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1 | INTRODUCTION
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Abstract

The sowing area and yield of crops are primarily determined by climatic suitability
and modified by terrain conditions. This study presents the actual sowing area of 10
major crops in Europe and reveals the spatial pattern of available soil phosphorus (P)
concentrations between and within the sowing areas of the crops, based on the Land
Use/Land Cover Area Frame Survey (LUCAS) database. A great variance in crop-
ping pattern over Europe was observed, especially for crops with a broad climatic
tolerance. Results show significant differences between soil phosphorus concentra-
tions under different agricultural crops, indicating the differences in management
intensities of major crops. A strong relationship between high yields and P-fertilizer
use was found, as indicated by soil P concentration. In the context of environmental
zones, P-concentration values were higher in northern zones, medium in the zones
in central Europe, and lower in the Mediterranean zones. The more suitable the cli-
mate is for growing crops, the more it pays to apply P fertilizers. Consequently, soil
P-concentration is a good indicator of crop cultivation intensity, land productivity, P-
fertilizer use, and the total P demand of plants. Among the most commonly cultivated
crops, maize seems to be the most dependent crop for the level of P-concentration of
soil or the P inputs. For more sustainable P use in Europe, further research is needed
to calculate how the P-requirements of yields compare to the P-fertilizer use in the

case of different crop types.

the sowing area, actual land use and management and demand
influence the cultivation of the crop (Baranzelli et al., 2015).

The sowing area of the crops is indirectly related to several
environmental characteristics, which are taken into account
when planning crop production. The key factors that deter-
mine land suitability for a crop are climatic and morphological
features, the availability and quality of water, and the biophys-
ical characteristics of the soil (Baker & Capel, 2011). Within

Abbreviations: LUCAS, Land Use/Land Cover Area Frame Survey; NPK,
nitrogen, phosphorus, and potassium; P, phosphorus.

Intensification of crop production increased significantly
from the 1960s. This led to the degradation of several soil
functions, such as nutrient cycles (Palm et al., 2007). Nowa-
days, almost half of the terrestrial area of Europe is an
agricultural area, affected by the use of millions of tons of
fertilizer (Rega et al., 2020). The availability of soil phospho-
rus (P) content for agricultural crops would be limited without
fertilization in most soils. Biological processes strongly influ-
ence the global cycle of this element (Schoumans et al., 2015).
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Phosphate ions easily react with other substances; thus, only
a minor part of soil P content is mobile (Hinsinger, 2001).
However, while P fertilization increases crop yield signifi-
cantly, the environmental effects of the excessive application
are serious (Cordell & White, 2014) and can also result in
the deficiency of micronutrients (Csathé et al., 2019). The
vast majority of P loss to water bodies comes from agri-
culture due to inefficient use of easily soluble P-fertilizers
(monoammonium phosphate and diammonium phosphate)
(Kanter & Brownlie, 2019; Palmer-Felgate et al., 2009), and
erosional processes which translocate soil (Alewell et al.,
2020; Berhe et al., 2018). Furthermore, soluble soil P also
gets adsorbed on soil colloids (Chen & Arai, 2020; Nziguheba
etal., 1998). Thus, a more sustainable use and improved usage
efficiency are needed (Richardson et al., 2011). The adap-
tation of different crops to low P content soils depends on
the rooting system, mycorrhizal contacts, and so on (Het-
rick, 1991). Those plant species that can accumulate soil
phosphate can also release it into the soil after decompo-
sition (Soltangheisi et al., 2020). Researches reflect that P
use efficiency can be significantly improved by integrat-
ing mineral P fertilizer types with soil-crop systems (Gong
et al.,, 2022). As the availability of P is limited, it is also
in economic and environmental interest to use it prudently,
which can be rationalized based on an assessment of current
practices.

Monitoring the global processes according to the soil qual-
ity needs large-scale, harmonized databases of soil properties.
The Land Use/Land Cover Area Frame Survey (LUCAS) of
Europe was extended to measure basic soil properties such
as particle size distribution, pH, organic carbon, carbonates,
and nitrogen, phosphorus, and potassium (NPK) concentra-
tion of the topsoil in 2009 in EU countries, later extended
to new member states and other countries of Europe. Cur-
rently more than 20,000 sampling points provide the basis of
the open-access, pan-European topsoil database (T6th et al.,
2013). Ballabio et al. (2019) presented the soil chemical prop-
erties in the EU, based on all of the topsoil data of the LUCAS
database.

Several methods exist for the determination of field man-
agement intensity, for example, the amount of nitrogen (van
der Zanden et al., 2016) or energy (Rega et al., 2020) input,
or production output (Shriar, 2000).

Our study aimed to identify the boundaries of suitable sow-
ing areas of major crops in Europe and to assess the sowing
frequency within these boundaries.

Furthermore, we aimed to reveal the intensity of farming
within European environmental zones (Metzger et al., 2005;
Figure S1) and within the actual sowing areas as indicated by
P fertilizer use, crop yields, and available soil P concentration.
Our first hypothesis is that the available soil P concentration is
a good indicator of crop cultivation intensity, while acknowl-
edging the fact that soil soluble P content is influenced by a
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Core Ideas

* The cultivation pattern of different crops follows
both climatic and soil suitability.

* Great geographical diversity in cropping pattern
as well as soil phosphorus concentration under
different crops is observed.

* The amount of phosphorus applied is higher in
areas where higher yields are expected.

number of other factors too (e.g., soil chemical parameters).
According to our second hypothesis, different P requirements
of yields in the environmental zones are reflected in the dif-
ferences in the P concentration within their sowing areas. Our
goal is to compile crop distribution maps including the inten-
sity of cultivation of each crop within their sowing areas. We
believe that such maps could contribute to the understand-
ing of agronomical background of farming including P use
in Europe.

2 | MATERIALS AND METHODS

2.1 | Data sources

Crop distribution maps are based on the LUCAS dataset
from years 2006, 2009, 2012, 2015, and 2018 (Eurostat,
2020). Eurostat carries out a land use and land cover moni-
toring every 3 years in a 2 km X 2 km grid in the EU. The
available P concentration data (Olsen et al., 1954) originate
from the topsoil dataset of the LUCAS database, sampled
in 2015 (Eurostat, 2020). Lucas topsoil datasets aimed to
present the spatial variability of soil properties in relation to
land use characteristics. Soil samples were collected follow-
ing a standard sampling procedure (Orgiazzi et al., 2018).
The sample collected at each location comprises five top-
soil (0-20 cm) subsamples that were mixed to form a single
composite sample. Soil sampling was investigated between
two growing periods when fertilizing did not affect the P
concentration. We hypothesize that the potentially available
P concentrations characterize the medium-term fertilization
intensity of crop rotations. Yield data were obtained from
Eurostat Agricultural production database (https://ec.europa.
eu/eurostat/web/agriculture/data/database; Figure S2), years
2013-2020.

Based on the LUCAS 2015 dataset, which contains topsoil
characteristics, we have determined the 10 most frequently
used crop species, crops found in the highest number of sam-
pling points were included in the analysis (Table S1). The
nomenclature also follows the LUCAS database.
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Cultivation intensity zones within the sowing area of common wheat in Europe as indicated by available soil phosphorus

concentration (mg/kg + standard deviation [SD]). High: 70 + 20; medium: 44 + 6; low: 23 + 6. H-spread, interquartile range.

2.2 | Analyses
The distribution area of the crops was determined by a 10 km
wide buffer zone around the points that were covered with the
studied crop in one of the years 2006, 2009, 2012, 2015, and
2018. We set estimated boundaries of climatic suitability as
on the northest and southest reach of crops in these years.
The maps of cultivation intensity classes are determined
based on an (i) interpolation of point values of the avail-
able soil P concentration of soil samples. These are obtained
from LUCAS 2015 topsoil dataset and (ii) a spatial cluster-
ing of the points to delineate continuous areas belonging to
the same classes. Interpolation was performed with QGIS
using the nearest neighbor method. In order to set classes
of soil P levels for different crops in a spatial context, we
employed separate cluster analysis (Pelleg & Moore, 1999)
for spatial data layers of each crop. Low, medium, and high
P supply categories were set for the distinct sowing areas of
the studied crops. Central values and standard deviation (SD)
of P concentrations of each category were determined during
the classification. We assumed that the categories mark dif-
ferent cultivation intensity zones. The Precision Agriculture

Tool plugin of QGIS 3.16 was used for the classification. The
tool uses k-means clustering to identify classes from P data
by minimizing variability within, and maximizing between
the clusters. P intensity classes were further divided into
four quartiles, based on the P concentration values, using the
“Tukey’s hinges” method (Tukey, 1977). Areas within the
interquartile range (H-spread) were considered having low P
variability around the zone’s mean P concentration. This cat-
egorization was applied to display the homogeneity of the
zones.

For the P-yield analyses, we sorted LUCAS topsoil data by
countries and added yield values from Eurostat agricultural
production database (Table S2).

We have also studied the soil P concentration according to
crop species and environmental zones.

Soil properties and crop cover were obtained from the
same LUCAS topsoil 2015 dataset as the P data. The sam-
pling points were sorted by the Environmental Stratification
of Europe (Metzger et al., 2005; Figure 1). The environmen-
tal zonation takes 20 different environmental variables into
account, which determine 13 European environmental zones.
We excluded the two Alpine zones from the analysis because
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Cultivation intensity zones within the sowing area of durum wheat in Europe as indicated by available soil phosphorus

concentration (mg/kg + standard deviation [SD]). High: 48 + 5; medium: 31 + 4; low: 18 + 4. H-spread, interquartile range.

of very few crop-covered points, and Anatolian zone, which
does not contain LUCAS points.

Kruskal-Wallis rank-sum tests followed by pairwise com-
parisons using Wilcoxon rank-sum tests show the separated
groups with significantly different means of P concentration.
For better results, data above 10 pieces were considered in the
statistics. Outlier values above 300 mg/kg were omitted.

Further to the geostatistical analysis and comparative statis-
tical tests, we extended our analysis to visual comparison of
the intensity maps that resulted from our study and the Crop
Production Maps of the USDA (USDA-FAS, 2021). These
visual analyses helped to assess the relationship between crop
yields and the soluble P concentrations and also for crops for
which the Eurostat regional statistics were incomplete.

3 | RESULTS

3.1 | Distribution and management intensity
of crops in Europe

Common wheat is a widely cultivated crop in Europe. The
sowing area covers almost the entire continent, leaving only

the high mountains and the northernmost regions. Wheat is
cropped in contiguous areas in the northern half of Europe,
while its appearance in the Mediterranean is somewhat
fragmented. The highest available P concentration is about
70 mg/kg. The most intensively managed wheat fields are
located in the northern part of Europe and central and west-
ern areas to a smaller extent. The SD of P values in these
intensive areas is mainly low. The mean soil P concentration
in the most extensively managed fields is 23 mg/kg, with a
low SD. This area covers the Mediterranean and Northeast
Europe. About 44 mg/mg P values and high SD determine
the intermediate intensity of field management. These areas
can be found in the central and northern European countries
(Figure 1).

Durum wheat is a typical crop in the Mediterranean areas,
as shown in Figure 2. Although the northern boundary of
cultivation reaches Scandinavia, contiguous sowing areas are
located in Italy, and relatively high frequency can be observed
in Spain and France. However, scattered durum fields appear
on the whole continent. The P values determining the man-
agement intensity clusters are much lower when compared to
common wheat. The SD is high in almost all areas except
for the northwestern, most intensively managed fields. The
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Cultivation intensity zones within the sowing area of barley in Europe as indicated by available soil phosphorus concentration

(mg/kg + standard deviation [SD]). High: 61 + 12; medium: 39 + 5; low: 22 + 5. H-spread, interquartile range.

lowest intensity cluster covers the Mediterranean regions,
while medium intensity is characteristic of central-west
Europe.

Barley is among the most frequently cropped plants in
Europe. The sowing area is similar to that of common
wheat: contiguous areas are characteristic to Central, and
West Europe, while Mediterranean regions are mosaic. The
P values of the intensity classes are slightly lower than
that of common wheat, but the SD is high in all areas.
The location of the intensity classes is also similar to com-
mon wheat: central-north and part of western Europe exhibit
high P values, Mediterranean countries being the lowest
ones. The transition areas lie scattered on the continent
(Figure 3).

The pattern of lucerne fields is quite different from the
others. The extent of these fields is relatively small and con-
centrated in a few distinct areas of central and south Europe.
Although the northern boundary of the sowing area crosses
North Europe, the frequency of cultivation is extremely low
in this region. The intensity categories represent lower P lev-
els than main crops like wheat or barley, while the SD is high

in all areas. The majority of the cultivation area belongs to the
low-intensity cluster. Higher P levels can be observed only in
small fragments across the continent (Figure 4).

Maize (corn-cob-mix) is frequently cropped in western and
central Europe. The sowing area includes Mediterranean and
northern regions, but there the cropping frequency is much
lower, except for Denmark, where a significant amount of
maize is cultivated. Only scattered spots appear in the Baltics
and Sweden. The P levels determining the intensity classes
are the highest among all crops. However, the difference
between the mean of the highest and lowest categories is also
quite large. The most intensive areas are located in northwest
Europe, where the SD is generally low. The continent’s central
and Northeast areas belong to the medium-intensity cluster,
while the southern part of the distribution area is linked with
lower P levels (Figure 5).

The cropping pattern of oats shows that Northeast Europe
and the South Mediterranean regions are the main cultivation
areas. The sowing area includes the Mediterranean, Baltics,
and Scandinavia as well. Central and West Europe exhibit
lower cropping frequencies; however, the sowing area covers
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FIGURE 4 Cultivation intensity zones within the sowing area of lucerne in Europe as indicated by available soil phosphorus concentration

(mg/kg + standard deviation [SD]). High: 40 + 4; medium: 30 + 3; low: 19 + 4. H-spread, interquartile range.

all regions of the continent. The intensity clusters are defined
with similar P values like durum wheat, significantly below
common wheat, barley, or maize, and the SD is high in all
areas. The most intensively cultivated oat fields are located in
Northeast Europe, while the low-intensity regions are on the
opposite, south-eastern side of the continent. Central Europe
belongs to the medium-intensity category (Figure 6).

Rape and turnip rape is cultivated in the central north-
ern areas of Europe, and it is almost totally absent from the
Mediterranean, and quite rare in East Europe. It has a south-
ern boundary of cultivation in the Mediterranean region. The
high cropping frequency is shifted to the northern half of the
continent. P levels of the intensity categories are medium-
high, similar to that of barley. The SD is mainly high. Most
of the rape and turnip rape fields belong to the intensively
managed category in the north and central parts of Europe.
Medium and low-intensity areas appear across the continent
(Figure 7).

Most rye fields are located in North-East Europe; frag-
mented areas appear in the Mediterranean, North, and central
Europe. The sowing area covers all parts of the continent, but
in the United Kingdom and Italy very few rye fields appear.

Medium P values determine the intensity categories. The
high and the medium-intensity regions lie in the Northeast
part of the continent and exhibit low SD. The low-intensity
cluster covers central and Southwest Europe with a high SD
(Figure 8).

Sunflower is a typical crop of the central, western, and
southern regions of Europe. The sowing area excludes north-
ern areas. High cropping frequency can be observed in France,
Hungary, and East-European countries, followed by Spain and
Italy. The P levels are low, and most crop fields belong to the
lowest intensity category. However, the SD is high in all areas.
The few intensively managed areas are located in the west-
ern regions and Central Europe, mosaically along with the
medium category. Low intensity is characteristic in the central
parts and the Mediterranean (Figure 9).

Triticale fields are located in the North, West, and central
parts of Europe to a great extent. Although the sowing area
almost covers the continent, the Mediterranean and eastern
and northern countries exhibit low cropping frequency. The
intensity categories are linked to medium P levels compared
to the other crops. The high and medium-intensity categories
cover the northern regions, while the central and Southwest
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Cultivation intensity zones within the sowing area of maize in Europe as indicated by available soil phosphorus concentration

(mg/kg + standard deviation [SD]). High: 91 + 18; medium: 55 + 8; low: 29 + 8. H-spread, interquartile range.

areas generally belong to the low-intensity cluster. The SD
is high in the medium category and low in the high and low
classes (Figure 10).

According to the environmental zonation (Metzger et al.,
2005), in the Mediterranean North zone, more than 30% of the
agricultural fields are cropped with barley. Common wheat is
also a frequent crop, while maize and sunflower have lower
importance in this zone. In the South-Mediterranean areas,
barley is still the most important crop, but durum wheat
becomes more frequent than common wheat, and sunflower
appears on a slightly higher percentage of fields compared
to northern Mediterranean areas. Maize is cropped more
frequently in the mountains of the Mediterranean. In the Lusi-
tanian and Alpine South regions, maize becomes prevailing,
followed by common wheat and barley. Central Atlantic areas
prefer common wheat, while in the northern part barley is
preferred. Both precede maize production here. Continental,
Pannonian, and nemoral zones are mainly cropped with com-
mon wheat, followed by maize in the first two, and barley in
the case of nemoral areas. In the Pannonian fields, the pro-
portion of sunflower is the highest among the zones. Rye,
triticale, and oats are produced mainly in the Atlantic South,

Continental, and nemoral zones, with a percentage of 8%—
10%. Rape and turnip rape appear with a medium proportion
in the Atlantic Central and nemoral zones, while clovers have
limited importance in all areas, with the highest frequency in
the Alpine South zone.

3.2 | Available soil phosphorus concentration
and yield on a country scale

Agricultural efficiency can be estimated by matching the P
concentration, as an indicator of P input and yields as a
measure of the output of cultivation. In order to assess the
efficiency of cropping in Europe, data on these parameters
were analyzed. However, yield data were available only on a
country level, therefore, we needed to upscale the P concen-
tration data to the country level too, despite the variability of
this indicator within countries in Europe.

At the country level, available soil P concentration is gen-
erally low in Romania, Greece, Bulgaria, Italy, Spain, and
Portugal. Medium-low P concentration values can be found
in Latvia, Lithuania, Hungary, Slovakia, Estonia, and Austria,
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FIGURE 6 Cultivation intensity zones within the sowing area of oats in Europe as indicated by available soil phosphorus concentration

(mg/kg + standard deviation [SD]). High: 48 + 7; medium: 34 + 4; low: 17 + 5. H-spread, interquartile range.

while the highest values are related to France, Sweden, UK,
Denmark, Poland, Czechia, Finland, Germany, Belgium, and
the Netherlands. P values in maize fields are slightly different;
Italy and Spain exhibit higher values than Hungary, Slovakia,
and France. Greece belongs to the medium category in this
regard. Yield values are relatively well related to P concen-
tration, but in Italy and Spain, the yield of several crops is
relatively higher than it could be expected from P values. In
the case of sunflower, Hungary exhibits relatively high yield
(Table S2). These findings reflect the fact that no straightfor-
ward assumption can be made on the relationship between P
concentration and yields based on country-level data. Thus, P
use efficiency cannot be estimated based on course scale data.

3.3 | Soil phosphorus in the crop fields
according to the environmental zonation

According to our findings, cultivation areas of major crops
in Europe mark the level of input intensity indicated by soil P
concentration. From the viewpoint of soil P concentration, we

can state that it determines three groups of crops on a Euro-
pean scale, the highest values (>44.3 mg/kg) belong to maize,
rape, rye, and triticale. Medium values (34.7-37.8 mg/kg) are
associated with barley, common wheat, and oats. P values
lower than 25.5 mg/kg characterize the third group, covered
with durum wheat, lucerne, and sunflower (Figure 11).
Available soil P concentrations show several significant
differences according to crop types and environmental zona-
tion (Environmental Stratification of Europe, Metzger et al.,
2005). Maize is associated with the highest P concentration in
every zone, where significant differences appeared. Rye also
correlates with higher P values in all zones, while sunflower
regularly appears on soils with a lower P concentration. In the
Atlantic Central zone, triticale, maize, and oats are linked to
high P values; these three crops do not exhibit significant dif-
ferences according to P levels. Common and durum wheat,
lucerne, sunflower, Brassica species, and barley appeared on
soils with lower P concentration, but the difference from the
three high-level crops is significant only in the case of barley
and maize. In the Atlantic North zone, significantly higher
P values can be observed in maize than in barley, common
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Cultivation intensity zones within the sowing area of rape and turnip rape in Europe as indicated by available soil phosphorus

concentration (mg/kg + standard deviation [SD]). High: 64 + 11; medium: 43 + 5; low: 27 + 5. H-spread, interquartile range.

wheat, oats, rye, rape, and turnip rape fields. In the Boreal
zone, just four crops were present in at least 10 sampling
points in 2015. Oats are linked with significantly lower P
values than barley, common wheat, rape, and turnip rape.
Under continental climate, almost all crops were present in
at least 10 samples, except for durum wheat; lucerne and sun-
flower exhibit low soil P values. Common wheat, barley, oats,
rye, and triticale represent the medium level, while maize,
rape, and turnip rape are the highest ones. In the Lusitanian
zone, the statistical analysis did not result in significant dif-
ferences. Barley, common and durum wheat, oats, sunflower,
rape, and turnip rape were found in at least 10 samples. The
Mediterranean Mountains zone exhibits relatively low soil P
values. Maize fields were richer in P than barley, lucerne, or
sunflower, while common wheat and rye represent medium
values. Durum wheat is linked with the lowest, while maize
is linked with the highest P levels in the Mediterranean North
areas. Barley, common wheat, lucerne, oats, rye, sunflower,
rape, and turnip rape are in medium categories. According
to soil P, the only significant difference in the Mediterranean
South zone was found between maize and durum wheat. Agri-
cultural soils in the nemoral zone are balanced in terms of P

concentration values, similar to those in the Pannonian areas
(Table 1).

4 | DISCUSSION

Compared to European crop yields (Eurostat) and average P-
fertilizer use in 2014 (Figure S3), in most cases there is a
strong correlation between high yields and cropping intensity
as indicated by soil P concentration. This is in line with the
finding of T6th et al. (2013) that the amount of P applied is
higher in areas where higher yields are expected. However,
some exceptions can be observed, presumably related to cli-
matic and soil quality characteristics in the case of common
wheat, the outstanding high P concentration in north-western
areas of Poland and the outstanding values of the Netherlands
are not reflected on the crop map, and in Finland low yield
belongs to high P. Spain has vast areas with low-intensity cul-
tivated wheatland, resulting in high gross output, despite the
low per unit area yields. Winter wheat is a crop that adapts
well to a relatively wide range of ecological conditions. Its
yield is mainly determined by the use of N-fertilizer (Mancuso
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FIGURE 8 Cultivation intensity zones within the sowing area of rye in Europe as indicated by available soil phosphorus concentration

(mg/kg + standard deviation [SD]). High: 65 + 9; medium: 46 + 5; low: 30 + 5. H-spread, interquartile range.

et al., 2019). In the case of barley, the management intensity
classes match well with the production and yield; the differ-
ences are similar to that of common wheat. In addition, the
high P values in Poland do not result in high yields, but the
medium intensity in France is linked to high yields. Due to
its shorter growing stage and better adaptability, barley can
be grown more successfully even under less favorable condi-
tions and with less P-fertilization. The yield and the quality
of the crop in this case are significantly determined by the N-
fertilization (Papastylianou, 2004; Shrestha & Lindsey, 2019).
In the case of maize, the management intensity classes do
not harmonize with the production map, except for the Ital-
ian Po-valley. The high-intensity areas of the Netherlands and
North Germany produce less maize than the low-intensity
southern part of France. Also, in terms of yield, this crop
shows the largest differences; high-intensity North-European
areas exhibit lower yields than Mediterranean areas. Although
maize is a nutrient-intensive crop, its yields are significantly
determined by the degree-day heat units and solar radiation
in the area. In this respect, the southern production zones
have an advantage if irrigation is possible (Gabaldon-Leal
et al., 2015). While precipitation may be a limiting factor,

the uptake of P in soils no longer affects the amount of crop
as much as it does with adequate rainfall (Hermann & Téth,
2011). The crop production maps of oats, rye, rape, and turnip
rape fit very well with the management intensity categories.
Presumably, they can be grown under the optimal ecological
conditions for them.

The regional crop production map of sunflower (USDA-
FAS, 2021) shows great total harvest amounts in South-
west France, Spain, and the Romanian-Bulgarian borderland,
which runs contrary with our intensity maps. This underlines
the limitation of using regional production maps to prove
the relationship between P concentration and crop yields,
as low regional production outputs may be caused by the
small distribution area of a crop, even with high yields of the
cropped fields. In terms of per unit area yield the relation-
ship with management intensity is much closer. Nevertheless,
low-intensity sunflower cultivation with high yields may be
because of their deep roots, which have access to the nutrient
reserves of the deeper layers of the soil (Ahmad et al., 2014).
In addition, higher P input does not necessarily lead to higher
crop yield; using P fertilization above the agronomic optimum
does not give significantly better yields (Liebisch et al., 2013).
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FIGURE 9 Cultivation intensity zones within the sowing area of sunflower in Europe as indicated by available soil phosphorus concentration

(mg/kg =+ standard deviation [SD]). High: 37 + 4; medium: 27 + 3; low: 17 + 3. H-spread, interquartile range.

The observed soil P concentrations are in accordance with
the former general evaluation of LUCAS topsoil data: North
Europe exhibits higher, the central parts medium, and the
Mediterranean lower values (Ballabio et al., 2019). The higher
P-concentration of the soils under better climatic condition
can be caused by the application of manure and slurry as
well. However, significant differences (p < 0.05) were found
according to certain crop species at the European level and
within the environmental zones. Former studies on the P need
or uptake of the agricultural plants do not explain these dif-
ferences. For example, the P requirement of cereals for 1 ton
grain yield is very similar (Antal, 2005). Wheat, barley, oats,
and triticale were found to take up similar P amounts (Antal,
2005) but showed significantly different doses of P appli-
cations among these crops (Bolland, 1992). Dhillon (2017)
measured significantly higher P uptake of wheat and maize
than barley, while the lowest values occurred in the case of
oats, rye, and triticale. Ketterings et al. (2001) recommend
equal P amounts for sunflower, wheat, barley, oats, clovers,
and higher amounts for lucerne and rye. In contrast, accord-
ing to LUCAS topsoil data, maize, triticale, rye, rape, and
turnip rape are cultivated on soils with higher P concen-
tration, common wheat, barley and oats are in the medium

category, while durum wheat, sunflower, and lucerne were
found in areas with lower values. The high values found in
soils covered with triticale, rye, rape, and turnip rape at the
European level can result from the location of the crop fields
covered with this plant; they are more frequent in Northern
zones, which have higher P concentration. This is probably
due to the combined result of good productivity and good
economic potential of farms. The sunflower, durum wheat,
and lucerne, which are more frequently cropped in the low
P concentration soils of the Mediterranean, can tolerate the
drier climate conditions better but their productivity and so
their total P-requirements are lower. As an indicator of the
intensity of field management (Bomans et al., 2005; Kassai
& Téth, 2020), the P concentration may reflect suitability of
climate for crop production, the productivity of arable lands
and consequently the total P-demands. The use of P-fertilizer
and the P-concentration of soils are relatively well correlated
with each other. However, we did not want to analyze the
relationship between the yields and P-concentration of soils,
because the yields are influenced by a lot of environmen-
tal and technological factors. The higher P-concentration of
soils are the result of a high-intensity crop-grown system with
high productivity and high input usage. Between 2011 and
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FIGURE 10 Cultivation intensity zones within the sowing area of triticale in Europe as indicated by available soil phosphorus concentration
(mg/kg =+ standard deviation [SD]). High: 68 + 11; medium: 44 + 6; low: 26 + 5. H-spread, interquartile range.
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FIGURE 11 Available soil phosphorus of crop fields in Europe. Letters indicate different groups. The same letter indicates no significant
difference after the Wilcoxon test (p > 0.05).
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TABLE 1
Atlantic  Atlantic Conti
Crop central north Boreal nental
Barley P (mg/kg) 40.1 61.2 48.7 49.1
Group a a b bed
CV (%) 47 48 42 58
Common P (mg/kg) 45.7 59.5 43.3 46.3
wheat Group ab a b b
CV (%) 52 52 45 61
Durum P (mg/kg) 43.7 NA NA NA
wheat Group ab
CV (%) 43
Lucerne P (mg/kg) 41.3 NA NA 20.7
Group ab a
CV (%) 50 87
Maize P (mg/kg) 56.2 90.2 NA 56.7
Group b b cd
CV (%) 58 43 67
Oats P (mg/kg) 56.2 46.9 35.1 44.6
Group ab a a b
CV (%) 47 60 60 57
Rape and P (mg/kg) 41.6 62.2 37 53.9
turnip rape  Group ab a ab d
CV (%) 48 45 71 52
Rye P (mg/kg) NA 68.9 NA 49.9
Group a bd
CV (%) 46 49
Sunflower P (mg/kg) 41.2 NA NA 27.2
Group ab a
CV (%) 61 44
Triticale P (mg/kg) 64.2 NA NA 48
Group ab b
CV (%) 57 48

Mean values of available phosphorus concentration (P) of the soil in different European environmental zones.

Mediter

ranean Mediter Medite
Lusit moun- ranean  rranean
anian tains north south Nemoral Pannonian
47.2 22.6 29 26 30.8 31.2
A a c ab a a
70 81 103 92 71 92
38.4 28.8 24.1 254 33.5 229
A ab b ab a a
67 76 90 94 91 95
31.6 NA 16.7 18.8 NA 18.9
A a a a
44 116 76 66
NA 23 22.8 30.8 NA 21.8

a ab ab a

79 97 97 97
45.9 39.7 42 39.6 NA 233
A b d b a
78 94 81 84 87
NA 17 18.5 16.2 40.3 NA

a ab ab a

68 84 77 60
50.3 NA 20.1 NA 26.7 25
A abc a a
57 77 46 86
NA 31.9 27.1 NA 31.3 NA

ab bed a

88 58 68
324 17 21.1 19.8 NA 22.8
A a b ab a
65 80 71 76 93
NA NA NA NA 274 26.4

a a
87 60

Note: Group letters indicate different groups. The same letter indicates no significant difference after the Wilcoxon test (p > 0.05).

Abbreviations: CV, coefficient of variation; NA, not enough data.

2017, P-fertilizer use did not change significantly in Europe
(Eurostat).

Nevertheless, regardless of their yield levels, the most prof-
itable cereals in Europe: maize, wheat, and barley (European
Commission, Directorate-General for Agriculture and Rural
Development, 2019) are sown primarily in areas with the
highest soil P concentrations in most environmental zones.
Usually, the more suitable the climate for growing a plant,
the more secure the crop, so higher doses of P fertilizers are
applied.

S | CONCLUSION

Our study delineated intensity zones within actual sowing
areas of 10 major crops of Europe A great geographical
diversity in cropping pattern as well as soil P concentration
were observed, especially for crops with a broad climatic
tolerance. Areas that have high yields, generally show
higher soil P concentration. Our study also revealed that
the distributions of crops unevenly follow the spatial differ-
ences of soil P concentration. Likewise, spatial distribution
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of soil P levels follow different patterns under different
crops.

In the context of environmental zones, northern zones
exhibit higher, the zones in central Europe medium, and the
Mediterranean zones lower P-concentration values.

The geographical distribution and yield of crops are primar-
ily determined by the climate. The more suitable the climate
is for growing crops, the more it pays to apply P fertilizers.
Both of our hypotheses were confirmed. Soil P-concentration
is a good indicator of crop cultivation intensity, land pro-
ductivity, P-fertilizer use, and the total P demand of plants.
The data suggest that, in order to achieve maximum produc-
tivity, barley, common wheat, rape, oats, triticale, and maize
can be grown on soils with available P concentrations greater
than 40—45 mg/kg primarily in the Atlantic Central, Atlantic
North, Boreal, Continental, and Lusitanian region. Among the
most commonly cultivated crops, maize seems to be the most
dependent crop for the level of phosphorous concentration of
soil or the P inputs.

In contrast, the durum wheat, lucerne, rye, and sunflower
can be grown economically even with an available P con-
centration of 15-30 mg/kg in the Continental, Pannonian,
Mediterranean North, Mediterranean South, and Mediter-
ranean Mountains regions. However, further studies are
needed to validate the connection between intensity of cul-
tivation of field crops and their economic return. We suggest
collecting appropriate database at NUTS 2 or NUTS 3 level
to calculate how the P-requirements of yields compares to the
P-fertilizer use in the case of different crop types. Besides the
available soil P concentration, phosphorous fixation capacity
should also be considered when planning fertilizer amounts
in a region to reach the goals of more sustainable crop
management.
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