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Exploring Osmotic Stress and 

Interface and Bulk Salinities
Helena Jorda,* Adi Perelman, Naftali Lazarovitch, 
and Jan Vanderborght

Design of efficient water irrigation strategies with a combination of high-
quality water and saline water relies on accurate prediction of root water 
uptake. Macroscopic models are usually used to predict root water uptake 
at the field scale. However, they miss proper representation of stress pro-
cesses at the plant scale. A fully mechanistic three-dimensional model was 
used to investigate the effect of root length density (RLD), transpiration rate 
and dynamics, potential leaching fraction (LF), and irrigation frequency 
and salinity on osmotic stress and gradients developed between the soil–
root interface and the bulk soil. For the same LF and salinity level of the 
irrigation water, osmotic stress was larger at lower RLDs and higher transpi-
ration rates. Roots were also more stressed when a sinusoidal transpiration 
boundary condition was considered. The variability of macroscopic param-
eters calculated for the simulated data show that macroscopic functions 
need to take into account RLD and transpiration rate to adequately predict 
osmotic stress. Finally, small salt concentration gradients were observed in 
this single-root study where root density was assumed constant with depth. 
However, future work requires checking salt concentration gradients at the 
scale of a whole plant, where this assumption does not apply.

Abbreviations: EC, electrical conductivity; LF, leaching fraction; RLD, root length density; 
SSF, standard sink fraction.

Irrigation is the main use of agricultural water and is especially important in arid and 

semiarid areas where precipitation is scarce and cannot fulfill the crop water requirements 

for the entire season. However, the availability of high-quality water, in addition to saline 

or sodic groundwater, is limited in such areas (Qadir et al., 2003). Thus, there has been 

an increasing interest in the use of saline water for irrigation. A common practice to avoid 

yield reduction because of saline water irrigation is to over-irrigate and avoid the accumula-

tion of salts in the root zone. However, this leads to large amounts of drainage water with 

high loads of salts at concentrations higher than the initial irrigation water. The reuse of 

drainage water and the use of saline water is often combined with high-quality water. In 

such cases, different quality waters can be blended to reduce the salinity level of the irriga-

tion water, or they can be applied at different stages of plant development or to different 

crops depending on their salt tolerance (Dudley et al., 2008; Groenveld et al., 2013).

Irrigation with poor-quality water presents challenges concerning the optimization of 

available high-quality water and the minimization of drainage water while maintaining 

crop growth and development. Addressing these challenges requires an accurate temporal 

and spatial knowledge of plant water uptake. Temporally and spatially accurate monitoring 

of root water uptake is time consuming and practically impossible at the scale of single 

roots under field conditions. Instead, modeling can be used as a tool to predict root water 

uptake and design appropriate irrigation schemes that can optimize the use of high-quality 

water while reducing leaching and maximizing crop yields.

Different modeling approaches can be used to predict plant water uptake and how it is 

influenced by soil water salinity. Macroscopic models commonly simulate root water 
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uptake in the soil as a sink term in Richards’ equation. This sink 

term depends on a root distribution parameter and reduction 

functions to account for water and salinity stress. The most used 

stress reduction functions for water, salinity, or both stresses com-

bined were developed in the 1970s and 1980s (Maas and Hoffman, 

1977; Feddes et al., 1978; van Genuchten and Hoffman, 1984; van 

Genuchten, 1987; Dirksen and Augustijn, 1988). All these func-

tions have in common the use of bulk state variables such as bulk 

matric potential and bulk osmotic potential. However, the accumu-

lation of salts around the roots occurs as a result of both advective 

transport of salts dissolved in the water driven toward the roots by 

the transpiration flux and active exclusion of salts from the roots. 

This results in salt concentration gradients from the root–soil inter-

face toward the bulk soil, and bulk properties, which are used in 

stress reduction functions, might not be representative of the water 

potential sensed by the root. Moreover, it has been experimentally 

observed that this accumulation is dependent on the transpiration 

rate and salinity level (Riley and Barber, 1970; Sinha and Singh, 

1974, 1976). As a consequence, stress reduction functions that use 

bulk soil properties are situation dependent. Stress reduction func-

tions use empirical parameters to account for the plant sensitivity 

to water and salinity stress, which are also known as tolerance 

values. However, these parameters were obtained under specific 

environmental conditions and mostly averaged across an entire 

growing season. Thus, their application to different environments 

and within a growing season may lead to inaccurate results. In fact, 

tolerance values depend on the spatial and temporal distribution of 

salinity along the soil profile, environmental conditions, soil factors 

(e.g., fertility, texture, and structure), and plant cultivar differences 

and breeding (Shalhevet, 1994).

In addition to macroscopic models or Type II models (Hopmans 

and Bristow, 2002), so-called mesoscopic models or Type I models 

might be used. Type I models are, in contrast to Type II models, 

more mechanistic and simulate f low toward single roots. For 

instance, de Jong van Lier et al. (2009) developed an analytical 

solution for combined water and salt stress based on the matric flux 

potential approach. Their approach estimates relative transpiration 

for a steady-state problem with a constant solute accumulation at 

the soil–root interface and does not require assumptions to derive 

the effect of simultaneous matric and osmotic stress. In addition, 

Nimah and Hanks (1973) developed a one-dimensional, numerical, 

mechanistic yet macroscopic model to predict root water uptake. 

The root extraction term per depth depends on the effective water 

potential in the root, the pressure and osmotic head in the soil, and 

the proportion of active roots at the specific depth. In addition, it 

is scaled by the distance from the root to where measurements of 

pressure and osmotic head are taken. The limitation with such 

models is that they assume roots to be uniformly distributed at 

certain depths and many have worked only for steady-state cases. 

Doussan et al. (1998) developed a model of root water uptake to 

individual roots and water transport inside the xylem of the roots 

that is based on the differences of potential between the soil–root 

interface and the root xylem and differences of potential along the 

root xylem segment. The models are
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where Jh(z) (m3 s−1) is the flux inside the xylem at distance z from 

the apex, Kh is the axial conductance (m4 s−1 MPa−1), d (z)/dz is 

the water potential gradient, Jr(z) is the radial flux into the root 

from the soil per unit area (m3 m−2 s−1), Lr is the radial conductiv-

ity (m s−1 MPa−1), s(z) is the water potential (MPa) in the soil, 

and x(z) is the water potential inside the xylem (MPa).

The three-dimensional model R-SWMS (Javaux et al., 2008) 

resolves water flow in the soil using Richards’ equation. Water 

flow in the soil is coupled through a sink term to a fully detailed 

three-dimensional root architectural model in which the Doussan 

equation (Eq. [1]) for radial root flow into the root is resolved for 

each individual root segment. Axial flow inside the root architecture 

is also resolved using the Doussan equation (Eq. [2]) and enables 

computing a global transpiration flux at the root collar. Models such 

as R-SWMS require large computational power and are unsuitable 

for predictions at the field scale. Nevertheless, they constitute a plat-

form to investigate root water uptake and other processes relevant at 

the scale of single roots and its upscale to the whole plant (Schröder, 

2014; Huber et al., 2014, 2015; Koebernick et al., 2015).

The first aim of this study was to use R-SWMS to simulate water 

and solute distribution at the scale of the soil volume around a 

single root under realistic RLDs. In the study of Schröder et al. 

(2013), simulations around a single root led to large total poten-

tial gradients between the soil–root interface and the bulk soil. 

However, their study considered only one RLD. The present study 

included a RLD analysis of 69 profiles, enabling the design of more 

realistic simulation scenarios in terms of representative soil vol-

umes and potential transpiration associated with a single root.

Furthermore, we aimed to identify the factors affecting osmotic 

stress and osmotic gradients around a single root. Schröder et al. 

(2013) investigated the effects of salinity levels and transpiration 

rate on stress in a drying saline soil. Consequently, both matric 

and osmotic stresses were examined. In this study, to ensure the 

sole occurrence of osmotic stress, irrigation was applied constantly 

or in pulses to keep moisture high in the soil and prevent drought 

stress. Moreover, in addition to transpiration rate and salinity, we 

investigated the effects of root density, irrigation frequency, LF, 

and constant or transient transpiration rates on osmotic stress and 

the accumulation of salt around a single root.

Finally, we used these simulations to derive the link between 

conditions prevailing at the soil root interface and in the bulk soil.
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The single-root analysis is based on the assumption of homogeneous 

RLD at a certain depth in the soil profile. Under this assumption, 

small osmotic gradients between the soil–root interface and the 

bulk soil are expected. Salt accumulation at the soil–root interface, 

compared with the bulk soil, was slightly larger for very low RLDs 

and also during midday when a sinusoidal transpiration is imposed. 

However, future work requires checking salt concentration gradients 

at the scale of a whole plant, where root density varies with depth 

and is not homogeneous at one specific depth.
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