kPa) is the vapour pressure deficit at the leaf surface, and g0 

represents the residual leaf water vapour conductance when photosynthesis is zero (mol H2O 

m-2 s-1). β is an empirical soil moisture stress factor imposed for down-regulation of stomatal 

response at decreasing soil moisture, which is assumed to limit A under water stress through 

the coupled A–gs model (Egea et al., 2011; Powell et al., 2013; De Kauwe et al., in review). β 

is implemented in the standard version of CABLE as a function of volumetric water content 

(θ):  

β =    !!!!
!!"!!!

;   β ∈  [0, 1]   (2) 

where θw is the volumetric water content at wilting point (m3 m-3)  and θfc is the volumetric 

water content at field capacity (m3 m-3). 

The Medlyn model is consistent with leaves maintaining a value of the Ci:Ca ratio (the ratio of 

leaf-internal CO2 concentration, Ci, to Ca), which is conservative with respect to variations in 

most drivers of A (light intensity, nutrient status and Ca) but declines with increasing D (see 

Prentice et al., 2014a for an alternative derivation of this model.). Conceptually, g1 is 

inversely proportional to the marginal carbon cost of water (Medlyn et al., 2011) and has 

proved to be a useful measure of stomatal sensitivity across PFTs and climates (Héroult et al., 

2013; Zhou et al., 2013; 2014). A soil moisture effect on g1 is predicted by the theoretical 

analysis of Mäkelä et al. (1996), suggesting that the marginal water cost of carbon gain should 

decline exponentially with decreasing soil moisture availability, and the decline rate should 

increase with the probability of rain (Zhou et al., 2013; 2014). Baseline values of g1 for each  
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PFT in CABLE were assigned based on De Kauwe et al. (in review) which extracted these 

baseline values from a global database of stomatal conductance and photosynthesis compiled 

by Lin et al. (in review). 

5.3.3 Implementation of analytical models for the drought responses of g1 and Vcmax 

We implemented a new formulation for drought stress on g1 and Vcmax based on information 

provided by Zhou et al. (2013; 2014). We converted θ into soil water potential (Ψsoil) (the key 

variable for plant water uptake), using a different equation for each soil type, following 

Duursma et al. (2008):
 
 

                                                                                 (3)    

                                                                                                

where sucs is the soil suction at saturation (m), (sucs*9.81*0.001) calculates the soil water 

potential at saturation (MPa), θsat is soil volumetric water content at saturation (m3 m-3) 

(assumed equal to the total pore fraction of the soil), and bch is an empirical coefficient 

related to the clay content of the soil (Cosby et al., 1984) which is estimated from a typical 

soil moisture release function (Campbell 1974). Parameter values used in CABLE for 

different soil types are given in Table 1, based on the summaries in Clapp and Hornberger 

(1978) and Cosby et al. (1984).  

Table 1. Values of soil parameters used in CABLE. 

Soil types θfc θw θsat sucs bch 
Coarse sand/Loamy sand 0.143 0.072 0.398 -0.106 4.2 
Medium clay loam/silty clay loam/silt loam 0.301 0.216 0.479 -0.591 7.1 
Fine clay 0.367 0.286 0.482 -0.405 11.4 
Coarse-medium sandy loam/loam 0.218 0.135 0.443 -0.348 5.15 
Coarse-fine sandy clay 0.31 0.219 0.426 -0.153 10.4 
Medium-fine silty clay 0.37 0.283 0.482 -0.49 10.4 
Coarse-medium-fine sandy clay loam 0.255 0.175 0.42 -0.299 7.12 
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Consistent with experimental findings (Zhou et al., 2013; 2014), we multiplied baseline 

values of the stomatal sensitivity parameter (g1) and Vcmax by functions of Ψsoil: 

βg1 = exp (b1Ψsoil); βg1 ∈ [0, 1]                   (4) 

where b1 is a parameter representing the sensitivity of g1 to Ψsoil (based on observations of g1 

and pre-dawn leaf water potential, Ψpd), and: 

; βVcmax ∈ [0, 1]                 (5) 

where Sf is a sensitivity parameter indicating the steepness of the decline of Vcmax with 

increasing soil water deficit, and Ψf is a reference value, indicating the water potential at 

which Vcmax decreases approximately to half of its maximum value. We used the g1 and Vcmax 

values under baseline (well-watered) conditions as in the standard version of CABLE (De 

Kauwe et al., in review), implementing only the new parameters describing the drought 

sensitivity of g1 and Vcmax
 from Zhou et al. (2013; 2014) (b1, Sf, Ψf. Table 2). b1 represents the 

sensitivity of g1 to Ψpd, Sf is a sensitivity parameter indicating the steepness of the decline of 

Vcmax to Ψpd, and Ψf is a reference value indicating the water potential at which the Vcmax value 

under well-watered condition decreases to half of its maximum value. In the present study, 

there are three sets of sensitivity parameter values, as one for each of the three PFTs. The 

sensitivity values for evergreen broadleaf and deciduous broadleaf plants are refitted from the 

data of Quercus ilex L and Quercus robur L. in Zhou et al. (2014), respectively. The 

sensitivity values for evergreen needleleaf plants are from the values of Cedrus atlantica in 

Zhou et al. (2013). Relative to species from wetter habitats, species from drier habitats 

showed lower b1, Sf and more negative Ψf values (Zhou et al., 2013; 2014). Thus we assume 

that baseline parameter values of Vcmax and g1 obtained from glasshouse-grown plants (Zhou 

et al., 2013; 2014) are likely to differ from those applying in the field, while the sensitivities 

of g1 and Vcmax to water stress are assumed to be similar in both contexts. Jmax is assumed as 

two times of Vcmax in this study. 
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Table 2. Baseline values of g1 and Vcmax, and values of b1, Sf, and Ψf applied to three PFTs. 

PFT g1  b1 Vcmax Sf  Ψf 
Deciduous broadleaf  4.45 1.55 60.0 6.0 –0.53 
Evergreen broadleaf 4.12 0.82 55.0 1.9 –1.85 
Evergreen needleleaf  2.35 0.46 40.0 5.28 –2.31 

 

5.3.4 Site data and model simulations 

 
We ran two sets of baseline simulations. First, we ran CABLE using the Medlyn model of 

stomatal conductance and the standard equation for the water stress factor β (eqn 2); these 

runs are denoted CABLE-Standard (Table 3). We also performed model runs in which soil 

water content was held at field capacity throughout in order to show the effects of soil 

moisture; these runs are denoted CABLE-No Drought. We finally ran simulation with the new 

formulation for drought stress on g1 and Vcmax. This set of runs was denoted CABLE-Zhou. 

Table 3. A summary of model simulations. 

Model Simulation Description 
CABLE-Standard Control experiment, standard CABLE model with the Medlyn gs 

model, with the g1 parameter calibrated by PFT. 
CABLE-No Drought CABLE simulation without soil moisture stress. 
CABLE-Zhou CABLE simulation with modified parameters, accounting for βg1 

and βVcmax. 
  
 

Simulations were performed for six flux sites in different forest ecosystems in Europe through 

the period of the European heatwave in 2003 (Figure 1). We examined the seasonal time 

course of net ecosystem exchange (NEE; g C m-2 d-1), gross primary production (GPP; g C m-

2 d-1), transpiration (E; mm d-1) and latent heat flux (LE; W m-2). Site weather and soil data, in 

addition to the NEE and LE measurements, were obtained through PALS 

(http://pals.unsw.edu.au; Abramowitz, 2012), a data source that has been pre-processed and 

quality-controlled specifically for benchmarking use by the LSM community. Two flux tower 
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sites each were included from deciduous broadleaf forest, evergreen broadleaf forest, and 

evergreen needleleaf forest (Table 4). All data analyses were performed using the Python 

language and all plots were generated in the ‘R’ environment (R Development Core Team 

2010). 

Table 4. The flux tower sites.  

 
Site CABLE PFT Latitude  Longitude Country Years 
Hesse Deciduous broadleaf 48°40' N 7°05' E France 1997-2006 
Roccarespampani Deciduous broadleaf 42°24' N 11°55' E Italy 2000-2006 
Castelporziano Evergreen broadleaf 41°42' N 12°22' E Italy 1997-2006 
Espirra Evergreen broadleaf 38°38' N  8°36' W Portugal 2002-2006 
El Saler Evergreen needleleaf 39°20' N 0°19' W Spain 1996-2006 
Tharandt Evergreen needleleaf 50°58' N 13°34' E Germany 1996-2006 
 

5.4 Results  

5.4.1 CABLE-Standard and CABLE-No Drought versus observations 

Figures 2-4 show site-scale comparisons between observed and modelled NEE and LE, with 

modelled GPP and E, for all cases (CABLE-Standard and CABLE-No Drought, CABLE- 

Zhou) between April and October 2003. The period between June 1st and August 31st 2003, 

when the most pronounced high temperature anomalies were reported (Fischer et al., 2007; 

Figure 1), is indicated by grey shading. 

At the northernmost site (Tharandt), all model versions showed a good simulation of both the 

seasonal cycle and the day-to-day variability of NEE. The impact of soil moisture on GPP and 

NEE in the model was slight, but the inclusion of soil moisture effects improved the realism 

of simulated LE. However, a problem was noted in the simulation of LE: the height of the 

peaks of LE were over-estimated by about a factor of two. 
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Figure 1. Meteorological data of six sites during the growing season of 2003: (a) day sum of 
rainfall (Rainf);  (b) day mean of air temperature (Tair); (3) day mean of photosynthetically 
active radiation (PAR, calculated as a product of 2.3 and downward shortwave). 
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Figure 2. CABLE simulations of (a) net ecosystem exchange (NEE; g C m-2 d-1), (b) gross 
primary production (GPP; g C m-2 d-1), (c) transpiration (E; mm d-1) and (d) latent heat flux 
(LE; W m-2) at two flux sites (Hesse and Roccarespampani) from deciduous broadleaf forest 
in 2003, compared to observations of NEE and LE. Blue ribbons: simulations with modified 
parameters whose values were increased and decreased by 30% of their reference value. The 
grey bar marks the heatwave period between June 1st and August 31st 2003.  
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Figure 3. CABLE simulations of (a) net ecosystem exchange (NEE; g C m-2 d-1), (b) gross 
primary production (GPP; g C m-2 d-1), (c) transpiration (E; mm d-1) and (d) latent heat flux 
(LE; W m-2) at two flux sites (Castelporziano and Espirra) from evergreen broadleaf forest in 
2003, compared to observations of NEE and LE. Blue ribbons: simulations with modified 
parameters whose values were increased and decreased by 30% of their reference value. The 
grey bar marks the heatwave period between June 1st and August 31st 2003.  
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Figure 4. CABLE simulations of (a) net ecosystem exchange (NEE; g C m-2 d-1), (b) gross 
primary production (GPP; g C m-2 d-1), (c) transpiration (E; mm d-1) and (d) latent heat flux 
(LE; W m-2) at two flux sites (El Saler and Tharandt) from evergreen needleleaf forest in 2003, 
compared to observations of NEE and LE. Blue ribbons: simulations with modified 
parameters whose values were increased and decreased by 30% of their reference value. The 
grey bar marks the heatwave period between June 1st and August 31st 2003.  
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Simulations of NEE at the sites in central and southern Europe suffered from a consistent 

mismatch with data (albeit more severe at some sites than others). Specifically, the model 

tended to overestimate ecosystem CO2 uptake (NEE too negative) during the early part of the 

growing season, and to underestimate it during summer. At all sites, as at Tharandt, the 

modelled peaks in LE during times of abundant soil moisture in northern-hemisphere spring 

and autumn were much too high. At all of the sites further south, over-estimation of LE 

during the spring was followed by the development of strong soil moisture deficits (as shown 

by the large difference between the CABLE-Standard and CABLE-No Drought simulations) 

and a collapse of modelled transpiration and LE to unrealistically low values during the 

heatwave period. At Hesse, the seasonal cycle LE was reasonably well simulated despite 

overestimation of the amplitude of the peaks, and the inclusion of soil moisture effects (in 

CABLE-No Drought) caused a clear improvement. The problem was much more severe at the 

sites in southern Europe, all of which showed a near-shutdown of plant function (GPP and E), 

a substantial underestimation of LE, and a substantial underestimation of ecosystem CO2 

uptake during the heatwave. 

5.4.2 Standard versus modified parameters 

The effects of including realistic parameterizations of soil moisture effects in CABLE-Zhou 

compared to CABLE-Standard as described above (Figures 2-4), were surprisingly small. 

These effects were most noticeable for the two sites with deciduous broadleaf vegetation 

(Hesse and Roccarespampani), but it was not possible to discern an improvement in model 

performance as these small effects were overshadowed by the major simulation errors 

described above. 

5.4.3 Parameter sensitivity analysis 

Figures 2-4 also show the result of two further model simulations in which the individual  
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sensitivity parameter values (b1, Sf, Ψf. Table 2) were increased or decreased by 30 % of their 

reference value, respectively (CABLE-Zhou + 30 %; CABLE-Zhou – 30 %). This analysis 

showed that the model is relatively insensitive to changes in the drought sensitivity of g1 and 

Vcmax.  

5.4.4 Comparison among soil moisture stress factors  

To investigate the mechanisms underlying the poor simulation of soil moisture stress effects 

and the model’s insensitivity to changed parameter values, we compared the θ effect on A in 

relation to β, βg1, βVcmax, or both βg1 and βVcmax, for three PFTs and seven soil types (Figure 5). 

A notable feature of all the functions is a rather abrupt transition from near-normal function to 

nearly complete shutdown, occurring within a narrow range of θ.  
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Figure 5. Assimilation rate (A) as a function of volumetric soil moisture content (θ) caused by 
the reduction of β (Black), βg1 (Blue), βVcmax (Green), or both βg1 and βVcmax (Red) during 
drought, respectively for three PFTs: deciduous broadleaf forest (DBF), evergreen broadleaf 
forest (EBF), evergreen needleleaf forest (ENF); and seven soil types. 
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5.5 Discussion 

Most other LSMs use similar β formulations to CABLE, allowing an abrupt transition in β to 

take place within a narrow range of θ (Egea et al., 2011; Powell et al., 2013). Powell et al. 

(2013) found that four models (Community Land Model version 3.5 (CLM3.5), Integrated 

BIosphere Simulator version 2.6.4 (IBIS), Joint UK Land Environment Simulator version 2.1 

(JULES), and Simple Biosphere model version 3 (SiB3)) implement abrupt transitions of this 

kind. The alternative response curves illustrated in Figure 5 were derived by combining two 

presumably reliable sources of information: empirical soil water retention curves, and 

experimental determinations of plant responses of g1 and Vcmax to soil water potential. The β-

function native to CABLE falls quite close to these functions, suggesting that it is not 

unrealistic. 

One possible inference from our results, therefore, might be that the drought responses of 

plants have little significance for CO2 and water fluxes. If the fluxes were well simulated in 

general by CABLE, in all of the alternative versions tested, this might be a natural conclusion. 

There are at least two problems with this idea, however. One is that if real-world fluxes bore 

little relation to plant drought responses, this would imply that such responses have minimal 

adaptive significance. We consider this unlikely. Another is that the simulated fluxes show 

substantial discrepancies from the observations at most of the sites considered, including 

excessive modelled evapotranspiration during periods of abundant soil moisture leading (in 

some cases, notably the southern European sites) to a major underestimate of the soil moisture 

available to plants during the summer. This problem in the seasonal cycle of soil moisture is 

presumed also to underlie the relatively poor simulation of the time course of NEE at all but 

the northernmost site. These discrepancies suggest an underlying problem with the structure 

of the model, whose effects are so large as to overshadow any effects due to the detailed 

representation of soil moisture effects on plants.  



   
	  

	  

133 

As one potential contributory explanation, we hypothesize that under field conditions the 

transition from full vegetation function to drought conditions occurs more gradually than 

modelled as a consequence of spatial heterogeneity in plant and soil properties (Liang et al., 

1994; Prentice et al., 2014b). Soil water storage capacities in CABLE as in most other LSMs 

are represented by a single value for a grid box, so that any modelled soil subject to drying 

undergoes an abrupt transition between fully functional and “shut-down” vegetation states. 

The problem might be alleviated by allowing a statistical distribution of states. This 

possibility remains to be tested using model experiments considering a range of β functions.  

It has been suggested that insufficient attention has been paid to the evaluation of LSMs 

(Prentice et al., 2014b), in part because their early history of development pre-dates the 

availability of many relevant measurement data sets. The availability of flux measurements 

via the FLUXNET “free and fair use” licence offers excellent opportunities for the 

improvement of LSMs, which deserve to be more widely exploited. We have used flux 

measurements to identify a particular problem with one LSM, the overestimation of 

evapotranspiration during periods with abundant soil moisture – leading in some cases to a 

depletion of soil water and an exaggerated reduction in evapotranspiration during a hot, dry 

summer. Mueller and Seneviratne (2014) noted that current state-of-the-art climate models 

(with embedded LSMs) quite generally overestimate evapotranspiration, and specifically that 

this results in a pattern in northern latitudes whereby the soil moisture store is depleted too 

rapidly and the bias shifts to underestimation of evapotranspiration during the summer months. 

Thus, the discrepancies we observed could be a more general feature of current LSMs. 
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Chapter 6 

Conclusion 
 

The research described in this thesis was designed to cast light on the general responses of 

photosynthesis to short- and long-term soil water deficits, allowing for possible differences 

among plant functional types (PFTs) and between species from wetter or drier environments. 

The data synthesis and new experimental work were carried out in a quantitative modelling 

context, with a view to translating empirical findings into improved process representations 

for land surface modelling, and testing model results against carbon and water flux 

measurements at the ecosystem scale. 

By analysing a body of published experimental data in this model-oriented framework, I 

identified systematic response patterns related to species’ climatic origin and PFT 

membership. Both stomatal and non-stomatal responses were shown to be involved. Plants 

from drier climates were shown to function effectively (maintaining stomata relatively open, 

and near to full biochemical function) down to lower soil water potentials than plants from 

wetter climates. These differences are presumed to have adaptive significance for the survival 

of plants in dry climates (Chapter 2).  

By imposing short-term water stress on species originating at different points along a hydro-

climatic gradient, I found concurrent limitations on g1 (the single parameter of the Medlyn et 

al. optimal model for stomatal behaviour), gm (mesophyll conductance), Vcmax (the maximum 

rate of carboxylation by Rubisco) and Jmax (the maximum rate of electron transport) as 

drought intensified. The drought sensitivities of all four quantities are consistently higher for 
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species from wetter climates than species from drier climates. The positive correlations 

among the rates of decline of these parameters as the experimental drought progressed define 

a spectrum of drought adaptations, from more resistant species thriving in dry environments, 

to more sensitive species from moist environments. The latter show reduced gas exchange and 

strong metabolic limitations earlier during the drying-down process (Chapter 3).  

By imposing longer-term water stress on Eucalyptus species from riparian and xeric habitats, 

I also found more effective drought acclimation in xeric species: after a longer-term drought, 

the dryland species showed significantly lower Vcmax sensitivity than before the drought 

(Chapter 4).  

Finally, the experimentally based and PFT-specific g1 and Vcmax response functions to soil 

water potential were implemented within the CABLE LSM and the model was run – in its 

baseline form, in a form with soil moisture stress removed, and with soil moisture represented 

using the new experimental functions – at six flux measurement sites across Europe, in three 

vegetation types, during the year 2003 which was characterized by a long summer heatwave 

and accompanying drought. Surprisingly, the results from the baseline model were only 

slightly modified by the inclusion of the experimental functions. However, the simulations 

were somewhat unrealistic for all but the northernmost (50˚N) site due to a general tendency 

to over-estimate evapotranspiration when soils are wet, resulting in excessive drying and near 

shutdown of vegetation function during the heatwave period. This general problem 

overshadowed the differences between different representations of soil moisture response, 

showing that additional work is needed to improve the model and allow realistic 

representation of ecosystem responses to drought (Chapter 5). 

The model-oriented analysis, glasshouse experiments, and modelling described in this thesis 

amount to a new synthesis of information on the responses of different plant functions to 

drought. The data-analysis and experimental chapters provide a general methodology for 
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systematic study of the relationship between plant processes and drought, allowing the 

derivation of functions that can be used directly in modelling.  

One novel aspect of this thesis is the identification of different drought tolerances – both in 

respect of short-term drought responses (Chapter 3), and acclimation processes by which 

plants can adapt to longer-term, lower-level drought (Chapter 4) – between species from 

mesic and xeric habitats. The inherent differences among the three Eucalyptus taxa from 

contrasting climatic origins were shown not only in their contrasting degree of tolerance to 

short-term drought, but also in their contrasting abilities to compensate for long-term drought. 

These findings support, and provide a complementary perspective on, the finding by Choat et 

al. (2012) based on hydraulic traits that trees in mesic habitats – which are not normally 

considered to be at risk from drought – are actually just as vulnerable to drought as trees in 

xeric habitats.  

Time scale may be of the essence when determining the extent to which climate change is 

likely to adversely affect forests. Drought acclimation is evidently a real phenomenon in trees 

adapted to dry climates, and presumably allows such trees to cope with periodic, protracted 

(but not too severe) droughts. Drought-induced mortality of trees, and carbon loss from 

forests, could be overestimated if such acclimation is not taken into account. Model 

projections of drought effects on species distributions and vegetation composition in climate 

change scenarios should consider the differences in both short-term drought sensitivity and 

longer-term acclimation potential among species adapted to different climates.  

Intra- and inter-species variation in drought tolerance and acclimation also have implications 

for forest management in water-limited ecosystems, particularly in a long-term perspective 

that takes future climate change into account. Changes in forest composition related to 

drought tolerance are already beginning to be observed: for example, the more drought-

tolerant Quercus pubescens was reported to be replacing Pinus sylvestris at low altitudes in 
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Switzerland, where climate change has brought about recurrent water deficits (Eilmann et al. 

2006). 

A second novel aspect of this thesis is that chapters 2 and 3 demonstrate a practical and 

effective approach to gaining information on drought responses in a form directly applicable 

to modelling. These studies provided evidence for the co-ordinated variation of stomatal 

regulation, mesophyll conductance, and photosynthetic capacity (Rubisco and electron 

transport) in response to soil water deficits, and used non-linear statistical fitting methods to 

quantify these variations in a ‘model-friendly’ form. Such quantitative information, gathered 

on a wider range of species, could allow testing for the existence of a spectrum of drought-

response traits, and ultimately a deeper understanding of drought-response strategies	  (Wright 

et al., 2004; Prentice et al., 2014a; Reich et al., 2014) and a more comprehensive approach to 

both trait data analysis and vegetation modelling (Prentice et al., 2014a).  

An explicit theoretical framework is needed to incorporate the variation, interrelationships 

and environmental dependencies of plant traits into models. Current large-scale vegetation 

models treat plant ecophysiological properties simplistically (Prentice & Cowling 2013), 

disregarding known aspects of trait correlation and trait-environment relationships (Wright et 

al. 2004; Maire et al. 2012). Covariation of different plant traits is expected to be an 

expression of optimality principles (Wright et al., 2004; Prentice et al., 2014a; Reich et al., 

2014) and should simplify the parameterizations of fundamental eco-physiological responses 

to environmental drivers, including drought. By providing process-based analytical models 

for both gs and Vcmax responses to drought, values of key parameters that define these 

responses for contrasting species, and experimental evidence for important differences in 

drought sensitivity between xeric and mesic species, this study offers potentially robust 

solutions to the problem of representing adaptive differences among PFTs into land surface 

models. 
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Many research efforts have been devoted to improving models through the use of new 

representations of specific processes based on new data syntheses or experimental findings 

(e.g. Medlyn et al., 2011; Bonan et al., 2011; 2012; Prentice et al., 2014a). The realistic 

representation of gs and Vcmax responses to drought in models will be fundamental to the 

prediction of drought-induced mortality at plant scale (due to hydraulic failure, carbon 

starvation, and/or other mechanisms), or carbon loss at the ecosystem scale. Thus, a third 

novel aspect of this thesis is the incorporation of experimentally based, PFT-specific stomatal 

and non-stomatal drought responses functions in the CABLE land surface model (Chapter 5). 

The observed large and co-ordinated variations in the drought sensitivity of g1 and Vcmax were 

modelled as continuous parameter variation within the CABLE PFTs. However, it emerged 

that the inclusion of experimentally based gs and Vcmax response functions did not 

substantially improve the simulation of drought impacts on fluxes at most of the sites 

considered. The key problem encountered was a persistent positive bias in the model’s 

simulation of evapotranspiration during periods with high soil moisture, which led to 

excessive summer drying, whose adverse effects on data-model agreement overshadowed the 

differences between model versions with different drought response functions. This problem 

(the overestimation of evapotranspiration) appears to be a common feature of current land 

surface models, and needs to be corrected in order to make it useful to represent plant drought 

adaptations more realistically. 

Investigating the general trends of trait variation with key environmental factors, and 

translating this variation into improved process representation in vegetation models, are 

important developments for the improvement of land surface models and dynamic global 

vegetation models. The model-oriented data analyses and experiments described in this thesis 

can be seen as part of a wider movement towards the observationally driven parameterization 

of fundamental vegetation processes (Prentice et al., 2014a; 2014b). Such work can also 

contribute to climate-change adaptation, through facilitating more accurate predictions of how 
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(for example) forestry systems are likely to respond to projected changes in drought intensity 

and duration in a rapidly changing world. 
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