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ABSTRACT

Weighing lysimeters are suitable tools for complex studies of the soil-water—plant—environment
system. The precise determination of crop water demand and water-use efficiency (WUE) is
essential for irrigation planning. In 2025, two weighing lysimeters (Lx) were used at the
University of Debrecen to investigate sweet corn (Zea mays convar. saccharata var. MS Erica)
under irrigated (L1) and rain-fed (L2) conditions. Sensors mewasured soil water content and
meteorological data. From May to August, precipitation totaled 177 mm, while irrigation
amounted to 190 mm and 50 mm in the two treatments, respectively. Cumulative
evapotranspiration reached 447.6 mm in L1 and 294.4 mm in L2, with both treatments showing
a negative water balance. Dry biomass was 2418 g (L1) and 1588 g (L2), with WUE values of 6.6
and 7.0 g mm™". The results highlight the trade-off between yield increase and water-use
efficiency. The research presented in the article was carried out within the framework of the
Széchenyi Plan Plus program, with support from the RRF 2.3.1-21-2022-00008 project.
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1. LITERATURE REVIEW

Maize is one of the world’s most extensively cultivated crops and serves as a major food and feed
source (Nagy, 2010). Owing to its substantial water demand, it is particularly sensitive to variations
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in water supply, and weather conditions strongly influence its yield stability during the growing
season. Among the different types, sweet maize generally exhibits a higher water requirement and
greater sensitivity to water availability than grain maize. With the increasing frequency of heat and
water-stress events and the decline in available freshwater resources due to climate change,
efficient water use has become a key priority. Irrigation plays a crucial role in maintaining yield
stability and crop quality; however, from a sustainability perspective, improving water-use efficiency
has become ever more important (FAO, 2002; Fereres & Soriano, 2006; Pereira et al., 2012).

Maize water demand varies considerably across its phenological stages, with the tasseling—silking
phase being the most critical for water supply, as water deficits during this period can drastically
reduce yield. The total evapotranspiration requirement of the crop throughout the growing season
typically ranges from 450 to 800 mm, depending on cultivar, soil characteristics, and climatic
conditions (Allen et al., 1998; Carr, 2013). The dual crop coefficient approach described in the FAO-
56 guidelines has become the most widely adopted method for irrigation scheduling and accurate
assessment of crop water use, as it enables the separate quantification of soil evaporation and plant
transpiration components (Allen et al., 1998; Allen et al., 2011).

Lysimeters are among the most precise field instruments for studying the soil-plant—-water
continuum (Zsembeli & Kovacs, 2006). Weighing lysimeters allow direct measurement of all
components of the water balance (precipitation, irrigation, percolation, and evapotranspiration),
thus providing an excellent tool for quantifying crop water use and analysing hydrological processes.
Lysimeter data provide a reliable basis for developing irrigation strategies and validating physically
based hydrological models (Allen et al., 2011).

Modern weighing lysimeters use high-precision load cell systems capable of detecting mass changes
as small as 0.01 mm of water loss, allowing accurate tracking of daily evapotranspiration (Evett et
al., 2012; Howell, 2001). Despite this high accuracy, potential sources of error must be considered,
such as those arising from rainfall collection, wind effects, and the temporal distribution of
percolation. Recent European studies, including the Austrian and German TERENO and BOKU
lysimeter networks, have further developed methodologies that enable the reproducible
determination of seasonal and annual water balance components (Hannes et al., 2015).

In recent decades, global research efforts have increasingly focused on improving agricultural
water-use efficiency, particularly in arid and semi-arid regions where water scarcity threatens the
sustainability of agricultural production. With the expansion of precision agriculture, technologies
that rely on real-time data for irrigation management have become widespread. The integration of
sensor-based monitoring and modelling approaches enables detailed temporal and spatial
characterisation of water fluxes, thereby supporting decision-support systems (Evans & Sadler,
2008; Jones, 2004). Lysimeter data serve as essential reference measurements in such systems,
providing direct physical validation of modelled evapotranspiration values (Irmak et al., 2016).
Water-use efficiency (WUE) in crops depends not only on genetic traits but also on irrigation
techniques and soil physical conditions. Experimental results indicate that micro-irrigation, strip or
deficit irrigation, and soil moisture-based irrigation control can enhance WUE to varying degrees
(Geerts & Raes, 2009; Zhang et al., 2017). Adaptive plant responses — such as increased rooting
depth or stomatal regulation — may improve efficiency under moderate stress, whereas excessive
water supply can paradoxically reduce WUE (Sinclair et al., 2010). Consequently, increasing water-
use efficiency entails complex ecological and physiological trade-offs.

In Hungary’s continental climate, summer precipitation deficits often lead to severe yield losses
(Palfai, 2004). Maize is particularly drought-sensitive in the Great Hungarian Plain, making irrigation
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a key element of yield security. Observations over recent decades show that the frequency and
duration of dry periods have increased, accompanied by a 5-15 % rise in potential
evapotranspiration (Bartholy & Pongracz, 2010; Spinoni et al., 2015). Analyses of European and
Hungarian drought indices (SPEI and SPI) revealed that the number of drought days and negative
soil moisture anomalies are expected to increase further in the future, particularly across the Great
Hungarian Plain (IPCC, 2021; Seneviratne et al., 2012; Vicente-Serrano et al., 2010).

The spatial and temporal redistribution of water resources is particularly pronounced in the
Carpathian Basin due to its climatic characteristics. Regional hydrological modelling studies have
demonstrated a close relationship between groundwater level variations, evaporation balance,
and changes in land cover and irrigation extent (Fehér, 2019; Tamdas et al., 2022). Research
findings also emphasise that irrigation can induce local microclimatic effects, such as increased air
humidity and mitigation of temperature extremes, which feed back into the regional water
balance, meaning that agricultural water use can exert detectable climatic impacts, even at the
modelling scale (Bader, 2023; Lobell et al., 2006).

As drought conditions intensify, the optimal maize-growing zones are projected to gradually
shift northward, leading to a spatial redistribution of agricultural production. Such climate-
induced regional shifts pose new challenges to the global maize trade and food security (Leng &
Hall, 2019). According to Porfirio et al. (2018), the increasing frequency of drought years may
shrink traditional maize-growing regions, whereas previously marginal areas could emerge as
new potential production zones.

Integrating lysimeter data into hydrological and agrometeorological models is crucial for
improving model calibration and the accuracy of mesoscale estimations. Physically based models,
such as MIKE SHE or AquaCrop, can reproduce real water dynamics only when calibrated with
field-measured evapotranspiration and soil moisture data (Groh et al., 2020; Steduto et al., 2009).
The lysimeter research conducted at the University of Debrecen aligns with this international
trend, providing experimental data that facilitate parameter refinement and enhance
the reliability of spatial extrapolation.

In Hungary, maize cultivation under rainfed conditions remains particularly risky in areas classified as
conditional irrigation zones (Magyar et al., 2023). Several studies have examined the relationship
between water requirements and WUE (Garcia y Garcia et al., 2009; Szalékiné Zima, 2023). Therefore,
it is essential to understand the differences in yield and water use between irrigated and
non-irrigated conditions. Water-use efficiency, expressed as the ratio of biomass production
to water consumed through evapotranspiration, is a key indicator for evaluating plant water
management performance (Blum, 2009; Richards & Townley-Smith, 1987). Because lysimeter
measurements capture total evapotranspiration, actual WUE values are typically lower than
those estimated from transpiration alone. Advanced models such as AquaCrop provide
a means to account for these differences and to optimise deficit-irrigation strategies
(Hatfield & Dold, 2019; Steduto et al., 2009).

The objective of this study was to compare the water balance and water-use efficiency of irrigated
and rainfed sweet maize using two precision weighing lysimeters. Continuous monitoring of
precipitation, irrigation, soil moisture, and evapotranspiration (ET) was performed in parallel with
biomass measurements to quantify crop water productivity. These findings contribute to the
development of irrigation strategies for sweet maize and offer new insights into the complex
interactions within the soil-plant-water system.
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2. MATERIALS AND METHODS

Our research was conducted in Debrecen, Hungary, at the courtyard research facility of the Institute
of Water and Environmental Management, University of Debrecen, Faculty of Agricultural and Food
Sciences and Environmental Management. The site is located in a lowland environment typical
of the Great Hungarian Plain (Figure 1), characterized by a continental climate with frequent
summer drought. The soil placed in the lysimeters was collected from Latékép, approximately
15 km from Debrecen, and was classified as meadow chernozem. This soil type represents
the regional pedological conditions well, with medium water-holding capacity, making it suitable
for investigating soil-water balance processes.

jue Krakow

Vienna

Budapest Debrecen

Belgrade

Sarajevo

Figure 1: Location of the experimental site in Hungary and the Debrecen region

Source: Authors’ data

The mean annual precipitation in the area is approximately 560 mm, although the seasonal
distribution is highly variable. Figure 2 presents the total annual precipitation for the period 2015-
2024, compared with the 30-year climatological average (1991-2020). More than half of the
examined years fell below the long-term mean; thus, six out of ten years were classified as dry and
only two as wetter-than-average. Meteorological data were obtained from the Debrecen (Kismacs)
station of the Hungaromet Automatic Station Network, which records precipitation, air
temperature, relative humidity, and potential evapotranspiration (PET) calculated using
the Antal method (Antal, 1968).
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Figure 2: Annual precipitation totals compared to the 30-year average (1991-2020)
in the Debrecen region

Source: Authors’ analysis based on Hungaromet data

Our experiment employed two UGT Ready-To-Go Lysimeter 800/900 units, each with a 0.5 m?
surface area and 0.9 m soil monolith depth (Figure 3). Each lysimeter was equipped with load cells
for continuous mass measurement. Sensors were installed at depths of 20, 40, and 60 cm; however,
because sweet corn has a shallow rooting depth, only data from 20 and 40 cm were used for
evaluation. The instrumentation included tensiometers, soil moisture sensors, soil temperature
sensors, and one reference tensiometer positioned outside the lysimeters to monitor ambient soil
conditions. Rainfall, air temperature, humidity, and global radiation were measured by sensors
located 1 m from the lysimeter tanks (Figure 6).
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Figure 3: Cross-section of the weighing lysimeter system
Source: Umwelt-Gerate-Technik GmbH., n.d.-b
The variations in soil temperature are shown in Figure 4a and 4b. In both lysimeters, the upper
0-20 cm layer responded rapidly to daily temperature fluctuations, whereas changes in the deeper

20-40 cm layer were attenuated. The highest temperatures occurred in late June and early July,
exceeding 28-30 °C.
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Figure 4a and 4b: Soil temperature variation at different depths in L1 and L2

Source: Authors’ data

The lysimeter mass data were recorded continuously at 15-minute intervals. Precipitation was
measured using a meteorological station, and irrigation was applied at predetermined doses.
Percolating water was collected through drainage outlets at the bottom of the lysimeters and
measured directly. Evapotranspiration (ET) was calculated using the water-balance equation,
accounting for incoming (precipitation + irrigation) and outgoing (evaporation + percolation)
components as well as changes in lysimeter mass over time (Figure 5). This approach enabled
precise monitoring of water fluxes within the soil-plant system.

12 DOI: 10.17108/ActAgrOvar.2026.67.1.6


https://doi.org/10.17108/ActAgrOvar.2026.67.1.6

D., Pasztor et al./ActAgrOvar, Vol.67.1. (2026)

Waterbalance: Precipitation P(t)
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Figure 5: Determination of main water-balance components using a weighing lysimeter

Source: Umwelt-Gerate-Technik GmbH., n.d.-a

Meteorological data were obtained from the Hungaromet automatic station (in .csv format),
and time series from the weighing lysimeters and local weather stations (also in .csv format) were
compared to determine the individual water balance components. After synchronising the datasets
to a unified temporal resolution, verifying time-series consistency, and filtering erroneous records,
daily evapotranspiration (ET) and water-use efficiency (WUE) were computed. Data processing,
parameter calculation, and graphical visualisation were performed using Microsoft Excel 2024.
The experiment utilised the sweet corn variety Zea mays convar. saccharata var. MS Erica
(Figure 6). This medium-maturity hybrid, bred for fresh consumption and industrial processing,
develops strong stalks and uniform cobs with 18-20 kernel rows. Owing to its stable yield and
favourable water response, it is well-suited for assessing the effects of irrigation. Sowing took place
on 16 May 2025, following 25 cm of tillage and loosening. A 10 mm irrigation was applied after
sowing to ensure uniform emergence.
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Figure 6. Experimental setup of the sweet corn lysimeter trial and crop stand
at the early growth stage

Source: Authors’ photo

Two treatments were established: L1 (irrigated) and L2 (rainfed, with only initial irrigation).
During the growing period (May-August), total precipitation amounted to 177 mm, indicating
a moderately dry season with pronounced monthly variability; most rainfall occurred in July
(94 mm), while May and August each received approximately 25 mm (Figure 7). In the irrigated
treatment (L1), an additional 190 mm of water was applied, whereas the rainfed unit (L2) received
only 50 mm of supplementary water during the early growth stage to ensure germination.
Irrigation in L1 was applied at 10 mm doses, typically once per week, with irrigation timing
determined by crop water demand and prevailing weather conditions. Water applications were
concentrated primarily during vegetative development and the reproductive phase,
with increased frequency during dry periods (Figure 8).
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Figure 7: Daily precipitation totals during the experimental period

Source: Authors’ data
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Figure 8: Irrigation schedule and applied water amounts for L1 and L2
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The soil water status was evaluated based on tensiometer readings (Figure 9a and 9b). In the
irrigated lysimeter (L1), soil water potential values stabilised at low tension levels during the
mid-season, reflecting regular replenishment. In contrast, the rainfed L2 unit showed an increasing
water deficit in the 20-40 cm layer, reaching 15-20 kPa in July. This difference clearly demonstrates
the moisture-stabilising effects of irrigation.
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Figure 9a and 9b: Variation of soil-water potential (tension) during the growing season in L1 and L2

Source: Authors’ data

Harvesting was conducted in two stages corresponding to full cob maturity. Ear length and mass
were measured (Figure 10a and 10b), and dry biomass was determined at the end of the vegetation
period for both treatments.
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Figure 10a and 10b. Harvested sweet corn ears at the two sampling dates

Source: Authors’ photo

Water-use efficiency (WUE) was calculated as the ratio of dry biomass yield to total water input
(precipitation + irrigation) (Eq. 1) (Magaia, 2017). This enabled a direct comparison between
irrigated and rainfed systems and revealed the relationship between yield increase and
water-use efficiency.

maize grain yield (g m—?)

WUE = (1)
seasonal crop water use (mm)

3. RESULTS AND DISCUSSION

The daily mass variation curves of the soil monoliths (Figure 11) illustrate the balance among
precipitation, irrigation, and water loss (evapotranspiration + percolation). Positive peaks
corresponded to water input events (irrigation or showers), whereas negative slopes
represented storage depletion. During June and July, a sustained mass decrease was observed
in both lysimeters. In the irrigated L1 unit, the larger-amplitude recharge peaks clearly followed
irrigation events. In early July, several short, sharp positive impulses (rain showers) also
appeared in the non-irrigated L2 unit, followed by rapid declines, indicating intensification
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of water stress. By August, daily fluctuations had diminished, and both curves approached
equilibrium as crop maturation and reduced evapotranspiration (ET) drove them toward
equilibrium.
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Figure 11. Daily mass variations of the soil monoliths during the growing season in L1 and L2

Source: Authors’ data

Based on the combined effects of precipitation and irrigation, the seasonal water balance of the two
lysimeters showed marked differences. Total water input (precipitation + irrigation) reached
367 mm in L1 and 227 mm in L2. The contrast was most pronounced in June-July, when the
difference between water availability and evaporative demand reached its peak. Seepage water
appeared at the beginning of the season in both lysimeters, but in negligible amounts
(Figure 12a and 12b).
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Figure 12: Monthly variation of main water-balance components in L1 and L2

Source: Authors’ data

The potential evapotranspiration (PET) and lysimeter-derived actual evapotranspiration (ET) values
(Figure 13a and 13b) clearly demonstrate the influence of water supply on crop water use.
PET represents the theoretical maximum, determined by meteorological conditions, that
the irrigated L1 approached, particularly during the mid-season. In the non-irrigated L2,
ET consistently fell below PET, particularly in late June and early July, reflecting the plants’
physiological response to water deficit: stomatal closure and reduced transpiration.

The cumulative ET curves highlight the effect of irrigation; ET remained consistently higher
in L1 than in L2. By the end of the experiment, cumulative ET reached 447.6 mm in the irrigated
treatment and 294.4 mm in the non-irrigated treatment —a 52 % difference.
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Source: Authors’ data

The monthly change in soil water storage (AS) reflected the utilisation of soil moisture reserves
in both lysimeters (Figure 14). In May, a slight increase was observed (L1: +11.8 mm; L2: +14.5 mm),
followed by pronounced depletion in June (L1: —=65.4 mm; L2: —=73.4 mm), consistent with rising ET.
The largest drawdown occurred in July, particularly in the irrigated treatment (L1: -96.1 mm),
whereas the non-irrigated L2 treatment showed a smaller decline (-47.8 mm) due to reduced
transpiration under drought. In August, both systems approached near-equilibrium.
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Figure 14: Monthly variation in soil water storage during the vegetation period in L1 and L2

Source: Authors’ data

The temporal dynamics of soil moisture (Figure 15a and 15b) also emphasised the differences
between treatments. In the irrigated L1, moisture in the upper 0-20 cm layer gradually decreased
from late May and then stabilised between 15 and 25 V/V% due to regular irrigation. The 20-40 cm
layer responded more slowly but followed the same irrigation pattern. In the non-irrigated L2,
the upper layer rapidly dried from late June onward, persistently dropping below 10 V/V%.
The deeper layer also declined gradually, showing only short-term recovery after the July rain
events. These results confirm that without irrigation, soil water reserves cannot meet crop
demand during critical growth stages.
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Figure 15a and 15b: Temporal variation of soil moisture at different depths in L1 and L2

Source: Authors’ data

Daily ET values (Figure 16) reflect the actual water use of the crop canopy. Early in the season (May),
both treatments exhibited low ET rates (0-2 mm day™). From mid-June onward, ET increased
markedly, reaching peaks of 6-7 mm day™"in the irrigated L1 and 4-5 mm day" in the non-irrigated L2.
This contrast was most pronounced during hot, dry periods, driven by higher transpiration rates
in irrigated plants. Toward the end of July, ET declined in both treatments, marking the closure of
the water-use phase by August.
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Figure 16: Daily evapotranspiration rates under irrigated and non-irrigated conditions in L1 and L2
Source: Authors’ data

Dry biomass production reached 2418 g in the irrigated treatment and 1588 g in the rainfed
treatment (Figure 17) —a ~52 % difference closely linked to water availability and seasonal ET totals.
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Water-use efficiency (WUE) was 6.6 g mm™ in L1 and 7.0 g mm™ in L2, indicating that irrigation
increased yield but reduced the biomass produced per unit of water, representing the classical
yield—efficiency trade-off.
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Figure 17: Relationship between dry biomass yield and water supply in L1 and L2

Source: Authors’ data

According to the harvest measurements, the mean ear weight was 251 g for L1 and 237 g for L2
(Figure 18). The mean ear length was 18.4 cm and 18.1 cm, respectively (Figure 19). This irrigation
not only enhanced biomass but also slightly improved ear size and uniformity. In the rainfed
treatment, smaller ears and lower dry mass reflect the constraining effect of water deficit.
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Figure 18: Average ear weight at the two harvest dates in L1 and L2

Source: Authors’ data
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Figure 19: Variation in ear length under irrigated and non-irrigated treatments in L1 and L2

Source: Authors’ data
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4. CONCLUSION

The lysimeter experiment highlighted the decisive role of irrigation in regulating water balance and
sweet corn yield. In the irrigated L1, cumulative ET reached 447.6 mm, exceeding that in the
non-irrigated L2 by 52 %. Irrigation enables the crop to approach potential evapotranspiration
and supports greater biomass accumulation.

In the rainfed treatment, water deficit became evident from mid-June onward; the ET/PET ratio fell
below 0.65, and daily water use declined due to stomatal closure and reduced transpiration.
The soil water storage data showed that the most pronounced depletion occurred in June-July,
when water shortages most severely limited uptake.

Biomass production was 52 % higher in the irrigated treatment, confirming a direct relationship
between water supply and growth intensity. In contrast, the smaller ears and lower dry mass
observed in the non-irrigated system may indicate a water-deficit-induced stress response,
potentially associated with premature senescence and incomplete kernel filling.

Water-use efficiency was slightly higher under deficit conditions (7.0 g mm™) than in the irrigated
treatment (6.6 g mm™), indicating more efficient carbon assimilation per unit of water under
limited supply. This yield-efficiency trade-off encapsulates the core dilemma of optimising water
use in semi-arid environments.

Overall, irrigation not only increased total water flux but also stabilised crop physiological
function. The transpiration reduction observed under rainfed conditions represented a natural
water-saving adaptation, whereas the enhanced water use in the irrigated system supported
greater biomass production. The significance of lysimeter-based measurements lies in their ability
to precisely quantify individual water balance components, providing a robust basis for developing
precision irrigation strategies.

Future research should integrate real-time sensor data (tensiometers, soil moisture probes,
and temperature probes) and modelling analyses (water-balance simulation and WUE time series)
to refine predictions of crop water dynamics and advance sustainable irrigation management
under Central European climatic conditions.
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OSSZEFOGLALAS

A sulyliziméterek alkalmas eszk6zok a talaj-viz-novény-kornyezet rendszerek komplex vizsgalatara.
A novényi vizigény és a vizhasznositasi hatékonysag (WUE) pontos meghatarozasa elengedhetetlen
az 6ntozéstervezéshez. 2025-ben Magyarorszagon a Debreceni Egyetem teriiletén két sulylizimétert
(Lx) allitottunk be a csemegekukorica (Zea mays convar. saccharata var. MS Erica) vizsgalatara
ontozott (L1) és ontozetlen (L2) korilmények kozott. Szenzorok mérték a talajnedvességet, a
talajhémérsékletet és a meteorolégiai adatokat. Majustdél augusztusig a csapadék mennyisége
177 mm volt, mig az 6ntézés 190 mm (L1), illetve 50 mm (L2) volt. A kumulativ evapotranszspiracié
az L1 esetében elérte a 447,6 mm-t, az L2 esetében pedig a 294,4 mm-t, igy mindkét kezelés negativ
vizmérleget mutatott a vizsgalt id6szak végére. A szaraz biomassza tomege 2418 g (L1) és 1588 g (L2)
volt, 6,6 és 7,0 g mm™" WUE-értékek mellett. Az eredmények ravilagitanak a hozamnovekedés és a
vizhasznositas kozotti kompromisszumra. A dolgozatban bemutatott kutatds a Széchenyi Terv Plusz
program keretében valdsult meg, az RRF 2.3.1 21 2022 00008 szamu projekt tdmogatasaval.
Kulcsszavak: sulyliziméter, evapotranszspirdcio, vizhasznositdsi hatékonysdg, éntézésirdnyitds,
csemegekukorica
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