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Abstract: Combining experimental studies on grain yield variability with crop model simulations
in maize could assist in choosing the optimum maturity group for a certain location, counteracting
the effect of climate change. However, studies considering specificities in Southeast Europe are
lacking. The objectives were to put various environmental covariates including stress degree days
(SDD) into FAO maturity settings to determine the impact of climate change on maize growing in
Southeast Europe and to compare trends for grain yields over twenty years of maize experimental
and simulation data grouped in five FAO maturity groups (FAO 200–FAO 600). Pre-registration yield
trials of maize planted in one location in Croatia grown from 1996 to 2015 were used to determine
“potential yield”. Correlation coefficients between 12 climate covariates and grain yield (GY) across
the maturity groups revealed the tightest negative associations between SDD and GY that were
weakened by later-maturity groups. Similar trends in GY were obtained by both experimental and
simulation data, highlighting FAO 600 as a nearly no yield-reducing FAO group over the two decades.
Our results indicate that choosing early maize hybrids in Southeast Europe does not seem to be an
optimum option in the future, since these hybrids are more sensitive to omnipresent heat stress than
late hybrids.

Keywords: maize hybrids; grain yield; relative maturity; heat stress; Southeast Europe

1. Introduction

Planting date and hybrid relative maturity are two decisive factors which set the
grain yield potential of maize in a certain environment [1]. In the context of climate
change, these factors are becoming more important. The changing climate considerably
impacts maize production [2–7], causing various abiotic stresses. Along with changing
management practices, climate change has had an effect on maize cropping systems in
Southeast Europe—the European Corn Belt (parts of Bulgaria, Croatia, Hungary, Romania,
and Serbia)—allowing earlier planting and/or growing early-maturity hybrids. These
strategies of avoidance are commonly applied in maize where stress can be circumvented
by earlier planting dates or planting earlier hybrids to avoid assumed adverse weather
conditions, mostly during flowering. However, the global trends in temperature and
precipitation indicate that extreme weather events may occur at any time throughout the
growing season [1,5,8], including cold spring and late spring frost, thus sometimes making
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early planting dates not meaningful. This is particularly important for Southeast Europe
where maize dent hybrids which are not chilling tolerant are mostly planted.

Nevertheless, in North and West Europe, earliness of varieties is considered as a
key adaptation feature [9] resulting in an earlier harvest and a decrease in drying costs.
The same trend and reasoning are currently present in Southeast Europe, where farmers
reluctantly grow full-season genotypes. However, the late-maturity hybrids can take more
of the available heat units, which could be imperative when maize plants experience more
heat events and an increase in evaporative demand due to climate change [5].

Crop heat units (CHU) [10], together with growing degree days (GDD) [11] and other
various thermal units, are used for rating hybrid maize maturity in North America [12].
On the other hand, the uniform method for maturity rating based on moisture content at
harvest recommended by the Food and Agriculture Organization of the United Nations
(FAO) [13] is still officially used in Europe [14,15]. Recently, the term “duration of maize
life cycle” [16] has been widely used in studies on projections relying on process-based and
statistical models to more accurately define the concept of maize maturity phenologically.

In our previous study [17], accumulation rates of “stress degree days (SDD)” [18]
during the maize growing season from 1 April to 30 September at two remote sites in
Croatia in the last five decades became much higher and more erratic (Supplementary
Figure S1), though equivalent in every year. These results are consistent with conclusions
on the potential impacts of climate change on global maize production [3,4,6,7,19]. Lobell
et al. (2013) [20] demonstrated that extreme heat as a stressor had a more critical role
for maize production than drought in the US, corroborating previous statistical studies
of rainfed maize yields showing a strong negative yield response to accumulation of
extreme temperatures (>30 ◦C) and a relatively weak response to seasonal rainfall. The
predominant effect of extreme degree days is associated with increased vapor pressure
deficit (VPD) as a function of temperature and relative humidity, which substantially
contributes to water stress. Recently, VPD was used in genetic studies in maize by Millet
et al. (2016) [21] and Galić et al. (2019) [22]. Largely, combining experimental studies on
genetic and environmental variability with crop model simulations in maize could assist
in choosing the optimum maturity group for an environment, counteracting the effect of
climate change [16]. However, no study exists which could take into consideration the
agronomic and climatic specificities of Southeast Europe.

The objectives of this study were to put various environmental covariates including
SDD and VPD into FAO maturity settings to determine the impact of climate change on
maize growing in Southeast Europe and to compare trends for grain yields over twenty
years of maize experimental and simulated data grouped in five FAO maturity groups
(FAO 200–FAO 600).

2. Materials and Methods

Pre-registration yield trials were used to determine “potential yield” based on the best
available maize genotypes regularly updated to match breeding progress. Therefore, the
number of entries (cultivar candidates) in field trials varied considerably over the years and
maturity groups (Supplementary Table S1). Each trial was set as a randomized complete
block design in four replicates. The adjacent yield trials of five different maturity groups
(FAO 200, 300, 400, 500, 600) were set each year in breeding station Rugvica (N 45.688;
E 16.309) near Zagreb, Croatia from 1996 to 2015 on a hydroameliorated vertic amphigley
soil. The plough layer (topsoil with a depth of 0.2–0.3 m) has a silty clay loam texture, and
the subsoil a silty clay texture, containing 50–55% clay particles. Characteristic of the soil is
a high level of groundwater, fluctuating from 0.6 m to 2.42 m below the soil surface. Maize
crop was grown in maize–winter wheat crop rotation under high-input production system.
The total fertilization rates in one vegetation season ranged from 200 to 250 kg N ha−1, 100
to 150 kg P2O5 ha−1, and 120 to 180 kg K2O ha−1 Plant densities were set according to local
recommendations for high-yield production: 81,000 plants/ha (FAO 200), 71,000 plants/ha
(FAO 300), 64,000 plants/ha (FAO 400 and 500), and 57,000 plants/ha (FAO 600). Maize
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germplasm of FAO 200–600 maturity groups is normally cultivated in this region and none
is regarded as non-adapted or exotic genetic material. All trials were planted regularly
at the end of April, as the established optimum local planting dates. Usual local crop
management practice for high-yielding maize was applied according to the local rain-fed
regime, taking into account the soil characteristics and the previous cropping. All trials
were harvested at the optimum harvest time during September or October depending on
the individual maturity groups. Trials were usually harvested when grain moisture content
of check hybrids in the trials was approximately 25%. At our location, approximate time
of harvest was: the 3rd week of September for FAO 200 trials, the 4th week of September
for FAO 300 trials, the 1st week of October for FAO 400 trials, the 2nd week of October for
FAO 500 trials, and the 3rd week of October for FAO 600 trials. Grain yield was adjusted to
14% moisture content (in t/ha).

The impact of heat stress on grain yield was estimated:

(a) Using stress degree days (SDD) calculated as

1. SDD∞
30 =

N

∑
t=1

DDt

3. DDt =
{

0, when Ta < 30
Ta − 30, when Ta ≥ 30

}
where t represents the daily time step, N is the total number of days in each growing
period, DD is degree days, and Ta is air temperature, see also [18,23];

(b) Using vapor pressure deficit (VPD) calculated as weighted VPD (VPDw) [24], whereby
VPDw = 0.75 × (VPmax − VPmin) where the vapor pressures VPmax and VPmin
are medians calculated from measurements of the respective daily maximum and
minimum temperatures

VPmax or VPmin = 0.6107 × exp(17.269 × T/(237.3 + T)).

Meteorological values were obtained from the AGRI4CAST database [25] using data
for grid No. 79,129 (the grid central point: N 45.68793; E 16.30936) for the period from
April 15 to October 1 of each year (Supplementary Figure S2). Meteorological data for SDD
calculation were obtained from the Croatian Meteorological and Hydrological Service.

Pearson correlation coefficients were used to analyze relations between environmental
parameters (GDD, SDD, precipitation, VPDw during flowering, grain-filling, and full
season) and grain yield within five maturity groups. Due to the consistently tightest
correlations being between SDD values during full season and grain yield, the data were
fitted with a simple linear regression model using average annual yield values within
the maturity groups. Grain yield trends from 1996 to 2015 for the maturity groups were
estimated using a simple linear regression model for observed and crop-growth simulated
data separately. The simulations were performed in APSIM [26] for the same 20-year period
with no management constraints, selecting default early, medium, and late maize hybrid
options. An uncalibrated model of APSIM evaluations was used, assuming unchanged
(invariant) genotypes with a planting density of 80,000 plants/ha (early), 70,000 plants/ha
(medium), and 60,000 plants/ha (late hybrid).

3. Results

Average, minimum, and maximum yield varied considerably by year in all maturity
groups (Figure 1). Yield values across the maturity groups were not necessarily equivalent
for a particular year, indicating maturity group × year interaction. Nevertheless, the highest
yields in all maturity groups were consistently reached in 2007 and 2014. Analogously, the
lowest yields were detected in 2003 across all maturity groups. Individually, the minimum
mean yield of 6.40 t/ha was in 2011 for FAO 200, while the maximum mean yield of
12.60 t/ha was noted in 1999 for the FAO 300 maturity group. Minimum mean yield for all
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20 years was obtained for FAO 200 (9.49 t/ha) and the maximum mean yield for FAO 500
(10.06 t/ha) (Supplementary Table S1).

Agriculture 2021, 11, 887 5 of 11 
 

 

 
Figure 1. Boxplots of maize grain yield in the pre-registration experiment across five maturity groups (FAO 200–FAO 600) 
during the period of 1996 to 2015. 

Figure 1. Boxplots of maize grain yield in the pre-registration experiment across five maturity groups
(FAO 200–FAO 600) during the period of 1996 to 2015.
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The correlation coefficients between the parameters and grain yield were similar for
all three thermal parameters across the five maturity groups, with the tightest negative
associations for FAO 200 (Figure 2). Specifically, significant negative correlation coefficients
for SDD during the full season were estimated in genotypes of all FAO groups except
FAO 600, whereas no significant correlations were detected between grain yield and
precipitation at flowering across all maturity groups. Equivalent results for SDD were
obtained in regression analysis (Table 1), indicating no significant regression coefficient for
genotypes FAO 600.
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Figure 2. Correlation coefficients between 12 climate covariates and maize grain yield for five maturity groups (FAO
200–FAO 600) in the experiment during the period of 1996 to 2015. The dashed vertical lines denote significance level at
p < 0.05.

Table 1. Coefficients of regression of maize grain yield (t/ha) on SDD full-season values. SE, t, and p
are the standard error, the t statistic, and p value of the fitted parameter.

FAO Group Term Estimate SE t p

200 Intercept 10.632 0.434 24.483 <0.001
Slope −0.035 0.011 −3.247 0.004

300 Intercept 10.965 0.543 20.178 <0.001
Slope −0.037 0.013 −2.781 0.012

400 Intercept 10.651 0.441 24.166 <0.001
Slope −0.025 0.011 −2.325 0.032

500 Intercept 10.952 0.415 26.415 <0.001
Slope −0.027 0.010 −2.638 0.017

600 Intercept 10.530 0.495 21.259 <0.001
Slope −0.023 0.012 −1.861 0.079

The same is true for the coefficient of determination between VPDw and grain yield
across the maturity groups in the regression analysis (Supplementary Figure S3). During
the 20-year period, weighted median VPD values varied considerably from 1.03 kPa in 2014
to 1.70 kPa in 2003, indicating general matching of grain yield and VPD. The relationship
between grain yield and VPDw gradually weakened across the maturity groups. The
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values of the R2 statistic were the highest in FAO 200 (R2 = 0.53), decreasing to R2 = 0.06 in
the FAO 600 maturity group.

The year 2014 was one of the best years according to both observed and simulated
data (Figure 3). Generally, the simulation followed the observed results well, with the
lowest (or next to the lowest) yields across all FAO groups in 2003, which was the worst
year according to SDD accumulation in all 20 (55) years. The only year that was not well
predicted was 2007. Regression analysis revealed negative observed yield trends for FAO
200–500, and stagnation for FAO 600 over the years. Almost the same trends were obtained
by the simulation, highlighting FAO 600 as a nearly no yield-reducing FAO group over the
two decades.
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Figure 3. Grain yield trend during the period of 1996 to 2015 in Rugvica near Zagreb, Croatia in maize hybrids differing
in maturity groups according to: (a) observed data in the experiment (FAO 200–FAO 600) and (b) APSIM simulated data
(early–medium–late).

4. Discussion

Determining stress in maize by SDD is well-established concept and has been used
for decades, appearing also in recent studies [23,27]. Using the SDD units in our previous
study [17], severe weather conditions during the maize growing season were detected
(Supplementary Figure S1). SDD values for Osijek (250 km away on the East) were included
to show similar amplitudes of SDD values in a particular year for the two remote sites,
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suggesting possible generalization of the severe weather pattern for the whole European
Corn Belt. SDD values were tightly correlated with comparable parameters of GDD
(r = 0.816) and VPDw (r = 0.849). Interestingly, the correlation between GDD and VPDw
values was tightest, with r = 0.909, in the experimental site for the period from 1996 to
2015. Thus, all three thermal parameters produce similar results, as shown in Figure 2 by
comparing associations between yield and the parameters across different maturity groups.

Non-significant correlations between grain yield and precipitation in our study (except
for FAO 200) corroborate the findings of Lobell et al. (2013) [20] and other studies in the
US about the weak response of grain yield to seasonal rainfall. The only exception is grain
yield in 2007. According to SDD units, 2007 is one of the ten years with the largest sums of
SDD, and probably one of the top three years with the worst impact on seed production at
our location, expecting a similar impact on pre-registration trials, which was also reflected
in our simulation (Figure 3). However, it was on average one of the best-yielding years.
It seems that high precipitation of 101.6 mm in August had a positive effect on recovery
during grain filling and eventually on grain yield.

The negative impact of extreme heat on maize grain yields due to climate change
has been reported in studies from different parts of the world: the United States [6,20],
China [28], Brazil [29], and Africa [4]. Severe weather, primarily heat, had a stronger effect
on earlier-maturity groups, as indicated in our results across five maturity groups. Similar
results were presented in comparable official plant variety trials (VCU) in Croatia, where a
greater component of variance for year was noted in earlier maize maturity groups [30].
Generally, grain yield declined during the twenty years of our experiment in all FAO
groups; however, the decrease was the smallest in FAO 600.

Nevertheless, it was demonstrated that maize yields may increase in spite of climate
change if farmers continuously adapt maize cycle duration (maturity) and planting dates
to local environmental conditions [31,32]. In France, it was concluded that whatever the
planting date, higher temperatures in the future will be favorable for late maize varieties
in the northern part of the country [33]. Similar results were presented for Northern
China [34] where middle-maturing varieties could be replaced with late-maturing ones in
Liaoning Province. Comparable shifting to late-maturing hybrids is expected in Southeast
Europe according to series of APSIM simulations, especially when water regime (irrigation)
is appropriately changed [16]. Parent et al., 2018, concluded that genetic variability for
adapting crop cycle duration exists and is available across Europe. Indeed, a study from
Serbia demonstrated that there was genetic progress for grain yield in different varieties of
the FAO 600 maturity group registered from 1978 to 2011, representing different breeding
periods [35].

In our research, earlier-maturity groups were planted as usual at higher densities than
later-maturity groups. Though newer hybrids have better tolerance to stresses, increased
plant population density can be detrimental under drought conditions [36,37]. In our
study, in 3 out of 20 years there was only approximately 300 mm of precipitation from
April to September (data not shown). For locations with a similar amount of precipitation
(planting to physiological maturity) in semiarid Western Nebraska, dryland maize growers
are advised to use a population of 3 plants/m2 as a base recommendation [36].

Djaman et al. (2020) [38] studied the relationship between relative maturity and
grain yield of maize hybrids in Northwest New Mexico for the 2003–2019 period. The
results show a non-significant increase in grain yield in early-season hybrids and non-
significant decrease in grain yield with relative maturity in full-season hybrids. The study
of Baum et al. (2019) [1] showed that early-season and full-season maize hybrids produced
similar yields regardless of their planting date if they reached physiological maturity before
harvesting. The highest mean/average yield during the 20 years covered by our study
was recorded for the FAO 500 maturity group (10.06 t/ha), but the difference between the
FAO 300 and FAO 500 maturity groups was only 0.3 t/ha (Supplementary Table S1). In
such situations, moisture content at harvest would be even more important. The research
conducted in Ohio showed that ultra-early hybrids had lower drying costs and higher
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test weights than the commonly grown (later) maturity hybrids, and for some of them the
partial return per acre did not differ from the commonly grown maturities [39]. The impact
of high grain moisture at harvest on the profit reduction, when choosing between planting
short- (earlier) and full-season hybrids, due to increased drying cost was also stressed in a
study from Iowa, USA [1].

Marton et al. (2003) [40] showed that in late September in Hungary, the difference
between the grain moisture content of the earliest (FAO 200) and latest (FAO 500) hybrids
was 8.9%, and a similar situation also can be expected in Croatia at the beginning of harvest.
This may probably explain why the majority of Croatian farmers grow approximately 70%
of the FAO maturity groups 300 and 400 (Agricultural Institute Osijek, Croatia and Bc
Institute, Croatia—unpublished data), despite the expectation that in favorable years the
FAO 500 and 600 maturity groups will yield more.

According to the results of the present study, planting predominantly early maize hy-
brids in the European Corn Belt does not seem to be an optimum option in the future, since
these hybrids are more sensitive to omnipresent heat stress than late hybrids. However, it
was previously demonstrated in VCU trials in Croatia that the location × year interaction
significantly contributed to the total variance in maize grain yield [30], which could not be
captured in the present study. Thus, our next step will be to analyze robust multilocational
official long-term VCU data across several maize maturity groups to disentangle the effects
of climate change from those of genetic progress and of all other agronomic factors changed
over time.

5. Conclusions

Heat stress degree days (SDD) during the grain-filling and full season were more
tightly associated with grain yield than other climate covariates across five FAO maturity
groups in maize. Both experimental and simulation data demonstrate that grain yield in
Southeast Europe is more affected in early maize hybrids than late ones, apparently due to
omnipresent heat stress.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agriculture11090887/s1, Figure S1: Stress degree days for Zagreb and Osijek (Croatia) during
the period of 1961 to 2016, Figure S2: Long-term average climate data (1979–2019) for Rugvica near
Zagreb, Croatia (N 45.688; E 16.309), Table S1: An overview of the field trials grown in Rugvica,
Croatia (N 45.688; E 16.309) in the period 1996–2015 with number of entries (NoE), the total mean for
grain yield (t/ha), and respective standard error (SE), Figure S3: Relationship between grain yield
and weighted vapor pressure deficit (VPDw) across five maturity groups (FAO 200–FAO 600) in the
experiment during the period of 1996 to 2015.
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