DOCTORAL (PHD) THESIS

PINKE ZSOLT
Gödöllő
2018

2

SZENT ISTVÁN UNIVERSITY

ESTABLISHMENT OF A HORTOBÁGY-SÁRRÉT
LANDSCAPE RESTORATION MODEL WITH
NATIONAL ANALYSIS

Doctoral (PhD) Thesis

Zsolt Pinke

Gödöllő
2018
3

The Doctoral School
Name:

Doctoral School of Environmental Sciences

Discipline:

Environmental Sciences

Head of School:

Professor Csákiné Michéli Erika, DSc

Szent István University, Faculty of Agricultural and
Environmental Sciences,
Institute of Environmental Sciences

Supervisor:

Professor Gyulai Ferenc, DSc

Szent István Egyetem, Mezőgazdaság- és
Környezettudományi Kar,
Természetvédelmi és Tájgazdálkodási Intézet

..…………………………….…….……
Approval of the Head of School

………………………….…………
Approval of the Supervisor

4

1. PREMISES AND OBJECTIVES

The main part of Hungarian agro-production comes from the cereals barley, maize
and wheat. This production structure evolved in the 19th century, and survives
today by its low technological demand and the protectionism of the European
Union. Grain production is dominant even in former wetlands with unfavourable
agroecological conditions where land users face serious problems. The core
challenges are: the gradual dismounting of the EU protectionist subsidy system
(BUREAU et al 2014; SPILIOPOULOS 2014), and the changing climate
(OLESEN & BINDI 2002; TRNKA et al. 2011; PINKE & LÖVEI 2017). These
changes precipitate rapid conversion in areas with poor soil. The desire to manage
threats and avoid this emerging land use crisis appears in the documents of
environmental and rural development policy documents (EU Water Framework
Directive (EWFD 2000); Hungarian River Basin Management Plan (VGT 2010,
2015); Hungarian Drought Strategy (NAS 2012); Hungarian Rural Development
Strategic Plan 2012–2020 (NV 2012); National Climate Change Strategy 2014–
2025 (NÉS2 2013); National Water Strategy (NVS 2015); Water Blueprint
(2012). They state the necessity of water retention in low-lying areas, although
the target areas for water retention have not been identified.

1.1.

OBJECTIVES

1) In the first section of the dissertation that focuses on the hydroclimatic
challenges of cereal production in Hungary my aim is to:
-

analyse the relationship between mean monthly precipitation, monthly mean
temperature and groundwater levels and the yields of barley, maize and wheat
in Hungary at regional and country scales in the period1921–2010;
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-

compare the impact of current climate on crop yields to previous periods of
similar time span, and

-

investigate the regional patterns of climate vulnerability in the studied
periods, as well as the regional patterns of groundwater-cereal yield
relationship between 1981–2010.

2) Secondly, I aim to evaluate the additional costs of managing arable lands due
to excess surface water and the value of the potential flood defence service of
restored wetlands.
3) Finally, my goal is to propose a zonal land use system in a 9331 km² study area
for retaining water in areas prone to excess surface water.
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2. MATERIALS AND METHODS

In the first phase of the model I analysed the impacts of hydroclimatic challenges
of grain production in a landscape context in Hungary between 1921–2010.
Explanatory factors were mean monthly precipitation, monthly means of
temperature and groundwater levels, while response variables were the annual
county yields of barley, maize and wheat. My hypothesis was that the most
climatically vulnerable landscape is the Great Hungarian Plain (GHP), and that
the changing climate is one of the major stresses for the present land use system.
As a key element of the mitigation of this challenge, areas prone to excess surface
water were identified. Focusing on these areas, I made a suggestion for an
integrative, ecologically and economically sustainable land use system. I
estimated the most important additional costs of arable lands due to excess surface
water and the value of the potential value of flood defence service of restored
wetlands. As the output of the model, I identified the target areas of water
retention. During this work phase, following the most important documents of
environmental and rural development policy, I combined spatial categories of
environmental vulnerability, nature protection, suitability for cropland farming
and afforestation

2.1.

Hypotheses

1) I assumed that the vulnerability of cereal yields to climate variability in
Hungary will exceed global averages.
2) Relationships between climatic and crop yield variables will be different in the
studied 30-year periods and
3) different regionally within the studied 30-year periods.
4) I hypothesized that groundwater levels and cereal yields will show a positive
statistical relationship.
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5) My expectation was that cereal yield vulnerability to hydroclimatic factors in
Hungary will be the highest in the GHP.
6) My hypothesis was that through the conversion of arable lands in reclaimed
floodplains and the restoration of former wetlands, very expensive flood
protection investment can be avoided.
7) I assumed that via analysing spatial categories of agro-ecological potential,
environmental vulnerability, land cover vast arable lands can be identified where
land use conversion for retaining water can be recommended, to achieve the goal
set in the strategic documents of environmental and rural development policy.

2.2.

Analysis of the relationship between climatic factors, groundwater

level and cereal yields at regional and country scale (1921–2010)

2.2.1. Data sources

To characterise climate in Hungary, I extracted data on mean monthly
precipitation and temperature from 5 meteorological stations in Hungary:
Budapest, Debrecen, Szeged, Pécs and Szombathely. Homogenized time series of
Budapest, Pécs and Szombathely were extracted from the HISTALP dataset
(AUER et al. 2007), those of Debrecen from the open access database of the
Hungarian Meteorological Office (OMSZ) (http://www.met.hu/), while the
homogenized time series of Szeged were obtained from the data support of the
OMSZ. These five locations represent the topographic and climatic diversity of
the country. For data on yields, I used the annual average yields (t/ha) of barley,
maize and wheat at county and country level, collected and published by the
Hungarian Central Statistical Office. Verified monthly means of groundwater
level at county scale were provided by the Department of Sanitary and
Environmental Engineering at the Budapest University of Technology and
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Economics for 1961–2010 based on time series of 276 groundwater wells
covering the entire country.

2.2.2. Descriptive analysis

Timeframe of data provide an opportunity to form 30-year data cohorts following
the international meteorological protocol (SZALAI et al. 2005; SUGGITT et al.
2017). The period 1981–2010 is especially important because the 5th report of the
IPCC (2014) devotes special attention to this period. This 90-year timeframe
offers a rare opportunity to compare the impact of current climate change on crop
yields to several longer periods of similar time span and analyse regional
differences of the climate change impact. Since Shapiro-Wilk normality tests and
QQ plot diagrams showed that the studied variables were normally distributed,
the significance of changes in averages (α < 0.95) were tested by using twosample Welch tests in the R environment (R 3.2.4 Revised version). This method
is equivalent to Fisher's F test (REICZIGEL et al. 2014), thus test results are
informative in relation to the differences between variances as well. However,
groundwater data for 1961–2010 have not provided an opportunity to compare
changes in 30-year periods, thus I examined the changes between 25-year periods.
In the next step, changes of 30-year means of climatic variables were interpreted
in the modified Köppen-Geiger biophysical classification system (PEEL et al.
2007). This research was motivated by different aspects:
1) It seemed to be useful to illustrate the transformations of bioclimatic conditions
by the widely used Köppen-Geiger method, as this has precedence in the
Hungarian literature ((RÉTHLY 1933; SZELEPCSÉNYI et al. 2009; FÁBIÁN,
MATYASOVSZKY 2010; ÁCS, BREUER 2012).
2) Earlier investigations for Hungary using Köppen’s method did not trace a
century long transformation.
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3) The widely used, updated Köppen-Geiger’s map (PEEL et al. 2007) based on
the modified Köppen-Geiger method (RUSSEL 1931) moving the threshold
between D (continental/ microthermal) and C (temperate/mesothermal) climates
from -3 °C to 0 °C was not previously used for analysing climatic changes in
Hungary. This modification is important to clarify the differences between the
Northern Mediterranean region and Central Europe.

In addition, to estimate the spatial validity of climatic data from the five
meteorological stations, we correlated precipitation and temperature data with the
CRU TS3.23 datasets (CRU) that are gridded to a 0.5x0.5 degree resolution
(JONES 2015) using the KNMI Climate Explorer tool (TROUET, VAN
OLDENBORGH 2013).

2.2.3. Data analysis

2.2.3.1.

The relationship between climatic variables and yields

For grouping counties, I classified landscape characteristics of counties and
stations and used hierarchical cluster analysis based on Ward and bootstrap
resampling methods using the pvclust package (SUZUKI, SHIMODAIRA 2006).
In certain regions, averages of data from different stations were used (BudapestDebrecen,

Budapest-Szombathely,

Budapest-Szeged,

Budapest-Debrecen-

Szeged).

Although a linear regression is unable to interpret directions of causality, the
assumption that changes in temperature and precipitation may have significant
impact on cereal yields via plant physiology is justified (DOORENBOS et al.,
1986; LUO 2011; KOLTAI 2003). Thus, I hypothesised that the variability of
climatic and groundwater factors may drive yield fluctuations and the results of
10

regression tests may be interpreted as the intensity of the relationship between the
explanatory climatic variables and the response (yield) variables. As a result of
professional discussions (JOLÁNKAI M., KOZMA ZS., LÖVEI L. G. personal
communication), different vegetation periods of the studied cereals were selected
for total precipitation (Prec) and for monthly means of temperature (Temp) as
explanatory factors. They were: Precbarley,

wheat

= February–June (PEPÓ,

SÁRVÁRI 2011); Precmaize = March–August (MENYHÉRT 1985); Tempbarley,
wheat =

May–July; Tempmaize= May–August (LÁNG et al. 2006).

Groundwater-cereal yield relationships were analysed in the selected regions
between 1981–2010. Contrary to the climatic factors there is no literature or case
study to identify periods when groundwater has a significant impact on cereal
yields. Preliminary tests for detecting relationships in the entire vegetation periods
of the cereals showed no results either. Thus, following CEGLAR et al.'s (2017)
approach, I investigated, if when does groundwater show a significant impact on
cereal yields during the vegetation period? I calculated the linear relationship
between barley and wheat yields and the monthly means of groundwater level in
the period of October–July, and in the case of maize in the period of March–
August. As a result of tests, I identified those periods in which groundwater-cereal
relationship was analysed.

Besides precipitation and temperature as independent variables, I investigated the
linear relationship between the common impact of climatic variables, as suggested
by KRONMAL (1993). From among the different combinations of climatic
indices, such as ‘Prec and Temp’, ‘Prec/Temp’ and ‘Prec*Temp’ and ‘(Prec and
Temp)2’ it was ‘Prec/Temp’ (hereafter ‘combined climatic predictor’), whose
variances showed the closest relationship to cereal yields (i.e. response variables)
and the minor interactions in linear regression tests.
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Out of the extreme environmental events with a potential impact on cereal growth,
data were only available on droughts and the annual maximum extension of
excess surface water. Time series on other extreme events (frost, storms, pests
gradations, etc.) were not available. A preliminary analysis, however, indicated
that despite the negative local impact of inundations on crop yield, years with
inundations actually had higher crop yields at a national level than the years
without floods. Consequently, this factor was excluded from further analysis and
we only used the Palfai Drought Index (PAI) when defining years with ‘potential
yields’ (PÁLFAI 2004, 2011). PAI values can have a theoretical minimum of 1
and increasing values are directly proportional to the intensity of drought. The
maximum calculated value in Hungary between 1931 and 2010 was PAI=14.
Between 1921 and 1930, I used PÁLFAI’s (2009) five grade historical drought
index, which I multiplied by 2.8 to make it comparable to the other calculated
values.

Since the goal of the research was to examine statistical relationships between
climatic, groundwater and cereal yield variables, to minimize the influence of
agro-technological development during the study period, the first-difference
method for annual crop yield and climatic variances was used (NICHOLLS 1997;
PETERSON et al. 1998). The relationship between the variances of climatic
parameters and crop yield was tested using the linear model in the Rcmdr package
(FOX 2005). The uncertainty of the regression coefficients was estimated by
bootstrap resampling over 5000 replicates using the boot package (DAVISON,
HINKLEY 1997; LOBELL, FIELD 2007; CANTY, RIPLEY 2017).

2.2.3.2.

Estimation of yield losses

Firstly, crop loss as a response parameter of the negative impact of precipitation
or temperature fluctuation was calculated from the slope and direction of the
12

regression equation expressed as an estimate of yield change accompanying a 1°C
temperature or a 1 mm precipitation change (LIU et al., 2016). Besides the most
widely used method for crop loss estimation, I calculated yield loss (NUTTER et
al. 1993) as the difference between the actual yield of a given year and yield peaks
(NEWMAN, 2016; OERKE & DEHNE 2004): first, we calculated the potential
yield for a given decade as the mean of yields in the highest quartile in that decade.
I calculated the differences from averages in decennial periods to reduce the bias
due to changes caused by technological development. The difference between
such potential mean values of the relevant decades and the yield of a given year
within that decade was thus positive (yield gain) or negative (yield loss). Finally,
the products of yield losses and the regression coefficients for 30-year periods
were considered as the measure of climate driven crop yield losses.

2.3.

Economic assessments for supporting integrative landscape planning

Using the replacement cost method (DE GROOT et al. 2002; BRANDER et al.
2006) I compared the investment costs/m3 of storage capacity of two restored
aquatic ecosystems with the storage capacity of the six completed reservoirs of
the Vásárhelyi Development Plan (VDP). I also considered the maximum amount
of sustainable water (DE GROOT et al. 2010) (5000 m3/ha), and regional land
prices (IFTEKHAR et al. 2016). Subsequently, I estimated the spatial average of
the costs of protection against, and the damage caused by groundwater floods in
the affected arable lands. Finally, as a step towards an integrative planning of
sustainable land use, following SCHAUBROECK et al. (2016) and CABRAL et
al.’s (2016) methods I set up an inventory of quantitative ecosystem services. My
goal was to obtain results that can contribute to a landscape planning process, so
I made estimations of monetary values per unit area.
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2.4.

Zonal land use system in areas prone to excess surface water: case

study in the Trans-Tisza region
The 9331 km² sized study area lies in the centre of the Hungarian Plain, east of
the Tisza River. Almost half of all the areas highly prone to groundwater flooding
and one-third of the areas with the highest drought frequency and intensity in
Hungary is concentrated here. This lowland region is one of the largest natural
grasslands in Europe, and includes an UNESCO World Heritage site, the
Hortobágy landscape, as well as extensive protected wetland reserves.

While preparing the water protection zone system, I considered aspects of
environmental policy, nature protection, suitability for cropland farming and
afforestation, vulnerability to drought, groundwater flooding and contamination
by nitrates, and the additional costs of protection from groundwater floods. To
tackle the problem caused by the different spatial scales of the studied databases,
we adjusted the scale of output maps to the one with the crudest resolution of the
input datasets (1:100 000). For suitability I used the 100 m x 100 m grids of the
‘Ecotype-Based Land Use Analysis of Hungary’ (ELUAH) (CENTERI et al.
2006) based on the measured physical, chemical and hydrological conditions of
soils and on climatic conditions. There are four categories of the areas
experiencing groundwater floods: those prone to serious and frequent floods
(recurrence interval (RI) = 1–5 y), medium exposure (RI = 5–10 y), moderate
exposure (RI = 10–20), and scarce exposure (RI >20). Environmentally Sensitive
Areas (ESA), area belonging to the National Ecological Network and the Natura
2000 network were considered as the areas of nature protection. The three
categories showed major overlap completing each other (BARNÁNÉ
BELÉNYESI 2006).
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2.4.1. Zonal classification

Areas belonging to Zone 0 were excluded from the analysis. These were artificial
surfaces (settlements, roads, railroads, etc.), lakes and streams, as well as land
classified of excellent agro-ecological potential in the ELUAH.

Zone 1 covered the areas exposed to serious or medium groundwater flood risk,
and the intersection of areas under medium risk and either natural reserves or
areas vulnerable to nitrification, identified by the RBMPH (2010, 2015) and the
Hungarian Government Decree No. 221/2004 [VII. 21.]. Here the RBMPH
recommends groundwater retention citing ecological and water protection
reasons.

Zone 2 comprised areas prone to drought and groundwater flooding at a medium
level but not under nature protection. These areas are suitable for excess surface
water retention from the aspects of ecology, economy and water quality. The main
environmental problems of crop farming here are diffuse water pollution from
agriculture (RBMPH 2010, 2015), drought vulnerability, flood proneness
(PÁLFAI 2004) and the low agro-ecological potential of soils formed under water
effect (SISÁK et al. 2009) and a low level of biodiversity.

Zone 3 covered the intersection of areas falling into the three most suitable
categories of afforestation in the ELUAH and Zones 1 and 2. These areas of water
retention are suitable for afforestation.
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3. RESULTS
3.1.

The relationship between climatic variables, groundwater and cereal

yield at regional and country scales (1921–2010)
3.1.1. Descriptive analysis

The 30-year averages of the coldest months permanently increased in every
station during the studied 90 years. The mean temperature in January was 1.5 °C
higher in 1981–2010 than in 1921–1950. The mean temperature in July decreased
everywhere from 1921–1950 to 1951–1980, then -with the exception of Szegedincreased everywhere from 1951–1980 to 1981–2010. The mean temperature of
the hottest month was significantly higher in four stations and at country level
during the period of 1981–2010 than in 1921–1950. In Szeged, however, the mean
July temperature was higher in 1921–1950 than in 1981–2010. The five
meteorological stations almost homogeneously belonged to the Dfb category of
warm summer continental climates in the modified Köppen-Geiger climate
classification system (RUSSEL 1931; PEEL et al. 2007) between 1921–2010.
Continental climate with warm summer (Dfa) occurred in Pécs and Szeged
between 1921–1950 and in Budapest between 1981–2010.

Mean temperature in the periods of May–July and May–August decreased slightly
in the majority of stations from 1921–1950 to 1951–1980, then significantly
increased everywhere from 1951–1980 to 1981–2010. The mean temperature of
vegetation periods in 1981–2010 was significantly higher than in the first 30-year
period almost everywhere, but in Debrecen and Szeged in terms of May–July
period.
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Precipitation means during the relevant vegetation periods showed a trend-like
decrease in three stations during the studied 90 years. Contrary to this,
precipitation in Budapest had a trend-like increase over the entire study period. In
summary, precipitation means did not show statistically significant change during
the studied 90 years.

The country scale average of the drought index (PAI) decreased slightly, then
increased significantly from 1951–1980 to 1981–2010. The mean temperature
during the relevant vegetation periods in 1981–2010 was significantly higher than
in the first 30-year period almost everywhere.
Table 1 The counties of the GHP and the six bioclimatic regions of Hungary
selected by the landscape characteristic of the counties, the position of the
meteorological stations and the results of cluster analysis of annual county grain
yield
Region County
1

Vas, Zala

2

Fejér, Győr- Moson-Sopron, Komárom-Esztergom, Pest, Veszprém

3

Borsod-Abaúj-Zemplén, Heves, Nógrád

4

Hajdú-Bihar, Szabolcs-Szatmár-Bereg

5

Bács-Kiskun, Békés, Csongrád, Jász-Nagykun-Szolnok

6
7

Baranya, Somogy, Tolna
Bács-Kiskun, Békés, Csongrád, Hajdú-Bihar, Jász-Nagykun-Szolnok,
Szabolcs-Szatmár-Bereg

The "Green Revolution" spectacularly improved yields of barley, maize and
wheat between the 1950s and 1980s. The same yields showed a gradual, slight
increase before this big technological exchange and a trend-like stagnation after
the 1980s. Due to agrochemicals, motorization and plant breeding, mean barley
yields between 1980–2010 were 2.74 times higher than during 1921-1950, maize
yields increased 3.21 times and wheat 3.29 times during the same period. Yield
increases, however, showed serious regional differences. The gap between the
lowest and the highest production by county increased by 11% to 154% for barley,
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by 15% to 171% for maize, but decreased by 6% to 135% for wheat. While in the
top three quartiles of yield rank were nearly always counties in Transdanubia, the
most markedly in the last 30 years, the lowest positions on the yield rank lists was
occupied by hilly counties and counties of the GHP.
Table 2 Twenty-five-year annual averages of groundwater level at county,
regional and country scale, and their differences (1961-2010)
Spatial level
Bács-Kiskun
Baranya
Békés
Borsod-Abaúj-Zemplén
Csongrád
Fejér
Győr-Moson-Sopron
Hajdú-Bihar
Heves
Jász-Nagykun-Szolnok
Komárom-Esztergom
Nógrád
Pest
Somogy
Szabolcs-Szatmár-Bereg
Tolna
Vas
Veszprém
Zala
Region 1
Region 2
Region 3
Region 4
Region 5
Region 6
The Great Hungarian Plain
Country

γGw1961-1985. m
-2.18
-2.23
-3.02
-2.78
-1.59
-3.40
-2.58
-2.67
-1.49
-3.22
-2.25
-5.18
-2.37
-3.39
-2.84
-3.08
-1.61
-1.55
-3.07
-2.58
-2.47
-3.07
-2.72
-2.44
-2.93
-2.55
-2.59

γGw 1986-2010. m
-2.51
-1.99
-3.08
-3.24
-2.09
-3.43
-3.32
-2.98
-1.74
-3.29
-2.83
-4.92
-3.17
-3.27
-3.37
-3.51
-1.56
-1.61
-3.47
-2.91
-3.11
-3.49
-3.10
-2.69
-3.23
-2.85
-2.98

ΔGw. m
-0.33*
0.24*
-0.06
-0.46*
-0.50*
-0.02
-0.74*
-0.31*
-0.26*
-0.06
-0.58*
0.26
-0.80*
0.11
-0.53*
-0.43*
0.05
-0.06
-0.39*
-0.33
-0.64*
-0.42*
-0.38*
-0.25*
-0.30*
-0.30*
-0.38*

* = significant difference between the average of the periods of 1961–1985 and 1986–
2010 (Welch-test; p < 0,05); γGw = average of groundwater level; Δgw = differences
between the average of groundwater level (γGw 1986-2010 - γGw1961-1985).
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The average of groundwater level decreased significantly from 1961–1985 to
1986–2010 in five regions and in eleven counties. The annual average decrease
was 1.52 cm/y at country scale and 1.2 cm/y on the GHP from 1961–1985 to
1986–2010 (Table 2).

3.1.2. The relationship between groundwater and average yields at county
and regional scales (1981–2010)

The relationship between the monthly averages of groundwater level and annual
yields were everywhere negative for barley and wheat between October–April
and for maize between March–May. The negative impact was the most visible in
the case of barley, while it was very rare in the case of maize and wheat. Contrary
to this, the relationship during the period of May–October was positive in every
county. The impact of this positive statistical relationship was basically negligible
for barley and wheat almost in every county, except Bács-Kiskun, Fejér, GyőrMoson-Sopron and Veszprém. By contrast the relationship between the July–
October averages of groundwater level fluctuation and maize yields proved
significantly positive in half of the counties and in the vast majority of regions
(Table 1). The value of regression coefficients was multiple of the negative ones
during the first half vegetation periods. Another remarkable spatial characteristic
is that the negative impact of groundwater level fluctuation in the early phase of
vegetation period was almost imperceptible in the important grain producer areas,
except Somogy. The positive relationship, however, appeared only in the
important agricultural regions, e.g. Southern GHP.
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3.1.3. The relationship between climatic, groundwater and cereal yield
variables at regional and country scale (1921–2010)

During the studied period, temperature variance proved to be the strongest
climatic driver of yield fluctuations in barley and wheat. For maize, precipitation
variance was the most influential factor. While temperature change had a negative
linear relationship with crop yields in every period, precipitation had a usually
positive impact on cereal yields in all three periods (Figure 1), except barley and
wheat in the period of 1921–1950, when precipitation had a nonsignificant
negative linear relationship with the yields of these two cereals.

Figure 1 Scatterplots for the first-differences of three climatic and four crop
yield variables by 30-year-long periods (1921–2010); dark grey shading
indicates the 95% confidence intervals of the regressions (1921–2010). Prec =
precipitation sums in vegetation periods, Temp = mean temperature in
vegetation periods; PAI = annual Pálfai drought index.
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There was nonsignificant relationship between precipitation and barley and wheat
yields, and between temperature and maize yield during the first two periods. The
deterministic relationship between climatic factors and cereal yields was much
stronger in 1981–2010 than earlier. During this period, the combined climatic
factor (Temp/Prec) explained ca. 50% of barley and wheat yield variances and
almost two-third of maize ones. The relationship between groundwater and barley
and wheat yields was non-significant at country and regional scales, except in the
hilly counties of Northern Hungary. By contrast, the positive relationships were
characterized by relatively high coefficients. Combined temperature and
groundwater variables as combined climatic factors showed close relationship
with cereal yields.
Table 3 Twenty-five-year averages of groundwater level between August –
October at regional and country scale, and their differences (1961-2010).
Spatial level

γGw1961-1985. m

γGw 1986-2010. m

ΔGw. m

Region 1

-2.91

-3.18

-0.28*

Region 2

-2.59

-3.19

-0.60*

Region 3

-3.25

-3.65

-0.40*

Region 4

-2.90

-3.27

-0.37*

Region 5

-2.66

-2.87

-0.21*

Region 6

3.20

3.47

0.27*

The Great Hungarian Plain

-2.75

-3.02

-0.28*

Country

-2.25

-3.12

-0.87*

* = significant difference between the average of the periods of 1961–1985 and 1986–
2010 (Welch-test; p < 0,05); γGw = average of groundwater level; Δgw = differences
between the average of groundwater level (γGw 1986-2010 - γGw1961-1985).

The regional investigation discovered temporarily changing and diverse spatial
relationships between climatic and cereal yield variables. While temperature
showed the strongest relationship with barley and wheat yields in the county
groups of Transdanubian region, this relation was hardly visible on the GHP
between 1921–1950. During 1981–2010, however, the strongest temperature21

barley yield, and temperature-wheat yield connections appeared in the Southern
GHP. The strongest temperature-maize yield relationship was found in the
Southern GHP region during this period. Based on the equation of this statistical
relationship in the GHP (R2 = 0.34; p < 0.01; y = 0.0023x + 0.0154), 100 mm
groundwater level increase in the August–October period at a landscape scale
would have caused 0.25 t/ha maize yield increase. Using this equation, my
estimation is that groundwater decrease (Table 3) caused 0.70 t/ha/y crop loss
during 1981–2010. By comparison, a 1 °C mean temperature increase during the
studied vegetation period (R2 = 0.49; p < 0.01; y = -0.9561x + 0.044) led to 0.91
t/ha maize yield loss during 1981–2010.

3.1.4. Yield loss estimation
The estimated yield loss based on the highest quartiles ranged between 3–6% for
barley and wheat and between 4–9% for maize during 1981–2010. Barley in
Region 2 saw the biggest yield loss (6.00%) in the period, while maize and wheat
suffered the highest losses (5.94% and 9.26%) on the Southern GHP. Due to the
lack of significant relationship for barley, crop loss could not be estimated in the
northern GHP region. In Southern Transdanubia maize and wheat growers faced
the lowest yield losses in the last 30 years. Yield losses calculated from the
regression equations of temperature-cereal yield relationship proved the highest
in the Southern GHP region for three crops, while the Southern Transdanubian
region saw the lowest yield losses for and maize and the hilly counties in the
northern region for wheat during 1981–2010. The four counties of the Southern
GHP showed very high vulnerability from many aspects. My estimation at
country scale was that 1 °C mean temperature increase of the studied vegetation
period cut back barley yields by 10.91%, maize by 12.17% and wheat by 16.46%
during 1981–2010 (barley: R2 = 0.48; p < 0.01; y = -0,4146x + 0,0236; maize: R2
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= 0.50; p < 0.01; y = -0,994x + 0,0589; wheat: R2 = 0.42; p < 0.01; y= -0,5284x
+ 0,0104).

3.1.5. Territorial validity

Precipitation showed statistically significant correlations with the gridded CRU
data (r > 0.48; p = 0.10) essentially in the whole Carpathian Basin. In the temporal
pattern of this spatial relationship, however, we found large differences with a
decreasing trend. In contrast to the relatively narrow regional validity of
precipitation data, temperature variables proved valid in almost half of the
continent demonstrating an ever broadening spatial correlation. Notably, this
widening spatial correlation in Europe coincided with the significant growth of
temperature in the last three decades.

3.2. Economic assessments for supporting integrative landscape planning
and the concept of a water protection zone system
3.2.1. Inventory for economic assessments for supporting integrative
landscape planning

Data for net profitability of land use forms and the value of carbon sequestration
benefits of floodplain forests came from external research (KISS et al. 2013;
PINKE et al. 2018). As for the value of the flood protection service of areas
exposed to groundwater floods, the reservoir capacity cost per m3 of the two
restored wetlands (0.05 €/m3) was ca. 10 times cheaper than that of the VDP
reservoirs which means that the reservoir capacity of restored wetlands with an
ecologically optimal 0.5 m water depth (5000 m3/ha x 0.05 €/m3) could replace
2200 €/ha flood protection investment cost (Table 4). The estimated operational
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and maintenance costs at country level (SOMLYÓDY 2011) in areas with
groundwater risk runs to 10.6 €/hay, respectively, between 1999 and 2005.

Table 4 Inventory: Estimation of monetary value of various activities of current
and planned land use and their spatial validity.
Issue

Type

Value,
€/ha/y

Spatial
validity

Source, method

Net profitability of different agricultural sectors
Profitability of
Food production,
54.5
arable lands
provisioning services

Local,
national, EU

Profitability of
forests

Timber, provisioning
service

116.2

Local,
national, EU

Profitability of
grasslands

Provisioning service

18.2

Local,
national, EU

Profitability of
orchards

Food production,
provisioning service

163.4

Local,
national, EU

Profitability of
wetlands

Fish production,
provisioning service

370.4

Local,
national, EU

(KISS et al.
2013) market
price method
(KISS et al.
2013) market
price method
(KISS et al.
2013) market
price method
(KISS et al.
2013) market
price method
(KISS et al.
2013) market
price method

Mitigating global
warming

5-24

Global

Monetary values of
CO2 sequestration
in floodplain
forests

Flood defence
Replacing
service#
investments
Benefits from avoiding costs related to floods
Costs of flood
defence

Avoiding protection
costs

Costs of flood
damage on arable
land

Avoiding damage
costs

2200#

National, EU

20.8–51.7*

Local,
national, EU

1010.1

Local,
national, EU

(PINKE et al.
2018) monetary
evaluation of
model outputs,
damage cost
method
Replacement
method
Data from
descriptive
analysis
Data collection
and descriptive
analysis

* = in areas with serious and medium groundwater risk; # = onetime benefit
Based on PÁLFAI’s (2006) damage assessment of excess surface water
inundations for 1951–2010, the estimated groundwater flood damage to arable
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lands between 1999 and 2005 amounted to 1010.1 €/ha/y. This, nonetheless, is
not the average of the damage in areas with serious or medium groundwater risk,
but the average on the actually inundated areas.

3.2.2. Water protection land use zone system: case study in the TransTisza region

Although only 28.1% of the study area was classified as belonging to excellent or
good agro-ecological suitability categories, almost 66% of the landscape is
currently used for monocultural cropland farming. Currently, woody vegetation
that comprises forest (2.9%) and shrub categories of the Corine covers less than
4% of the study area. (Table 5).

Table 5 Land use structure of target areas to retain excess surface water
Ratio in study
area, km2 (%)
Study area total
Zone 1
Zone 2
Zone 3

9331 (100)
3978 (42.6)
890 (9.5)
847 (9.1)

Occupancy of current land use forms, km2 (%)
Arable lands
6232 (66.8)
1826 (45.9)
794 (89.4)
738 (87.2)

Meadows
905 (9.7)
1482 (37.3)
49 (5.5)
61 (7.2)

Woods
341 (3.7)
289 (7.3)
29 (3.2)
26 (3.0)

The implementation of the RBMPH (2010, 2015) requires water retention in Zone
1 where land use conversion on flood-prone arable lands under environmental
protection extends to 19.6% of the study area. The results of the zonal analysis
indicated that 28.1% of the study area should be converted from arable land to
wet meadows, forests or marshlands. The percentage of arable lands is also
outstandingly high in Zone 2 where land use change is ecologically and
economically justified. In summary, water retention was recommended or
justified almost on 52.6% of the study area and 53.8% of these target areas are
currently arable lands. While 26.5% of area is suitable for economically
reasonable afforestation, most of these, especially in loess ridges, overlap with
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areas of good or excellent agro-ecological suitability. This conflict zone was
excluded from the analysis. Almost a third of areas suitable for afforestation is
exposed to inundations covering Zone 3, which hardly shows overlap with current
forest coverage.
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3.3.
1)

New scientific results
Mean temperature in the periods of May–July and May–August decreased
slightly in the majority of stations from 1921–1950 to 1951–1980, then
significantly increased everywhere from 1951–1980 to 1981–2010.
Precipitation means of the studied 30-year periods did not change during
the studied 90 years and 1981–2010 was the hottest and most drought
affected period.

2)

The average of groundwater level decreased significantly from 1961–1985
to 1986–2010 in five regions and eleven counties. The average decrease at
country scale (0.38 m) and in the Great Hungarian Plain (0.30 m) were
significant.

3)

Combined

factors

of

temperature/precipitation

and

temperature/groundwater explained almost 50% of barley and wheat yield
variances and almost two-third of maize ones.
4)

While temperature change had a negative linear relationship with crop
yields in every period, precipitation had a usually positive impact on cereal
yields in all three periods, except barley and wheat in the period of 1921–
1950, when precipitation had a nonsignificant negative linear relationship
with the yields of these two cereals.

5)

While above cited research demonstrated that climate variability explained
one-third of maize and wheat yield variances globally, the regression
coefficient of the statistical relationship between the combined climatic
factor and wheat yield was R2> 0.46 in Hungary.

6)

Temperature driven crop losses were estimated in two ways. Using
regression equations, 1 °C mean temperature increase of the studied
vegetation period cut back barley yields by an estimated 10.91%, maize by
16.46% and wheat by 12.17% during 1981–2010, which is almost double
the global average of temperature driven crop loss (4.1–6.4%). When I
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calculated it from the highest quartiles, temperature driven crop loss ranged
between 3,56–5,94% matching to the global average.
7)

The regional investigation discovered temporarily changing and diverse
spatial relationships between climatic and cereal yield variables. While
temperature showed the strongest relationship with barley and wheat yields
in the Transdanubian region, this relationship was hardly visible in the Great
Hungarian Plain between 1921–1950. During 1981–2010, however, the
strongest

temperature-barley

yield

and

temperature-wheat

yield

connections appeared in that region. The strongest temperature-maize yield
relationship was also reconstructed in the Southern Great Hungarian Plain
region during this period.
8)

Monthly averages of groundwater level and annual yields showed different
directions during the period of 1981–2010. While the relationships for
barley and wheat yields between October–April and in case of maize yields
between March–May were negative everywhere, the relationships of the
period of May–October were positive in every county. Contrary to the
usually non-significant negative relationship, groundwater level-maize
yield relationships proved significantly positive in half of the counties and
in the majority of regions.

9)

Based on the equation of this statistical relationship in the Great Hungarian
Plain, 100 mm groundwater level increase in the August–October period at
a landscape scale would have caused 0.25 t/ha maize yield increase. Using
this equation, my estimation is that groundwater decrease caused 0.70 t/hay
crop loss during 1981–2010.

10)

The estimated investment costs (considering the cost m3 of stored
floodwater) of the current flood defense megaproject on the Hungarian
Plain (the Vásárhelyi Development Plan) are almost 10 times higher than
the establishment costs of the two wetland restoration programs
implemented in the same region.
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11)

The estimated value of ecosystem services in areas with groundwater hazard
provide ‘win-win’ solutions for land users interested in profitability
providing services for the community and for institutional actors interested
in flood prevention and environmental protection.

12)

Via combination of areas with weak or medium agroecological potential,
areas prone to excess surface water and areas suitable for afforestation a
zone was selected, where the extremely low forest coverage of the
landscape (<4%) could significantly increase by retaining water and
properly allocated subsidies for public afforestation.
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4. CONLUSIONS AND RECOMMENDATIONS

The central, southern and western regions of Hungary, where mean temperature
of coldest and hottest months was near the upper threshold of Dfb category of the
modified Köppen-Geiger classification system (PEEL et al. 2007) were not the
typical areas of the continental zone, but they belonged to its transitional zone.
Regarding regional climate predictions (PIECZKA et al. 2011) and the dynamics
of reconstructed changes, I can conclude that the vast majority of the country will
be shortly classified among northern Mediterranean regions in the Cfa zone
(PEEL et al. 2007).

The negative relationships between groundwater and cereals between November
and April temporarily overlapped with the crest of the annual groundwater level
oscillation. Increasing groundwater due to melting, frozen soil, precipitation
maximum or low intensity of evaporation could damage cereals during this
period. This half year and mainly the January–March period was the main period
of groundwater floods. This negative impact was identified in the dissertation at
county and regional scale. This result also illuminates that the negative effect of
groundwater floods were just local phenomena and their negative impact on cereal
yields at landscape scale are negligible. Contrary to this, the positive relationships
between groundwater and cereal yields appeared in the declining section of
groundwater. In this period and especially between July and September the
evapotranspiration-water demand balance of maize is mainly negative (LÁNG et
al. 2006) and groundwater probably has a key role in counterbalancing this
climatic water shortage. Positive impact of groundwater on maize yields was not
only local, but also regional, and this valid relationship can be identified by
statistical tools.
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Since the combined climatic factor of mean temperature and precipitation sum is
relatively easily available or replaceable by using proxies (KERN et al. 2016;
DEMÉNY et al. 2017), and it showed close relationship with cereal yields, using
this explanatory factor in bioclimatic studies could be effective when only weak
data are available (RUDGERS et al. 2018). This research resulted additional
support for our knowledge on the climate change impacts on cereal production at
regional and country scale, highlighting that grain production vulnerability to
warming increased the most during the studied 90 years on the Great Hungarian
Plain. My conclusion is that the high vulnerability of cereal production is
symptomatic in the continental plains of the Northern Hemisphere
(RAMANKUTTY, FOLEY 1999; RAY et al. 2012). This discussion should be
widened to include the consideration of climatic effects: due to the relatively great
amplitude of temperature variability, Hungary and the surrounding regions are
among grain producers most vulnerable to climate change that is a strong warning
signal for the future. The 30-year averages of estimated yield losses, however,
conceal the fact that in terms of certain crops, the highest annual losses may have
reached 40% of the potential cereal yield in Hungary. Every large yield loss was
accompanied by a high PAI index value (PINKE 2012).
The mid-20th century Green Revolution improved yields ‘at the mercy of the
weather’ (SEWELL et al. 1968), when the impact of increasing fertilization and
mechanization coincided with a period of favorable climatic conditions
(CHLOUPEK et al. 2004). It is not accidental that agricultural productivity could
improve dramatically in a period (1951–1980) when annual temperature means—
and consequently PAI values—did not fluctuate wildly. Temperature and yield
loss means were lower than in the previous and subsequent 30-year periods. Our
country scale examination confirms that stagnation in the production of the most
important cereals in temperate zone since the early 1980s is partly attributable to
significantly rising temperatures during the vegetation periods (LOBELL, FIELD
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2007). The mainstream agro-economic discourse of the unfolding crisis of
cropland farming in postcommunist countries between the early 1980s and the
2000s (HARCSA et al. 1998; MARTIN-RETORTILLO, PINILLA 2015;
SARRIS et al. 1999) concentrated on the socio-economic drivers. Regarding the
results of climate-cereal research in case of vulnerability (TRNKA et al. 2011;
OLESEN, BINDI 2002), spatial pattern of yield stagnation (RAY et al. 2015) and
results of this study his discussion should be widened to include the consideration
of climatic effects.

Eastern European crop farming must face the challenge that climate change
(SUTTON et al. 2013) will have cumulative negative impacts on its most
important crops, since the transformation of climatic regime is predicted to
produce rapidly increasing temperatures (KROMP-POLB et al. 2014), more
droughts and other hydro-climatic extremities (IPCC 2014; TRNKA et al. 2011).
OLESEN & BINDI’s (2002) assessment on the consequences of climate change
for European agricultural productivity, land use and policy suggests that the
relevant response to recent and future hydro-climatic shifts in Southeastern
Europe is the extensification of agriculture. The results of this paper underline the
importance of this suggestion. In Hungary, where former floodplains cover onethird of arable lands, of which 40%–45% are situated in a highly drought-prone
zone, transformation of the vulnerable anthropogenic landscape together with the
restoration of the mitigation functions of the landscape is highly recommended
(DE GROOT 2006; Hungarian Climate Change Strategy 2013; Hungarian
Drought Strategy 2012; Hungarian Water Strategy 2015; River Basin
Management Plan of Hungary 2015).

The estimated value of ecosystem services of areas with high groundwater hazard
provide ‘win-win’ solutions for land users interested in profitability, providing
services for the community and for institutional actors interested in flood
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prevention and environmental protection (EEA 2017). The discovered positive
groundwater level-maize yield relationships provide a new reason for the land use
conversion and water retention in areas prone to access surface water inundations.
Results of the study above suggest that by raising groundwater level through
wetland restoration, maize yields will increase in areas with good and excellent
agroecological potential.

Land users could use their land to gain tangible benefits both to themselves and
the community instead of continuing to produce commodities financed by
subsidies. Some benefit transfers are financed by the EU or governmental agrienvironmental measures, but ecosystem services which land users transfer to the
community, especially in the case of wetlands, are generally underfunded
(SWEENEY et al. 2004; CLARE et al. 2011; PENDLETON et al., 2016). If land
users relieve the community (e.g. by flood or drought protection) from expenses
tied to maintaining the current land use pattern and abandon their former attitude
of seeking maximized yield gains (HARDIN 1968), they would be entitled to
benefit from the value of the transferred services.

Natural reserves, and especially the remains of the highly endangered foreststeppe lying in areas prone to groundwater floods are generally water-dependent
habitats (MOLNÁR et al. 2012). Draining them caused landscape-wide water
shortage, which grossly degraded these habitats, and their restoration is
indispensable (RBMPH 2010). Furthermore, patches of retained inland water is
to be linked to the creation of a self-sustaining habitat network that provides paths
for energy and material fluxes and for the migration of species (CLAIRE et al.
2010). Thus, restoration of the early Holocene and Pleistocene river beds
(GÁBRIS et al. 2012; LÓCZY et al. 2016) and corridors of the National
Ecological Network are important elements of the outlined zonal water protection
system.
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The targeted integrated landscape restoration would mostly result in large areas
of marshlands, wet meadows and floodplain forests with mixed vegetation
potential. Establishing Zone 3 that covers flood-prone areas suitable for
afforestation could facilitate the increase of recent forest coverage (<4%). The
success of completed afforestation programs in the Hungarian Plain in the past
decades (Agricultural Operation Office 2009) suggests that most of the conflicts
between water retention and arable farming can be resolved by properly allocated
subsidies for public afforestation in this zone. The valuable carbon capture, flood
reservoir and water purification capacity of wetland forests (SZILÁGYI 2005)
would make even significantly increased subsidies for wetland reforestation
reasonable (JENKINS et al. 2010; MAES et al. 2012).

Climatic conditions of the study area do not allow forests to form a closed canopy,
which is reflected in the current categorization of afforestation suitability. Still,
intrazonal effects of water coverage may make forestation possible even in areas
under adverse climatic conditions (PÁLYI 2004; PINKE, SZABÓ 2012).
Consequently, the mitigation function of wetlands will become even more
important at the landscape scale. Historical examples confirm that shallow water
coverage and high groundwater levels would support the evolution of biodiverse
sylvi- and pomiculture in currently drought-prone areas (GYULAI 2010).
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