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5. Stress physiology 

HJ De Boeck (editor) 

 

Ecophysiology integrates biology, chemistry, and physics to study how individual organisms sense 
and respond to changes in their environment. Because they are largely immobile, plants are 
restricted to responding to changing conditions through phenotypic plasticity. This has led to a series 
of adaptations, often through adjustments in gene expression leading to changes in hormone 
synthesis, osmotic balance, etc. (Larcher, 2003; Schulze et al., 2005). Some responses to changes in 
the environment are slow and these often relate to morphological adjustments such as increased 
root growth in response to drought via abscisic acid. Other responses are much faster, among which 
many adjustments (such as stomatal conductance) are to the large fluctuations in temperature, 
radiation, and air humidity plants experience within a single day.   

In uncovering how climate- and other global-change drivers will affect plants and ecosystems, 
studying ecophysiology provides a mechanistic way to predict when tolerance limits are exceeded 
and therefore when changes can be expected in the functioning of individual plants, species, and 
entire ecosystems. Measuring tools and analytical procedures have become increasingly 
sophisticated, yet the interpretation can be challenging as physiological responses may vary 
considerably with context-dependent factors such as microclimate and acclimation. For example, 
heat stress effects may be misinterpreted if tissue temperature is not directly determined and only 
air temperatures are used (De Boeck et al., 2016; Michaletz et al., 2016), and if measurements are 
made on plants that have been exposed to relatively high temperatures earlier in their growing 
season (leading to hardening and muted responses to heat) as opposed to plants that were not 
exposed (Neuner & Buchner, 2012). Moreover, many ecophysiological measurements are made at 
the leaf level and scaling up to whole organisms or even ecosystems is usually not straightforward. 

In the stress physiology chapter (5), we describe a series of physiological or related measurements 
useful in climate-change biology. These focus mostly on their use as indicators of stress, be it through 
the determination of compounds (e.g. chlorophyll and carotenoid content, non-structural 
carbohydrates), traits and variables such as reflectance, leaf hydraulic conductivity, and leaf thermal 
properties, to measurements that directly assess stress (through Fv/Fm) and general approaches for 
determining tolerance.  
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5.1 Chlorophyll fluorescence 

Authors: Lembrechts JJ1, Zinnert JC², Mänd P³, De Boeck HJ1 

Reviewer: Porcar Castell A4 

 

Measurement unit: Fv/Fm or related variables; Measurement scale: leaf part; Equipment cost: €€–
€€€; Running costs: €; Installation effort: low; Maintenance effort: medium (frequent recording); 
Knowledge need: medium to high (for interpretation); Measurement mode: manual  

Chlorophyll fluorescence can be used as an indirect non-invasive measurement of photosystem II 
(PSII) efficiency. The principle underlying it is relatively simple. The fate of light energy absorbed by 
chlorophyll molecules in a leaf is one of the following: (i) it can be used to drive photosynthesis, (ii) 
excess energy can be dissipated as heat, or (iii) the energy can be re-emitted as light with a longer 
wavelength (Maxwell & Johnson, 2000), a process called chlorophyll fluorescence. These three 
processes occur in competition, as they rely on the same energy source – the absorbed photons. 
Hence, measuring the yield of chlorophyll fluorescence can provide information on changes in both 
the efficiency of photochemistry and heat dissipation (Kautsky & Hirsch, 1931; Maxwell & Johnson, 
2000).  

The proven effects of both abiotic and biotic stressors on this energy partitioning in PSII (and the 
subsequent fluorescence yield), combined with the ease of the measurements, have made 
chlorophyll fluorescence a widely applied technique as an indicator of stress in leaves, in climate-
change studies, and beyond (Lichtenthaler, 1988; Lichtenthaler & Miehé, 1997; Ogaya & Peñuelas, 
2003; Souza et al., 2004; Takahashi & Murata, 2008). Applications include its role as an indicator of 
crop performance and tree vitality (Lichtenthaler et al., 1986; Baker & Rosenqvist, 2004), as well as of 
abiotic (e.g. drought or heat stress; Havaux, 1992; Ogaya & Peñuelas, 2003) and biotic (e.g. plant-
pathogen interactions; Lang, 1995; Chaerle et al., 2004) stressors, showing its versatility as a tool to 
study plant responses to environmental factors in a wide range of observational and experimental 
studies. 

 

5.1.1 What and how to measure? 

Phenomenology 

When a leaf is transferred from darkness to light, excitation energy captured by chlorophyll 
molecules in the antenna is rapidly transferred to open/oxidised reaction centres of photosystem II 
(PSII), progressively reducing them (Maxwell & Johnson, 2000). During the first seconds of 
illumination, this gives rise to an increase in the yield of chlorophyll fluorescence (the Kautsky effect, 
Kautsky & Hirsch, 1931). When the light input is sustained, however, the fluorescence level typically 
starts to fall again, over a timescale of seconds to minutes. This so-called fluorescence quenching 
results from the two above-mentioned processes competitively using the same incoming energy: 
“photochemical quenching”, the use of excitation energy in photosynthesis, and “non-photochemical 
quenching”, the use of excitation energy in heat dissipation. Over time, various measurement 
techniques have been developed to measure fluorescence yield and disentangle these different 
quenching components, ranging from traditional measurements on single, dark-adapted leaves, over 
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pulse amplitude modulated (PAM) measurements to large-scale remote sensing assessments of 
whole canopies using passive fluorescence methods.  

 

Where to start 

Krause & Weis (1991), Lazár (2015), Lichtenthaler (1988), Maxwell & Johnson (2000), Murchie & 
Lawson (2013), Souza et al. (2004) 

 

Main instrumentation 

a) Dark-adapted measurements 

Dark-adapted fluorescence measurements are used to mimic night conditions by avoiding the 
variation in fluorescence and quenching caused by instantaneous illumination (Porcar-Castell, 2011). 
The purpose of this dark acclimation is to re-oxidise the electron acceptors in PSII (which takes only a 
few seconds) and to relax all the reversible non-photochemical quenching, which may take a few 
minutes or hours, depending on plant species, temperature, stress levels, and prior light conditions 
(Demmig-Adams & Adams, 2006; Porcar-Castell et al., 2014). 

 

 
Figure 5.1.1 Measurement of chlorophyll fluorescence (in relative units) on a dark-adapted leaf (a) and with the pulse 
amplitude modulation method (b). ML = measuring light, SP = saturating light pulse. AL = actinic (background) light. For the 
explanation of the different F-values, see main text. Adapted from van Kooten and Snel (1990). 

 

After dark-adaptation, background fluorescence (Fo) is measured with a measuring light too weak to 
start photochemical reactions (Figure 5.1.1, Bolhàr-Nordenkampf & Öquist, 1993). Subsequent 
application of a high intensity, short duration flash of light to this dark-adapted leaf closes all 
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reaction centres (Maxwell & Johnson, 2000). The fluorescence yield reaches a value equivalent to 
that which would be attained in the absence of any photochemical quenching, the maximum 
fluorescence, Fm. The difference between Fo and Fm is the variable fluorescence, Fv. It has been shown 
theoretically and empirically that Fv / Fm (i.e. (Fm – Fo) / Fm) is a robust indicator of the maximum 
quantum yield of PSII chemistry (Butler, 1978). For unstressed leaves, the value of Fv / Fm is fairly 
consistent, with observed values of 0.832 ± 0.004, correlating with the maximum quantum yield of 
photosynthesis (Björkman & Demmig, 1987), while a stressor would reduce this value. Dark-adapted 
or pre-dawn Fv / Fm thus provides a useful relative indication of substantial photoinhibition or down-
regulation of PSII in relation to non-specific stressors (Murchie & Lawson, 2013), although it is worth 
noting that it cannot be used as an accurate quantitative value of the quantum yield, among others 
due to the significant variation in this value depending on leaf morphology, species, and fluorometer 
(Baker, 2008). More detailed measurements of the rise from Fo to Fm at a resolution of μs and the 
specific pattern – called O-J-I-P – this transition follows, can provide additional insights in the 
photochemical efficiency of PSII (Strasser & Govindjee, 1992). 

The timing of dark-adaptation is thus crucial to acquire accurate measurements of Fv / Fm. Often, a 
period of 15 to 20 minutes is recommended. It has, however, been shown that low levels of 
quenching can still be observed after a whole night or even 24 hours of dark-adaption (Baker, 2008). 
There are indeed different types of non-photochemical quenching with different temporal 
components, being either rapidly or slowly reversible non-photochemical quenching (Porcar-Castell, 
2011; Lazár, 2015). As one can never be sure that all samples have been dark-adapted for the same 
time, pre-dawn conditions are often 
preferred in the field for stress 
assessments (Maxwell & Johnson, 
2000; Murchie & Lawson, 2013). If this 
cannot be achieved, leaf clips – usually 
provided with the fluorometer – can 
be used to dark-adapt a leaf (or leaf 
part) for a fixed period of time at any 
time of the day (Figure 5.1.2).  

Modern handheld fluorometers (both 
plant efficiency analysers (PEA) and 
pulse amplitude modulated (PAM) 
fluorometers) automatically provide all 
the mentioned F-values after initiating 
the necessary measurement light and 
saturating light pulse, making the 
actual measurements easy, fast, and 
practical to perform in-situ without harvesting the leaves. For a good overview of the many possible 
pitfalls in the interpretation of these measurements, see Murchie & Lawson (2013). 

 

 

 

Figure 5.1.2 Dark adaption clips and optical sensor unit (with 
measurement light) of a plant efficiency analyser (PEA). The dark 
adaption clip is installed on a leaf and the metal shutter is used to close 
the measurement hole. After dark adaption time of 15-20 minutes, the 
sensor unit is placed on the clip, the shutter is opened and the 
measurement light flashed. Photo Jonas Lambrechts. 



Halbritter et al. (2020) The handbook for standardised field and laboratory measurements in terrestrial climate-change 
experiments and observational studies (ClimEx). Methods in Ecology and Evolution, 11(Issue) Pages. 

 

 S405 

b) Light-adapted measurements 

Measurement of chlorophyll fluorescence has become even more versatile with “modulated” 
fluorometers, which rely on the selective monitoring of the fluorescence yield from rapid repetitive 
high-frequency light pulses with a measuring beam, while the detector is tuned to detect only 
fluorescence excited by the measuring light (Quick & Horton, 1984; Schreiber et al., 1986; Maxwell & 
Johnson, 2000; Souza et al., 2004). This approach allows the measurement of fluorescence dynamics 
under illumination, as the recorded fluorescence is coming from a modulated light source of constant 
intensity instead of from ambient light. So, while ambient fluorescence is controlled by both 
incoming light and current PSII energy partitioning status, PAM fluorescence is only controlled by the 
current PSII energy partitioning status, allowing one to probe PSII much more easily. 

The light-adapted measurement can be used to estimate changes in the quantum yield of PSII (i.e. 
the proportion of light absorbed by chlorophyll in PSII that is used in photochemistry; Genty et al., 
1989; Maxwell & Johnson, 2000). ΔF / Fʹm is calculated as the relationship between maximal 
fluorescence in a light-adapted leaf after a saturating pulse of light (F’m) and steady-state 
fluorescence prior to any saturating pulse (Fs or Ft, depending on the source): (F’m – Fs) / F’m (Figure 
5.1.1). Since ΔF / Fʹm changes with light intensity, it is important to compare samples at similar levels 
of photosynthetically active radiation (PAR) (Murchie & Lawson, 2013). Other approaches have 
restricted measurements to conditions of saturating PAR for photosynthesis (Murchie & Lawson, 

2013). 

For a description of additional 
parameters provided by the 
PAM methodology, see section 
5.1.2 Special cases, emerging 
issues, and challenges. Modern 
PAM-fluorometers are easy to 
use, and only require the 
attachment of a leaf clip to the 
leaf and one click of a button 
to initiate the necessary 
measurement pulses (Figure 
5.1.3). In contrast to dark-

adapted measurements, the 
timing of measurements is less 
critical, yet one might want to 
make sure comparable 

conditions are used for each measurement. Again, interpretation of the results can encounter several 
pitfalls; for a good overview see Murchie & Lawson (2013). 

 

c) New fluorescence methods: solar-induced fluorescence 

More recent developments in the field now allow remote measurements of solar-induced chlorophyll 
fluorescence (SIF), providing new ways to track photosynthesis and gross primary productivity of 

Figure 5.1.3 Leaf clip of a pulse amplitude modulated (PAM) fluorometer, with 
different light sources from above and below. A leaf – potentially still attached to 
the plant – is held underneath the horizontal plate. Photo: Jonas Lambrechts. 
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terrestrial ecosystems (Meroni et al., 2009; Frankenberg et al., 2011; Guanter et al., 2014). 
Importantly, the spatiotemporal and methodological context of these new applications is very 
different from the traditional methods described above, both in terms of phenomenology as well as 
in terms of instrumentation (Porcar-Castell et al., 2014). For example, unlike PAM, SIF can only be 
estimated within very narrow spectral bands where the radiation reaching the Earth’s surface has 
been greatly attenuated due to gas absorption, either in the solar photosphere (Fraunhofer lines) or 
Earth’s atmosphere (e.g. oxygen bands). Because SIF is not based on PAM measurements, nor can it 
be measured under saturating pulses, its interpretation is much more complex than that of PAM 
fluorescence. This is a rapidly expanding field however, in which ground instrumentation is being 
developed (e.g. Porcar-Castell et al., 2014) and in which new space missions are providing increasing 
amounts of data. Overall, connecting active PAM and passive SIF measurements may provide new 
opportunities for upscaling ecological hypotheses from the leaf to the canopy and landscape levels.  

 

Where to start 

Baker (2008), Björkman & Demmig (1987), Bolhàr-Nordenkampf & Öquist (1993), Butler (1978), 
Genty et al. (1989), Porcar-Castell et al. (2014), Quick & Horton (1984)  

 

5.1.2 Special cases, emerging issues, and challenges 

Special cases 

PAM fluorescence measurement devices have been adapted recently for continuous field monitoring 
(MONI-PAM; Porcar-Castell et al., 2008). Such instruments measure chlorophyll fluorescence, PAR, 
and temperature in the field over a certain period, on exactly the same leaf area and thus facilitate 
the estimation of both rapidly reversible and sustained non photochemical quenching.  

In vivo fluorescence measurement techniques, as described here, have also been adapted for use in 
aquatic environments on lower photosynthetic organisms such as algae. The assessment of largely 
identical fluorescence parameters is possible (Campbell et al., 1998; Kromkamp & Forster, 2003), 
although alternative fluorometers and some modifications of the above-mentioned parameters 
might be needed (Campbell et al., 1998). 

Chlorophyll fluorescence measurements are often combined with other techniques and 
instrumentation and help provide a unique research tool to answer a myriad of other questions. For 
example, combining chlorophyll fluorescence with infra-red gas exchange (IRGA; also see protocols 
5.7 Stomatal conductance and 5.15 Water-use efficiency) techniques provides information on the 
correlation between PSII photosynthetic efficiency and the CO2 assimilation rate by eliminating 
photorespiration (Murchie & Lawson, 2013). Such exercises, however, require good insights into the 
processes at hand to avoid misinterpretation. For example, the abovementioned technique often 
relies on absolute estimates of the electron transport rate (ETR) through fluorescence, yet the latter 
is based on several assumptions (see below Challenges b) Light-adapted measurements; e.g. Yin et 
al., 2009). 
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Challenges 

a) Dark-adapted measurements 

With Fv / Fm being so easy to measure in dark-adapted leaves, it has proven an invaluable measure of 
plant stress. Its interpretation, however, is not always straightforward (Murchie & Lawson, 2013). 
First, it is not easy to assess the underlying cause of the decline in the performance of PSII as 
assessed through Fv / Fm. Certain stress conditions such as drought might not only inactivate PSII 
reaction centres and reduce Fv / Fm through a rise in Fo, but they might also change the optical 
properties of the leaf, in which case the individual observed values of Fm and Fo may be a result of 
changes in leaf absorptance (Murchie & Lawson, 2013). This will affect the estimation of NPQ but 
has, a priori, no effect on Fv / Fm since the reduction in F due to absorption cancels out in the ratio. 
Additionally, a decline in Fv / Fm does not necessarily imply that the photosynthetic performance of 
the plant is compromised (Demmig-Adams & Adams, 2006; Murchie & Niyogi, 2011; Murchie & 
Lawson, 2013). It is worth mentioning that a sufficiently high light intensity is necessary to induce 
closure of PSII (Takahashi & Murata, 2008) before a difference in Fv / Fm is observed between 
treatments. Fv / Fm measurements as an indicator of stress are also limited to leaves: stress in other 
plant parts might not be reflected by a reduction in fluorescence yield (Murchie & Lawson, 2013). In 
that regard, leaf selection itself is also important. One should note that fluorescence measurements 
are highly heterogeneous at the within-plant level, especially under stress conditions. Comparing 
leaves in similar conditions, for example consistently working with the youngest fully expanded leaf 
or with leaves growing under similar light regimes, can help to reduce such measurement noise. 

 

b) Light-adapted measurements 

The electron transport rate (ETR, μmol photon m-2 s-1) can be derived from the quantum yield as 
measured by the PAM, by multiplying ΔF / Fʹm with the light intensity (PAR), fractional absorptance of 
light by the leaf (measured using an integrating sphere), and the partitioning of energy between PSII 
and PSI (0.5, yet dependent on wavelength of the light, time, and species; Maxwell & Johnson, 2000). 
This requires an accurate determination of the incident PAR on the leaf, the proportion of incident 
PAR that is absorbed by the leaf, and the fraction of absorbed PAR that is received by PSII. As it is not 
generally practical to measure the fractional absorptance of light (but see Olascoaga et al., 2016), it is 
often estimated as 0.84 for C3 plants (Björkman & Demmig, 1987). The need for such general 
assumptions suggests it is best to avoid using ETR to draw conclusions between samples. 
Alternatively, ETR can be expressed in relative changes among samples by multiplying ΔF / Fʹm by 
PAR (Maxwell & Johnson, 2000). 

The PAM measuring systems can be used to disentangle the various sources of fluorescence 
quenching as either photochemical or non-photochemical quenching (Roháček & Barták, 1999), 
allowing a more detailed assessment of the processes driving photosynthesis and energy dissipation. 
The first saturating light pulse on a dark-adapted leaf closes all reaction centres (qP = 0) and causes 
fluorescence to rise to the peak value Fm. Next, a continuous actinic light source induces both 
photochemical and non-photochemical quenching, together dictating the level of fluorescence. Once 
both types of quenching reach a steady state, fluorescence will be constant (steady-state 
fluorescence, Fs). Subsequent saturating light pulses will now result in peaks with the maximal 
fluorescence level F’m, lower than the initial FM due to the initiation of non-photochemical quenching. 
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The photochemical quenching (qP) can then be calculated as (F’m – Fs) / (F’m – F’o), with F’o the new 
level of background fluorescence when actinic light is switched off again (van Kooten & Snel, 1990). 
While this parameter appears very similar to ΔF / Fʹm described in 1.2b, qP gives an indication of the 
proportion of PSII reaction centres that are open, in contrast to the proportion of absorbed energy 
being used in photochemistry described by ΔF / Fʹm.  

At the time of the short saturating light pulses, all PSII acceptors will be reduced, again inhibiting all 
photochemical quenching. All remaining quenching compared to the dark-adapted control (Fm) thus 
has to be non-photochemical (Schreiber et al., 1986), allowing the calculation of qN as (Fm – F’m) / (Fm 
– F’o). Throughout the years, many alternative quenching parameters have been proposed, tackling 
several issues with the two listed. For more details see Roháček (2002) and Lazár (2015). 

 

Selection of leaves 

Care must be taken when making comparisons with light-adapted measurements as ΔF / Fʹm can vary 
based on light levels and the light saturation behaviour of plants growing under different field 
conditions (Maxwell & Johnson, 2000). Comparative measurements can be obtained by standardising 
light levels among plants or capturing a range of light conditions on one plant. Commonly, light-
saturated, fully expanded leaves are selected when taking measurements in open environments. In 
shaded environments, light-adapted parameters will quickly change based on sunflecks (Adams et al., 
1999; Maxwell & Johnson, 2000). 
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5.2. Chlorophyll and carotenoid content 

Authors: Mänd P1 

Reviewers: Porcar Castell A2, Linder S3 

 

Measurement unit: mg cm-2, mg g-1; Measurement scale: leaf-level; Equipment costs: €–€€; 
Running costs: €; Installation effort: medium; Maintenance effort: low; Knowledge: medium; 
Measurement mode: manual 

Chlorophylls and carotenoids are plant pigments which absorb light energy for use in photosynthesis. 
There are two main chlorophyll (Chl) pigments in higher plants (Chl a and Chl b) and several hundred 
different carotenoids (Car). However, only six carotenoids are ubiquitous among higher plants 
(Esteban et al., 2015). The pigment content of plants is species-specific and changes with season and 
leaf age (Linder, 1972), but also depends on environmental parameters, mainly light conditions 
(Demmig-Adams & Adams, 1992; Niinemets & Valladares, 2004). Shade plants usually have higher 
chlorophyll concentrations per unit leaf mass and a lower ratio of Car:Chl and Chl a:b (Niinemets et 
al., 1998). Light-harvesting protein complexes in plant photosystems (mainly LHCII) are rich in Chl b, 
in contrast to the core reaction centre complexes of plant photosystems that consist only of Chl a. 
Thus, an increase in antenna (LHC) size will be reflected as a decrease in the Chl a:b ratio. Under low 
light there is no need to invest so much on reaction centres and electron transport chain constituents 
and resources are invested instead in building larger antennae (Eichelmann et al., 2005). The 
chlorophyll content of leaves and ratio of Chl a:b are furthermore known to change as a response to 
climate- and global-change drivers, such as air pollution (Tripathi & Gautam, 2007), drought (Anjum 
et al., 2011), salt stress (Santos, 2004), and iron deficiency (Belkhodja et al., 1998). In addition to light 
harvesting, the carotenoids play an important role in the photoprotection of the photosystems, 
which is why the Car:Chl ratio depends mainly on light conditions (Demmig-Adams, 1990). 

The conversion of a carotenoid violaxanthin to zeaxanthin is the main pathway in the regulation of 
heat dissipation of photosystem II (PSII) energy, when PSII encounters excess energy that exceeds the 
photosynthetic capacity of the photosystem (Young, 1991). In fact, most plants experience excess 
light on a daily basis, although in the case of stressed plants, photosynthetic capacity declines even 
more and excess light needs to be redirected to avoid photodamage (Ort, 2001). Thus, the content of 
photoprotective pigments tends to increase in stressed environments, as has been observed in cases 
of nitrogen starvation (Jalal et al., 2013) or drought (Colom & Vazzana, 2003). Chlorophyll content is 
used also as an indicator of the nitrogen (N) status of leaves while N is needed for chlorophyll 
production (Linder, 1980; Muñoz-Huerta et al., 2013). Pigment content also affects the optical 
properties of leaves including their spectral reflectance (Vogelmann, 1993; Gitelson et al., 2003; 
Atherton et al., 2017). A large number of indices, mostly based on reflectance (see section 5.2.2) 
(Peñuelas et al., 1995; Sims & Gamon, 2002; Gamon et al., 2016) but also on fluorescence ratios (e.g. 
Gitelson et al., 1998), has been developed in order to link changes in plant pigment concentrations to 
optical measurements. The advantage of these indices is that they can be used to track changes in 
leaf pigment concentrations on a non-destructive basis (when applied at the leaf level), or to track 
vegetation greenness and pigment dynamics (when applied at the canopy and landscape scales via 
remote sensing) (Sims & Gamon, 2002; Inoue et al., 2016). As such, the more effective and less-
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laborious remote quantification of the content of pigments could give us an opportunity to detect 
early on severe changes in pigment content, indicating stress in plants and/or whole canopies.  

 

5.2.1 What and how to measure? 

Gold standard 

Extraction of chlorophyll from plant materials requires organic solvents that diffuse through plant 
tissue, increasing the permeability of chloroplast membranes and disrupting the chlorophyll-protein 
complexes (Hosikian et al., 2010). After solubilising the pigments, the pigment content of the extracts 
is quantified by spectrophotometric (Lichtenthaler, 1987; Porra et al., 1989) or high-performance 
liquid chromatography (HPLC) measurements (Wright et al., 1991; Dunn et al., 2004). In general, 
HPLC measurements are more time-consuming, labour-intensive, and costly than spectrometric 
analysis of pigments. But when individual carotenoid concentrations are required, HPLC 
measurements must be done (Dunn et al., 2004). Most often, plant photosynthetic pigments are 
extracted using 80% acetone for chlorophyll and pure acetone for polar carotenoids (Dunn et al., 
2004; Vicas et al., 2010). The buffering of aqueous acetone (80% acetone) at pH 7.8 (e.g. acetone/Tris 
buffer solution, 80:20 vol:vol, pH = 7.8) is recommended to avoid the pheophytin formation by loss of 
the Mg atom in the presence of extracted metabolic acids (Porra, 2002). Most often Tris or sodium 
phosphate buffers have been used (e.g. Porra et al., 1989; Sims & Gamon, 2002). Other solvents, 
such as methanol, ethanol, N,N – dimethylformamide (DMF), DMSO, diethyl-ether, or dimethyl-
sulphoxide can be used as well.  

Extinction coefficients have been provided for a number of different solutes (Lichtenthaler, 1987; 
Wellburn, 1994; Porra, 2002; Vicas et al., 2010) and need to be used when calculating the pigment 
contents. The choice of solvent often depends on the type of plant material (Wellburn, 1994; Dunn et 
al., 2004). In most solutes, the leaf tissue needs to be homogenised first (adding solvent to the 
sample when grinding) and centrifuged or filtered after pigments have been solubilised. For pigment 
calculations, the total volume of solute added to the sample during different stages of grinding and 
washing the mortar from sample-residuals must be collected, recorded, and taken into account 
during the quantification. Some solutes, such as DMF can be used for determining Chl content in 
intact tissues if chlorophyll content is low enough (Inskeep & Bloom, 1985). Many solvents require 
precautionary measures because of their toxicity.  

The incubation time of tissues in solvents for extraction depends on the solvent and on the size of 
the material and also on the species (Minocha et al., 2009). A thumb-rule is that if the leaflet or pellet 
of leaf residuals look greenish after the extraction then not all chlorophylls have been solubilised, if 
the leaf material looks yellowish some carotenoids have not solubilised, and when the leaf material is 
white (or any other colour but not green or yellowish) then the incubation time is long enough. The 
extraction process can be repeated if the plant material still contains pigments, the total volume of 
solute needs to be taken into account. During incubation in solute the intact tissues must be stored 
in dark probes with corks to avoid vaporising of the solvent. 
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Bronze standard 

As traditional measurements of plant pigments are destructive, there is a less laborious and non-
destructive method for estimating leaf Chl content using optical chlorophyll meters, which are 
portable and easy to use (e.g. Netto et al., 2005). In addition, new devices are being developed for 
simultaneous estimation of more than one plant pigment, such as content of Chl, nitrogen, flavonols, 
and anthocyanins of the leaf. The Chl content in most of the chlorophyll meters is estimated by 
measuring the ratio of transmission of near-infrared (NIR) to red wavelengths. It is assumed that 
transmission of red light is affected both by Chl and other cell structures, while transmission of NIR is 
not affected by Chl. However, in order to quantify the readings of an optical chlorophyll meter, a 
correlative dataset of non-destructively gained Chl estimations v. Chl contents from destructive 
measurements is required. This is because at the near-infrared region, leaf thickness, structure, and 
consequent internal light scattering affect the light transmission (Parry et al., 2014). The correlative 
dataset must be done separately for every species. Also one must be aware that optical estimations 
of Chl content appear to be less accurate if Chl content increases (Richardson et al., 2002). As Chl in 
leaves is distributed unevenly, it is recommended that a few optical measurements be made from 
one leaf and take an average for the whole leaf Chl estimation.  

 

Installation, field operation, maintenance, and interpretation of the data 

Leaf samples (e.g. using a cork drill) or whole leaves for pigment content measurements should be 
collected under comparable light conditions (Demmig-Adams & Adams, 1992) and age (Linder, 1972). 
Pigments in leaves are not distributed evenly, so in order to get results that can be readily compared, 
all leaf discs should be taken from same leaf region. Leaves or leaf discs (of known area) must 
preferentially be frozen as soon as possible (e.g. transported in liquid nitrogen) and stored at -80 °C 
in the dark to sustain the plant material until pigment analysis. If leaf samples are collected from very 
moist or wet conditions and/or stored for longer periods or transported in unstable conditions 
before extraction, it is recommended to lyophilise the samples. Such samples can be stored at room 
temperatures for days allowing easy transportation if kept away from moisture (Tausz et al., 2003). 
In the field, it is not always possible to freeze or freeze-dry pigment samples, in which case 
alternative (less recommended) methods for sampling and preserving plant pigments are available 
(Esteban et al., 2009). It is also recommended to collect parallel samples (e.g. nearby leaf) for 
determination of total area and fresh and dry weights. This will enable the quantification of leaf 
pigments on a mass or area basis. The mass of lyophilised samples (for estimation of dry mass) can 
be measured for calculations of pigment concentrations. Pigments should be extracted in dim light. 
Common problems that can be encountered during plant pigment analysis are errors in sample 
collection, preservation, labelling, biomass, and leaf area measurements, as well as incomplete 
extraction, instruments not working correctly, false compound identification, pipetting errors, 
confusion in units, etc. (Fernández-Marín et al., 2015). 

 

Where to start 

Dunn et al. (2004), Esteban et al. (2009), Hosikian et al. (2010), Minocha et al. (2009), Porra (2002) 
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5.2.2 Special cases, emerging issues, and challenges 

Estimating canopy-pigment contents remotely enables the monitoring of plant parameters over 
much larger spatial and temporal scales. Reflectance indices (see Table 5.2.1) and fluorescence 
indices (e.g. Gitelson et al., 1998) have been developed enabling remote estimations of chlorophyll 
and carotenoid contents. For instance, in global carbon budget models, PRI (Table 5.2.1) is used, as 
this index correlates with changes in pigment pools of plant canopies (Gamon et al., 1992; Gitelson et 
al., 2017). Recently, an index tracking Chl:Car ratios and photosynthetic activity of evergreen trees 
was introduced (Gamon et al., 2016). There has even been an attempt to use the reflectance spectra 
of the regions of different tree biochemical constituents that change seasonally (e.g. pigments) to 
classify trees remotely (Kozhoridze et al., 2016). However, one must always be aware of the effect of 
canopy structure and overlapping wavelength regions on reflectance while using remote estimations 
of plant parameters (Mänd et al., 2010). 

 

Table 5.2.1 Vegetation indices for estimations of leaf pigment content (most-cited or recently developed and repeatedly 
cited indices). Table modified and provided with permission from COST Action ES0903. Rx means the reflectance (R) at 
wavelength x. Dx shows the first derivative (D) of reflectance at the respective wavelength x. 

Index Formula Used for Reference 

Simple Ratios (SR) SR=RNIR/RRED Greenness Jordan, 1969 

Chlorophyll Index (CI) CI=(R750-R705)/(R750+R705) Chlorophyll content Gitelson & Merzlyak, 
1994 

Canopy Chlorophyll 
Index (CCI) 

CCI=D720/D700 Canopy chlorophyll 
content 

Sims et al., 2006 

Normalized Difference 
Vegetation Index 
(NDVI) 

NDVI=(RNIR-RRED)/(RNIR+RRED) Greenness Myneni et al., 1997 

Structural Insensitive 
Pigment Index (SIPI) 

SIPI=(R800-R445)/(R800-R680) Carotenoid:Chlorophyll 
ratio 

Peñuelas et al., 1995 

Modified Chlorophyll 
Absorption in 
Reflectance Index 
(MCARI)   

MCARI=[(R700-R670)-0.2(R700-
R550)] (R700/R670) 

Canopy Chlorophyll 
content 

Daughtry et al., 2000 

Transformed 
Chlorophyll 
Absorption in 
Reflectance Index 
(TCARI) 

TCARI=3[(R700-R670)-0.2(R700-
R550) (R700/R670)] 

Canopy Chlorophyll 
content 

Haboudane et al., 
2002 

Photochemical 
Reflectance Index 
(PRI) 

PRI=(R531-R570)/(R531 –R570) Photosynthetic light use 
efficiency and leaf 
pigment contents 

Gamon et al., 1992 
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5.3. Non-structural carbohydrates 

Authors: McDowell NG1, Hoch G2, Landhäusser SM3 

Reviewer: Dickman LT4 

 

Measurement unit: percent dry weight; Measurement scale: grinding unit, spectrophotometer, 
water bath, etc.; Equipment costs: €€€; Running costs: €; Installation effort: medium; Maintenance 
effort: medium; Knowledge need: medium; Measurement mode: manual 

Non-structural carbohydrates (NSCs) provide the energy to sustain growth, reproduction, 
metabolism, and survival in plants (Chapin et al., 1990). NSC concentrations measured and scaled 
appropriately provide insight into carbon allocation, storage, and utilisation patterns (Dietze et al., 
2014; Martinez-Vilalta et al., 2016). NSCs are simple sugars including glucose, fructose, and sucrose, 
as well as oligo- and polysaccharides such as starch. Lipids, while not carbohydrates, are another 
important energy source in some plants (Hoch & Körner, 2003; Hoch et al., 2003). NSC 
concentrations in plants are sensitive to water availability (Würth et al., 2005; Dickman et al., 2015), 
CO2 (Bader et al., 2013; Hartmann et al., 2013; Quirk et al., 2013), soil and air temperature (Hoch & 
Körner, 2012; Karst & Landhäusser, 2014), growth rates (Sulpice et al., 2009; Hummel et al., 2010), 
injury (Landhäusser & Lieffers, 2012; Wiley et al., 2016), regeneration (Landhäusser & Lieffers, 2002; 
Paula & Ojeda, 2009), shade (Marshall, 1986; Weber et al. 2019), nutrients (Linder, 1995), and season 
(Ericsson & Persson, 1980). NSC availability has also been implicated in maintenance and repair of 
xylem hydraulic conductivity (McDowell et al., 2011; O’Brien et al., 2014; Trifiliò et al. 2019). NSC 
measurement and understanding of function has expanded significantly in the last decade to address 
both crop and wildland questions, driven in particular by climate change and other global changes 
and associated pressures on plant growth, yield, and survival. 

 

5.3.1 What and how to measure? 

Measurement principles and challenges 

To measure NSC a plant tissue sample is ground and the sugars and starch molecules extracted, 
refined, and finally quantified by either spectrometry or chromatography. Many methods have been 
used for the collection, preparation, and analysis of NSC samples. Unfortunately, comparison across 
29 international laboratories revealed that this variety of methods results in a wide range of NSC 
concentrations reported for the same samples, presenting a challenge for inter-lab comparisons 
(Quentin et al., 2015). Luckily, most published studies on NSCs include samples processed only at one 
lab, allowing valid within-study comparisons of NSCs (e.g. among experimental treatments). There 
are no accepted reference standards for NSC: particularly not any that are appropriate for plant 
tissues with complex matrices. Because no method has yet been determined to be the most 
accurate, in this chapter we present a “reference” method building on the results of Quentin et al. 
(2015) and Landhäusser et al. (2018) who suggested some approaches to reduce variability across 
laboratories. Rather than re-state all of the methods as presented in Quentin et al. (2015) and 
Landhäusser et al. (2018), we have focused on identifying the sources of variability amongst methods 
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so that scientists may minimise errors and maximise reproducibility of NSC results within and across 
laboratories. 

The main sources of variability in the field are 1) inconsistency in sample collection (e.g. dissimilar 
tissues, organ size (such as roots or twigs of different diameter, and timing of collection), and 2) 
subsequent handling of samples (e.g. field storage, lab preparation). In the laboratory, the main 
sources of variability lie in 1) the precision and execution of basic laboratory procedures (e.g. 
preparation of chemical solutions and dilutions, inconsistencies in pipetting and weighing), 2) the 
failure to use internal standards and calibrations with every analytical run, and 3) calculation errors. 
When starting a new experiment or laboratory studying NSCs, we suggest these are the most critical 
focal areas to develop because they are the major sources of variation that impede reproducibility 
and comparability within and among laboratories. 

 

Sample collection, preparation, and analysis 

Fundamentally, the process of determining NSCs starts with sample collection, proceeds through 
preparation, including grinding of samples into powder, and ends with analysis (Figure 5.3.1). To 
compare NSC among experimental treatments it can be important to collect samples at the same 
time of day, as NSCs can vary over a 24-hour period (Landhäusser, 2011). Likewise, plant organs 
differ substantially in their NSC concentrations depending on the species and its phenological 
condition (e.g. Würth et al., 2005; Landhäusser & Lieffers, 2003; Dickman et al., 2015; Martinez-
Vilalta et al., 2016), thus wise selection, timing, and consistent sampling are essential. For example, if 
NSC pools in plants are compared across different locations, it is imperative to confirm that the 
sampled plants are at the same phenological and developmental stage in all locations. This is 
especially important if plants are sampled across elevational transects (Hoch, 2015). In boreal 
conifers there is a pronounced seasonal variation in foliar starch reserves (e.g. Ericsson & Persson, 
1980; Linder, 1995) which must be considered when estimating concentrations of other foliar 
elements. Finally, it should be taken into account that NSC concentrations can vary significantly even 
for the same tissue type within a single plant individual, for example along a light gradient within a 
tree canopy, or within tree stems from the youngest to the oldest wood fraction. It is therefore 
valuable to consistently sample within the same light environment and age class, or to sample across 
ages and conditions to produce an “average” value. 

Another potentially critical step in sample collection is to ensure that enzymatic activity that can 
metabolise NSCs is halted after sampling so that measured concentrations represent the condition of 
the plant at the time of sampling and are not influenced by sample degradation after collection. This 
can be done by rapidly freezing the sample in dry ice or liquid nitrogen, followed soon after by 
microwaving or freeze drying. Currently it is unknown how long samples can sit between sampling 
and the cessation of enzymatic activity without influencing the results. Maintaining dry samples until 
further processing is therefore essential. 

Grinding of material is typically done with a ball-mill. The critical step in creating powdered samples 
is to grind the material to < 0.15 mm particle size to allow for complete extraction and solubilisation 
of NSCs (Quentin et al., 2015). Dried and powdered samples are stored dry over desiccant and should 
be re-dried immediately before weighing, along with internal laboratory standards and blanks to 
allow for internal calibration and procedural checking. 
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Figure 5.3.1 Careful sample collection, grinding, extraction, and analyses of plant tissue samples are all critical steps to 
quality NSC quantification procedures. Photo: Landhäusser Research Lab/Coral Fermaniuk. 

 

Chemical analysis 

All methods described here first extract the water or ethanol-soluble sugars and then analyse starch 
from the pellet after degradation to glucose-units. The steps following sample preparation include 
extraction of NSCs and separation into soluble sugars (supernatant after centrifugation) and starch 
(contained in the insoluble tissue pellet), followed by spectrophotometric or HPLC measurement of 
the soluble sugars. 

For the quantification of soluble sugars, three general approaches are commonly used: (1) 
colorimetric-photometric (Dubois et al., 1956; Ashwell, 1957; Miller, 1959; Buysse & Merckx, 1993; 
Chow & Landhäusser, 2004); (2) enzymatic-photometric (Wong, 1990; Hoch et al., 2003; Sevanto et 
al., 2014); and (3) chromatographic (Raessler et al., 2010). Approaches (1) and (2) have the 
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advantage of being fast and relatively economical methods, but approach (1) does not distinguish 
between the low molecular weight sugars (i.e. mono- and oligosaccharides are lumped together), 
while approach (2) can quantify individual sugars of interest in an aqueous solution through a series 
of enzyme-catalysed reactions, but is complicated by issues of enzyme specificity and the need to 
adjust enzyme concentrations with each new sample type. Approach (3) has the advantage of 
allowing all low molecular weight sugars to be quantified separately, and chromatographic analyses 
are more sensitive. However, approach (3) requires more time-intensive analyses (i.e. lower sample 
throughput) and is more expensive. The greatest challenge with all three approaches is to 
quantitatively extract all sugars without extracting structural carbon compounds (e.g. hemicellulose). 

a) Sugar extraction 

For the extraction of low molecular weight sugars, one should preferentially use ethanol 
(Landhäusser et al. 2018). Water extraction cannot be recommended as starch gelatinises in water, 
which reduces the amount of starch in the pellet and underestimates starch concentrations. If water 
extraction is necessary, two separate samples must be run: one for soluble sugar analyses and one 
for total NSC analyses (i.e. soluble sugar and starch analysis combined) and then subtract the soluble 
sugar concentration (sample 1) from the total concentration (sample 2) to calculate the starch 
concentration of the sample. 

b) Starch degradation 

To estimate starch in tissue samples, most methods convert the starch polymer to glucose 
hydrolysate, which is subsequently assayed. A crucial issue is the exhaustive degradation of starch in 
plant tissue, since an incomplete hydrolysation of starch will lead to an underestimation of the real 
starch concentration. In contrast, the actual starch concentration will be overestimated if methods 
are used that also degrade glucose from polymers other than starch. Acid hydrolysis using sulphuric 
or hydrochloric acid is considered the simplest and most rapid method to hydrolyse starch and is 
often found in the NSC literature. This approach has been found to be inaccurate as it can digest 
structural components (e.g. cellulose and hemicelluloses, which also contain glucose units) in the 
tissue even at low acid concentrations (Marshall, 1986; Chow & Landhäusser, 2004). Therefore we 
believe that the most reliable method to determine starch concentrations is an enzymatic 
degradation. We suggest using a stepwise degradation with amylase and then amyloglucosidase. It is 
important to apply enzymes in surplus to ensure complete degradation of starch to glucose, and to 
use the enzymes in sequence (amylase first) since amyloglucosidase is not specific to starch and will 
degrade additional malto-oligosaccharides if applied before amylase. It is also essential to maintain 
consistent conditions for enzymatic degradation across samples (e.g. time and temperature). 

c) Calculations 

NSC is calculated as the sum of all measured low molecular sugars determined by the respective 
methods plus starch. With the hydrolysis of starch, each glucose-unit accepts one H2O molecule. 
Hence, when calculating the amount of starch within a sample, the amount of starch-derived glucose 
after degradation has to be corrected by subtracting the mass of this H2O from the molar mass of 
glucose (i.e. 180 g per mol (Glc) – 18 g per mol (H2O) = 162 g per mol). Thus, the measured mass of 
glucose derived from the starch contained in the sample has to be reduced by 10%. More detailed 
descriptions of calculations based on the different quantification methods are provided in 
Landhäusser et al. (2018). 
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d) A note on units 

Commonly, the NSC content of plant tissue is presented as a concentration relative to the total dry 
matter (either as mg g-1 or as % dry matter). It is important to note that these concentrations are not 
only dependent on the numerator (i.e. the amount of NSC), but also on the denominator (i.e. the 
total dry mass), which is largely driven by the amount of cell wall compounds in plant tissue. Hence, 
special attention must be paid in situations where NSC is compared from samples with different cell 
wall fractions (e.g. leaves with different specific leaf area, or wood samples with different wood 
densities). In such cases, it is advisable to report NSC concentrations on a volume basis (mg cm-3; e.g. 
see Hoch, 2008). 

 

Where to start 

Chapin et al. (1990), Landhäusser et al. (2018), Martinez-Vilalta et al. (2016), Quentin et al. (2015) 

 

5.3.2 Special cases, emerging issues, and challenges 

Alternative approaches 

An alternative approach to the wet chemical quantification of NSC in plant tissue might be the use of 
near-infrared spectrometry (NIRS) on bulk plant powder. Previous attempts to quantify NSC in 
different tissue types showed promising results (Decruyenaere et al., 2012; Ramirez et al., 2015; 
Quentin et al., 2016). However, NIRS analyses of NSC require separate calibrations with wet chemical 
methods for each tissue type. Therefore, this method is mainly applicable for investigations of large 
numbers of samples from the same tissue type. 

 

Next steps towards standard procedures for NSC quantification 

Until recently there were no unified standard procedures for sample collection, handling, NSC 
extraction, or starch digestion that could be used by scientists (Smith & Zeeman, 2006). However 
Landhäusser et al. (2018) provide very detailed step-by-step procedures and protocols for the three 
soluble sugar quantification methods and enzymatic starch quantification described earlier, which 
should help reduce inconsistencies in laboratory procedures that have been responsible for the large 
variability and erroneous results. There are currently no universal and international NSC sample 
standards for plant material with precisely known starch and sugar concentrations. To improve 
comparability of NSC among different laboratories, international plant standards for NSC are highly 
desirable. 

 

5.3.3 References 

Theory, significance, and large datasets 

Chapin et al. (1990), Landhäusser et al. (2018), Martinez-Vilalta et al. (2016), McDowell (2011), 
Quentin et al. (2015) 
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More on methods and existing protocols 

Chow & Landhäusser (2004), Dickman et al. (2015), Hoch et al. (2003), Landhäusser et al. (2018), 
Raessler et al. (2010) 
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5.4 Lethal dose (LD50) to quantify stress tolerance exemplified by frost 
tolerance 
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Measurement unit: same as unit of interest, e.g. °C; Measurement scale: for frost tolerance: 
temperature test chamber; Equipment costs: €€€; Running costs: €; Installation effort: medium; 
Maintenance effort: low; Knowledge need: medium; Measurement mode: manual measurement 

Our understanding of plant ecology hinges largely on studies exploring stress responses and 
explaining their specific mechanisms. Generally, stress has a physiological impact, leading to the loss 
of tissue or a severe restriction of physiological processes (Körner, 2012). Stress responses can be 
gradual (eustress) with slight deviations from a reference state, or destructive leading to severe 
damage and the loss of tissue. Stress has a direct physiological impact and is, as such, zonal, i.e. 
typically associated with environmental gradients, for instance elevation (Körner, 2012). Potential 
stress factors include deficiency and excess of light, UV-radiation, heat, cold, frost, or drought. Stress 
should not be confused with disturbance, which refers to a mechanical or physical impact on plants, 
such as wind, burial, grazing, trampling, or soil compaction. In light of climate change and other 
global changes, several stress factors are intensifying, leading to renewed interest in plant stress 
responses (Tylianakis et al., 2008). Stress responses are simply any plant reaction to any stress factor 
and can be measured by a multitude of response parameters and experimental or observational 
methods. 

Generally, studies of stress responses range from the quantification of net effects at ecosystem level 
such as CO2-fluxes under contrasting expression of stress (Ciais et al., 2005) to detailed molecular 
physiological studies (Thomashow, 1999; Munns & Tester, 2008). Most studies focus on destructive 
stress, which can be experimentally investigated. Plant responses to destructive stress include 
“escape” and “resistance”. Escape is a temporal or spatial evasion of the stress, for example shedding 
green leaves in autumn, or keeping meristems belowground to escape freezing stress in winter. 
Resistance is further subdivided into avoidance and tolerance. Avoidance implies that the stress is 
avoided, for example by supercooling water to survive temperatures below 0 °C. To truly be able to 
survive temperate, boreal, and arctic climates, plants need to be able to tolerate freezing 
temperatures, i.e. the water freezes within the plant and the plant survives this freezing. 

 

5.4.1 What and how to measure? 

A widely used concept to quantify stress tolerance is the LD (lethal dose) approach adopted from 
toxicology (Trevan, 1927). The median lethal dose, LD50 (also called LC50 for lethal concentration or 
LCt50 for lethal concentration and time) of a given stress factor is the dose required to kill half the 
members of a tested population after a specified test duration. Here, its use in stress ecology is 
exemplified by referring to frost stress and determination of LT50, the median lethal temperature. 
LD50 for any other stress factor can be assessed accordingly. 
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Four ways of measuring LD50 

Generally, we measure the survival of organisms or organs under controlled environmental 
conditions. The lethal dose is determined by regressing survival or quantitative performance of 
organisms or tissues against a gradient of increasing severity of a given stress factor under laboratory 
conditions. Ideally, the stress gradient should cover the full range from non-stressed to completely 
lethal conditions for the test subject, including a control at both ends. By fitting a model to the 
observed relation between survival and stress, the median lethal dose (LD50) is determined. The 
lethal temperature for 50% of the investigated population (LT50) can be determined for whole 
organisms or for specific plant organs such as flowers, leaves, roots, twigs, or buds. Survival or 
performance of the plants or of the specific organs can be determined by various methods. Here, 
only the measurement after simulating the stress is described. The methods to simulate the stress 
are described below under Installation, field operation, maintenance, interpretation.  

a) Direct measurement of the stress response during induction of the stress. Cell damage can be 
directly quantified by differential thermal analysis (DTA). The exotherm reaction (warming peak 
when water freezes) of intracellular freezing (low temperature exotherm) is measured by miniature 
temperature thermocouples directly inserted into tissues (Räisänen et al., 2006; Pramsohler et al., 
2012). The temperature of intracellular freezing is the lethal temperature of the sample. LT50 values 
can be calculated as the median of replicates. Comparing samples to dead tissue not showing any 
low temperature exotherm reaction upon intracellular freezing and putting the samples into 
aluminium blocks can improve the precision of the method considerably (Räisänen et al., 2006). 
Advantages: This method is the most direct method to measure freezing resistance. It is objective 
and provides a very quick and direct test that can even be applied in the field (Pramsohler et al., 
2012). Disadvantages: DTA is not applicable for all organs and species (Salazar-Gutiérrez et al., 2016). 
Before use, pre-trials are recommended as the low temperature exotherms are not always 
detectable for particular species and tissue types. The technical equipment for this method is 
different from all other methods described here. 

b) Continued monitoring under non-limiting conditions (Sakai, 1966). After freezing stress has been 
induced, whole plants or organs such as twigs with buds are kept under non-stressful conditions (e.g. 
above freezing temperatures) for a prolonged period of time, during which their performance is 
regularly monitored. Since death of whole plants or plant organs is usually hard to determine, testing 
for regrowth or sprouting after induction of the stress is a valuable option. Monitoring times depend 
on the studied organisms or organs. For frost tolerance of tree buds during winter for example, 
monitoring can continue until leaf unfolding, which is the ultimate measure of bud survival. Uninodal 
(Bilavčík et al., 2012) or longer twigs (Sakai, 1966) can be kept for weeks with their bases in water if 
the water is changed regularly, the base is freshly cut on a weekly basis, and the upper cut (for 
uninodal samples) is sealed with wax or paraffin. Advantages of this method are that it is easily 
applicable and death of investigated organs is very obvious. Disadvantages are the long duration 
needed to wait until death is apparent. 

c) Visual inspection of damage immediately after the stress (e.g. Vitasse et al., 2014). For many 
organs and species, damage can be visually quantified immediately after stress exposure. Freezing 
damage becomes apparent by the texture, odour, and discolouration of tissues caused by the 
oxidation of polyphenols and the decompartmentalisation of the protoplast (Sakai & Larcher, 1987). 
The method works well with different plant tissues such as leaves (e.g. Lenz et al., 2013, Vitasse et 
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al., 2014), twigs (Lindén et al., 1996), buds (Lenz et al., 2013), and roots (Kreyling et al., 2012). After 
an initial learning phase, the method is easily applicable to almost any tissue. Comparing the 
investigated sample with the dead and the alive controls allows for a correct assessment of survival. 
Advantages of the method are that different tissues can be assessed differentially at the same time. 
For instance, LT50 values of leaf primordia and phloem and xylem tissue can be assessed in one open 
cut bud. Disadvantages are that in some species and tissues, for instance buds of Tilia platyphyllos, 
visual inspection becomes very hard since changes between alive and dead tissues are very subtle. 
However, after some training the method should be applicable to most tissues of most species. 
Caution should be taken to blind the samples to the stress level used, when visually assessing 
damage. 

d) Indirect measurements of cell damage by electrolyte leakage after the stress (Whitlow et al. 
1992). Electrolyte leakage is a proxy for cell damage. Target tissues are placed in a vial with deionised 
water after stress has been induced. After a certain amount of time, when the leakage of electrolytes 
is complete (to be determined for the samples studied), electrical conductivity of the water is 
measured. Thereafter, samples are killed completely (usually by autoclaving the samples), with the 
aim of destroying all cells. After a second waiting period, electrical conductivity of the water is 
measured again, corresponding to the complete leakage of dead cells. Different methods are 
suggested to further process the data (see Lim et al., 1998). Relative electrolyte leakage is the first 
value after the stress, divided by the second value after killing the sample completely. Injury is 
relative electrolyte leakage standardised by the electrolyte leakage of the alive control. Adjusted 
injury is injury standardised by electrolyte leakage of the dead control. These values (relative 
electrolyte leakage, injury, adjusted injury) are then fit to non-linear models. The inflection point of 
the non-linear function corresponds to the calculated LT50 value. Advantages: objective and 
reasonably quick. Disadvantages: first, electrolyte leakage data give a bulk signal of all immersed 
tissues within the water solution. For instance, when a bud is frozen, the LT50 calculated by 
electrolyte leakage is influenced by the LT50 of leaf primordia and xylem and phloem tissue, with 
every organ having a different contribution. Second, fitting of non-linear functions to data is not 
trivial. The search for optimal starting parameters in the fitting procedure might be hard to 
impossible, which will lead to no data. Further, the non-linear functions are not symmetric. Thus, 
different functions will result in different LT50 values on the same data. In addition, standardising 
data differently (relative electrolyte leakage, injury, adjusted injury) again leads to more variety of 
LT50 values on the same data, decreasing the comparability of the method. Caution should be taken 
to exactly describe the method used, since a large variety is available. 

An alternative method for photosynthetically active organs similar to electrolyte leakage is 
comparing chlorophyll fluorescence after frost to control levels (Clement & van Hasselt, 1996). 

 

Where to start 

Lim et al. (1998), Neuner & Hacker (2012), Sakai (1966), Sutinen et al. (1992), Trevan (1927), Vitasse 
et al. (2014), Whitlow et al. (1992) 

 

Installation, field operation, maintenance, interpretation 
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To study freezing resistance, basically one or several freezers are needed. Commercial systems are 
available for differential thermal analysis, as well as for controlled freezing runs. Some laboratories 
developed their own systems, either for a controlled freezing in parallel in several freezers (Lenz et 
al., 2013), or for in situ freezing in several chambers (Buchner & Neuner, 2009). Here, we describe 
the method for controlled freezing runs in detail, excluding differential thermal analysis. 

The general course of a freezing run consists of collecting samples in situ, bringing them to the lab, 
processing them as fast as possible, putting them into the freezers, running the freezing programme, 
and assessing freezing resistance. Some steps are more critical than others. The effect of transport to 
the lab has not, so far, been investigated. However, temperatures before freezing have a large effect 
on the freezing resistance of a plant (Lenz et al., 2016a). Thus, the temperature used should ideally 
not deviate from ambient temperatures. Most important is the freezing and re-warming ramp, as 
well as the duration of the target stress level. For the freezing ramp, caution should be taken to 
simulate the conditions one would like to study as naturally as possible in the laboratory. For 
instance, if the lethal temperature under clear sky conditions in winter are of interest, when 
temperatures drop below freezing by radiative cooling, slow cooling rates of <5 K h-1 should be 
chosen. Immediate exposure to freezing temperatures can cause artefacts, for example by 
supercooling due to too drastic cooling or warming rates (Siminovitch et al., 1978; Steffen et al., 
1989). If, however, one is interested in the damaging temperature at the border of a cold lake due to 
temperature inversion, much faster cooling and re-warming rates should be applied, maybe even 
several in succession. It is a good idea to check climate records before starting freezing research, 
taking into account that temperatures measured at climate stations deviate from temperatures that 
plants actually experience (Kollas et al., 2014). The target stress level (the target temperature) 
depends strongly on the plant, organ, and season. Some tropical plants already experience cold 
damage at above freezing temperatures (see references in Larcher, 2005), while other fully cold-
hardened plants may survive immersion in liquid nitrogen at -196 °C (Sakai, 1960). Ideally, several 
levels below the LT50 and several levels above the LT50 are applied. Re-warming rates should be 
similar to freezing rates. The temperature programme is ideally set up in a way that all samples reach 
the same temperature while re-warming, so that damage starts to develop in all samples at the same 
time and no bias is introduced in measuring freezing resistance due to time-lags between the 
samples. Best practices involve repeated measures on the same individual (a part of it in every target 
freezing temperature) or a randomisation of samples to freezing temperatures, and blinding of target 
freezing temperatures, so that an unbiased estimate of freezing resistance is possible. See the 
previous section for the various methods to measure freezing resistance. 

Based on these data, LT50 can be directly determined from logistic regression of binary data (dead or 
alive; Lindén et al., 1996; Vitasse et al., 2014) or by non-linear curve fitting of quantitative data such 
as the Richards function (Lim et al. 1998): 

Y" = 100(1 − e()	+	,"))
+.
/  

LT23 = b	 −
	log(1	 −	0.5/)

k
 

with YT the quantitative response variable at temperature T, and b, d, and k being function 
parameters; 

Or the Gompertz function (Lim et al. 1998):  
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Y" = ae	+)<=>?  

LT23 = −
log	(log(2) /	b)

k
 

with the asymptote a, the x-placement parameter b and the slope-parameter k. Note that several 
other functions are in use, for example a symmetric function by Anderson et al. (1988):  

YT = YBCD
EFGH	+	EFIJ
.K	<L(MF=M)  

with Ymin the asymptotic value of the response variable in uninjured tissue, Ymax the asymptotic value 
at maximum low-temperature stress, k the steepness of the response curve, and Tm an estimate of 
LT50). Curve fitting can be carried out using non-linear least squares regression (a robust solution 
includes the nlsLM function in the minpack.lm R package; Elzhov et al. 2016). Note that many 
different equations can be used here, which is a drawback of this method in comparison to simple 
logistic regression of binary data. 

Maintenance of freezing lab: this is dependent on conditions. If an ultra-low temperature lab is 
established (temperatures below −40 °C), costs for establishment and maintenance are much higher 
than for a lab at warmer temperatures, which can be achieved with commercial home freezers and a 
clever computer program. In any case, temperature in the samples should be measured 
independently and used in subsequent calculations of LT50 values. 

Interpretation: survival of plants is a clear binary response, dead or alive. However, the obtained 
lethal temperature (LT50) is a statistical value, which does not imply that all individuals out of the 
studied population will die at this point. In addition, neither the entire organ nor the observed tissue 
may be dead, resulting in a gradual response for dead. How well LT50 values are related to survival of 
plants, which is the ultimate goal, is not known. Nevertheless, LT50 values of excised shoots and those 
measured in situ correlate strongly, although they are not the same (Neuner et al., 1997). 

The usefulness of LT50, or the more general LD50, is the fact that one obtains a single value in units of 
the studied stress factor, which has ecological importance and can (at least within one study) be 
compared among species and organs. It should be noted, however, that this value depends not only 
on the dose, i.e. the minimum temperature, but also on duration of exposure, rate of cooling and 
warming, and the equation used. These facts therefore need to be reported alongside the results, 
but make a comparison among studies applying different protocols problematic. 

 

5.4.2 Special cases, emerging issues, and challenges 

Applying LD50 concepts to other stress factors in ecology beyond low temperature stress will not only 
advance stress ecology but, in the long run, also facilitate process-based projections of shifts in 
species composition with global change. Temporal dynamics in stress tolerance, however, need to be 
taken into account. Frost tolerance, for instance, does not only differ among species and populations, 
but also temporally over the course of the year (Lenz et al., 2013; Kreyling et al., 2015) and the 
phenological stage of a plant (Lenz et al., 2016b). In fact, frost tolerance responds dynamically to 
ambient temperatures within days (Kalberer et al., 2006; Lenz et al., 2016a; Vitra et al. 2017). 
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Concerning other stress factors, similar protocols as for frost tolerance can be applied. Drought 
tolerance, for instance, can be assessed by relative electrolyte leakage of plants or organs kept under 
osmotic stress which is caused experimentally by varying concentrations of polyethylene glycol in 
water solutions (PEG method; Premachandra & Shimada, 1987; Bajji et al., 2002). 

Beyond the commonly reported LD50, other percentiles (e.g. LD10, LD90) can shed additional light on 
variation and range of stress tolerances. 

Finally, it should be emphasised that accurate and correct measurements of the environmental 
variable studied is crucial. For instance, plant tissue temperature determines stress levels with 
regards to frost or heat. These tissue temperatures may deviate considerably from air temperatures. 
Using air temperatures might consequently lead to fairly nonsensical conclusions. 
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5.5 Leaf temperature 
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Measurement unit: K (Kelvin); Measurement scale: leaf or canopy; Equipment costs: €€-€€€; 
Running costs: €-€€€; Installation effort: medium; Maintenance effort: medium; Knowledge need: 
medium; Measurement mode: manual or data logger 

The temperature of plant tissues is determined both by environmental conditions (e.g. De Boeck et 
al., 2016) and by plant thermal traits that determine heat storage and fluxes (e.g. Michaletz et al., 
2015); see protocol 5.6 Leaf thermal traits). As such, leaf temperatures can vary widely between 
environments, but also between plants growing under the same conditions and even within the 
canopy of a single plant (Leuzinger & Körner, 2007). Leaf temperatures directly impact metabolic 
rates and are coupled to the water cycle, thus affecting growth and fluxes of CO2 and H2O (Michaletz, 
2018). Furthermore, leaf temperature is also important regarding interactions between plants and 
ectotherm herbivores (Caillon et al., 2014). Because leaf temperatures can deviate substantially from 
air temperatures (differences of > 30 K have been observed in extreme cases, (cf. Neuner & Buchner, 
2012), it is imperative to measure leaf temperatures to avoid erroneous conclusions that may result 
from use of ambient air temperatures in analyses. This is especially relevant for studies of plant and 
ecosystem responses to projected changes in climate, hydrology, and land use, as well as other 
global-change agents. Changes in microclimate (e.g. air temperature, humidity, wind, soil moisture, 
radiation) together with plant thermal traits (see protocol 5.6 Leaf thermal traits) will determine 
whether leaf temperature variation will be weakened or strengthened relative to ambient levels 
(helping maintain leaves near metabolic optima). Under global change, high variation can lead to 
more frequent deviations from optima and higher incidence of temperature stress, or could also lift 
temperatures closer to the optimum in cold climates (e.g. Marchand et al., 2005). The measurement 
of leaf and canopy temperatures is therefore essential in helping to predict responses of plants to 
environmental change. 

 

5.5.1 What and how to measure? 

Most investigators are interested in measuring the leaf operating temperature, which is the 
temperature at which leaf physiological processes occur. Leaf operating temperatures can be 
determined through direct or indirect methods. Direct methods require either contact with the leaf 
(thermocouples), or are achieved remotely via non-contact thermal sensors (infrared thermometers 
or cameras). In either case, direct methods involve in situ measurement of leaves on intact live 
plants. The main indirect method involves measurement of stable isotopes of oxygen (δ18O) in plant 
tissue. This indirect method requires destructive sampling of plant tissues that are later processed 
and measured in the laboratory. 

Thermocouples consist of a soldered bead connecting two wires that are each composed of a 
different metal alloy. As a result of the thermoelectric effect, the thermocouple bead will produce a 
voltage that is a nonlinear function of temperature. Calibration relationships allow conversion 
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between thermocouple bead temperature and measured voltages. Thermocouples attached to an in 
situ leaf will thus measure the leaf temperature after a period of equilibration (e.g. Hall et al., 2014). 

An infrared thermometer uses radiation theory to estimate skin (surface) temperature. Based on the 
emissivity of the object in question and the measurement of a portion of the emitted radiation, the 
object’s temperature is derived in accordance with the Stefan–Boltzmann law. The thermometer 
usually consists of a filter that permits infrared radiation to pass through and a thermopile detector, 
yielding two voltages from which the object’s surface temperature can be established. These 
detectors average the radiation fluxes over a certain angular field of view, and do not provide point 
measurements of temperature unless placed very close to the object in question. 

Infrared cameras permit imaging and point measurements across a field of view. The images 
produced by such cameras are not of the visible portion of the spectrum (c. 0.4–0.7 µm), but instead 
of the thermal/infrared portion (cameras often capture the 7–14 µm band). The measurement 
principle is comparable to that of infrared thermometers, where a lens made of a material that is 
transparent to infrared radiation (such as germanium) is used to focus radiation on an infrared-
sensitive detector array. A complete image is formed that contains surface temperature information 
at the pixel scale. Pixel values are a nonlinear function of radiation intensity. Various calibration 
relationships (assuming different object and atmospheric properties) can then be employed to 
convert pixel values to temperature (Aubrecht et al., 2016). These calibration relationships are more 
sophisticated than typically used for infrared thermometers. Images are often displayed in pseudo-
colour to highlight temperature differences. Imaging software then allows the selection of regions of 
interest, such as single leaves in an image of a canopy, depending on the available resolution (e.g. 
Jerbi et al., 2015). 

Finally, indirect measurements of leaf temperature can be achieved through the stable isotopes of 
oxygen (δ18O)  of leaf tissue (see protocol 5.13 Stable isotopes of water for inferring plant function). 
These isotopes have different molecular masses, so that evaporation (i.e. phase change from liquid 
to vapour) of water molecules with a different number of neutrons requires different amounts of 
energy. The δ18O of leaf water is thus strongly correlated with the temperature of the leaf (though 
the primary temperature control is on source water, which the method accounts for). As such, δ18O 
has long been used for past climate reconstruction, but the method can also be applied to infer 
photosynthetically-weighted leaf temperatures over a period of time (e.g. the growing season) in 
existing vegetation (Helliker & Richter, 2008). 

In the following, we focus on the advantages and disadvantages of these four methods. 

 

Where to start 

Aubrecht et al. (2016), Chelle (2005), Costa et al. (2013), Jones & Vaughan (2010), Jones et al. (2009)  

 

Installation, field operation, maintenance, interpretation 

a) Thermocouples are widely used for measuring leaf temperature, but to obtain accurate 
measurements there are several points that should be considered. Since thermocouple 
measurements are made in situ on leaves of intact live plants, it is important that the thermocouple 
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does not affect any of the climate variables or thermal properties that control leaf temperature, such 
as solar radiation, leaf angle, or boundary layer development (see protocol 5.6 Leaf thermal traits). 
Care should be taken to avoid touching the leaf, moving the leaf out of its resting position, or shading 
the leaf, as these will influence the temperature of the leaf. Leaf temperature is generally measured 
on the abaxial side (bottom) of the leaf to avoid shading of solar radiation on the top of the leaf. It is 
also important to recognise that temperature measured with a thermocouple represents the 
temperature of the thermocouple bead and not necessarily the temperature of the leaf. Thus, care 
must be taken to ensure that the thermocouple temperature is in equilibrium with that of the leaf. 
This can be achieved using a fine-gauge bare wire thermocouple that will respond rapidly to 
temperature fluctuations (i.e. the thermocouple time constant should be smaller than that of the 
leaf). The thermocouple bead must also be maintained in direct contact with the leaf surface, which 
can be achieved in a number of ways. For short-term measurements, the thermocouple can simply 
be held against the leaf surface, but efforts should be made to prevent heat conduction from one’s 
hand down the thermocouple wires to the thermocouple bead. This can be accomplished by wearing 
an insulated glove or constructing a thermocouple handle from a fine wire or paper clip. Leaf 
thermocouple clamps may also be constructed (Slot et al., 2016), although these should be small and 
lightweight so as to not interfere with the thermal boundary layer or leaf angle. The thermocouple 
may also be threaded into the leaf (Hanson & Sharkey, 2001), although this may cause xylem 
embolisms that can reduce stomatal conductance and transpirational cooling. Finally, thermocouples 
may also be affixed to the leaf surface using porous tape (e.g. 3 M Transpore surgical tape; Slot et al., 
2016) that permits gas exchange and transpirational cooling between the leaf and atmosphere. 
Thermocouples affixed with porous tape were found to agree closely with infrared sensor 
measurements (Slot et al., 2016). 

Thermocouples have some advantages over other temperature measurement methods. For example, 
they measure temperature over a relatively small leaf area, and are thus suitable for measurements 
of individual leaves (including spatial variation within leaves or leaflets). Thermocouples measure leaf 
temperature via conduction from the leaf into the thermocouple bead and are thus immune to the 
view and emissivity issues that adversely affect non-contact sensors that rely on thermal radiation 
(infrared sensors and cameras). For this reason, thermocouples can also be used to measure leaf 
temperatures within the interiors of crowns and canopies, which are difficult if not impossible to 
measure using non-contact methods. Finally, thermocouples are relatively simple devices and are 
therefore durable in outdoor weather conditions. The main disadvantages of thermocouples are that 
they cannot measure average temperatures over large areas and must maintain good contact 
between the thermocouple bead and the leaf. The latter may be especially challenging when the 
application requires long-term measurements in outdoor weather conditions.   

b) Infrared thermometers are a relatively cost-efficient method for remote in situ measurement of 
leaf or canopy temperatures, with the cost per sensor amounting to a fraction (< 5%) of the cost of 
an infrared camera (Martínez et al., 2017). As such, they can be considered the bronze standard in 
(non-contact) thermography. Infrared thermometers give instantaneous temperature values that, 
depending on the view angle of the sensor (usually between 10 and 90 °) and the distance to the 
object, permit the determination of the average temperature of individual leaves or full canopies. 
Aligning a regular camera with the sensor can aid in making sure the correct area or object is 
monitored (Martínez et al., 2017). Measurements can be made by hand, in which case the variability 
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of microenvironmental variables such as wind speed should be taken into account by taking multiple 
measurements spread over time. This is facilitated by the high speed of each measurement, with no 
equilibration required (in contrast to thermocouple readings). Scanning of larger areas can be 
achieved by attaching the sensor to an unmanned aerial vehicle (UAV), although data interpretation 
may be challenging when dealing with open canopies and/or vegetation with low ground cover, as 
well as temporal variation in microenvironmental conditions (cf. Martínez et al., 2017). For 
continuous monitoring, for example in the temperature control of infrared heating arrays (De Boeck 
et al., 2017), sensors can be installed on a support. Usually, measurements are taken perpendicular 
to the surface of interest. When measuring at an angle, the area will be elliptical and thus more 
difficult to control. The main disadvantage of infrared thermometers is that they provide a single 
value of temperature averaged over their entire field of view. This means that measurements are 
generally only possible for leaves situated on the exterior of a crown or canopy, and that a view that 
includes non-leaf bodies such as branches, stems, or the ground can lead to erroneous leaf 
temperature estimates. This can also mask important temperature variation in heterogeneous 
crowns and canopies. 

c) Infrared cameras also perform remote in situ measurement of leaf or canopy temperatures, and 
are the gold standard of (non-contact) thermography. They have developed rapidly over the past 
two decades, helped by modern commercial applications such as home energy auditing. Although 
still expensive, infrared cameras with relatively high resolution (640 × 480 pixels) have seen their 
prices drop by 50% or more during the past ten years. The main advantage of infrared cameras is 
that they capture a lot of information within each image, which allows comparison of different 
objects (e.g. species, phenotypes) under the same ambient conditions. Of course, the radiation 
environment may differ significantly within the same image (Morecroft & Roberts, 1999). For 
example, the mean irradiance (and thus temperature) will be greatest for sun-leaves, while leaves 
deeper within the canopy will be primarily exposed to diffuse radiation scattered by other leaves and 
the soil (Jones et al., 2009). The orientation of the camera relative to the sun directly affects the 
readings, as alignment with the solar angle will yield a larger fraction of sun-lit leaves, and hence a 
higher surface temperature. This is described by the bidirectional reflectance distribution function 
(Liang, 2005). Depending on the research question, the camera can thus be used aligned with the 
solar angle at the time of measurement (taking care not to self-shade), or at a fixed angle (e.g. 45 °). 
If readings are taken at more than one angle, both the mean canopy and leaf temperature 
components can be calculated, as well as the sunlit and shaded leaf temperature components (Jia et 
al., 2003). Another factor to keep in mind regarding the camera angle is that a greater proportion of 
bare soil is captured when the angle is closer to being perpendicular to the soil surface. It is possible 
to use infrared cameras attached to UAVs (Martínez et al., 2017), although altitudinal corrections 
need to be applied to account for atmospheric radiation (Jones & Vaughan, 2010). As a general rule, 
the camera distance from objects in a comparison should be as similar as possible to avoid 
complications due to distance-induced bias (Faye et al., 2016). Because emissivity plays such an 
important role in the derivation of surface temperature, it should ideally be determined for the 
canopy under study (see protocol 5.6 Leaf thermal traits). For very distant vegetation, it is more 
appropriate to use blackbody values (Aubrecht et al., 2016). Infrared cameras can be suspended in 
one place and used to take automated measurements, so that a time series is created. The large 
amount of data thus recorded can be rendered manageable through batch-processing via image 
analysis software, although finer details (e.g. specific leaves in a vegetation) usually require 
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researcher input as plant growth induces changes in their location within the image and/or changes 
in the radiation environment. Finally, calibrated temperatures can be affected by several factors, 
such as relative humidity of the air and sensor temperature, causing spatial or temporal variation 
(discussed in Aubrecht et al., 2016). 

d) δ18O of cellulose can be used to estimate a photosynthetically-weighted leaf temperature over the 
period when the carbon in the cellulose was assimilated (Helliker & Richter, 2008). This is an indirect 
method that requires destructive sampling and laboratory measurement of plant tissues. Leaf water 
δ18O is influenced by source water δ18O and transpiration, both of which vary with climate variables 
(relative humidity and air temperature, VPD; Bögelein et al., 2017; Kahmen et al., 2011). During 
photosynthesis, transpiration will yield a leaf water δ18O that is in part dependent on leaf 
temperature. The leaf water δ18O is then incorporated into the sugars produced by photosynthesis, 
which ultimately become incorporated into the cellulose in plant tissue (Gessler et al., 2014). Thus, 
the δ18O of cellulose reflects the temperature integrated across the plant’s total leaf area and 
through the time period when source carbon was assimilated. Unlike point measurements, δ18O 
estimates provide an integrated measure of variation in leaf biophysics (energy balance and 
biochemistry) because they quantify the “effective temperature” driving rates of leaf-level 
metabolism and physiology. Thus, this method provides a more time-integrated measure of the 
average temperature at which net photosynthesis is most productive – i.e. an average temperature 
of leaf metabolism. Relative to thermocouples and IR sensors, the method is simple and low-cost, 
making δ18O estimates of leaf temperature especially useful for global change studies that span 
macroecological scales of time and space. 

Leaf temperature is estimated by solving a model originally developed for estimating the δ18O of 
plant tissue (Barbour & Farquhar, 2000). This requires data for the cellulosic δ18O of the tissue of 
interest, the δ18O of plant source water, air temperature, and relative humidity. Depending on the 
tissue source (e.g. leaf v. tree-ring cellulose), additional fractionation must be accounted for due to 
exchange of oxygen isotopes among different water and carbohydrate pools (see protocol 5.13 
Stable isotopes of water for inferring plant function). Leaf cellulose may yield more accurate 
estimates of photosynthetically-weighted leaf temperature than wood cellulose, because it has a 
shorter phloem path length over which post-photosynthetic oxygen exchange may occur. The δ18O of 
source water can either be directly measured for the plant-available water, or estimated from 
models for δ18O of precipitation (e.g. Bowen et al., 2017). Air temperature and relative humidity 
should be measured on-site at a fine temporal resolution (at least hourly) so that 24 h and daytime 
averages can be calculated. Ideally, these should be weighted by gross primary production (GPP), but 
if temporal estimates of GPP are unavailable, these can be resolved for 24 h and daytime using 
irradiance or photosynthetically active radiation (PAR) data. 

Different plant tissues can be used to estimate photosynthetically-weighted leaf temperatures 
corresponding to different time periods. Shorter-term estimates may be obtained using leaf cellulose 
(Flanagan & Farquhar, 2014), which will integrate over the time that the leaf formed and the 
cellulose was synthesised. Longer-term estimates can be obtained from annual growth rings from 
branches or increment cores of woody plants. For example, annual growth rings can be homogenised 
to give long-term average leaf temperatures (Helliker & Richter, 2008; Song et al., 2011), while 
individual rings can be analysed in order to characterise inter- or intra-annual variation. 
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Preparation of the plant tissue and measurements of isotopic composition are described in protocol 
5.13 Stable isotopes of water for inferring plant function) 

  

5.5.2 Special cases, emerging issues, and challenges 

In agronomy, there is much interest in using measurements of leaf temperature as a method to 
control precision irrigation as one image can reveal where soil water is deficient and where it is not 
(e.g. Padhi et al., 2012). Irrigation can thus be applied before visual stress is perceivable (Gerhards et 
al., 2016), which helps to avoid production losses. It should be noted that anisohydric species such as 
soybean and wheat are less suitable for such strategies due to the poor correlation between 
stomatal conductance (and therefore leaf temperature) and soil water status (cf. Costa et al., 2013). 
In such cases, leaf water potential is a much better (but less practical) indicator of soil water deficit. 
Apart from being an indicator of drought stress, increased leaf temperature can also be indicative of 
several plant diseases (e.g. the tobacco mosaic virus) before visual symptoms are apparent, as the 
infection changes water use and/or movement (Chaerle et al., 2004; Oerke et al., 2011). 

A concept with various applications in ecology is the thermal time constant τ (s). This is a composite 
leaf trait that quantifies the thermal stability of a leaf, i.e. how rapidly leaf temperature responds to 
temporal variation in microclimate. It can be measured indirectly via leaf thermal traits (see protocol 
5.6 Leaf thermal traits and Michaletz et al., 2015, 2016) or directly through periodic thermal forcing 
of a leaf or via step-changes in temperatures followed by curve-fitting through the ensuing time 
series data (Jones, 2014). Large time constants dampen leaf temperature variation relative to 
ambient and may help maintain leaves near metabolic optima (Michaletz et al., 2015, 2016), while 
small time constants result in stronger atmospheric coupling. The thermal time constant thus plays a 
fundamental role in water relations and net carbon gain of a leaf. It governs temporal variation of 
leaf temperature, which in turn influences instantaneous carbon assimilation rates (Berry & 
Bjorkman, 1980; Yamori et al., 2014) and ultimately time-integrated net carbon gain (Michaletz et al., 
2015, 2016) and ecosystem carbon fluxes.  

Many Earth system models make use of air temperatures, even though air and leaf temperatures 
may strongly differ. If models fail to correctly derive tissue temperatures, this may lead to significant 
error in outputs. For example, while models simulating heat impacts on rice production have 
accounted for heat dissipation through transpiration (van Oort et al., 2014), models widely applied 
for wheat have used simpler approaches such as air temperature thresholds (Alderman et al., 2014; 
Neukam et al., 2016). Moreover, most models are highly sensitive to input temperatures (Bassu et 
al., 2014; Neukam et al., 2016), meaning that more accurate consideration of leaf and canopy 
temperatures is of prime importance in correctly predicting climate-change impacts on plant 
functioning. Direct use of leaf temperatures in addition to air temperatures is likely to improve such 
predictions and can elucidate the exact role of temperature (Levis, 2014; Eyshi Rezaei et al., 2015). 
To that end, model routines need to be systematically evaluated and adapted (Webber et al., 2017) 
as these are currently often based on empirical data relating to air temperatures, while they lack 
information on how these translate into leaf and tissue temperatures (Neukam et al., 2016). More 
widespread monitoring of leaf temperatures, spurred by improvements in measurement technology 
and lowering of prices, will likely help move the focus from air to leaf temperatures in modelling. 
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5.6 Leaf thermal traits 
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Measurement unit: various (see below); Measurement scale: leaf; Equipment costs: €€-€€€; 
Running costs: €-€€€; Installation effort: medium to high; Maintenance effort: -; Knowledge need: 
medium; Measurement mode: manual  

Leaf thermal traits determine the exchanges of energy between leaves and their environment (Gates, 
1980; Campbell & Norman, 1998; Monteith & Unsworth, 2013; Jones, 2014). As such, they are closely 
linked to leaf temperature, water loss, and carbon gain. Thermal properties that influence leaf 
energy fluxes include absorptance, angle, area (projected and total), emissivity, stomatal 
conductance, and width. Others are implicated in energy storage, and include mass, specific heat 
capacity, thickness, and water content (1-LDMC, leaf dry matter content; g g-1). Finally, composite 
leaf properties may influence both fluxes and storage, and include the leaf mass per area (LMA; kg 
m-2) and the thermal time constant. Together these properties interact with microclimate variables 
to determine the energy balance and temperature of the leaf, with implications for physiological 
rates and plant-environment fluxes. 

Each leaf trait plays a role in regulating leaf-environment energy fluxes. Absorptance quantifies the 
fraction of incident radiation that is not reflected or transmitted by the leaf. Angle determines how a 
leaf interchanges radiation with its environment. Area determines the amount of leaf surface that 
contributes to radiation, convection, and latent heat (transpiration) fluxes. Emissivity quantifies the 
leaf’s ability to emit thermal radiation. Stomatal conductance determines the instantaneous rate of 
evaporation of water through stomatal pores, which influences latent heat fluxes. Width partially 
determines the depth of the leaf boundary layer, which in turn influences rates of transpiration and 
convection. Mass, specific heat capacity, thickness, and water content determine how much thermal 
energy a leaf can store. LMA relates the amount of mass that can store thermal energy to the surface 
area over which energy can flow between the leaf and environment. The thermal time constant 
quantifies how rapidly leaf temperature responds to temporal variations in microclimate; small 
thermal time constants correspond to leaves that respond rapidly to changes in environmental 
temperature, while large thermal time constants correspond to leaves that respond slowly to 
changes in environmental temperature. Because each thermal trait helps regulate leaf energetics, 
metabolism, and physiology, they all play critical roles in linking environmental variation to plant 
function. 

Leaf thermal traits are key variables for understanding and predicting the effects of climate and 
global change on vegetation. They vary across environmental gradients, which may reflect 
acclimation and local adaptation that maximise plant performance and ultimately fitness. For 
example, leaf thermal traits can decouple leaf temperature from ambient air temperature, resulting 
in a relative homeostasis that helps maintain leaf temperatures near metabolic optima (Michaletz et 
al., 2015, 2016; Dong et al., 2017). Thermal traits such as leaf angle and absorptance have been 
shown to vary directionally across elevational temperature gradients (Ehleringer, 1988). Variation in 
these and other traits may underlie the relative invariance of carbon gain across environmental 
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gradients that has been observed in many studies (Körner & Diemer, 1987; Diemer & Körner, 1996; 
Enquist et al., 2017; Malhi et al., 2017; Wang et al., 2017; Michaletz, 2018). 

Leaf thermal traits may also minimise temporal variation in leaf temperatures and physiological 
rates. For example, the thermal time constant controls temporal variation in leaf temperature, which 
in turn influences instantaneous and time-integrated leaf carbon gain (Berry & Bjorkman, 1980; 
Yamori et al., 2014; Michaletz et al., 2015, 2016) and, ultimately, ecosystem carbon fluxes. Large time 
constants may dampen leaf temperature variation relative to ambient levels and help maintain 
leaves near metabolic optima (Michaletz et al., 2015, 2016), while small time constants may allow 
stronger atmospheric coupling and dissipation of heat. Leaf thermal traits thus play an important role 
in how ecosystem fluxes of water, gases, and energy vary across climate gradients and respond to 
global change. 

Although the importance of leaf thermal traits in controlling leaf temperatures and physiological 
rates is well established, variation of leaf thermal traits in response to environmental variation has 
been understudied relative to leaf economic traits. Characterising variation in leaf thermal traits 
across climate gradients and in response to climate change, and understanding the implications of 
this variation for leaf energetics and metabolism, is a frontier research area in global change biology. 

 

5.6.1 What and how to measure? 

Leaf thermal traits vary substantially in both time and space. Studies have characterised variation 
through leaf ontogeny and season (Wu et al., 2016, 2017) or within individual plant crowns (Sack et 
al., 2006; Hulshof & Swenson, 2010). Other studies aim to minimise this variation by preferentially 
targeting young, fully-expanded leaves from sunlit areas of the canopy (Pérez-Harguindeguy et al., 
2013). Thus, sampling schemes used to address multiple scales of variation in leaf properties are 
recommended. For example, sampling should generally aim for at least 5 leaves (leaflets) per 
individual, from 5 individuals per species, in order to have robust estimates of the mean (Baraloto et 
al., 2010; Hulshof & Swenson, 2010). Measurements should be paired at the leaf scale when 
estimating composite traits such as LMA, LDMC, or the thermal time constant (Knight & Ackerly, 
2003; Keenan & Niinemets, 2016; Michaletz et al., 2016). We refer readers to Baraloto et al. (2010) 
and Hulshof & Swenson (2010) for further information on leaf trait sampling design. 

Some thermal traits (e.g. angle and stomatal conductance) require in situ measurement on the intact 
live plant, while other thermal traits require destructive sampling and laboratory measurement. 
Thus, traits should be measured in a specific sequence: angle, stomatal conductance, absorptance, 
emissivity, fresh mass, area and width, dry mass, and specific heat capacity. Destructively sampled 
leaves should be stored in plastic zipper bags in a refrigerator or under ice until all measurements 
have been obtained. Measurements can then be used to calculate composite traits such as LMA, 
LDMC, and the thermal time constant. These recommendations are intended to help minimise the 
effects of sampling and measurement protocols on the measured variables (e.g. resulting from xylem 
embolism, evaporation, leaf shrinkage, etc.) 

The angle (rad) of an individual leaf can be measured using a clinometer. The leaf angle is measured 
as the angle between the horizontal plane (ground) and a plane parallel to the leaf blade. Design of 
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leaf angle measurements should consider that angle can vary diurnally or seasonally in response to 
plant water status and leaf turgor.  

Stomatal conductance (mol m-2 s-1) can be measured using a leaf porometer or a gas exchange 
system (see protocol 5.7 Stomatal conductance). Many studies measure the maximum stomatal 
conductance of well-watered plants under in situ light and growth conditions (e.g. mid-morning 
measurements), although stomatal conductance varies widely through time and thus measurement 
strategies will vary depending on the research question. Stomatal conductance is generally measured 
in molar units, but energy balance analyses sometimes require velocity units; velocity units can be 
calculated from molar units as gs,v = gs,m(RT/P), where gs,v (m s-1) is stomatal conductance in velocity 
units, gs,m (mol m-2 s-1) is stomatal conductance in molar units, R (8.3145 Pa m-3 mol-1 K-1) is the gas 
constant, T (K) is air temperature, and P (Pa) is air pressure (Jones, 2014). 

Absorptance (dimensionless) is measured using a spectroradiometer with an integrating sphere 
(Ehleringer, 1981; Shiklomanov et al., 2016). Absorptance should be measured across the total solar 
wavelengths 400–3000 nm, as the full spectrum is relevant for leaf radiation fluxes (Ehleringer, 
2000). Absorptance can alternatively be measured across a smaller range of wavelengths (e.g. 400–
700 nm) and corrected to the 400–3000 nm region using calibration relationships established for the 
region and taxa of interest (Ehleringer, 1981). If an integrating sphere is not available, absorptance 
can be estimated from spectroradiometer reflectance spectra and inversion of the PROSPECT-5B leaf 
radiative transfer model (Shiklomanov et al., 2016; Wu et al., 2018). 

Emissivity (dimensionless) can be measured using a thermocouple and infrared temperature sensor 
with an adjustable emissivity setting. The infrared sensor emissivity is adjusted and taken as the 
value where the temperature estimated from the infrared sensor agrees with that of a fine 
thermocouple affixed to the leaf surface (see protocol 5.5 Leaf temperature; ASTM Standard E1933-
14, 2014). 

Measurement protocols for leaf area (m2), leaf width (m), water-saturated fresh mass (kg), dry mass 
(kg), LDMC (dimensionless), and LMA (kg m-3) are described in Pérez-Harguindeguy et al. (2013) (see 
also protocol 4.16 Functional traits). The specific heat capacity c (J kg-1 K-1) varies with leaf water 
content (1 – LDMC) and can be calculated using the rule of simple mixtures (Michaletz et al., 2015): 

  (1) 

where cw (4180 J kg-1 K-1) is the specific heat capacity of water. The specific heat capacity of leaf dry 
matter cLDM (J kg-1 K-1) can be measured on oven-dried leaf samples using differential scanning 
calorimetry (DSC; ASTM Standard E1269-11, 2011). If a thermogravimetric analyser is unavailable for 
DSC, a value of cLDM = 1500 J kg-1 K-1 can be assumed (Ahn et al., 2009; Zanoelo et al., 2011; Dupont et 
al., 2014). 

The leaf thermal time constant τ (s) can be quantified in two ways. First, it can be quantified via 
measurement of leaf temperature time series data (see protocol 5.5 Leaf temperature). In this 
approach, the time constant can be estimated by imposing periodic thermal forcing or a step change 
in temperature and fitting the resultant time series of leaf temperatures (Leigh et al., 2006; Vogel, 
2009; Jones, 2014). Second, it can be calculated as a composite leaf trait comprising mass, specific 
heat capacity, total area, size, geometry, stomatal conductance, LMA, and LDMC (Michaletz et al., 
2015, 2016): 

( ) w1LDMc LDMC c LDMC c= × + - ×
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  (2) 

where φ (dimensionless) is the ratio of projected to total leaf area, LMA is the leaf mass per area, 
LDMC is the leaf dry matter content, cp,d (J kg-1 K-1) is the specific heat capacity of dry leaf matter, and 
cp,w (J kg-1 K-1) is the specific heat capacity of water. A heat transfer coefficient h (W m-2 K-1) that 
considers convection, radiation, and transpiration can be calculated as: 

 (simpler forms are given in the supplement of Michaletz et al. 2015). 

Here, ρa (kg m-3) is air density, cp,a (J kg-1 K-1) is the specific heat capacity of air at a constant pressure, 
and gh, gr, and gw are conductances to heat, radiation, and water vapour, respectively. These 
conductances vary with properties of the air (velocity, temperature, density) and leaf (type, size, 
stomatal conductance, emissivity) as described in (Michaletz et al., 2015). Finally, the psychrometric 
“constant” γ (Pa K-1) is given by γ = Pcp/0.622λ, where P (Pa) is the air pressure and λ (J kg-1) is the 
latent heat of vaporisation of water. 

Measurement of leaf thermal traits is generally accomplished via manual measurement of in situ or 
destructively sampled leaves. This can occur at a fixed point in time (such as the peak of the growing 
season) or fixed intervals through time (e.g. to characterise temporal variation in thermal traits). For 
cases where the thermal time constant is estimated from temperature time series data, this may be 
accomplished via deployment of leaf thermocouples, infrared thermometers, or infrared cameras as 
described in protocol 5.5 Leaf temperature. 

 

Where to start 

Baraloto et al. (2010), Hulshof & Swenson (2010), Jones (2014), Pérez-Harguindeguy et al. (2013) 

 

5.6.2 Special cases, emerging issues, and challenges 

Efforts are underway to improve the land component of Earth system models (ESMs) by replacing 
plant functional types (which are conventionally prescribed to have fixed values of traits) with more 
realistic, continuous variation in functional traits (Kattge et al., 2011; Scheiter et al., 2013; Fyllas et 
al., 2014; van Bodegom et al., 2014; Wullschleger et al., 2014; Fisher et al., 2015; Sakschewski et al., 
2015; Christoffersen et al., 2016). Temperature is a key driver of rates of plant metabolism, but ESMs 
may not accurately estimate the operating temperatures of plants because even though they include 
surface energy balance calculations, they generally do not accurately represent the spatial and 
temporal variation of leaf thermal traits (Dong et al., 2017). In offline dynamic global vegetation 
models (DGVMs) leaf temperature is normally assumed to equal ambient air temperature; but in 
reality leaf temperatures can differ from ambient air temperature (commonly by 3 to 6 ˚C and 
sometimes by up to 29 ˚C (Michaletz et al., 2016), suggesting that this approximation is 
unsatisfactory. 

 

5.6.3 References 
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Theory, significance, and large datasets 

BIEN: The Botanical Information and Ecology Network (http://bien.nceas.ucsb.edu/bien/); Jones 
(2014), Kattge et al. (2011), Michaletz et al. (2016) 

 

More on methods and existing protocols 

Campbell & Norman (1998), Ehleringer (1981), Gates (1980), Monteith & Unsworth (2013), Pérez-
Harguindeguy et al. (2013) 
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5.7 Stomatal conductance 

Authors: Zinnert J1, Estiarte M2,3, Johnson DM4 

Reviewer: Dickman LT5 

 

Measurement unit: Mol H2O m-2 s-1; Measurement scale: leaf; Equipment costs: €€–€€€; Running 
costs: €; Installation effort: low; Maintenance effort: low; Knowledge need: medium; 
Measurement mode: manual or data logger 

Stomatal conductance is a calculation of the influence of stomatal opening on rate of diffusion of CO2 
entering or water vapour exiting through the stomata of a leaf. Stomata are an important regulatory 
point for water movement through the soil–plant–air-continuum (van den Honert, 1948) through 
varying the diffusion resistance. The conductance of water vapour (i.e. inverse of the diffusion 
resistance) expresses the regulatory control exerted by stomata through the degree of stomatal 
opening (Pearcy et al., 1989). Environmental signals such as incident light intensity, CO2 
concentration, water availability, vapour pressure deficit (VPD), and leaf temperature affect stomatal 
aperture (Farquhar et al., 1980). Under favourable conditions of low evaporative demand and high 
light, maximum stomatal conductance determines the upper limit of CO2 assimilation in a leaf. The 
ability of a plant to regulate stomatal opening in response to environmental conditions enables it to 
modulate the rate of transpiration while maintaining carbon uptake (Cowan 1977, Farquhar et al. 
1980). Stomatal closure is considered to be the earliest response to drought (Flexas & Medrano, 
2002) and other environmental stressors, and is a limitation to photosynthesis. However, 
dependence of leaf temperature on stomatal conductance occurs through leaf transpiration. Plants 
must balance lowering stomatal conductance to conserve water with preventing extreme leaf 
temperatures which affect metabolic rates and physiological processes (De Boeck et al., 2016). As 
such, stomatal conductance is an important parameter especially in climate-change studies and in 
process-based models that can be used to predict species responses to climate change (Sperry & 
Love, 2015; Tai et al., 2018). Stomatal conductance influences both photosynthesis and transpiration, 
exerting major control on carbon and water cycling, and energy exchange from leaf to landscape 
level as well as between the Earth’s surface and atmosphere. Because stomata control the rate of 
water loss in vegetated areas, they affect atmospheric moisture levels and surface temperature. 
Stomatal conductance is a clearly defined variable that is easily measured for model 
parameterisation and has substantial biological relevance (Buckley & Mott, 2013). Maximum 
stomatal conductance is also a function of stomatal density and size (Drake et al., 2013), which vary 
due to genetic factors or environmental conditions during growth (Bertolino et al., 2019). Stomatal 
density measurements may, thus, complement conductance measurements to compare species and 
when treatments can affect leaf development. 

 

5.7.1 What and how to measure? 

Diffusion porometers and infrared gas analysers (IRGAs) are the most widely used instruments for 
quantitatively measuring stomatal conductance and can be used either in the field or laboratory (Bell 
& Squire, 1981; Kirkham, 2005). These measure the diffusion of water vapour from inside the leaf 
through the stomata. 
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Gold standard 

Recent IRGAs measure the difference in water vapour concentration between a reference IRGA and 
sample IRGA as air flows through a chamber that is clamped to the leaf surface. Leaf temperature is 
measured with a thermocouple held in the bottom of the chamber, minimising error in temperature 
measurements. To calculate stomatal conductance, transpiration and total conductance are used. 
Transpiration is a function of the air flow rate, reference and sample water vapour, and leaf area. The 
total conductance to water vapour includes both stomatal conductance and the boundary layer. The 
boundary layer is negligible due to air flow through the chamber, thus caution should be used when 
reporting transpiration, especially in species with large leaves (Meinzer et al., 1995). Total 
conductance is a function of transpiration and water vapour concentration within the leaf. 
Temperature is used to estimate the water vapour concentration within the leaf. Stomatal 
conductance is calculated from total conductance by removing the contribution of the boundary 
layer. The boundary layer conductance depends on whether the leaf has stomata on one or both 
sides, thus it is important to accurately input the stomatal ratio (i.e. fraction of stomata on one side 
of the leaf to the other) before taking measurements (see below Installation, field operation, 
maintenance and interpretation). 

 

Bronze standard 

Steady-state porometers are typically less expensive and even more lightweight and portable than 
most IRGAs. They measure the water vapour flux and gradient near a leaf. A chamber is clamped to 
the leaf surface and the vapour pressure at two different fixed locations in the diffusion path is 
measured. Leaf temperature is measured with infrared thermometers or a thermocouple held in the 
bottom of the leaf chamber. Stomatal conductance is calculated from the vapour pressure 
measurements, the known conductance of the diffusion path, and temperature. Steady-state 
diffusion porometers are calibrated directly against relative humidity. However, any error in the 
humidity sensor will result in stomatal conductance calculation errors. At relative humidity of 50%, 
these errors are low, but rise dramatically above 80% relative humidity (Pearcy et al., 1989). 

 

Installation, field operation, maintenance, interpretation 

Instructions are provided for taking measurements with an IRGA. Set-up and calibration may differ 
based on the instrument used and should follow the manual. These instructions assume the IRGA has 
been properly calibrated. Once the system is ready, the basic procedure for taking measurements is 
simple. Set the desired environmental conditions within the chamber. Depending on the question, 
these may follow ambient conditions or may have pre-determined values. Flow rate is typically fixed 
to 500 umol s-1 but may be adjusted if desired. Light level may be modified if using an LED source 
attached to the chamber (ambient is a good value to start with as it will not be an abrupt change for 
the leaf). If an LED source is not used, orientate the chamber so that shading of the leaf by the 
chamber walls does not occur. In direct sun, the leaf fan can be used to control the temperature. 
Humidity and CO2 interact with the sample cell CO2. Due to the relationship between stomatal 
conductance and CO2 assimilation, having stable values of H20 and CO2 are important in obtaining 
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reliable measurements. The desiccant setting controls the humidity within the chamber from 
ambient down to zero. Drierite (drying agent) is used as the desiccant and should be adjusted 
according to required conditions. Humidity within the chamber is a balance between water vapour 
coming from the leaf and air flow rate. Desiccant set to zero will result in a large vapour pressure 
deficit at the leaf surface and may affect stomatal conductance. Controlling CO2 with a CO2 mixer 
provides more accurate and easily obtained measurements. CO2 is typically adjusted to ambient 
levels and soda lime is used to scrub ambient CO2. The soda lime-scrub setting controls reference CO2 
from ambient down to zero and can be adjusted accordingly if not using a CO2 mixer. Insert the leaf 
into the chamber and close it. Check the latch to ensure a good seal. Check to ensure that the proper 
leaf area has been set based on the area exposed inside the chamber. On some IRGAs you may be 
able to adjust stomatal ratio (i.e. estimate of the ratio of stomata on one side of the leaf to the 
other). Use 1 if stomatal density on the top and bottom are equal, use 0 if stomata are only present 
on one side, and use 0.5 if you are not sure. Because the calculation of stomatal conductance 
includes stomatal ratio, incorrect values will yield measurement errors. Observe the CO2 and H2O 
concentrations for the reference and the sample and ensure that they have stabilised. CO2 
concentrations of the sample should stabilise within 30 seconds of clamping onto the leaf and should 
be lower than the reference CO2 under conditions where photosynthesis exceeds respiration. Record 
the value for stomatal conductance and depending on your experiment, proceed to the next leaf.  

 

Where to start 

Bell & Squire (1981), Drake et al. (2013), Flexas & Medrano (2002), Kirkham (2005), Pearcy et al. 
(1989) 

 

5.7.2 Special cases, emerging issues, and challenges 

Timing 

Stomatal conductance is highly dynamic on a diurnal basis as well as throughout the growing season 
requiring frequent measurements in time and space to thoroughly assess conductance relative to 
temporal shifts in environmental parameters. Minimum steady-state stomatal conductance (gmin) 
occurs in the morning prior to light exposure (Drake et al., 2013). Maximum stomatal opening 
generally occurs in the early portion of the day, so measurements comparing stomatal conductance 
of different species or under different treatment conditions are typically taken mid to late morning 
(~8:00 to 10:00 a.m. depending on species and site). Timing may differ based on site location and 
environmental conditions such as temperature, vapour pressure, soil water availability, and so on. 

 

Selection of leaves 

Measurements are most commonly made on fully exposed sun leaves of whole plants. Because 
stomatal development depends on leaf age, care should be taken to standardise measurements 
across species and treatments, typically on mature leaves. With diffusion and steady-state 
porometers, ambient light conditions should also be standardised, preferably using light-saturated 
canopy leaves. Measurements with IRGAs allow for adjustment of PAR, and are commonly set with 
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either ambient PAR values or saturating PAR (≥ 1500 µmol m-2 s-1 for most species) depending on the 
question of interest. With porometers that do not enclose the whole leaf, measurements are most 
commonly taken from the abaxial leaf surface where stomatal density is highest (Meidner & 
Mansfield, 1968), but stomata may occur on both sides of the leaf, depending on species (Smith et 
al., 1997) and this should be taken into consideration when taking measurements. It is not 
recommended to detach leaves for stomatal conductance measurements on angiosperms as this can 
cause stomata to close; however, conifers can be detached and measured within 20 mins.  In the lab, 
it is ideal to take stomatal conductance measurements under saturating light conditions. 

 

Measurement conditions 

The boundary layer is a thin layer of still air around all surfaces. The thickness of the boundary layer 
above and below the leaf surface affects diffusion of gas and water vapour through the stomata and 
is determined by surface roughness, leaf characteristic dimension (i.e. leaf thickness in the direction 
of the wind), and wind speed. A leaf with high pubescence is rougher than one with a smooth waxy 
cuticle and will have a thicker boundary layer. Increased wind speed results in a thinner boundary 
layer. Most instruments for calculating stomatal conductance pass air through the chamber, thus 
removing any resistance from the boundary layer. Measurements should not be taken on windy days 
when the boundary air layer is thinner as evaporative demand is higher, potentially reducing 
stomatal conductance. Likewise, since the calculation for stomatal conductance uses a water vapour 
gradient, measurements should not be taken on wet leaves. Instead, wet leaves should be gently 
blotted with tissue paper to remove any surface moisture prior to measurement. 

Stomatal response curves are becoming more common in the literature, particularly the response of 
stomata to increasing VPD (Woodruff et al., 2010; Ocheltree et al., 2014). This requires an instrument 
that allows for precise control over VPD in the sample chamber (e.g. LI-COR LI-6800, PP Systems 
CIRAS-3). 

Stomata play a critical role in controlling both water loss and CO2 uptake, thus modelling stomatal 
conductance under various environmental conditions is of interest in many disciplines. Damour et al. 
(2010), Buckley & Mott (2013), and Buckley (2017) review in depth many of the available stomatal 
conductance models. Models of stomatal conductance occur at multiple spatial levels, from 
subcellular to Earth system processes. Empirical models were the first developed and were used to 
account for stomatal responses to light intensity, VPD, air temperature, CO2 concentration, and leaf 
water potential (e.g. Jarvis, 1976; more models reviewed in Damour et al., 2010). Numerous models 
have been developed based on the relationship between stomatal conductance (gs) and net 
photosynthetic rate (Anet). The empirical Ball-Berry stomatal conductance model (Ball et al., 1987) is 
one of the most commonly used models and is often used in land surface climate models to simulate 
regulation of evapotranspiration (Bonan et al., 2014). Empirical models are often simpler and used in 
larger canopy or global level processes (Buckley & Mott, 2013). With a better understanding of plant 
physiology, mechanistic or process-based models have been proposed. Mechanistic models tend to 
be mathematically complex and are often used in investigating cellular and subcellular processes in 
environmental sensing (Buckley & Mott, 2013). Mechanistic models include stomatal response to 
abscisic acid (ABA; e.g. Davies & Zhang, 1991; Tardieu & Simonneau, 1998), transpiration that 
includes hydraulic architecture (e.g. Tyree & Sperry, 1988), and predictions of photosynthesis under 
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fluctuating conditions (reviewed in Buckley & Mott, 2013). Currently, most stomatal conductance 
models are adapted for well-watered conditions and do not sufficiently account for multiple 
environmental influences, especially drought conditions (Damour et al., 2010; Bonan et al., 2014). 

 

Stomatal density 

Stomatal density refers to the number of stomata per area of leaf and is related to stomatal 
conductance and thus the CO2 and water fluxes through plants. Stomatal density can provide 
additional information as to differences in conductance among plants. Stomatal density can be made 
through impressions of adaxial and/or abaxial epidermis of a leaf using cyanoacrylate adhesive 
(Wilson, Pusey and Otto, 1981). A microscope slide is immediately pressed against the glue and held 
firmly for 90 sec. The slide is then gently peeled away from the skin. With this technique, a sheet of 
the outermost two to three layers of cells adheres to the slide. Clear nailpolish can also be used by 
painting onto the leaf surface and peeling away after it has dried. Features of the epidermis, 
including individual cells, stomata and trichomes are visible at most magnifications with these 
methods. Impressions can be examined with a light microscope. Stomata are counted in a known 
field of view to calculate stomatal density.  Epidermal cells can also be calcualted and used with 
stomata to calculate a stomatal index as [s/(e+s)] x 100, where s is number of stomata and e is 
number of epidermal cells (Salisbury, 1928).  
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5.8 Psychrometry for water potential measurements 
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Measurement unit: MPa; Measurement scale: single leaf or stem segment, soil sample; Equipment 
costs: €€; Running costs: €; Installation effort: medium; Maintenance effort: medium; Knowledge 
need: medium; Measurement mode: data logger 

Water potential, at its most basic, is a measure of the chemical potential of water within a system as 
compared to that of pure water (assumed to be 0 MPa at ~ 25 °C) (Tyree & Zimmermann, 2002; 
Lambers et al., 2008). Plant water potential (Yw) has four components: osmotic (Yp), matric (Ym), 
hydrostatic pressure (Yp), and gravitational (Yg) potential (Campbell & Norman, 1998). Matric 
potential is typically the major component of soil water potential, but it is often ignored in relation to 
plant material. Likewise, the gravitational component (0.01 MPa m-1) is only significant in very tall 
plant species. Thus, overall plant water potential is generally considered to be Yw = Yp + Yp (Tyree & 
Zimmermann, 2002; Lambers et al., 2008). Water movement along the soil–plant–atmosphere 
continuum occurs from compartments of higher to lower Yw (less negative to more negative). In 
living plant tissues, Yp is the turgor pressure, whereas in the xylem conduits Yp is usually negligible 
and Yp is zero or negative. The ability to accurately measure plant tissue-specific Yw in conjunction 
with other plant physiological properties such as gas exchange or hydraulic conductivity, allows for 
the evaluation of species’ capacities to function across different ecotones, extreme climate events, 
and even permits predictions of drought tolerance. Measurements of water potential can prove 
useful whenever the cycling of water is affected. This is the case in most climate-change studies, but 
also in studies into effects of other global changes that could alter the water balance, including 
biodiversity loss or eutrophication. 

 

5.8.1 What and how to measure? 

The Scholander-style pressure chamber (PMS Instrument Company) or “pressure bomb” is a standard 
water potential measurement tool used extensively in plant research (Scholander et al., 1965). 
However, this approach is limited by the type and size of the plant sample. Water potential 
measurements on blocks or sections of wood, small tissue samples, or non-woody tissues (i.e. 
individual small leaves) require an alternative methodology. Thermocouple psychrometry provides a 
reliable alternative to the pressure bomb. 

For thermocouple psychrometry-based water potential measurements of plant tissue, a sample is 
typically encased in a sealable chamber containing a sample and a reference thermocouple junction. 
The most common type of thermocouple psychrometer relies on the Peltier effect, whereby an 
electrical current is briefly passed through the sample thermocouple junction, cooling it below the 
dew-point temperature of the air in the chamber, causing condensation on the junction (Spanner, 
1951). Evaporation of the condensed water upon cessation of cooling creates a temperature 
depression of the sample junction in comparison to the dry reference junction. This temperature 
depression and the resulting voltage output (μV) are primarily dependent on the relative humidity 
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inside the chamber. The voltage output can be converted to water potential (MPa) based on the 
known relationship between vapour pressure (i.e. relative humidity) and water potential in a closed 
system at a stable temperature. Thus, the water potential of the plant or soil sample is inferred from 
vapour pressure that is at equilibrium with the sample (Boyer, 1995; Andraski & Scanlon, 2002). 
Psychrometer chambers are typically connected to a datalogger programmed to provide a specific 
magnitude and duration of cooling current and to record subsequent microvolt outputs after cooling. 
A stable thermal environment during psychrometric measurements is crucial because of the 
exceptionally small temperature differentials and output voltages generated during measurements. 
Psychrometers have been used for decades to monitor plant and soil water status and the theory 
behind their operation is discussed extensively in the literature (e.g. Brown & Haveren, 1972; Brown 
& Bartos, 1982; Boyer, 1995; Marigo & Peltier, 1996; Andraski & Scanlon, 2002; Nobel 2009; Kirkham, 
2014). 

Prior to use, each thermocouple psychrometer is calibrated against a known set of salt solutions (see 
below 5.8.2 Special cases, emerging issues, and challenges). The thermocouple psychrometers, such 
as those provided by JRD Merrill Specialty Equipment, are enclosed along with a plant or soil sample, 
in a stainless-steel chamber (e.g. part 81-500) and then placed into an isothermal environment for 
equilibration. During equilibration, the datalogger, programmed to convert μV to MPa, takes 
subsequent measurements at regular intervals (30 minutes to one hour) until the vapour pressure in 
the chamber equilibrates to the enclosed plant sample. Equilibration can be somewhat arbitrary, but 
can often take four or more hours and can generally be assumed when two to three subsequent 
measurements indicate unchanging MPa. The psychrometer-specific calibration factor (see below) is 
then applied to the datalogger output by the user for a final water potential. Depending on the 
datalogger manufacturer (see below), calculation of the output water potential from the raw data 
may be customisable or proprietary. Discussions regarding interpretation can be found in Brown & 
Bartos (1982) and Andraski & Scanlon (2002). 

 

Where to start 

Amado & Blanco (2004), Andraski & Scanlon (2002), Brown & Bartos (1982), Brown & Haveren 
(1972), Bulut & Leong (2008) 

 

5.8.2 Special cases, emerging issues, and challenges 

System variants 

Currently, Campbell Scientific CR6 and CR7 (legacy) dataloggers are commonly used instruments for 
use with the barrel-style, screen-caged, or end-screen style Peltier psychrometers. The CR6 
combined with a multiplexer can support up to 32 individual sensors. The program used with the CR6 
is highly modifiable to suit individual needs and the conversion from microvolt (μV) output to water 
potential (Yw), based on Brown & Bartos (1982), is included in the programming. An alternative 
system, the PsyPro, provides a more user-friendly interface, but is limited in the number of 
simultaneous measurements (8 sensors) and is not as customisable (see Bulut & Leong 2008, for a 
more thorough discussion of the pros and cons of the PsyPro and the CR7). Additionally, the PsyPro’s 
conversion from μV to Yw is proprietary. Regardless of datalogger used, sensors need to be 
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calibrated by the user due to minute differences during thermocouple construction, differences 
between manufacturers, and sensor drift. Brown & Bartos (1982) and Reece (1996) suggest that 
sensors can be calibrated in batches, where one calibration factor is applied to a subset of all 
psychrometers. In this configuration, thermocouple psychrometer sensors can be purchased with 
either a Viking-style connector for easy plug and play connections to dataloggers such as the PsyPro, 
or without connectors (four-wired) for wiring into Campbell Scientific-style dataloggers. If the 
psychrometers need to be used with both styles of systems, pigtails can be purchased with the 
Viking-style connector on one end and 4-wires on the other end, allowing psychrometers purchased 
with Viking connectors to be used in Campbell Scientific dataloggers. 

In situ psychrometric measurements are also possible. For example, ICT International manufactures 
stem and leaf specific psychrometers and associated dataloggers are designed for application on live 
(unexcised) plant tissue in field conditions. Additionally, psychrometry can be used for long-term soil 
monitoring (Andraski & Scanlon, 2002). For soil monitoring, caged-screen or ceramic-bulb sensors are 
typically inserted directly into the soil rather than enclosing a disturbed soil sample with the 
thermocouple in a chamber as previously described. 

 

Calibration 

Prior to use, psychrometers, regardless of type or manufacturer, must be calibrated for maximum 
accuracy. Calibration for the psychrometers is typically performed with a range of known 
concentrations of salt solutions (KCl or NaCl) with known osmotic potentials (Yp) at a given 
temperature, though care must be taken when mixing solutions regarding molality or osmolality 
(Tyree & Zimmermann, 2002; Nobel, 2009). While there is no specific recommended number of 
solutions used or the frequency of calibration, 4–6 solutions are commonly used (Brown & Bartos, 
1982; Andraski & Scanlon 2002; Bulut & Leong, 2008). More variability in output has been shown for 
more negative water potentials and decreased resolution has been illustrated at very high water 
potentials (near zero), so solutions can be tailored to the expected range of use: a reliable range of 
psychrometric readings is generally considered to be -0.3 to -7.0 or -8.0 MPa (Andraski & Scanlon 
2002; Scanlon et al., 2002; Bulut & Leong 2008). Water potential equivalents for KCl and NaCl can be 
found throughout the literature including Lang (1967), Brown & Bartos (1982), Bulut & Leong (2008). 
Water potential can also be calculated based on van’t Hoff’s equation and empirical measurements 
of the activity coefficients of the respective solution (e.g. Amado & Blanco, 2004). Results of the 
calibration solutions can be plotted as estimated Yw (based on published values per salt solution) as 
a function of either μV or measured Yw, although using μV can be confusing and is best used for 
troubleshooting purposes only. The resulting linear regression is the psychrometer-specific 
calibration factor (see Andraski & Scanlon, 2002 for discussion). 

The general procedure for calibration is to place a disc of filter paper inside the psychrometer 
chamber lid or a strip of filter paper around the internal chamber and saturate the disc with a 
constant volume of salt solution. The psychrometer is then sealed, double bagged in large “ziploc” 
style 3.75 or 7.5 L bags and placed into a water bath. The sensors are then allowed to equilibrate, 
where the water potential of the vapour in the chamber equals the water potential (osmotic 
potential) of the salt solution – generally 30 minutes to 4–6 h is required depending on the 
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concentration of the salt solution and the chamber size. Equilibration is assumed with at least three 
subsequent consistent measurements. 

Psychrometry chambers require regular calibration at a set temperature, and whatever temperature 
is used for calibration must also be used for sample measurements. The temperature of the water 
bath is up to the end user, but some practical considerations are advised. For instance, if the water 
bath is 21 °C, then the temperature control will need to be wired for both heating and cooling. 
However, if 25 °C is selected, then only the immersion heater will likely be necessary if operated 
indoors. Additionally, Brown & Bartos (1982) found that 25 °C provided the lowest variability (as 
compared to 15 and 35 °C) and many of the above references published water potential equivalents 
of the calibration solutions at 25 °C. 

 

Environments 

While, traditionally, calibration occurs in a temperature-controlled water bath (Brown & Bartos, 
1982), an adequate thermal environment can be created in myriad ways. An insulated, non-
temperature controlled water bath in a lab environment with relatively stable temperatures provides 
an adequate psychrometer environment (Andraski & Scanlon, 2002). Lacking ideal thermally-
controlled lab settings, an isothermal environment can be created with a modified cooler or high-
density Styrofoam with heating and/or cooling and circulation capabilities (e.g. see description in ICT 
International’s Stem Psychrometer Manual, Ch. 16, http://www.ictinternational.com/support/ 
product-manuals/). Isothermal conditions cannot be achieved for aboveground and shallow soil in 
situ sensors, but rapid temperature fluctuations can be minimised by insulating foam and reflective 
covering for aboveground sensors, and orientation of sensors in shallow soils may minimise 
temperature gradients (Andraski & Scanlon, 2002). Rawlins & Dalton (1967) have illustrated that 
major impacts of temperature fluctuations in soil can be largely eliminated. 

 

Comparing psychrometry results to pressure bomb results 

Caution should be exercised in comparing measurements of plant water potential made with 
psychrometers and the pressure chamber. Although measurements made with the two techniques 
are often in good agreement, notable discrepancies can occur under certain conditions (e.g. Boyer, 
1967; Turner et al., 1984). The presence of native apoplastic solutes is undetectable in pressure 
chamber measurements, but the influence of these solutes on tissue water potential would be 
detected in psychrometric measurements. Other sources of discrepancies between the two 
techniques include an increase in sample turgor, and therefore water potential in the psychrometer 
chamber resulting from cellular uptake of solutes released from damaged cells, and production of 
respiratory water during equilibration of tissue in the psychrometer chamber. 

 

Challenges 

Contaminants, including skin oils and residue from evaporated liquids can render measurements 
unusable. When changing salt solutions or plant samples, all surfaces within the chamber must be 
cleaned thoroughly to remove contaminates such as particles, plant residues (i.e. sap), and 
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evaporative residues. Additionally, the thermocouple junctions need to be cleaned regularly 
according to manufacturer’s specifications and subsequently recalibrated. In practice, accurate 
sensor calibrations and a stable temperature environment are key to accurate psychrometric 
measurements because the sensor outputs can be highly influenced by temperature gradients. 

 

5.8.3 References 

Theory, significance, and large datasets 

Campbell & Gardner (1971), Kirkham (2014), Nobel (2009), Scanlon et al. (2002), Spanner (1951) 

 

More on methods and existing protocols 

Lang (1967), Lüttge & Nobel (1984), Marigo & Peltier (1996), Schaefer et al. (1986), Touchette (2006) 
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5.9 Pressure-volume curve – TLP, ε, Ψo 

Authors: Zinnert J1, Wood LK1, Johnson DM2, Estiarte3,4 

Reviewer: Dickman LT5 

 

Measurement unit: MPa; Measurement scale: leaf or stem; Equipment costs: €€; Running costs: €; 
Installation effort: medium; Maintenance effort: low; Knowledge need: medium; Measurement 
mode: manual 

Plant water relations are important in the maintenance of turgor and control the hydration of cells 
for proper physiological functioning, especially during periods of drought. As plants lose turgor, there 
is a decline in critical physiological functions such as cell expansion and photosynthesis. Water 
potential is an indicator of plant water status and is made up of both osmotic and turgor potential. 
Pressure volume curves describe the relationship between bulk water potential (Ψw, movement 
driven by a pressure gradient) and relative water content (RWC) through iterative measurements of a 
drying leaf. From the mass and water potential measurements several important parameters can be 
derived: turgor loss point (TLP), bulk modulus of elasticity (ε), and osmotic potential (Ψo). TLP 
indicates the point at which the turgor pressure in cells is zero and can be used as an indicator of 
tolerance of leaves to drought stress. ε indicates plant cell-wall elasticity (for more detail on ε see 
Brartlett et al. 2012). Ψo is the pressure due to solutes in living cells within the leaves. Pressure-
volume curves can be used in coordination with stomatal conductance (gs), stem- or leaf-specific 
hydraulic conductivity (KS, KL), or vulnerability to embolism (described in Pérez-Harguindeguy et al. 
2013) to gain further insight into hydraulic functioning within the plant. 

Across plant species, there is a continuum of responses to drought that result in different ranges of 
water potentials. The most conservative end of the spectrum, isohydry, is characterised by stomatal 
closure at “set-point” water potentials, or potentially by having constant access to water (i.e. deep 
roots. Isohydric species prevent the plant from experiencing embolism-inducing xylem pressures and 
reducing the need for solute accumulation/osmostic adjustment to maintain turgor as soil dries 
(Meinzer et al., 2014). The opposite end of the spectrum, anisohydry, encompasses plants that do 
not regulate water potential to a set value or those that may experience dry soils in their rooting 
areas. Water potentiasl decline in more anisohydric species as the soil dries. (Tardieu & Simonneau, 
1998; McDowell et al., 2008; Meinzer et al., 2014). TLP and Ψo derived from pressure-volume curves 
provide insight on the isohydric and anisohydric response to water stress (Tyree & Hammel, 1972; 
Meinzer et al., 2016). TLP, ε and Ψo are traits that are mechanistically linked to drought tolerance 
and can be used to determine the degree to which plants resist or adapt to temporary or prolonged 
water stress, enhancing our ability to make predictions about how climate change will affect plant 
success and thus a useful measurement in climate-change studies. 

 

5.9.1 What and how to measure? 

Pressure volume curves (Figure 5.9.1) are generated by plotting the inverse of the negative Ψw 
against the relative water deficit (100 – RWC) obtained using a balance and a Scholander pressure 
chamber (described below). The resulting figure has two distinct parts: the non-linear portion and 
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the linear portion of the plot (Figure 5.9.1). Leaves or distal ends of shoots from whole plants should 
be excised pre-dawn or from well-irrigated plants to ensure starting the measurements at the 
highest Ψw or turgid weight (Tyree & Hammel, 1972). It is best to limit stomatal water loss from 
samples between collection and processing. This can be done by wrapping the sample in plastic 
wrap, inserting the sample in a sealed plastic bag with a damp paper towel, and placing the bag in a 
cooler to decrease respiration and water loss. For optimal measurements, samples should be 
processed as close to collection as possible. Each sample is weighed before and after obtaining the 
water potential using a Scholander pressure chamber which is described in detail in Pérez-
Harguindeguy et al. (2013). It should be noted that samples should be bagged when not bench 
dehydrating and should be kept in pastic bags for 20 minutesd before making any water potential 
measurements (i.e. after drying on the bench, place samples in plastic bags prior to making water 
potential measurements). The sample is placed in the gasket with the stem pointing upward and a 
positive pressure is applied gradually until water appears on the cut end of the sample. The positive 
pressure applied is equal to the negative pressure within the stem (Pérez-Harguindeguy et al., 2013). 
The sample is laid on the bench to desiccate and the measurements are repeated. Subsequent 
measurements are taken every 2–5 minutes initially, depending on the humidity of the room and the 
speed with which the sample loses water. After the sample has lost some water (differs depending 
on species), sample intervals can be increased to 15 minutes to 2 hours. Measurements are taken 
until 6–8 points have been collected along the linear portion of the pressure volume curve. It may 
take some experimentation to determine how long it takes to reach this point. Relative water 
content is calculated as: 

(fresh	weight	(g) − dry	weight(g)) ∗ 100
turgid	weight	(g) − dry	weight	(g)

 

where the fresh weight is the mean of the weights taken before and after each Ψw iterative 
measurement, the turgid weight is the weight of the sample taken before the first measurement, and 
the dry weight is the weight of the dried sample taken after all measurements are completed. Leaves 
should be dried at a maximum of70 °C for 72 h to constant weight (Pérez-Harguindeguy et al., 2013) 
to determine dry weight. The temperature and time for drying depend on the study question, how 
many samples are dried, the size, thickness and type of the plant material (e.g. large, fleshy or 
succulent leaves need more time) see protocol 2.1.1 Aboveground plant biomass for more details on 
the drying.The x-axis of the plotted data is 100 – RWC and the y-axis is the 1 / -Ψw at each weight 
(Figure 5.9.1). From this graph, TLP and Ψo at TLP can be estimated from the inflection point where 
the curved portion of the line meets the linear portion. The linear portion can be extrapolated to the 
y-intercept, which will give the Ψo at full turgor pressure. 

The extrapolated linear portion of the line can be subtracted from the curve to get the turgor 
potential (Ψp) using the equation Ψw = Ψo + Ψp. To calculate ε, Ψp can be plotted separately with RWC 
on the x-axis and a non-linear curve fitted to the line, where ε is the derivative of that curve: 

𝑑𝜓[
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Figure 5.9.1 Example of a pressure-volume curve. The filled circles are the first 5 iterative measurements: the open circles 
are the last 6 measurements. The linear portion (solid line) shows the osmotic potential (Ψo), the curved portion (dashed 
line) is the water potential before the turgor loss point (TLP), and the shaded area is the turgor potential (Ψp). Bulk modulus 
(ε) can be obtained by plotting Ψp against relative water content (RWC) and calculating the derivative of the non-linear 
curve. 

 

The Scholander pressure chamber is a useful instrument for investigating plant water status by 
applying positive pressure to equal the tension of the water within the xylem. To operate, a 
compressed nitrogen tank needs to be connected to the intake valve on the pressure chamber. While 
acquiring samples, the control valve on the chamber should be set to “off”. Slowly open the valve on 
the nitrogen tank. For the initial measurement, a fresh excised sample is cut with a sharp blade to 
ensure a clean surface. The sample is placed through the rubber gasket on the lid of the chamber 
with the cut edge facing upward. Put the lid back on the chamber by pushing down and turning 
clockwise to stop. This seals the chamber with fresh foliage inside. Turn the control valve to 
“chamber” to pressurise the chamber. The rate valve should be set so that the pressure increases at 
the desired rate (this should be no more than 0.1 bar per second). Once the rate valve is set for the 
desired pressure increase per time, it should not be adjusted. Using the rate valve as an on/off valve 
will result in valve failure. As the positive pressure approaches the negative pressure within the plant 
sample, a droplet of water will appear on the cut edge of the sample and the gas should be cut off 
without venting the chamber. The pressure (in bars or MPa) can be read on the pressure gauge. Once 
the pressure is recorded, turn the control valve to “exhaust” to release pressure from the chamber. 
Remove the lid, rubber gasket, and sample. For more detailed information see Pérez-Harguindeguy 
et al. (2013). 
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Where to start 

Barlett et al. (2012), Meinzer et al. (2014, 2016), Pérez-Harguindeguy et al. (2013), Tardieu & 
Simonneau (1998), Tyree & Hammel (1972) 

 

5.9.2 Special cases, emerging issues, and challenges 

Time of drying depends on cuticular resistance, specific leaf area of sample, and relative humidity of 
the room in which the measurements are being performed. Pressure-volume curves of similar 
species can be acquired from previous publications or multiple trials can be done to look at speed of 
water loss and associated Ψw. 

Bulk modulus of elasticity and Ψo at TLP may be underestimated by pressure volume curves 
constructed as above (Cheung et al., 1976). There can be accuracy issues with artificial rehydration of 
samples in the lab: rehydration can result in rapid changes in Ψo and TLP leading to values that are 
not representative of the actual status of plants under study (Meinzer et al., 2014). This presents 
issues when assessing samples in drought treatments and comparisons should be limited to sample 
differences relative to each other within that experiment rather than values obtained in other 
studies. 

 

5.9.3 References 

Theory, significance, and large datasets 

Barlett et al. (2012), Cheung et al. (1976), Meinzer et al. (2016), Tardieu & Simonneau (1998), Tyree 
& Hammel (1972) 

 

More on methods and existing protocols 

Meinzer et al. (2014), Pérez-Harguindeguy et al. (2013) 
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5.10 Maximum leaf hydraulic conductance 

Authors: Scoffoni C1, Sack L2 

Reviewer: Dickmann LT3, Estiarte M4,5 

 

Measurement unit: Kleaf in mmol m-2 s-1 MPa-1; Measurement scale: leaf; Equipment costs: €€€; 
Running costs: €; Installation effort: low; Maintenance effort: low; Knowledge need: medium; 
Measurement mode: data logger 

The leaf hydraulic conductance (Kleaf) quantifies the efficiency of water movement through the leaf, 
from the petiole to evaporation sites. Thus, Kleaf is influenced by liquid flow through the leaf vein 
xylem and across the leaf bundle sheath and through the mesophyll, including vapour movement 
through the airspaces (Sack & Tyree, 2005; Sack & Holbrook, 2006; Buckley et al., 2015, 2017). Kleaf is 
calculated as the flow rate of water through the leaf (typically normalised by leaf area) for a given 
water potential driving force. To capture CO2 for photosynthesis, stomata open, exposing the vapour-
saturated intercellular airspaces to the dry atmosphere. The higher the Kleaf, the more efficiently 
leaves can replace water lost via diffusion to the dry atmosphere, allowing stomata to remain open. 
The maximum leaf hydraulic conductance (i.e. that of a fully hydrated plant; Kmax) varies more than 
65-fold across species (Sack & Holbrook, 2006) and constrains both light-saturated photosynthesis 
and stomatal conductance across diverse and closely related species (Brodribb et al., 2007; Scoffoni 
et al., 2016). The Kleaf can also be extremely sensitive to internal and environmental factors, such as 
light (Sack et al., 2002; Cochard et al., 2007; Scoffoni et al., 2008; Guyot et al., 2012) and soil and 
atmospheric drought (Scoffoni & Sack, 2017). Kleaf is thus an important trait playing a role in 
determining species plasticity, evolution and distribution across habitats (Blackman et al., 2012, 
2014; Scoffoni et al., 2015). 

 

5.10.1 What and how to measure? 

While there are several methods currently in use to measure Kleaf, the evaporative flux method (EFM; 
Sack et al., 2002; Sack & Scoffoni, 2012) has the advantage of mimicking the natural transpirational 
pathways of water movement in the leaf. The rate of transpiratory water flow is measured via either 
a 5-decimal analytical balance or a flow meter (for construction details, see Sack et al., 2011). While 
the flow meter is relatively inexpensive, easily transportable, and completely field deployable, it does 
require more preparation and knowledge than the balance method. In the EFM, an excised leaf is 
connected by tubing to a water source on a balance (or to a flowmeter). The leaf is placed under a 
light source and over a box fan to ensure stomata are open. The loss of water from the balance is 
recorded at regular intervals (5 to 30 s) to calculate the flow rate through the leaf. When a steady-
state is reached (and after a period of > 20 min to ensure leaves are acclimated to light), the leaf is 
taken off the system, petiole dabbed dry, and placed in a sealable plastic bag previously exhaled into 
(to create a high humidity and CO2 atmosphere to suppress transpiration) and equilibrated in the 
dark for > 20 min. The water potential driving force of the flow is then measured using a pressure 
chamber. Kleaf is calculated by dividing the flow rate by the water potential driving force, and 
normalising by leaf area and measurement temperature (for step by step protocols and videos, see 
Sack & Scoffoni, 2012), and therefore highly relevant in a climate-change context. 
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Branches can be collected in the field the day prior to measurements and placed in large dark plastic 
bags filled with wet paper towels. Plant material can be transported to the lab in a cooler. In the lab, 
at least two nodes should be cut under water to ensure the removal of any embolized conduits (as a 
result of cutting shoots off individuals in air in the field), and the shoots should be left to rehydrate in 
pure water overnight, with two dark plastic bags filled with wet paper towels covering them, 
ensuring high atmospheric humidity around the rehydrating samples. Alternatively, if working with 
greenhouse plants, whole pots can be transported to the lab the evening prior to measurements, 
watered to saturation and covered in two dark plastic bags filled with wet paper towers. 

 

Measuring Kleaf using the EFM with a balance 

A custom-built top is needed for the balance that will stably secure a metal or glass tube inside a 
container of water on the balance. Water will then flow from the container, up through the tube, and 
then into plastic tubing to the leaf. Prior to measurements, beakers filled with wet paper towels 
should be placed inside the balance, and the balance sealed, such that high humidity within the 
balance prevents evaporation from the container of water: verify no drift in the mass value on the 
balance. Next, under pure water, cut a leaf off a fully hydrated branch and rapidly wrap parafilm 
around its petiole. Recut the tip of the petiole under pure water using a fresh razor blade and 
connect it (while under water) to tubing that runs to the water source on the balance (after making 
sure no air bubbles are trapped anywhere in the system). You can gently lift the connection out of 
water to check for leaks by raising the sample above the pressure head. If no air bubble appears in 
the tubing, then the seal is good. Place the leaf adaxial surface upwards in wooden frames strung 
with fishing line to stabilise the leaf, above a large box fan, and under at least 1000 μmol m-2 s-1 
photosynthetically active radiation. Maintain leaf temperature around 25 °C throughout the 
experiment. Allow leaves to transpire on the apparatus for at least 30 min (to allow leaves sufficient 
time to acclimate to high irradiance) and until flow rate has stabilised – no upward or downward 
trend – and with a coefficient of variation < 5% for at least five measurements made at 30 sec flow 
intervals. Discard measurements if the flow suddenly changes, either due to apparent leakage from 
the seal or blockage in the system by particles or air bubbles. When flow stabilises, record leaf 
temperature with a thermocouple and quickly remove the leaf from the tubing. Dab dry the petiole 
and place the leaf into a sealable bag which has been previously exhaled into to halt transpiration. 
Let the leaf sit for at least 30 min to equilibrate. Measure the final leaf water potential on the 
equilibrated leaf using a pressure chamber, and the leaf area with a scanner and image analysis, or a 
leaf area meter. 

 

Measuring Kleaf using a flowmeter 

A pressure-drop flowmeter can be built following detailed steps available online (Sack et al., 2011). 
Every morning prior to measurements, calibrate the transducers of the flowmeter by plotting the 
voltage against known positive pressures, obtained by placing the water source connected to the 
flowmeter at different heights. The slope and intercept are used to convert the voltage into pressure 
units. To check accuracy, move the water source to an intermediate height and ensure transducers 
values are comparable and are the same as the pressure generated from the height. If one or both 
transducers are not responding to applied pressure, first check for a loose connection, for example 
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ensure wires are making contact with the data acquisition board transmitting transducer input to the 
computer. Tighten if necessary. If there is still no response, check for air bubbles in the system and 
flush, and check for air bubbles in the transducers themselves. Connect the leaf following the same 
recommendations as for the balance method. At the end of the measurement, in addition to 
measuring leaf temperature, measure the water temperature before and after the resistor of the 
flowmeter. You will need this to adjust the resistance value for differences in water viscosity. The 
flow rate is calculated by the difference in pressure between the two transducers divided by the 
resistor (which you can measure using either a balance or a pipette, measuring the flow rate through 
the resistor at different heights). The Kleaf (mmol m-2 s-1 MPa-1) is calculated by dividing the flow rate 
(normalised by leaf temperature and size) by the final leaf water potential driving force (measured at 
the end of the experiment using a pressure chamber). 

 

Where to start 

Brodribb et al. (2007), Sack & Holbrook (2006), Sack & Scoffoni (2012), Sack et al. (2002, 2011), 
Scoffoni et al. (2016) 

 

5.10.2 Special cases, emerging issues, and challenges 

The EFM can also be used to measure stomatal conductance, by recording the air temperature and 
relative humidity around the leaf during steady-state flow at the end of the measurement. These 
parameters can be used to measure the vapour pressure difference driving diffusion of water vapour 
out of the leaf through stomata. Stomatal conductance (gs; mmol m-2 s-1) is then calculated by 
dividing the flow rate through the leaf by the vapour pressure difference expressed as a mole 
fraction. The ratio of hydraulic supply over demand (Kleaf / gs) can then also be calculated (Sack & 
Scoffoni, 2012); a higher supply over demand would enable species to maintain stomata open during 
rapid changes in vapor pressure differences (VPD) during the day (Carins Murphy et al., 2012; 
Scoffoni et al., 2015, 2016). The system can also be modified to measure Kleaf under varying 
environmental factors, such as light (Scoffoni et al., 2008). Some species can rapidly enhance their 
Kleaf values by substantial amounts under high light (Sack et al., 2002; Cochard et al., 2007; Scoffoni et 
al., 2008; Voicu et al., 2008; Guyot et al., 2012) and under shifts that are associated with changes in 
the expression and activation of aquaporins (Cochard et al., 2007; Shatil-Cohen et al., 2011; Shatil-
Cohen & Moshelion, 2012; Laur & Hacke, 2014a, 2014b; Sade et al., 2014). 

The use of a digital pressure chamber and stereoscope is highly recommended for more accurate 
water potential measurement, especially at high water potentials. 

A number of additional methods exist for the determination of Kleaf. A version of the evaporative flux 
method can be applied with leaves still attached, by determining transpiration rate using a gas 
exchange or sapflow system, and dividing by the driving force estimated from the difference in water 
potentials between transpiring and non-transpiring (bagged) leaves (Sack & Tyree, 2005). The 
vacuum pump method involves measuring the flow rate of water through a leaf under varying levels 
of subatmospheric pressures (partial vacuum), and Kleaf is calculated from the slope of flow against 
pressure. The high-pressure flow method calculates Kleaf from the flow rate of water delivered 
through a leaf at a known pressure. Finally, the rehydration kinetics method estimates Kleaf as the 
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inverse of the resistance in series with a charging capacitor as a leaf recovers from rehydration 
(Brodribb & Holbrook, 2003; Blackman & Brodribb, 2011). However, with that method, it is not easy 
to light acclimate the samples prior to measurements, which would underestimate Kleaf for many 
species (Scoffoni et al., 2008). Obtaining Kleaf values above -0.5 MPa is difficult (Scoffoni et al., 2008), 
and most importantly, the pathways of water movement in rehydrating leaves could be very distinct 
from those of a transpiring leaf (Zwieniecki et al., 2007). While all these various methods have 
yielded comparable maximum Kleaf values to the EFM in several species it remains unclear whether 
the pathways for water movement are equivalent across methods (e.g. Tsuda & Tyree, 2000; Nardini 
et al., 2001, 2010; Sack et al., 2002; Scoffoni et al., 2008; Blackman & Brodribb, 2011; Hernandez-
Santana et al., 2016). 

 

5.10.3 References 

Theory, significance, and large datasets 

Carins Murphy et al. (2012), Laur & Hacke (2014b), Nardini et al. (2010), Sack & Scoffoni (2012), Sack 
& Tyree (2005), Sack et al. (2002) 

 

More on methods and existing protocols 
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5.11 Metabolomic profiling in plants using mass-spectrometry 

Authors: Oravec M1, Večeřová K1, Gargallo-Garriga A1,2,3, Sardans J2,3, Urban O1 

Reviewers: Holub P1, Klem K4, Peñuelas J2,3 

 

Measurement unit: molecules/ions (m/z); Measurement scale: leaf, branch, tissue, exudates, soil 
and air samples; Equipment costs: €€€; Running costs: €€; Installation effort: high; Maintenance 
effort: medium (services of instruments); Knowledge need: high; Measurement mode: manual 

Metabolomics is an “omics” approach that aims to analyse all low molecular-weight metabolites in 
biological samples. Metabolomic profiling represents a new tool to assess a plant’s response to biotic 
or abiotic stresses. In ecological studies, ecometabolomics aims to study the metabolome structure 
of organisms and media (water, soil, air, etc.) in field conditions (Peñuelas & Sardans, 2009; Sardans 
et al., 2011). Metabolome analyses provide the metabolism structure (the metabolites and their 
concentrations), thus informing on the functional state of the organisms, media, or overall 
ecosystem. The metabolome can be considered as the chemical phenotype of organisms (Fiehn, 
2002). Because the chemical phenotypes are not fixed, metabolomics has been used to understand 
how organisms function under different environmental conditions (Yuan et al., 2009; Rivas-Ubach et 
al., 2012; Yoshikawa et al., 2013; Gargallo-Garriga et al., 2014). Target and non-target metabolomic 
profiling has been used to identify changes in plant metabolome and metabolic pathways enabling 
the investigation of plant-specific responses to biotic (e.g. pests) (Rivas-Ubach et al., 2016) or abiotic 
stress factors, such as increase of UV radiation (Oravec et al., 2015), drought (Rivas-Ubach et al., 
2012; Gargallo-Garriga et al., 2014), temperature (Gargallo-Garriga et al., 2015), nutrient deficiency 
(Gargallo-Garriga et al., 2017), and/or air pollution (Večeřová et al., 2016). Metabolomics can thus 
substantially contribute to studies predicting acclimation of plants to environmental perturbances 
related to climate-change and other global-change drivers. Metabolomics has already shown great 
potential to provide in-depth understanding of biological systems, pathways, and their functionally 
dynamic interactions. Moreover, metabolomic profiling provides an understanding at the molecular 
level of how plants respond to changes in the growth environment and whether and how they 
acclimate and resist. Metabolomics can thus contribute to the understanding of the impact of 
climate and global change and also to answer basic ecological questions regarding the impacts of 
competition or trophic relationships on organisms. 

 

5.11.1 What and how to measure? 

Tandem analytical techniques and basic analytical techniques are used for the analysis of the 
metabolome. These are a combination of separation techniques: high performance liquid 
chromatography (HPLC) and gas chromatograph (GC) with mass spectrometer (MS) detection 
techniques. HPLC-MS systems are used in particular for target and non-target analyses of polar and 
semi-polar primary and secondary metabolites (polyphenols, amino acids, saccharides, 
phytohormones, etc.), while GC-MS is especially suitable for target analyses of non-polar metabolites 
or polar metabolites that can be easily derived (fatty acids, volatile compounds, etc.). A combination 
of HPLC and GC techniques may thus lead to a comprehensive description of plant metabolome and 
its changes. Proton-based nuclear magnetic resonance (1H NMR) coupled or not with 13C NMR is also 
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a frequently used metabolomic platform that does not rely on previous separation methods for 
untargeted metabolomics profiling analysis (Rivas-Ubach et al., 2013). However, the low sensitivity of 
this method currently precludes its more extended use (Sardans et al., 2011). Basic analytical 
techniques such as Fourier transformed infrared spectroscopy, Raman spectroscopy, 
spectrofluorometry, and/or classical spectrophotometers can be used as complementary analytical 
techniques for investigation of other groups of metabolites including photosynthetic and 
photoprotective pigments (chlorophylls, carotenoids, xanthophylls). Determination of nitrogen and 
carbon contents in biological samples using an elemental analyser with a thermal conductivity 
detector yields important supplementary information about the stoichiometry of tissues, organs, 
and/or whole plants. This coupling of metabolomics with elemental analyses allows one to relate 
changes in plant function with changes in plant use of different elements, constituting a notable 
advantage for integrative ecological studies. The C/N/P stoichiometry plays an important role in the 
metabolism, as does the stoichiometry of other nutrients such as calcium, magnesium, and 
potassium. P, K, Ca, Mg, and many other elements are analysed with inductively coupled plasma - 
mass spectrometry (ICP-MS) techniques.  

The measurement results are subsequently processed by statistical software (modified MatLab, R, or 
Sieve). For identification of metabolites, available commercial databases and mass libraries built by 
each lab are used. KEGG (Kyoto Encyclopaedia of Genes and Genomes) is thereafter generally used 
for description of affected metabolic pathways, i.e. which ones are up- and which ones are down-
regulated in the different organs of the plants (Gargallo-Garriga et al., 2014). Information from non-
target analyses is further used for target analysis. The overall results from metabolomic profiling are 
combined with results from physiological measurements. The main aim is to find relationships 
between the changes of metabolome and stress-induced changes in physiology. 

 

Sampling, sample storage, and measuring protocols  

The samples (ideally approximately 300 mg dry weight) have to be frozen in liquid nitrogen 
immediately after sampling and kept at −80 °C (max. 2 months), and stored dry-frozen at ≤ −20 °C 
until further processing. The effects of long-term storage and storage temperature have been 
investigated so that studies can be planned without possible degradation of chemical compounds. It 
is crucial to protect samples against contamination and water during all steps of the process, and 
therefore it is necessary to adhere to “good laboratory practices”. Since the metabolomics profiles 
may have substantial daily courses, it is recommended to respect such daily dynamics and to collect 
all samples within narrow time intervals depending on the experimental goal. Local microclimatic and 
radiation conditions also have to be considered. Accordingly, leaves/branches with the same cardinal 
orientation should be sampled within dense ecosystems to reduce the variability among samples. 
Moreover, plant age, geographical origin of plant species (Meijon et al., 2016), and/or elevation 
where the plants grow (Rajsnerová et al., 2015; Rivas-Ubach et al., 2017) have been shown to 
potentially influence the metabolome of plant tissues. Sampling campaigns thus have to respect 
these factors to reduce variability of plant metabolome, to minimise artefacts, and to increase 
reproducibility of metabolomic data. 

The following protocols are based on the protocols for metabolite profiling in plants developed by 
Fiehn et al. (2000) and include further modifications with respect to analytical instruments used. 
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Before chromatographic analyses, the frozen samples are homogenised using a pestle and mortar 
with the addition of liquid nitrogen. Leaf tissues, for example, can be ground under liquid nitrogen 
with a pestle and mortar, or using a ball mill with pre-chilled holders (summarised in Fiehn, 2002). 
Other plant organs such as roots and grains, however, may be sometimes too hard to use in ball 
mills. After homogenisation, different methods of metabolite extraction could be used but, again, no 
systematic study comparing extraction techniques is available. Some groups of metabolites, including 
fatty acids among others (Folch et al., 1957; Večeřová et al., 2016), require specific extraction 
procedures that have to be even further modified depending on the type of sample (soil, plant, 
thylakoid membrane, etc.). Most frequently, homogenised samples are extracted using a 
methanol:H2O solution (1:2) that has been demonstrated to be optimal to extract most polar and 
semi-polar metabolites. For a-polar metabolites a solution of methanol:chloroform:H2O (1:2:2) can 
be used. In this case, an aliquot of the upper (polar) phase is used to analyse saccharides, phenolic 
compounds, amino acids, and Krebs cycle acids employing an UltiMate 3000 HPLC coupled with an 
LTQ Orbitrap XL high resolution mass spectrometer (HRMS) (ThermoFisher Scientific). 

For the polar and semi-polar extraction a Hypersil GOLD column (150 × 2.1 mm, 3 μm; ThermoFisher 
Scientific) is used for separation of metabolites. The flow rate of the mobile phase is 0.3 mL min−1 
and column temperature is set to 30 °C. The mobile phase consists of (A) acetonitrile and (B) water 
containing 0.1% acetic acid. Both mobile phases (A) and (B) are filtrated and degassed for 10 min in 
an ultrasonic bath prior to use. Gradient elution chromatography is started with 10% acetonitrile (A) 
and 90% water (0.1% acetic acid) (B) and is held for 5 min. Within a time interval of 5–20 min, the 
mobile phase (A) composition is increased to 90 %. This composition is then maintained for 5 min, 
after which the system is equilibrated to initial conditions (10% acetonitrile (A) and 90% water (0.1% 
acetic acid)) over a period of 5 min. The 254, 272, 274, and 331 nm wavelengths are monitored. 

The HRMS is equipped with a HESI II heated electrospray ionization source (ThermoFisher Scientific), 
operated in full scan mode with a mass resolution of 60,000, when the minimum peak separation is 
represented by a full width of the peak at half maximum (FWHM). Full scan spectra are acquired over 
the mass range 50–1000 m/z in positive polarity mode and 65–1000 m/z in negative polarity mode. 
The mass resolution and sensitivity of the HRMS are regularly controlled by injecting a mixture of 
phenolic compounds. As a control, phthalate is taken as an internal control mass. The compounds 
are assigned on the basis of public or private mass libraries created using standards measured in MS 
and MSn modes. 

Gas chromatography coupled with mass spectrometry (GC-MS) is used to analyse a spectrum of fatty 
acids. Homogenised samples are transferred into vials and 1.5 mL of a chloroform:methanol solution 
(2:1) is added. The vials are placed in a thermoblock at 60 °C for 30 min. The lower phase 
(chloroform) is collected and the process is repeated. In case of insufficient phase separation, 1 mL of 
0.88% potassium chloride should be added. After collection of lower phases and the addition of an 
internal standard (nonadecanoic acid), extracts are dried using nitrogen flow. The methyl esters 
derivatives of fatty acids are prepared using 1 mL of 3 N methanolic HCl, which is added to the dried 
extract and then heated for 90 min at 60 °C. Subsequently, the samples are extracted three times 
with 2.5 mL of n-hexane and dried using nitrogen flow. Finally, extracts are dissolved in 1 mL of n-
hexane. 

The analysis of fatty acids methyl esters is performed with a TSQ Quantum XLS triple Quadrupole 
(ThermoFischer Scientific) on a 30 m, 0.25 mm (inside diameter), 0.25 μm column (ZB-5MS; 
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Phenomenex). Samples (1 μL) are injected in splitless mode. The inlet pressure of the carrier gas 
(helium) is 100 kPa at the initial oven temperature and its flow rate is 1.2 mL min−1. Meanwhile the 
injection temperature is 250 °C. The temperature gradient of the oven begins at 100 °C and is 
increased to 150 °C at the rate of 10 °C min−1, followed by a temperature increase to 260 °C at the 
rate of 2.5 °C min−1. The interface temperature is maintained at 250 °C. GC-MS (electrospray 
ionization 50 eV, ion source temperature 200 °C) is performed at full scan in the 50–450 m/z range 
(scan time 0.15 s). The fatty acids’ methyl esters are searched in the public and private mass libraries 
created from measurement of standards using GC-MS in full scan mode. 

 

Where to start 

Fiehn (2002), Fiehn et al. (2000), Folch et al. (1957), Gargallo-Garriga et al. (2015), Meijon et al. 
(2016), Peñuelas & Sardans (2009), Rivas-Ubach et al. (2017), Večeřová et al. (2016), Weckwerth & 
Kahl (2013) 

 

5.11.2 Special cases, emerging issues, and challenges 

Metabolomic profiling can be used, among others, to identify biomarkers of early-stress detection 
(Kaplan et al., 2004; Boudonck et al., 2009). Metabolomics could also represent, in conjunction with 
physiological and morphological traits, an important additive method of plant phenotyping, the 
breeding and selection of genotypes with the highest resistance to biotic and abiotic stresses. 
Metabolomics techniques could be also used to explore root exudates and thus to investigate plant-
soil interactions (Sardans & Peñuelas, 2013). An overview of current developments and future 
challenges in ecological metabolomics can be found in Sardans et al. (2011).  

A number of metabolomics applications could be extended by the application of other ionisation 
techniques such as DART (Direct Analysis in Real Time). This ambient ionisation technique does not 
require sample preparation, so solid and liquid materials can be analysed by mass spectrometry in 
their native state (Zhou et al., 2010; Lesiak et al., 2014; Armitage et al., 2015). 

Desorption electrospray ionisation (DESI) is another ambient ionisation technique compliable with 
high-resolution mass spectrometry. DESI can be used for imaging metabolite distribution 
(localisation) in plant tissues or surfaces of biological systems. Visualisation of metabolite 
heterogeneity can be potentially used for the detection of pathogen infections on plant leaves 
(Takats et al., 2005; Chernetsova & Morlock, 2011). 

Other ionisation techniques such as APCI (atmospheric pressure chemical ionisation) are suitable for 
investigating thermally stable samples with low to medium (less than 1500 Da) molecular weight, 
and medium to high polarity including non-polar lipids (Byrdwell, 2001), pesticides (Jansson et al., 
2004), and/or various natural organic compounds (amino acids, saponins, phenyl propanoids, etc.). In 
contrast, electrospray ionisation (ESI) is especially useful in producing ions from macromolecules 
(Whitehouse et al., 1989). 

 

Where to start 
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Jansson et al. (2004); Kaplan et al. (2004); Sardans et al. (2011); Takats et al. (2005); Whitehouse et 
al. (1989)  
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5.12 Reflectance assessment of plant physiological status 

Author: Filella I1,2, Bjerke J W3 and Macias-Fauria M4 

Reviewer: Peñuelas J1,2 

 

Measurement unit: unitless; Measurement scale: leaf - canopy; Equipment costs: €€–€€€; Running 
costs: €; Installation effort: low; Maintenance effort: low; Knowledge need: medium; 
Measurement mode: manual and data logger 

Measurements of reflectance can be used not only to assess the biomass of vegetation but also its 
physiological status. The light reflected by a leaf towards the observer is governed by the 
concentration of biochemical compounds in the leaf and by the foliar surface and internal structure. 
Chlorophyll mainly absorbs in the red visible region of the spectrum and partially in the blue and 
green regions that are also generally absorbed by other pigments such as xanthophylls and 
carotenoids (Jackson, 1986; Peñuelas & Filella, 1998; Carter & Knapp, 2001; Gitelson et al., 2003). 
Foliar absorption/reflection in the near-infrared region depends mainly on the structural 
discontinuities and water content of foliar cells (Peñuelas & Filella, 1998). The analysis of remotely 
measured reflected light can thus be used to extract information about plant-stress conditions and 
photosynthetic status for both natural vegetation and crops (Jackson, 1986; Peñuelas & Filella, 1998; 
Carter & Knapp, 2001; Ustin et al., 2009). More specifically, reflectance could provide a rapid and 
easy alternative for assessing pigment composition to estimate nutrient status (by assessment of 
chlorophyll), phenology, and general stress (by assessment of carotenoids and chlorophylls) or 
photosynthetic efficiency (by assessment of xanthophylls at a daily scale and the 
chlorophyll/carotenoid ratio at a seasonal scale). Reflectance can also be used to assess the water 
content of plants (by measuring in the water-absorption band). All these possibilities make 
reflectance a useful and increasingly used tool for the assessment of plant stress, applicable in most 
studies that focus on global-change impacts (e.g. drought, water logging, eutrophication). 

While the use of reflectance values can provide valuable information about many aspects of plant 
physiological status, this is acquired indirectly, requiring a correlative dataset between destructively-
obtained compound concentrations and reflectance values or indices (combinations of values at 
certain wavelengths). Thus, reflectance values will not normally represent a “Gold standard” in terms 
of accuracy (these will be the destructive methods discussed in other protocols in this chapter), but 
are highly practical since they can generate non-destructive, rapid, and scalable information. 

 

5.12.1 What and how to measure? 

Reflectance can be detected using narrow-bandwidth spectroradiometers that measure in the visible 
and near-infrared regions of the spectrum. In addition to reflectance at particular wavelengths, many 
high spectral resolution reflectance vegetation indices (which partly remove disturbances caused by 
external factors) have been proposed (Peñuelas & Filella, 1998). The entire spectrum can also be 
used to extract the most integrated information (Ustin et al., 2009). Reflectance measured at a close 
range (< 1 m) has traditionally been undertaken using narrow-bandwidth spectroradiometers that 
measure in the visible and near-infrared regions of the spectrum (Filella and Peñuelas, 1994). More 
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recently, hand-held optical sensors have been developed to provide instant readings of different 
indices, such as PRI (Shrestha et al. 2012) or most frequently of the normalized difference vegetation 
index (NDVI) (Kitić et al., 2019), which is based on the leaf reflectance in the NIR and red bandwidths 
(also see protocol 5.2). Some sensors are built into digital cameras so that single NDVI values can be 
retrieved at pixel scale. Such readings can be used for upscaling, by comparing with NDVI data 
measured from Unmanned Aerial Vehicles (UAVs) or satellites (Bokhorst et al., 2012). (see protocol 
5.2. Chlorophyll and carotenoid content). 

 

Chlorophyll concentration: nitrogen status 

Several studies have reported that indices based on reflectance in the far-red region can precisely 
estimate foliar chlorophyll concentration (Filella & Peñuelas, 1994; Gitelson & Merzlyak, 1997; Datt, 
1999). Foliar optical properties within a relatively narrow spectral band near 700 nm are thus crucial 
for the detection of plant stress and the estimation of foliar chlorophyll concentration. Chlorophyll 
concentration can also be derived using reflectances at 675 and 550 nm. Indices of chlorophyll 
concentration have been developed that include several of these waveband reflectances (Filella et 
al., 1995; Gitelson & Merzlyak, 1997). Foliar chlorophyll concentration and nitrogen availability are 
closely correlated, so the assessment of chlorophyll content by reflectance can also be used to 
characterise the nitrogen status of natural vegetation and crops (Filella et al., 1995; Wang et al., 
2016). 

 

Stress: carotenoid/chlorophyll ratio 

Ratios of reflectances in the blue region (where carotenoids and chlorophylls absorb) and the red 
region (where only chlorophylls absorb) are highly correlated with the carotenoid/chlorophyll ratio in 
various plant species, both at the foliar and canopy levels (Peñuelas et al., 1994, 1995; Blackburn, 
1998; Merzliyak et al., 1999; Sims & Gamon, 2002). (see protocol 5.2. Chlorophyll and carotenoid 
content). 

 

Photosynthetic efficiency 

Some of the light energy absorbed by chlorophyll for photosynthesis is lost as heat or fluorescence, 
and changes in the photosynthetic rate cause complementary changes in fluorescence emission (see 
protocol 5.1 Chlorophyll fluorescence) or heat dissipation. Heat dissipation is linked to the 
xanthophyll de-epoxidation cycle, which has been correlated with reflectance at 531 nm. The 
photochemical reflectance index (PRI), based on reflectance at 531 nm, measures changes in 
reflectance caused by the interconversion and dissipation of xanthophylls (Gamon et al., 1992; 
Peñuelas et al., 1995) and has already been widely tested as a good estimator of light use efficiency 
(LUE) at the foliar, canopy, and ecosystem levels and various temporal scales (Zhang et al., 2016). 

 

Water content 
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Water absorbs in the near-infrared region at 950–970 nm. A reflectance water index has been 
defined as the ratio R900:R970. This water index has been highly correlated with plant-water content 
in several species of trees, shrubs, crops, and grasses (Peñuelas et al., 1993, 1997; Serrano et al., 
2000). 

 

Canopy measurements 

A detailed description of the methods involved in field spectroradiometric measurements can be 
found in Milton et al. (2009). Measurements can be made by pointing the sensor (spectroradiometer 
or optical fibre, depending on the model) at the canopy (either with single measurements or 
installing the spectroradiometer in fixed measuring structures for continuous measurements). The 
measured area is a function of the field of view of the instrument and the measuring height. The 
footprint area should be 100% of the target when measuring a point on a surface. Several readings 
should be made covering the entire object area to obtain a representative measurement of the 
object. Radiance reflected from the target must be calibrated against a levelled “white” (~ 100% 
reflectance) standard to validate reflectance retrieval (e.g. using a Spectralon panel; Labsphere). 

Spectral reflectance at the canopy level is a combination of soil and vegetation reflectance, and the 
weighting for either of these factors depends on external parameters such as illumination or canopy 
structure. The source of illumination for field measurements is usually the sun, and the quality of the 
spectra measured is affected by changes in irradiance and by the position of the sun. Some 
recommendations to minimise these disturbances have been suggested:  

• Illumination conditions must be constant throughout the measurement (clear sky conditions 
and no changes in cloud cover). 

• Measurements should be made around solar midday, when the sun is at its highest position, 
and the sensor should be pointed vertically downward (nadir) to the measuring surface. 

• Reference measurements must be made simultaneously or at least immediately before or 
after the reflectance measurement.  

• The measured surface should not be shaded by the operator or measuring structures. 

 

Foliar measurements 

A leaf clip using either its own light source or natural light can be used for foliar measurements. The 
illumination conditions and other factors disturbing foliar information are controlled when using clips 
with their own light sources. Foliar properties can also be measured by pointing an optical fibre or 
sensor near enough to a horizontal leaf to ensure that the footprint area is the leaf, while avoiding 
shading the target. 

The instruments and calibration panels must be calibrated and in good condition for all types of 
measurements. 

 

Where to start 
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Blackburn (1998), Filella & Peñuelas (1994), Gamon et al. (1992), Gitelson et al. (2003), Peñuelas & 
Filella (1998), Ustin et al. (2009) 

 

5.12.2 Special cases, emerging issues, and challenges 

As explained above, some of the energy absorbed by chlorophyll that is not used for photosynthesis 
is dissipated as heat (and can be estimated by the photochemical reflectance index; PRI), and some is 
dissipated as fluorescence (see protocol 5.1 Chlorophyll fluorescence). In addition to the methods for 
measuring actively induced fluorescence described in protocol 5.1 Chlorophyll fluorescence, emitted 
fluorescence (sun-induced fluorescence; SIF) can be passively and remotely estimated using 
spectroradiometers with high spectral resolution (Meroni et al., 2009; Porcar-Castell et al., 2014). 
The combination of PRI and SIF has greatly improved remote estimates of LUE and GPP in a cornfield 
(Cheng et al., 2013). 

UAVs mounted with various multispectral cameras are increasingly providing exciting opportunities 
for obtaining indices of canopy reflectance and SIF at desired spatiotemporal resolutions (Zarco-
Tejada et al., 2013; Gago et al., 2015), which could provide very specialised information of the 
physiological status of vegetation at the canopy level. Remote sensing of the physiological 
characteristics of vegetation canopies is an emerging and rapidly evolving field: only UAV remote 
sensing will be briefly introduced in this protocol, since spaceborne and airplane-based airborne 
remote sensing can be used to inform and upscale field measurements but represent techniques that 
do not fall within field-based ecology protocols and are hence out of the scope of this chapter. The 
use of UAVs offers the possibility to scale-up measurements, enabling the study of spatial and 
temporal ranges and resolutions in the dynamics of plant physiology not available with hand-held 
methodologies alone. Nevertheless, it also adds more complexity to the interpretation of reflectance 
values. Disturbances in canopy measurements caused by factors such as the position of the sun, the 
canopy structure, and the heterogeneity of the target represent an additional challenge to data 
interpretation. 

We strongly encourage the reader interested in inferring physiological characteristics of vegetation 
canopies through the use of UAVs to refer to UAV-specific methodological material. Nevertheless,  
we briefly mention in here basic UAV best-practice advice based on Assmann et al. (2019), who 
provide a hands-on and detailed protocol of UAV vegetation monitoring using multispectral cameras. 
Recommendations provided under Canopy measurements also apply in here. The following general 
guidelines, addressed at increasing the replicability and quality of UAV-acquired reflectance data, will 
apply to hyperspectral cameras mounted on UAVs as well, although at present these are very 
specialised, expensive, and only used by highly-skilled pilots: 

1. Define the spatial and temporal scales adequate to the research question: this will determine 
field planning and technical aspects of the operation, such as flight elevation, speed, and 
duration, which might be constrained by mechanical limitations of the UAV. 

2. Flight planning: consider image overlap (it will impact on the mosaicking of the individual 
images, influencing the number of pixels captured near to nadir – 90° over the target surface, 
and on overall data size) and flight conditions (e.g. weather and sun angle will impact 
radiometric calibration). 
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3. Ground control points: to be determined with high-accuracy global navigation systems (e.g. 
differential GPS). This step is essential for repeatability or for combination with other images. 

4. Radiometric calibration: commonly used commercial cameras come with images of known 
spectral characteristics that can be used before and after the flight to calibrate the sensor of 
the camera. 

5. Flight: it can be challenging due to sudden changes in weather conditions, or in mechanical 
failure, especially in respect to the UAVs internal compass. 

6. Data transfer: frequent back-ups are advised, ideally after every flight. 
7. Image processing: performed by specialised software, which takes into account the ground 

control points, the calibration information, and incident light sensor data to account for 
changes in irradiation during the flight. 

8. After point (7), the digital numbers obtained by the sensor have been converted to 
georeferenced absolute reflectance values, which can then be used in vegetation indices (e.g. 
NDVI, see protocol 5.2. Chlorophyll and carotenoid content). 
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5.13 Stable isotopes of water for inferring plant function 

Authors: Goldsmith GR1, Marshall JD2, Barbeta A3, Lehmann MM4 

Reviewer: Cernusak LA5 

 

Measurable unit: ratio of heavy to light isotope in per mil (‰) relative to standard; Measurement 
scale: precipitation, soil, and/or plant tissue; Equipment costs: €€€; Running costs: €; Installation 
effort: medium; Maintenance effort: medium; Knowledge need: high; Measurement mode: manual 
and data logger 

Stable isotopes of hydrogen and oxygen in water, as well as plant organic materials formed using 
such water, have become an important tool for determining plant functional responses to the 
environment. Stable isotopes of water vary naturally as a function of both physical and biophysical 
processes as they move through the ecohydrological cycle (Gat, 2005). These variations depend on 
differences in the rate of evaporation and condensation between water molecules containing the 
light and heavy isotopes. The measurement of the ratio of the heavy to light isotopes of a given 
element present in a sample (i.e. 18O/16O of leaf material, as interpreted relative to an international 
reference standard; Coplen, 2011) can be studied to trace the source and physical movement of 
those isotopes through plants, or as a record of the impact of plant biophysical processes on those 
isotopes (Dawson et al., 2002). 

In particular, stable isotopes of water are powerful tools for interpreting how the sources of water 
taken up by roots vary across time and space among different plants (Brooks et al., 2010; Allen et al., 
2019). Soil water reflects the isotopic composition of precipitation. In seasonal climates, winter 
precipitation generally is depleted in the heavy isotope and therefore has a more negative isotope 
ratio (Marshall et al., 2007). In turn, the isotopic composition of water taken up by plants into the 
xylem is altered when it reaches the evaporative sites within leaves through the process of leaf 
transpiration: these changes subsequently become recorded in plant organic matter (e.g. sugars) via 
photosynthesis. Given that transpiration is strongly controlled by plant water supply and demand 
(Cernusak et al., 2016), stable isotopes of hydrogen and oxygen in plant organic matter reflect the 
environmental conditions (particularly leaf-to-air vapour pressure deficit) in which metabolic 
processes occurred and the metabolic response to those conditions (Helliker & Richter, 2008; 
Kahmen et al., 2011; Song et al., 2011). Stable isotope ratios of hydrogen and oxygen recorded in leaf 
sugars, leaf tissue, phloem sap, and tree rings thus reflect plant biophysical responses recorded at 
different time scales (Roden et al., 2000; Cernusak et al., 2003; Gessler et al., 2009). In this respect, 
stable isotopes of hydrogen and oxygen are unique from instantaneous measurements. Moreover, 
because sample collection in the field can often be carried out relatively quickly, observations of 
hydrogen and oxygen isotopes can increase the breadth and depth of a study across time, space, and 
other variables of interest.  

When used in combination with other measurements of stress physiology, stable isotopes represent 
a powerful means of understanding how environment affects water use among different plants and 
this is of particular interest for interpreting the effects of climate change in both experimental (e.g. 
Barbeta et al., 2015) and observational contexts (e.g. Treydte et al., 2007; Saurer et al., 2016; also 
see protocol 5.5 Leaf temperature).  Similarly, the techniques described here can be applied to 
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understand other global-change drivers, such as soil fertilisation (Brooks & Mitchell, 2011) and 
invasive species (Reynolds & Cooper, 2010).  

 

5.13.1 What and how to measure? 

δ18O and δ2H of water  

Stable isotopes of water are frequently used as a means of inferring the source of water taken up by 
plants (Brooks et al., 2010; Goldsmith et al., 2012; West et al., 2012; Barbeta et al., 2015), as well as 
for inferring how plant water availability and demand (driven by environmental conditions) has 
affected the process of transpiration (Wang & Yakir, 1995; Ripullone et al., 2008; Kahmen et al., 
2013). Given that water availability is frequently a limiting factor for plant function, there is 
considerable interest in understanding how plant water use will change given projected scenarios of 
global climate change. 

Using water isotopes as a means of inferring plant function requires carefully constraining the 
different sources of water that can be used by plants. This begins with observing the isotope ratios of 
precipitation (e.g. rain, snow, fog, dew) at the study location. Where direct observations are not 
possible, data from monitoring networks (e.g. the Global Network of Isotopes in Precipitation – 
GNIP), or from geospatial interpolations of monitoring networks (e.g. waterisotopes.org), can also be 
used, but these data may be less accurate and precise depending on the temporal and spatial 
resolution of measurements upon which the estimations are based. Precipitation isotopes are 
generally collected at an open site using a collector designed to prevent any evaporation (and thus 
isotopic fractionation) – see Ingraham (1998) for details. However, it is important to note that the 
isotopic composition of throughfall (i.e. after passage through the plant canopy) is likely to differ 
from that of precipitation and will thus more accurately represent the water entering soil (Allen et 
al., 2017). Throughfall mixes into the existing soil and groundwater pools, where it then becomes 
available to serve as the primary source of water for plants (but see Lehmann et al., 2017). 

Soil samples can be collected using either a soil corer, or by opening a soil pit and sampling into the 
face of the pit where soil water has not been subject to evaporative fractionation while the pit was 
prepared. Both methods have drawbacks. The soil corer is prone to compaction and thus makes it 
difficult to estimate the depth of the soil being sampled, while soil pits are time consuming to dig. 
Given the heterogeneity of soils, it may be better to use a soil corer and tradeoff the accuracy of 
knowing soil depth in favour of better constraining the range of possible soil waters being used by 
the plants of interest. Experimental designs that representatively sample both vertical and horizontal 
space are likely to yield the most accurate results. Where possible, it is also informative to sample 
groundwater from a monitoring bore, a well or a tap with a local source, discarding the initial water 
sample to avoid evaporative fractionation. Soil water isotopic signals reflect seasonal changes in the 
soil-water pool and should be sampled as frequently as possible. 

Finally, water can be collected from plant xylem in either roots or woody stems. Fractionation 
associated with root water uptake is likely to be limited (but see Vargas et al., 2017), but it has been 
consistently reported from particularly dry and/or saline environments (Ellsworth & Williams, 2007; 
Zhao et al., 2016). Tissue that is not suberised (e.g. leaves or green stems, as compared to woody and 
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brown stems) is subject to evaporative fractionation and thus does not represent the water being 
taken up by the plant (Dawson & Ehleringer, 1993; Martín-Gómez et al., 2017). 

In all cases, samples must be collected in such a way as to prevent any possible evaporation (e.g. 
glass vial with screw-top lid), sealed immediately, and cooled (if possible) to reduce the possibility of 
isotopic fractionation ex post facto. With the exception of water from precipitation, water in 
matrices such as soil and plant tissue is generally extracted prior to analysis. The most common form 
of extraction is cryogenic vacuum distillation (West et al., 2006; Koeniger et al., 2011). In brief, the 
vial with the sample is connected to another empty vial. The sample is frozen under liquid nitrogen, 
lowering the water vapour pressure to nearly zero, and the air is then pumped away and evacuated 
from both connected vials. The vial with the sample is then heated while the empty vial is maintained 
in liquid nitrogen. The water vapour pressure rises in the heated tube and, because of the near 
vacuum, it diffuses rapidly to be condensed in the vial under liquid nitrogen. Ideally, the extraction 
continues until vacuum returns, at which point all the water has been extracted into the second vial. 
There are also other forms of extraction (e.g. microwave extraction; Munksgaard et al., 2014), as well 
as direct equilibration (Scrimgeour, 1995; Song & Barbour, 2016). Users are advised to validate their 
methods to improve confidence in their results. 

Finally, the isotope ratios can then be measured by means of an isotope ratio mass spectrometer 
(IRMS). The IRMS is a specialised piece of lab equipment that requires significant resources – where 
instrumentation is not available locally, it is possible to identify other labs that will analyse samples 
at a reasonable cost. Quality control standards and data on the long-term accuracy and precision of 
the instrumentation are important for appropriate interpretation of the results. 

 

δ18O of bulk leaf organic material  

The incorporation of oxygen isotopes from water into plant organic material has emerged as an 
important means of tracking plant functional response to environment, particularly with respect to 
stomatal conductance (Barbour et al., 2000), leaf temperature (Helliker & Richter, 2008; also see 
protocol 5.5 Leaf temperature), and especially for understanding the ratio of leaf to air vapour 
pressure (Kahmen et al., 2011). This relies on the observation that the transpiration rate is coupled to 
the fractionation of leaf water, whereby light water isotopes are preferentially evaporated and the 
remaining pool of leaf water is thus enriched in heavy water isotopes. The extent of this enrichment 
is subsequently recorded in leaf organic materials through the incorporation of oxygen isotopes from 
water into photosynthetic products. The most common way to measure this is to observe the oxygen 
isotope ratios of bulk leaf organic material (δ18OBL). 

Importantly, leaf water enrichment is often heterogeneous and sampling of leaves must account for 
this possibility. Enrichment can reflect a gradient from the bottom to the top of the leaf (e.g. 
grasses), from the veins to the margins (e.g. broad leaves), or alternatively, reflect multiple 
isotopically distinct pools of water within the leaf (Song et al., 2013; Roden et al., 2015; Cernusak et 
al., 2016). This enrichment is reflected in the leaf organic material and as such, it is critical to adapt 
sampling protocols for the leaf form of interest. For instance, some studies remove the primary 
vein(s) and only use the leaf lamina (Kimak et al., 2015). However, this can be difficult to achieve for 
leaf forms such as grasses or needles (Roden et al., 2015; Liu et al., 2017). Sampling is usually 
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confined to mature leaves that do not show signs of senescence and the location of sample collection 
in the canopy (with accompanying differences in microclimate) should be carefully considered. 

Freshly sampled leaf material should rapidly be cooled in order to stop any metabolic activity (e.g. by 
using dry ice or liquid nitrogen). Subsequently, the leaf material should be kept frozen at -20 °C and 
freeze-dried. This procedure is particularly important for δ18O in leaf material, as some compounds, 
such as sugars, can continue to exchange oxygen isotopes with the remaining leaf water, altering the 
original isotope ratio relative to the time of original sampling (Lehmann et al., 2017). After drying, the 
leaf material can be milled to a fine powder by a steel ball mill, transferred into silver capsules, and 
the δ18O value determined by TC/EA-IRMS. While isotope analysis of δ18OBL is straightforward, the 
analysis of δ2H in bulk leaf material is still problematic from a methodological perspective. Thus, most 
researchers studying hydrogen isotopes extract and purify individual compounds from leaves such as 
cellulose, fatty acids, or alkanes and determine their respective δ2H values. 

 

δ18O and δ2H analysis of leaf cellulose 

For δ18O, soluble sugars and starch may not yet have exchanged all of their oxygen atoms with local 
water, as occurs during synthesis of structural compounds such as cellulose. Thus, there exists the 
possibility that variation in non-structural carbohydrate concentrations among leaves may introduce 
some variability into the δ18OBL. For this reason, some authors have preferred to first extract cellulose 
from bulk tissue, which is then subject to δ18O analysis on the TC/EA-IRMS. In general, the difference 
between δ18O of bulk tissue and δ18O of cellulose extracted from it was shown to be less variable for 
wood than for leaves (Barbour et al., 2001; Cernusak et al., 2004). Thus, the decision as to whether or 
not cellulose extraction is necessary prior to δ18O analysis of organic material will likely be context-
specific, depending on the tissue type (e.g. leaf v. wood), the number of different species analysed, 
and the treatments imposed on those species (e.g. less than a day v. years). 

Leaf cellulose in particular functions as a record of the climatic conditions a plant has specifically 
experienced during leaf development and can be employed in an experimental context (Helliker & 
Ehleringer, 2002; Gamarra et al., 2016; Lehmann et al., 2017). Since leaf cellulose is a stable 
compound with a long lifetime and very low turnover, repeated measurements are generally not 
necessary (Kimak et al., 2015). More generally, the isotopic analysis of any dateable plant material, 
such as the cellulose of annual rings in stem tissues (i.e. tree-ring cellulose), can be valuable for 
reconstructing past plant physiological responses to climatic conditions or shifts in available water 
sources (Treydte et al., 2014; Saurer et al., 2016). 

Several laboratory protocols have been established for isotope analysis of cellulose (Boettger et al., 
2007). Many of them follow a similar procedure, in which small pieces of leaf or wood material are 
packed into small Teflon bags, then i) bleached using an acidic NaClO2 solution to remove lignin for 
several days, ii) purified with NaOH to remove fatty acids, oils, and hemicellulose, and iii) washed 
with deionized water and HCl solutions. The remaining cellulose is dried in an oven or freeze-dryer 
and stored in a dry place until measurement. Additionally, some protocols use an ultrasonicator to 
homogenise the cellulose material (Weigt et al., 2015). An alternative method has also been 
developed in which delignification and removal of non-cellulosic polysaccharides takes place within a 
single step through addition of a mixture of acetic and nitric acid to the plant material, which is 
located in screw-top vials with silicone O-ring seals (Brendel et al., 2000). Advantages of this method 
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are that it is relatively fast and that it can be applied to small samples. In either case, the purity of the 
cellulose extraction can be tested against standards using infrared spectroscopy (Rinne et al., 2005). 

The prepared cellulose material can then be transferred to silver capsules and the δ18O value 
determined by TC/EA-IRMS. This procedure is different for δ2H values. Due to a high proportion of 
oxygen-bound hydrogen in cellulose that constantly exchanges with atmospheric humidity or water, 
accurate δ2H values of the non-exchangeable carbon-bound hydrogen (holding useful information on 
plant physiology) cannot be easily inferred from unprepared cellulose. To overcome this problem, 
cellulose must be chemically converted to cellulose nitrate (DeNiro, 1981), or equilibrated with water 
vapour of a known isotopic ratio (Wassenaar et al., 2015). 

 

δ18O and δ2H analysis of non-structural carbohydrates  

Isotope analysis of non-structural carbohydrates, such as sugars or starch, have a higher turnover 
than cellulose and thus reflect the influence of short-term environmental effects on a daily or weekly 
time scale. Also, as noted above, the isotopic composition of these compounds may be more 
representative of the initial products of photosynthesis, as there will have been fewer opportunities 
for non-structural carbohydrates to have exchanged atoms with local water than the end products of 
biosynthetic pathways (e.g. cellulose and lignin). As such, the measurement of the isotope ratios of 
oxygen and hydrogen in non-structural carbohydrates may be of interest for understanding how 
trees respond to short-term environmental changes (Lehmann et al., 2018). 

Recent methodological developments have made the measurement of δ18O and δ2H values of 
individual sugars, starches, and other compounds more readily accessible (Wassenaar et al., 2015; 
Lehmann et al., 2016). The water-soluble compounds can be easily extracted with water or 
methanol/chloroform/water (MCW) solutions for a short time with heating. This bulk fraction can 
then be freed from non-sugar compounds such as amino acids, organic, acids, and polyphenols by 
ion-exchange chromatography and the neutral bulk sugars collected in water (Rinne et al., 2012; 
Lehmann et al., 2015). For starch extraction and purification, the water insoluble material can be 
washed repeatedly with water or MCW and the starch extracted enzymatically (Wanek et al., 2001; 
Richter et al., 2009). The breakdown of starch results in a mix of sugars (e.g. glucose and maltose). 
Both bulk sugars and starch-derived sugars can then be pipetted into silver capsules, frozen, freeze-
dried, and the δ18O values determined by TC/EA-IRMS. Importantly, the samples should remain 
frozen between analyses to reduce the possibility of oxygen isotope exchange (Lehmann et al., 
2017). To determine the δ2H values of bulk sugars and starch-derived sugars, samples should be 
equilibrated with water vapour of a known isotopic ratio before analysis by TC/EA-IRMS (Wassenaar 
et al., 2015). 

 

Where to start 

Barbour (2007), Cernusak et al. (2016), Dawson & Ehleringer (1998), Gat (2005), Gessler et al. (2009), 
Roden et al. (2000), Werner et al. (2012) 

 

Interpretation 
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δ18O and δ2H of water. At landscape scales, source water isotope ratios (e.g. snow and rainfall) vary 
as a function of a number of different factors. While the temperature at which the source water was 
formed is the primary control, there are additional effects imposed by latitude, continental 
landmasses, altitude, and storm event size (Dansgaard, 1964). On top of these are local effects of 
fractionation and mixing driven by canopy interception and transit into the soil, all of which can 
contribute to the formation of a distinct profile of soil water isotope composition as a function of 
depth below the surface (Sprenger et al., 2016). The variation in the isotopic composition of water 
available to plants in the soil is, in turn, used to interpret how the sources of water taken up by roots 
vary across time and space. 

In particular, there are three primary methods used for inferring the relative proportion of water 
taken up by plants from different sources within the ground using stable isotopes. The first is 
graphical inference carried out by matching the isotope composition of the water in xylem with that 
of the soil using either one or both isotopes (Brunel et al., 1995). The second is the use of a two-
source (Dawson & Pate, 1996) or multi-source mixing model (Phillips & Gregg, 2003; Parnell et al., 
2013) that statistically solves the relative contributions of the different possible soil-water sources to 
the xylem water. The third is the use of an analytical and physically based model (Ogle et al., 2004) 
that incorporates additional information on the plant–soil interface. For all of these methods, the 
ability to resolve the sources of water observed in the plant xylem increases with the sampling 
resolution of the potential soil-water sources, as well as with the magnitude of differences among 
those soil-water sources. Rothfuss & Javaux (2017) provide a detailed review and comparison of 
these methods. 

Finally, vertical profiles of water isotope values are sometimes flat or bimodal, which complicates 
inferences of depth of water uptake. In these instances, addition of isotopically labelled water to the 
soil surface, or below it (Beyer et al., 2016), may be of value (Koeniger et al., 2010). D2O is a common 
choice and relatively inexpensive. Changes in deuterium excess (D-excess = δ2H/8 - δ18O) provide a 
high signal-to-noise ratio and can be a useful metric for interpretation (Lai & Ehleringer, 2011). 

As noted above, the isotopic composition of water in leaves differs from the xylem due to the effects 
of transpiration. Evaporation of water from the leaf enriches the isotopic composition of the 
remaining leaf water due to i) an equilibrium fractionation associated with phase change from liquid 
to vapour and ii) a kinetic fractionation associated with diffusion through the stomata and boundary 
layer. The magnitude of this fractionation depends on the isotopic composition of both the source 
water and the atmospheric water vapour, as well as on the ratio of ambient air vapour pressure to 
leaf intracellular vapour pressure. This enrichment can be modelled using an approach originally 
developed for well-mixed surface waters and subsequently modified expressly for transpiration 
(Craig & Gordon, 1965; Dongmann et al., 1974). Cernusak et al. (2016) provide a detailed review of 
leaf water isotopes. 

 

δ18O of organic material. The δ18O of organic material reflects the effects of evaporative enrichment 
on leaf water isotopes used for photosynthesis. However, the δ18O of organic material differs from 
that of leaf water due to fractionation that occurs when oxygen is incorporated into organic 
molecules. This “biosynthetic” isotope fractionation factor (ℇO) results in a c. 27 ‰ enrichment of 
organic material (including bulk organic matter, cellulose, and non-structural carbohydrates) 
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compared to the water used for synthesis. The ℇO reflects a reversible hydration reaction on carbonyl 
groups during photosynthetic carbohydrate biosynthesis (DeNiro & Epstein, 1981; Sternberg & 
DeNiro, 1983). There is evidence for a temperature dependency of ℇO (Sternberg & Ellsworth, 2011) 
and it may be important to account for this in some cases. For cellulose from tree rings, enrichment 
of 27 ‰ above source water is often observed (Saurer et al., 1997; Treydte et al., 2007). However, it 
has recently been observed that the ℇO of sucrose in grass and tree species can be higher than 27 ‰ 
(Lehmann et al., 2017). 

The δ18O of organic material is further altered by oxygen isotope-exchange reactions occurring 
between carbohydrate carbonyl groups and water after photosynthesis (Hill et al., 1995; Lehmann et 
al., 2017). These isotopic exchange processes occur in leaves, but also during translocation of sugars 
(i.e. from leaves to the stem or roots). Such isotopic exchange dampens the leaf water signal that is 
imprinted on the organic material by partially incorporating the un-enriched source water signal 
(Farquhar et al., 1998; Barbour & Farquhar, 2000). Some studies, which use the isotopic composition 
of tree-ring cellulose to model environmental conditions and plant responses, have found that these 
post-photosynthetic isotope-exchange processes are relatively constant and that this parameter can 
be easily implemented into models (Roden et al., 2000; Sternberg, 2009). Other studies have found 
that these isotopic exchange processes are much more variable and change with tree species, soil 
moisture conditions, and precipitation amount (Gessler et al., 2013; Pflug et al., 2015; Cheesman & 
Cernusak, 2017). Recognition of these processes is critical for the accurate interpretation of oxygen 
isotopes in plant tissues. 

δ2H of organic material. The δ2H values in plants are influenced by several isotope fractionations that 
can be separated into photoautotrophic and heterotrophic processes (Yakir & DeNiro, 1990). 
Photoautotrophic isotope fractionations (ℇHA) are assumed to cause a partial 2H-depletion in 
carbohydrates. The mechanism for ℇHA is most likely related to incorporation of 2H-depleted 
hydrogen derived from water photolysis processes, which is then transferred in the Calvin cycle to 
carbohydrates via NADPH (Estep & Hoering, 1981; Yakir & DeNiro, 1990). The triose phosphates from 
the Calvin cycle and their descendants experience an additional set of heterotrophic isotopic 
fractionations (ℇHH) during hexose and sucrose biosynthesis, causing a 2H-enrichment in non-
structural carbohydrates (Yakir & DeNiro, 1990; Zhang et al., 2009). ℇHH can occur in both 
photoautotrophic (leaves) and heterotrophic tissues (phloem, roots) and is able to affect carbon-
bound hydrogen. Although the carbon-bound hydrogen is non-exchangeable from a chemical point 
of view, the mechanism for ℇHH can be partially explained by hydrogen isotope exchange reactions 
with (leaf) water in enzymatic catalysed reactions by aldolases or isomerases (Yakir, 1992; Schleucher 
et al., 1999; Augusti et al., 2006). In heterotrophic tissues, 2H-enriched hydrogen in carbohydrates 
and cellulose can also derive from NADPH originating from enzymatic reactions of the oxidative 
pentose phosphate pathway and tricarboxylic acid cycle (Zhang et al., 2009). 

The δ2H values of non-structural carbohydrates and cellulose are known to be lower than those of 
the leaf water used for synthesis and to vary largely among tissues and species (Luo & Sternberg, 
1992; Loader et al., 2014). For instance, δ2H values of cellulose derived from photosynthetic tissues 
have been found to be higher in CAM plants than those of C3 plants (Sternberg et al., 1984). Also, the 
δ2H values among compounds of different functional groups (i.e. lipids, carbohydrates, proteins) 
show a very high variability in plants, making hydrogen isotopes an ideal tool to investigate 
biochemical processes within plants that cannot be inferred from oxygen or other isotopes (Schmidt 
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et al., 2007; Sachse et al., 2012). However, the interpretation of δ2H variations in plant material 
remains difficult and additional studies will be necessary to realise the full utility of this approach.  

 

5.13.2 Special cases, emerging issues, and challenges 

Special cases 

The paired study of stable isotopes of oxygen and carbon in plant organic material (particularly with 
respect to leaves) can be a particularly powerful approach for providing insights not available from 
oxygen or carbon isotopes alone (Scheidegger et al., 2000). Additional details are provided in 
protocol 5.15 Water-use efficiency. 

 

Emerging methods 

While isotope ratio mass spectrometry has long been considered the gold standard for the 
measurement of hydrogen and oxygen isotope ratios of water and remains the only means of 
measuring organic samples, isotope ratio infrared spectroscopy (IRIS) has emerged as a rapid, 
economical, and low maintenance method for making measurements of both discrete liquid water 
samples and continuous measurements of water vapour in real time (Wen et al., 2012). It is now well 
established that these laser-based instruments are vulnerable to interference with the absorption 
spectra associated with the presence of volatile organic compounds (e.g. alpha-pinene) that are 
often found in water extracted from plants (West et al., 2010, 2011). Such effects appear to be more 
limited in the context of soil water, although they may still be present. Both pre- and post-
measurement methods have been developed to mitigate these effects (Martín-Gómez et al., 2015; 
Chang et al., 2016; Johnson et al., 2017), but so far, these methods have not completely resolved the 
problem and it remains critical to validate the IRIS measurements on IRMS. Nevertheless, the 
development of this technology has facilitated exciting advances in our ability to understand how 
water moves through the soil–plant–atmosphere continuum in real time. This includes continuous in 
situ monitoring of soil and plant xylem water isotopes that is likely to provide compelling new 
insights into plant water use in response to changing plant water supply and demand (Volkmann & 
Weiler, 2014; Volkmann et al., 2016; Oerter et al., 2017). 

In addition to IRIS, advances in IRMS are also opening new doors for research. Plant metabolic 
processes or isotopic exchange can alter the isotopic signal before it is ultimately transferred to a 
stable compound that is functioning as a biomarker (Lehmann et al., 2017). Identifying and 
understanding these hidden isotope fractionation processes and how they respond to changing 
climatic signals is often not straightforward, but it is necessary to improve the precision and accuracy 
of their application. To open this black box, compound-specific isotope analysis (CSIA) by gas 
chromatography/pyrolysis-IRMS (GC/Pyr-IRMS) is emerging as a useful tool for determining δ18O or 
δ2H of particular biomarkers and their precursors, including specific carbohydrates (Lehmann et al., 
2016), hemicellulose (Zech & Glaser, 2009), n-alkanes (Sachse et al., 2012), and levoglucosan (Blees 
et al., 2017). While much of this work remains in development, CSIA holds significant promise for 
becoming a means of directly tracking plant functional response to environment from source to sink, 
as well as for improving our existing use of stable isotopes of water. 
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Challenges 

The use of stable isotopes of hydrogen and oxygen as a means of answering questions regarding 
plant function is currently an active field of research. This includes innovations in methods 
development (e.g. continuous in situ monitoring of water isotopes; Volkmann & Weiler, 2014), as 
well as cautions regarding the use of existing methods (e.g. differences among methods used for 
extracting water from matrices; Orlowski et al., 2016). It also includes advances in our understanding 
of how hydrogen and oxygen isotopes fractionate and mix in the soil (e.g. Gaj et al., 2017), upon 
uptake (Vargas et al., 2017), and in plants (e.g. Goldsmith et al., 2017) and, as such, there will remain 
a premium on the careful design, implementation, and interpretation of hydrogen and oxygen 
isotopes based on the latest research. 
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5.14 BVOC emissions from plants and soils 
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Measurement unit: µg g-1dm h-1, nmol m-2 s-1 or µg m-2 h-1 (GC-MS, PTR-MS); Measurement scale: 
site, plot, plant, leaf; Equipment costs: €€€; Running costs: €€€; Installation effort: high; 
Maintenance effort: high; Knowledge need: high; Measurement mode: manual 

Biogenic volatile organic compounds (BVOCs) are a very large variety of molecules including 
isoprene, terpenes, alkanes, alkenes, alcohols, esters, carbonyls, and acids (Peñuelas & Llusià, 2003). 
The main producers and emitters of BVOCs are plants, which synthesise them in many different 
tissues by mean of different physiological processes. Among BVOCs, isoprene, monoterpenes, and 
sesquiterpenes are synthesised and emitted by several plant species. These volatile isoprenoid 
compounds have many protective and ecological functions and have important effects on the 
photochemistry and radiative properties of the atmosphere (Zimmerman et al., 1978; Kavouras et al., 
1998; Peñuelas & Llusià, 2003; Owen & Peñuelas, 2005). Consequently, there is great interest in 
determining the emission capacities of the different species and how environmental factors and 
especially climate change affect the volatile isoprenoid emissions (Peñuelas & Llusià, 2001). 
Furthermore, BVOCs affect the chemical and physical properties of the atmosphere and therefore 
they are considered promoters of climate change (Fehsenfeld et al., 1992; Singh & Zimmerman, 
1992; Kesselmeier & Staudt, 1999; Peñuelas & Llusià, 2001, 2003). 

 

5.14.1 What and how to measure? 

Plant BVOC emissions can be measured with different types of chambers measuring gas-exchange. 
Air samples are collected using an air-sampling pump that direct the air to a stainless steel tube filled 
with adsorbents. To measure BVOC contents in plant tissues, liquid nitrogen is used to maintain the 
terpenes unaltered and to crush the leaves. Pulverised leaves are then submerged in organic solvent 
to extract terpenes. Terpene content is calculated per dry weight, after drying plant material until 
constant weight. 

After sampling, BVOC determination is generally performed by using gas chromatography-mass 
spectrometry (GC-MS) or by a proton-transfer-reaction mass spectrometer (PTR-MS) system. PTR-MS 
provides continuous monitoring of BVOCs and it is fast enough to be used in eddy covariance towers 
to measure BVOC exchange at the ecosystem level, but does not allow speciation of the thousands of 
BVOCs: for example, it does not distinguish the different monoterpenes that have the same mass. 
The PTR-MS system and its use in BVOC analysis have been described by Lindinger et al. (1998). 

 

Sampling, preparation, and analysis of terpene content and emission 

A gas-exchange system is frequently used for sampling plant volatile emissions. Air exiting 
the cuvette is pumped through a stainless steel tube filled with adsorbents. Air samples are collected 
using an air-sampling pump. The flow is measured with a flowmeter. Prior to use, these tubes are 
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conditioned. Emission rate calculations are made on a mass balance basis and by subtracting the 
control samples without plants from the samples with plants (Llusia et al., 2012). 

To measure BVOC contents, plant organs are submerged in liquid nitrogen immediately after 
sampling and transported to the laboratory. In the laboratory, samples are stored at -20 °C prior to 
BVOC extraction and analysis. The BVOC extractions are conducted by submerging 1–2 leaves or 
flowers in liquid nitrogen in a Teflon tube and crushing them with a Teflon pestle. Leaves are 
thereafter pulverised, and 2 ml of pentane is added to the extract. Before analysis, extracted plant 
material with pentane is centrifuged at 10,000 rpm for 5 min. The extracts are finally concentrated 
up to 200 µl with a stream of nitrogen. BVOC content is then calculated per dry weight basis, after 
drying plant material at a maximum of 70 °C for 72h to constant weight (Llusia et al., 2006; Pérez-
Harguindeguy et al., 2013). The temperature and time for drying depend on the study question, how 
many samples are dried, the size, thickness and type of the plant material (e.g. large, fleshy or 
succulent leaves need more time) see protocol 2.1.1 Aboveground plant biomass for more details on 
the drying. BVOC determination is generally performed using a GC-MS system. Tubes with trapped 
emitted monoterpenes are inserted in the injector and desorbed into a chromatographic column. 
The injector is connected to a gas chromatograph with a mass spectrometer detector. A full-scan 
method is used in the chromatographic analyses. The desorbed samples are injected into a capillary 
column. The identification of monoterpenes is conducted by GC-MS and compared with standards 
from Fluka (Buchs, Switzerland), literature spectra, and GCD Chemstation G1074A HP. Internal 
standard dodecane that does not mask any terpene, together with frequent calibration with 
common terpene standards can be used for quantification. Blank samples of air without plants in the 
cuvette are necessary if clean air input is not used.  

To monitor BVOC emissions continuously in time, PTR-MS can be used. The PTR-MS system and its 
use in BVOC analysis is described in detail by Lindinger et al. (1998). Intact leaves (or the plant organ 
of study) are clamped in a leaf cuvette. All tubing used is made of inert polytetrafluoroethylene 
(PTFE). Part of the air exiting the leaf cuvette flows through a T-system (T-shaped tube) to the PTR 
inlet. For volatile determination and quantification, both the air entering and exiting the leaf cuvette 
is analysed by PTR-MS and monitored with flow meters. The difference between the concentration of 
BVOCs before and after passing through the cuvette, along with the flow rates, are used to calculate 
the BVOC exchange (Peñuelas et al., 2007). The quantification of volatiles is based on the use of 
calibration standards. PTR-MS is also used in eddy covariance studies to measure BVOCs exchange at 
the ecosystem level. 

 

Where to start 

Lindinger et al. (1998), Llusia et al. (2006, 2012), Peñuelas et al. (2007) 

 

5.14.2 Special cases, emerging issues, and challenges 

Species that store BVOCs 

Some species not only produce and emit terpenes but also store them. The production of terpenoids 
in terpene-storing plants is highly influenced by abiotic factors (Letchamo et al., 1994; Llusià & 
Peñuelas, 1998, 2000). Terpene emission rates in terpene-storing plants are not necessarily 
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determined by terpene content, but the patterns of terpene emission from plants that store 
terpenes in specialised structures may be different from those of plants not having specialised 
structures for their storage (Lerdau et al., 1995; Seufert et al., 1995; Loreto et al., 1996; Peñuelas & 
Llusià, 2001). 

 

BVOCs uptake 

In some cases, there are not emissions but uptake of BVOCs, posing an interesting question of 
impacts of those uptakes. Furthermore, several experiments can be conducted fumigating plants and 
soils with BVOCs to study the physiological reactions of plants, microbes, and animals. 

 

Soil BVOC exchange 

Soil BVOC exchanges (Peñuelas et al., 2014) can be measured in situ using a flow-through chamber 
method. A vented soil chamber system is used with PVC collars installed permanently 3–4 cm into 
the soil. The collars are covered by a PVC lid with two outlets. Air samples from soil are collected 
using the same method as for plants described above. Soil measurements are measured in situ using 
a flow-through chamber method. Soil VOCs are sampled and the flow is regulated with a peristaltic 
pump. The flow adjustment is determined with a flow-meter (Asensio et al., 2008). 

 

Improved continuous and fast measurements of BVOC exchange with PTR-TOF-MS 

The conventional PTR-MS (with the analyses performed with a quadrupole mass detector) offers a 
high temporal resolution, but does not allow the distinguishing of compounds with the same mass, 
which constitutes an important analytical limitation (Müller et al., 2010). PTR-“time-of-flight”-mass 
spectrometry (PTR-TOF-MS) couples high sensitivity with high mass resolution, for instantaneous 
real-time detection of multiple emitted VOCs with unambiguous identification of compounds (Brilli et 
al., 2014). 

 

SPME in dynamic systems 

Another interesting BVOC sampling technique is the use, especially in floral studies, of spme (solid 
phase micro extraction) columns, i.e. a solid phase extraction sampling technique that involves the 
use of a fibre coated with an extracting phase (Courtois et al., 2009). Its use is very widespread to 
analyse mixtures of VOCs in both gaseous and liquid media (headspace), provided they are static 
systems. Its possible use in dynamic systems is a challenge that would greatly facilitate the study of 
BVOC emissions in gas-exchange systems. 

 

BVOCs and climate change 

Recent data intriguingly link BVOCs with climate. BVOC emissions increase with warming and with 
most of the other components of the current global environmental change. This increase, apart from 
influencing the oxidising potential of the troposphere, might produce both negative and positive 
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feedbacks on warming depending on the spatial scales. Until recently, the short lifetime of BVOCs 
was thought to preclude them from having a significant direct influence on climate. However, there 
is emerging evidence that this influence might be important at different spatial scales, from local to 
regional and global, through aerosol formation and direct and indirect greenhouse effects (Peñuelas 
& Llusia, 2003; Claeys et al., 2004). BVOCs generate large quantities of organic aerosols (Laaksonen et 
al., 2008; Jiang et al., 2009; Spracklen et al., 2010) that could affect climate by forming cloud 
condensation nuclei. The result should be a net cooling of Earth’s surface during the day because of 
radiation interception. Furthermore, the aerosols also diffuse the light received by the canopy 
increasing CO2 fixation. However, the BVOCs also increase ozone production and the atmospheric 
lifetime of methane, thus enhancing the greenhouse effect of these gases. Whether increased BVOC 
emissions will cool or warm the climate depends on the relative weights of the negative (increased 
albedo and CO2 fixation) and positive (increased greenhouse action) feedbacks (Claeys et al., 2004). 

 

5.14.3. References 

Theory, significance, and large datasets 

BEMA (1997), Kesselmeier & Staudt (1999), Laothawornkitkul et al. (2009), Peñuelas et al. (1995, 
2013) 

 

More on methods and existing protocols 

Hewitt et al. (2003), Ormeño et al. (2011), Watson et al. (2001) 
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5.15 Water-use efficiency 

Authors: Goldsmith GR1, Berry ZC1, Lehmann MM2 
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Measurement unit: carbon assimilation per unit water loss (e.g. mmol CO2 mol-1 H2O); 
Measurement scale: plant tissues; Equipment costs: €€; Running costs: €; Installation effort: low; 
Maintenance effort: low to medium; Knowledge need: low to medium; Measurement mode: 
manual and data logger 

Water-use efficiency (WUE) is a measure of the carbon gained by plants through photosynthesis 
relative to the water lost through transpiration, defined as 

`
a

 (1) 

where A is net photosynthesis and E is transpiration. This is commonly referred to as instantaneous 
WUE (Farquhar & Richards, 1984). However, both A and E are functions of the resistance to water 
movement (generally quantified as stomatal conductance; gs) and the driving gradient for diffusion of 
CO2 and H2O across the leaf surface, such that 

`
a
= 	 bc+bd

..ef
	 (2) 

where ca is the mole fraction of CO2 in the ambient atmosphere, ci is the mole fraction of CO2 inside 
the leaf, 1.6 is the diffusion of H2O in air relative to that of CO2 in air, and v is the vapour pressure 
difference between inside the leaf and the ambient atmosphere. Therefore, instantaneous WUE can 
depend on environmental conditions, as differences in the vapour pressure of water in the air can 
vary significantly and lead to significant differences in E. To improve the ability to compare across 
studies without these confounding effects, intrinsic WUE (iWUE; Osmond et al., 1980) was proposed, 
defined as 

`
gh

 (3) 

There is considerable interest in measures of WUE at the leaf, whole plant, and ecosystem scale 
motivated by the importance of understanding the implications of climate change for both carbon 
and water cycling. For instance, there is already evidence that increases in atmospheric CO2 
concentrations have increased WUE (Keenan et al., 2013). Long-term changes in temperature and 
precipitation are also likely to affect WUE by affecting the leaf-to-air vapour pressure difference and 
therefore altering rates of transpiration (Medrano et al., 2012). WUE provides an accessible measure 
of the effects of environmental stressors on the coupled processes of photosynthesis and 
transpiration and can thus contribute to our understanding of plant, species, and ecosystem 
functions in current and future climate scenarios. 

 

5.15.1 What and how to measure? 

Water-use efficiency is most commonly determined by measuring leaf gas exchange with an infrared 
gas analyser (IRGA), or by measuring whole plant biomass accumulation and water use (generally 
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with potted plants). WUE is also inferred through measurements of the stable isotope ratios of 
carbon in plant organic matter, most commonly in plants with a C3 photosynthetic pathway. IRGA 
measurements are more direct and precise as well as instantaneous, but are difficult to scale to 
larger spatial and temporal scales (Medrano et al., 2015). Measurements on whole plants can be 
useful in particular experimental contexts, but have similar constraints (Cernusak et al., 2009). By 
comparison, stable isotopes of carbon integrate longer time periods, but must be interpreted very 
carefully in order to make inferences about WUE (Seibt et al., 2008). 

 

Gas exchange 

Measurements of the concentration of CO2 and H2O exchanged across a leaf surface serve as the 
primary means of quantifying WUE. This is done using commercially-available IRGAs that measure 
gas concentrations before and after air flows through a closed chamber containing a leaf or plant. 
These systems then calculate photosynthesis (A), transpiration (E), and stomatal conductance (gs) 
using equations that consider the flow rate, leaf area in the chamber, the ratio of stomata on both 
sides of the leaf, and the mole fractions of CO2 and H2O (von Caemmerer & Farquhar, 1981). Intrinsic 
and instantaneous WUE can be calculated from these three variables as described in Eqs. 1-3 above. 

Measurements begin by identifying the leaf or plant of interest and clamping the chamber around 
the leaf. Most commonly these measurements are done on small leaf areas (6–10 cm2), although 
other chambers can be used or constructed to integrate over the leaf size of interest for the study. 
Both the leaves and the instrument should be allowed to equilibrate and be held under consistent 
conditions, controlling for light, temperature, relative humidity, and ambient CO2 for the duration of 
the measurement. WUE is known to vary on diurnal and seasonal cycles, as well as across light, 
temperature, and humidity gradients within canopies (Medrano et al., 2015). Research questions 
should consider this variability in their experimental design in order to ensure the ability to compare 
WUE across sample populations. Most commonly, WUE calculated from gas exchange is measured 
on fully sun-exposed and mature leaves during periods when stomatal conductance is non-limiting. 
This is usually during the late morning (09:00–11:00 hours) on sunny days where there are no 
extreme soil moisture deficits, unless studies are explicitly studying variation across one of these 
parameters. 

 

Whole plant 

Measurements of whole plant biomass accumulation relative to water use can serve as an alternative 
means of measuring WUE (Morison & Gifford, 1984; Marks & Strain, 1989; Centritto et al., 1999; 
Cernusak et al., 2009). This destructive method is carried out on smaller potted plants observed in an 
experimental context. Biomass accumulation (i.e. growth) is generally measured by comparing the 
dry weights of individual plants harvested at the beginning and end of the experiment. Water use is 
estimated by repeatedly weighing the potted plants on a balance to determine water use and 
returning each plant to field capacity (or the desired water content) on a regular basis between 
measurements. Control pots with soil, but no plants, can be used to estimate soil evaporation. 
However, evaporation should be minimised by covering the sides of pots with reflective materials, as 
well as by adding a layer of gravel to the soil surface (Cernusak et al., 2009). The biomass 
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accumulation can then be divided by the cumulative water use (accounting for evaporation) to 
measure whole plant water-use efficiency. 

 

δ13C of bulk plant tissues 

An alternative means of inferring WUE is through the measurement of the ratio of the heavy to light 
carbon isotopes (i.e. 13C/12C, as interpreted relative to an international reference standard; Coplen, 
2011) in plant tissues such as leaves and wood. The carbon isotope composition (δ13C) of plant tissue 
reflects the pathways for biochemical CO2 assimilation (i.e. C3 v. C4/CAM metabolism), as well as the 
plant functional response to climatic conditions. In C3 plants, the enzyme RuBisCO discriminates 
against the 13C in favour of the lighter isotope (12C) during photosynthetic CO2 assimilation, causing C3 
plants to be more depleted compared to C4 and CAM plants. However, as leaf internal CO2 (ci) 
becomes limited relative to that of the ambient atmosphere (ca), discrimination against 13C 
necessarily decreases and the assimilation of 13C and its incorporation into plant material increases. 

The calculation of ∆13C, which controls for the δ13C of the atmospheric CO2 used for assimilation as 
described below, can thus provide insights into ci/ca that can be used to infer the relationship 
between photosynthetic CO2 assimilation and water loss (Farquhar et al., 1982, 1989). 
Measurements of ∆13C are most commonly made on bulk leaf organic matter, reflecting a mix of both 
structural (e.g. cellulose) and non-structural carbohydrates (e.g. sugars, starch), as well as other 
compounds. Thus, bulk leaf organic matter mixes the signals integrated over the course of leaf 
formation and the signals integrated over recent (e.g. daily) CO2 assimilation. As such, the time scale 
reflected in ∆13C measurements differs from that of gas exchange. 

The leaf material of interest should be excised and transferred to sampling bags or vials. Given that 
metabolic processes can continue even after the leaf is sampled, it is advisable (where possible) to 
quickly inactivate metabolic processes by using a microwave, submersion in liquid nitrogen, or 
storage on dry ice. Samples should subsequently be dried by oven at a maximum of 70 °C for 72h to 
constant weight (Pérez-Harguindeguy et al., 2013) or freeze dryer (Popp et al., 1996; Richter et al., 
2009). The temperature and time for drying depend on the study question, how many samples are 
dried, the size, thickness and type of the plant material (e.g. large, fleshy or succulent leaves need 
more time) see protocol 2.1.1 Aboveground plant biomass for more details on the drying. Leaf 
material should be well milled and homogenised before being transferred into tin capsules. However, 
it is important to confirm that the material that is used during milling (e.g. reaction vials) is not 
causing any significant impact on the isotope ratio of a sample due to abrasion. Finally, the isotope 
ratios can then be measured by means of an elemental analyser coupled to an isotope ratio mass 
spectrometer (IRMS). Quality control standards and information on the long-term accuracy and 
precision of the instrumentation are important for appropriate interpretation of the results. 

A similar procedure for drying and preparing samples, without the concerns of ongoing metabolic 
processes, can also be used to determine the δ13C of woody tissue. This type of sampling will reflect 
the δ13C integrated over longer time periods (e.g. in annual tree rings). However, the δ13C ratios of 
assimilates can be changed by post-photosynthetic isotope fractionation processes during 
translocation from leaves to downstream tissues and by mixing with older carbon from storage 
compounds such as starch. Interpreting the δ13C ratios in woody tissues thus requires additional 
considerations (Gessler et al., 2014). 
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δ13C of cellulose and non-structural carbohydrates 

The structural and non-structural carbohydrate fractions in the leaf bulk material can be separated 
by different techniques, making inferences about δ13C possible at more specific time scales. For 
instance, the δ13C value from leaf cellulose reflects the predominant environmental conditions during 
leaf development, while δ13C measurements of the water soluble content (WSC), sugar, and starch 
reflect ∆13C values integrated over shorter time scales (Gessler et al., 2009). 

For the extraction and purification of leaf cellulose for isotope analysis, leaf material is cut into small 
pieces and transferred into Teflon bags (Boettger et al., 2007). Lignin is first removed by submerging 
the bags in acidic NaClO2. The leaf material is then freed from fatty acids, oils, and hemicellulose with 
NaOH. Finally, it is cleaned with deionised water and HCl solutions. The remaining residue is then 
oven- or freeze-dried and can be used directly for analysis. However, some labs further homogenise 
the cellulose material by ultrasonication (Weigt et al., 2015). Infrared spectroscopy can be used to 
test the efficiency of the cellulose purification against standards (Rinne et al., 2005). 

The WSC of bulk plant tissue (i.e. leaf or roots) can easily be extracted by mixing the tissue with 
water or methanol chloroform water (MCW) solutions and heating them for a short time in a water 
bath (Richter et al., 2009; Lehmann et al., 2015). If water is the only solvent used for extraction, the 
supernatant and the insoluble material can be used after centrifugation for sugar and starch 
purification, respectively. By contrast, if MCW is the solvent used for extraction, the chloroform 
phase must be removed by bench or oven drying to avoid a significant bias in isotope ratios of sugars 
and starch. 

To measure the δ13C of bulk sugars, the WSC fraction must be isolated from non-sugar compounds 
such as amino acids, organic acids, and polyphenols. This can be done by ion exchange 
chromatography (Rinne et al., 2012; Lehmann et al., 2015). The WSC fraction is added on the top of 
the ion exchange material, gravimetrically passed through the columns/cartridges using deionised 
water, and the flow-through containing the neutral sugar fraction collected by reaction vials. In 
addition, starch is enzymatically isolated from the insoluble material after several washing and 
heating steps using heat-stable alpha amylase (Wanek et al., 2001; Richter et al., 2009), which breaks 
down the starch to a mix of sugars (i.e. glucose and maltose). 

Aliquots of all bulk fractions, including WSC, sugars, and starch are then pipetted to tin capsules and 
oven-dried at 60 °C until completely dry. As above, the isotope ratios can then be measured by 
means of an elemental analyser coupled to an isotope ratio mass spectrometer (IRMS). 

 

Where to start 

Cernusak et al. (2009, 2013), Farquahar & Richards (1984), Farquhar et al. (1989), Medrano et al. 
(2015) 

 

Interpretation 
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Gas exchange. Both the instantaneous WUE (A/E) and the intrinsic WUE (A/gs) can be calculated 
from gas exchange measurements. Instantaneous WUE is a more direct quantification of the trade-
off between carbon and water, but is often difficult to compare across environments due to 
variations in leaf-to-air vapour pressure across measurement periods. In contrast, intrinsic WUE only 
considers stomatal aperture and is therefore independent of atmospheric demand of moisture 
(Osmond et al., 1980). Values of WUE vary across species and environmental conditions. General 
values for instantaneous WUE range from 2 to 11 mmol CO2 mol-1 H2O in woody C3 plants, while 
values tend to be higher in C4 and CAM plants (as high as 20 mmol CO2 mol-1 H2O) (Lambers et al., 
2008). This greater WUE in C4 and CAM plants reflects the adaptive regulation of water loss 
associated with these photosynthetic pathways. There is also wide variation in intrinsic WUE values 
ranging from around 10 μmol mol-1 to over 200 μmol mol-1 (e.g. Flexas et al., 2013; Tomás et al., 
2014). 

Interpretation and comparison of WUE values require some consideration of the environmental 
conditions in which measurements were taken. Stomatal conductance plays a key role and WUE 
tends to increase as stomata close (Condon et al., 2002; Tomás et al., 2014). Given that drought 
typically reduces stomatal conductance to minimise water loss, there is evidence that WUE will 
continue to increase under the drier conditions associated with current and projected global 
warming (Pou et al., 2008; Beer et al., 2009). There is much literature considering the effects of 
increasing atmospheric concentrations of CO2 on WUE. This research has found support for a so-
called “fertilisation effect,” whereby closures in stomatal aperture maintain a consistent leaf internal 
CO2, but decrease water loss: this results in increased WUE (Keenan et al., 2013; Frank et al., 2015). 

 

Whole plant. Measurements of whole-plant WUE require some additional considerations of 
potential sources of error. Rather than repeat measurements on individual plants, the destructive 
nature of the approach necessitates that biomass accumulation be estimated from two different sets 
of individuals and this may serve as a source of random error with respect to carbon gain. In addition, 
whole plant measurements made over days or weeks are subject to the additional influences of i) 
water lost through transpiration that is not associated with carbon gain (e.g. night-time transpiration; 
Dawson et al., 2007) and ii) the offset of carbon gain by respiratory carbon losses through stems and 
roots during the day, as well as through stems, roots, and leaves during the night (Cernusak et al., 
2007). The magnitude of these effects on whole-plant WUE is not well studied, although research 
indicates that they are not likely to outweigh differences among species or between experimental 
treatments (Centritto et al., 2002; Cernusak et al., 2007, 2009). Notably, night-time transpiration and 
respiration may lead to a disconnect between leaf-level and whole plant measures of WUE (Medrano 
et al., 2015). If expressed in terms of the carbon content in the plant dry mass increment per unit 
water lost from the plant, typical values of whole-plant WUE will be about half those measured at 
the leaf level, mainly reflecting respiratory carbon losses. 

 

δ13C. For the purposes of inferring WUE, measurements of δ13C are generally interpreted in terms of 
discrimination (∆13C), defined as 

∆.j𝐶 = 	 k
lmncop+klmnqrcso

.Kklmncop
 (4) 
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where δ13Cplant is the carbon isotope composition of plant organic matter and δ13Catm is the carbon 
isotope composition of atmospheric CO2. It should be noted that ∆13C generally results in positive 
values for plant organic matter, whereas δ13C is generally negative (when interpreted relative to the 
standard VPDB): this can cause confusion when studies differ in their presentation of results. The 
calculation of ∆13C has the advantage of allowing for the interpretation of carbon isotope 
composition in the absence of any confounding effects of differences in the δ13C of atmospheric 
source CO2 used by the plant for photosynthesis. While the atmosphere is generally well mixed, both 
spatial and temporal differences can arise. For instance, there can be differences in the δ13C of CO2 
between the canopy and understorey, due to the influence of CO2 respired from the soil. The δ13C of 
CO2 has also changed considerably over time: the accelerated burning of fossil fuels has led to a c. 
1.5 ‰ (relative to the standard VPDB) decrease in the δ13C of atmospheric CO2 since the beginning of 
the Industrial Revolution (Rubino et al., 2013) and this is an important consideration when 
interpreting long-term records (e.g. tree rings or herbarium specimens). 

An important benefit of ∆13C is that it can be used as a means of approximating ci/ca. However, doing 
so differs based on the photosynthetic pathway of the species under consideration. Here we focus on 
an approximated relationship between ∆13C and ci/ca in plants with a C3 photosynthetic pathway, 
defined as 

∆.j𝐶 = 𝑎 + (𝑏 − 𝑎) bd
bc

 (5) 

where a is the fractionation associated with diffusion of CO2 through the stomata to the sites of 
carboxylation (4.4 ‰), b is the fractionation associated with carboxylation (27 ‰), ci is the mole 
fraction of CO2 inside the leaf, and ca is the mole fraction of CO2 in the ambient atmosphere 
(Farquhar et al., 1982). Thus the ∆13C of plant organic matter increases with increasing ci/ca. In C3 
plants, ∆13C ranges from c. 14 to 28 ‰ (Diefendorf et al., 2010). Alternatively, when the δ13C of 
atmospheric CO2 can be assumed to be constant, the δ13C of plant organic matter decreases with 
increasing ci/ca. In C3 plants, δ13C ranges from c. -21 to -35 ‰ (Diefendorf et al., 2010). 

In many observations of plants with a C3 photosynthetic pathway, there is a very strong relationship 
between instantaneous ci/ca and δ13C (Cernusak et al., 2013). Given that ci/ca responds to the supply 
and demand for CO2 imposed by photosynthesis and stomatal closure to prevent water loss, this 
relationship can provide insights into WUE. In fact, the approximation of ci/ca from ∆13C has also been 
used to mathematically solve intrinsic WUE (A/gs). However, it is critically important to recognise that 
the relationship between ∆13C and WUE can break down because i) ∆13C is related to gs rather than E 
and therefore does not account for differences in vapour pressure difference that often occur in 
time-integrated measures and ii) ∆13C, as expressed in equation 5, is related to ci/ca rather than cc/ca 

(where cc is the mole fraction of CO2 in the chloroplast) and therefore does not account for the 
additional resistance against the diffusion of CO2 from the intracellular air spaces to the actual sites 
of photosynthetic carbon fixation. These limitations can lead to erroneous estimates and 
interpretations of intrinsic WUE (Seibt et al., 2008). 

Compared to the C3 photosynthetic pathway, the structural and functional differences in the C4 and 
CAM photosynthetic pathways lead to considerable additional complexity for interpreting how 
changes in ∆13C may relate to changes in WUE. While a detailed explanation of these relationships is 
not within the purview of this protocol, a number of studies have developed the mechanistic basis 
for these relationships (Farquhar, 1983; Farquhar et al., 1989; reviewed by Cernusak et al., 2013; 
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Ellsworth & Cousins, 2016), as well as gathered empirical data on the relationships as a function of 
different environmental conditions (Winter et al., 2005; Ellsworth et al., 2017). 

 

5.15.2 Special cases, emerging issues, and challenges 

Special cases 

As noted above, information on the carbon isotope ratio alone cannot fully resolve the extent to 
which observed differences in ci/ca reflect changes in photosynthesis (A) or stomatal conductance 
(gs). Here, the coupled measurement of stable isotopes of oxygen (δ18O) and δ13C can provide 
additional insights (Scheidegger et al., 2000). 

As described in protocol 5.13 Stable isotopes of water for inferring plant function, the δ18O of plant 
organic matter reflects the extent of evaporative enrichment of leaf water associated with 
transpiration. Evaporation of water from the leaf enriches the isotopic composition of the remaining 
leaf water due to i) an equilibrium fractionation associated with phase change from liquid to vapour 
and ii) a kinetic fractionation associated with diffusion through the stomata and boundary layer. The 
magnitude of this fractionation depends on the isotopic composition of both the source water and 
the atmospheric water vapour, as well as on the ratio of ambient air vapour pressure to leaf 
intracellular vapour pressure (Cernusak et al., 2016). The extent of this enrichment is subsequently 
recorded in plant organic matter through the incorporation of oxygen isotopes from water into 
photosynthetic products. Critically, δ18O is not mechanistically coupled to the drawdown of ci via 
photosynthesis. 

The dual carbon and oxygen isotope approach relies on these established relationships between leaf 
gas exchange and isotopic fractionation to derive a series of model scenarios that can be used to 
distinguish whether a change in the 13C/12C of plant organic matter is likely to be the result of a 
change in photosynthesis (inferred by δ13C), or stomatal conductance (inferred by δ18O). As a result, 
this approach is particularly important for making statements about water-use efficiency using stable 
isotopes. Since its introduction, the approach has been applied in a number of different experimental 
contexts, including nutrient availability (Cabrera-Bosquet et al., 2011), CO2 and ozone (Grams et al., 
2007), tree mortality (Herrero et al., 2013), and tree species mixtures (Grossiord et al., 2013). 
However, the interpretation of the approach is not always straightforward and additional care must 
be taken to draw meaningful conclusions (Roden & Siegwolf, 2012). 

 

Emerging issues and challenges 

There is growing recognition that estimates of water-use efficiency made at different scales (e.g. leaf, 
whole plant, ecosystem) using different methods (e.g. gas exchange, stable isotopes, eddy 
covariance) are not easily compared (Medlyn et al., 2017). This problem is particularly apparent in 
certain plant functional types (e.g. evergreen needle leaf, deciduous broadleaf forest, C3 grasslands). 
As noted above, the differences in methods and where those differences may lead to discrepancies 
should be considered carefully in interpreting data. 

 

5.15.3 References 
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5.16 Leaf hydraulic vulnerability to dehydration 

Authors: Scoffoni C1, Sack L2 

Reviewer: Dickman LT3, Johnson DM4 

 

Measurement unit: Kleaf in mmol m-2 s-1 MPa-1, and P50 in MPa; Measurement scale: leaf; Equipment 
costs: €€€; Running costs: €; Installation effort: low; Maintenance effort: low; Knowledge need: 
medium; Measurement mode: data logger 

A leaf hydraulic vulnerability curve represents the response of the leaf hydraulic conductance (Kleaf – 
a measure of how efficiently water can move through the leaf) to increasing dehydration for a given 
species. The leaf hydraulic vulnerability curve is typically depicted by plotting Kleaf against leaf water 
potential (Ψleaf) (Figure 5.16.1). Because water moves through both the vein xylem and living cells 
outside the xylem, during soil or atmospheric drought, several phenomena can lead to Kleaf decline: 
embolism of xylem conduits (i.e. they become filled with air, decreasing the conductance through the 
xylem; Johnson et al., 2012; Brodribb et al., 2016b), xylem wall collapse (Cochard et al., 2004; Zhang 
et al., 2016), or cell volume changes (Scoffoni et al., 2014) which are associated with reduced 
aquaporin activity (Kim & Steudle, 2007; Shatil-Cohen et al., 2011; Sade et al., 2014). While the 
decline in Kleaf with dehydration has most typically been associated with xylem embolism (Scoffoni & 
Sack, 2017), recent work using x-ray microcomputed tomography and novel methods to partition the 
xylem and outside-xylem vulnerabilities shows that xylem embolism typically occurs only with very 
strong dehydration, and 
changes in outside-xylem 
pathways can play a major role 
in Kleaf decline (Trifilo et al., 
2016; Scoffoni et al., 2017a). 
Several functional traits can be 
extrapolated from the leaf 
hydraulic vulnerability curve: 
the leaf water potential at 
which Kleaf declined by 50% (P50) 
or 80% (P80), the initial slope of 
the leaf vulnerability curve, and 
the maximum leaf hydraulic 
conductance (Scoffoni et al., 
2012). These traits vary widely 
across species and growth 
forms and are importantly 
linked with plant adaptation 
across biomes (Scoffoni & Sack, 
2017). They can shed light on 
expected responses to more frequent occurrences of drought episodes projected for many regions 
around the world. 

 

Figure 5.16.1 Leaf vulnerability curve of Hedera canariensis. Note that each point 
on the figure represents a different leaf measurement. Leaf water potential on 
the x-axis is the most negative water potential that the leaf has experienced 
(either prior to, or at the end of the measurement). 
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5.16.1 What and how to measure? 

There are three methods currently in use to construct leaf hydraulic vulnerability curves: the 
evaporative flux method, the rehydration method, and the vacuum pump method. The evaporative 
flux method (EFM) has the advantage of mimicking the natural pathways of water movement in the 
leaf, including the outside-xylem pathways and therefore is the only method described here. 
Measuring Kleaf for dehydrated leaves is similar to measuring Kleaf for fully hydrated leaves as 
described in protocol 5.10 Maximum leaf hydraulic conductance: the main difference is that 
branches are dehydrated prior to measurement. Kleaf is calculated by dividing flow rate by the leaf 
water potential at the end of the measurement, but is typically plotted against the most negative 
water potential it experienced (whether initially after dehydration prior to measurement, or at the 
end of the measurement if it dehydrated further on the system) to construct leaf hydraulic 
vulnerability curves. It can take 2–10 days to construct a vulnerability curve for a given species, 
depending on the number of measurement systems, how vulnerable the species is, and how variable 
Kleaf is within a given range of water potential. Step-by-step protocols and videos are available (Sack 
& Scoffoni, 2012). 

Branches can be collected in the field the day prior to measurements and placed in large dark plastic 
bags filled with wet paper towels. Plant material can be transported to the lab in a cooler. In the lab, 
at least two nodes should be cut under water to ensure the removal of any embolized conduits (as a 
result of cutting shoots off individuals in air in the field), and the shoots should be left to rehydrate in 
pure water overnight, with two dark plastic bags filled with wet paper towels covering them, 
ensuring high atmospheric humidity around the rehydrating samples. Alternatively, if working with 
greenhouse plants, whole pots can be transported to the lab the evening prior to measurements, 
watered to saturation and covered in two dark plastic bags filled with wet paper towers. The next 
day, branches of at least three leaves are placed to dehydrate on the bench (or over a fan) for 
different amounts of time to obtain a range of initial leaf water potentials (Ψinitial). The branch is then 
bagged and left to equilibrate for 30 min. Initial water potentials are measured for the top and 
bottom leaf of the branch. If the two leaves differ by > 0.2 MPa, the branch is discarded. The 
remaining middle leaf is then attached to the EFM apparatus and Kleaf is measured following the 
instructions from protocol 5.10 Maximum leaf hydraulic conductance. At the end of the 
measurement, leaf temperature is recorded, and the leaf taken off the system and its petiole dabbed 
dry. The leaf is quikly placed in a bag to equilibrate for 30 min before the final leaf water potential is 
measured (Ψfinal). Kleaf is calculated by dividing the steady-state flow rate (normalised by leaf area and 
temperature to correct for water viscosity) by Ψfinal. To construct the leaf hydraulic vulnerability 
curve, Kleaf is plotted against the most negative water potential it experienced (either Ψinitial or Ψfinal). 
Generally, 6 points per 0.5 MPa intervals are recommended to obtain a species’ vulnerability curve 
(although the interval can be reduced if the species is very drought sensitive, and the number of 
points within intervals can be increased if the variation within that interval is too large). Because 
both linear and non-linear responses of Kleaf to dehydration can be found across species (Brodribb & 
Holbrook, 2006; Scoffoni et al., 2012), we recommend using a maximum likelihood approach to 
select and parameterise the best fitting response from at least four functions (linear, sigmoidal, 
logistic, exponential), all of which have been used in past studies (Scoffoni et al., 2012). From the 
selected model, the water potential at 50 and 80% loss of Kleaf, as well as the initial slope, can be 
extrapolated. 



Halbritter et al. (2020) The handbook for standardised field and laboratory measurements in terrestrial climate-change 
experiments and observational studies (ClimEx). Methods in Ecology and Evolution, 11(Issue) Pages. 

 

 S536 

 

Where to start 

Guyot et al. (2012), Sack & Scoffoni (2012), Scoffoni & Sack (2017), Scoffoni et al. (2012, 2017a) 

 

5.16.2 Special cases, emerging issues, and challenges 

It is imperative to construct vulnerability curves using high light acclimated leaves. This is easily (and 
typically) done with the EFM and vacuum pump method by placing a bright light source above the 
leaf (Sack et al., 2002). Studies have shown a strong interaction of the light enhancement of Kleaf with 
the dehydration response, with species typically showing greater vulnerability in their Kleaf responses 
under high light between full turgor and turgor loss point (Guyot et al., 2012). Notably, studies using 
the rehydration kinetics method are typically performed under lab light conditions (e.g. Blackman et 
al., 2010; Johnson et al., 2012) or under 50–100 μmol quanta m-2 s-1 for only a few minutes while the 
leaf is rehydrating (e.g. Brodribb et al., 2016b), which could greatly influence the shape and intensity 
of the response of Kleaf to dehydration. Thus caution is needed when comparing the rehydration 
kinetics method to the EFM. While a study found the two methods produce comparable results in 
olive and almond (Hernandez-Santana et al., 2016), not all species respond to light at the same 
intensity, and further tests are needed to compare these two methods. 

One emerging issue has been linked to the interpretation of the causes behind the decline observed 
in Kleaf. A recent meta-analysis of the literature revealed that the bulk of the species studied (> 300) 
decline by more than 50% prior to turgor loss point (Scoffoni & Sack, 2017). The majority of studies 
have assumed that the decline in Kleaf relates to embolism in the vein xylem, as has been widely 
demonstrated for stems. However, on average across species, 57% of the resistance of the hydraulic 
pathway is located outside the vein xylem (Scoffoni & Sack, 2017). Recent studies imaging embolism 
formation in the veins of dehydrated leaves (using either a simple scanner or x-ray microcomputer 
tomography) reveal that embolism only occurs in strongly dehydrated leaves, typically past their 
wilting point when stomata are shut (Brodribb et al., 2016a; Hochberg et al., 2017; Scoffoni et al., 
2017b), and hydraulics experiments show that strong declines of Kleaf are driven by changes in 
outside-xylem pathways (Trifilo et al., 2016; Scoffoni et al., 2017a). However, because many 
processes occur outside the xylem during leaf dehydration (such as aquaporin deactivation, tissue 
shrinkage, abscisic acid (ABA) signalling, changes in the volume of intercellular airspaces, collapse of 
xylem conduits in the minor veins), it has been challenging to determine the main cause, although 
spatially explicit modelling of the outside-xylem pathways have given important insights, pointing 
especially to a role of declining membrane permeability (Buckley et al., 2017; Scoffoni et al., 2017a). 

 

5.16.3 References 

Theory, significance, and large datasets 

Blackman et al. (2010), Brodribb et al. (2016a), Hernandez-Santana et al. (2016), Scoffoni & Sack 
(2017), Trifilo et al. (2016) 
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More on methods and existing protocols 

Guyot et al. (2012), Sack & Scoffoni (2012), Scoffoni et al. (2012) 
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