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Abstract. Roots exhibit plasticity in morphology and physi-
ology when exposed to fluctuating nutrient and water avail-
ability. However, the dynamics of daily timescale adjust-
ments to changes in water availability are unclear, and exper-
imental evidence of the rates of such adjustments is needed.
In this study, we investigated how the root system responds
within days to a sudden and localized increase in soil mois-
ture (“hydromatching”). Root systems of maize plants were
grown in soil columns divided into four layers by vaseline
barriers and continuously monitored using magnetic reso-
nance imaging (MRI) technology. We found that, within
48 h after application of water pulses in a given soil layer,
root growth rates in that layer increased, while root growth
rates in other layers decreased. Our results indicate local root
growth was guided by local changes in soil moisture and po-
tentially even by changes in soil moisture occurring in other
parts of the soil profile, which would result in a coordinated
response of the entire root system. Hydromatching in maize
appears to be a dynamic and reversible phenomenon, for
which the investment in biomass is continuously promoted
in wet soil volumes and/or halted in drier soil volumes. This
sheds new light onto the plasticity of root systems of maize
plants and their ability to adjust to local and sudden changes
in soil moisture, as would be expected due to patchy infiltra-
tion after rainfall or irrigation events.

1 Introduction

Plant water uptake can be a key limitation to plant growth,
above-ground net primary productivity, and crop yields.
Droughts are expected to increase in frequency, duration,
and intensity in the future with potentially severe effects on
vegetation (Van Loon et al., 2016; Klaus et al., 2022). Crop
yields that are sensitive to water shortage are expected to de-
cline in the future, and research to increase drought tolerance
and root water uptake efficiency is intensifying (Chaves and
Davies, 2010; Daryanto et al., 2017; Farrant and Hilhorst,
2022). One promising mitigation strategy to cope with in-
creased drought stress is to implement plant breeding pro-
grammes that enhance water uptake through root trait selec-
tion (Eshel and Beeckman, 2013).

Roots are known to display plasticity in morphology and
physiology under environmental fluctuations (Hodge, 2004;
Fromm, 2019; Schneider and Lynch, 2020; Karlova et al.,
2021), although it was suggested that plants with higher tran-
spiration demands possess more dynamic and plastic root
systems than those with lower demands (Kulmatiski, 2024).
In the presence of spatial variability in soil moisture, plants
can continuously match their water uptake patterns accord-
ing to water availability (Kühnhammer et al., 2020) and
rely on compensatory mechanisms to meet their transpira-
tion demand. These mechanisms consist of enhanced water
uptake from zones with higher moisture that compensate for
the lower uptake from the drier zones (Thomas, 2020). In
the short term (hours), local adjustments in uptake rates are
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mostly driven by water potential gradients (Jarvis, 2011). It
can be assumed that the root–soil water potential difference
drives root water uptake, while the radial root conductivity
and root surface area determine the main resistance to water
uptake in relatively wet soils (Schymanski et al., 2008). At
the same time, root hydraulic conductivity can be regulated
by aquaporin activity locally at sub-hourly timescales to pro-
mote water uptake in water-rich areas (Carvajal et al., 1996;
Gorska et al., 2008; Ishikawa-Sakurai et al., 2014).

In the longer term (days), root systems can undergo mor-
phological adjustments consisting of the promotion of root
growth within wetter soil zones, increasing the surface area
available for water adsorption (Pregitzer et al., 1993; Majdi
and Andersson, 2005; Wang et al., 2005; Bauerle et al., 2008;
Zhang et al., 2019; Tzohar et al., 2021). Among such mor-
phological adjustments of roots, we find “hydrotropism” and
“hydropatterning” that refer to root curvature towards zones
of high water potential and to the promotion of asymmetrical
lateral root formation towards wet soil patches, respectively.
“Xerobranching”, in contrast, refers to the inhibition of lat-
eral root development in dry soil areas (Giehl and von Wirén,
2018; Fromm, 2019).

Studies also reported another type of morphological ad-
justment consisting of root proliferation within a wet soil
patch and in decline of root growth in drier areas (Engels
et al., 1994; Gallardo et al., 1994). As a combination of these
latter responses has the capacity to adjust the entire root sys-
tem to spatial variation in soil water availability, we call this
process “hydromatching” for ease of reference. Hydromatch-
ing differs from hydrotropism, hydropatterning, and xero-
branching, as it does not dictate the direction of individual
root growth or lateral root emergence. Instead, it considers
a larger scale and includes changes to both the elongation
rate of pre-existing roots and the emergence rate of new roots
(of any order) from portions of root systems experiencing a
change in soil moisture. Under temporal heterogeneity in soil
moisture, studies have mostly focused on seasonal timescales
and have shown that plants are able to dynamically shift their
root length distribution in response to seasonal fluctuations
(Hayes and Seastedt, 1987; Wan et al., 2002; Peek et al.,
2006; Saelim et al., 2019).

Although the morphological adjustments under spatial soil
moisture changes and the root growth dynamics to seasonal
oscillations are well studied, little is known about the dynam-
ics and flexibility of root growth patterns under rapid (daily)
changes in soil moisture. Such daily patterns are in fact of-
ten overlooked (Stewart and Frank, 2008) and can strongly
affect plant fitness (Nguyen et al., 2017). In addition, studies
have yet to prove the ability of plants to deploy morpholog-
ical adjustments according to multiple abrupt daily changes
in soil moisture in different parts the soil profile. A better un-
derstanding of such dynamics could lay the groundwork to
improve irrigation management and the performance of soil–
vegetation–atmosphere models. In fact, it was already shown
that models with dynamic root systems performed better than

models with static root systems (Schymanski et al., 2008;
Wang et al., 2018).

The overarching aim of this study is to decipher the
dynamics of the hydromatching phenomenon at a daily
timescale. Specifically, we build on previous studies (Gal-
lardo et al., 1994; Engels et al., 1994; Wang et al., 2005)
by analysing the hydromatching dynamics, such as timing
of occurrence, depth independence, and local root alloca-
tion patterns following abrupt changes in soil moisture. We
monitored these dynamics following rapid spatial (different
depths) and temporal changes in soil moisture induced by
consecutive water pulses applied in different soil layers. The
following research questions were addressed:

– Question 1 (onset time of hydromatching). How quickly
does hydromatching occur following a rapid and local
change in soil moisture availability?

– Question 2 (vertical responsiveness). Do roots at dif-
ferent depths respond equally when subjected to local
changes in soil moisture availability?

To address these questions, we designed an experiment in-
volving the use of maize plants grown under highly con-
trolled conditions in a horizontal split-root setup consisting
of layered soil columns. Root development was monitored at
a high frequency (every 2 d) using magnetic resonance imag-
ing (MRI) technology. This produces 3D images of root sys-
tems and allows us to measure root distribution repeatedly
and non-destructively.

2 Materials and methods

2.1 Experimental setup

Maize (Zea mays) was used as the species of interest, as its
roots are well suited for MRI detection (Müllers et al., 2023),
and pre-experiments showed that maize grows well in our
experimental setup. The maize plants were grown in 45 cm
long plexiglass tubes filled with soil (refer to next section
for soil specifics) and divided into four layers (top three lay-
ers with 9 cm depth and the bottom layer with 14 cm depth).
The layers were hydraulically isolated from each other by
vaseline barriers. In the below, we refer to the top layer as
Layer 1 (L1), followed by Layer 2 (L2), and so on. Each
layer was equipped with a rhizon, a small tube made of a
porous material designed for water sampling in soil (10 cm
length, 0.15 µm pore size; Rhizon MOM 19.21.21, Rhizo-
sphere Research Products). Rhizons were used to inject wa-
ter into the soil layers. The vertical soil moisture distribu-
tion was recorded using the soil water profiler (SWaP) (van
Dusschoten et al., 2020). This sensor allows the determi-
nation of volumetric water content (VWC) profiles with a
one-dimensional vertical resolution of 1 cm. Measurements
of volumetric water content allowed calculations of water up-
take in each layer.
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2.2 Preparatory stage

Seeds with a weight between 0.36 and 0.46 g were placed in
wet filter paper in the dark at 20 °C for 4 d prior to planting.
Subsequently, two seeds were planted per column at a depth
of 0.5 cm and covered with 2 cm of soil, for a total of 24
columns. Silty sand soil (LUFA Speyer 2.1, LUFA, Speyer,
Germany) was used, and it was packed at a bulk density of
1.48 gcm−3 in each layer. Tap water was added to the soil to
reach 15 % volumetric water content. The added water con-
tained 1.5 gL−1 of NPK fertilizer (20 % nitrogen total, 20 %
phosphorus pentoxide (P2O5), 20 % potassium oxide (K2O),
and trace elements; Peters Professional Allrounder, ICL), re-
sulting in 0.1 g of fertilizer per layer at the start of the exper-
iment. The soil surface was covered with perforated Parafilm
to reduce evaporation while ensuring adequate aeration and
limiting mould formation.

Soil columns were placed in a room at 30 °C to boost
seedling growth. Once one of the sprouts grew through the
Parafilm (approximately after 3 d), the seed with the shorter
sprout was removed. The columns were transferred to a room
at 24 °C and exposed to a light/dark period of 10/14 h. In or-
der to provide the same light intensity to each plant, each
soil column was placed inside a 90 cm high white PVC
column with an outer diameter of 15 cm. The top of each
PVC columns was open to allow air circulation. The PVC
columns were elevated by 10 cm so that air could also cir-
culate from the bottom upwards. Each PVC column had an
LED mounted on top. The LED was programmed to pro-
duce a PAR of 600 µmol s−1 m−2 at 30 cm above the soil sur-
face (approximately halfway between the soil surface and the
light source). The 30 cm above the ground corresponded to
the height of the plants 3 weeks after sowing, as determined
in a test run prior to the main experiment.

Each column was weighed every second day to determine
the amount of transpired water. The amount of transpired wa-
ter was replenished in the top layer following the weighing.

2.3 Core experimental stage

Next, 2 weeks after sowing, all plants were analysed for root
abundance, shoot length, and transpiration rates before the 18
(out of 24) best-performing plants were selected. These were
placed in a well-ventilated growth room with a temperature
range of 21–23 °C, a humidity of 60 %, and the same lighting
conditions as before. The 18 plants were allowed to acclimate
and grow their root systems under 15 % VWC maintained in
each layer for another 2 weeks. Whenever the amount of wa-
ter to be replenished in the top layer exceeded 20 mL, water-
ing occurred directly by pouring water from the top to speed
up the process. Water uptake rates were inferred from the de-
cline in VWC since the water replenishment on the previous
day.

At the end of the acclimation period (4 weeks after sow-
ing), plants were allowed to draw down soil moisture without

replenishing it to induce water stress for 6 d. To avoid exces-
sive damage to the root system, VWC was not allowed to re-
main below 6 % in any layer; i.e. water was replenished back
to 6 % VWC whenever it declined below this value. After the
6 d of water stress, we grouped the plants into two treatments
and one control, where VWC was raised again to 15 % in all
soil layers and maintained at this level until the end of the ex-
periment. The Treatment 1 (T1) group received a first series
of water pulses in Layer 2 (L2) followed by a second series of
pulses in Layer 1 (L1). The Treatment 2 (T2) group received
the pulses in reverse order. A series of pulses consisted of
one water injection per day in a given layer to reach 15 %
VWC. The experiment was divided into three phases, each
lasting 4 d (Fig. 1): Phase 0 (drought period), Phase 1 (pe-
riod of the first series of pulses), and Phase 2 (period of the
second series of pulses). This means that Layer 1 and Layer
2 both received one series of pulses, either during Phase 1 or
Phase 2 depending on the treatment group (T1 or T2). Phase
0 consisted of the 4 d prior to Phase 1, i.e. the water stress pe-
riod. Phase 1 started on the fifth day after the start of Phase
0. Phase 2 started once the VWC of the layer treated during
Phase 1 dropped below 7.5 %, i.e. a few days after the dis-
continuation of the pulse. This means that Phase 2 started at
different times for each plant, depending on its actual water
uptake rates (refer to Fig. S2 in the Supplement). The exper-
iment ended once the VWC in the layer treated during Phase
2 was depleted to half its maximum VWC value. For sim-
plicity, “a series of pulses” is referred to below as “pulse”.

2.4 MRI and MRI image analysis

The experiment was carried out using the PlantMRI instal-
lation at IBG-2 at the Forschungszentrum Jülich (FZJ). The
PlantMRI is suitable for repetitive and non-destructive 3D
imaging and measurement of root traits. MRI uses the mag-
netic moment of atomic nuclei such as H1 (protons), which
are highly present in water and hence in living tissues. The
technology relies on magnetic and radio frequency fields and
contrast parameters to differentiate between roots and the
background (van Dusschoten et al., 2016). The 18 selected
plants were sub-divided into two groups, and their root pro-
files were MRI-scanned every day on one group to accommo-
date the MRI schedule. As a result, we obtained images daily,
but each specific root system was imaged every 2 d. The soft-
ware NMRooting was then applied for root trait analysis (van
Dusschoten et al., 2016). The software produces a 3D vector
representation of the connected root segments and statistical
information such as overall root length, which was used in
this study.

In many images, the estimated root length in Layer 1 (L1)
was prone to artefacts, and a global analysis of the layer re-
sulted in erroneous estimates. When watering from the top
exceeded 20 mL, water signal in soil became visible and in-
duced artefacts that affected root trait analysis. To overcome
the problem of these artefacts, we selected and measured the
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Figure 1. Summary of the treatments in the two treatment groups and of the temporal organization into phases in treatment and control
groups. During Phase 0 we applied no water, while, during Phase 1 and Phase 2, water pulses were applied in different layers depending on
the treatment considered.

root length of individual roots in L1 for which the signal was
undisturbed. To limit our selection and analysis to roots that
showed some growth during the treatments, we compared the
root systems right before Phase 1 and at the end of Phase 2.
Layer 2 (L2) was less prone to artefacts, and here total root
length was measured within the whole layer.

2.5 Data analysis

Growth rates (mm d−1) of each selected root in L1 and of
each root system portion in L2 were calculated by subtract-
ing the previous root length measurement from the subse-
quent measurement, divided by days between measurements.
Comparability of growth rates between different plants and
between layers was enabled by normalizing each growth rate
time series by its maximum value (“scaled growth rate”). We
then calculated the median of the scaled growth rates in L1
and in L2 in each treatment group and control. Since the
imaging of each root system was performed every 2 d, each
layer had two data points in each phase of the experiment.
Measurements of volumetric water content were used to cal-
culate water uptake in each layer (mLd−1).

The non-parametric Mann–Whitney U test was used in our
analysis to compare groups of scaled growth rates and assess
if their distributions differed significantly. This test was part
of the package “stats” of the Python library “SciPy” (version

1.6.0) (Virtanen et al., 2020). The test was used to evaluate
the occurrence of hydromatching as a response to our treat-
ments by comparing the growth rates before and after the
pulse. Question 1 (onset time of hydromatching) was then
addressed by comparing the growth rates before and 2 d af-
ter the start of the pulse in each layer. In this case we only
needed to know whether hydromatching occurred regardless
of the location, so we combined the data from T1 and T2,
only focusing on the root growth dynamics before and af-
ter a pulse. Question 2 (whether responsiveness differs with
soil–root depth) was tackled by comparing the growth rates
before and after a pulse separately for L1 and L2. Since the
roots reached L2 later than L1, the treatments were consid-
ered separately, to distinguish between responses to an early
or a later pulse (note that T1 and T2 differed by the order of
the pulse application in the two layers, as shown in Fig. 1).
Additionally, we compared the growth rates in L1 with the
ones in L2 within the same treatment group and within the
same phase to estimate root allocation switches between lay-
ers from Phase 1 to Phase 2.

Hydromatching was considered to have occurred when
growth rates increased in a pulsed treatment layer and/or
when growth rates decreased in a non-pulsed treatment layer.

To assess whether root growth was only affected by lo-
cal soil moisture or also by changes in soil moisture in a
neighbouring soil layer, we carried out correlation analyses
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between these covariates. The correlations were analysed be-
tween scaled growth rates (of each individual root in L1 and
of the whole root system portion in L2 of each treated plant)
and the volumetric water content (VWC) in their own layer
and between the scaled growth rates and the VWC in the
other layer. We used the Pearson correlation coefficient when
both sample groups were normally distributed. We used the
Spearman rank-order correlation coefficient when at least
one of the two sample groups was not normally distributed.
We considered the correlation significant if the p-value was
below 0.05. Both correlation functions are part of the pack-
age “stats” of the Python library “SciPy” (version 1.6.0). We
ended up performing 60 correlations of scaled growth rates
vs. local VWC and 60 correlations of scaled growth rates vs.
VWC in the other layer. Additionally, we visually investi-
gated the evolution of volumetric water content (VWC %),
water uptake rates (mLd−1) and scaled growth rates in time
series plots in order to shed light on potential links between
root growth dynamics and water acquisition. The Python
libraries “NumPy” (v2.2.2) (Harris et al., 2020), “pandas”
(v2.2.3) (McKinney, 2010), “Matplotlib” (v3.10.0) (Hunter,
2007), and “seaborn” (v0.12.0) (Waskom, 2021) were used
for numerical computation, data manipulation, and visualiza-
tion.

3 Results

3.1 Occurrence of hydromatching

The occurrence of hydromatching was determined by com-
paring the scaled growth rates between phases for the treat-
ment layers pulsed during Phase 1 (L2 of T1 plants and L1 of
T2 plants; see Fig. 1) and for the treatment layers pulsed dur-
ing Phase 2 (L1 of T1 plants and L2 of T2 plants). The scaled
growth rates of treatment layers pulsed during Phase 1 signif-
icantly increased from Phase 0 (median of 0.06) to Phase 1
(median of 0.55) and significantly decreased in Phase 2 (me-
dian of 0.01; Fig. 3a, Table 1, Fig. 2). The scaled growth
rates of treatment layers pulsed during Phase 2 significantly
increased from Phase 1 (median of 0.01) to Phase 2 (me-
dian of 0.61; Fig. 3b, Table 1, Fig. 2). The scaled growth
rates in both layers of the controls increased significantly
from Phase 0 (median of 0) to Phase 1 (median of 0.74) and
significantly decreased in Phase 2 (median of 0.45; Fig. 3c,
Table 1). These results indicate that growth rates in a layer
increased markedly after transitioning from non-pulsed to
pulsed in both treatments and controls. Growth rates in treat-
ment layers also decreased markedly after transitioning from
pulsed to non-pulsed. In the controls, growth rates decreased
in Phase 2 even though volumetric water content (VWC) was
kept at the same level as in Phase 1.

During Phase 1, the scaled growth rates in the controls
and in the pulsed treatment layers did not differ significantly
(Table 2) but were both significantly higher than the scaled

Figure 2. Selected MRI images of the same root system at the end
of Phase 0 (a), in the middle of Phase 1 (b), and in the middle of
Phase 2 (c). A water pulse was a applied in Layer 2 during Phase
1, and another pulse was later applied in Layer 1 during Phase 2.
An increase in the root abundance in the pulsed layer is observable
during both Phase 1 and Phase 2.

growth rates in the non-pulsed treatment layers (namely the
layers pulsed in Phase 2; Table 2). The same was found for
Phase 2. During Phase 1, the median of the scaled growth
rates was 0.74 for the controls, 0.55 for the pulsed treat-
ment layers, and 0.01 for the non-pulsed treatment layers
(Fig. 3 and Table 1). During Phase 2, the median of the
scaled growth rates was 0.45 for the controls, 0.61 for the
pulsed treatment layers, and 0.01 for the non-pulsed treat-
ment layers (Fig. 3 and Table 1). The fact that the scaled root
growth rates in the control layers were similar to those in
pulsed treatment layers and significantly greater than those
in non-pulsed treatment layers indicates that the treatments
were responsible for the changes in growth rates.

Note that the median lines in Fig. 3 are more represen-
tative of the behaviour of roots in L1. This was due to the
much higher availability of data from L1 than from L2 (five
data points per plant per day from L1 versus only one data
point per plant per day from L2). This explains the strong re-
semblance of the median lines in Fig. 3 to the median lines
of growth rate in Layer 1 in Fig. 4a and d.

3.2 Onset time of hydromatching after pulse

We compared the scaled growth rates in both pulsed treat-
ment layers and control layers on the first day of pulse and
48 h after to determine the onset time of hydromatching. The
scaled growth rates increased significantly during this time
interval (median increased from 0.05 to 0.75, p-value < 0.01
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Table 1. Medians of the scaled root growth rates (with 25th and 75th percentiles) and p-values of the comparisons between the scaled growth
rates during different phases for treatment layers pulsed during Phase 1, treatment layers pulsed during Phase 2, and control layers. For the
controls, medians and scaled growth rates used in the comparisons refer to both Layer 1 and Layer 2. p-values indicate the probability that
an observed difference between the groups considered is coincidentally sampled from the same distribution.

Treatment layers Treatment layers Layers of
pulsed in Phase 1 pulsed in Phase 2 controls

Median of scaled growth rates in Phase 0
(25th–75th percentile)

0.06 (0–0.23) 0 (0–0.22) 0 (0–0.16)

Median of scaled growth rates in Phase 1
(25th–75th percentile)

0.55 (0.27–1) 0.01 (0–0.21) 0.74 (0.42–1)

Median of scaled growth rates in Phase 2
(25th–75th percentile)

0.01 (−0.11–0.19) 0.61 (0.19–1) 0.45 (0.25–0.75)

Scaled growth rates in Phase 0 vs. Phase 1
(p-value)

< 0.01 0.38 < 0.01

Scaled growth rates in Phase 1 vs. Phase 2
(p-value)

< 0.01 < 0.01 < 0.01

Table 2. p-values of the comparison of the scaled growth rates of the control layers with the scaled growth rates of the non-pulsed treatment
layers, from the comparison between control layers and pulsed treatment layers and from the comparison between pulsed and non-pulsed
treatment layers. The comparison was done between scaled growth rates within the same phase. Refer to Table 1 for the medians of the scaled
growth rates during each phase.

Scaled growth rates Scaled growth rates Scaled growth rates
in controls vs. non-pulsed in controls vs. pulsed in non-pulsed treatment layers

treatment layers treatment layers vs. pulsed treatment layers

Phase 1 < 0.01 0.13 < 0.01
Phase 2 < 0.01 0.19 < 0.01

not shown in tables). Refer to Figs. S5–S7 in the Supplement
for the growth rates over time in each individual plant. This,
along with the evidence described at the end of Sect. 3.1, im-
plies that hydromatching occurred within 2 d from a pulse.
Note that, in this analysis, scaled growth rates of control lay-
ers and of treatment layers pulsed during Phase 1 and Phase
2 were grouped together (refer to Figs. S5–S7 to see what
data were considered in this analysis).

Note that we experienced recurring technical difficulties
with the automatic robot arm carrying the plants into the
MRI. For example, the robot arm would sometimes get
jammed after only carrying one plant into the MRI machine
and would stop working for the rest of the imaging sessions,
which were scheduled at night. In such cases, only one plant
was imaged on that day and the rest of the plants had to be
imaged the following morning. This explains why there are
days with only one measurement of growth rate in Figs. 3
and 4a and d. These technicalities also did not allow us to
maintain a constant 48 h interval between imaging events for
each root system, which, at times, occurred 24 and 72 h apart.
In any case, growth rates (d−1) were calculated by dividing
the change in root length between two measurements by the
time interval between measurements.

3.3 Vertical responsiveness of hydromatching

Scaled growth rates during the pre-pulse and post-pulse were
compared separately for L1 and L2 to determine whether
roots at different depths would respond equally. For this as-
sessment, we had to consider the effects of each treatment
separately and could not combine growth rates from T1 and
T2 groups (as we did to answer Question 1) because T1 and
T2 groups had pulses applied to L1 and L2 in the opposite
order (see Fig. 1). The scaled growth rates increased signif-
icantly in L1 after the start of the treatment, both in Phase 2
of T1 plants and in Phase 1 of T2 plants, with median growth
rates from 0 to 0.64 and from 0.01 to 0.55, respectively (pur-
ple lines in Fig. 4a and d; Table 3). However, the response of
growth rates in L2 to water pulses was not statistically sig-
nificant, neither in Phase 1 of T1 plants nor in Phase 2 of
T2 plants (brown lines in Fig. 4a and d; Table 3), although a
small second peak is visible during Phase 2 in L2 of T2 plants
(brown line in Fig. 4d). In addition to the significant increase
in root growth in L1 in response to the pulse, a significant
decrease in growth rate was found in non-pulsed treatment
layers (both L1 and L2), when the pulse was applied in the
other layer. Some growth rates reached negative values, po-
tentially indicating root disappearance. Scaled growth rates
in L1 of T2 plants significantly decreased from a median of
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Figure 3. Median with 25th and 75th percentiles of the scaled
growth rates in the treatment and in the control layers. Median
growth rate and percentiles (a) in layers pulsed during Phase 1
(Layer 1 in Treatment 2 and Layer 2 in Treatment 1), (b) in lay-
ers treated during Phase 2 (Layer 1 in Treatment 1 and Layer 2 in
Treatment 2), and (c) in the controls (where both layers were kept
at 15 % VWC during Phase 1 and 2). Each median point was cal-
culated from sets of daily data for which the size ranged from 5 to
29 data points. Each median point contains mixed information on
both treatments and layers. The medians of the control group con-
tain mixed information on both layers. Only single data points of
scaled growth rate were available on Day 12 for the layers treated
during Phase 1 (b) and on Day 16 for the layers treated during Phase
2 (a). These values were excluded from the plot. The areas of differ-
ent grey shades indicate the three phases containing the data points
used in the analysis. Negative scaled growth rates are not shown.
Differences in the number of data points per measurement day are
due to technical limitations.

0.55 in Phase 1 to 0.04 in Phase 2 (purple line in Fig. 4d;
Table 3). Scaled growth rates in L2 of T1 plants also signifi-
cantly decreased from a median of 0.56 in Phase 1 to −0.16
in Phase 2 (brown line in Fig. 4a; Table 3). Scaled growth
rates in L2 of T2 plants decreased from a median of 0.60 in
Phase 0 to 0.20 in Phase 1 (brown line in Fig. 4d). Although
L1 clearly responded when receiving water pulses, while L2
did not, we observed in both layers a significant decline in
growth rate (unless already at 0) in response to a water pulse
in the other layer.

3.4 Switches in local root growth allocation from Phase
1 to Phase 2

Scaled growth rates in L1 were compared with the ones in L2
within the same treatment group and within the same phase.
This was done to estimate to what extent root growth allo-
cation switched between layers when moving from Phase
1 to Phase 2. During Phase 1, scaled root growth rates in
the pulsed treatment layers (L2 in Treatment 1 and L1 in
Treatment 2) were significantly higher than in the non-pulsed
treatment layers (Fig. 4a and d and Table 4). In Phase 2, when
the water pulses were reversed, so were the growth rates,
again resulting in higher growth rates in the pulsed treatment
layers. This was achieved by both decreased growth rates in
non-pulsed treatment layers (observed in both L1 and L2)
and increased growth rates in pulsed treatment layers (ob-
served only in L1). This means that roots clearly switched
growth allocation patterns between layers when moving from
Phase 1 to Phase 2.

3.5 Links between VWC, growth rates and water
uptake rates

Out of the 60 correlation analyses between scaled root
growth rates and volumetric water content (VWC), 17 of
them revealed significant positive correlations between root
growth and local VWC, while 7 of them revealed significant
negative correlations between root growth and VWC in the
other layer. Out of the 50 correlation analyses between scaled
root growth rates of individual roots in L1 and VWC, 5 of
them revealed both a positive correlation with VWC in L1
and a negative correlation with VWC in L2.

The dynamics of responses in root growth to variations in
soil moisture can be seen clearly when visually inspecting the
time series in Fig. 4. For example, it is interesting to observe
how the scaled growth rates and water uptake rates in L2
of T1 plants (Fig. 4a and c) declined during the transition to
Phase 2, when the soil moisture reached lower levels (on Day
12 and Day 13) and the treatment in L1 still had not been ap-
plied for any of the plants yet. In L2 of T2 plants (Fig. 4d), the
scaled growth rates started decreasing during Phase 1 (when
the treatment was applied in L1), and the VWC remained
almost unvaried until the end of Phase 1 (Fig. 4e). Water up-
take rates decreased during Phase 1 and were even close to
0 mLd−1 on Day 9 (Fig. 4f). L1 of T2 plants showed a simi-
lar behaviour to L2. In fact, the scaled growth rates and water
uptake rates in L1 dropped at the onset of Phase 2 (Fig. 4d
and f), when the treatment was applied in L2. Water uptake
was lower during Phase 2 (on Day 14 and Day 15) than at
the end of Phase 0 (on Day 5 and 6), even though the soil
moisture was higher during Phase 2.
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Figure 4. Root growth rates, volumetric water content, and water uptake rates in Layer 1 and Layer 2 in Treatment 1 (a, b, c) and Treatment
2 (d, e, f). (a, d) Medians of scaled growth rates, (b, e) average volumetric water content (VWC %), and (c, f) average water uptake rates
(mL per 24 h). Each growth rate median was calculated from a range of 5–20 data points per day for L1 and 2–5 data points per day for L2.
Note that, during the pulse, VWC was increased to 15 % and that the values of VWC in the plots are lower because the measurements were
taken right before the watering. Only single data points of scaled growth rate were available on Day 10 and Day 12 in L2 of T1 (brown line
in panel a) and on Day 1, Day 10, and Day 16 in L2 of T2 (brown line in panel d). These values were excluded from the plot.

Table 3. Medians of the scaled growth rates (with 25th and 75th percentiles) and p-values of the comparisons between the scaled growth rates
during different phases for the treatment layers pulsed during Phase 1 considered separately (L1 in T2 and L2 in T1) and for the treatment
layers pulsed during Phase 2 considered separately (L1 in T1 and L2 in T2).

Treatment layers pulsed during Phase 1 Treatment layers pulsed during Phase 2

L1 in T2 plants L2 in T1 plants L1 in T1 plants L2 in T2 plants

Median of scaled growth rates in Phase 0
(25th–75th percentile)

0.01 (0–0.16) 0.60 (0.31–0.73) 0 (0–0.06) 0.60 (0.37–0.75)

Median of scaled growth rates in Phase 1
(25th–75th percentile)

0.55 (0.28–1) 0.56 (0.28–0.75) 0 (0–0.12) 0.20 (0.06–0.38)

Median of scaled growth rates in Phase 2
(25th–75th percentile)

0.04 (−0.07–0.26) −0.16 (−0.40– −0.04) 0.64 (0.17–1) 0.32 (0.20–0.83)

Scaled growth rates in Phase 0 vs. Phase 1
(p-value)

< 0.01 0.50 0.20 0.07

Scaled growth rates in Phase 1 vs. Phase 2
(p-value)

< 0.01 < 0.01 < 0.01 0.14
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Table 4. p-values of the comparisons between the scaled growth rates in L1 and L2 during the same phase for each treatment group (T1 and
T2). Refer to Table 3 for the medians of the scaled growth rates in L1 and L2 of T1 and T2 during each phase.

Treatment 1 Treatment 2

Scaled growth rates in L1 vs. L2 during Phase 1 < 0.01 0.01
Scaled growth rates in L1 vs. L2 during Phase 2 < 0.01 < 0.01

4 Discussion

4.1 Hydromatching observable within 2 d of a water
pulse

Our results provide evidence that maize roots responded to
a water pulse by locally increasing their growth rates within
the wetted soil layer (Fig. 3). Engels et al. (1994) measured
root growth twice in maize and once in rapeseed over a pe-
riod of 6 d after the re-wetting of a top soil layer. They at-
tributed the observed root growth promotion in the top layer
to the mobilization of nutrients (only present in the top layer)
and not to increased soil moisture itself. In our study, hydro-
matching occurred within 48 h after applying a water pulse in
a soil layer, likely without the influence of nutrients. In fact,
every soil layer was supplied with the same amount of nu-
trients at the beginning of the experiment, including deeper
layers that always stayed relatively moister than the top layer
(and where nutrients would therefore be expected to be more
mobile). It is possible that changes occurred even faster than
within our observation interval of 48 h. Although enhanced
local fine root production within water patches (Pregitzer et
al., 1993) and preferential root growth in watered layers over
drying layers (Gallardo et al., 1994; Pardales and Yamauchi,
2003) have been documented before, here we see for the first
time just how quickly roots can respond to variations in soil
moisture.

4.2 Growth rate is continuously promoted in wetter
layers and inhibited in drier layers

The increase in root growth in response to the reception of
water pulses was clear in L1, but it was less evident in L2.
In L2 of T1 plants, growth rates remained stable while tran-
sitioning from Phase 0 to Phase 1 (Fig. 4a). This is probably
because roots were still establishing in L2 and had not drawn
down the soil moisture as much as in L1 by the time the water
pulse was applied. In L1 of T1 plants, the soil moisture de-
pletion at the end of Phase 0 was so severe that root growth
had stopped prior to the first pulse. In addition to an increase
in root growth in response to pulses in L1, we observed a
consistent decline in root growth in both L1 and L2 when the
pulse was stopped there and was applied in the other layer
(Fig. 4a and d). This suggests that maize roots at different
depths respond similarly to rapid changes in soil moisture. A
similar behaviour was previously documented in maize and
rapeseed. For these plants, root growth increased in the top

layer and decreased in the bottom layer after a water pulse
at the top (Engels et al., 1994). However, our results suggest
that the opposite also occurs when switching the pulse order
in the layers and that root growth decline might even reach
negative values indicating root disappearance. Similarly to a
previous study on kiwifruit vines (Green and Clothier, 1995),
our measured water uptake rates in a layer were rapidly in-
fluenced (within 24 h) by a change in soil moisture in both
that same layer and in the neighbouring layer (Fig. 4b, c, e,
and f). In fact, Green and Clothier (1995) also documented
daily scale shifts in uptake patterns from drier to wetter parts
of the soil after re-irrigation. They suspected that this was
due to a rapid flush of new root growth and reactivation of
existing roots. In our case, water uptake rose prior to the in-
crease in root growth following the water pulse (Fig. 4). We
hypothesize this was caused by the sudden change in soil–
root water potential gradient, which is known to drive water
uptake in the short term (hours) (Jarvis, 2011). The change
in gradient allowed the existing roots to markedly absorb the
newly available water. Moreover, root water potential in the
entire root system might become less negative when a part of
the root system has access to a water source at higher water
potential, according to modelling results (Amenu and Ku-
mar, 2008; Schymanski, 2008). Hence, water uptake could
decline in certain locations even though local soil moisture
and canopy water demand did not change. Such a situation
could have occurred in our experiment, as water uptake in-
creased in the newly pulsed layer while almost coming to a
halt in the other layer (Fig. 4c and f).

In our study, portions of maize root systems responded to
multiple changes in soil moisture over daily (and potentially
even shorter) timescales, by increasing the growth rates in
wetted soil layers and/or by decreasing the growth rates in
drier layers, inverting the local trends of growth rates be-
tween phases (Fig. 4a and d). This demonstrates an excep-
tional level of dynamic morphological adaptation to rapidly
varying moisture availability in young maize plants. The de-
cline in root growth in response to increased soil moisture
in another soil layer is one of the most intriguing findings
of this study. Carbon allocation seemed to be continuously
orchestrated and re-directed to match soil moisture availabil-
ity, favouring the resourceful soil areas and neglecting the
less beneficial ones. This behaviour likely allows maize roots
to chase dynamic soil moisture sources and take up enough
water to meet the transpiration demand while being “cost-
effective” in terms of root carbon expenditure. We suspect
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that carbon allocation for root growth might be determined
by both local soil moisture availability and moisture avail-
ability elsewhere. In fact, the observed root growth decline in
non-pulsed layers was potentially caused by locally reduced
VWC and/or even triggered by an increase in the VWC in
the pulsed layer. The identification of both positive correla-
tions between local growth rates and local VWC and negative
correlations between local root growth and VWC in another
soil layer suggests that hydromatching may not only be a re-
sult of root growth responses to local conditions but also a
consequence of a whole root system response. This coordi-
nated response at the entire root system level could be part
of a mechanism aimed at efficiently partitioning and target-
ing carbon allocation wherever and whenever water is more
easily accessible. However, to conclusively test the hypoth-
esis that roots respond to soil moisture variations elsewhere
in the root system, soil moisture in one soil layer would need
to be held constant while soil moisture in another soil layer
is varied. This was not the case here, as we allowed the root
system to deplete soil moisture in the non-pulsed layers.

Our findings open new avenues for research on irriga-
tion management. The method of patchy resource supply
is already known to improve efficiency in resource uptake
compared to uniform resource availability, although it was
mostly studied for nutrients (Fransen et al., 1999, Hutchings
et al., 2003, Wang et al., 2005). When considering alternat-
ing patchy supply (changing the location of a resource patch
on a daily basis), water uptake was mostly driven by physio-
logical changes rather than morphological changes (Fransen
et al., 1999). In fact, it was hypothesized that root prolifer-
ation within resource patches may be too slow to keep up
with daily changes in patch location (Van Vuuren et al., 1996,
Wang et al., 2005). However, our findings indicate that maize
root systems can adjust their growth rates locally within 48 h
(potentially even faster) to match rapid soil moisture changes
through hydromatching. This high degree of morphological
plasticity should be further studied to assess its influence on
above-ground productivity, canopy water supply, and overall
plant fitness. Potentially, hydromatching could then be tar-
geted as a breeding trait and leveraged as a tool to enhance
water use efficiency under patchy water supply, caused ei-
ther by differential infiltration of rainfall or drip irrigation.
Dynamic vegetation models could also benefit from our find-
ings. They could incorporate the process of hydromatching to
improve predictions of plant water use and carbon uptake and
of soil moisture dynamics in pulse-driven ecosystems (e.g.
Schwinning and Ehleringer, 2001).

4.3 Limitations of the study

Non-destructive root imaging was crucial for the insights ob-
tained in this study. Due to the number of treatments and
replicas and the time needed for measuring one root system,
each plant could only be measured every 48 h. Since we al-
ready observed root growth responses within the first 48 h

of a treatment, it is likely that the responses occurred faster
than that. To get closer to the actual response time, a similar
study should be conducted with fewer individuals and more
frequent imaging.

The absence (or weakness) of a response in pulsed L2
could be related to the fact that we did not leave enough time
for the root systems to establish before applying the water
pulses. Overall, roots reached and explored L2 later than L1.
Roots in L1 had already established, substantially consumed
water, and halted their growth by the time Phase 0 started.
Meanwhile, 4 plants out of 10 reached L2 only at the begin-
ning of Phase 0, which then promoted root growth due to the
encounter of a wet layer (while L1 was water-depleted). This
led to a smaller difference in soil moisture between the pre-
pulse and post-pulse in L2. VWC reached 5 % in L1 of T1
plants and 4 % in L1 of T2 plants before the pulse (Fig. 4b
and e). In contrast, VWC in L2 of T1 plants was still at 8 %
before the pulse and growth rate was already promoted there
during Phase 0 because L2 was wetter than L1. In L2 of T2
plants, VWC was slightly above 6 % before the treatment,
and here roots responded weakly to the pulse (small peak in
growth rate visible during Phase 2; Fig. 4d). Overall, the ini-
tially higher levels of VWC in L2 compared to L1 may have
affected the intensity of the response to the pulse in L2.

Note that a decrease in growth rates in non-pulsed L1 and
L2 suggests that roots in L2 do behave similarly to roots in
L1, confirming that their growth rates likely would have in-
creased if L2 had been pulsed following substantial water
depletion. However, further testing on well-established root
systems after sufficient dehydration in each layer is needed
to better support this interpretation.

In connection with this, another potential limitation of the
study could have been the utilization of young plants, and a
replication of our study on mature plants would be needed
to further corroborate our results. This process might not
be straightforward, as more mature root systems might dis-
play different degrees of plasticity and responsiveness to soil
moisture availability and changes.

Methodological challenges forced us to use different
methods for root growth detection in Layer 1 (individual
roots) and Layer 2 (portion of the root system). The selection
of individual roots that exhibited growth throughout the en-
tire experiment might have introduced a positive bias towards
responsive roots. Interestingly, despite the methodological
differences, we found similar responses to water pulses in
both layers, indicating that our findings are likely not due to
a methodological artefact. On the other hand, the use of these
different methods precluded us from comparing absolute root
growth rates between soil layers. Future studies should con-
sider the same method of root sample selection (individual
selection or whole-layer selection) for a same-scale compar-
ison of growth rates between layers. For example, a whole-
layer analysis in L1 should be feasible if watering from the
top (causing artefacts) is avoided.
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Additionally, targeted experiments should delve deeper
into the possibility of local root growth responding to soil
moisture variations in other parts of the root system. This
could be done by keeping soil moisture constant in one layer
while applying a pulse in a different layer.

5 Conclusions

In this study we observed hydromatching in maize roots as
a fast-occurring phenomenon (within 48 h), providing robust
evidence in response to Question 1 regarding the onset time
of hydromatching. This phenomenon likely enables plants
to explore dynamic soil moisture sources while economiz-
ing root carbon investments. Hydromatching occurred at dif-
ferent depths of maize root systems, providing evidence in
response to Question 2 regarding the extent of vertical re-
sponsiveness. Root systems also showed the ability to lo-
cally switch their growth allocation and water uptake rates
to match rapid changes in soil moisture along the profile.
Overall, root growth rates in maize plants were dynamically
orchestrated according to temporal and spatial changes in
moisture availability. Local growth was influenced by local
changes in soil moisture and possibly even by changes in
moisture occurring in other parts of the soil profile, which
would suggest a whole-root-system coordination. Targeted
experiments are needed to conclusively prove such a local
response to remote changes elsewhere.

These findings are important indications for how root sys-
tems interact with their surroundings and reveal a new level
of plasticity and dynamics in root systems. Future studies
should use more mature root systems, established in all the
soil layers considered and depleting soil moisture signifi-
cantly by the time the treatments are applied. It would also
be interesting to compare root dynamics of different plant
species. Future research could also investigate if and how dif-
ferent soil densities might affect the dynamics and could fo-
cus on the growth rates following rapid and local changes in
nutrient availability. Our findings can pave the way towards
new strains of research on irrigation management. These
could assess the influence of hydromatching on canopy wa-
ter supply and potentially explore its use as a tool to improve
water use efficiency under patchy water supply in agricul-
tural settings. Future studies could also incorporate our find-
ings into vegetation–soil–atmosphere models to potentially
represent a more realistic and dynamic role of root systems
in affecting plant carbon and soil water fluxes.
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