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TECHNICAL NOTE

Quantifying irrigation uptake in olive trees: a proof-of-concept approach combining
isotope tracing and Hydrus-1D
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ABSTRACT

An isotope-enabled module of Hydrus-1D was applied to a potted olive tree to trace water parcels
originating from 26 irrigation events in a glasshouse experiment. The soil hydraulic parameters were
optimized via inverse modelling by minimizing the discrepancies between observed and simulated soil
water content and soil water isotope ('20) values at three soil depths. The model’s performance was
80. We quantified the source and transit time
of irrigation water by analysing the mass breakthrough curves derived from a virtual tracer injection
experiment. On average, 26% of irrigation water was removed by plant transpiration with a mean transit
time of 94 hours. Our proof of concept work suggests that transit time may represent a functional
indicator for the uptake of irrigation water in agricultural ecosystems.

validated with observed sap flow z-scores and xylem water '

1 Introduction

Understanding how plants take up soil water originating from
individual irrigation events is key to agricultural water sustain-
ability. However, quantifying plant water use, stress, and resi-
lience represents a major scientific challenge for improving the
design of appropriate irrigation-based water management stra-
tegies (Jackisch et al. 2020). A key factor is the transit time of
irrigation water from when it enters through the soil surface to
its exit as root water uptake (RWU). This transit time is a key
metric to describe the temporal origin of RWU (von Freyberg
et al. 2020). Stable isotopes of hydrogen (*H) and oxygen (**0)
represent valuable tools to estimate transit time and source
water mixtures in the soil-plant-atmosphere continuum
(SPAC) (e.g. Stumpp et al. 2012, Penna et al. 2018, Benettin
et al. 2021, Beyer and Penna 2021), especially in agricultural
systems (e.g. Beyer et al. 2018, Penna et al. 2020, 2021, Kahmen
et al. 2021, Mennekes et al. 2021, Aguzzoni et al. 2022, Barbeta
et al. 2022, Chen et al. 2022).

Recently, the temporal origin of RWU has been determined
by tracking water parcels introduced with individual labelled
rainfall or irrigation events into the soil profile (Sprenger et al.
2016, Asadollahi et al. 2022). These studies have used virtual
tracer injection experiments to assess RWU dynamics under
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different environmental conditions. Nevertheless, interpreting
RWU dynamics and understanding the temporal origin of
RWU by exploiting process-oriented hydrological models is
still needed. Here we built on an isotope labelling approach in
a potted olive tree experiment performed by Amin et al. (2021)
as the basis of our model approach. We present a proof-of-
concept modelling analysis that combines isotope tracing and
the water flow in Hydrus-1D to explore the temporal origin of
RWU. Our specific objectives are: (i) to simulate water flow
and isotope transport in the potted olive tree system by opti-
mizing the soil hydraulic parameters via inverse modelling;
and (ii) to simulate the RWU transit times and the contribu-
tion of irrigation water to actual transpiration using a virtual
tracer experiment based on an ensemble simulation approach.

2 Materials and methods

2.1 Experimental set-up, monitoring and sampling
approach

Two 6-year-old olive trees (Olea europaea; 0.06 m diameter
and 1.9 m height) were placed in a glasshouse at the
Department of Land, Environment, Agriculture and Forestry
of the University of Padova (Italy). The two olive trees (named
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O1 and O2) were positioned in 70-L draining plastic pots
(height of 42.0 cm) containing a soil mixture of 80% sandy
loam and 20% pumice repacked at an oven-dry soil bulk
density of 1.45 g cm ™ with a corresponding soil porosity of
0.45 cm® cm™> (Amin et al. 2021). The soil in each pot was
covered with a plastic film to limit the evaporation losses from
the soil surface (Fig. 1). The experiment lasted seven weeks,
from 16 May 2018 to 6 July 2018 for a total of 52 days (corre-
sponding to 1234 hours considering the initial time on 16 May
at midnight and the final time on 6 July at 9.00am).

Air temperature, relative air humidity, and global solar
radiation were measured at five-minute intervals by
a weather station installed inside the glasshouse, at a distance
of 1 m from the two olive trees. Daily values of reference
evapotranspiration (ET,) were calculated using the standard
physically-based Penman-Monteith equation (Allen et al.
1998). Crop-specific potential evapotranspiration (ET,) under
standard conditions without water limitations (the pot was
frequently irrigated during the experiment) was calculated by
multiplying ET, by the specific crop coefficient, K. (i.e. ET,
= ET, x K.). The crop coefficient (K, dimensionless) for the
olive tree was assumed to be K, = 0.75 (Rallo et al. 2010). The
roots were distributed along the entire soil profile at the end of
the experiment, therefore, the maximum root depth (z, in cm)
was assumed to be z, = 42 cm. Potential transpiration, T}, was
assumed to equal ET. since surface evaporation was set to zero.

Thermal dissipation sensors were installed in the stems of
both trees to record sap flow rates at five-minute intervals
(Granier 1985). Measurements of near-surface soil water con-
tent (0-6 cm soil depth) were taken twice a day (morning and
evening) using a ThetaProbe soil moisture sensor (ML2x type
2 ThetaProbe, Delta-T devices, Cambridge, UK). At the com-
pletion of the experiment, the soil capacitance readings were
calibrated and converted into soil water contents through an
empirical equation (Amin et al. 2021).

Stable isotopes of hydrogen and oxygen were used for the
tracer experiment. The experiment duration was split into
a 2-week conditioning period and a labelling period. The former
began on 16 May 2018 when the plants were irrigated with 3 L of

local tap water (§’H of —52.3%o + 1.8%o and a §'%0 of ~7.97%o +
0.77%o) every two days; the latter followed the conditioning
period, and the potted trees were irrigated with 2, 3, or 5 L of
labelled water (8*°H: —93.3%o + 1.8%o, and 8'%0: —12.75%0 +
0.50%o) approximately every two days for five weeks (Amin
et al. 2021).

Soil and twig samples for isotopic analyses were taken at the
end of each week of the experiment. The twig samples were
collected along the entire length of each selected branch, and
the bark was removed before storing the samples. Soil cores
were collected at three depths, i.e. 0-5, 5-15, and 15-25 cm. All
samples were stored in airtight 12 mL Labco Exetainer® glass
vials (Labco Ltd., Lampeter, UK). At the end of the experiment
(6 July 2018), additional soil and plant samples were retrieved
completely from O1 while the usual sampling was carried out
from O2 (considered a replicate) (Amin et al. 2021). Irrigation
water samples were collected from the tap water and labelled
water for isotopic analysis. All the samples were stored in the
refrigerator until the isotopic analysis.

The extraction of soil and xylem water was carried out
using the cryogenic vacuum distillation (CVD) method
(Koeniger et al. 2011), performed in two different labora-
tories, at the Faculty of Science and Technology, Free
University of Bozen-Bolzano (Italy), and at the Global
Institute for Water Security, University of Saskatchewan
(Canada). A detailed description of the two CVD systems
used in this work can be found in Amin et al. (2021). Data
analysis showed that there was not a clear effect of the
CVD system on the isotopic composition of the extracted
soil and plant waters (Amin ef al. 2021). Therefore, in this
study, we only considered 8'®0 data from Ol obtained
from the samples extracted at the Global Institute for
Water Security, University of Saskatchewan (Canada). The
isotopic composition of xylem water was determined by
isotope ratio mass spectrometry at InnoTech Alberta
(Edmonton, Canada), whereas the isotopic compositions
of irrigation and soil water were measured by a Picarro
isotope  analyser (cavity ring-down spectroscopy
method, model L2130-i, manufactured by Picarro Inc.,

ML2x type 2
Thetaprobe

0-5cm

5-15¢cm

15-25¢cm

Figure 1. (a) Sap flow sensors were installed in the trunk of the olive tree (Olea europaea) and placed in a 70 L pot covered by a plastic film; (b) cross-section of the soil
profile in the pot with the positions of the ThetaProbe shown on the soil surface and the three soil sampling depths (0-5, 5-15, and 15-25 cm) for isotope

measurements.



USA) at the Faculty of Science and Technology, Free
University of Bozen-Bolzano (Italy) (Penna et al. 2010).
The memory effect of laser-based measurements was
minimized following the procedure reported by Penna
et al. (2012).

2.2 Simulation of isotope transport in the potted olive
tree experiment

We used Hydrus-1D to simulate one-dimensional water flow
and isotope transport in the potted olive tree system using the
Richards and the advection-dispersion equations, respectively
(Simtinek et al. 2016).

The five van Genuchten parameters (0,, 6, o, n, and K))
featured in the water retention and hydraulic conductivity func-
tions were assessed through parameter optimisation
(Supplementary material, Table S1). Irrigation supply and free
drainage represent the upper and lower boundary conditions,
respectively, whereas the potential evaporation (E,) was assumed
to be zero (see Section 2.1). Plant potential transpiration, T,
determines the potential RWU that takes place within the soil
profile. The maximum rooting depth was set to 42 cm, and root
density was maximum at the soil surface and minimum at the soil
profile bottom, based on the visual inspection at the end of the
experiment (see Section 2.1). T, was reduced by water stress to
actual transpiration (T,). The simulation period was set to
1234 hours. Hydraulic equilibrium was assumed as the initial
condition by fixing ¥ = —42 cm and ¥ = 0 cm at the soil surface
and soil profile bottom, respectively.

The observed isotopic composition of irrigation water
was set as the concentration flux in the upper boundary
condition, while a zero concentration gradient (free drai-
nage) was set as the lower boundary condition. The initial
isotope composition of —4 %o in §'®0 was set through the
soil profile.

2.3 Determination of RWU source and transit time with
the virtual tracer experiment

Another set of model simulations was carried out using the
virtual tracer injection experiment to assess the temporal
origin of RWU. The number of numerical simulations
depended on the total number of irrigation events. There
were 26 irrigation events, and therefore Hydrus-1D was run
26 times by assigning the ith §'°0 value to the ith irrigation
event and then setting §'0 = 0%o for all other irrigation
events. The initial isotope composition across the soil profile
was set to zero. RWU transit time, 7, is defined as the
elapsed time between the irrigation inflow on the soil surface
at time f;, and the RWU outflow of that water at time ¢,,,
(Sprenger et al. 2016).

We defined the tracer arrival time (¢,,,) as the cuamulative root
isotope uptake reaching 50% of the mass breakthrough curve
(Sprenger et al. 2016). Therefore, 7 was calculated as the difference
between arrival time (t,,,,) and entry time (#;,) for each ith irriga-
tion event. The relative irrigation contribution to actual transpira-
tion was calculated as the ratio between isotope flux output
(through actual RWU) and isotope flux input (through irrigation)
(Sprenger et al. 2016).
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3 Results

3.1 Simulation of isotope transport in the potted olive
tree experiment

Figure 2 shows the soil water response to the irrigation. The
successive irrigation events (blue bars in Fig. 2(a)) rapidly
increased the soil water storage (wet conditions across the
soil profile are indicated by the bluish colour in Fig. 2(b)),
and the high transpiration rates induced a gradual desatura-
tion of the soil profile after the irrigation events. These effects
were enhanced near the soil surface (despite evaporation being
largely absent), where root distribution was at its maximum.

Figure 3 shows that the soil isotopic composition reflected
the water mixtures originating from all irrigation events. The
vertical distribution of the §'®0 composition was quite uni-
form (bluish colour of soil water in Fig. 3(b)) when the irriga-
tion events with local tap water (880 = —7.97%o, blue bars in
Fig. 3(a)) were applied during the first (two-week) condition-
ing period. 8'®0 values gradually decreased towards more
depleted compositions when the irrigation events with labelled
water (8'%0 = —12.75%o, yellow bars in Fig. 3(a) were applied
during the second (five-week) period.

3.2 Determination of RWU source and transit time
through the virtual tracer experiment

An illustrative example of the steps for assessing the transit
time for two 3 L labelled irrigation events is shown in Fig. 4.
The first event with tap water and the 14" event with labelled
water are indicated by the black bars in Fig. 4(a) and (b).
Isotope transport across the soil profile (Fig. 4(c) and (d))
depended on the frequency and amounts of irrigation events,
actual transpiration, and drainage fluxes following the selected
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Figure 2. Hourly data of (a) water irrigation (Irr) events (blue bars) and actual
transpiration, T, (red line); and (b) soil water content, 8 across the soil profile
simulated in Hydrus-1D.
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== Tap water with §'80= —7.97 %o
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Figure 3. Hourly data of (a) tap water (blue bars with §'80 = - 7.97 %o) and
labelled water (yellow bars with §'80 = - 12.75 %o); (b) 60 across the soil
profile simulated in Hydrus-1D.

labelled irrigation event (Fig. 4(a) and (b)). The two events
were characterized by very similar transit times (t = 119 h and
T =116 h) even though the amount of transpired water in the
first case (1°' event) almost doubled the one in the second case
(14™ event). The proportion of ith irrigation isotope and
cumulative root isotope uptake was 38.3% and 22.6% for the
1°' and 14" irrigation events, respectively.

The descriptive statistics of RWU transit time and propor-
tion of irrigation to actual transpiration are listed in Table 1,
while all events are reported in Table A1 (Appendix). The first
five irrigation events were characterized by tap water
(8"®0 = —-7.97 %o) in the conditioning period, while the
remaining 21 events based on labelled water (§'°0 = —-12.75
%o) were applied in the second, five-week-long period. It must
be noted that the last five irrigation events were removed from
data analysis because the arrival time occurred beyond the end
of the model simulation.

The arrival time (%,,,) and transit time (t) values depended
on water and isotope mass balance. As the labelled irrigation
water moved through the soil profile, it carried its isotope
concentration load as described by the advection-dispersion
equation — meaning part of it was absorbed by roots (Fig. 4(e)
and (f)), another part was lost by drainage at the base of the soil
profile, and the remaining portion was retained in the soil (Fig.
4(c) and (d)). The mean irrigation supply and relative con-
tributions of irrigation to actual transpiration were on average
about 2.0 cm and 26%, respectively, allowing for the fact that
evaporation was set to be zero while the remaining portion of
irrigation water was lost by drainage. In other words, water in
the amount of 0.52 cm was removed by roots under optimal
water conditions with a mean transit time of about 95 h. The
low coefficient of variation (below 30%) of T and T,/Irr

indicates the impact of regular irrigation management on
water flow and isotope transport in the SPAC.

Figure 5 helps interpret RWU dynamics originating from
each irrigation event. We note the similarity in shape between
cumulative RWU (Fig. 5(a)) and root isotope uptake (Fig. 5
(b)) patterns up until the arrival time. These curves represent
the first half of RWU, as the arrival time was identified as when
the cumulative root isotope uptake reached 50% of its final
value. Ideally, the root isotope uptake sums would perfectly
align with the corresponding RWU sums on a linear regression
line (Fig. 5(c)). Instead, the data pairs scatter around the fitted
linear regression line with a coefficient of determination (R?)
equal to 0.67, indicating that 67% of root isotope uptake
variability is controlled by transpiration rates. Short transit
times (bluish circles in Fig. 5(c)) are related to the steepest
cumulative root isotope uptake curves (Fig. 5(b)).

4 Discussion
4.1 Quantifying irrigation uptake dynamics

Our proof-of-concept work used an ensemble simulation
approach (the virtual tracer injection experiment) to trace soil
water pathways in the SPAC originating from individual irriga-
tion events. Any isotope concentration can be applied in the
virtual tracer injection experiment, which enables the calcula-
tion of RWU transit time and the calculation of the contribution
of irrigation water to plant transpiration. The repeated model
simulations indicate that, on average, water travels across the
soil for about 95 h (roughly corresponding to four days) before
being taken up by roots. Moreover, the average irrigation depth
is 2.02 cm, and about 26% of it is absorbed by the roots,
according to the isotope mass balance. The water balance results
show that the amount of water taken up by the roots was
14.1 cm, while the amount supplied by irrigation was 51.6 cm
(RWU represents 27.3% of total irrigation). Therefore, the water
balance approximates the isotope mass balance, in which RWU
represents 25.6% of total irrigation.

The temporal origin of RWU from each irrigation event was
determined by tracking root isotope uptake, which depended
mainly on transpiration rates following the labelled irrigation
event and on the isotope mass balance across the soil profile,
which in turn was influenced by irrigation timing and amounts
(Fig. 5). The regular irrigation management and transpiration
fluxes induced low variability of transit time and irrigation
partitioning values (Table 1).

In this study, the virtual tracer experiment combined the
Richards equation and the advection-dispersion equations to
simulate transit time in a potted olive tree experiment. This
approach relies on the assumption that the arrival time
corresponds to the time when the tracer mass breakthrough
reaches 50% (Sprenger et al. 2016). Therefore, the virtual
tracer experiment needs to be evaluated against other well-
established approaches, such as the particle tracking algo-
rithm or the water age equation. The former describes the
advection-dominated flow pathways in the SPAC, while the
latter explicitly models water age (e.g. Danesh-Yazdi et al.
2018, Zarlenga and Fiori 2020). However, such approaches
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Figure 4. Hourly data of (a, b) tap water (1**

event) and labelled water (14" event) irrigation (Irr) events (black bar) with known 5% signature, isotope-free irrigation

events (cyan bars), and actual transpiration, T, (red line); (c, d) §'80 across the soil profile; (e, f) cumulative root §'%0 uptake (green line). Vertical dashed lines indicate

entry (t;,) and arrival (t,,,) times.

Table 1. Mean, standard deviation, coefficient of variation, minimum and max-
imum amounts of irrigation (Irr), transit time (1), and irrigation contribution to
actual transpiration (T,/Irr) for the first 21 irrigation events used in this study. The
last five events were ignored because their arrival time exceeded the time of the
model simulation.

Irr T To/lrr

(cm) (h) (%)
Mean 2.02 95.43 25.65
Standard deviation 0.59 22.24 7.53
Coefficient of variation 2937 2330 29.35
Min. 1.02 62.00 14.92
Max. 2.55 136.00 40.68

were tested mainly at catchment and hillslope scales (Wilusz
et al. 2020, Zarlenga et al. 2022). A comparison between the
virtual tracer experiment and other well-known approaches
can be tested at the plot or tree scale, by exploiting hydro-
chemical measurements in isotope-labelled water
experiments.

By raising model complexity (i.e. preferential flow in
a heterogeneous soil profile, capillary rise from the shallow
aquifer) in real-world situations, the temporal origin can reveal
interesting aspects of the SPAC response to irrigation manage-
ment and climate seasonality if well supported by ad hoc

measurements (Yin et al. 2015). Multi-modal transit time
distributions are expected under seasonal climate regimes in
field-scale applications.

4.2 Model limitations

Measurements of soil water content and §'°0 at different soil
depths were integrated to optimize the soil hydraulic properties
in Hydrus-1D via inverse modelling (Groh et al. 2018, Zhou et al.
2022). This is presented in the Supplementary material (Fig. S1).
We recognize that model oversimplification might increase the
discrepancy between observed and simulated isotopic composi-
tions at different soil depths. The RWU is controlled by the root
depth, the root distribution, and the RWU water stress function
(Feddes et al. 1978). In this study, we had the opportunity to
visualize root depth and distribution with a destructive approach
at the end of the experiment (see Amin et al. 2021), but the
Feddes function merits particular attention for determining
actual transpiration (Rabbel et al. 2018, de Melo and de Jong
van Lier 2021). Model simulations were validated using indepen-
dent observations of sap flow and isotope composition in xylem
water (Supplementary material, Fig. S2). In our analysis, we
assumed that no fractionation occurred in either evaporation
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Figure 5. (a) Cumulative root water uptake (RWU) until arrival time for each irrigation event; (b) cumulative root isotope uptake until arrival time for each irrigation
event; (c) relationship between RWU and root isotope uptake sums with dashed line indicating the fitting linear regression equation with corresponding coefficient of
determination (R?). The circles are colour-coded according to the corresponding RWU transit time (1).

from the soil surface (along the pathway from the soil up to the
roots) or transpiration (along the pathway from the roots up to
the leaves). This assumption was verified for this specific case
study (Amin et al. 2021), but is not generally applicable to other
locations and other climate conditions (Martin-Gémez et al.
2016, Poca et al. 2019, de Deurwaerder et al. 2020).

5 Concluding remarks

The use of a combined isotope tracing and Hydrus-1D
approach was able to quantify the temporal origin of water
taken up by roots in a potted olive tree. The water parcels
introduced with irrigation events were virtually traced across
the soil profile to assess RWU transit time and the proportion
of irrigation water to actual transpiration. The statistical dis-
tribution of transit times represents a functional indicator that
can be used to characterize the reaction of the SPAC to irriga-
tion management and climate seasonality. The results pre-
sented in this study pave the way for future field applications
in which long-term model simulations will generate site-
specific transit time distributions of all water balance compo-
nents (RWU, evaporation, and drainage) in response to
adverse climate disturbances (i.e. drought).
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Appendix

Table A1. Entry time (ty,,), irrigation amount (Irr) and 880, arrival time (tout), transit time
(1), and rainfall contribution to actual transpiration (T,/Irr) for the 26 irrigation events used
in this study. The last five events were ignored in the data analysis.

tin Irr 5'%0 tout 1 T/l
(h) (cm) (%o) (h) (h) (%)

12 1.53 -80 131 119 383
60 153 -80 176 116 40.7
132 1.53 -80 256 124 34.2
181 1.53 -80 278 97 36.5
229 1.53 -80 304 75 36.2
306 153 —-12.7 398 92 26.7
349 2.55 127 440 91 263
396 255 127 466 70 283
473 255 127 535 62 210
520 2.55 —-12.7 614 % 17.3
564 255 127 637 73 203
641 2.55 -127 777 136 149
664 255 127 800 136 186
712 153 —-12.7 828 116 226
731 1.02 127 829 98 26.1

808 255 127 877 69 217
856 255 127 950 % 203
880 153 —-12.7 977 97 229
900 1.02 127 992 92 273
977 2.55 127 1043 66 206
1026 255 127 1113 87 17.7
1048 153 —-12.7 117 69 212
1068 1.02 127 1118 50 24.7
1144 2.55 -127 1187 43 105
1192 255 127 1212 20 40

1217 153 =127 1232 15 1.1
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