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ABSTRACT
To investigate spatial variability in topsoil (0–20 cm) pH, available phos-
phorus (P), potassium (K), total nitrogen (N), and soil organic matter (SOM)
of small fields (�2 ha), and to determine the impact of soil heterogeneity
on the spatial variability of crop yield two fields were cropped with spring
oats and one with winter wheat under humid-temperate conditions. In the
two oat fields, some of the measured soil properties (P, K) and the grain
yield varied considerably, and strong spatial trends were recorded for most
of the soil traits. In the third field, soil properties showed only a moderate
spatial variation, and no spatial trends were found. The spatial distribution
of SOM and total N in the topsoil had some influence on the spatial
pattern of the oat grain yield in the field of Gr€anichen; however, spatial
relationships between soil chemical properties and grain yield were rather
weak in our study.
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Introduction

There is a growing awareness of the need to manage the soil sustainably, and as a result
regulatory frameworks have been developed to ensure that soil quality is maintained (e.g.
European Commission 2006). Understanding spatial and temporal variability within fields is a
requirement in modern agriculture because such variation is essential for site-specific crop man-
agement and the delineation of management zones (Lan et al. 2010; Basso et al. 2011; Basso
et al. 2013; Bogunovic et al. 2017; Rosemary et al. 2017). In the last two decades the concept of
precision farming was developed and propagated first in the USA, with farmers requiring higher
returns to adopt such technologies (Schimmelpfennig and Ebel 2011; Schimmelpfennig and Ebel
2016). Precision farming is the adjustment of crop husbandry in a field in relation to measured
spatial variability (Sylvester-Bradley et al. 1999; Geesing, Diacono, and Schmidhalter 2014). For
the majority of crop fields, it is usual to apply agrochemicals as uniformly as possible within
fields and to adjust rates from field to field. However, recently available new developments, i.e.
GPS-equipped yield monitors and technological advances now allow the variable-rate applica-
tion of agrochemicals within fields (Sawyer 1994; Blackmore et al. 1995; Sadler et al. 1998;
Sylvester-Bradley et al. 1999; Robertson et al. 2012; Diacono, Rubino, and Montemurro 2013;
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Basso et al. 2016). These new technologies could help to reduce the environmental impacts of
intensive agriculture, while retaining, or even improving, current levels of productivity
(Blackmore et al. 1995; Basso et al. 2016). The variable-rate application of fertilizer within fields
has the potential to improve nutrient use efficiency and field profitability and to decrease water
pollution (Sawyer 1994; Basso et al. 2013; Diacono, Rubino, and Montemurro 2013; Tagarakis
and Ketterings 2018; Muschietti-Piana et al. 2018). As Bone et al (2010) observe, the assessment
of soil quality is challenging, potentially costly and prone to uncertainty because of the variabil-
ity of soil material. It is therefore important that sampling schemes for soil assessment are care-
fully designed. Wibawa et al (1993) found that variability in soil contents of nitrate, phosphorus
(P) and potassium (K) occurred over short distances in cereal fields. They reported that vari-
able-rate fertilizer application based on such variation increased yield. For P and K a finer sam-
pling resolution than one sample per hectare is required, while for OM and clay coarser
resolutions of one sample every two and three hectares, respectively, may be acceptable (Nanni
et al. 2011). The high spatial variability of soil P, K, and pH justify the variable application of P
and K fertilizers as well as lime as indicated by Weisz et al. (2003) and by Robertson, Lyle, and
Bowden (2008). In a two-year study, yield monitor data indicated that the variable-rate treat-
ment resulted in significantly higher grain yields than the uniform application of nitrogen (N)
and P (Yang, Everitt, and Bradford 2001). However, the higher yields did not cover the add-
itional costs of variable-rate treatment in all the fields. Studies in Europe (Van Meirvenne and
Hofman 1989; Bahri and Berndtsson 1996; Dampney et al. 1997; Usowicz and Lipiec 2017) and
in the USA (Mohanty and Kanwar 1994; Cahn, Hummel, and Brouer 1994; Mzuku et al. 2005)
all indicated that soil N supply is spatially variable, whether measured as nitrate or indirectly
through the mineralizable soil organic matter (SOM). In the UK, results of the detailed sam-
pling of soil mineral N also indicate that soil N supply is spatially dependent (Dampney et al.
1997). Maps of soil P and K confirmed that the levels of these nutrients in the soil varied spa-
tially within fields, and that the patterns of spatial variability for P were different than those of
K (Wollenhaupt, Wolkowski, and Clayton 1994). When there is a large heterogeneity of soil pH
within a field, variation in the soil pH can be mapped and used as a basis for variable-rate lime
application (Sylvester-Bradley et al. 1999; Goulding 2016). Most of the above-mentioned studies
considered field sizes of 16 to 80 ha. Mulla and Hammond (1988) sampled soils using a grid
with intervals of 30, 61, and 122m and concluded that the latter resolution was too coarse for
soil test maps in precision farming. Franzen and Peck (1995) found 30-m grids to be the max-
imum spacing for the accurate application of fertilizer in precision farming. Similarly, Hergert
et al (1995) concluded that grids of 61 to 91m were the maximum for conditions in Nebraska.
In Brazil, the sampling grids that are commonly adopted have dimensions ranging from 100 to
225m or in other regions at somewhat smaller distances, from 100 to 175 m (Nanni et al.
2011). Each of these studies concluded that a finer resolution is needed to characterize spatial
variation for precision farming than that the current resolution. However, there are still uncer-
tainties with regard to the ideal size which would allow capture of the spatial variability of the
chemical soil properties. The determination of such dimensions for the grids is primarily based
on economic and practical reasons and sometimes neglects the geostatistical principles of spatial
dependence (Webster and Oliver 2007).

A reliable field map of any soil property can be produced only when the density of sampling
points is sufficient to allow interpolation between the known points using geostatistical techniques
(Webster and Oliver 1992; Wollenhaupt, Wolkowski, and Reetz 1993; Heuvelink, Brus, and de
Gruijter 2006; Sylvester-Bradley et al. 1999; Li et al. 2007). Deriving variograms for fewer than 50
data points is generally not recommended (Webster, Oliver, and Webster 1990; Wollenhaupt,
Wolkowski, and Clayton 1994).
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In parts of central Europe and in Switzerland the average field size is much smaller. Hence,
investigations of spatial variation in soil and crop parameters must be done on a smaller scale in
these regions to account for small fields and to provide enough data points for geostatistical ana-
lysis. There is very little literature about soil and crop variation within small fields. Tsegaye and
Hill (1998) examined the spatial variability of soil chemical properties, plant growth and nutrient
uptake in a 0.17-ha rye field. The field was sampled along four transects at 1-m intervals.
Biomass exhibited strong positional similarities with soil NO3-N and pH. On the other hand, spa-
tial correlations between plant tissue and soil nutrient contents were not observed (Tsegaye and
Hill 1998). Chancellor and Goronca (1994) collected field data for soil moisture, N and weeds at
1-m intervals in a 1.68-ha irrigated field of winter wheat. Simulated advantages in terms of N use
efficiency were obtained with spatially variable applications of N, mainly at low (0–100 kg N
ha�1) and intermediate (100–150 kg N ha�1) rates of application (Chancellor and Goronca 1994).
To study the spatial variability of soil properties and wheat yield, Bhatti et al (1999) sampled the
topsoil (0–15 cm) at a regular grid spacing of 50� 15m in a 1.87-ha field. They concluded that
the variation in the potential crop productivity could be used to divide the field into two different
management zones. Funk and Maidl (1997) investigated the growth and N uptake of winter
wheat in fractions of several arable fields (1.9–6.5 ha) in upper Bavaria. Their results suggest a
classifying of the fractions into three groups of different N fertilization need. In Brazil, two fields
of 1-ha each were cultivated with crop sequences which included corn, soybean, cotton, oats,
black oats, wheat, rye, rice, and green manure. Soil fertility, soil physical properties and crop yield
were measured in a 10-m grid. The results showed that the factors affecting the variability of
crop yield varied from one crop to another. The changes in yield from one year to another sug-
gested that the causes of variability may change with time (Vieira and Gonzalez 2003). The spatial
variability patterns of wheat growth parameters and soil properties, e.g. nitrate, available phos-
phate, pH, and soil surface hardness, were investigated on a 0.25 ha field in Tokyo, Japan. It is
concluded that modification of fertilizer application based on the trend data may improve the
efficiency of fertilizer use while small scale site-specific management based on the residual data
may be practically difficult (Nakamoto et al. 2002). In Ontario, in 23 fields ranging in even bigger
size (from 8.5 to 30 ha) soils were sampled from the top 15 cm on a 30-m grid for soil test P, K
and pH. It was concluded that a grid spacing of 30m or less would be required to adequately
assess the spatial variation of these soil properties (Lauzon et al. 2005). The average field size in
central European and in developing countries (small-holder systems) is much smaller than typical
field sizes in North America, Australia or Argentina. Hence, soil sampling patterns at higher spa-
tial resolution are needed to record natural and man-made soil variability within small fields. To
date only a few studies have investigated the spatial variability of soil and plant parameters within
fields at small scales (<20m). In agricultural soils studies for spatial variability have been con-
ducted either under diverse temperate conditions in UK (Blackmore et al. 1999), Belgium
(Geypens et al. 1999; Hupet and Vanclooster 2002), Denmark (Heisel, Ersbøll, and Andreasen
1999), The Netherlands (Verhagen 1997), Germany (Domsch and Wendroth 1997), Poland
(Usowicz and Lipiec 2017), at Iowa, USA (Cambardella and Karlen 1999), under semiarid
Mediterranean conditions (L�opez-Granados et al. 2002; Ryan et al. 2012) or in humid subtropical
climates (Vieira and Gonzalez 2003). Information for spatial variability of soil chemical properties
in small fields typical in certain European regions is meager. In our study we tested the small-
scale variation in soil chemical properties at three sites and in the grain yield of oats at two of
these sites; the soil types and soil genesis (geology) were similar but the cropping history different
at the three sites. The objectives were: (i) to examine the spatial heterogeneity of soil chemical
properties and the yield of untilled oat crops in small fields typical of the Swiss midlands, (ii) to
evaluate the positional dependency of soil properties and crop yield, and (iii) to investigate the
potential of variable-rate applications of fertilizer and lime in small arable fields.
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Materials and methods

Experimental sites

The study was conducted at three sites in the Swiss midlands: in 1995 in Zollikofen (47� 000 N,
7� 280 E; 555m above sea level) and in Gr€anichen (47� 210 N, 8� 060 E; 410m above sea level)
and in 1996 in Schafisheim (47� 230 N, 8� 090 E; 429m above sea level). All three sites belong to
the Swiss molasse basin (Von Moos 1942). In Gr€anichen and in Schafisheim the soil was classi-
fied as Orthic Luvisol (FAO 1988) with loamy (L, 27% clay, 39% silt, 34% sand) or sandy-loam
(SL, 15% clay, 35% silt, 50% sand) soil texture (Bouyoucos hydrometer method; Gee and Bauder
1986) respectively and in Zollikofen the soil type was Gleyic Cambisol (FAO 1988) with a loamy-
silt texture (LSi, 14% clay, 51% silt, 35% sand). The soils of the three fields were sufficient or rich
in organic matter content (SOM> 2.7%). According to the Swiss Meteorological Institute in
Zurich average annual mean temperature and average annual precipitation for the last 20 years
before the experiments were 7.8, 8.7, and 9.2 �C and 1,024, 1,075, and 1,047mm in Gr€anichen,
Zollikofen, and Schafisheim respectively.

Cropping practices and field history

The cropping history of the fields at the three sites was different. The field in Gr€anichen was
under permanent grassland (intensive Lolium perenne L. meadow), in Zollikofen arable crops,
including temporary grass-clover leys, were grown and in Schafisheim arable crops were culti-
vated continuously.

The fields also differed in former fertilization practices. In Gr€anichen mineral fertilizers were
used and sewage sludge was additionally applied at regular intervals, in Zollikofen mineral fertil-
izers and some pig slurry were applied, and in Schafisheim a combination of mineral fertilizer
and cattle slurry was applied.

In Gr€anichen and Zollikofen spring oats (cultivar; ‘Ebene’, seeding rate: 180 kg ha�1) were
sown in the first week of April in 1995 without prior tillage using a no-till planter with a single-
disk opener (John Deere ‘NT 750 A’, Deere and Co., Moline IL, USA). In Schafisheim, winter
wheat (cultivar: ‘Arina’, seeding rate: 188 kg ha�1) was sown in mid-October in 1995 after chisel-
plowing to a depth of 15 cm using a conventional planter with double-disk openers (Nodet
Planter II, Kuhn, Montereau, France). One week before sowing spring oats in Zollikofen and
Gr€anichen, 1,080 g a.i. ha�1 of glyphosate (RoundupVR , Monsanto) and 10 kg ha�1 of ammonium
sulfate were sprayed on the fields to eliminate weeds. The spring oats were not fertilized. In
Schafisheim weed control was done according to local recommendations and the wheat crop
received 170 kg N ha�1.

Soil sampling and laboratory analyses

The fields were rectangular at all three sites: 189� 114m (2.1 ha) in Gr€anichen, 157� 141m
(2.2 ha) in Zollikofen and 181� 126m (2.3 ha) in Schafisheim. The three selected fields in
Gr€anichen, Zollikofen, and Schafisheim were sampled in regular grids of 12� 13, 12� 15.6,
and 12� 14m, respectively. Within one week after harvesting the oat crops ten 20-cm deep
soil cores (“P~urckhauer” auger, diameter 5 cm; Eijkelkamp, Giesbeek, the Netherlands) were
randomly collected at each sampling location within a radius of 20 cm. The soil cores were
mixed thoroughly to obtain a representative soil sample for each grid point. Reference points
at the field boundaries were used to establish X and Y coordinates to determine the sampling
locations. In total, 140 soil samples were collected in Zollikofen and Schafisheim, and 147
in Gr€anichen.
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All the soil samples were analyzed for soil pH (H2O), total N, SOM, plant-available P and K.
Total N was determined with an auto-analyser (“LECO CHN-1000” autoanalyser, LECO
Corporation, St. Joseph, MI, USA). The SOM content was determined according to Nelson and
Sommers (1982). Soil pH was measured in a 1:2.5 suspension of soil and distilled water using a
pH meter (Hanna HI 1295 Piccolo plus electrode, Mettler Toledo 320-S pH meter; Mettler
Toledo AG, Schwerzenbach, Switzerland). P and K were extracted with CO2-saturated water
(Dirks and Scheffer 1930). From the extract available K was determined using a flame emission
photometer (ELEX 6361, Eppendorf AG, Hamburg, Germany). The ammonium molybdate blue-
ascorbic acid colorimetric method (Murphy and Riley 1962) was used to determine available P
from the CO2-saturated water extract. The absorbance was measured at 730 nm with a spectro-
photometer (Uvikon 810; Kontron, Zurich, Switzerland).

Yield measurement

The spring oat crop was hand-harvested on 4th of August in 1995 in Gr€anichen and on 16th
of August in 1995 in Zollikofen. The oat plants were cut at ground level on 1m2 surrounding
the sampling locations, using the same grid spacing as for the soil samples. Oat samples were
weighed and threshed immediately after harvest at the field border with a small experimental
thresher. Grains and an aliquot of straw were dried for at least 72 h at 65� C to determine
dry weight.

Statistical procedures

Statistical analysis of the data was performed in four steps: (i) frequency distributions were
examined and normality tests were conducted using the procedure of Shapiro-Wilk (Royston
1992). Non-normal data were log-transformed to stabilize the variance, and the normality tests
were recalculated using the transformed data; (ii) descriptive statistics were computed to
obtain the mean, standard deviation (SD), coefficient of variation (CV) and ranges
(¼differences between maximum and minimum values) for the selected soil chemical and crop
properties; (iii) the theory of regionalized variables was used to investigate spatial variability of
selected soil and plant properties (Matheron 1971); (iv) simple and multiple linear regression
analyses were used to investigate the relationships between soil chemical properties and oat
grain yield (SYSTAT for Windows (version 10) 2000).

The SYSTAT for Windows (version 10) software was used for the calculation of frequency dis-
tributions, normality tests, descriptive statistics, and regression analyses. Geostatistical and surface
mapping software (Surfer for Windows, Version 7; Golden Software Colorado, USA, Inc., 1999)
was used to analyze the spatial structure of the data, to define the semivariograms, to estimate
values of points on grid spacing by point kriging and to create contour maps of the kriged esti-
mates. The techniques for kriging and creating variograms are described by Isaaks and Srivastava
(1989), Webster, Oliver, and Webster (1990), Webster and Oliver (1992), and Cressie (1991).

If semivariogram and polynomial trend surface analysis revealed a trend in the data, then
the data was detrended and the semivariogram was computed for the resulting residuals
(Kitanidis 1997). If the stationarity assumption was now satisfied, we performed kriging on the
detrended data (Goovaerts 1997; Wu et al. 2002). Semivariance was calculated for non trans-
formed data to make the semivariogram parameters comparable among the three fields.
Anisotropic behavior was exhibited by some of the variables, for which anisotropic semivario-
grams were computed. Anisotropy means that semi-variograms have different ranges of influ-
ence or sill parameters in different directions (Cressie 1993; Wang et al. 2002). The range of
influence (m) for anisotropic models is given in y (across the rows) and in x direction (along
the rows, i.e. in the management direction). There was no anisotropy evident in the directional
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semivariograms for some of the soil properties. In these cases, isotropic models for the semi-
variograms were fitted using nonlinear least-squares regression analysis. The semivariance at a
lag distance h¼ 0 is called the nugget variance (C0) (Webster 1985). It represents field and
experimental variability or random variability that is not detectable on the scale of sampling.
The C0 expressed as a percentage of the total semivariance (sill variance, C0þC) was used to
define distinct classes of spatial dependence for the soil and plant variables. If the ratio was
less than or equal to 25%, then the variable was considered to be strongly spatially dependent
(S), if the ratio was between 25 and 75%, the variable was considered to be moderately spa-
tially dependent (M) and if the ratio was greater than 75%, the variable was considered to be
weakly spatially dependent (W) (Cambardella et al. 1994).

Results

Descriptive statistics of selected soil properties and oat grain yield

The distribution of the majority of soil parameters, measured in the three fields, was highly
skewed or kurtotic and thus, non-normally distributed (Table 1). Only in Schafisheim were SOM
and soil-test P normally distributed; the distribution of total N was close to normal. The distribu-
tion of grain yield in Zollikofen was normal and in Gr€anichen almost normal. The underlying
reasons for the normal and non-normal distribution of some of these variables at different sites
are unknown. Log transformations normalized some of the parameters and generally reduced
skewness, but the Shapiro-Wilk test indicated that many variables were still non-normal, even
after log transformation (data not shown).

Table 1. Summarized descriptive statistics of selected soil properties in the topsoil (0–20 cm) and oat grain yield (grid
sampling; n¼ 140).

Statistic Site

Variables

SOMa (%) Total N (%) pH (H2O) Soil Pb Soil Kb Grain yield (g m�2)

Mean Gr€anichen 5.4 0.50 7.4 0.66 0.6 450
Zollikofen 2.7 0.27 6.1 0.98 3.4 412
Schafisheim 3.3 0.22 6.2 2.98 9.9 –

Median Gr€anichen 5.5 0.48 7.4 0.55 0.5 466
Zollikofen 2.6 0.28 6.0 0.92 3.2 405
Schafisheim 3.3 0.22 6.3 2.98 9.5 –

Range Gr€anichen 2.4–7.6 0.30–0.69 6.1–7.9 0.16–2.14 0.4–1.4 57–710
Zollikofen 2.2–4.3 0.17–0.41 5.4–7.3 0.39–2.17 1.7–7.1 108–702
Schafisheim 2.4–4.3 0.12–0.30 5.5–6.8 1.38–4.89 4.9–16.2 –

SDc Gr€anichen 1.3 0.10 0.2 0.4 0.2 112
Zollikofen 0.4 0.04 0.4 0.4 1.0 128
Schafisheim 0.4 0.03 0.3 0.6 2.2 –

CVd (%) Gr€anichen 24 19 3 54 28 25
Zollikofen 14 16 7 37 30 31
Schafisheim 12 13 4 22 22 –

Skewness Gr€anichen –0.3 0.1 –2.3 1.0 2.6 –0.5
Zollikofen 1.9 –0.4 1.0 0.7 1.1 0.1
Schafisheim 0.3 –0.5 –0.8 0.2 0.6 –

Kurtosis Gr€anichen –0.9 –1.0 11.3 1.1 8.9 0.4
Zollikofen 4.4 0.2 0.2 0.0 1.5 –0.7
Schafisheim –0.2 1.2 –0.1 0.2 0.3 –

S-We Gr€anichen 0.96��� 0.97�� 0.82��� 0.90��� 0.76��� 0.98�
Schafisheim 0.99 ns 0.98� 0.91��� 0.99 ns 0.97�� –

aSOM¼ Soil organic matter (%).
bSoil-test P, and soil-test K expressed as P2O5 and K2O respectively (mg 100 g�1 soil).
cSD¼ Standard deviation.
dCV¼ Coefficient of variation (%).
eS-W statistic¼ Shapiro-Wilk statistic. Significance indicates that the null hypothesis of a normal distribution is rejected.�,��,���Significant at the 0.05, 0.01 and 0.001 probability levels respectively, ns¼ not significant.
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The mean and median were used as primary estimations of the central tendency, and SD, CV
and ranges were used to estimate variability (Table 1). Despite the skewed distributions, the mean
and median values of most parameters were similar, with the medians being usually smaller than
the means. This indicates that the measures of the main tendency were not dominated by the
outliers in the distributions.

The soil properties were variable to different extents. Soil-test P and K had the highest CV
and pH (H2O) the smallest CV in all three sites (Table 1). The CVs of SOM and total N were
quite high in Gr€anichen but lower in Zollikofen and in Schafisheim. The CV of most soil proper-
ties was highest in Gr€anichen. Oat grain yield, recorded only at two sites, varied considerably
within fields.

Soil pH (H2O) was slightly acidic to slightly alkaline in Gr€anichen and acidic to neutral in
Zollikofen and Schafisheim. All three fields varied between sufficient and increased level of SOM.
Soil-test P fluctuated from moderate to reserve levels in Gr€anichen and from sufficient to reserve
levels in Zollikofen. The entire field in Schafisheim exhibited a reserve of soil-test P. Soil-test K
was poor to moderate in Gr€anichen and from moderate to reserve levels in Zollikofen. The field
in Schafisheim had soil-test K values equivalent to reserve levels (Table 1).

Geostatistical analysis of soil properties and oat grain yield

Figures 1–3 show the omnidirectional semivariograms as points and the fitted models as solid
lines for all the selected variables. Table 2 presents the semivariogram model parameters: model
type, C0, sill variance (C0þC), nugget ratio (%), range of influence (a) (m) and spatial class of
dependency. Spherical and linear models were fitted for most of the variables measured at all
three sites. The spatial dependency of the remainder of the soil variables were defined by expo-
nential, quadratic or Gaussian semivariogram models (Table 2).

The variograms of most of the selected variables of the fields in Zollikofen and Schafisheim
reached an upper bound, i.e. a sill. Such variograms suggest that variation of the properties is
patchy, resulting in areas with low values and others with higher values. The average extent of
these areas is given by the range of spatial correlation (a) of the variogram: from 35m for the iso-
tropic model of total N in Zollikofen to 120m for the y direction of an anisotropic model of
SOM and total N in Schafisheim. In contrast to the traits in Schafisheim and most of the varia-
bles in Zollikofen, the variograms of the soil-test P and pH (H2O) in Zollikofen and of all the
traits in Gr€anichen, with the exception of soil pH, did not reach a sill. Hence, no ranges of spatial
dependence (a) are indicated for these variables. However, these variables expressed significant
(p< .001) and more or less strong spatial trends as detected by a surface analysis of the polyno-
mial trend. For total N, SOM and grain yield in Gr€anichen the variation was unbounded and
anisotropic (Table 2). These three traits showed a strong linear trend in the y direction (Figures 1
and 4). The trends explained 55% of the spatial variation in total N, 52% of the variation in
SOM, and 36% of the variation in grain yield (Table 2). The residuals of these parameters are
spatially correlated and show an anisotropic variation with a moderate spatial dependency (data
not shown). Soil-test P in Gr€anichen and soil-test P and pH in Zollikofen displayed strong quad-
ratic trends (Table 2 and Figures 4 and 5), and their residuals also showed a moderate spatial
dependency (data not shown). The residuals of pH and soil-test P in Zollikofen revealed an iso-
tropic variation with short ranges (a) of 40m and 35m, respectively (data not shown). A cubic
trend explained 70% of the variation in soil-test K within the field in Gr€anichen (Table 2 and
Figure 4). The residuals of soil-test K reached a sill at 100m and were moderately spatially
dependent (Nugget ratio: 53%) (data not shown).

The nugget ratios revealed that all the measured parameters in Gr€anichen were strongly spa-
tially dependent, while pH and grain yield were moderately dependent (Table 2). In Schafisheim
and Zollikofen, all the selected variables exhibited moderate spatial dependency, except for soil
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Figure 1. Omnidirectional semivariograms of selected soil properties and oat grain yield (g m�2) in Gr€anichen. P¼ Soil-test P,
expressed as P2O5, K¼ Soil-test K, expressed as K2O.
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Figure 2. Omnidirectional semivariograms of selected soil properties and oat grain yield (g m�2) in Zollikofen. P¼ Soil-test P,
expressed as P2O5, K¼ Soil-test K, expressed as K2O.
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Figure 3. Omnidirectional semivariograms of selected soil properties in Schafisheim. P¼ Soil-test P, expressed as P2O5, K¼ Soil-
test K, expressed as K2O.
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pH in Zollikofen, which was strongly spatially dependent. The kriged estimates of all the variables
were contoured so that the patterns of variation could be compared visually (Figures 4–6).

Relationship among soil properties and between soil properties and oat grain yield

To allow for a quantitative evaluation of these relationships, the adjusted squared multiple coeffi-
cients of determination (R2) of a simple linear regression analysis were computed.

In Zollikofen the pattern of variation in soil-test P was weakly correlated with that of grain
yield (R2¼ 0.13) (Table 3). The spatial variation in soil-test K in Gr€anichen showed a weak
inverse relationship with grain yield (R2¼ 0.17) (Table 3 and Figure 4). The patterns of variation
in SOM and in total N in Gr€anichen were similar to grain yield variability and were weakly and
positively correlated with it (R2¼ 0.24 and 0.21, respectively) (Table 3 and Figure 4). The pattern
of variation in SOM showed a relatively good match with that of total N in all sites (Figures 4–6
and Table 3), but the relationship was close only in Gr€anichen (R2¼ 0.74).

The map of SOM in Gr€anichen indicated a similar pattern in variation to that of soil-test P
and an inverse relation with soil-test K (Figure 4). Soil pH was correlated with soil-test P in all

Figure 4. Spatial patterns of kriged estimates of selected soil parameters and oat grain yield in yield (g m�2) in Gr€anichen. In x
and y direction distance is in meters (m). P¼ Soil-test P, expressed as P2O5, K¼ Soil-test K, expressed as K2O.
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three sites but to a different extent (Table 3). Soil pH revealed a negative spatial relationship to
soil-test P in Gr€anichen (R2¼ 0.48) (Figure 4). In Zollikofen and Schafisheim soil pH was posi-
tively but weakly correlated with soil-test P (R2¼ 0.23 and R2¼ 0.12, respectively) (Table 3 and
Figures 5 and 6). A stepwise multiple linear regression analysis indicated that the impact of
the measured soil properties on grain yield was small. In Gr€anichen and in Zollikofen, the

Figure 5. Spatial patterns of kriged estimates of selected soil parameters and oat grain yield in yield (g m�2) in Zollikofen. In x
and y direction distance is in meters (m). P¼ Soil-test P, expressed as P2O5, K¼ Soil-test K, expressed as K2O.
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variation in soil chemical properties explained only 28 and 11% of the variability in grain yield,
respectively.

Discussion

Descriptive statistics of soil properties

In our study most of the measured soil properties were not normally distributed (Table 1). Even
after a natural log transformation, the distribution of most of the analyzed soil traits exhibited a
significant departure from a normal distribution; however, the transformation did reduce the
skewness of the original distributions considerably. This was to be expected as the distributions
of many soil parameters, including nitrate-N, are usually not normally distributed but are log-
normally distributed (Reuss, Soltanpour, and Ludwick 1977; Parkin and Robinson 1992; Starr,

Figure 6. Spatial patterns of kriged estimates of selected soil parameters in Schafisheim. In x and y direction distance is in
meters (m). P¼ Soil-test P, expressed as P2O5, K¼ Soil-test K, expressed as K2O.
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Meisinger, and Parkin 1992; Sharmasarkar et al. 1999; Limpert and Stahel 2011). For example,
Hergert et al (1995) tested soil nitrate values of 61 sites for normality; at 17 sites the distribution
was neither normal nor log-normal. Plant available P, plant available K, soil pH and SOM con-
tent did not follow normal distribution in the study by Bogunovic et al (2014) on a sandy loam
soil in central Croatia. The variation and non-normal distribution of the soil properties may also
be due to adoption of different soil and crop management practices (Srinivasarao et al. 2014;
Behera et al. 2016).

The magnitude and extent of spatial variability of soil properties within our tested fields in a
single season was, in some cases, comparatively high (Tables 1 and 2 and Figures 4–6)but was
generally lower than that found by other researchers. Most researchers found the highest coeffi-
cients of variation (CV) for soil P, soil K and soil nitrate-N (between 20 and 84%), moderate
CVs for SOM and total N (between 12 and 46.5%) and lower CVs for soil pH (between 3 and
14.7%) (Cahn, Hummel, and Brouer 1994; Cambardella et al. 1994; Wollenhaupt, Wolkowski,
and Clayton 1994; Pierce, Wamcke, and Everett 1995; Timlin et al. 1998; Cambardella and Karlen
1999; Nordmeyer and Dunker 1999; Frogbrook et al. 2002; Shukla et al. 2016; Bogunovic et al.
2017; Gozdowski et al. 2017; Usowicz and Lipiec 2017).

The range of pH among the three sites was probably strongly influenced by the fertilization his-
tory. The field in Gr€anichen, which had been fertilized with sewage sludge, exhibited the highest
mean soil pH and SOM (Table 1 and Figure 4). The long-term application of sewage sludge
increases soil pH and SOM (Gisi et al. 1990; Cambardella and Karlen 1999; Garc�ıa-Gil et al. 2004).
Application of sewage sludge has effect on different soil properties in a direction that is consistent
with improving soil fertility including, increase in organic carbon, N, P, and other plant nutrients
(Mondal et al. 2015; Herzel et al. 2016; Rigby et al. 2016). However, other researches indicated that
sludge addition has also produced undesirable changes, such as decreases in pH, increases in salin-
ity and heavy metal contents (Navas, Berm�udez, and Machı�n 1998; Veeresh et al. 2003; Singh and
Agrawal 2008). Fertilizers containing urea or NH4 cause a decrease in pH (Gisi et al. 1990); at
Zollikofen and Schafisheim some of the areas with a low pH were probably due to the heteroge-
neous distribution of liquid manure from pigs and cattle, respectively (Figures 5 and 6) as was
similarly reported in other studies (Uprety et al. 2009; Va�s�ak et al. 2015).

Geostatistical analysis

The fields at Gr€anichen and Zollikofen, and to a lesser extent at Schafisheim, showed a large
spatial variation in soil-test P and soil-test K (Table 1). Large spatial variations in soil P

Table 3. Adjusted coefficients of determination (R2) of the linear relationships between soil properties and soil
organic matter (SOM), pH (H2O) and oat grain yield in the experimental sites (grid sampling; n¼ 140).

Soil properties

Sites

Gr€anichen Zollikofen Schafisheim

SOM
Total N (%) 0.74��� 0.20��� 0.33���
Soil P (P2O5) 0.43��� 0.07�� 0.29���
Soil K (K2O) 0.38��� 0.23��� 0.00 ns
pH (H2O) 0.18��� 0.24��� 0.27���

pH (H2O)
Soil P (P2O5) 0.48��� 0.23��� 0.12���

Grain yield
Total N (%) 0.21��� 0.01 ns
Soil P (P2O5) 0.07�� 0.13���
Soil K (K2O) 0.17��� 0.00 ns
pH (H2O) 0.01 ns 0.02 ns
SOM 0.24��� 0.00 ns
��,���Significant at the 0.01 and 0.001 probability levels, respectively, ns¼ not significant.
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(CV¼ 94.3%), and K (CV ¼50.6%) were also found by Reza et al (2017) in 85 alluvial soil sam-
ples representative of the plow layer (0–25 cm depth). In two long-term experiments in Germany
variations of soil test P occurred at both sites, a finding which could not be explained by P budg-
ets and might be reasoned with vertical P transport (Zicker et al. 2018). They concluded that dif-
ferent responses of crops to P supply and the temporal variations in soil test P should be
considered more in P fertilizer recommendations. A large spatial variability in soil P and K was
found too in three farm fields in glacial soils of Michigan; however, recommendations for P and
K fertilizer per ha did not differ for uniform management versus site-specific management, but
the distribution of fertilizers within the field varied considerably (Pierce, Wamcke, and Everett
1995). Momtaz et al. (2017) found also high available P variability and suggested that in order to
reduce environmental risks, the method of applying P fertilizer needs to be mainly based on cre-
ated P sorption index distribution map. To develop an improved management strategy for vari-
able-rate applications of P fertilizer, the spatial variation in P-fixation capacity should also be
taken into account (Juang, Liou, and Lee 2002). In their study, Juang, Liou, and Lee (2002) found
that the index of the availability of P fertilizer in the soil (Sharpley et al. 1984; Jones, Sharpley,
and Williams 1984) is closely related to the oxalate-extractable Fe and Al in soils (Juang, Liou,
and Lee 2002). The deviation of a uniform P application, based on the mean P value, from the
ideal P application was used to determine the potential of a site-specific application of P
(Schmidt, Taylor, and Milliken 2002). This approach will help to avoid the expense of high-
density soil sampling.

The apparent trend in the map of P in Zollikofen was probably the result of the heterogeneous
distribution of pig slurry in the past (Figure 5). Effects of the application technique of fertilizers
on the spatial variation in soil nutrient contents are described in literature. Fu, Tunney, and
Zhang (2010) found high soil P concentrations at the areas surrounding the main grassland farm
and close to the traffic route, due to high applications of cattle and pig slurry and therefore, no
more P fertilizer or slurry was needed in order to avoid economic loss and environmental pollu-
tion. According to Mallarino (1996) small-scale cyclic patterns of soil P and soil K over a distance
of about one meter, as occurs in some fields, probably resulted from repeated applications of
banded fertilizer. Large-scale cyclic trends over distances of 15 to 18m or a multiple of this dis-
tance were probably the result of broadcast fertilization with commercial bulk spreaders.

In our study, the pattern of variation in soil pH differed among the locations (Figures 4–6). In
Gr€anichen (Figure 4) there was a slight trend: pH decreased from the lower left corner to the
upper right comer of the field. In Schafisheim the map indicates a patchy distribution with some
acidic patches in the middle of the field (Figure 6). The strong trend in the field in Zollikofen
(Figure 5) probably resulted from a variation in soil type. Some gleyed positions corresponded
with the most acidic positions. Soil pH had a strong spatial dependency only in Zollikofen (Table
2). When strong spatial dependence of pH, P or K exists, there are reasonable prospects of creat-
ing site-specific zones of fertilizer management (Pierce, Wamcke, and Everett 1995). The level
and structure of such variability may suggest the suitability of creating site specific management
zones, with the aim of increasing both crop production and environmental protection (Godwin
and Miller 2003; Mzuku et al. 2005). A number of researchers have inferred that soil pH and
lime requirements are poorly correlated (Pionke, Corey, and Schulte 1968; Aitken, Moody, and
McKinley 1990; Rossel, McBratney, and Stafford 1999). Although pH is used as an indicator of
whether or not a soil should be limed, measurements of soil pH and the requirement for lime
depend on different soil properties (Wang et al. 2015). Soil pH measures the activity of hydrogen
ions in the soil, while requirement for lime depends on the buffering capacity of the soil, its pH
and the amount of exchangeable aluminum (Goulding 2016).

The mean level and the spatial variability of SOM content were larger in the field at
Gr€anichen than in those at the other two sites. Its increased SOM content resulted from the
long-standing grassland during the last two decades prior the experiments (Table 1). Soil organic
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carbon content increased by 28% in the topsoil after the conversion of an arable field to grassland
for two decades (Van Meirvenne et al. 1996).The highest spatial variation in SOM and total N
was detected in Gr€anichen (Figure 4) in the field that had been fertilized with sewage sludge.
Small-scale variation in this field was probably due to heterogeneous application of sewage sludge
perpendicular to the traffic direction. Repeated application of sewage sludge in soils leads to an
increase in soil fertility but may induce heterogeneity not found initially in the soil (Mondal et al.
2015; Herzel et al. 2016; Rigby et al. 2016); the variability of soil organic C and N was higher in a
sewage sludge-amended plot than in a mineral-fertilized plot (Bahri and Berndtsson 1996).

Relationship among soil properties and between soil properties and oat grain yield

Since P is relatively immobile in the soil, it accumulates through adsorption to soil and organic
matter particles. In the fields at Gr€anichen and Schafisheim soil P and SOM content were spa-
tially correlated (Table 3). The congruent trends of soil P, SOM and total N in the field at
Gr€anichen (Figure 4) were probably due to numerous former floodings of a brook that flows
along one side of the field. In studies by Schepers, Schlemmer, and Ferguson (2000) and Cahn,
Hummel, and Brouer (1994) the available P maps show many similarities with the maps of distri-
bution of SOM.

Soil pH affects the availability of plant nutrients such as N and P (Nordmeyer and Dunker
1999; Bongiovanni and Lowenberg-DeBoer 2000). In Gr€anichen, the pH was negatively correlated
with soil-test P, whereas in Zollikofen and Schafisheim the correlation was positive (Table 3). In
a study by Nordmeyer and Dunker (1999) soil pH and plant-available phosphate showed a posi-
tive correlation for a pH range of 5.9 to 7.0 and in the study by Reza et al (2017) similar trend
was reported for a pH range of 4.4 to 8.4 Strong positional similarities were observed between
soil P, calcium (Ca), and pH, which indicates that P available to the plants was strongly influ-
enced by soil Ca and pH (Tsegaye and Hill 1998). The largest amounts of P are available at pH
6.5 in mineral soils (Miller and Donahue 1990). The pattern of variation in pH showed an inverse
relation with soil P for a pH range of 6.4 to 7.4 (Frogbrook et al. 2002).

SOM and total N content of the topsoil differed in terms of average level, spatial dependence,
and spatial patterns for all three sites (Figures 4–6 and Table 2). However, the maps illustrate
some spatial relationships between soil traits, for example between SOM and total N (Table 3) in
all three fields. Only at Gr€anichen did a strong spatial dependence of SOM and total N exist
(Table 2).

In Gr€anichen SOM and total N content were spatially correlated with oat grain yield (Table
3), whereas no spatial relationship between these soil parameters and grain yield was found at
Zollikofen. Total soil C and N are generally accepted measures of the potential contribution of
SOM to the available N pool; mineralization can provide significant amounts of N to crops dur-
ing the growing season (Bundy and Meisinger 1994). Selles et al (1999) determined the potential
for N mineralization from SOM by soil extraction with hot potassium chloride (KCl). Potassium
chloride-N indicated that potentially mineralizable N is directly related to total soil N but
inversely related to soil pH and bulk density.

In a study of the spatial variability of early-season N, Lengnick (1997) reported that total soil
N exhibited spatial structures very different from those of total organic C, with a much longer
range of spatial dependence than that of total organic C. Neither spatial variation in total N nor
total organic C corresponded to the spatial variation in maize biomass production (Lengnick
1997). In contrast to the study of Lengnick (1997), total N had a similar spatial structure and
similar range of influence as SOM in our investigations; the C0 for total N was always higher
than for SOM (Table 2). In another study of spatial variability at different scales, soil organic C
was also more spatially structured than was total soil N, as shown by the components of the
semivariogram (Bahri and Berndtsson 1996).
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In this study we focused on the spatial variability of soil chemical and biological (SOM)
properties. This variation explained only a small part of the variation in the grain yield of oats
(Table 3). This is to be expected because crop yields under field conditions are a combination
of both positive and negative effects of soil factors, weather conditions, management practices
and different spatial distribution patterns of soil properties and crop yields. The data of Pierce,
Wamcke, and Everett (1995) indicates that soil physical properties or landscape, particularly
with regard to their effect on water relations, may be more important than soil chemical prop-
erties in explaining yield variation. Similar conclusions were drawn by Usowicz and Lipiec
(2017) who found that management to increase water storage and use by cereal crops espe-
cially in sandy soils is particularly critical to increase crop productivity. Other studies
(Froment et al. 1995; Lord, Shepherd, and Dampney 1997) concluded that the supply of soil
water is the most common factor determining yield variation in arid and semi-arid environ-
ments. It is expected that the frequency of wet days in summer will decrease in Europe in the
next 50 to 100 years (Fuhrer et al. 2006). Thus, water deficits during the vegetation period will
increasingly limit crop productivity in humid temperate environments as well (Lavalle et al.
2009; Mendelsohn and Massetti 2017).

Frogbrook et al. (2002) found clear correlations among the spatial patterns of wheat yield, leaf
chlorosis, weed population and soil pH, whereas the relationships between soil nutrient contents
and yield were very poor. In agreement with Frogbrook et al. (2002), the relation between yield
and the measured soil properties appeared to be generally weak. However, the range of spatial
correlation of yield, as shown in the variogram, was similar to that of the soil chemical properties
in Gr€anichen but not in Zollikofen (Table 2). The spatial variation of soil structure and of other
soil physical properties, which were not measured in our study, probably contribute to the vari-
ation in grain yield in combination with the variation in weed infestation. Weed density (data
not shown) varied considerably in the fields in Gr€anichen and Zollikofen with CVs of 58 and
63%, respectively.

Conclusions

This analysis of the spatial variation in the grain yield of oats in small fields indicates that
yield variations cannot be explained simply by the spatial pattern of a limited set of soil
parameters. Nevertheless, the spatial distribution of SOM and total N content in the topsoil
had some influence on the spatial pattern of the grain yield of oats in the field at Gr€anichen.
Some soil chemical properties were strongly spatially dependent; therefore a site-specific fertil-
izer application could be beneficial. This is particularly true for lime and P in Zollikofen but
could also be advantageous for P, K and, to a lesser extent, N in the field at Gr€anichen. The
spatial patterns of soil chemical traits suggest that former fertilization and cropping practices
(i.e. anthropogenic spatial variation) strongly affect the spatial distribution of these soil param-
eters. Spatial distribution maps developed for soil properties could be the primary guide for
site-specific nutrient management and designing future soil sampling strategies in the inten-
sively cultivated cropping systems.

Abbreviations

SOM soil organic matter
P phosphorus
K potassium
N total nitrogen
SD standard deviation
CV coefficient of variation
S-W statistic Shapiro-Wilk statistic
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