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Abstract: Nitrogen fertilization is the most critical agronomic input affecting barley production and
farm profitability. The strict quality requirements for malting barley are challenging to achieve for
farmers. In addition, soil variability and weather conditions can affect barley yield and quality. Thus,
the objectives of this study are to (a) quantify the variability of soil properties, and (b) use spatial data
in a crop simulation model, quantifying the impacts of climate−soil interactions on the barley crop
yield and grain quality. Based on historical yield maps, a commercial field was divided into different
yield stability zone levels. The Decision Support System for Agrotechnology Transfer model was
used to evaluate soil and crop spatial data. The bulk density affected the soil water content and soil
mineral N and hence the crop-growing conditions in each yield stability zone. Our observed and
simulated results showed that 120 kg N ha−1 is the optimal rate to increase grain yield while still
keeping within the grain N% requirements for malting quality. This study shows the great value
of integrating crop modeling with on−farm experimental data for improving understanding of the
factors which affect site−specific N fertilization of barley.

Keywords: spatial variability; temporal variability; soil proprieties; barley; yield; malting quality;
crop simulation model

1. Introduction

The biggest challenge facing agricultural production would be to produce more food on less
land, reducing the impact of any agronomic practice and the issues caused by changing climate [1–4].
One of the most important crops in Scottish agriculture, from an agronomic and economic point of
view, is barley (Hordeum vulgare L). Barley is among the oldest cultivated plants in the world, growing
at very different latitudes [5], and in Scotland, its production is being mainly used in malting for the
production of whisky; in fact, ~60% of the produced barley is used for malting and ~40% for animal
feed [6]. From a practical point of view, stakeholders are interested in both production and quality,
and therefore, agronomic factors, such as sowing time, fertilizer amount, and plant density, can be
adjusted to improve both production and quality [1]. One of the most critical agronomic inputs is
the application of nitrogen (N) fertilizer. Overall, N requirements are lower for spring barley than
winter-sown barley due to the lower potential yield of spring barley than winter crops. Likewise,
barley for malting allows a grain–N% of less than 1.85% [6]. The optimization of nutrient management
for yield and quality are affected by soil variability and climatic conditions, especially at the end of
the season [1,2,7]. In addition, given the challenge of matching N supply with the plant N demand,
nitrate leaching from agricultural land is a significant issue in many areas of Scotland. The European
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Union addressed such a problem by defining nitrate-vulnerable zones and thereby regulating N
inputs [8]. In Scotland, farmers observe the EU regulation by regulating the amount of N applications.

Site-specific N management offers a possibility to optimize the environmental vs. economic
trade−off [9]. However, in many agricultural systems, the adoption of site-specific management has
been lower than expected because of technological and socio-economic challenges [10]. The amount of
N applied within a field may vary spatially and temporally among years. Several factors affecting
this variability makes the spatial−temporal management of N challenging [9]. In a given field,
the optimal amount of fertilizer should consider site-specific soil properties, current seasonal crop
growing conditions, and their interactions [7,11]. While the spatial variability of crop growth and
yield can be quantified routinely with different tools (e.g., remote sensing or proximal sensing),
the temporal variability has not received the right amount of attention [12]. Temporal variability
of crop growth and yield is an important component that influences agronomic decision making.
Because climatic conditions dynamically interact with soil properties, the crop growth/nutrient uptake
is not easy to predict. Crop simulation models (CSMs) can be used to take into account the impacts
of inter-annual weather on the soil−plant−atmosphere system [13]. CSMs simulate the impacts of
temporal interactions of water and N on crop growth and development as affected by weather and
agronomic management [13]. CSMs have been used in a variety of cropping systems and environmental
conditions, but its application to quantify spatial and temporal variability on yield is limited [9,14].
The objectives of this study are to (a) quantify the variability of soil properties across the field, and (b)
evaluate how crop simulation can be used with spatial input to quantify the impacts of climate−soil
interactions on the malting quality of the cultivated barley.

2. Materials and Methods

Observations were collected from a single field on a commercial farm (11 ha; 56◦33’ N 3◦16’ W;
50 m a.s.l.) in Scotland. The soil texture was a loam, and the soil was classified according to the
Balrownie series [15]. The cultivar considered for the study was the spring barley cv. Concerto (two-row
cultivar, LGseeds, Limagrain, Rothwel, UK), which is one of the most common spring barley varieties
grown in Scotland. The crop was sown on 12 April 2018 at 350 plants m−2. Fertilization was uniformly
distributed after emergence on 1 May 2018. Compound fertilizer containing N was applied for a total
of 120 kg N ha−1 (YaraMila SULPHUR CUT, 22−4−14+7.5 SO3).

The commercial farm used a combine harvester-mounted grain yield monitor and had collected
yield data from the six previous years. Historical yield maps were created to establish management
zones, which were defined as sub−areas within the field. It was thought that these zones had similar
yield-limiting factors and, therefore, can be potentially managed in a similar way [10,16]. In this study,
the management zones were calculated by using a recently published method by [17,18]. Using this
approach, three stable zones were defined as the high yield stable zone (HYZ), the medium yield stable
zone (MYZ), and the low yield stable zone (LYZ); in addition, one unstable yield zone (UYZ) was
identified (Figure 1). The stable zones refer to yield levels that are likely to be stable in time, either at
a lower or higher yield level; while the unstable zone is an area that produced contrasting levels of
yield over time. Grain yields were first standardized. Then, for every pixel, the mean (µ) and the
standard deviation (σ) across all the years were calculated. Subsequently, each pixel was considered
as stable if σ < 0.75 and unstable if σ ≥ 0.75. In addition, it was defined as low−yielding if µ < 0 and
high−yielding if µ ≥ 0 [18].
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Figure 1. Management zones defined by overlaying six years of yield maps from the commercial farm. 
The blue zone represents the high yield stable zone (HYZ), the green zone represents the medium 
yield stable zone (MYZ), the yellow zone represents the low yield stable zone (LYZ), while the red 
zone represents the unstable yield zone (UYZ). The open circles represent the points where soil and 
plant samples were made. 

In each zone, a transect was designed and the corresponding points recorded using a Trimble 
Juno 5 Hand−held GPS. These georeferenced points were used to collect all the soil and plant samples 
characterized in the present study, as thereafter described. At each point, the soil was sampled at 
three depths (0–0.30; 0.30–0.60; 0.60–0.90 m) one month before sowing. Those samples were analyzed 
for bulk density only up to 60 cm, while soil texture, mineral N, P, K, cation exchange capacity (CEC), 
organic matter, and water content were determined for all collected samples. One day before sowing, 
soil samples were collected to determine soil water content and soil mineral N. Subsequently, the soil 
was sampled for mineral N and soil water content on three occasions: (i) three weeks after N 
fertilization (23 May 2018), (ii) at flowering (20 June 2018), and (iii) at harvest (16 August 2018). On 
the same sample times, one square meter of the crop was sampled in each georeferenced point for 
aboveground biomass and crop N%. At harvest, the grain yield and grain N% were determined. All 
soil and plant tissue chemical analyses, except the grain N%, were made at the Yara Commercial 
Laboratory. The grain N% was measured with a NIR instrument (Infratec 1241 Grain Analyzer; Foss 
Tecator, Höganäs, Sweden). Soil water content was determined by weighing 40 g of soil sample and 
oven-dried at 105 °C for 48 h [19]. Plant biomass was oven−dried at 60°C until constant weight and 
weighted. The samples collected at harvest were used to determine the straw biomass, grain yield, 
grain N%. Using a MARVIN grain analyzer (GTA Sensorik GmbH, Neubrandenburg, Germany), the 
seed weight and thousand-grain weight (TGW) were determined. 

A weather station to collect the most important climatic data was installed on the farm in 2018, 
recording daily rainfall (mm), solar radiation (MJ m−2 d−1), and air temperature (°C). In addition, 36 
years of historical weather data (1980–2017) were obtained from the NASA−Power website [20]. 

The Decision Support System for Agrotechnology Transfer (DSSAT) v.4.7 was adopted as the 
crop simulation model [13]; in particular, the barley crop model was used (CSM−Barley). The crop 
model needed as input daily weather data (such as daily solar radiation, daily minimum and 
maximum air temperature, and rainfall), soil data (such as texture, organic matter, and bulk density), 
management factors such as sowing date, sowing density, fertilization details, and cultivar 
parameters (like phenology, growth and development) that define the type of crop (e.g., maize or 
wheat), specifying the growth and development coefficients. The spring barley cv. Concerto had been 
calibrated and evaluated in Scotland at different levels of resolutions, from field trials to a transect of 
farms across Scotland, and to the whole barley growing area of Scotland [1,7]. Consequently, no 
calibration of crop coefficients was needed. Two important inputs of the crop model that have a 
significant impact on simulated results are the initial soil water content and soil mineral N. These 
inputs were available for this study, as well as other soil chemical and physical properties, and all 

Figure 1. Management zones defined by overlaying six years of yield maps from the commercial farm.
The blue zone represents the high yield stable zone (HYZ), the green zone represents the medium yield
stable zone (MYZ), the yellow zone represents the low yield stable zone (LYZ), while the red zone
represents the unstable yield zone (UYZ). The open circles represent the points where soil and plant
samples were made.

In each zone, a transect was designed and the corresponding points recorded using a Trimble
Juno 5 Hand−held GPS. These georeferenced points were used to collect all the soil and plant samples
characterized in the present study, as thereafter described. At each point, the soil was sampled at three
depths (0–0.30; 0.30–0.60; 0.60–0.90 m) one month before sowing. Those samples were analyzed for
bulk density only up to 60 cm, while soil texture, mineral N, P, K, cation exchange capacity (CEC),
organic matter, and water content were determined for all collected samples. One day before sowing,
soil samples were collected to determine soil water content and soil mineral N. Subsequently, the soil
was sampled for mineral N and soil water content on three occasions: (i) three weeks after N fertilization
(23 May 2018), (ii) at flowering (20 June 2018), and (iii) at harvest (16 August 2018). On the same
sample times, one square meter of the crop was sampled in each georeferenced point for aboveground
biomass and crop N%. At harvest, the grain yield and grain N% were determined. All soil and
plant tissue chemical analyses, except the grain N%, were made at the Yara Commercial Laboratory.
The grain N% was measured with a NIR instrument (Infratec 1241 Grain Analyzer; Foss Tecator,
Höganäs, Sweden). Soil water content was determined by weighing 40 g of soil sample and oven-dried
at 105 ◦C for 48 h [19]. Plant biomass was oven−dried at 60◦C until constant weight and weighted.
The samples collected at harvest were used to determine the straw biomass, grain yield, grain N%.
Using a MARVIN grain analyzer (GTA Sensorik GmbH, Neubrandenburg, Germany), the seed weight
and thousand-grain weight (TGW) were determined.

A weather station to collect the most important climatic data was installed on the farm in 2018,
recording daily rainfall (mm), solar radiation (MJ m−2 d−1), and air temperature (◦C). In addition,
36 years of historical weather data (1980–2017) were obtained from the NASA−Power website [20].

The Decision Support System for Agrotechnology Transfer (DSSAT) v.4.7 was adopted as the crop
simulation model [13]; in particular, the barley crop model was used (CSM−Barley). The crop model
needed as input daily weather data (such as daily solar radiation, daily minimum and maximum air
temperature, and rainfall), soil data (such as texture, organic matter, and bulk density), management
factors such as sowing date, sowing density, fertilization details, and cultivar parameters (like phenology,
growth and development) that define the type of crop (e.g., maize or wheat), specifying the growth
and development coefficients. The spring barley cv. Concerto had been calibrated and evaluated in
Scotland at different levels of resolutions, from field trials to a transect of farms across Scotland, and to
the whole barley growing area of Scotland [1,7]. Consequently, no calibration of crop coefficients
was needed. Two important inputs of the crop model that have a significant impact on simulated
results are the initial soil water content and soil mineral N. These inputs were available for this
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study, as well as other soil chemical and physical properties, and all these data were used for model
evaluation. DSSAT simulated the water−balance utilizing Ritchie’s approach [21], while crop growth
and development were simulated following the approach of the CERES model [13]. Crop water stress
was calculated by matching the potential crop transpiration (demand) and potential root water uptake
(uptake) or plant extractable water [13,21]. Crop N uptake was simulated, comparing the potential
supply of N from the soil and the demand of the crop for N [22]. The crop N demand was also divided
into two components: (i) a “deficiency” demand, an amount of N that is needed to convert the actual
N concentration to the critical N concentration, and (ii) new growth demand. The accumulation rate
of N in grains is a function of air temperature and soil moisture because, as soil moisture decreases,
grain N concentration rises as a result of the lowered dilution of N in the grain assimilate [13,22].

The DSSAT crop model was set to run a number of “what−if” simulation scenarios [9,23,
24]. The model was run in each management zone following the approach of Basso et al. [24],
using an incremental amount of N fertilizer (0, 60, 120 N-farmers’ practice, 180 N). The model simulated
yield and cumulative N leaching from sowing to harvest, and mineral soil N at harvest. The cumulative
probability function of simulated yield and cumulative N leaching was calculated following the
approach of Wallach and Rivington [25].

The simulated and observed values were evaluated using the root mean square error that is
calculated as follows:

RMSE =

√
1
n

∑
i=1

(yi − ŷi)
2 (1)

where yi are the observations, ŷi the simulations, and n is the number of comparisons. Another indicator
used to evaluate the crop model and the observed data was the Wilmott index of agreement (D-Index),
which ranges from 0 (poor fit) and 1 (indicating a good fit). The D-Index is used as an explanatory measure
of the goodness of fit and has been used as a cross−comparison method between models [26,27].

D− Index = 1−

∑n
i=1(yi − ŷi)

2∑n
i=1

(∣∣∣yi − y
∣∣∣+ ∣∣∣ŷi − y

∣∣∣)2 (2)

where y is the mean of the observed values.

3. Results

3.1. Observed Data

The growing season weather data for 2018 showed an average value of maximum air temperature
(15 ◦C) higher than long-term (1984–2017) average (13 ◦C). It was also a dry year, with a cumulative
rainfall amount of 170 mm against the long−term average of 300 mm (Figure 2a,b). In particular,
the period between May and July 2018, there was only 88 mm of rainfall (Figure 2a).

Soil texture varied between the different zones of the field and at different depths. For the 0–30 cm
layer, the clay content was low for all zones with a mean value of about 13% (Figure 3). Sand content
showed the highest percentage and the highest variability between the zones in the first soil layer,
with the MYZ (green boxplot) showing a range of values between 42% and 63% (Figure 3). For all the
zones, the percentage of sand decreased with depth while the percentage of clay increased.
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Figure 2. Daily pattern of air maximum (full black line) and minimum (dotted black line) temperature, 
and rainfall (grey bars) for (a) the 2018 growing season and (b) for the mean values of the growing 
seasons from 1984 to 2017, as obtained from NASA−Power [20]. 
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zone (M; green box), low yield stable zone (L; yellow box), and unstable yield zone (U; red box) for 
three soil depth intervals (0–30, 30–60 and 60–90 cm). The color of the boxplots correspond to the 
zones shown in Figure 1. The spread of the plot represents the points collected in each zone. For each 
boxplot, the end of the vertical line represents, from top to the bottom, the 10th percentile and the 90th 
percentile. The horizontal line of the box, from the top to the bottom represents the 25th, median, and 
75th percentile, respectively. 
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Figure 3. Boxplot of the soil texture for the high yield stable zone (H; blue box), medium yield stable
zone (M; green box), low yield stable zone (L; yellow box), and unstable yield zone (U; red box) for
three soil depth intervals (0–30, 30–60 and 60–90 cm). The color of the boxplots correspond to the
zones shown in Figure 1. The spread of the plot represents the points collected in each zone. For each
boxplot, the end of the vertical line represents, from top to the bottom, the 10th percentile and the
90th percentile. The horizontal line of the box, from the top to the bottom represents the 25th, median,
and 75th percentile, respectively.

The time−series of the volumetric soil water content and mineral N content is shown in Figure 4.
The volumetric soil water content, for the first 30 cm, decreased from the per-sowing/sowing period
(0.28 cm3 cm−3) to flowering (0.18 cm3 cm−3), but increased between June and August (0.27 cm3 cm−3;
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Figure 4a). The decrease of the volumetric soil water content corresponded to the period of little
or no rainfall (Figure 2a). In comparison, the soil mineral N content increased from 20 kg N ha−1

prior sowing to an average of 80 kg N ha−1 at flowering when the volumetric soil water content was
the least (Figure 4a). At the soil depth of 30−60 cm, the volumetric soil water content and the soil
N showed a similar pattern of first layer (Figure 4b). The main difference in volumetric soil water
and soil mineral N between the zones was observed at flowering, when the drier conditions exposed
the different features of the zones. For example, the LYZ (yellow line) showed greater volumetric
soil–water content than the other zones at flowering with about 0.20 cm3 cm−3 while the other zones
showed values of about 0.18 cm3 cm−3 (Figure 4). Soil mineral N was different between the zones
and the soil depths. At flowering, the LYZ had the greatest soil mineral N content (109 kg N ha−1) at
0−30 cm depth (Figure 4a), while at 30–60 cm, the UYZ had the most soil mineral N content (180 kg N
ha−1) (Figure 4b).
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Figure 4. Time-series of the volumetric soil water content (cm3 cm−3) (full line and circle) and soil
mineral nitrogen (kg N ha−1) (dotted line and diamond) for the high yield stable zone (HYZ, blue),
medium yield stable zone (MYZ, green), low yield stable zone (LYZ, yellow), and unstable zone (UYZ,
red) for two depths (a) 0–30 and (b) 30–60 cm.

The soil bulk density differed between the management zones, with average values ranging
between 1.65 g cm−3 for the UYZ and 1.72 g cm−3 for the LYZ for the first 30 cm (Figure 5). The mean
values increased for all the zones for the 30–60 cm depth interval, and the LYZ had the greatest bulk
density (1.79 g cm−3; Figure 5).

The results of the other soil chemical analyses were less variable. For instance, the soil cation
exchange capacity ranged between 7.5 and 10 meq/ 100 g (Figure 6). Soil phosphorous (P) had the
most variability between the management zones. The UYZ (red boxplot) had a similar mean soil P
value as the other zones for the 0–30 cm depth; however, the soil P in this zone was much smaller for
the two lowest depths in the soil profile (Figure 6). None of the zones were P-deficient and, in fact,
the P in the topsoil (0–30 cm; Figure 6) was at Index 2 or greater (according to RB209 [28]) for all
yield stability zones. For soil Ca, there was little difference between the management zones for the
0−30 cm depth, but in the 60–90 cm depth range, the HYZ was much less than the other zones (mean
values were approximately 1100 ppm; Figure 6). The soil pH values were within the optimal range for
barley production with mean values ranging between 6.0 and 6.6 across the different zones and depths
(Figure 6).
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3.2. Simulated Volumetric Soil Water Content, Crop Biomass, and Grain Yield 

The results of the model evaluation are shown in Figure 7. The volumetric soil water content 
was well simulated (R2 = 0.78) at different dates, with an RMSE of 0.034% and a D-Index of 0.99 
(Figure 7a). The aboveground biomass at harvest had values of RMSE of 972 kg DM ha−1 and a D-
Index of 0.99, with a slight underestimation at higher values of biomass (Figure 7b). The grain yield 
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Figure 6. Boxplot of the soil chemical cation exchange capacity (CEC), soil phosphorous (P), soil calcium,
and soil pH for the high yield stable zone (H; blue box), medium yield stable zone (M; green box),
low yield stable zone (L; yellow box), and unstable yield zone (U; red box) for three soil profiles (0–30,
30–60 and 60–90 cm). The color of the boxplots correspond to the areas of Figure 1. The spread of
the plot represents the points collected in each zone. For each boxplot, the end of the vertical line
represents, from top to the bottom, the 10th percentile and the 90th percentile. The horizontal line of
the box, from the top to the bottom, represents the 25th, median, and 75th percentile, respectively.
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3.2. Simulated Volumetric Soil Water Content, Crop Biomass, and Grain Yield

The results of the model evaluation are shown in Figure 7. The volumetric soil water content was
well simulated (R2 = 0.78) at different dates, with an RMSE of 0.034% and a D-Index of 0.99 (Figure 7a).
The aboveground biomass at harvest had values of RMSE of 972 kg DM ha−1 and a D-Index of 0.99,
with a slight underestimation at higher values of biomass (Figure 7b). The grain yield (R2 = 0.72)
showed an RMSE of 601 kg DM ha−1 and a D-Index of 0.99 (Figure 7c). Soil N was simulated with
an RMSE of 14.5 kg N ha−1 and a D-Index of 0.99 (Figure 7d).Agronomy 2020, 10, 393 9 of 14 
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3.3. Long Term Simulations of Grain Yield According to Four Different N Fertilizer Rates

The results of the long-term simulations showed that, at low N fertilization, the different zones
responded in divergent ways (Figure 8). At 0 N, the HYZ was the highest yielding zone with a mean
yield of 3200 kg DM ha−1, while the UYZ showed a variable in terms of yield response with low yield
values close to the LYZ (1490 kg DM ha−1) and also greater yield values close to the HYZ (4641 kg DM
ha−1; Figure 8a). At higher levels of N fertilization (e.g., at 180 N; Figure 8d), the differences between
the zones decreased, but the HYZ was always the most productive zone in terms of simulated yield
and the LYZ the lowest (Figure 8b–c). The range between the highest and lowest yield may be due
to climate variability at different N levels. The spread in simulated yield increased at the greatest N
levels. The lowest yields were, across the zones, about 2000, 3900, 4000, 4100 kg DM ha−1 for the 0, 60,
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120, and 180 N, respectively (Figure 8). However, the upper limit was only 4000 kg DM ha−1 for the
0 N, 6300 kg DM ha−1 for the 60 N, 8300 kg DM ha−1 for the 120 N, and 10000 kg DM ha−1 for the
180 N (Figure 8).
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Figure 8. Cumulative probability of the simulated yield using long-term weather data for the high
yield stable zone (HYZ, blue line), medium yield stable zone (MYZ, green line), low yield stable zone
(LYZ, yellow line), and unstable yield zone (UYZ, red line) for simulation run with (a) no nitrogen
(0 N); (b) 60 kg N ha−1 (60 N); (c) 120 kg N ha−1 (120 N); and (d) 180 kg N ha−1 (180 N).

Figure 9 shows the relationship between simulated yield and simulated grain N at different N
fertilization levels, overlayed with the benchmark for malting quality in terms of optimal grain N level
(dash−dotted line) and maximum level above which no premium is paid [6]. At 60 N, most simulated
values were below the optimal grain N%. A large proportion of the values for the 120 N were close to
or above the optimal amount of grain N%, except for a few sample points, which correspond to years
of low simulated yields Figures 8c and 9c). At 180 N, the highest yield achieved meant that the grain
N% accumulated was mostly above the maximum N%, and no premium is paid (Figure 9d).
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Figure 9. The relationship between simulated yield and simulated grain N at different N fertilization
levels ((a) no nitrogen (0 N); (b) 60 kg N ha−1 (60 N); (c) 120 kg N ha−1 (120 N); and (d) 180 kg
N ha−1 (180 N)), overlayed with the benchmark provided for malting quality in terms of optimal
grain N level (dash−dotted line) and maximum level above which no premium is paid (dotted line).
Benchmark values are according to the UK malt industry [6].

4. Discussion

There was a large degree of variability within the field, with three stable zones and one unstable
zone being identified within the field as the result of overlaying six years of yield maps. Among the
soil factors impacting the performance of the crop growth, the soil texture and bulk density at depths
below 30 cm had an important impact in terms of the distribution of soil water and soil mineral N.
For example, the LYZ had very compacted layers (with values of 1.8 g cm−3), but the other management
zones had smaller bulk density values. Bulk density is a dynamic soil property that represents the soil
structural conditions [29,30]. Bulk density typically increases with soil depth, as also observed in the
present study, and this is probably due to compaction and reduced organic matter content [31].

Bulk density influences soil water and air storages, and soil mechanical impedance to root
growth [30,32,33]. In particular, soil water availability is negatively influenced by bulk density, and soil
mechanical resistance or soil penetration is increased [29], and soil aeration is restricted as bulk density
increases [34]. The critical value of bulk density for restricting root growth varies with soil type [35],
but, in general, bulk densities greater than 1.6 g cm−3 tend to restrict root growth [36]. These high
values of bulk density confirmed the results observed in our research regarding the low productivity of
the LYZ, as also observed by Oussible and coauthors [37] on wheat, who showed that soil compaction
reduced root growth and consequently grain yield.

The use of long-term weather data with a CSM demonstrated how the inter-annual variability
affects crop growth and the environmental footprint of fertilization management. The results of
this study regarding the impacts of growing season rainfall agree with those of other studies [1,38].
One study noted how even at higher latitudes, growing season rainfall is an important determinant
of grain yield and quality for spring barley [1]. In fact, the zones tended to respond differently to
the inter-annual variability, but there was a consistency between the stability of the zones and the
simulated yield levels achieved. The simulated yield results showed that the HYZ is a stable yielding
zone, even in drier years. In the simulated grain yield, UYZ was the second greatest after the HYZ,
which indicates that overall it was not significantly restricted. These results agreed with the study



Agronomy 2020, 10, 393 11 of 13

of [7], who concluded that particular attention should be placed in deciding the fertilization levels
for some zones, such as the UYZ and LYZ. These findings should be integrated and implemented
in the field with the tactical and strategic fertilization management, which can be achieved using
an integration of modeling and on−farm experimentation [7,9].

However, for spring barley, the most important parameter is the malting quality of the product.
A long-term study showed that the main reason for rejecting barley was very low protein content (0.8%
N) or levels above 1.85% [1]. The simulated results showed that in more 90% of the cases, the 120 kg N
ha−1 fertilizer rate produced grain N between 1.1% and 1.85%. In this case, the simulated fertilizer
amount is the same as the rate at which farmers are currently fertilizing their field. Some authors
argued that the impacts of environmental factors such as water and temperature, and management
practices like seeding rates and cultivar choice, have a greater impact on barley grain quality than the
N fertilization rates [39]. It has also been reported that the fertilizer form does not impact grain N but
its values are more sensitive to soil water levels [40].

5. Conclusions

One of the most critical agronomic inputs influencing grain quality is the application of nitrogen
fertilizer. The effect of spatial and temporal variability of soils and climatic variables make nitrogen
management difficult. Using the different management zones, the results of long-term simulations
displayed that at low N fertilization, the different zones responded in divergent ways. On the other
hand, 120 kg N ha−1 was the optimal rate to achieve high grain yield, satisfying the grain N% request
for malting. In the present study, the LYZ had the greatest bulk density. High bulk density is
an indicator of low soil porosity, reduced water availability, high compaction, which reduces root
growth and negatively affects crop yield. Some possible agronomic strategies to reduce bulk density
might be adopted, like the reduction of till depth, cultivation of cover crops, administration of solid
manure or compost, and the burial of crop residues. However, further studies are needed to validate
these strategies in the investigated area and by using a precision agriculture approach. In addition,
the avoidance of operating equipment when soil is wet, the use of designated roads or rows for
equipment, and the reduction of the number of passes across a field can also reduce soil compaction.
Finally, the spatial and temporal soil variability can affect the soil water and mineral N content during
the growing season and might impact the management of sowing and fertilization of the following
crop in the different management zones.
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