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Understanding water uptake and transport through the soil-plant continuum is vital for ecosystem
management and agricultural water use. Plant water uptake under natural conditions is a non-steady
transient flow controlled by root distribution, plant configuration, soil hydraulics, and climatic conditions.
Despite significant progress in model development, a mechanistic description of transient water uptake has
not been developed or remains incomplete. Here, based on advanced electrical network theory (RLC circuit
theory), we developed a non-steady state biophysical model to mechanistically analyze the fluctuations of
uptake rates in response to water stress. We found that the non-steady-state model captures the nature of
instantaneity and hysteresis of plant water uptake due to the considerations of water storage in plant xylem
and coarse roots (capacitance effect), hydraulic architecture of leaf system (inductance effect), and soil-root
contact (fuse effect). The model provides insights into the important role of plant configuration and
hydraulic heterogeneity in helping plants survive an adverse environment. Our tests against field data
suggest that the non-steady-state model has great potential for being used to interpret the smart water
strategy of plants, which is intrinsically determined by stem size, leaf size/thickness and distribution, root
system architecture, and the ratio of fine-to-coarse root lengths.

he modeling of hydrologic cycles in terrestrial and agricultural ecosystems and the evaluation of the

tolerance of plants to water stress requires a mechanistic description of the uptake and transport of soil

water through the soil-plant continuum'™. Thus, many models have been developed®*’. The cohesion-
tension theory”' and the classical catenary hypothesis (or Ohm’s Law analogue)**** provide important conceptual
frameworks for a mechanistic understanding of plant-water relationships®***. The model based on Ohm’s Law
(i.e, van den Honert’s model) views water flow through plants as analogous to electric current through a
resistance network. In the past decade, this model was adjusted to account for the storage of water in the stem,
branches, and leaves by inclusion of one or more hydraulic plant capacitances (see reviews**””). This adjustment
led to the development of dynamic flow and storage models, which are based on either a hydraulic sys-
tem'*'>?*231 or on an electrical analogue®'“***. The hydraulic system approach (referred to as HydGro) con-
siders capacitance as a variable that depends on the water content of storage tissue, while the electrical analogue
approach (referred to as RcGro) takes capacitance as a constant. These models allow assessment of physiological
characteristics that are difficult to measure (e.g., hydraulic resistance, hydraulic capacitance, and cell wall
extensibility).

Despite their significant role in facilitating the study of water transfer in the soil-plant continuum®**"*, the
Ohm’s Law based models and their extended versions have a few drawbacks. First, the steady state assumption
that underlies the Ohm’s Law models makes them inappropriate for describing natural scenarios, which are
mostly characterized by transient flows at a rate less than the maximum?®. This is due to continual fluctuations in
atmospheric evaporative demand and stomatal conductance®, water redistribution or non-uniform water sup-
ply*®, and water flow disconnection resulting from stomatal closure, cavitation, and root shrinkage. Second,
Ohm’s Law based models do not account for the retardation of water into and through the plant (i.e., actual
time lag between transpiration and water uptake from the soil) because of the assumption of a linear response of
water flux to potential gradient. Root resistance depends on flux and soil depth®*' as well as the activity of fine
roots"*. Field experiments indicate that water flow from soil to plant is more than a simple linear flow*>**. Third,
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Ohm’s Law based models neglect water transfer among different
parts of a plant driven by water potential sub-gradients. Fourth,
Ohm’s Law based models were mostly verified using trees in terms
of the relations between diurnal stem radius variation and tree water
uptake®'%121620:283032° A g result, the models might not be appropri-
ate to herbaceous plants like agricultural crops. The same or similar
limitations also exist in other water uptake models, leading to a lack
of mechanistic understanding of the transient and nonlinear nature
of plant water uptake. We thus proposed to evaluate plant water
uptake based on an advanced electrical network (series RLC circuit
theory), which includes “resistors,” “capacitors,” “inductors,” and
“fuses” that could reflect the dynamics of plant hydraulic architec-
ture at varying scales—from cell to tissue and organ.

Results

Water uptake hysteresis. Figure 1 demonstrates that water uptake is
positively related to water potential difference (A'¥') between soil and
leaf, following different paths in the morning and the afternoon. The
results show that the water uptake rate is significantly larger in the
morning than in the afternoon at the same magnitude of potential
difference between soil and leaf in all of the 16 days of measurements.
Such a difference indicates a significant hysteresis phenomenon in
plant water uptake. Theoretically, hysteresis represents a retardation
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Figure 1 | Hysteretic relation between soil-leaf water potential difference
(AY,,) and water uptake rate (J,).

of the response of water flow to water potential change in a nonlinear
manner (i.e., water flow lags behind transpiration demand). The
extent of hysteresis (i.e., maximum disparity in uptake rate at a
certain potential difference) depends on the history of water
uptake and the status of plant water conditions (e.g., xylem
cavitation and root-soil contact). Our results demonstrate that the
water uptake hysteresis was 1-2 orders smaller in 1998, which was a
relatively wet year with mean soil potential of —20 kPa and
fluctuation between —5 kPa to —33 kPa during the experimental
period, than in 1999, which was a relatively dry year with mean
soil potential of —60 kPa and a gradual increase from —7 kPa to
—83 kPa during the experimental period (Figure 1). We attribute
this difference to the higher availability of soil water, larger water
storage and connectivity in xylem, a smaller gradient in soil-leaf
potential, and better soil-root contact in the wetter environment.

Mechanistic model formulation. Mass flow of water can be
described by a traditional transport equation. For hydraulic flow
through cylindrical tubes, the hydraulic conductance is a function
of the tube radius and fluid viscosity, as follows

2
o= () 2 ()

where J,(t) is the volume flux density (m*/m?/s) that is equal to an
average velocity (m/s) at time t, r is the tube radius (m),  is the
dynamic viscosity of fluid (kg/m/s or Pa s), S is the tube length
(m), and AW is potential difference (kg/m/s* or Pa). This equation,
or corresponding versions, is referred to as Poiseuille’s Law,
indicating that the average flow rate through unit cross-sections of
a tube increases with the square of the tube radius.

Given the complexity of the transfer pathways of water through
the soil-plant continuum, steady-state flow is usually calculated,
rather than by Poiseuille’s Law, by using simplified “black-box” res-
istance models* like

lI"s(t)_\Pl(t)
Rsfl(t)

where ¥ and W) are the water potentials of the soil and leaf, respect-
ively, and R, (kg/m?/s) denotes hydraulic resistances between the
soil and leaf. The concepts embedded in Equation (2) (van den
Hornert’s model) are illustrated in Figure 2b. The transpirating plant
usually sets up a gradient of water potential between soil and leaf so
that water flows**. The flux through soil-plant system is controlled by
the rate of water loss through stomata. Thus, leaf water potential can
be regarded as an indirect factor that controls water flow through the
plant by exerting an effect on stomatal resistance®.

Although the steady state model (Equation 2) has been widely
applied, many studies found that it fails to account for hysteresis, a
nonlinear phenomenon that is frequently observed from the rela-
tions between W) and J,****°. This type of response is attributed to the
effect of diurnal changes in plant water storage because water storage
could delay stomatal closure®>*°>. As in previous studies, we con-
sidered the effect of hysteresis by introducing hydraulic capacitance
(Cin m’s*/kg or m/Pa) into the steady-state van den Hornert model,
as follows

()= )

FO-NO _ d¥i®)

Jo(t)= R_1(0) o

3)
By analogy with electrical capacitance, hydraulic capacitance of any
part of the system is defined as the ratio of change in tissue water
content (Q in m*/m?) with potential (‘¥ in kg/m/s* or Pa)*, given by
C = dQ/d¥. Hydraulic capacitance is formed by changes in water
storage in the xylem, coarse roots, and thick leaves (dQ), and changes
in potential (d¥). When a capacitor is faced with an increasing ¥
(i.e., storing water), it acts as a source—dropping AY as it supplies
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Figure 2| Electric analogy of water flow through soil-plant system: (a) soil-plant system, (b) traditional steady state model, and (c) non-steady state
model. W—soil water potential, W,—leaf water potential, J,(t)—water uptake rate, L—inductance, R—flow resistance, C—capacitance, A—contact

potential.

water to the leaf, like a battery. When a capacitor is faced with a
decreasing ¥ (i.e., depleting water), it acts as a sink, creating A¥Y
as it stores the water in the xylem and coarse roots supplied by the soil
via fine roots, like a resistor. The total R and C of the soil-plant system
can be estimated with Equation (3) from measured diurnal changes
in ¥}, ¥, and J,. The sign of the second term on the right-hand side
of Equation (3) is negative because water flows out of storage (adding
to J,) when d¥(t)/dt is negative. The hydraulic capacitance (C) of the
plant, which is considered varying with plant water conditions in the
non-steady-state model, serves as a buffering function to adjust the
magnitude of transpiration-induced xylem tension and associated
cavitation resistance for alleviating plant safety versus efficiency
trade-offs®. The value of C reflects a hydraulic regime of the tissue,
and its change is useful for comparison of plant tissues of very dif-
ferent quantities, shapes, and/or sizes. Note that steady-state experi-
ments conducted in controlled environments would not be subject to
the effect of the capacitance, because the value of d¥(t)/dt becomes
zero under steady-state conditions. In that case, Equation (3) reverts
to the simple steady state model, as expressed by Equation (2).

Further, to understand and describe the hydraulics of water trans-
port in plants, one needs to simultaneously measure water potentials
and flow rates. However, precise measurement of leaf potential is
difficult on short time scales (e.g., seconds to minutes). A few experi-
ments have shown that the water uptake rate of plants (or roots) in
terms of J, has instantaneous features (e.g., fluctuations or pulses of
water flow), especially at low leaf potential and large J,>***. This
phenomenon is mostly caused by the spatiotemporal heterogeneity
of water flow rates in different parts of the 3-D plant architecture.
This is plausible because leaf potentials vary with the heights and
positions of leaves on the stem. Top leaves receive more solar radi-
ation, lowering water potential (or reducing water availability), while
low leaves are less exposed to radiation causing large potential (or
increasing water availability). Thus, we assume there is an “induct-
ance” effect, as instantaneous water flow rates at different parts of the
plant may affect the average driving force of water flow in the plant.
We also assume the presence of biological contact potential (A in kg/
m/s?)***8, which acts like a “fuse” in an electrical circuit and is sus-
ceptible to environmental stress due to more rapid decreases in root-
water potential than in soil-water potential“'”**. We introduced the
principle of “inductance” and “fuse” into Equation (3), resulting in
the following RCL circuit-based non-steady state model:

W)W Ld0) AV A

St = R R,_dt dt Ry

(4)

This model is diagrammatically shown in Figure 2c. The considera-
tion of “inductance” effect reflects the heterogeneous response of the
leaf system architecture to climate. The water potential difference
(AY.) induced by hydraulic inductance is defined as

dJ, (1)
ot ()

AY,=—-L

where L is the inductance coefficient in kg/m?. The inductance, which
is formed by the heterogeneity of leaf water potentials at different
heights of the plant, resists changes in flow rate dJ, (t). When an
inductor (i.e., leaf system) is faced with an increasing J,,, it (e.g., upper
leaves) acts as a sink, dropping potential as it consumes water, like a
resistor. When an inductor is faced with a decreasing J,, it (e.g., lower
leaves) acts as a source, creating potential as it supplies stored water
to upper leaves, like a battery. The relation between L and C can be
expressed by:

4L
Ro=y/= (6)
where R, represents a critical resistance of flow. According to the
series RCL circuit theory, when actual R gets close to Ry, ], becomes
stable; otherwise, J, fluctuates with a frequency f (1/s):
1
f=—r
2nv/LC

To consider the dependence of overall soil water availability on the
profiles of soil water potential and root density, we adopt an effective
soil water potential W(t) for Equation (4) as calculated by

Z Zri(H)Wi(t)

=570

(7)

(8)

where ¥ ; and A, ; refer to soil water potential and root length density
in the ith layer of soil (i = 1,2,...12; 5 cm thickness in each layer),
respectively.

Non-steady-state analysis. Figures 3a and 3b compares the
measured and simulated results of water uptake rates using the
steady-state model (Equation 2) and the non-steady-state model
(Equation 4). Effectiveness of Equation 4 in capturing the
fluctuations of uptake rates is demonstrated in Figure 3d, as
compared to the results with Equation 2 in Figure 3¢, based on the
data collected on August 1, 1999. Similar results were obtained for
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Figure 3| Comparison of steady state model (a) and non-steady state model (b) based on the data observed in 1998 and 1999. The uptake curves are the
sap flow rates observed (solid line) on August 1, 1999 and simulated results (dashed line) using steady state model (c) and non-steady state model (d).
The measured data in (a) and (b) are the 15-minute average sap flow rates observed in eight days of each year of 1998 (n = 434) and 1999 (n = 481).

other observation days. It is evident that taking the effects of
hydraulic “capacitance,” “inductance,” and “fuse” into consi-
deration significantly improves the description of water uptake
dynamics. The contribution of these three parameters to the
goodness of fit differed among the observation days. Inclusions of
C, L, and A in the model increased the values of the coefficient of
determination (R*) by 0.10 * 0.07, 0.11 * 0.05, and 0.10 * 0.06,
respectively, in the two years. The results suggest that plant water
storage, water transfer among different parts, and biological contact
potential are three biophysical mechanisms that dominate the
instantaneous non-steady nature of water flow between soil and
plant.

Table 1 provides the mean values of parameters fitted with
Equation (4) using the data collected from a corn field during eight
days in each year of 1998 and 1999. The value equality of R, to R in
1998 suggests that the instantaneous change of water uptake rates

with time (dJ,/dt) was relatively small (or flow was continuous) in a
wet year. In comparison, instantaneous water uptake fluctuated
greatly (or water was supplied in pulses of a certain frequency) in a
dry year, as indicated by the larger value of R, than R in 1999. Such
dependence of uptake stability on soil water availability is consistent
with the spatial distribution of leaf water potential at different heights
of the plant (Figure 4). Our measurements show that leaf water
potentials significantly decreased with the height of leaves when soil
was dry, but there was no significant difference when soil was wet. As
expected, water storage in plant in a wet year resulted in a value of C
that is approximately near thirty times that in a dry year. This result
shows a negative relation between capacitance and hysteresis of
water uptake. Consistent with theoretical assumptions, the negative
value of A in the wet year suggests a better interfacial contact between
soil and root, due likely to the presence of more active fine roots or
larger hydraulic conductivity in the rhizosphere. The positive value

Table 1 | Non-steady State Model Parameters

Parameter Wet year (1998) Dry year (1999) Unit

R (2.2 £0.2) x 10° (5.7 = 3.5 x 10° kg/m?/s
C 2.1 +1.2)x10° (7.5 +2.3)x 10°® m?s?/kg
L (8.5 = 4.7) x 10'° (=2.1 + 1.2) x 10° kg/m?
A —1.85 %249 1.55+1.89 kg/m/s?
L/R —385.9 £279.2 -365.6 =312.1 s

Ro = 2(L/C)°* (3.33 + 2.54) x 10° (3.31 + 2.36) x 10° kg/m?/s
F=1/[2r(LC)°] 56 1/s
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Figure 4 | Daytime variations of leaf water potential at different heights
from the ground on representative days in 1998 and 1999. ¥ denotes
effective soil water potential calculated with Eq. 8.

of A in the dry year indicates possible interfacial interference caused
by, for instance, a steep gradient of water potential over the soil-root
depletion zone, shrinkage of fine roots during the soil drying process,
and/or slower recovery of root physiology during the soil rewetting
process. The negative value of the fitted L suggests that water transfer
among leaves or roots was a significant phenomenon. The transfer
was much more significant under higher water availability condi-
tions, as indicated by the forty times larger absolute value of L in a wet
year (1998) than in a dry year (1999). The ratio of L to R indicates the
affordability of a maize plant to the fluctuation of water flow rate
while remaining healthy or recoverable conditions (i.e., tolerance to
the lowest water supply rate). The similarity of this ratio in both years
suggests that the value of L/R represents a kind of plant constant.

Discussion

The hysteretic uptake suggests that a soil-plant system is not a simple
or homogeneous resistance network as assumed in the analogy
between Ohm’s Law and Poiseuilles’ Law. Water storage (increasing
capacitance) in the plant could reduce hysteresis. A few studies have
suggested that the discharge of stored water in the xylem into the
transpiration stream (decreasing capacitance) could prolong the
time (increasing hysteresis) required for xylem tension and flow to
attain steady state’>%"*>. Water passes from the soil to the plant in
more than a simple linear flow, as is demonstrated by the “induct-
ance” effect and previous studies. Zweifel et al.*® observed hysteresis
patterns between crown water potential and stomatal aperture of
Pubescent Oak and Scots pine. Hellkvist et al.*> noted a six-hour

difference between a drop in foliage water potential and a drop in
root water potential in relatively young Picea sitchensis (Bong.) Carr.
Trees. The analysis by Dalton* predicts a nonlinear response of
water flux to potential gradient that drives the flux into and through
plant. Similarly, a few other experiments reported nonlinear pattern
of root water uptake*®*>>2*6> The steep decrease of water potential
(increasing resistance) over the soil-root depletion zone, which leads
to “fuse” effect and is accelerated by root water uptake, is assumed to
be partially responsible for such non-linear behaviors". In spite of
this, how a plant could effectively adjust a moving sink and source
during water uptake process remains an open question. Existing data
might not be able to clarify this question because few efforts have
been made to quantify the multi-path or bifurcation transfer of water
among different parts of the soil-plant system as driven by the het-
erogeneous hydraulics of the system'>*.

The series RLC circuit theory based model provides a relatively
complete, straightforward mechanistic framework for evaluating
water flow through the soil-plant continuum and analyzing how
plant configuration and corresponding hydraulic architecture could
help the plant adapt to water stress by moving sink or source. For
instance, large water storage in the plant is a critical factor in main-
taining long-distance water transport and reducing the negative
impacts of a high transpiration rate on plant physiology®. The
“inductance” effect, which reflects the allocation of water extracted
from the soil into individual parts of the plant, is another important
factor that increases plant tolerance to water scarcity. Plant config-
uration (e.g., spatial distribution of leaves) and hydraulic compensa-
tion among different parts, which can induce a larger value of L,
might serve as better protection from physiological damage under
water stress. The similarity of the magnitude of Ry and the ratio of L
to R in the wet (1998) and dry (1999) years implies that these
characteristic parameters, which integrate the effects of xylem water
storage and plant configuration, might remain constant for a spe-
cific plant under different environmental conditions. This, however,
needs verification through experiments on other plant species of
different plant configurations (e.g., trees) and those of different
water-carbon efficiencies (e.g., C3 plants). The estimated frequency
of water uptake pulse, 0.018 cycle per second (Table 1), indicates
that the flow pause very likely occurred approximately every minute
in the dry year. This pulse interval has a similar time scale to that of
the experimental finding by Inenko et al.””. They found that maize
root response to water stress consists of a series of time-dependent
stages. A transient pulsed jump in diffusional water transfer
detected several seconds after beginning the osmotic treatment is
associated with the spread of the wave of hydraulic pressure along
the root. This research suggests that the plant has a self-protection
strategy under water stress, which is determined by the hydraulic
architecture (including water storage, potential gradients, and flow
connectivity) and heterogeneous responses of different parts of
plants to environmental change. It has been reported that the
hydraulic architecture might affect the regulation of stomatal aper-
ture via plant hormones™. Compared with existing mathematical
and empirical models, the non-steady-state model presented in this
study might be more useful as an inverse approach to analyzing
water uptake response and the role of plant configuration, guiding
field irrigation schedules, and understanding water balance between
the biosphere and the atmosphere. Future work should address at
least three questions, such as (i) how plant configuration or archi-
tecture determines the network of resistance to water flow from soil
to leaf, (ii) how instantaneous exchange of “messages” is made
among soil, roots, and aerial parts of the plant to guide water
uptake®’, and (iii) how the exchange is affected by water pre-storage
in tissues, nutrient availability, and metabolic activity®®. These ana-
lyses might have implications for plant adaptation under changing
climate, field crop management, and vegetation selection for adverse
environments.
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Methods

Our models were tested using the data from the experiments carried out over a four-
week period between July 15 and August 20 in 1998, and between 21 July and August
22 in 1999 on an experimental farm (latitude 35°46'N, longitude 139°54E, altitude
7.9 m) at Chiba University, Japan. Maize (Zea mays L.) was planted on May 25, 1998
and on April 30, 1999, in a field with an area of 400 m*. The within-row spacing was
0.4 m and the inter-row distance was 0.7 m. Before sowing each year, chemical
fertilizers were applied to the field at 60 kg nitrogen/ha, 44 kg phosphorus/ha, and
75 kg potassium/ha. The field was not irrigated during plant growth. The soil was a
Kanto fine sandy loam developed from volcanic ash.

On the investigation days, a pressure chamber method (SOILMOISTURE, 3005)
was used to make hourly measurements from 7:00 to 18:00 on the water potential of
leaves in the upper, medium, and lower positions of the stems of three plants near the
plants for sap flow measurement. Water potential of eight to ten roots taken at a depth
10-20 cm in the soil of the three plants was also measured. Meanwhile, soil water
potentials were recorded using ceramic-tipped tensiometer probes (DIK-3100, Daiki
Rika), which were installed vertically at each 10-cm depth of three 60-cm deep field
profiles near the plants for sap flow measurement.

Plant water uptake was represented by xylem sap flow, which was measured using a
heat balance method with the gauges (Dyanmax, SGB25) installed on the base of plant
stems. Total root length in each soil layer was determined using a line-intercept
sampling method immediately after the field experiments. Roots in twelve soil layers
(each 70 X 40 X 5 cm’) at each plant location were collected along the 60-cm deep
soil profiles.
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