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Deliverable 5.1 includes Root2Res’ definition of phenotypic plasticity, describes the 
derivation and selection of a plasticity index and the statistical procedure for its 
calculation. Furthermore, a graphical method is described that allows the integration 
of plasticity indices of different traits into one figure. In the second part the 
experimental setup is described, which allows for the collection of corresponding data 
under controlled conditions. The main focus is on the suitability of the setup for X-ray 
computed tomography (X-ray ) analyses and their combination with transcriptome 
and metabolome analyses. With regard to the need for environmental conditions to 
be varied, the soil-specific derivation of water availability is described in detail. Practice 
abstracts will be produced related to part 1 (phenotypic plasticity index – definition, 
quantification, graphical presentation and interpretation) and part 2 (how to derive 
substrate specific water availability). 
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1. An index of phenotypic plasticity – RDPI 
(Relative Distance Plasticity Index) 

1.1. Definition of phenotypic plasticity 

Phenotypic plasticity is the ability of an organism to alter its phenotype in response to 
the environment (Sultan 2000) and may involve changes in physiology, morphology, 
anatomy, development, growth, resource allocation, or mutualistic interactions with 
other organisms. It is a basic concept in genetics and evolutionary biology and care 
should be taken in deciphering between the genetic variation within a species 
resulting in phenotypic plasticity and the phenotypic plasticity of an individual 
genotype (Valladares et al. 2006 and citations therein). Roots are known to be organs 
that exhibit very high plasticity so that plants, as sessile organisms, can adapt to the 
unfavourable site conditions to which they are exposed in the place where their 
progeny germinate (Hodge 2006; Schneider and Lynch 2020). In an effort to make 
agricultural systems more resilient, this root characteristic is being considered in 
breeding programs and agricultural systems management for environmentally 
resilient crops. However, as agricultural production is (mostly) oriented towards above 
ground biomass, trade-offs between shoot and root growth should be avoided, i.e. 
root plasticity should increase not only the fitness of plants in general (Dewitt et al. 
1998) but should also contribute to maintaining yields under variable conditions 
(Schneider and Lynch 2020). The concept of phenotypic plasticity should not be 
confounded with the attempt to define ideotypes which perform well under defined 
environmental conditions (Schneider and Lynch 2020). In an ideal world, phenotypic 
root plasticity would result in the particular ideotype for a particular environment 
when a particular environment is encountered. 

To integrate root plasticity in breeding programs, first a measure for the quantification 
of the plasticity of individual root traits is required. A thorough review of different 
concepts of quantitative estimation of phenotypic plasticity is provided by Valladares 
et al. (2006). In the following, we will present some of these findings in more detail. In 
particular, we will show that the relative distance plasticity index (RDPI) is a useful and 
easy to use index for the quantification of the plasticity of root traits measured in 
different experimental setups (laboratory and field conditions), covering different 
environmental ranges, and not necessarily including a control under optimal 
conditions. We will provide the background for the choice, the theory and the R-script. 
In addition, we developed a graphical representation of the results which allows, at 
one glance, the evaluation of the plasticity of a range of traits. 

1.2. Quantification of plasticity 

Traditionally reaction norms of different traits can be investigated by directly 
comparing the response of the trait to an environment by calculating and comparing 
the slopes or coefficients of variation (Figure 1). However, these can become difficult 
to compare when reaction norms are non-linear or traits for comparison do not follow 
similar patterns of reaction norm (Arnold et al. 2019). The use of a plasticity index allows 
the standardisation of the effect of environment on a particular trait, and can allow for 
comparison between traits that don’t follow the same pattern of reaction norm 
(within reason). 



Deliverable D5.1 
 
 

 
 

7 
 
 

 

 

Figure 1: Typical non-linear reaction norm examples demonstrating the variety of shapes of 
plasticity in response to growth temperature: (a) shallow parabolic reaction norm shape of 
optimal temperature for carbon gain; (b) peaked response of seed germination percentage; 
(c) sigmoidal response of day of flowering onset; and (d) threshold response of growth rate of 
plant roots in response to temperature. (e) Describing reaction norms with only two points 
(solid lines and points) may miss fundamental and biologically meaningful aspects of the 
underlying reaction norm shape (dashed line). (f) Adding just one more point (a third 
environmental level) captures far more of the underlying reaction norm shape. Modified from 
Arnold et al. (2019) 

Here we present a method to estimate plasticity of root and shoot traits using the 
relative distance plasticity index (RDPI) as described by Valladares et al. (2006). 

The index is the average of the absolute pairwise distances between observations 
where environmental treatment differs. For a numerical trait of a given 
genotype/species ὼ , Ὥ denotes the individual observation and Ὦ denotes the 
environment treatment level. Observations from a different individual and different 
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environmental treatment are thus denoted by Ὥ and Ὦ, respectively. The pairwise 
distance is then calculated as the absolute distance between different observations 
with differing environmental treatment level: Ὠ  O ὭὮ  ὼ  ὼ . The distances are 
then standardised by the sum of the pair, which gives a value between 0 and 1. 

Finally, the relative distance plasticity index (RDPI) can be calculated as: 

ὙὈὖὍ
В 

 O

  

                       [1] 

Where ὲ is the total number of pairwise distances. 

With RDPI, information regarding the effect of environment on the trait is conserved 
in the standardised relative distance between observations with differing levels of 
environmental treatment. The larger the relative differences, the greater the plasticity 
of the trait to the environment. As the RDPI takes values from 0-1, 0 indicates no 
plasticity and 1 indicates total plasticity. 

Comparing the standardised pairwise distances between observations at differing 
factors of environmental treatment negates the need to evaluate and directly 
compare reaction norms. It is also not necessary to have a control treatment or 
optimum environmental treatment as reference. This is useful especially for traits 
where the optimum condition is not known or there is no control treatment. 
Furthermore, we have chosen this method because it does not require a linear 
reaction norm of the trait to the environmental treatment compared to commonly 
used indices such as phenotypic plasticity indices (Balaguer et al. 2001; Cheplick 1995; 
Navas and Garnier 2002) and measures of coefficient of variation (Schlichting and 
Levin 1984; Valladares et al. 2002). 

With normal or near normal distributed relative distances, taking the mean as 
estimator of the plasticity index has the advantage that the standard error of the 
mean can also be evaluated. Valladares et al. (2006) advises that when the reaction 
norm is non-normal, the median of the relative distances should be taken instead of 
the mean. However, it is much more complicated and uncommon to estimate the 
error of the median, because no information of the distribution of the relative 
distances can be known a priori. Therefore, using the median as an estimator for 
plasticity conveys little or no information on the accuracy of the estimation. For wider 
use of this method, in cases of non-normal response of the trait to environment, we 
recommend to follow the advice of Valladares et al. (2006) and transform the raw trait 
data to achieve normal or near normal distribution before calculating the relative 
distances. 

1.3. Method for using plasticity index to compare effect of 
environment on different traits 

For comparison of plasticity between genotypes and traits, firstly, a statistical analysis 
of the raw trait data should be performed according to the type of data, testing for the 
effects of environment and genotype/species on each trait. For example, a two-way 
ANOVA or MANOVA (when testing across all traits) with interaction could be 
applicable. This is to test, firstly, that there is an effect of environment on the trait(s), 
and secondly, that the effect of the environment on the trait between 
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genotype/species differs (i.e. an interaction between genotype/species and 
environment). 

After initial statistical analysis of the raw data, the relative distances can be calculated. 
This can be performed in R with help of the Plasticity package (Ameztegui 2017). This 
package was developed for calculating the RDPI as per Valladares et al. (2006). 

With this package, relative distances can be calculated and stored for further analysis 
using the rdpi_matrix() function. Using the correct input, this function will output an 
array of the calculated relative distances for one given trait and one given 
genotype/species as per equation [1]. With correct structuring of data and the help of 
other functions and packages in R, the rdpi_matrix() function can be applied over the 
whole dataset to calculate the distances for all traits and genotype/species in just a 
few lines of code (see R script). 

Depending on the distribution of the data, the mean of the distances or median can 
be calculated to give a value of RDPI for a particular trait and genotype/species of 
interest. Analysis of variance or means testing can then be performed on the 
calculated relative distances to test for significant differences between the estimated 
RDPIs between genotypes/species. Statistical analysis could also be carried out on the 
relative distances to test for differences between the RDPI of different traits, but 
caution must be applied as different traits may have very different distributions, which 
could skew the results. As aforementioned, care must be taken in the pre-processing 
of the data to assess the distributions of the data. Where possible it is advised to 
transform trait data to give comparable distributions before calculating relative 
distances. Where this is not possible, deviations in distributions and extremely 
different reaction norms need to be taken into consideration when interpreting the 
plasticity results. 

1.4. R-script for calculating RDPIs 

Prerequisites for calculating RDPI using the Plasticity package in R (Ameztegui 2017) 
include installation of R and RStudio (R Core Team 2023), and following packages: 
agricolae (de Mendiburu 2019), psych (Revelle 2023), dplyr (Wickham et al. 2023a), and 
ggplot2 (Wickham 2016). The script provides instructions for installing packages on 
first time use. 

For calculation of the relative distances with the rdpi_matrix() function from the 
Plasticity package, data should be structured as follows: a data frame including one 
column with data on trait name, one column for environmental factor, one column 
for species/genotype, and one column on trait value (numerical). Each row must be 
an independent observation (Figure 2). 
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Figure 2: Table head from R-Studio showing data structure for using the Plasticity package. 

Further functions used in the R script for applying the method over the whole dataset 
are applied from the following R packages: tidyr (Wickham et al. 2023b), broom 
(Robinson et al. 2023) and purr (Wickham and Henry 2023). The R-script will be made 
available e.g. via SharePoint. 

1.5. Interpretation and graphical representation of results 

Once RDPI values have been calculated for the different genotypes and traits, these 
can be visually presented in the form of a radar/spider chart (in R package ggradar 
(Bion 2023)) or dot plot. The spider chart allows for quick visual comparison of plasticity 
index for different traits and genotypes. With a spider diagram, traits can be arranged 
to show the traits of most interest, for example, root traits versus shoot traits, and root 
traits for soil exploration versus traits for soil exploitation. With a dot chart, it is possible 
to also add the error on the estimation of the index. 

Here we show examples of the results that can be obtained with this method using 
data from a pot size experiment, where barley plants of two genotypes (land race 
BERE and modern elite CONCERTO) were grown in pots with increasing pot diameter. 
We investigate the phenotypic plasticity of root and shoot traits due to changes in pot 
size. Therefore, in this study, pot size is the environmental variable of interest. 

The RDPI was calculated as an estimate of phenotypic plasticity related to pot size for 
leaf area in cm2 (LA), root surface area in cm2 (RA), root length in cm (RL), root length 
density in cm/cm3 (RL-D), root half mean distance in cm (HMD), root diameter in mm 
(RD), specific root length in cm/g (Specific-RL), root:shoot surface area ratio (RA:LA) 
and shoot total nitrogen in mg (STN) and presented in a spider diagram (Figure 3) and 
a dot plot (Figure 4). 
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Figure 3: RDPIs for selected root and shoot traits for comparison between two barley 
genotypes; BERE (yellow) and CONCERTO (blue), illustrated in a spider plot. This enables a 
quick overview and comparison of the RDPIs although it is limited by the number of traits that 
can be displayed simultaneously. LA: leaf area in cm2, RA: root surface area in cm2, RL: root 
length in cm, RL-D: root length density in cm/cm3, HMD: root half mean distance in cm, RD: 
root diameter in mm, Specific-RL: specific root length in cm/g, RA:LA: root:shoot surface area 
ratio and STN: shoot total nitrogen in mg. 

The spider plot shows at a glance the estimated RDPI for each trait as per equation [1] 
and traits are arranged to highlight the plasticity of the shoot (LA) compared to traits 
related to root size (RL), those related to soil exploration (RD, HMD), to root 
morphology/anatomy (RD, Specific RL), root versus shoot size (RA:LA) and a root 
function (STN representing shoot nitrogen content). Note, that for traits showing a 
very high correlation with each other (root length, root volume, root surface area, root 
dry weight), only one was selected for the spider web plot. Figure 4 shows RDPI 
estimates for each trait in a dot plot including standard error of the mean. 

 



Deliverable D5.1 
 
 

 
 

12 
 
 

 

 

Figure 4: Dot chart showing the RDPIs of a higher number of selected traits. The respective 
error (standard error of the mean) on the estimation of the index is also depicted. LA: leaf area 
in cm2, RA: root surface area in cm2, RL: root length in cm, RL-D: root length density in cm/cm3, 
HMD: root half mean distance in cm, RD: root diameter in mm, Specific-RL: specific root length 
in cm/g, RA:LA: root:shoot surface area ratio and STN: shoot total nitrogen in mg. 

 

1.6. Concluding remarks - RDPI 

The calculation of plasticity index RDPI can be conducted for a large range of 
experimental setups including laboratory and field experiments and allows for 
integrating studies conducted for the same species and environmental driver in 
analogy to a meta data analysis at a later time point. Note that in such an integration, 
care has to be taken to account for the fact that the environmental range covered 
with the experimental conditions might differ between experiments. Likewise, the 
phenotypic plasticity of an individual trait may be afflicted by an ontogenic effect, and 
hence differences in plant development cannot be neglected (Correa et al. 2019). 

The spider web diagrams allow quick comparison of the plasticity of different root 
properties at a glance. In addition, shoot traits, representing above ground 
performance can be integrated as well as the root:shoot ratio which is a measure for 
the relative investment in root versus shoot growth. The number of nodes in the spider 
web diagrams can be limited by testing correlation between traits prior to selection 
of nodes. Grouping of nodes by potential function (i.e. exploitation related traits versus 
exploration related traits) further increases the amount of information available at a 
glance. 
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2. Experimental systems 

2.1. Boundary conditions for the choice of an experimental 
system 

To study the plasticity or root traits related to exploration and exploitation of soil 
environments, a range of methods need to be applied simultaneously. Importantly, all 
methods have their specific prerequisites which need to be considered in the 
experimental design. Here, we specifically address X-ray computed tomography (CT) 
for the visualisation and characterisation of root system architecture (RSA) in 3D 
during growth; WinRHIZO-analysis for quantification of root system size and 
diameters; root gene expression analysis (Transcriptomics) for adaption of the plants 
to actual growth conditions, and root metabolome analysis (Metabolomics) for 
information on the history of growth conditions. In addition, the system should enable 
the analysis of root exudation and related changes in root microbiome composition. 

Key factors to be considered are: 

¶ the trade-off between sample size and resolution for CT analysis; 
¶ the need to sample material for metabolome and transcriptome analyses, 

which must be kept small enough not to compromise WinRHIZO analyses; 
¶ the short time window available to collect and clean the samples for 

metabolome and transcriptome analysis. 

For the experiments under controlled conditions in Root2Res WP5 ‘In-depth traits 
assessment and understanding of plasticity’, environments are reflected by different: 

¶ soils (differing in terms of texture and chemical properties); 
¶ water availability (ranging from waterlogging to drought); and, 
¶ nutrient supply (covering a potential range from deficiency to excess 

regarding nitrogen and phosphorous). 

The work load associated with the experimental system should allow for investigation 
of at least two core genotypes of the main crops barley (Hordeum vulgare) and faba 
bean (Vicia faba) at different water availabilities and satellite experiments 
investigating the impact of soil type and of nutrient supply. The selection of two 
genotypes from the four core genotypes per species will be done in consultation with 
Roo2Res WP2 ‘The phenotyping toolbox’ and will be based on the initial results of 
WP2, Task 2 ‘Phenotyping toolbox for root and related rhizosphere traits’. 

2.2. Description of the experimental system 

2.2.1. Plant growth columns 

The experimental system is characterised by the use of acrylic glass tubes with a 
height of 25 cm and different diameters. These columns are sealed at the bottom with 
a water-permeable nylon mesh (30 µm mesh size) and can be filled with the soil 
material of choice. To minimise the influence of soil structure (e.g. grain size sorting of 
particles), the soil is homogenised, sieved and carefully filled into the columns to 
ensure uniform conditions for root growth. The soil is usually filled up to a height of 23 
cm. The soil surface is covered with coarse gravel to minimise evaporation. Each 
column is placed in a tray, which allows irrigation via capillary rise in addition to 
watering from the top. Soil filled columns are wrapped with aluminium foil to 
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minimise algal growth and light exposure of the roots. The trays are covered to 
prevent evaporation. The columns are available with different diameters. The size to 
be used depends on the type of plant and the associated root diameter. Columns with 
a larger diameter can be used for plants with larger root diameter, e.g. faba bean. 
Columns with a smaller diameter are used for plants with finer roots like barley. This 
limitation is related to the resolution of the CT images, which is necessary to allow for 
detection of the roots with sufficient accuracy. More on this is found in section 2.2.4 X-
computed topography. 

2.2.2. Soils 

The experiments will be carried out with three different soils. Based on the chemical 
analysis (WP2) and the texture analysis (WP5), two soils have been selected 
representing two of the core sites of Root2Res. They differ in texture and chemical 
properties (Table 1). These are the soils from ARVALIS (France) and PTUJ (Slovenia). The 
third soil will be selected at a later date based on the results of WP2, Task 2. 

Table 1: Texture and chemical properties of selected soils representing core sites of Root2Res. 

Soil Cla
y % 

Sil
t 
% 

San
d % 

TO
C 

g/k
g 

C/
N 

N 
g/k
g 

TIC 
g/k
g 

EC 
µS/c

m 

pH 
0.01
M 

CaCl
2 

CAL-
K 

mg/k
g 

CAL-
P 

mg/k
g 

Arvalis 33 62 5 12.8 12.
5 

1.0 0.1 179.4 6.9 87.6 92.6 

PTUJ 8 46 46 13.0 11.6 1.1 24.9 299.7 7.4 92.7 81.0 

Red 
Vertis

ol 
63 26 11 10.4 15.

8 
0.7 0.1 139.7 6.5 19.1 14.7 

New 
field 

28 37 35 23.7 
10.

3 
2.3 0.7 183.6 6.9 82.4 118.1 

Due to strong swelling and shrinking behaviour, the Red Vertisol will not be used. 

2.2.3. Climate chamber and plant growth period 

The plant growth takes place in a walk-in climate chamber, offering sufficient space 
(12 m²) for the placement of numerous columns at the same time. In the chamber, 
light exposure time and intensity, day/night duration, temperature and relative 
humidity can be set as desired. Typical settings are 12/12h day/night cycles at 19-22 °C 
and 16-18 °C respectively, 350 µmol m-2 s-1 photosynthetic active radiation (PAR) and 
65% relative air humidity (e.g. Blaser et al. 2020; Lippold et al. 2021), but can be adapted 
in consultation with other WPs to ensure similar conditions. The change in weight of 
the soil columns is determined using scales to derive plant transpiration rates. 
Considering the growth conditions and the column sizes used, the experiment 
duration is usually limited to 3 weeks. 

2.2.4. X-ray computed tomography 

A major advantage at the UFZ location is the availability of an industrial X-ray micro-
CT (X-TEK XTH 225, Nikon Metrology) in the immediate vicinity of the climate chamber. 
This enables repeated imaging of the same individual plants with advancing root 
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development to record dynamic expression of the RSA (relevant for model 
development in Root2Res WP6 ’The modelling toolbox’). To minimise negative 
impacts, CT imaging is performed during the night phase in the climate chamber. 

UFZ has several years of experience with the use of X-ray CT as an imaging method 
for root growth in soil (Blaser et al. 2020; Carminati et al. 2012; Lippold et al. 2021) and 
are aware of the limitations of the method. The spatial resolution of the CT images 
must be sufficiently high to achieve an adequate root detection rate. There is a fixed 
geometric relationship between sample size and image resolution. The larger the 
sample, the coarser the spatial resolution of the acquired CT images. Figure 5 shows 
2D slices of raw grey value images from X-ray CT data of a sandy substrate with barley 
roots inside. The gradual decrease in sample size (i.e. column diameter) and the 
related change in resolution illustrates the increasing degree of details that can be 
observed in the CT images. 

 

Figure 5: 2D sections of raw grey-scale images from X-ray CT scans of columns filled with the 
same sandy substrate and barley roots growing inside (partly indicated by arrows and circles). 
Scale bar represents 1 cm in length. The gradual reduction of sample diameter from 10 cm to 
3 cm illustrates the relationship between sample size and spatial resolution of the acquired 
images. The higher the resolution, the better the features are recognisable. Roots as well as 
soil particles are resolved in higher detail with increasing image resolution. The two middle 
column sizes with 7 cm and 5 cm in diameter represent the best compromise and are most 
suitable for use in the experimental system. 

In the 10 cm column, the roots are barely visible which results in a limited root 
detection rate when analysing the images. In contrast, the 3 cm column enables a 
high spatial resolution, but the available soil volume is so small that the growth period 
of the plants would have to be shortened, which severely limits the possible 
investigations. In addition, many more CT scans would be needed to cover a relevant 
share of the columns. This would increase both the radiation dose and the workload 
to an unreasonable extent. For these reasons, the two extreme variants (3 cm and 10 
cm) are not suitable for continuous use in the experimental system. Therefore, only 
the column sizes 5 cm and 7 cm are being considered. 

The 7 cm columns are particularly suitable for plants with larger root diameters, i.e. 
faba bean. For barley having thinner root diameters, the 5 cm columns are more 
suitable, although a certain loss of root coverage cannot be fully excluded depending 
on the growth conditions. The radiation dose needs to be considered especially for 
faba bean (Blaser et al. 2018). Potential impacts of X-ray CT on microbiome 
composition and the transcriptome are not expected in case sampling takes place 
more than 24 hours after last CT scanning (Ganther et al. 2020). The image analysis is 
carried out with an adapted version of the in-house technique "Rootine v2" 
(Phalempin et al. 2021). From the CT data, RSA development can be visualised (Figure 
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6) and parameters including root length, diameter distribution and seminal root angle 
will be analysed. 

 

Figure 6: 3D time series of the growth of a maize root system in sandy soil acquired with X-ray 
CT. The root system is shown after 7, 14 and 21 days of growth in columns with a diameter of 7 
cm. The spatial resolution is 45 µm. The tomograms were segmented with RootineV2 
(Phalempin et al. 2021) and visualised with VGStudio Max. Figure created by Sebastian Blaser. 

2.2.5. Destructive sampling 

At the end of each experiment, destructive sampling is carried out. This takes place in 
cooperation with the project partners within the WP. Subsamples of both, leaves and 
roots, are required by project partners for their analyses of gene expression and 
metabolomics. For barley, one seminal root including all laterals developed from this 
seminal can be cut off quickly after pushing out the soil column. This subsample is 
quickly rinsed in deionised water, plotted dry and after recording the fresh weight 
dipped in liquid nitrogen prior to transfer into the -80 °C freezer. The subsampling 
procedure has already been tested and was evaluated as very successful based on the 
good collaboration of comparative analyses in both partner laboratories in Italy 
(IPSP/CNR) and Spain (UVIGO), meaningful separation of trait expression according to 
treatments as well as agreement between biological replicates. Time from cutting the 
shoot to harvesting the roots (free of soil) and shoot tissue subsamples in liquid 
nitrogen was less than 15 minutes. Subsamples can be stored at -80 °C and further 
shipped on dry ice to the relevant partner institutions for transcriptomic and 
metabolomic analyses. The remaining samples (3-5 seminal roots including their 
laterals) can be used at the UFZ for further WinRHIZO analysis. The root fresh weight 
of each sample is used to extrapolate any feature for the entire root system. The 
standard traits that are recorded for all experiments are listed in Table 2. 

. 
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Table 2 Shoot and root traits that are recorded for all experiments. 

Shoot traits Root traits 

Fresh & dry weight Fresh weight 

Leaf area Root length, surface & volume 

C & N analysis Ą plant N uptake Diameter distribution 

(further nutrient analysis, depending on the 
amount of available biomass) 

Seminal root angle for barley; 1st order 
lateral root angle for faba bean 

Transpiration 
(Branching pattern if possible. More feasible 
for faba bean) 

 

2.3. Derivation of water stress treatments 

The water stress treatments are supposed to cover a wide range from waterlogging 
to drought stress. Water availability for soil grown plants can be described by the 
water retention curve, i.e. a characteristic relationship relating the volumetric water 
content to the soil water potential. The latter is a measure of the force required by the 
root to extract soil water. Water potential is given as pF values defined as the negative 
decadic logarithm of the soil water tension in hectopascals. Water retention curves 
allow to derive the volumetric water content for typical key characteristics like field 
capacity FC (pF 1.8-2.5) or permanent wilting point PWP (pF 4.2). In addition, water 
holding capacity or air-filled pore volume can be derived. Water retention curves 
reflect the pore size distribution in the soil and thus depend on particle size 
distribution (texture, sieving) and soil bulk density (packing of soil into the columns). 
For these reasons, water retention curves have to be established for each soil and for 
the respective feasible bulk density. For the two soils F-ARVALIS and Slo-PTUJ, the 
water retention curve was already determined by an evaporation experiment with 
HYPROP®. Figure 7 shows both the individual measurements and the model fit 
(constrained van Genuchten & Mualem model) for the two soils at a bulk density of 
1.22 g/cm³ for F-ARVALIS and 1.32 g/cm³ for Slo-PTUJ. 
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Figure 7: Water retention curves for (A) ARVALIS and (B) PTUJ soils measured via evaporation 
experiment (HYPROP®). Measurements are depicted in colour code, model fit (constrained 
van Genuchten & Mualem) in black. Green dashed lines indicate field capacity (FC) which is 
defined in the pF range of 1.8-2.5, and the red dashed line marks the permanent wilting point 
(PWP) at pF 4.2. The pF value is defined as the negative decadic logarithm of the soil water 
tension in hectopascals (hPa), e.g. pF 2.0 translates to -100 hPa. The orange horizontal line 
represents the volumetric water content when 10% of the sample volume is air-filled. The blue 

 

PWP FC 
10 Vol.-% air 
filled pores 

Unavailable water 

WL   O      D 

A) 

 Parameter Value Unit 

alpha 0.032 1/cm 

n 1.227 - 

th_r 0 cm³/cm³ 

th_s 0.527 cm³/cm³ 

Ks 1013.6 cm/d 

tau 1.579 - 

m  0.185 - 

 

 

PWP FC 

Unavailable water 

WL O     D 

10 Vol.-% air-
filled pores 

B) 

Parameter Value Unit 

alpha 0.011 1/cm 

n 1.566 - 

th_r 0.042 cm³/cm³ 

th_s 0.456 cm³/cm³ 

Ks 10.7 cm/d 

tau -1.119 - 

m  0.361 - 
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area between the curve and the unavailable water represents the intended water regimes 
from waterlogging (WL) to optimum conditions (O) to drought (D). Respective van Genuchten 
parameters are given in the inset tables. 

The PWP indicates that remaining water is so strongly bound within the soil that it 
cannot be absorbed by the plants (here 12.8 Vol.-% in ARVALIS, 6.4 Vol.-% in PTUJ). It is 
also important to have at least 10 - 15% (rule of thumb) of the pores filled with air to 
avoid lack of oxygen, which would be critical for the roots. These boundary conditions 
must be considered when designing the experiments on water availability. Optimum 
water supply will be defined at pF 2.5, thus in both substrates the content of plant 
available water (FC minus PWP) is about 18 Vol.-% (Table 3,). The treatment with 
optimum water supply will have a fairly constant water content throughout the plant 
growth period by frequent re-watering of the soil columns. For the waterlogging 
treatment, it is planned to increase the water content from about 7 days after 
germination to optimum water content plus 10 Vol.-%, i.e. 40.8 Vol.-% in ARVALIS and 
33.8 Vol.-% in PTUJ. For both substrates, this results in water contents in the range of 
the threshold of 10 - 15% air-filled pore space (11.9 Vol.-% in ARVALIS and 11.8 Vol.-% in 
PTUJ, respectively). If water content is increased too early, the risk of mouldy seeds is 
too high. 

For drought stress treatments, plants will not be re-watered after germination. Based 
on transpiration rates measured in previous experiments with faba bean (Koebernick 
et al. 2015) and barley (Kemanian et al. 2005), it is expected that plants in the drought 
stress treatments will reach permanent wilting point by the end of week 3. The stress 
intensity and speed of stress development will be monitored by measuring total 
transpiration. It should be noted that due to feedbacks between plant size, water 
requirement and soil water extraction identical stress conditions can never be 
maintained for longer time periods in soil-based systems. 

Table 3: Soil specific characteristics for water stress treatments. 

Soil characteristics for water stress treatments F- ARVALIS Slo-PTUJ 

Total pore volume in Vol.-% 52.7 45.6 

Total pore volume minus 10% air-filled pore volume in Vol.-
% 

42.7 35.6 

Volumetric water content at FC (pF 2.5) in Vol.-% 30.8 23.8 

Volumetric water content at PWP (pF 4.2) in Vol.-% 12.8 6.4 

Plant available volumetric water content (FC minus PWP) 
in Vol.-% 

18.0 17.3 

Volumetric water content at waterlogging (FC plus 10 Vol.-
%) in Vol.-% 

40.8 33.8 

An often-used approach for establishing different low volumetric soil water content 
levels (at certain percentage of water holding capacity) by frequent re-watering fails 
to account for the heterogeneous water distribution in the soil due to decreasing soil 
hydraulic conductivity with decreasing water content. Root architecture under such 
conditions mirrors artificial patterns of water distribution within the soil profile rather 
than plasticity of root growth as a response to decreasing water availability. 
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Furthermore, vertical water distribution within the column is not homogeneous due 
to gravity. For ARVALIS and PTUJ soils, this vertical gradient is estimated to be in the 
range of only 3 Vol.-% for a mean pF value of 2.5 and is thus neglected for the definition 
of treatments. In soils with a very sandy texture (> 90%) vertical gradients may result 
in waterlogging at the bottom of the columns while water availability is limiting in the 
top of the columns. 

A concluding overview of the main growth conditions for the two core plant species 
barley and faba bean used in the experiments in WP5 is depicted in Table 4. 

Table 4: Overview of the main growth conditions for the core plant species barley and faba 
bean used in the experimental systems in WP5. 

Growth condition Barley Faba bean 

Column diameter 5 cm 7 cm 

Available soil volume (height =23 cm) 452 cm³ 885 cm³ 

Day / night duration 12h / 12h 

Temperature ranges (day / night) 19-22 °C / 16-18 °C 

Photosynthetic active radiation 350 µmol m-2 s-1 

Relative air humidity 65% 

Growth period 3 weeks 

Optimum water treatment pF 2.5 with frequent re-watering 

Water logging treatment pF 2.5 + 10 Vol.-% water content 

Drought treatment pF 2.5 initially; without re-watering 
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