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I ABSTRACT 

Drought is a major limiting factor in crop production and expected to become even more important 

due to climate change. Feeding the world’s growing population necessitates breeding germplasm 

adapted to tolerate drought conditions. One trait suggested to increase drought tolerance is the 

restriction of transpiration (E) in response to a high water vapour pressure deficit (VPD) and the 

existence of this trait has been reported in several species. Textbook knowledge suggests that 

C4-plants might be more likely to restrict E in response to increasing VPD than C3-plants, but 

reports were inconclusive. The environmental conditions, gas exchange equipment and analysis 

used in the literature varied considerably, and information regarding them was patchy. There was 

a large intra- and interspecific variation in the response of E to VPD, both in E rate and restriction 

of E under increasing VPD. No significant relationship between photosynthesis pathway and rate 

of E, restriction of E, or the VPD at which a restriction occurs was identified in this analysis. 

Variation in the VPD-value at which E is restricted seem to be caused by genotypical variations 

and genotypes restricting E in response to increasing VPD were reported in all species. 

Expression of this trait seems to be independent of PS pathway, but dicotyledons were less likely 

to express it compared to monocotyledons. 
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1 INTRODUCTION 

Almost one third of global arable land is affected by water scarcity, a figure expected to double 

by 2050 (Vicente-Serrano et al. 2012). Drought is already a major limiting factor for many 

important crop species (Parida et al. 2007; Choudhary et al. 2013). Agriculture is especially 

vulnerable to the effects of climate change (Allen et al. 2010), for example, it is suspected that 

Triticum spp. and Zea mays production has already been negatively impacted by it between 1980 

and 2008 (Lobell et al. 2011). Globally, temperature (T) is expected to rise and precipitation is 

likely to become more infrequent, with lengthened intervals between rainfall events and lower 

rainfall in the cropping season (Allen et al. 2010).  Increasing food production, to feed the world’s 

growing population, under these circumstances necessitates breeding adapted germplasm for 

drought tolerance. 

One promising option for rain-fed cropping systems in environments with cyclic drought periods 

has been the identification of traits conserving water until the next rain episode. It has been 

suggested that limiting water use early in the season may increase water availability during grain 

filling (Zaman-Allah et al. 2011). Transpiration (E) constitutes the majority of evapotranspiration 

(Wei et al. 2017). Using their stomata to control E, plants can influence the rate of soil water 

depletion (Damour et al. 2010). It has been 

hypothesised that early season water 

conservation could be achieved by plants 

limiting E under high levels of air water 

vapour pressure deficit (VPD);(Sinclair et al. 

2005). 

At a given T, VPD describes the difference 

between the saturation vapour pressure (es) 

of air and its actual vapour pressure (ea) 

(Fig. 1);(Anderson 1936). es is a curvilinear 

function of air T (Lawrence 2005). Mean air 

T has been continually rising since 1850 

(Fig. 2);(IPCC 2019), this has led to an 

increased water vapour pressure deficit, 

because ea has not increased at the same 

pace as es (Hatfield and Prueger 2015). 

  Figure 1: Vapour pressure deficit (VPD, kPa) is the difference 
between saturation vapour pressure (es, bold line) and actual 
vapour pressure (ea, dotted line). A rise in temperature 
increases VPD if relative humidity is stable. Adapted from 
Grossiord et al. 2020. 
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Water evaporating from a plant’s leaves 

creates a tension in the xylem, by which the 

column of water in the xylem is drawn 

upward toward regions of lower hydrostatic 

pressure (Nobel 2020). Along the way of this 

soil-plant-atmosphere continuum the water 

faces several resistances. For liquid water, 

soil resistance is usually the largest 

resistance. This is followed by the 

resistance of the root epidermis, cortex, and 

endodermis, as water enters and moves 

through the root, while xylem resistance, on the way to the leaves, is proportional to its length 

(Nobel 2020). After liquid water diffuses into the mesophyll, as water vapour, it encounters 

mesophyll resistance, and then cuticular or stomatal resistance. In the proximity of the stomata 

there is a build-up of moisture in the air, the boundary layer, which represents another resistance 

for water to overcome (Nobel 2020). 

An increased leaf-to-air VPD increases E (Pantin and Blatt 2018). When water loss from E 

exceeds water supply from the roots, the plant loses turgor, causing the stomata to close (Urry et 

al. 2019). Stomata are small pores on surfaces of leaves and stems. They are flanked by guard 

cells, which control the gas exchange between the plant and the atmosphere. Gas exchange is 

regulated by controlling the aperture of the stomatal pore and the number of stomata on the 

epidermis. Stomata are a major contributor to the plant’s ability to balance its water loss with 

carbon gains (Hetherington and Woodward 2003). Even though stomata only make up one to two 

percent of leaf area, they account for about 95 percent of E (Urry et al. 2019). 

When the guard cells take in water from surrounding cells via osmosis, they become more turgid. 

In most angiosperms, guard cells have a thickened cell wall at the stomatal pore, which is further 

reinforced by microfibrils (Fig. 3a). When the guard cells become turgid, the part of the cell wall 

bordering the neighbouring cells expands further than the reinforced cell wall bordering the 

stomatal pore, causing the guard cell to bend and the stomatal pore to open (Urry et al. 2019). 

  

Figure 2: Change in surface air temperature (T,°C) over land 
(gray line) and global (land-ocean) mean surface T (black 
line);(IPCC 2019). 

Figure 3a: Stoma in turgid (left) and flaccid (right) 
state. The reinforced cell wall at the stomatal pore 
and the radially oriented microfibrils cause the 
stoma to open when turgid (Urry et al. 2019). 

Figure 3b: Stoma in turgid (left) and flaccid (right) 
state. Absorbing or discharging potassium ions (red 
dots) influences turgor and opens or closes the 
stoma (Urry et al. 2019). 
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It is important to understand how stomata work because they play an important role in regulating 

E. Stomatal regulation happens in two ways. First, a passive process, in which stomatal 

conductance (gs) is controlled by changing guard cell turgor, due to evaporative demand (Merilo 

et al. 2018). Secondly, by an active process where plants can change guard cell turgor 

independently from whole plant turgor, mainly by absorbing or discharging potassium ions (K+) 

from/to neighbouring cells. The K+ movement follows a membrane potential actively built up by a 

proton pump. Taking in K+ lowers water potential in the guard cells and causes water to move into 

the guard cells from the neighbouring cells, by osmosis (Fig. 3b). Active stomatal closure is also 

influenced by root water potential. Low root water potential induces abscisic acid (ABA) 

synthetisation. ABA acts as a stress hormone, which is transported from the root to the leaf 

through the xylem and influences the proton pumps of guard cell membranes (Urry et al. 2019). 

Aquaporins also play a role in controlling hydraulic conductance generally and gs specifically. 

They are water channel proteins and substantially increase membrane water permeability 

(Medina et al. 2018; Verkman 2013). Aquaporins, and with them whole plant E, may be influenced 

by various environmental factors. It has been shown in several species e.g. Juglans spp. 

(Cochard et al. 2007), Z. mays (Ionenko et al. 2010), and Oryza sativa (Murai-Hatano et al. 2008) 

that their phosphorylation and gene expression are influenced by T. 

While lowering gs prevents excess water loss, it also leads to decreasing leaf carbon dioxide 

(CO2) concentrations (Urry et al. 2019). This decreases the rate of photosynthesis (PS), because 

PS utilises light, water and CO2 to synthesise carbohydrates (Jauregui et al. 2018). The loss of 

evaporative cooling exacerbates this effect, as high T denatures enzymes necessary for PS. 

Since cell enlargement depends on water, plant growth is also reduced (Urry et al. 2019).  

If water conserved early in the cropping season was available at critical developmental phases, 

like grain filling, limiting E once VPD reaches a certain level may benefit crop yield. The exhibition 

of this trait has been simulated to increase yield for Australian grown Sorghum spp. and US grown 

Glycine max in 75% and 70-80%, respectively, of growing seasons (Sinclair et al. 2005; Sinclair 

et al. 2010). Genotypes exhibiting this trait, as well as intra-specific variation, have been identified 

in various crop species and it has been suggested that there is more than one genetic source for 

this trait (Choudhary et al. 2013; Sadok and Sinclair 2009b). 

VPD effects on plant responses are difficult to isolate from other climate drivers on plant function 

like T and radiation. These usually occur alongside high VPD in the form of heatwaves and 

drought and have been thought to be responsible for the main effect on plant physiology 

(Grossiord et al. 2020). This may explain why understanding the independent physiological effect 

of VPD on vegetation dynamics has not received as much attention as plant responses to high T, 

reduced precipitation and rising atmospheric CO2 concentrations. 
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The relative role of VPD as a stressor responsible for limiting crop yield may be much higher than 

previously thought (Grossiord et al. 2020). Fluctuations in environmental factors are difficult to 

eliminate in the field, but it is possible to control them in whole plant gas exchange systems 

(Jauregui et al. 2018). These closed environmental chambers are used to create a stable 

environment, in which individual factors, like relative humidity (RH), T or irradiance can be 

controlled and thus their effects isolated (Jauregui et al. 2018). 

Most plants fix carbon by affixing CO2 to ribulose 1,5-bisphosphate, using ribulose-1,5-

bisphosphate carboxylase/oxygenase (RuBisCO) as a catalyst in the calvin-benson-cycle (Urry 

et al. 2019). The first stable product of this reaction are two three-carbon 3-phosphoglycerate 

molecules, leading to the name C3. When plants close their stomata, the decreasing CO2 

concentrations lead to increasing photorespiration, which means that RuBisCO binds oxygen (O2) 

instead of CO2. One of the resulting products, 2-phosphoglycolate, is toxic and needs to be 

metabolised, leading to a net loss in energy (Urry et al. 2019). 

Some plants have adapted to use phosphoenolpyruvate carboxylase (PEP carboxylase) to pre-

fix CO2 before it is metabolised by RuBisCO in the bundle-sheath cells. It binds CO2 with 

phosphoenolpyruvate to create the four-carbon oxaloacetate, hence the name C4 (Urry et al. 

2019). PEP carboxylase has a higher binding affinity to CO2 than RuBisCO and does not bind O2. 

This allows C4-plants to fix carbon more efficiently than C3-plants under low CO2 and high O2 

concentrations, which usually occur when stomata are closed (Urry et al. 2019). 

Stomata regulate their conductance to match CO2 entry with the photosynthetic capability of the 

mesophyll (Nobel 2020). C4-plants generally have lower mesophyll CO2 concentrations than C3-

plants because CO2 saturation regarding PS happens at a lower concentration. Keeping gs higher 

than necessary to achieve the CO2 saturation point would not benefit C4-plants with a higher rate 

of PS, but lead to higher E. Therefore, C4-plants are able to keep their optimal rate of PS at lower 

gs, compared to C3-plants, and are likely to do so at a lower rate of E (Nobel 2020). 

Oren et al. 1999 define stomatal sensitivity as the absolute reduction in gs with increasing VPD.  

The absolute change in gs is greater in plants with a high gs at a VPD of 1.0 kPa (Ocheltree et al. 

2014). There have been contrary reports on whether C4- and C3-plants differ in their stomatal 

sensitivity. Some report a lower sensitivity for C4-plants (Maherali et al. 2003), while others 

suggest similar behaviour (Oren et al. 1999; Ocheltree et al. 2014). 

The aim of this review is to provide an overview of studies on E response to VP in controlled 

environments, of species’ E response to VPD in a controlled environment and to examine whether 

C3- and C4-plants differ in their E response to VPD. 

It is hypothesised that C4-plants are more likely to restrict E in response to increasing VPD and 

have a lower stomatal sensitivity, compared to C3-plants.  
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2 MATERIAL AND METHODS 

2.1 LITERATURE REVIEW 
The initial search for relevant literature was conducted using the Scopus (Elsevier, The 

Netherlands) database and Google Scholar (Google LLC, USA), searching for the tags 

“Chamber”, “Controlled”, “Transpiration”, “VPD” and “Vapour pressure deficit”. Literature fitting 

the criteria for this thesis (Controlled environment, E response to VPD) were checked for relevant 

citations both in text and bibliography to find more studies. 

2.2 STATISTICAL ANALYSIS 
18 of 29 relevant studies found reported their results as a linear or bilinear regression slope, with 

a breakpoint (BP) used to indicate a restriction in E. These studies were chosen for comparison, 

to provide as comprehensive an overview as possible. If necessary, data was converted to the 

unit most used (mg H2O m-2 s-1) using the conversion factors in table one. 

Table 1: Conversion factors used in this study. Adapted from Nobel 2020. 

Unit mg H2O m-2 s-1 
g H2O cm-2 h-1 2780 
kg H2O m-2 day-1 23 1

6ൗ  

 

The statistical analysis was conducted using the software SAS 9.4 (SAS Institute Inc., USA). 

Testing the factors was done in a network meta-analysis while the likelihood of E restriction was 

analysed by a chi-squared test. Network meta-analysis allows the testing of whether a factor has 

a significant effect in a model and can be suitable for comparing trials with different designs 

(Piepho 2014). 

The model for the network meta-analysis was: 

𝑦௜௝௞௧ =  𝜇௧ +  𝛼௜௧ + 𝛽௜௝௧ + 𝛾௜௝௞௧ + 𝑒௜௝௞௧ 

With: 

yijkt = The value of the t-th trait (linear slope, bilinear slope below and above breakpoint, 

breakpoint value) for i-th PS pathway with the j-th species and the k-th genotype.  

µt = The mean for the t-th trait. 

αit = The effect of the i-th PS pathway for the t-th trait. 

βijt = The effect of the j-th species with the i-th PS pathway for the t-th trait. 
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γijkt = The effect of the k-th genotype with the j-th species and i-th PS pathway for the t-th 

trait. 

eijkt = The error of the t-th trait for i-th PS pathway with the j-th species and the k-th 

genotype. 

As genotypes are limited to a species, which themselves are limited to one PS pathway, the 

effects are “nestled” into each other. 

The analysis of the traits was weighted by their inverse variance to take into account the precision 

of the effect estimates of the studies (Marín-Martínez and Sánchez-Meca 2010). Where no 

variance data was provided, the data was assigned a calculated species variance. 

Due to the nature of the network meta-analysis, e.g. uneven replication and different standard 

error of means, there are different standard errors of difference for pairwise comparisons. This 

may lead to one difference being significant while another, larger, difference is not. 

The chi-squared analysis was conducted using C3/C4 and BP/No BP as qualitative characteristics 

using the studies which had tested BP for significance. After accounting for studies not testing 

significance, the number of observations was still >200 allowing the use of the chi-squared, rather 

than Fisher’s exact test. 

For both tests the α-error was set at 5%, therefore a p-value < 0.05 is deemed significant. 

3 RESULTS 

3.1 OVERVIEW 
Studies on E response to VPD under controlled environments have been done as early as 1973 

(Tab. 2). However, most of the studies found were conducted after Sinclair et al. 2005 simulated 

an increased crop yield for Sorghum spp. in Australia for 75% of cropping seasons for genotypes 

expressing E limitation in response to high VPD and many have been performed by his working 

group. 
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Table 2: An overview of studies examining transpiration response to water vapour pressure deficit under controlled 
environments. 

Lead author Species 
Beardsell et al. 1973 Glycine max 
Kawamitsu et al. 1993 Oryza sativa, Panicum maximum 
Thomas et al. 1998 Musa sp. 
Clifton-Brown and Jones 1999 Miscanthus giganteus 

Leuschner 2002 

Brachypodium sylvaticum, Campanula trachelium, Digitalis 
purpurea, Geum urbanum, Hieracium sylvaticum, 
Hordelymus europaeus, Rumex sanguineus and 
Scrophularia nodosa 

Fletcher et al. 2007 Glycine max 
Sinclair et al. 2008 Glycine max 
Shibuya et al. 2009 Cucumis sativus 
Sadok and Sinclair 2009a Glycine max 
Sadok and Sinclair 2009b Glycine max 
Kholova et al. 2010 Pennietum glaucum 
Gholipoor et al. 2010 Sorghum bicolor 
Devi and Sinclair 2011 Arachis hypogaea 
Zaman-Allah et al. 2011 Cicer arietinum 
Yang et al. 2011 Zea mays 
Schoppach and Sadok 2012 Triticum aestivum 

Will et al. 2013 

Celtis occidentalis, Cercis canadensis, Juniperus virginiana, 
Morus rurbra, Platanus occidentalis, Prunus americana, 
Quercua macrocarpa, Quercus stellata, Quercus shumardii 

Choudhary et al. 2013 Sorghum bicolor 
Ben-Asher et al. 2013 Zea mays 
Gholipoor et al. 2013 Zea mays 

Ocheltree et al. 2014 

Agrostis hyemalis, Andropogon gerardii, Bouteloua 
dactyloides, Bromus inermis, Chloris verticillata, Dactylis 
glomerata, Dichanthelium oligosanthes, Digitaria californica, 
Festuca sucverticillata, Hordeum pusillum, Koeleria 
macrantha, Panicum virgatum, Pascopyrum smithii, Poa 
pratensis, Setaria pumila, Spartina pectinata, Sporobolus 
cryptandrus, Sporobolus heteroplepis and Tripsacum 
dactyloides 

Shekoofa et al. 2014 Glycine max 
Rashed 2016 Panicum maximum 
Ryan et al. 2016 Zea mays 
Devi and Reddy 2018 Gossypium spp. 
Jauregui et al. 2018 Hordeum vulgare, Triticum aestivum 
Karthika et al. 2019 Sorghum bicolor 
Medina et al. 2019 Triticum turgidum 
Choudhary et al. 2020 Pennietum glaucum, Sorghum bicolor, Zea mays 
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3.1.1 Gas exchange systems 

The gas exchange systems used in the literature examined in this review can be grouped by their 

way of measuring E. Of the 29 studies reviewed, 22 used weight loss to determine E and seven 

an infrared gas analyser (IRGA). Only two studies conducted their measurements on single 

leaves, the remaining 27 used whole plant gas exchange systems. 

In the weight loss system, a balance is used to determine weight at set intervals and the difference 

attributed to E. This system can be a single plant chamber, as in the example by Fletcher et al. 

2007 (Fig. 4), where the whole chamber is located on the balance or a multi-plant chamber with 

the balances inside. RH is usually 

controlled by changing the 

composition of incoming humidified or 

dehumidified air streams. Inside the 

chamber a fan mixes the air to disturb 

the boundary layer and sensors for T 

and humidity, which are used to 

calculate VPD.  

Gas exchange systems using an 

IRGA to determine E function very 

similar to weight loss systems, but 

instead measure gas concentrations 

in the incoming and outgoing air 

(Fig. 5). This has the advantage of 

being able to measure other factors 

as well, like net assimilation by the 

Figure 5: A diagram illustrating a whole plant gas exchange chamber 
using an infrared gas analyser (IRGA) to measure the concentration 
difference between ingoing and outgoing air (Ryan et al. 2016). 

Figure 4: A diagram illustrating a gravimetric whole plant gas exchange system. Weight is registered at set intervals 
and the difference attributed to transpiration (Fletcher et al. 2007). 
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CO2 difference. Not using a balance also eliminates false readings due to plant movement from 

the fan. This chamber type is limited to one observation per chamber i.e. to obtain individual data 

for each plant, one chamber per plant is needed. 

3.1.2 Data models 

The form of the data in which the results were reported varied. Beardsell et al. 1973, Leuschner 

2002, Ben-Asher et al. 2013 and Will et al. 2013 reported it as the value of E for a specific VPD-

value. Clifton-Brown and Jones 1999 on the other hand provided the difference of E between two 

values for VPD. The remaining studies used a regression to demonstrate E response to VPD. 

While Kawamitsu et al. 1993, Thomas et al. 1998 and Ocheltree et al. 2014 used a quadratic 

model, Rashed 2016 used both linear and quadratic models and the other authors only linear 

models. 

To represent whether a genotype reacted to a changing VPD, 19 of the 20 authors using a linear 

model grouped genotypes in those represented by a single-linear model and a bilinear model. 

Ryan et al. 2016 used the following method to decide which model fitted a genotype. A single-

linear regression was fitted through the replicate data of E versus VPD and residual calculated. 

Then the VPD-value at which the maximum residual E occurred was calculated by plotting a third 

order polynomial through the residuals and finding the maximum of the function. Ryan et al. 2016  

calls the maximum the change point, whereas most of the other authors (e.g. Fletcher et al. 2007, 

Sadok and Sinclair 2009a, Gholipoor et al. 2010) call it a BP. Data below and above the BP each 

has a single-linear regression fitted through it and if these are found to be significantly different, 

a bilinear model is used with slopes below and above the BP, otherwise a single-linear model is 

used. 

3.1.3 Measurement temperature 

Of the 29 studies examined in this paper, 17 kept T at a fixed level, six had a variable T, one had 

experiments with both and the remaining five did not provide information regarding measurement 

T. Most studies kept their measurement T around the 30 °C level (Fig. 6). The notable exception, 

with four experiments at or below 20 °C is Clifton-Brown and Jones 1999. An interesting result 

reported by Devi and Sinclair 2011, for two experiments examining Arachis hypogaea genotypes 

with a higher (28-36 °C) and lower (22-28 °C) T range, is that measurement T seems to impact 

the likelihood of a genotype expressing a breakpoint. While eight of nine genotypes expressed a 

BP in their high T experiment, none did so in their low T experiment. Yang et al. 2012 also reported 

an effect of measurement T on E response to VPD. In their experiment E response to VPD in 

Z. mays genotypes was measured at a stable 30 °C and 25 °C over a range of VPD. Measurement 

T only had a small effect on the slope of the response, but the plants measured at 30 °C expressed 

their BP at a significantly higher VPD. 
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3.1.4 Measurement VPD 

Only five studies measured E response to VPD at fixed VPD, 20 measured over a range of VPD, 

one did both and three did not report the VPD of their measurements. Most studies conducted 

their measurements in a range of about 0.7 kPa and 3.8 kPa (Fig. 7). 
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Figure 6: The range of measurement temperature (T) in °C. Gray dots indicate a stable T, while blue and orange dots 
indicate the maximum and minimum, respectively, of a range. Studies with missing data for these values were included 
to illustrate this problem in comparing different studies. 

Figure 7: The range of measurement water vapour pressure deficit (VPD). Gray dots indicate a stable VPD, while blue 
and orange dots indicate the maximum and minimum, respectively, of a range. Studies with missing data for these 
values were included to illustrate this problem in comparing different studies. 
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3.1.5 Measurement relative humidity 

 

Information on measurement RH is sparse with 20 studies failing to provide any data. Of the nine 

authors providing data, three kept it stable, while six adjusted it. The reported data ranges from 

about 40% to 75%, with some as low as 10% (Fig. 8). Presumably, most of the authors not 

providing data adjusted it to achieve a VPD range, as many reported a fixed T. It is not clear why 

so many studies fail to provide data for this crucial parameter, as it needs to be recorded to 

calculate VPD. The data from Ben-Asher et al. 2013 suggests that RH might influence E 

independently from VPD. In their comparison of E response to VPD in one Z. mays genotype at 

different RH-levels they reported a difference of 11.58 mg H2O m-2 s-1 in E between their 84% and 

56% RH levels, with 30.3 °C and 29.8 °C and a VPD of 0.7 kPa and 1.9 kPa respectively. In their 

30% RH treatment, air T was only 27.7 °C, with a VPD of 2 kPa, yet the difference of E between 

the 30% and the 56% treatments was 57.92 mg H2O m-2 s-1. 
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Figure 8: The range of measurement relative humidity (RH). Gray dots indicate a stable RH, while blue and orange 
dots indicate the maximum and minimum, respectively, of a range. Studies with missing data for these values were 
included to illustrate this problem in comparing different studies. 
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3.2 SPECIES 

3.2.1 Slopes of E response to VPD 

 

There is a large variation in species’ E response to VPD (Fig. 9). Slopes for the linear model range 

from 5.62 ± 5.75 mg H2O m-2 s-1 kPa-1 in Cicer arietinum to 42.16 ± 6.31 mg H2O m-2 s-1 kPa-1 in 

Pennisetum glaucum. In the bilinear model the smallest slope below the BP was 

11.32 ± 6.88 mg H2O m-2 s-1 kPa-1 in C. arietinum and the biggest 62.78 ± 6.65 mg H2O m-2 s-1 

kPa-1 in Triticum turgidum, and the slope above the BP ranged from -2.45 ± 3.90 mg H2O m-2 s-1 

kPa-1 for Gossypium spp. up to 13.18 ± 12.01 mg H2O m-2 s-1 kPa-1 in Triticum aestivum. Only 

three paired tests found significantly different slopes and only for the slope below the BP in the 

bilinear model (Tab. 3). The variation within species, i.e. between genotypes, was also very large, 

as illustrated by the error bars in figure nine, however neither species nor genotype was deemed 

a significant factor by the analysis. 

Table 3: Species pairs with a significant difference for the slope of transpiration response to water vapour pressure 
deficit below the breakpoint in a bilinear model. 

 

Most species have a slightly lower slope in the linear model than the slope below the BP in the 

bilinear model with the mean for this difference being -5.92 mg H2O m-2 s-1 kPa-1. There are three 

species with a different behaviour. For P. glaucum and Z. mays the slope for the linear model is 
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Hordeum vulgare Triticum turgidum 0.0465 
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Figure 9: Estimated slopes for transpiration response to water vapour pressure deficit for different species in linear and 
bilinear models. 
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steeper than the slope below the BP in the bilinear model. While the difference between 

genotypes expressing a BP and not expressing a BP could lead to this result, it is likely to be an 

inaccuracy caused by the different methods used in the studies examined and is discussed in 

chapter 4. In T. turgidum the linear slope is 50 mg H2O m-2 s-1 kPa-1 smaller than the first slope in 

the bilinear model. While the difference in the closely related T. aestivum is also higher than the 

median, with 9.73 mg H2O m-2 s-1 kPa-1 it is far smaller. Further research is needed to understand 

the physiological reasons for this differing behaviour. 

The significant differences in the slope below the BP between P. glaucum and T. aestivum 

(p = 0.0460) and T. turgidum (p = 0.0310) respectively could be explained by their different PS 

pathways. While not significantly different from either T. aestivum or T. turgidum, the other C4-

species, Sorghum bicolor and Z. mays, have similar values for this slope as P. glaucum. 

However, this factor was not found to be significant by the analysis (p = 0.0912). 

3.2.2 BP of E response to VPD 

The median frequency of BP expression was 49.47%, but there was large interspecific variation 

(Fig. 10).  Only 25% of C. arietinum genotypes were found to have a BP while in P. glaucum 75% 

of genotypes had a BP. Other species with a large difference from the median include G. max 

with 34.29% and T. turgidum with 70%. Interestingly, only monocotyledons were above the 

median and the dicotyledons were all below the median. S. bicolor, as the only monocotyledon 

below the median was only 0.53% below it, while the dicotyledons were 2.41%-24.47% below the 

median. This could be due to their differing stomatal anatomy and would be an interesting area 

for further research. 

 

Figure 10: Estimated breakpoint (BP) and BP frequency in the transpiration response to water vapour pressure deficit 
for different species in bilinear models. 
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The lowest BP value is with 1.07 ± 0.19 kPa, in T. turgidum almost half of the median value of 

2.08 kPa, while T. aestivum has the highest with 2.74 ± 0.17 kPa. That the two species most 

closely related to each other have the largest difference (p = 0.0128) suggests that BP value is 

less affected by species, but rather by genotype. The results of the statistical analysis indicate 

the same. Several species were found to have significant differences in their BP value (Tab. 4) in 

a pairwise comparison, yet the factor species was not deemed significant (p = 0.5600) while the 

factor genotype was (p = 0.0233).  

Table 4: Species pairs with a significant difference for breakpoint value for the transpiration response to water vapour 
pressure deficit in a bilinear model. 

Significant difference pairs - breakpoint value p-Value 
Triticum turgidum Zea mays 0.0397 
Triticum turgidum Sorghum bicolor 0.0257 
Triticum aestivum Pennisetum glaucum 0.0210 
Triticum aestivum Triticum turgidum 0.0128 
Hordeum vulgare Triticum turgidum 0.0258 
Hordeum vulgare Triticum aestivum 0.0050 
Glycine max Sorghum bicolor 0.0296 
Glycine max Triticum aestivum 0.0084 
Cicer arietinum Glycine max 0.0402 

3.3 PHOTOSYNTHESIS PATHWAY 

3.3.1 Slopes of E response to VPD 

The slope for the linear model was almost 50% steeper in C4-plants with 20.82 ± 3.08 mg H2O 

m-2 s-1 kPa-1 than in C3-plants with 29.21 ± 3.06 mg H2O m-2 s-1 kPa-1 (Fig. 11), but this difference 

was not statistically significant (p = 0.3038). For C4-plants this slope is 7.88 mg H2O m-2 s-1 kPa-1 

above the median value and for C3-plants it is 0.51 mg H2O m-2 s-1 kPa-1 below. While it is possible 

that C4-plants express more extreme differences in their E response to VPD, it is likely that the 

slope for the C4 linear model contained the same inaccuracy as the linear model slopes for 

P. glaucum and Z. mays, which was mentioned in chapter 3.2.1 and discussed in chapter 4. 

For the slope below the BP in the bilinear model, C3-plants transpired 33.21 ± 3.06 mg H2O m-2 

s-1 kPa-1 and C4-plants 18.43 ± 4.02 mg H2O m-2 s-1 kPa-1. This difference of 14.78 mg H2O m-2 

s-1 kPa-1 was evenly distributed around the median value of 25.54 mg H2O m-2 s-1 kPa-1. While not 

statistically significant (p = 0.0936), this difference could be explained by the physiological 

differences in CO2 saturation due to which C4-plants can maintain their optimal rate of PS at a 

lower gs than C3-plants (Nobel 2020), concurs with reported lower stomatal sensitivity for C4-

plants (Maherali et al. 2003) and would be in line with the hypothesis that C4-plants have lower 

stomatal sensitivity compared to C3-plants. 
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Above the BP, the slopes were very similar with 5.03 ± 2.40 mg H2O m-2 s-1 kPa-1 for C3-plants 

and 5.20 ± 2.46 mg H2O m-2 s-1 kPa-1 for C4-plants  (p = 0.9620), which could be explained by 

plants regulating gs for E above the BP, rather than for CO2 concentration. It has been reported 

that C4-species’ advantage in PS diminishes under drought due to converging gs (Taylor et al. 

2011), lending some support to this explanation. 

3.3.2 BP of E response to VPD 

With 53.66% the frequency of BP expression in C4-plants was higher than the 49.47% median 

and C3-plants with 48% (Fig. 12). This finding would support the hypothesis that C4-plants are 

Figure 12: Estimated breakpoint (BP) and BP frequency in the transpiration response to water vapour pressure deficit 
for different photosynthesis (PS) pathways in bilinear models. 
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Figure 11: Estimated slopes for transpiration response to water vapour pressure deficit for different photosynthesis 
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more likely to restrict E in response to VPD than C3-plant and could be explained by C4-plants’ 

physiology, which allows them to have a higher rate of PS under low CO2 concentrations (Nobel 

2020). However, no significant relationship for BP frequency and PS pathway was found by a chi-

squared test (p = 0.4038). A previous report comparing S. bicolor, P. glaucum and Z. mays 

supports this independence by suggesting that drought tolerance strategy within these C4-

species differs (Choudhary et al. 2020). 

For the BP value, there is only a 0.05 kPa difference with C4-plants restricting E at 

2.07 ± 0.11 kPa and C3-plants at 2.02 ± 0.07 kPa. This difference (p = 0.6823) and the factor PS 

pathway (p = 0.3852) were not found to be significant, supporting the indication in chapter 3.2.2 

that of the factors examined in this thesis, genotype seems to determine BP-value. 

4 DISCUSSION 

4.1 METHODS 
Conducting a meta-analysis and using data from different studies, with different hypothesises, 

replications, number of observations, and environments inevitably leads to inaccuracy. This is 

represented in this thesis by large standard errors of mean and high p-values. There is also a 

large variation in reported environmental data or accuracy. Only few studies reported their plants’ 

developmental stage or date after sowing, some did not even indicate their data’s accuracy by 

reporting their standard error of mean. While this makes it difficult to draw conclusions from the 

data reviewed in this thesis, it is possible to identify some possible connections. 

Of the 18 studies analysed statistically, nine include T. R. Sinclair as an author. While this provides 

a certain comparability, due to a similar set-up and environment, it could also lead to a certain 

bias, where the same methodical errors are repeated and overrepresented. It could be interesting 

to do a similar analysis if/after more working groups have published data on this topic. 

Most chambers are relatively small and constrained to measuring plants at early developmental 

stages. It would be interesting to see if/how plants’ E response to VPD changes with different 

developmental stages and if these results match those found in the field. Another interesting 

question is whether the response of single plants is comparable to those of a plant community, 

with a canopy layer. It has been reported that in Cucumis sativus seedling communities, the 

negative effect of high VPD on PS and gs was mitigated by a higher planting density, because of 

the development of a thicker canopy layer (Shibuya et al. 2009). It would not be surprising if this 

effect were replicated in other species and lead to a different E response to VPD in the field 

compared to a single plant gas exchange chamber. 

Several of the studies reviewed pre-screened their genotypes for BP expression, e.g. by selecting 

for high canopy T, hypothesised to result from lower E (Sadok and Sinclair 2009a), by choosing 
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genotypes staying green for longer in drought conditions (Choudhary et al. 2013) or by measuring 

E in field conditions (Shekoofa et al. 2014). Therefore, the frequencies of BP expression shown 

in this thesis are unlikely to have represented species’ true expression. The possibility of using 

canopy T as an indicator for E restriction is intriguing. While the reported success of using canopy 

T for pre-screening is inconclusive and it has been suggested that there is at least one other factor 

responsible for higher canopy T (Sadok and Sinclair 2009b; Zaman-Allah et al. 2011), examining 

a possible correlation between canopy T and restricting E in response to VPD may be interesting. 

4.2 SPECIES 
P. glaucum and Z. mays have a linear slope which is steeper than the slope below the BP for the 

bilinear model. This is likely to be an error due to comparing different studies with different 

methods. Due to physiological restrictions E will not become infinitely greater and is better 

described by a quadratic function, i.e. an open bottomed parable, than a linear one. In the 

literature examined this was simplified by fitting either a linear or a bilinear model over E. Doing 

this for a single parable, a single-linear model will always be less steep than the first curve of a 

bilinear model and steeper than the second curve of the bilinear model. The regression curves 

were reported for different genotypes, so it is theoretically possible, that all genotypes that do not 

express a BP have a much higher rate of E than those who do. It is, however, very unlikely. While 

the standard error of mean is large for most species, it is especially large for Hordeum vulgare as 

only two genotypes were examined, one with a linear and one with a bilinear model. While the 

data used is a mean consisting of several observations, it is very difficult to draw any conclusions 

from this data. It is unlikely to significantly have influenced the result of the PS pathway 

comparison, because of the weighting and was included for a general indication how H. vulgare 

E might respond to VPD. 

4.3 PHOTOSYNTHESIS PATHWAY 
Not all studies using a bilinear model fitted an individual BP, in two studies (Choudhary et al. 

2020; Sinclair et al. 2008) a bilinear model was used and regression slopes fitted below and above 

a set VPD for all genotypes. As these were not tested for significance in the difference between 

the two slopes, the data from these studies was not used for the chi-squared test for frequency of 

BP expression. Using this data to compare slopes may have influenced the comparison, as 

described in chapter 4.2. 

The treatments applied in the studies may also have affected the data for the comparisons. For 

most studies, genotype was the only treatment used, but seven studies applied additional ones. 

Treatments included different measurement dates (Gholipoor et al. 2013; Karthika et al. 2019; 

Kholová et al. 2010), growth T (Devi and Sinclair 2011; Yang et al. 2012), measurement T (Yang 

et al. 2012), pressurised rhizosphere (Sinclair et al. 2008) and growth VPD (Choudhary et al. 

2020). Some of these treatments led to significant differences in BP expression and regression 
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slope (Choudhary et al. 2020; Devi and Sinclair 2011; Sinclair et al. 2008; Yang et al. 2012) and 

may have influenced the results of this thesis. The treatments of growth T and VPD seem to have 

led to plant acclimatisation and would be an interesting area for further research. 

In the data used in this comparison, only three C4-species were included, but seven C3-species, 

which may have led to a certain inaccuracy. This might have led to the factor PS pathway not 

being found to be significant in any of the traits. However, the fact that practically all studies 

reviewed in this thesis found inter- and/or intraspecific variability, suggests that PS pathway is not 

a relevant factor for these traits. 

5 CONCLUSION 

Studies on E response to VPD are conducted in different set-ups, including different 

environmental conditions, gas exchange equipment and analysis methods, and therefore not all 

experiments are comparable. Authors publishing literature on E response to VPD could help 

comparability by reporting their environmental conditions and data accuracy in more detail. There 

was a large variation in intra- and interspecific response, though this thesis found few significant 

differences. The behaviour of species generally followed the same pattern, with the regression 

slope for the linear model found in between the two slopes in the bilinear model. The exceptions 

to this were P. glaucum and Z. mays, where the slope in the linear model was the steepest slope. 

The biggest difference between the linear and bilinear model was found in T. turgidum, which also 

restricted E at the lowest VPD and was most likely to express this restriction. Genotypes restricting 

E in response to increasing VPD were reported in all species and seems to be independent of PS 

pathway, but dicotyledons were less likely to express this trait. The VPD at which a BP occurs 

seems to be determined by genotype, rather than species and is practically the same for C3- and 

C4-species. To facilitate the use of this trait in drought tolerance breeding more research 

regarding the economic benefits and in situ-response, as well as the development or identification 

of phenotypic markers is necessary. 
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