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ABSTRACT - According to the data provision of the National Meteorological Service, since the early
1980’s an intense warming has begun and it is also reflected in domestic observations. In Hungary, just
as in other Central European countries, the extremes of weather events are becoming more common.
As amain crop, maize (sweet corn) has an outstanding national and global significance. Certainly, global
warming and changes in water supply will harmfully affect the cultivability of maize too. Water stress
reduces the leaf surface, therefore because of the less captured photosyntetically active radiation, bio-
mass production and yields will be reduced. Weeds with a wider tolerance range than crops may also
become increasingly dangerous competitors in field crop production because of their wide tolerance
range, fertility and strong adaptability to changing climate- and precipitation conditions. In this rese-
arch the effect of climate change on the evapotranspiration of maize was investigated at the Agromete-
orological Research Station of MATE Georgikon Campus in Keszthely, between 21 May 2021 and 1 Sept-
ember 2021 in Thornthwaite-Mather type compensation evapotranspirometer. The aim of the study
was to assess the main characteristics (like leaf area index, daily evapotranspiration, and yield) of swe-
etcorn under optimal water supply conditions. Furthermore it was also an aim to determine how we-
eding affects plant characteristics so half of the treatment (1 vessel of the evapotranspirometer) was
kept weed-free, while the other half was exposed to natural weeding. In terms of results, positive rela-
tion between temperature and evapotranspiration was found and it has been established, that maxi-
mum temperature has a greater effect on evapotranspiration, than daily mean temperature. In case of
yield indicators, the negative effect of weeding was statistically detectable and it was also pointed out,
that the presence of weeds can negatively affect the quantity of crops. The results of the study was
compared to a number of other researches on the subject, and it was concluded that the negative
consequences of climate change, especially the increasing frequency of drought-hot periods could pose
a major threat to successful maize production in the future.

Keywords: sweetcorn, evapotranspiration, weeding, leaf area index, climate change

INTRODUCTION

According to the data of the Central Statistical Office, in 2019 the sown area of
corn was 1.03 million hectares in Hungary, which means a notable area com-
pared to the complete 9.3 million hectares of the country. Corn is a widely used
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EXAMINATION OF THE EVAPOTRANSPIRATION DYNAMICS OF MAIZE IN THORNTHWAITE-MATHER TYPE

crop. On the one hand it has an important role in human consumption (swe-
etcorn, popcorn, corn poridge, flour, beer base) and on the other hand, in li-
vestock feeding (fodder, silage etc.), furthermore it is also suitable for indust-
rial purposes (furfural, isosugar and starch production, corn oil), and it’s stalks
and cobs are also used for heating or recycling back into the soil. In addition
an important way to use corn is the production of ethyl-alcohol, which is
mainly used as gasoline biofuel additive (Ranum et al., 2014).

Production needs

Corn is a heat-demanding plant, which is suitable to be cultivated in warmer
areas. The minimum required soil temperature for germination is 10 °C but on
16-18 °C germination will be faster. 32 °C is the critical temperature, that can
adversely affect yields at any stage of developement. Frost also threatens corn
at any stage, especially the leaves of ripe plants (Plessis, 2003). The amount of
heat during the growing season significantly affects the yields of corn. It is fa-
vorable if it is between 1250-1750 °C (Dénes, 2005).

Under domestic conditions, a minimum amount of water is available for
producing corn. The water demand of corn, grown under optimal conditions is
550-670 mm in Hungary, depending on climate conditions and agronomic fac-
tors. In seed stage and initial growth phase it does not require much water, so
soil moisture is sufficient. Irrigation is not necessary in the vegetative phase
either, but the water use of corn peaks in the early reproductative phase, so it
is justified to avoid water stress during tasseling, flowering and pollination.
Drought during flowering is the most dangerous as dehydration of pistils and
pollens can resultin poor fertilization (Kranz et al., 2008). The depth of rooting
is greatly influenced by the amount of water stored in the soil from the pre-
vious year and the amount of rainfall, during the growing season. The main
water use period of corn is from mid-June to mid-August. Drought during ripe-
ning speeds up the ripening process, preventing the grains from reaching their
potential size and weight (Lamm et al., 2009).

Taking the agro-ecological properties of Hungary and the water demand of
corn into account, it would be justified to irrigate crops. Experiences also show
that irrigation in appropirate time, according to the needs of plants increases
the yield (Smith et al., 1992). In Hungary only about 2% of corn fields are irri-
gated due to small farm sizes and the lack of integrated water management
systems (Gadl et al., 2014). Expanding the irrigation network and optimizing
irrigation systems would be one of the most effective adaptation measures to
mitigate the effects of drought in maize production (Hanquing et al., 2019). In
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addition, drought tolerance of maize hybrids would also be an important com-
ponent of successful cultivation in the future, especially in areas prone to dro-
ught (Cooper et al., 2014).

Soils with extreme conditions or poor water management such as sandy or
saline soils are not suitable for growing corn (Udvardy, 2010). It is desirable if
soil has a deep fertile layer, favorable morphological characteristics, optimal
moisture content, suitable chemical properties (pH: 6.5-7.5) and sufficient
amount of accessible plant nutrients (Plessis, 2003). The most favorable soils
for corn are humus- and nutrient-rich, easily warming chernozem, brown fo-
rest, chernozem brown, meadow chernozem and meadow soils.

The expected effects of climate change in Hungary

In 2021, the Sixth Assessment Report of the United Nations Intergovernmental
Panel on Climate Change drew attention to the fact that, if current emission
trends continue, global warming will be exceeded by 1.5 °C, thereby warm se-
asons will be prolonged, while cold seasons will be shortened, and the frequ-
ency of extreme warm weather events will be increased and they will increa-
singly exceed the upper tolerance limit of agriculture (IPCC, 2021).

In their study, Ciscar et al., (2011) predicted a global temperature rise of
2.3-3.1 °C, which is worse than the number, specified by the IPCC. The majority
of studies on the subject agree that Europe (including Hungary) will be more
affected by the negative effects of climate change than the world average. As a
result of the intensification of the greenhouse effect, domestic climate may be-
come warmer, dryer and richer in sunlight (Mika, 2002). The IPCC report also
points out, that as a result of climate change, the water cycle may become more
intense, so that while rainfall would increase sharply in some areas, droughts
would worsen elsewhere. Agriculture is the most directly affected economic
sector by global warming. Farming needs to adapt to changed environmental
and biological conditions so some desertified and eroded areas should even be
completely excluded from agricultural production (Farsang et al., 2015).

In their research Pdsztor et al., (2010) tried to assess the agroecological po-
tential of Hungary and its future during climate change, using a 4M simulation
model. In terms of their results, the negative effects of climate change will
prevail in Hungary, so according to the forecast, the average yield of maize will
also decrease. The reason of maize yield loss is the rising temperature and ext-
remes in the precipitation phenomena, especially during the generative period
(Szélesetal., 2018).
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In their study Meza et al., (2018) concluded, that the yield loss of maize, due to
climate change will be 10-30%, depending on the climate change scenario and
the applied hybrid.

Aware of these informations, irrigation of maize may have a great im-
portance in the future.

Evapotranspiration of maize under drought and warm conditions

Evaporation of the water content of soil and transpiration of plants take place
in parallel, forming the evapotranspiration complex. The extent of current eva-
potranspiration is influenced by a number of factors, such as soil cover, soil
structure, moisture content, crop type and growth phase, and weather factors,
like radiation, temperature, relative drought and wind speed (Lich et al., 2017).
Water requirements of maize grown with adequate water supply is equal to
the sum of the daily evapotranspirations measured during the growing season
(Basso et al., 2018).

Plants release about 95-98% of their water intake in form of water vapor
(Loch et al., 2004). A corn plant evaporates about 200 litres of water during
the growing season, which if cannot be replaced from the soil, needs to be
returned by irrigation.

The rate of evapotranspiration can also be reduced with proper nutrient
supply. The value of transpiration is the lowest with satisfying nutrient supply
(Loch et al., 2004). An optimal dose of phosphorus and potassium reduces wa-
ter consumption by about 25-30%.

The effects of weeding in maize fields

Maize, as a large-scale crop (70-75 cm row spacing) cannot compete with we-
eds without systematic human weed control (Bozsik et al, 1997). In their
study, Varanasi et al., (2016) stated that weeds are likely to show greater re-
sistance and adaptability to changes in CO; concentration and rising tempera-
ture than cultivated plants, due to their diverse gene pool and plasticity. Next
to the variety of environmental conditions, weeding is one of the main reasons
of the decrease in maize yields (Rajcan et al., 2001).

Former domestic studies have attempted to detect a correlation between
weediness and crop depression in maize and have concluded that the average
yield of maize grown without weed control was only 23.5% compared to the
weed-free control treatment (Bozsik et al., 1997). Nevertheless, this value can-
not be considered constant because the weed composition of maize may vary
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considerably depending on the ecological and agrotechnical characteristics of
the specific area.

The multiplication of weeds may lead to a large loss of nutrients, which
slows down the developement of maize. In addition, next to the loss of nutri-
ents, competition for space, water and light between industrial plants and we-
eds are also cannot be neglected (Zimdahl, 2004).

The purpose of the research

For the better understanding of the effects of climate change on maize pro-
duction, the aim of the study was to assess the evapotranspiration dynamics of
maize under optimal water supply conditions, using Thornthwaite-Mather
type compensation evapotranspirometer in the quite arid and warm growing
season of 2021 which was suitable to model the expected future conditions
related to global warming. An other aim was to determine, how weeding affect
yields and other performances of maize.

MATERIAL AND METHODS

The study took place at the Agrometeorological Research Station of the Hun-
garian University of Agricultural and Life Sciences, Georgikon Campus, Keszt-
hely (N: 460°,44’,7.93”, E: 17°, 14’, 16.65”, altitude: 114.2 m).

The research was set up in a Thornthwaite-Mather type compensation eva-
potranspirometer (Figure 1.), which consists of a variable number of 4 m2 sur-
face, 100 cm deep culture vessels and a measuring cellar, which are connected
to each other via a pipeline. Soil is placed in culture vessels according to natu-
ral stratification (Simon et al.,, 2020). The Thornthwaite-Mather type com-
pensation evapotranspirometer is commonly used to measure the potential
evapotranspiration of plant populations. The culture vessel is connected to a
compensation tank via a pipeline, so the water level below the crop can be kept
at a constant depth, which is equal to the water level of the compensation
tanks. It is controlled by a float and an overflow pipe, so if the water level drops
due to the co-evaporation of the plants and the soil, the float will open a tap
and the water from the dosing tank (tank 1.) will be replenished. If the water
movement is in the opposite direction (due to precipitation), the water flows
into a water collection tank (tank 2.), through an overflow. Potential eva-
potranspiration can be determined by knowing the daily values of depletion
from tank 1. and the values of backflow to tank 2. (Gombos, 2011).

ACTA AGRARIA KAPOSVARIENSIS
59



EXAMINATION OF THE EVAPOTRANSPIRATION DYNAMICS OF MAIZE IN THORNTHWAITE-MATHER TYPE

EEEETIENE PR

L.

water level
regulator

water level

gravel filter water tank 2.

layer  basket

Figure 1: The structure of the Thornthwaite-Mather type compensation
evapotranspirometer (Gombos, 2011)

Ramann brown forest soil was available in the culture vessels of the eva-
potranspirometer, on which the necessary soil preparation works were car-
ried out, in the autumn of 2020. The soil preparation tasks, such as soil rota-
tion, soil dusting, leveling and keeping the area weed free were done with ma-
nual tools. In addition to the establishment of appropirate soil condition, satis-
fying supply of nutrients was also provided. Nitrogen (225 kg/ha) was applied
in 3 portions: 50% on the 14. day after sowing, 25% immediately before rea-
ching the five-leaf stage and a further 25% immediately before flowering. 150
kg/ha of superphosphate and 100 kg/ha of 60% potassium salt granules were
also applied on the experimental plots. Sowing took place on May 21, 2021,
during which GSS 8529 supersweet maize hybrid was sown in 2 growing ves-
sels, 3-3 rows per vessel with 75 cm row spacing, 12-13 cm plant distance and
about 4-5 cm deep. To ensure the stock effect, the culture pots were sorroun-
ded on all sides with maize to prevent border effect. Border effect means that
certain parameters (like wind speed, temperature, or the mass of certain
(weed) species) at the edge of the population change, compared to the internal
section (Margdczy, 1998). The purpose of avoiding border effect was to get an
uniform population without lower plants at the edges (which may could have
modified our results) and to protect plants at the edges of the vessels from
greater physical pressure to transpirate.

In this study 2 different treatments were set up. The 2 vessels were con-
nected to the evapotranspirometer, which provided them a continuous opti-
mal water supply. One of the vessels was exposed to weeding, while the other
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one was kept weed-free throughout the experiment. Weeds were not planted
into the culture vessels. They were settled in a natural way therefore the area
specific species were able to settle.

Measurement of leaf area

To determine leaf area, LI-3000C portable leaf area meter was used which has
the advantage of working in fine resolution (1 mm?2), additionally it is suitable
for non-destructive field measurements and ideal for long-term samplings due
to its battery capacity.

The first leaf area measurement was performed on June 29, 2021 and from
then on, repeated leaf area measurements were performed weekly until tas-
seling, in order to determine the leaf area of 5-5 representative sample plants.
During the measurements always newly completely developed leaves were
measured, then their surface was added to the results of previous measure-
ments. By averaging the area of each leaf of 5 sample plants per vessel, the leaf
area of the average plant per vessel was obtained.

Determination of leaf area index

The following formula was used to estimate leaf area index: LAlo = (LAo x LN X
PN) / T, where LAl is the leaf area index of the given species, LAg is the area
of the average leaf size of the given species, LN is the average number of leaves
per plant, PN is the number of plants in the study area and T is the size of the
study area (Richter, 2009).

The highest productivity of maize can be achieved at LAI values ranging
from 4 to 5 (Lykhovyd et al., 2019).

Monitoring of weather elements

Evapotranspiration data were compared with air temperature and precipita-
tion data from the QLC-50 device located at the Agrometeorological Research
Station. The QLC-50 measuring device, which is available for ten-minute sam-
pling has been operating in the area of the Research Station since 1996 (Kocsis,
2008). The meteorological elements measured by the QLC-50 measuring ma-
chine are: wind speed, wind direction, air temperature, humidity, precipita-
tion, soil surface temperature and soil temperature (at a depth of 5, 10, 20, 50
cm).
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Determination of reference evapotranspiration

The concept of reference evapotranspiration provides comparability accord-
ing to internationally accepted standards for the determination of evapotran-
spiration (Irmak et al., 2011). The equation can be described as follows:

900
0408A(Rn - G) + ymu(es - ea)

A+y(1+0.34u)

ETO =

In the equation ETy is the reference evapotranspiration [mm day-!], Rn is
the radiation balance [M] m2 day-1], G is the thermal flux of the soil [M] m-2 day-
1], Ta is the daily mean temperature [°C], u is wind speed at 2 m altitude [m s-
1], esis the saturation water vapor pressure [kPa], e, is the actual water vapor
pressure [kPa] and es-e, is the saturation deficit [kPa], A is the slope of the tem-
perature-saturation vapor pressure function [kPa °C-1] and vy is the psychro-
metric constant [kPa °C-1] (Allen et al., 1998).

To determine the evapotranspiration of a plant under favorable conditions,
the plant coefficient Kc (also known as the plant constant) need to be obtained
by comparing the measured evapotranspiration (ETc) of the plant to the ref-
erence evapotranspiration (ETo) (Kc = ETc / ETo). In knowledge of reference
evapotranspiration, the evapotranspiration of a given plant can be calculated
(Allen et al., 1998). (ETc = Kc x ETo) The plant coefficient of maize varies
widely, usually between 0.15 and 1.2 depending on the phenophase, but its
value is influenced by several factors (Rdcz, 2014).

Extraction of crop data

Representative sampling of the experimental maize crop took place on 27 Au-
gust 2021. For each treatment, the length and weight of the collected cobs (un-
folded from their husks) were measured, then averaged, in order to compare
the results of the treatments.

The experimental maize was let to dry until constant weight (11-12 %
moisture content). The seeds were crushed from the tubes, and thousand-seed
weight [g] was calculated by working with 5-5 repetitions per treatment. 50-
50 randomly selected seeds per treatment were counted, measured by digital
analytical scales, multiplied by 20, then averaged to get the most accurate re-
sult regarding to thousand-seed weight.
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Statistical methods used

Two-way analysis of variance (ANOVA) tests were performed on the averages
of the samples in IBM SPSS program, furthermore T-tests were also performed
in Excel to confirm any significant differences.

RESULTS AND DISCUSSION

Weather conditions of the growing season
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Figure 2. Deviation of the monthly precipitation amounts and the
average monthly temperature of the 2021 growing season from the
climate standard (1981-2010)

Due to the cold and rainy May, our experimental maize could only be sowed
late, on the 21st of May (Figure 2.). June was quite arid and warm - a total of 3
mm precipitation fell on 2 rainy days. July and August did not show a sig-
nificant difference from the 30 year average. In July, 69.2 mm of rain fell on 8
rainy days and in August 66.8 mm on 13 days. These months included days
with larger amounts of precipitation (e.g.: July 17: 18.4 mm, July 30: 27.9 mm,
August 1: 18.5 mm, August 26: 19.6 mm). Due to the drought year, it was not
necessary to install a rain protection system.

The average temperature in May was 14.0 °C, which showed a notable de-
viation from the climate standard in a negative direction. Compared to that,
June with an average temperature of 22.1 °C also showed a remarkable differ-
ence, but in a positive direction. In July, the average monthly temperature was
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23.2 oC, which also deviates positively from the climate standard. With an av-
erage temperature of 20.1 °C, August did not show a significant deviation from

the 30-year average.
In terms of temperature, it is important to examine not only the average but

the maximum temperatures as well.
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Figure 3. Distribution of daily maximum temperatures during the

growing season

There were a total of 20 days in the growing season when the maximum
temperature exceeded 32 °C, which is considered critical for maize in every
growing phase. There were 9 days where it exceeded 34 °C too (Figure 3.).

Developement of leaf area during the growing season
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Figure 4. Developement of LAI (Leaf Area Index) of different treatments
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In the treatment with weeds, the restraining effect of weeds on the leaf area
began to become more pronounced from July 2 (Figure 4.). The presence of
weeds reduced LAl by 11.5%. Based on the results of the two-way ANOVA, the
presence or absence of weeds had a significant effect (p = 0.003) on the leaf
area of maize. In connection with weeding, Ngome et al. (2012) described a
significantly negative correlation (p < 0.01, R2= 0.31-0.51) between the LAI of
maize and weed biomass.

Dependence of evapotranspiration on meteorological elements
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Figure 5. Relations between daily mean, maximum and minimum air temperature [°C] and
daily evapotranspiration of maize [mm day-!]

On Figure 5., a dot band, sharply separated from the linear line can be obser-
ved, where relatively low evapotranspiration values are associated with high
temperature values. A reason for this is due to the fact that after germination,
in late May - early June, the experimental plants did not have a large leaf area,
so their transpiration was much lower, than in their fully developed state. Furt-
hermore, during this initial period, the temperature was unusually high com-
pared to the average. The reason for the upper jumps may be other effects that
were not examined, e.g. the wind. Based on the results, a positive relationship
was found between temperature and evapotranspiration: the higher the tem-
perature, the higher the evapotranspiration is. The relationship is positive, but
based on R? the maximum temperature (treatment with weeds: Rz = 0.4059,
treatment with weed control: Rz = 0.3518) had a greater effect on evapotran-
spiration than the daily mean temperature (treatment with weeds: Rz =
0.3999, treatment with weed control: R2 = 0.342). The least close connection
was detected in case of minimum temperature (treatment with weeds: Rz =
0.3402, treatment with weed control: Rz = 0.297).
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Comparison of daily evapotranspiration and daily reference evapotranspi-
ration
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Figure 6. Relationship between daily reference evapotranspiration
and daily evapotranspiration of maize

The small leaf area at the beginning of the growing season can also be observed
on Figure 6. During this period, the reference evapotranspiration was much
higher than the measured evapotranspiration values. Until the development of
the first leaves, almost only the evaporation of the soil surface was observed.
Based on the data measured during the growing season, the Penman-Monteith
equation slightly underestimates our data. The reasons for the variability in
daily evapotranspiration may have been due to both variabilities in meteoro-
logical elements and biological characteristics. During the growing season, the
treatment with weeds transpirated a total of 350.2 mm of water, while the
treatment with weed control transpirated a total of 328.9 mm. Comparing the
evapotranspiration of the two treatments by T-tests, no significant difference
(p =0.1744) was observed. The cumulative Penman value was 388.5 mm. The
daily mean evapotranspiration was 3.9 = 1.2 mm for the treatment with weeds
and 3.6 + 1.2 for the treatment with weed control. The daily mean value of the
reference evapotranspiration calculated by the Penman Monteith equation
was 4.4 + 1.0 mm. Comparing the individual treatments and reference evapo-
transpiration by T-tests, a significant difference was found for both treatments
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(treatment with weeds - reference evapotranspiration: p = 0.0137, treatment
with weed control - reference evapotranspiration: p < 0.001).

In their research, Tyagi et al. (2003) examinated the evapotranspiration of
maize under optimal water supply, in India. In their results they reported a
cumulative evapotranspiration of 354 mm in the growing season.

Examination of the effect of weeds on crop

Based on the results of the two-way analysis of variance, the presence and ab-
sence of weeds had a significant effect (p < 0.001) on the development of the
cob weights.

According to the data of the measured cob length, the average length was
10.86 £ 4.01 cm in the treatment with weeds and 16.97 + 5.84 cm in the treat-
ment with weed control. The expected value of cob length of GSS 8529 maize
hybrid (20-22 cm), specified by the distributor was approached only with reg-
ular weed control. In connection with weeding, Iderawumi et al. (2018)
pointed out, that in treatments where weed control does not happen within 4
weeks after sowing, corn yield drastically fall back, especially where there is
no weed control at all.

Based on the results of the ANOVA and T-tests, weeds had also a significant
effect (p < 0.001) on thousand-seed weights.

In agricultural industry, the decrease of cob weight, cob length and thou-
sand-seed weight can also cause large losses of income.

CONCLUSIONS

The weather during the 2021 growing season was suitable for modelling the
expected adverse effects of climate change. The research shows that the com-
petition with weeds may cause significant changes in indicators, such as LAI,
cob weight and cob length, which may lead to remarkable economical losses.
The accelerated evapotranspiration which lead to insufficient water supply
may also cause losses in yield, especially if weed control is unsatisfactory. The
results of the study were compared with a number of other studies on the sub-
ject. Based on the results, the study also prove that the negative consequences
of climate change, especially the acceleration of evapotranspiration, caused by
the increase of drought, hot periods and the accelerated spread of weeds may
pose a major threat to successful maize cultivation in the future. Therefore, it
would be expedient to urge the preparation of agriculture for changing cir-
cumstances and to carry out further studies to assess the expected impacts of
climate change on crop production.
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