OPEN
ACCESS
PLATINUM BY NC ND

Contributions to Geophysics and Geodesy Vol. 50/1, 2020 (49-60)

GIS application in abiotic risks
regionalization for spring barley

Toma¥ STREDAL?*, Radim CERKAL!, Lenka HAJKOVA?,
Filip CHUCHMA®2, Toma3 KHEL®, Jana KLIMESOVA!

! Mendel University in Brno,
Zemédélskd 1665/1, 61300 Brno, Czech Republic

2 Czech Hydrometeorological Institute,
Na Sabatce 2050/17, 14306 Praha — Komotany, Czech Republic

3 Research Institute for Soil and Water Conservation,
Zabov¥eska 250, 156 27 Praha — Zbraslav, Czech Republic

Abstract: In recent years, there has been a noticeable uneven distribution of rainfall
in Central Europe during the main vegetation season of most field crops. The rising
air temperatures also increase the evapotranspiration demands of the environment and
increase the frequency and length of heatwaves, which is a stress factor for plants. Using
the GIS procedures, we identified the areas of significant abiotic risks occurring during the
critical growth stages of spring barley (high air temperatures at the time of tillering and
lack of soil moisture from the beginning of flowering to yellow ripening) with potential
impact on grain yield in the Czech Republic. Unique datasets, including i) meteorological
data, ii) phenological data, iii) pedological data, iv) land-use data, and v) geographic data,
have been integrated and analysed using the sophisticated ArcGIS software environment.
The method used in this study is universally applicable and allows comparisons at the
local, regional, and supra-regional levels. The identification of risk areas will allow for a)
finding tolerant varieties from problematic areas, b) locating the use of these varieties in
risk areas and c) recommending and implementing adequate farming practices to reduce
the impact of risk abiotic stressors on spring barley under current climate conditions.
This will allow accurate estimation of weather impacts on spring barley grain yield in
a particular year and precise application of countermeasures leading to reduced negative
impacts on yield and the quality of spring barley production. Using the data and methods
presented, we identified areas that correspond in good accordance to areas with spring
barley yield deficits in dry years.
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1. Introduction

The main abiotic stressors for agricultural crops reducing yields in Europe
are agricultural drought as well as high air temperatures during the main
growing season. Although drought in Central Europe is a relatively recent
problem, worldwide it is the most serious abiotic stress affecting crop yields
in the long term (Boyer, 1982). Plant production is based on maintaining
transpiration in the absence of water. All other criteria are always sec-
ondary, where biomass production is concerned (Blum, 2011; Chaves et al.,
2011).

According to Bodner et al. (2015), three main types of climate can be
distinguished in areas with intensive agricultural production. They differ
mainly in the distribution of precipitation and evapotranspiration require-
ments, the type of soil and the length and beginning of the growing season.
The climate of Central Europe is predominantly “supply-driven”, whereby
the water is mostly supplied by precipitation during the growing season.
In Central Europe, there has generally been an increase in the uneven dis-
tribution of precipitation, combined with an increase in air temperature in
recent decades. Although an increased incidence of extreme rainfall has
been observed, local or regional drought has been more prevalent in recent
decades as demands for evapotranspiration are increasing due to increasing
air temperature (S'kvarenma et al., 2009). Analyses of precipitation charac-
teristics in the Czech Republic show that there is no decrease in the total
amount of precipitation, but rather a shift towards greater inequality of its
distribution over time (during the year). In the Czech Republic’s environ-
mental conditions, the number of days without rainfall may increase from
the current 79.9 days to 141.6 days from 2071 through 2100, but no signif-
icant decrease in the amount of rainfall per year is expected. The climate
models also predict an increase in the average sum of active temperatures
above 10°C for the Czech Republic from the current 2717 °C to 3732 °C.
These changes increase the evapotranspiration demands of the environment
to which agricultural crops will be exposed. In addition, temperatures above
20-25°C can decrease the level of inhibitory substances in the plant, and
thus reduce tiller formation of cereals (Rawson, 1971). The rate of tillering
decreases at temperature above 25°C (Friend, 1966). Modern barley vari-
eties show strong ability to make a canopy denser during tillering. Tillering
is thus crucial for barley’s yield creation. Having in mind that barley’s yield
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is closely related to number of spikes, the low number of productive spikes
might be compensated at latter phases just to a limited extent. Increas-
ing frequency of unfavourable conditions at early spring (during tillering),
especially higher temperatures and drought periods, can affect negatively
the formation of spring barley yield and grain quality parameters (Kren et
al., 2015), particularly under the central Europe climate. Plants grown in
the warmer cropping season produced relatively few grains due to the short
period of tillering as a results of high air temperatures compared with those
grown in the colder crop season (Tanaka and Nakano, 2019).

The availability of soil moisture, together with global radiation and
vapour pressure deficit, are among the main determinants of transpiration
(Du et al., 2011; She et al., 2013; Zeppel et al., 2008). Daily or the long-
term course of these variables affects the plant’s transpiration flow (Naithani
et al., 2012). Changes in transpiration intensity are considered to be an in-
dicator of drought stress on the plant. Blum (2005) defines the onset of
drought as a period when the plant’s water demand is not satisfied, and
the plant is in a water deficit. Lipiec et al. (2013) define drought as a
result of water flow imbalance between evapotranspiration environmental
demands and water transport in the soil-root system. The limit value for
cereals such as common wheat or barley, where there is still no reduction in
transpiration, is the soil moisture in the root zone at about 50-65% of the
available water holding capacity of the soil (according to various authors
and the growth phase of the plant). For example, Jamieson et al. (1995)
found changes in the transpiration of barley plants with water content in
the soil below 65% of the available water holding capacity. This finding was
similar to Matejka et al. (2005) who recorded changes in the modelled evap-
otranspiration of the maize crop when the available water holding capacity
of the soil fell below 58.2%. However, for the agriculturally intensive areas
of the Czech Republic up to approx. 300 m above sea level, the character-
istic long-term values of available water holding capacity are below 45%.
Our previous results also show an increase in potential evapotranspiration
and thus a higher susceptibility of drought in intensive agricultural areas in
South and Central Moravia and Central Bohemia in the 1961-2010 period
compared to the 1901-1950 average. Scenario calculations of potential evap-
otranspiration predict an increase in the risk of dry episodes in the Czech
Republic (Stredovd and Streda, 2015).
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Accurate targeting of the use of the variety to a specific area of culti-
vation can be a successful result. For example, deep-rooting varieties may
be successful in dry years on deep soils with higher groundwater levels or
sufficient water supply in the soil during winter months. However, shallow
topsoil profiles of stony soils will be unsuitable for these varieties. At lo-
cations where droughts occur regularly, some strategies allow agricultural
crops to survive primarily from water supplies in the soil acquired during
the winter months. The occurrence of terminal drought (at the end of
the growing season) is a regular phenomenon in Australia, the US and the
Mediterranean. The solution may be the early varieties.

2. Material and methods

The resulting map was created based on the analysis of two raster inputs.
The first data input was a layer of an average number of days with a maxi-
mum daily air temperature exceeding 25 °C in the period since the beginning
of the phenophase of spring barley tillering which according to the Czech
Hydrometeorological Institute (CHMI) phenological database, occurs at the
site plus fifteen days from the start date. The input data for the calculation
consisted of the maximum daily air temperature data for a set of techni-
cal stations (a total of 268 stations within the Czech Republic). For each
station, the average date of spring barley tillering was determined from the
phenological layer (for the period between 1991 to 2010 the longest com-
prehensive range of observations available in the Czech Republic; while we
are fully aware that the period does not correspond to the period of un-
dermentioned climatological datasets. Since the phenological observation of
the CHMI were officially finished in 2010 we were facing to two, both im-
perfect, possible approaches in terms of length of period: either to employ
the parallel phenological and climatological period 2000-2010 i.e. only 11
years, or the longest possible period i.e. for temperature and evapotranspi-
ration from 2000-2018 and 1991-2010 for phenology i.e. around 20 years) of
the beginning of spring barley tillering, and the 15-day calculation period
from that date was determined. For this, for each station-specific period,
the number of days with a maximum daily air temperature exceeding 25 °C
was calculated for each year and station and the average annual number of
days for the period 2000-2018 was calculated. These calculations resulted
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in the set of 268 technical stations with an average number of days with
a maximum daily air temperature exceeding 25 °C in the given phenological
period for the period 2000-2018. A raster layer was created from this file us-
ing spatial statistics methods by interpolation into the Czech Republic area.
The resulting raster model was subsequently processed in the ArcGIS 10.5
software, and the nearest neighbours smoothing method was applied. The
raster layer was then reclassified into individual categories in a 0.5-day step,
i.e. six categories ranging from < 1 to > 3.1 (Fig. 1). It is highly probable
that in the areas with higher number of days with daily maximum above
25°C also includes temperatures catching up this threshold value. Even
these higher temperatures inhibit the tillering though. Linear distribution
was based on the experience that relationship between air temperature and
lasting at tillering phase is linear (unless the lethal temperature is reached
or exceeded).
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Fig. 1. Layer of the average number of days with a maximum daily air temperature
exceeding 25 °C in the period since the onset of spring barley tillering phase, plus fifteen
days from this start date.

The second data input was the layer of ratio of the actual evapotran-
spiration sum (ETa, evapotranspiration affected by the amount of water in
soil) and potential evapotranspiration sum (ETp, high environmental evap-
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oration and transpiration requirements) processed for the period 2000-2018
during the critical growth period of the spring barley from the beginning
of the flowering phenophase to yellow ripening, which occurs at the site ac-
cording to the CHMI phenological database (for the period 1991-2010; the
longest available comprehensive series of observations in the Czech Repub-
lic). Input data ETa and ETp were calculated using the AVISO agrometeo-
rological model (Kohut et al., 2009) from the input series of meteorological
elements for stations of the CHMI station network with available measure-
ments in the period 2000-2018. Both ETa and ETp values were calculated
for spring barley. Moreover, to improve the correctness of the water abstrac-
tion intensity by evapotranspiration, for each calculation point (station), we
used a specific hydro limit derived according to the available water holding
capacity of soil (source: Research Institute for Soil and Water Conserva-
tion). It implicates that available water holding capacity is an integral part
of the ETa parameter making our model unique, taking into account real
soil conditions. Real moisture conditions in the soil profile in terms of soil
parameters and evapotranspiration are reflected.

From the phenological layers, the average date of the beginning of flower-
ing and the average date of the beginning of yellow ripening was determined
for each station and a computational period was set between these dates.
For this, for each station-specific period, sums ETa and ETp were calculated
in individual years for the period 2000-2018. These values were then put
into the sum ETa/sum ETp ratio, which is a standard index for agronomic
drought identification. The resulting set of stations with the assigned value
of ETa/ETp ratio in the individual years for the period 2000-2018 was cre-
ated. Based on spatial statistics by interpolation into the area of the Czech
Republic, annual raster layers of ETa/ETp ratio were created from this set.
The resulting rasters were averaged and a raster layer of average values of
the ETa/ETp ratio for the period 20002018 was created. The resulting
raster model was subsequently processed in the ArcGIS 10.5 software, and
the nearest neighbour smoothing method was used. The raster layer of ra-
tio values was then reclassified into individual categories in a step of 0.04,
i.e. six categories from 6 to 1 for the value of categories from < 0.76 to
> 0.92 (Fig. 2), since in this particular case the linear impact on possible
yield reduction is apparent. The number of categories (i.e. six) corresponds
to number of drought categories (expressed as % of available water holding
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capacity) of the CHMI, however regarding to constriction of ETa/ETp ra-
tio there are apparent differences from simple drought evaluation used by
CHMI. Our complex and wiser index though better reflects real demands
and impacts of the plants.
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Fig. 2. Layer of the ratio of the actual evapotranspiration sum (ETa) and the poten-
tial evapotranspiration sum (ETp) for the period 2000-2018 during flowering to yellow
ripening of spring barley.

Both partial raster layers (number of days category layer and ETa/ETp
ratio category layer) were then summed, and the resulting sum total of the
raster layer was again divided into six risk categories. The raster layer was
converted to polygons and only areas under arable land (arable land layer;
source: Research Institute for Soil and Water Conservation.) and at an
altitude of 600 m above sea level (we do not expect intensive cultivation of
spring malting barley at a higher altitude) were selected. The resulting map
output was also created in ArcGis 10.5 software.

3. Results and discussion

Climate change in Europe since 1990 has been unfavourable for cereals yields
because of heat stress during grain filling and drought during stem elonga-
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tion (Brisson et al., 2010). The severity of the effects of drought increases
with the prolongation of its exposure during the growing season and its
occurrence at critical stages of plant development. For example, flowering
and the early stage of ripening are critical for cereals. The occurrence of
drought during sowing and the vegetative phases of cereal growth, as well as
the high temperatures at this stage, have an impact on the emergence of the
crop and the consequent reduction of tillers. The effect of drought during
generative phases results in a reduction in the number of spiked seeds and
grains. Flowering is a critical period when water scarcity has a worse impact
than at other stages of development. Another critical period is the start of
grain formation, where the number of cells in the endosperm is decided. In
the grain filling phase, water stress interferes with the synthesis and storage
of starch and storage proteins.

In our previous work, we evaluated the moisture conditions during the
vegetation period (91-180 days of the year) for the period 1975-2007 and
its influence on the production of spring barley. A long-term trend of de-
creasing soil water supply was found in 20 out of 21 localities, expressed as
% of available water holding capacity. At the same time, a statistically sig-
nificant correlation was found between the yield of spring barley grain and
the state of soil saturation with water, expressed in terms of the current
state of % of available water holding capacity.

Muzikovd et al. (2013) evaluated yields of spring barley and fluctuations
in soil moisture in the critical period in terms of barley yield in the Czech
Republic for the period 1975-2010. On most sites, there were statistically
significant relationships between grain yield and soil moisture in different
stages of vegetation. A statistically significant relationship was also found
when evaluating average values of soil moisture and the average grain yield
across stations. When evaluating the season-average soil moisture and yield,
these researchers found a statistically significant to a highly significant year
effect (1976, 1981, 1985, 1986, 1995, 1996, 2000, 2004, 2007, 2009 and 2010).
In the last decade, the number of growing seasons with a demonstrable influ-
ence of moisture conditions on barley yield increased in different production
areas.

Spring barley grain yields and values of the effective drought index (EDI)
in the critical period in terms of yield formation of spring barley in the Czech
Republic were evaluated for the period 1975-2015 (Slabd et al., 2017). In
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most areas, there were statistically significant relationships between grain
yield and the EDI in different stages of vegetation (fourth and sixth decade
of the vegetation primarily).

The aim of the analysis and mapping of the outcomes was to define areas
with increased risk of main abiotic stressors occurrence during the critical
growth and development phase of spring barley vegetation (high temper-
atures during tillering and drought from flowering to hard dough growth
stage) in the territory of the Czech Republic (Fig. 3). Analyses were based
on a sophisticated synthesis of the long-term a) meteorological datasets, b)
phenological datasets, ¢) soil conditions data (available water holding ca-
pacity of Czech soils), d) land-use data, and e) the arable land category and
maximum 600 m a.s.l. The current findings illustrate that 49% of the po-
tentially usable areas of spring barley are categorised as risky (with varying
degrees of risk).

Risk category [ District boundary 201%
I 1 No risk Not rated )
2 Very limited risk

3 Limited risk

4 Some risk
I 5 High risk
I 6 Very high risk

Fig. 3. The categorisation of the territory of the Czech Republic according to the risk of
occurrence of abiotic stressors for spring barley.

Per the research priorities of the Ministry of Agriculture for the period
2017-2025, the map provides partial information for the optimisation of crop
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representation in each locality, organisation and optimisation of farming
practices, use of minimisation and soil conservation technologies for better
soil retention, utilisation of varieties tolerant to drought, and the potential
for using an effective irrigation system at the time when plants need water
the most.

4. Summary

Increasing climate variability and increasing frequency of abiotic stressors,
especially drought, also result in a decrease in spring barley grain yield as
well as quality by increasing the nitrogen content. In the Czech Republic,
these problems are most pronounced in traditional areas of spring barley cul-
tivation. Predictions of future climate developments suggest an increased
likelihood of the occurrence of episodes unfavourable for plant production,
such as dry and very warm seasons. As a short growing time and small root
system, spring barley will be severely affected by these problematic episodes
and is already considered a risky crop.

Drought can have various impacts on different agricultural crops, based
on time of occurrence, the monitored crop and stage of its growth etc.
Therefore, the methods of drought evaluation can differ greatly, and their
outcomes can thus vary as well. A simple evaluation of precipitation totals is
not a sufficient indicator of moisture conditions. For the exact evaluation of
moisture conditions, it is advisable to use a costly direct stand microclimatic
monitoring. Hence, it is necessary to use sophisticated models concerning a
wide range of meteorological elements and biological characteristics of the
monitored crop in order to objectively evaluate the moisture conditions in
the soil-plant-atmosphere system.

The number of growing seasons with the proven effect of moisture con-
ditions on barley yield in various production areas has increased in the
last decade. These outputs demonstrate the possibility of using commonly
available data sources in combination with the application of sophisticated
computational methods. Their effective combination brought interesting
results for the state administration, agricultural research as well as agricul-
tural practice. The aforementioned technique is an elegant alternative to
climate monitoring and costly dedicated field experiments.
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The innovative aspect of the method lies in the categorisation of the
territory of the Czech Republic according to the risk of occurrence of main
abiotic stressors affecting spring barley. The resulting maps also define areas
that appear to be less risky on standard maps as at risk; however, depending
on actual precipitation, these areas correspond to areas of spring barley with
significantly reduced grain yield in recent years. The map, therefore, forms
a basis for spring barley cultivation targeted for relevant features and the
regionalisation of varieties.
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