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Abstract Bulgarian agriculture is affected by droughts and, likely, by climate change.
Thus, aiming at assessing its vulnerability, this study includes a general characterization of
climate variability in eight selected locations, both in northern and southern Bulgaria.
Trend tests were applied to monthly precipitation, maximum and minimum temperature
and to the Standardized Precipitation Index with two-month time step (SPI-2) relative to
the period of 1951–2004. Negative trends were identified for precipitation and SPI-2 at
various locations, mainly in the Thrace Plain, indicating that dryness is likely to be
increasing in Bulgaria. The vulnerability of rainfed maize systems to drought was studied
using the previously calibrated WinISAREG model and the Stewart’s yield model to
compute both the relative yield decrease (RYD) due to water stress and the corresponding
net irrigation required to overcome those losses. Results identified a strong relation
between SPI-2 for July–August (SPI-2July–Aug) and RYD. Results also show that yield
losses are higher when the soils have a smaller soil water holding capacity. For the various
regions under study, thresholds for RYD were defined considering the related economic
impacts and the influence of soil characteristics on the vulnerability of the rainfed maize
systems. Finally, to support drought risk management, SPI-2July–Aug thresholds were
developed to be used as indicators of the economic risk of rainfed maize for various
climate regions and soil groups in Bulgaria.
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1 Introduction
Drought is a long-lasting period of precipitation deficit that results in impacts on agricultural and natural ecosystems and water supply systems, thus causing economic impacts
in various sectors (Pereira et al. 2009; Dow 2010; Mishra and Singh 2010). Droughts may
occur in all climates, but their characteristics and impacts vary significantly from region to
region. In the lowlands of South East Europe (SEE), including Bulgaria, drought is a
recurrent phenomenon (Slavov et al. 2004; Koleva and Alexandrov 2008; Hlavinka et al.
2009). The need to develop methodologies and simulation tools that support drought risk
management in agriculture became evident after the droughts of 2000, 2007 and 2012
when the average maize grain yield in Bulgaria dropped to less than 1.8 t ha-1. The recent
study by Olesen et al. (2011) on the impacts of climate change in European agriculture
supports the hypothesis that Bulgarian agriculture is becoming more vulnerable to droughts
and climate variability. This study shows that most negative effects are expected for the
Pannonian zone—that includes Bulgaria, Hungary, Serbia, and Romania—where increased
heat waves and drought events are expected.
A variety of indices exist to support operational drought management (Keyantash and
Dracup 2002; Pereira et al. 2009; Mishra and Singh 2010; NDMC 2014). The Standard
Precipitation Index, SPI (McKee et al. 1993, 1995), is probably the mostly used, namely in
South East Europe (Gregoric 2012). It is a standardized index on which computation is
based on the long-term precipitation record cumulated over a selected timescale, shorter
when meteorological or agricultural droughts are considered, longer when the analysis
aims at water supply management. That long-term precipitation record is fitted to a
selected probability distribution, often the gamma distribution, that is transformed through
an equal-probability transformation into a normal distribution. Positive SPI values indicate
greater-than-median precipitation and negative values indicate less-than-median precipitation. Guttman (1998) recommended the SPI because it is standardized and contains a
probabilistic interpretation, hence can be used in risk assessment and decision-making.
Although analysing precipitation characteristics is fundamental when studying drought
risk, if there is the need to perform comparisons among areas having different precipitation
regimes or climate characteristics, adopting a standardized variable like the SPI is preferred to capture dryness and wetness conditions (Bordi et al. 2009). As referred by Lana
et al. (2001), the SPI offers an appropriate picture of rainfall-deficit and excess patterns
because a unique pluviometric scale is used instead of different range amounts for months
and weather stations. Moreover, SPI gives the departure from the mean precipitation on a
variety of timescales depending on the objectives of the analysis.
The SPI, more often with the twelve-month timescale, is commonly used to monitor and
characterize droughts (e.g. Vicente-Serrano 2006; Raziei et al. 2009; Santos et al. 2010;
Martins et al. 2012), to predict drought class transitions and support implementation of
mitigation measures (Mishra and Desai 2005; Paulo and Pereira 2008; Moreira et al. 2008)
or to assess possible relationships between drought aggravation and climate change (LloydHughes and Saunders 2002; Bordi and Sutera 2004; Bordi et al. 2009; Moreira et al. 2012).
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Differently, when adopting a two-month timescale (SPI-2), the SPI indicates short-term
precipitation anomalies that affect crop water use; therefore, the SPI-2 may be adopted to
assess effects of dryness conditions on crops production.
Despite drought indices do not evaluate drought impacts on various sectors affected and
are mainly used to support drought monitoring and management, indices such as SPI can
be related with observed impacts and used to assess the vulnerability of ecosystems and
agricultural systems to drought and dryness conditions (e.g. Conde et al. 1997; Wilhelmi
and Wilhite 2002; Sönmez et al. 2005; Simelton et al. 2009; Fraser et al. 2013). Vulnerability can be approached in various ways, mainly indicating the degree to which a system
is susceptible to or unable to cope with adverse effects of climate extremes. In agriculture,
vulnerability to droughts and climate variability can be considered like a risk, which
combines the climate hazard with yield and economic consequences. Thus, agriculture
vulnerability to droughts varies with the local climate, the severity of the stress and its time
of occurrence, the type of crop, soil characteristics, land use and access to irrigation water
(Wilhelmi and Wilhite 2002). In addition, vulnerability relates to the capacity of adaptation
of the society to overcome potential damages and therefore socio-economic indicators may
be used (Simelton et al. 2009). Drought and wetness anomaly indicators, namely the SPI
(Sönmez et al. 2005; Xu et al. 2012; Liu et al. 2013) and the Palmer Z anomaly index
(Hlavinka et al. 2009), were therefore used to assess the agricultural vulnerability to
drought and climate uncertainty.
The identification of the agricultural vulnerability to drought and climate uncertainty
requires the use of long-term weather data sets and prediction models (Alexandrov 2011).
In Bulgaria, Alexandrov (1999) and Alexandrov and Hoogenboom (2000) adopted statistical techniques to relate precipitation and temperature scenarios with crop yield. Those
authors used general circulation models (GCM) to create the climate scenarios and further
assess impacts on maize and wheat yields. Conde et al. (1997) also used GCMs to create
climate change scenarios that were used with the CERES-Maize model to assess maize
yields. Zhang (2004) also assessed the agricultural risk to dry events through relating crop
yields and crop-sown areas with climatic and weather indicators.
Crop models are often used for assessing water stress impacts on crop yields. Hence,
they are highly useful in vulnerability and crop risk assessment studies as recently
reviewed by Kang et al. (2009). Wu and Wilhite (2004) purposefully developed a model to
assess drought risk using weather predictions for the various crop stages. Wang et al.
(2013) applied the model EPIC to wheat. Differently, Popova and Kercheva (2005) used
the CERES models to assess impacts of drought on maize and wheat and identified the role
of soil characteristics on those impacts. Popova and Pereira (2008) combined the use of the
soil water balance model ISAREG with the Stewart’s yield model to assess impacts of
climate variability in the Thrace Plain of Bulgaria.
In addition to those modelling studies, there is the need to detect possible trends in
precipitation and temperature, which may relate with the referred vulnerability of the
rainfed maize crop to the variability and possible change of climate. In this perspective, it
is appropriate to also assess trends of SPI in addition to precipitation amounts because, as
referred above, it is a standardized variable denoting positive or negative anomalies of
precipitation independently of the precipitation amount. Trend analysis with SPI is now
common in climate variability studies, either using SPI time-series relative to the weather
stations under analysis or applied to the principal components that resulted from a principal
component analysis (PCA) application. Studies by Vicente Serrano et al. (2004), Li et al.
(2008), Hoffman et al. (2009), Zhang et al. (2009), Krysanova et al. (2008) and Paulo et al.
(2012) are among those that analysed local trends of SPI using nonparametric tests to
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search for changes in the frequency and severity of droughts. Capturing trends by applying
PCA to SPI has been accomplished by others, e.g. Lloyd-Hughes and Saunders (2002),
Bordi et al. (2009) and Martins et al. (2012). However, applications with SPI-2 aimed at
detecting variability or changes related to agricultural droughts have not been reported.
Considering previous studies detecting a great vulnerability to droughts of agricultural
systems based on rainfed maize, the objective of this study is to assess the vulnerability of
these Bulgarian agricultural systems to drought and climate variability and further support
drought risk management. Therefore, the study aims at (a) better detecting whether climate
is changing towards higher dryness and increased crops water demand; (b) defining
drought-related economic thresholds due to yield decreases; (c) assessing irrigation
requirements assumed as an adaptation measure to overcome consequences of water stress;
(d) defining thresholds on yield losses taking into consideration the SPI values and the soil
water holding capacity; and (e) defining SPI thresholds to be used for water stress risk
management.

2 Materials and methods
2.1 Climate data, SPI and trend analysis
The study was performed for various locations in Bulgaria: Lom, Pleven, Silistra and
Varna as to represent the northern regions, and Sofia, Plovdiv, Stara Zagora and Sandanski
in the southern regions (Fig. 1). Different climates are therefore considered: a moderate
continental climate in Sofia, Pleven, Lom and Silistra; a transitional continental climate at
Stara Zagora and Plovdiv; a northern Black Sea climate in Varna; and a transitional
Mediterranean climate in Sandanski.
Monthly precipitation and reference evapotranspiration (ETo) relative to the period
1951 to 2004 at selected locations of northern and southern Bulgaria are presented in

Fig. 1 Experimental fields of ISSNP and meteorological stations of NIMH in Bulgaria
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Fig. 2. Data refer to the maize crop season. Precipitation represents wet, average and dry
years, i.e. when the probability for being exceeded is, respectively, 10, 50 and 90 %. ETo
was computed with the PM-ETo equation (Allen et al. 1998) using only temperature data
as described by Popova et al. (2006a). ETo refers to low, average and high climatic
demand conditions, when ETo values are exceeded with a probability of 90, 50 and 10 %,
respectively. The precipitation during the maize cropping season shows a great interannual variability and a nonnegligible seasonality, with less precipitation during the
months of July, August and September, when maize flowering and yield formation occur.
There is also an evident spatial variability, with larger precipitation in Sofia and the
northern locations. ETo shows much less inter-annual variability than precipitation and is
higher in southern regions. ETo follows a regular seasonal distribution, with maxima in
July and August when precipitation is smaller (Fig. 2).
The procedures used to compute the SPI with 2-month timescale followed those
described by Lloyd-Hughes and Saunders (2002) and Paulo et al. (2003), including the SPI
classes. The entire period of precipitation records was used to estimate the parameters of
the gamma probability distribution function for each referred location.
A trend analysis was applied to precipitation and maximum and minimum temperature,
and to the SPI-2 using the Mann–Kendall original and modified trend test (Hamed and Rao
1998), which accounts for temporal autocorrelation and has been applied for trend
detection of drought indices, mainly the SPI, as referred before, and the PDSI (Sousa et al.
2011). A significance level of 0.05 was adopted. The magnitude of the existing trend, when
significant, was estimated with the Sen’s slope estimator (Sen 1968; Helsel and Hirsch
1992; Huth and Pokorná 2004).
2.2 Soil water balance and water-yields modelling
Maize is a main summer crop in Bulgaria. During the period 1960–1990, irrigated maize
attained more than 100,000 ha. However, in the last 25 years, due to abandonment of
irrigation systems, maize is predominantly grown under rainfed conditions. Maize crop
parameters required for modelling consist of crop coefficients (Kc), water depletion fractions for no stress (p) and the water-yield response factor (Ky), as defined by Allen et al.
(1998). Crop parameters were obtained when calibrating the WinISAREG and Stewart’s
models using field data. The calibration and validation of the WinISAREG and the Stewart’s
models for Pustren and Zora (Stara Zagora), Tsalapitsa (Plovdiv) and Bojurishte (Sofia)
were described, respectively, by Popova et al. (2006b), Popova and Pereira (2011) and
Ivanova and Popova (2011). Calibration and validation of both models were performed
using data relative to different irrigation management conditions and for rainfed maize.
The WinISAREG model, described by Liu et al. (1998) and Pereira et al. (2003), uses
the soil water balance approach proposed by Doorenbos and Pruitt (1977) and the updated
methodology proposed by Allen et al. (1998) to compute crop ET and irrigation requirements. Data required to perform the soil water balance with ISAREG consist of (1) weather
data on precipitation and ETo; (2) soil water data, the total available soil water (TAW,
mm m-1), i.e., the difference between soil water storage at field capacity and wilting point
for a soil depth of 1.0 m (Allen et al. 1998) and (3) crop data relative to the crop development stages and corresponding dates, crop coefficients, root depths and the soil water
depletion fractions for no stress. The model allows various simulation options including to
simulate an irrigation schedule using selected irrigation thresholds, executing the water
balance without irrigation and computing the net irrigation requirements. Yield impacts of
water stress are assessed with the Stewart’s one-phase model (Stewart et al. 1977;
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Fig. 2 On right, monthly precipitation for the wet ( ), average ( ) and dry ( ) years and, on left, reference
evapotranspiration for the low ( ), average ( ) and high ( ) climatic demand conditions at a Pleven,
b Silistra, c Sofia and d Plovdiv, May–September of 1951–2004

Doorenbos and Kassam 1979), whose Ky value of 1.6 was calibrated as referred in the
above-mentioned studies.
Data used with WinISAREG model consisted of:
1. Daily (and monthly) precipitation and ETo data series (1951–2004) relative to the eight
locations referred above, with ETo computed as described by Popova et al. (2006a).
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2. Soil water holding capacity values, herein the TAW values, relative to the three main
soil types occurring in the regions represented by each of the eight locations. TAW
values were determined in former studies (Koinov et al. 1998; Stoyanov 2008; Boneva
2012). In southern Bulgaria, the most common soils are the chromic luvisols and
cambisols that have predominantly medium TAW (136 mm m-1) and vertisols of
large TAW (170 B TAW B 180 mm m-1). In the plains of northern Bulgaria, TAW
ranges from 157 to 180 mm m-1 in chernozems soils or TAW [ 170 mm m-1 in
vertisols. In the terraces along the rivers, small TAW (B116 mm m-1) are found,
which correspond to light-textured luvisols and alluvial soils (Boneva 2012).
3. Crop data originated from long-term field experiments, mainly reported by Varlev
et al. (1994), Eneva (1997) and Varlev and Popova (1999). The parameters Kc, p and
Ky were those obtained from the above-referred model calibration. The related
parameterization and data on crop growth stages and root depths were extended to
other locations using data obtained by Rafailov (1995, 1998), Varlev (2008) and
Stoyanov (2008), which referred to various maize hybrids (Popova 2012; Popova et al.
2012).
Combining both the ISAREG and the Stewart’s models, it was possible to estimate crop
water and irrigation requirements and the yield impacts of water stress for each year of the
series 1951–2004, i.e. the relative yield decrease (RYD) due to water stress. A test of the
combined use of those models aimed at assessing alternative irrigation management issues
in response to detected climate change was previously performed (Popova and Pereira
2008). Computations were performed for all eight locations and using the available TAW
data and for all years of the weather data series. It resulted three RYD series, one for each
soil type—low, medium and high TAW—for each location. Empirical curves relating RYD
with the probability of their occurrence (PRYD) were therefore built. The corresponding net
irrigation requirements (NIR) were also estimated for all of years of the series and related
empirical probabilities curves (PNIR) were also built.
Since RYD could be related with economic losses, the RYD thresholds representing the
values when yields become insufficient to achieve a positive farm return were identified for
all locations. Thresholds used in the present study base upon the assumption that rainfed
maize cultivation is profitable if the harvested yield is above 4,500 kg; however, this value
changes with production costs and commodity prices and needs to be updated for practical
use. These thresholds varied from one location/region to another because potential yield
productivity was different among all locations. For example, the RYD thresholds indicative
of economic losses correspond to 60 % at Plovdiv and to 48 % at Sofia: for Tsalapitsa,
Plovdiv, the average potential yield for the period 1971–1991 using tardy maize hybrids
(H708, 2L-602 and BC622) is Ymax = 11,228 kg ha-1 while for Gorni Lozen, Sofia,
Ymax = 8,460 kg ha-1 was observed for the same period with semi-early maize hybrids
(HD-225, SK-48A, Px-20, P37-37). Further information on yields for all locations and
relative to soils with low, medium and high TAW are reported by Popova et al. (2012).
Considering the advantages of using standardized precipitation anomalies when comparing the various locations under study, the SPI-2 relative to the peak demand period of
July and August (SPI-2July–Aug) was assumed as indicator of water deficit. The RYD values
were then linearly related with the SPI-2July–Aug. Thus, since the threshold values for RYD
at each location/region were known, the corresponding SPI-2July–Aug were computed and
the SPI-2July–Aug thresholds indicative of conditions when dryness is likely to cause negative farm returns were identified.
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3 Results
3.1 Climate variability and trends
The output of the trend analyses of precipitation (Table 1) shows no significant trends for
most of the months and locations. There is a negative trend for most months in Plovdiv
resulting in a significant decrease of the annual precipitation (-3.52 mm year-1). A
similar behaviour was observed for Stara Zagora, with -3.3 mm year-1. Thus, negative
trends of precipitation refer to the Thrace plain. Differently, Varna shows 6 months with a
positive trend resulting in a small annual increase of 0.02 mm year-1. A similar trend was
found for Sandanski, where precipitation increases by 0.03 mm year-1.
The trend analysis of the maximum temperature (Table 2) shows significant trends for
increase, particularly in June and July, at various locations, e.g. Stara Zagora and Silistra,
where a significant increase in maximum temperature is detected in 4 months. With the
exception of Pleven, all stations have a positive trend for maximum temperature on a year
basis, with a mean increase of 0.024 °C year-1. Trends for increase of the minimum
temperature (Table 2) are rarely significant during the cold months; differently, significant
increasing trends in the summer months were found at various locations. This is the case
for Sofia and Stara Zagora that show positive trends for 5 and 8 months, respectively,
resulting positive annual trends for both. Differently, a negative trend was observed for
Varna.
The SPI-2 relative to July–August (SPI-2July–Aug), i.e. for the maize peak demand
months, was previously identified as possibly appropriate indicator of dryness impacts on
yields (Popova et al., 2012). The frequency of SPI-2July–Aug drought classes are shown in
Fig. 3 for all locations. Frequencies computed with data relative to the first and second half
of the 1951–2004 period are compared in Fig. 3 showing that the frequency of SPI2July–Aug classes varies within the country and, when comparing wet and dry years, dryness
is mostly increasing as indicated by the higher frequency of severe and extreme dry years

Table 1 Precipitation trend (mm year-1; underlined when significant at 95 % probability)
Northern locations

Southern locations

Lom

Pleven

Silistra

Varna

Sofia

Sandanski

Plovdiv

Stara Zagora

January

-0.17

0.25

-0.19

0.03

-0.20

0.02

-0.25

-0.39

February

-0.56

0.74

-0.04

0.04

0.05

0.03

-0.09

-0.32

March

-0.23

0.39

0.46

0.06

0.11

0.05

-0.14

0.00

April

-0.05

0.94

0.27

0.02

0.02

0.01

-0.20

-0.39

May

-0.09

0.67

-0.21

0.03

0.16

0.04

-0.55

-0.58

June

-0.48

0.25

0.05

0.02

-0.52

0.06

-0.92

-0.39
-0.44

July
August
September

0.30

0.36

-0.08

0.21

-0.51

0.12

-0.31

-0.05

0.15

0.18

0.04

0.27

0.02

0.06

0.50

0.49

0.44

0.02

0.17

0.01

-0.2

0.11
0.27

October

-0.11

0.71

0.14

0.03

-0.05

0.01

-0.43

November

-0.40

0.23

0.09

-0.01

-0.23

0.00

-0.45

-0.43

December

-0.02

0.83

0.12

-0.02

-0.01

-0.02

0.10

-0.09

Year

-1.27

0.35

1.14

0.02

-0.95

0.03

-3.52

-3.30
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Table 2 Temperature trend (°C year-1; underlined when significant at 95 % probability)
Northern location
Lom

Southern location

Pleven

Silistra

Varna

Sofia

Sandanski

Plovdiv

Stara Zagora

Maxima
January

0.04

-0.01

0.02

0.02

0.05

0.02

0.01

February

0.06

0.02

0.05

0.03

0.04

0.03

0.03

0.08

March

0.07

0.03

0.06

0.05

0.05

0.05

0.05

0.09

April

0.01

0.00

0.02

0.02

0.00

0.01

0.00

0.02

May

0.03

0.02

0.04

0.04

0.03

0.04

0.03

0.04

June

0.03

0.03

0.03

0.04

0.05

0.06

0.04

0.05

July

0.02

0.02

0.03

0.03

0.05

0.04

0.03

0.04

August

0.01

-0.01

0.02

0.03

0.04

0.02

0.01

0.05

-0.02

-0.02

-0.01

0.01

0.01

0.01

0.00

0.00

September

0.05

October

0.00

-0.01

0.00

0.00

0.01

0.01

0.01

0.01

November

0.00

-0.03

-0.01

-0.01

-0.04

0.00

0.00

0.00

December

-0.01

-0.03

0.02

-0.01

-0.01

-0.02

-0.01

0.00

0.02

0.00

0.02

0.02

0.02

0.03

0.02

0.04

Year
Minima
January

0.00

-0.01

0.02

-0.01

0.04

0.00

-0.01

0.03

February

0.02

0.01

0.03

-0.02

0.02

0.00

-0.01

0.04

March

0.04

0.04

0.05

0.02

0.05

0.02

0.03

0.06

April

0.00

0.03

0.02

0.00

0.03

0.00

0.01

0.02

May

0.01

0.01

0.00

-0.02

0.03

0.02

0.01

0.03

June

0.00

0.02

0.02

-0.01

0.04

0.02

0.02

0.02

July

0.02

0.02

0.03

0.03

0.05

0.04

0.03

0.04

August

0.01

0.02

0.00

-0.01

0.04

0.02

0.02

0.04

September

0.00

0.02

0.00

-0.02

0.01

0.01

0.02

0.02

October

0.00

0.03

0.01

-0.02

0.02

0.02

0.01

0.03

November

-0.04

-0.02

-0.03

-0.04

-0.01

-0.02

-0.04

-0.01

December

-0.04

-0.02

-0.01

-0.04

0.00

-0.02

-0.02

-0.02

0.00

0.01

0.01

-0.01

0.03

0.01

0.01

0.02

Year

in the current 1978–2004 period (Fig. 3). These results indicate an aggravation of the crop
water deficits and therefore a larger vulnerability of rainfed maize to drought and climate
variability. However, the trend analysis for the SPI-2 (Table 3) does not show a significant
trend to dryness increase during the maize crop season and the entire period of 1951–2004
except for Plovdiv. SPI results are consequent with the referred trend for rainfall decrease
(Table 1).
Overall, results indicate that the Thracian Plain is likely submitted to an increased
stress, with decreasing precipitation, increased maximum and minimum temperature and
increased drought severity and frequency. However, the climate uncertainty is very high
and results of trend analysis are yet insufficiently clear. When it would be possible to use
longer data series, results could be less uncertain.

123

Nat Hazards

Fig. 3 Frequency (%) of SPI-2July–Aug drought and wet classes (Extreme-Ex; Severe-Se; Moderate-Mo and
Mild-Mi) comparing the current (1979–2004; ) and past (1951–1978; ) observation periods at: a Lom,
b Pleven, c Silistra, d Varna, e Sofia, f Stara Zagora, g Sandanski and h Plovdiv
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Table 3 Trend of SPI-2 (underlined when significant at 95 % probability)
Northern location
Lom

Pleven

Southern location
Silistra

Varna

Sofia

Sandanski

Plovdiv

Stara Zagora

January

-0.01

-0.01

-0.01

-0.01

-0.02

-0.02

-0.01

-0.02

February

-0.02

-0.01

-0.01

-0.01

-0.02

-0.02

-0.01

-0.02

March

-0.02

-0.01

0.01

0.01

-0.01

-0.03

-0.01

0.01

April

-0.01

0.00

0.02

0.02

0.00

-0.02

-0.01

0.01

May

-0.01

0.00

-0.01

-0.01

-0.01

-0.02

-0.02

-0.01

June

-0.02

-0.02

-0.01

-0.01

-0.02

-0.02

-0.03

-0.02

July

-0.01

-0.01

0.00

0.00

-0.02

-0.02

-0.02

0.00

August

0.00

0.00

-0.01

-0.01

-0.02

0.00

-0.01

0.01

September

0.01

0.00

0.01

0.01

-0.01

0.00

-0.01

0.02

October

0.01

0.00

0.01

0.01

-0.01

-0.01

-0.02

0.01

November

-0.02

-0.01

0.00

0.00

-0.02

-0.02

-0.03

0.00

December

-0.01

-0.01

0.00

0.00

-0.02

-0.01

-0.01

-0.01

Year

-0.01

-0.01

0.00

0.00

-0.01

-0.01

-0.02

0.00

3.2 Relative yield decrease in relation to climate and soil characteristics
The empirical probability curves of occurrence of a relative yield decrease (RYD, %) for
rainfed maize cropped in soils of small TAW (116 mm m-1) are shown in Fig. 4 for
Chelopechene, Sofia, and Tsalapitsa, Plovdiv. Similar analyses were performed for all
other locations. Results show that RYD for Sofia has lower values than for Plovdiv for the
same probabilities (PRYD) because precipitation is more abundant at Sofia (Fig. 2), and the
amount of precipitation required to satisfy maize demand is larger at Plovdiv. These results
indicate that when soils have low soil water holding capacity, as for the referred cases
(116 mm m-1), rainfed maize yields are not only affected by droughts but also by climate
variability because the RYD thresholds refer to high impacts on yields when a drought
occurs or when rainfall is insufficient to cover the requirements of maize aimed at attaining
a positive return. This is clear for Plovdiv when compared with Sofia (Fig. 4).
Results in Fig. 5 refer to the empirical probability curves of the relative yield decrease
at Pleven and Plovdiv, respectively, in northern and southern Bulgaria, where RYD is
affected by the soil water holding capacity, considering the late maize hybrids H708,
2L602 and BC622. When comparing Fig. 5a, b, it becomes evident that the vulnerability is
much higher for southern (Plovdiv) than for northern locations (Pleven) despite climate
favours maize yields in southern regions. Moreover, both figures show that cultivation in
soils with high TAW (180 mm m-1) leads to much less RYD relative to soils with low
TAW. For Pleven, the RYD threshold refers to only 12 % of years if a soil with high TAW
is considered, and to 30 % of the years when maize is cropped in a soil with low TAW
(Fig. 5a). Differently, for Plovdiv, the same thresholds correspond to 30 and 68 % of the
years, respectively (Fig. 5b). These examples clearly show the combined effects of climate
and soil type.
The empirical probability curves of RYD relative to six climate regions—Silistra,
Pleven and Varna in northern Bulgaria, and Sofia, Plovdiv and Sandanski in south—are
compared in Fig. 6a for rainfed maize cultivated in soils of medium TAW
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Fig. 4 Probability curves of occurrence of a relative yield decrease RYD ( ) for rainfed maize, Ky = 1.6,
cropped in a soil of small TAW (116 mm m-1) and observed data for a Chelopechene ( ), in Sofia, and
), with identification of the RYD thresholds ( ) for both cases
b Tsalapitsa, Plovdiv (

(136–157 mm m-1). In Fig. 6b, the probability curves for the same locations are compared
when the soil has a large TAW. It can be noticed that the northern locations have the
respective probability curves grouped below the Plovdiv and Sandanski curves, while Sofia
behaves differently of other southern locations, and the respective curve is the lowest
because precipitation is higher there. Consequently, the RYD threshold is the lowest
(48 %) at Sofia, i.e. the vulnerability to droughts and climate variability is smaller for the
region of Sofia. The RYD curve for Sandanski is above all others, which means that
vulnerability is highest in this southern region where climate approaches the Mediterranean
climate. In fact, rainfed maize is generally not feasible in regions with Mediterranean
climate (Rodrigues et al. 2013) because yields heavily decrease when water is lacking
during the sensitive tasselling and cob formation stages (Çakir 2004).
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Fig. 5 Probability curves of relative yield decrease RYD for rainfed maize comparing soil groups of small
( ), medium ( ) and large ( ) TAW at: a Pleven and b Plovdiv, (late maize hybrids H708, 2L602 and
BC622 having Ky = 1.6, 1951–2004) with identification of the RYD thresholds ( ) for both locations

The RYD curve of Pleven is the lowest but above that of Sofia. As it may be observed
comparing Fig. 6a, b, the relative position of the empirical probability curves is the same
for soils with medium and high TAW. The difference is that RYD increase when soil TAW
decreases. Comparing all six RYD curves, it may be concluded that the vulnerability
decreases in the following order: Sofia, Pleven, Silistra, Varna, Plovdiv and Sandanski.
These results indicate a decrease of vulnerability mainly depending upon the amount of
precipitation during the maize crop season.
In northern Bulgaria, the economical RYD threshold are 67, 55 and 60 %, respectively,
for Pleven, Lom and Silistra. They correspond to the average yield potential for the period
1971–1991 of Ymax = 13,790 kg ha-1 at Gorni Dubnik, Pleven, Ymax = 9,910 kg ha-1 at
Kovachitsa, Lom, and Ymax = 11,130 kg ha-1 at Slivo, Silistra. When
TAW = 180 mm m-1, only 10 % of the years are at risk of economic losses at Pleven and
Silistra and near 20 % in Lom region. When TAW is medium (157 mm m-1), the risky
years are 18, 35 and 45 % in those three sites and reach 50 % in Varna (Fig. 6a).
Rainfed maize is associated with great yield variability (results not shown), with the
coefficient of variation relative to 1951–2004 in the range 29 \ Cv \ 72 %. The
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Fig. 6 Comparison of empirical probability curves of the relative yield decrease (RYD, %) relative to six
regions: Silistra ( ), Pleven ( ), and Varna ( ) in northern Bulgaria, and Sofia ( ), Plovdiv ( .), and
Sandanski ( ) in south—for two soil groups: a medium TAW (136–157 mm m-1) and b large TAW
(180 mm m-1). Also represented the RYD thresholds for Pleven ( ), Plovdiv ( ) and Sofia ( )

coefficient of variability ranges 29–42 % in Sofia, with Cv = 29 % for soils with larger
TAW. Higher Cv are for the other southern regions, namely in Sandanski (Cv = 72 %),
Plovdiv (Cv = 69 %) and Stara Zagora (Cv = 59 %). The variability of rainfed maize in
the Danube Plain (Pleven, Varna and Silistra) is much lower than in the Thracian Lowland.
However, in the region of Lom, the yield variability is also high (35 \ Cv \ 55 %).
3.3 Irrigation requirements in relation to climate and soil characteristics
Probability curves of net irrigation requirement (NIR, mm) for maize were built using
WinISAREG over the period 1951–2004 (Popova 2012). Results relative to Plovdiv
(Fig. 7a) show that for soils of large TAW (180 mm), NIR vary 0–40 mm in wet years, i.e.
when the probability of exceedence is PNIR [ 95 %, 140–220 mm in average demand
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Fig. 7 Probability curves for net irrigation requirements (NIR): a at Plovdiv as influenced by small ( ),
medium ( ) and large ( ) TAW; b NIR for 6 regions: Silistra ( ), Pleven ( ), Sofia ( ), Plovdiv ( ),
Sandanski ( ) and Varna ( ); considering soils of medium water holding capacity
(TAW = 136–157 mm m-1)

years (40 % \ PNIR \ 75 %), and 350–380 mm in very dry years (PNIR \ 5 %). In soils
with small TAW (116 mm), NIR increase and reach 440 mm in the very dry year. Differently, NIR in Sofia and Silistra (Fig. 7b) are about 100 mm smaller than in Plovdiv,
while in Sandanski they are about 110 mm larger.
An empirical trend analysis was performed for both NIR and RYD (results not shown),
which shows that both NIR and RYD may increase for the last years of the period
(1951–2004). Then, NIR for Plovdiv region may increase by 80 mm, and RYD may
increase by 0.35 % year-1, i.e. a decrease of about 40 kg ha-1 year-1 may be expected if
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Fig. 8 Linear regressions between Relative yield decrease and SPI-2July–Aug for: a Lom and b Plovdiv
considering soils of large TAW (180 mm m-1), with respective threshold ( )

irrigation is not applied. Similarly, NIR for the region of Stara Zagora may increase by
27 mm while grain production may decrease by 0.14 % year-1. However, significant
trends were not found and further analysis is required, namely for other regions.
3.4 Using the SPI-2 as water stress indicator for rainfed maize
It is important to relate RYD with the SPI-2July–Aug because the SPI is standardized and
therefore is well comparable among locations and from a year to another (Guttman 1998;
Lana et al. 2001; Bordi et al. 2009). In addition, it contains a probabilistic interpretation
(Fig. 3). Thus, when using SPI values, one knows when precipitation at a given location is
near normal, or is anomaly in excess or deficit, and may easily compare among locations
with different climatic characteristics. SPI-2July–Aug provides therefore a quick information
for management, namely when mapped at country level.
SPI-2July–Aug were related to RYD for all eight climate regions under study. Examples
of the linear relationships obtained are shown in Fig. 8. Statistical results are given in
Table 4, and they include the determination coefficient (R2), the regression coefficient
(b) and the intercept when relationships are computed for low, medium and high TAW
soils.
The determination coefficients are generally high, which means that a large fraction of
the RYD variation is explained by the SPI-2July–Aug, i.e. by the dryness conditions during
the maize peak demand period. Changes of R2 for different soils are negligible. These
results confirm the preceding analysis and the possibility of using SPI-2July–Aug as an
indicator of water deficit not depending upon the soil type. The regression coefficients may
be assumed as indicators of the linear yield decrease of RYD when SPI-2July–Aug decreases
from its maximum (wet conditions) to low (and negative) values referring to dryness (see
Fig. 8). Results show that their values change little among the regions and, for each
location, among soil groups. Differently, the intercept (value of RYD when SPI2July–Aug = 0) depends upon the soil group: the intercept decreases from low to high TAW
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Table 4 Parameters of the linear regression between RYD (%) and SPI-2July–Aug for all climate regions and
considering three soil water holding capacities (TAW) for the period 1951–2004
Region

Soil groups according to TAW
Small TAW
(116 mm m-1)

Medium TAW
(136–157 mm m-1)

Large TAW
(180 mm m-1)

Northern locations
Lom
Determination coefficient

0.86

0.86

0.86

Regression coefficient

-0.24

-0.24

-0.22

Intercept

54

48

36

Pleven
Determination coefficient

0.82

0.81

0.79

Regression coefficient

-0.23

-0.23

-0.22

Intercept

56

49

36

Silistra
Determination coefficient

0.86

0.86

0.86

Regression coefficient

-0.21

-0.20

-0.19

Intercept

64

57

43

Varna
Determination coefficient

0.82

0.81

0.80

Regression coefficient

-0.18

-0.18

-0.17

Intercept

48

43

31

Southern locations
Sofia
Determination coefficient

0.76

0.75

0.73

Regression coefficient

-0.18

-0.18

-0.19

Intercept

31

31

31

Sandanski
Determination coefficient

0.75

0.77

0.78

Regression coefficient

-0.15

-0.16

-0.16

Intercept

65

59

45

Plovdiv
Determination coefficient

0.92

0.92

0.91

Regression coefficient

-0.25

-0.25

-0.24

Intercept

67

62

51

Stara Zagora
Determination coefficient

0.80

0.82

0.83

Regression coefficient

-0.20

-0.21

-0.21

Intercept

67

62

51

since dryness has larger influence on RYD when TAW is small as already discussed
before.
The SPI-2July–Aug threshold, when computed for the values of RYD that, for each soil
group, do not produce negative economic results, may be used as indicators of dryness that
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Fig. 9 Threshold values of SPI-2July–Aug indicative of economic risk for rainfed maize in various regions
and soil types having small ( ), medium ( ) and large ( ) TAW

affects yields. These values are represented in Fig. 9 for all locations and soil groups. It can
be observed that for Pleven and soils with high TAW, negative economic impacts occur
only in severely/extremely dry peak demand periods when SPI-2July–Aug \ -1.5 while for
Sandanski such impacts occur for SPI-2July–Aug \ ?0.20 in Sandanski. This also indicate
that the region of Sandanski is extremely vulnerable to water deficits in rainfed maize
systems or, in other words, that rainfed maize is not viable there. This is due to the
predominant climate, of Mediterranean type, where rainfall in summer is low, much less
than in all other regions of Bulgaria.
Results in Fig. 9 show that in the Thrace Plain (Plovdiv and Stara Zagora), for soils with
low or medium TAW, rainfed maize is vulnerable to dryness even when SPI-2July–Aug are
not negative, which indicates a high vulnerability to water stress in that area. However, that
vulnerability is lower for soils with high TAW when SPI-2July–Aug thresholds are not lower
than -0.50 (Fig. 9). In north Bulgaria, conditions are more favourable but the risk of
economic losses is high for soils with low TAW (Fig. 9) mainly along the Black Sea coast
(Varna) and in the region of Lom.
When monitoring precipitation, the adoption of SPI-2July–Aug may be useful to manage
the risk of economic losses with rainfed maize by advising farmers to adopt supplemental
irrigation if water is available at farm. The related farm advising may be regionally
oriented and take into consideration peculiar aspects of farming, mainly the dominant soil
type. However, the SPI-2July–Aug threshold values need to be updated every year to reflect
the actual economic farming conditions.

4 Conclusions
This study, applied to eight Bulgarian locations representing main agricultural regions and
three soil groups relative to different TAW, allowed an analysis of climate variability
during 1951–2004 and of related impacts on rainfed maize systems. Significant negative
trends were identified for precipitation, maximum and minimum temperature and the SPI-2
in a few months, mainly during the maize season, and for the southern locations. Overall,
trends allow to perceive a slight increase of dryness in the Thrace region and Sandanski.
Analysing the empirical probability curves of occurrence of RYD, it could be concluded
that RYD varies with climate, mainly with precipitation during the maize season, and with
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the soil type relative to soil water holding capacity. It was observed that vulnerability of
rainfed maize systems is larger in southern regions and for soils with low TAW. In
addition, economic impacts on yields were observed not only for drought years but also for
other years when precipitation was insufficient to satisfy the minimum water requirements
of the maize crop.
Linear relationships were found relating RYD with the SPI-2July–Aug. The determination
coefficients were generally high, thus indicating that a large fraction of the RYD variation
is explained by the SPI-2July–Aug, i.e. by the dryness conditions during the maize peak
demand period. These results allow considering the SPI-2July–Aug as an indicator of water
deficit for rainfed maize, which is not depending of the soil type. The regression coefficients may be assumed as indicators of the linear yield decrease of RYD when SPI2July–Aug also decreases from maximum values (wet conditions) to low negative ones, again
not depending upon the soil type. Differently, the intercept (value of RYD when SPI2July–Aug = 0) reflects the soil group and decreases from low to high soil TAW.
The above-referred analysis suggested the use of threshold values of SPI-2July–Aug
resulting from the inverse computation of the RYD values that, for each soil group and
location, do not produce negative economic results. These SPI-2July–Aug values may then be
used as threshold indicators of dryness that affects yields. These values change among
locations, with higher thresholds for southern regions and lower ones for northern and less
vulnerable regions. SPI-2July–Aug threshold values also change with soil types, being higher
when TAW is low. SPI-2July–Aug values also change with the economic balance of maize
production and may be used for water management purposes. SPI-2July–Aug values may
therefore support advising farmers about the risk for economic losses and to adopt the
supplemental irrigation if water may be available. Results show that vulnerability to water
stress may be well identified with the approach described above and mitigated if that
methodology is purposefully explored in the water management practice. Further studies
are desirable in terms of analysing the constraints of irrigation as an adaptation measure to
cope with droughts and climate change.
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