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Abstract

Purpose Spatio-temporal variability in soil properties has
long been observed on uniformly managed fields. Under-
standing the spatial characteristics of soil properties would
be helpful in recognizing their relationship and the develop-
ment of site-specific management techniques. The objective
of this study was to determine the spatio-temporal variation of
P forms and related enzymes and their relationship with some
physico-chemical properties in a plot scale.

Materials and methods A grid soil sampling (10x10 m) was
used to measure the spatial variation of soil properties across a
0.4-ha field. Soil samples were collected at 50 points from the
upper 20 cm of luvisols in April and August 2007. The total
(Pr), available (P,), inorganic (Py), organic (Pg) phosphorus
concentration, and acid (Pac) and alkaline (P,;) phosphatase
activity were analyzed. Additionally, total organic carbon
(TOC), soil pHky, and clay content were determined. Data were
evaluated using classical statistical and geostatistical methods.
Results and discussion Both enzyme activities were signifi-
cantly higher in April than in August, while the Pt and P;
concentration were significantly lower. The concentrations
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of Py and P, did not significantly differ between sampling
dates. The spherical or mixed (spherical/linear) models with
the nugget effect were fitted to the calculated semivariograms.
The P, and TOC concentrations on both sampling dates as
well as Poc activity in April were situated in the strong vari-
ability class, the P; concentration in April revealed a weak
spatial variability and the other properties were in the moder-
ate variability class. The clay content revealed a pure nugget
effect. The range of the influence that was calculated for the
properties ranged from 16.5 to 50.0 m. Kriged maps showed
that temporal variability was observed in the spatial patterns of
the Py and TOC concentrations and P activity.

Conclusions Results from this study can help us to understand
and predict the contribution of internal factors (i.e., soil type)
in the total variability of soil properties that can interfere with
the influence of soil management practices. The spatio-
temporal variability showed that the studied area was tempo-
rally unstable and the implication of these findings is that
more frequent sampling, at least several times throughout
the growing season, must be included in the sampling strategy
in order to better understand whether P forms and related
enzymes show any permanent spatial patterns in soil all of
the time or whether they are more randomized.

Keywords Geostatistics - Soil phosphatase activity - Soil
phosphorus forms - Spatio-temporal variability

1 Introduction

Phosphorus (P) is an essential nutrient that is utilized for en-
ergy transport and growth by all organisms (Vitousek et al.
2010). It is involved in many critical biological processes,
such as energy metabolism, the synthesis of nucleic acids,
and photosynthesis (Vance et al. 2003). Phosphorus also
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interacts with other essential elements such as carbon (C) and
nitrogen (N) in regulating many biological processes. Phos-
phorus exists in soil in either inorganic (Py) or organic (Pp)
forms. Inorganic phosphorus in the soil mainly occurs as plant
available forms of H,PO,  and HPO,*> adsorbed to the sur-
face of oxides and hydroxides and to organic matter or bound
to calcium (Ca) (Olibone and Rosolem 2010). Organic P
forms, which occur in soil mainly as inositol phosphates,
phospholipids, and nucleic acids, may constitute 20—-80 % of
the total P in the surface soil (Dalal 1997; Makarov etal. 1997;
Turner and Haygarth 2005) and can be a potential source of P
for plants and microorganisms only after hydrolysis (Wang
et al. 2011). Extracellular phosphomonoesterases are the
group of enzymes that can hydrolyze the ester—phosphate
bonds in soil organic P, which releases phosphate into the soil
solution for uptake by plants and microorganisms (Nannipieri
et al. 2011). There are two major phosphomonoesterases—
acid and alkaline phosphatase, which are classified according
to their most effective pH. Both phosphatases significantly
contribute to the release of P; in the soils and nutrient cycling,
and therefore they are enzymes of great agronomic signifi-
cance (Hui et al. 2013).

Soils are usually supplemented with P by using either a
mineral fertilizer or animal manure. When P fertilizers are
applied at rates that exceed the crop removal rates, the soil P
is elevated to levels that are in excess of the soil’s assimilative
capacity (Ribaudo et al. 2003). Therefore, excess P that is
accumulated in soils is an environmental concern because it
can pollute water resources through field runoff and soil
leaching (Kaiser et al. 2009). Because of this, a great deal of
attention has been focused on the economic effects of defi-
ciency of P, the ecological effects of excessive P, and on opti-
mizing P fertilization. This is the reason that the spatial vari-
ability of this nutrient concentration, which can help in man-
agement decisions, should be considered in order to develop a
more productive and efficient crop management system.

Soils are characterized by a continuous variation in both
space and time (Geypens et al. 1999). The spatial distribution
of'the soil properties in agricultural systems is affected by both
natural conditions (e.g., soil parent material, climate) and by
field management (e.g., crop rotation, tillage, fertilization)
(Barton et al. 2004; Atreya et al. 2008). Usually, strong spatial
dependence of soil properties can be attributed to internal
(natural) factors and weak spatial dependence can be
attributed to external factors (management factors)
(Cambardella et al. 1994). Thus, there is a need to distinguish
between the contributions of external and internal factors in
the total variability of soil properties in order to evaluate the
influence of soil management practices and ultimately lead to
more efficient farming practices (Sun et al. 2003). It is impor-
tant, therefore, to detect, estimate, and map the spatial pattern
of soil properties. The scale of soil variation depends on the
specific soil characteristic that is being studied. Some soil

properties, such as texture, pH, and porosity, are considered
to be rather spatially static, while other features such as soil
nitrogen N, soil available forms of P and K, and biological
properties are highly spatially variable (Mulla and McBratney
2000; Piotrowska and Dhugosz 2012). Soil spatial variability
can occur across multiple spatial scales, ranging from the mi-
cro level (millimeters) to the plot level (meters) and up to the
landscape level (kilometers) (Garten et al. 2007; Cobo et al.
2010).

Geostatistics has been proven to be useful to soil science to
estimate the spatial variability of soil physical and chemical
properties (Katsalirou et al. 2010; Roger et al. 2014; Zhang
et al. 2014), soil biochemical properties (Askin and Kizilkaya
2006; Piotrowska and Dlugosz 2012), and soil microbial var-
iables and processes (Peigné et al. 2009; Katsalirou et al.
2010). Geostatistics are used to detect, estimate, and map the
spatial patterns of regional variables. They are based on
modeling and interpreting the semivariograms that relate any
dissimilarity between paired data values to the distance be-
tween each sample pair (Goovaerts 1998). Semivariogram
models provide the necessary information for kriging, a meth-
od that is used to interpolate data at non-sampled points (Sebai
et al. 2007).

Decisions regarding field management are usually under-
taken based on the results of spatial variability that is done
once on the area. However, soil properties often reveal high
temporal, e.g., seasonal variability and variability between
years (Magid and Nielsen 1992; Stipek et al. 2004; Zhao
et al. 2009). Taking into account the high temporal soil
variability, it was hypothesized that soil properties that were
studied in the same area differed in spatial distribution over
time, which may result in making a proper recommendation
for management practices based on the differences.

The objectives of the study were to (1) obtain essential
information on the variability of the soil P forms concentration
and phosphatase activities in an arable field under uniform
management and to assess the contribution of random varia-
tion in total soil variability, (2) determine whether stability of
patterns over two sampling times affects the spatial pattern
variability of properties that were studied, (3) examine wheth-
er current soil sampling recommendations adequately account
for any variability that may be encountered, and (4) examine
the relationship between phosphorus forms and related en-
zymes and some physico-chemical properties on two sam-
pling dates.

2 Material and methods
2.1 Study site and soil sampling

The research was carried out on a 0.4-ha study site that was
selected from an 80-ha agricultural field located in the village
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of Orlinek near Mrocza in the Pomerania and Cuiavia region
(53°15 31 N, 17°32 43 E) in northwest Poland. The area
that was selected for the research is partially covered with
typical luvisols (IUSS Working Group WRB 2007). The
average air temperature and the sum of rainfall during the
growing season (from March to October) in 2007 was
12.9 °C and 447 mm, while between 1997 and 2007 was
12.3 °C and 435 mm. The monthly mean values of air tem-
perature and the sum of rainfall in 2007 are presented at Fig. 1.
Winter wheat (7riticum aestivum L.) was cultivated after win-
ter rape (Brassica napus L.) as the forecrop. The soil was
fertilized with phosphorus [(NH4);PO,4, 200 kg'hafl, 46 %
of P] and potassium [KCI, 200 kg~ha71, 60 % of K] in autumn
2006. Nitrogen as NH;NO; (43 % of N) at 300 kg-ha ' was
applied on March 12, 2007 and 250 kg-ha ™' of CAN (ammo-
nium—calcium nitrate, N 27 %, MgO 4 %, CaO 7 %) was
applied on April 13, 2007. Farmers in Poland make manage-
ment decisions regarding the application of fertilizer P, based on
the Polish Norm recommendations (PN-R-04023). The PN
recommendations for soil P are based on the available P
(Egner—Riehm P, Py ) status of the soil, which has been classi-
fied into classes depending on the concentration of P (Table 1).

Fifty soil samples were collected at the stage of the winter
wheat spreading on April 12, 2007 and directly after the har-
vest on August 6, 2007. The dates of sample collection in this
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Fig. 1 Distribution of monthly averaged air temperature and monthly
sum of rainfall
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Table 1  The classes of P concentration in soil according to the Polish
norm (PN-R-04023)

The estimation
of the concentration

The estimation
of the concentration

Class of concentration

A% Very low <22
v Low 23-44
I Medium 45-66
I High 67-88
I Very high >89

study were determined in order to estimate the spatial structure
of soil properties that originated from various influence of
cultivated plant. Spring sampling was chosen to study whether
the rest period of plants (in winter) can not only result in
changes in the magnitude of soil properties, but can change
their spatial structure as well. In turn, the autumn sampling
time is the typical sampling period which determine the
magnitude of soil properties and their spatial structure after
the plant have been cultivated, which is important in soil man-
agement (e.g., fertilization), before the sequent plant is culti-
vated. Soil samples were taken at regular intervals (10 m) from
the 0-20 cm top layer (plow layer) across the traced plot. The
grid pattern used in the study was 90 m x40 m. Each compos-
ite sample comprised 10 sub-samples that were taken random-
ly from a circular area with a radius of 2 m from the node
point. Field-moist samples were sieved (2-mm mesh) and
stored in a plastic box at 4 °C between 2 and 5 days in order
to stabilize the microbial activity and then were analyzed for
phosphatase activity within 1 week. In order to analyze the
physico-chemical properties, the soil samples were air-dried at
room temperature and sieved (2-mm mesh).

2.2 Analysis of soil properties

The physico-chemical properties were assayed according to
standard methods and each sample was analyzed in triplicate
(Burt 2004). A particle-size analysis was carried out using the
Cassagrande’a method as modified by Proszynski (Mocek
et al. 1997) and the sand fraction content was determined
using the sieving method. Total organic carbon (TOC) and
total nitrogen (TN) content was determined using a dry com-
bustion CN analyzer (Vario Max CN), while soil pH (1 M
KCI) was measured using the potentiometric method in
1:2.5 soil/solution suspensions.

Available P was determined using the method of Egner—
Riehm where 0.1 M ammonium lactate (pH=3.7) was used as
an extracting solution. After the extraction, P was determined
using spectrophotometry after color development with ammo-
nium molybdate and SnCl, (Egner et al. 1960). Total P was
determined as described by Mehta et al. (1954) by treating soil
with concentrated HCI and then with 0.5 M NaOH at room
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temperature and at 90 °C. After mixing, the extracts were min-
eralized with a mixture of concentrated acids: nitric acid (V),
perchloric acid (VII), and sulfuric acid (VI) at a ratio of 10:1:4.
After mineralization Pt was assayed by adding two drops of
phenolphthalein, ammonia, 5 N H,SO,4, and ammonium
molybdate and SnCl, to the mineralized solution and the optical
density was assayed at 660 nm. P; was determined in the same
way but without mineralization. The Pg concentration was calcu-
lated as the difference between the total and the P; concentration.

The analyses of enzyme activities were performed on 1 g of
fresh, moist, sieved soil samples. To determine the acid (EC
3.1.3.2) and alkaline (EC 3.1.3.1.) phosphatase activities, soil
was incubated for 1 h at 37 °C with 4 ml of modified universal
buffer (MUB) (pH 6.5 for the acid phosphatase and 11.0 for
the alkaline one) and 1 ml of 0.115 M p-nitrophenylphosphate
solution (Tabatabai and Bremner 1969). After incubation,
1 ml of 0.5 M CaCl, and 4 ml of 0.5 M NaOH were added
to the samples; this was followed by filtration. The concentra-
tion of p-nitrophenyl was determined photometrically at
400 nm. The enzyme activity values were calculated based
on the oven-dry (105 °C) weight of soil.

2.3 Statistical and geostatistical analyses

The dataset was analyzed independently twice—first in a clas-
sical way in order to investigate the general status of the soil P
forms and phosphatase activity at two sampling times and
their links with the chemical—physical soil properties and then
within a geostatistics framework in order to investigate the
spatial variation of different P forms and related enzymes.
The classical statistical parameters such as the mean, maxi-
mum, and minimum, standard deviation (SD), coefficient of
variation (CV%), as well as skewness and kurtosis were eval-
uated using STATISTICA v. 9.0 Software. Normality of the
data was determined using the Shapiro—Wilk test. Since the
data of all studied properties were normally distributed, we
chose not to transform the values before further analyses. In
order to evaluate any significant differences between the re-
sults that were obtained in April and in August, data were
analyzed using the Tukey’s test (p<0.05). The relations be-
tween the studied properties were estimated using a correla-
tion analysis based on Pearson’s correlation coefficients
(»<0.001; p<0.01; p<0.05).

A classification scheme was used to identify the extent of
variability for soil properties based on their CV [%] values in
which values of 0-15, 1635, and >36 % indicate little, mod-
erate, and high variability, respectively (Wilding 1985).

Measurements among neighboring observations of the
studied variables were assessed for spatial autocorrelation
using the Moran’s [ autocorrelation coefficient (Moran
1948). Spatial autocorrelation is the relationship among the
values of a single variable that comes from the geographic
arrangement of the areas in which these values occur. It

measures the similarity of objects within an area or the degree
to which a spatial phenomenon is correlated to itself in space
(Jung et al. 2006). Moran’s / ranges from +1.0 (strong positive
spatial autocorrelation), to 0 (a random pattern) and to —1.0
(strong negative spatial autocorrelation). Moran’s / was calcu-
lated using a 50-m active lag distance and a 10-m lag interval
(ArcGIS 9.3). Significant spatial autocorrelation at the signif-
icance level <0.05 was found.

A semivariogram was determined for each of the soil P
forms that were studied and phosphatase activity in order to
characterize the degree of spatial variability between neigh-
boring samples and the appropriate model function was fit to
the semivariogram. The semivariogram (k) was estimated
using the equation:

n(h)

(Zi_zi+h)2 (1)
i=1

1
2n(h)

v(h) =

where / is the separation distance between locations; x; and
X;+;, and z; and z;,, are the measured value for the regionalized
variables at locations x; or X;.;, and n(%) is the number of pairs
at any separation distance 4 (Burgess and Webster 1980). A
semivariogram consists of three basic parameters that describe
the spatial structure as y(h)=C,+C. C, represents the nugget
effect, which is the local variation that occurs at scales smaller
than the sampling interval, such as sampling errors, fine-scale
spatial variability, and measurement errors. The sill (C,+C)
indicates the maximum (total) semivariance and it is the max-
imum height of semivariogram curve. The range is the sepa-
ration distance beyond which two observations are indepen-
dent of each other (Jung et al. 2006). At separation distances
greater than the range, the sampled points are no longer spa-
tially correlated (Mulla and McBratney 2000). The nugget-to-
sill ratio [Co/(Co+C)]-100 can be used to classify the spatial
dependence of soils properties (Cambardella et al. 1994). The
variable is considered to have strong dependence if the ratio is
less than 25 % and it has a moderate spatial dependence if the
ratio is between 25 and 75 %, otherwise, the variable has a
weak spatial dependence (pure nugget effect).

To choose the best models to adjust the empirical
variograms, a cross-validation procedure was applied. The
criterion for selecting the best fitting models was the mean
squared deviation ratio (MSDR), which was calculated from
the squared errors and kriging variances (Bishop and Lark
2006). If the model for the variogram is accurate, the MSDR
should be close to one (Kerry and Oliver 2007). The punctual
kriging was the procedure by which the values of the soil
properties were estimated at unsampled locations (Davis
1986). The maps illustrating the spatial variance of the
parameters that were determined were drawn based on the
semivariograms. The geostatistical calculations were done
using Isatis software (Geovariance Co.).
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3 Results

3.1 Descriptive statistics of the properties that were
studied

The data of the properties that were studied follow a normal
distribution according to the Shapiro—Wilk test (STATISTICA
v. 9.0 Software). The soil that was studied in April and August
did not differ significantly in total organic carbon (TOC)
(g kg™"), total nitrogen (TN) (g kg "), or pH in KCl at both
sampling times (Tukey’s test, p<<0.05) (Table 2). The TOC
concentration was in the range of 5.5-9.0 g kg™, while the soil
TN concentration ranged from 0.65 to 1.12 g kg '. The soil
reaction (pHyc;) was from acid (4.8) to neutral (7.0), with a
mean value of 5.4 in April and 5.7 in August. The studied soil is
composed of 79.3 % sand, 14.6 % silt, and 6.1 % clay (Table 2).

A normal distribution of soil P forms and phosphatase ac-
tivity was confirmed by the similar values of means and me-
dians (Table 3). The largest differences between the minimum
and maximum values were observed for P,y , while the lowest
range of the data was obtained for the Po content and Psc
activity. The shape of the distribution of the properties that
were studied was described by skewness. The skewness
values close to 0 (0.024) indicated that the distribution of the
Po concentration that was assayed in April was similar to the
symmetric distribution. A slight positive skewness was exhib-
ited for Pg in August, P; and P, at both sampling times that
were studied, as well as in the P, activity in April and Poc in
August. The right-side asymmetry for the data of the P,y that
was studied in August and the Poc in April as well as the
TOC/Pg ratio was confirmed by a relatively high value of
skewness (between 1.161 and 1.982). The positive kurtosis
indicates a relatively peaked distribution whereas the negative
one indicates a flat distribution compared to the normal distri-
bution. Soil properties that had a kurtosis close to 0 were total,
organic, and inorganic forms of P on both sampling dates,
while the P, concentration and TOC/Pg on both times of

Table 2 Physico-chemical properties in studied soil

Soil properties  April August

Mean (+SD) Range Mean (£SD) Range
TOC (gkg) 73 (=091) 5590 7.5(x0.85) 5.8-9.0
TN (g kg ") 0.80 (£0.07) 0.68-0.99 0.80 (x0.11) 0.65-1.12
pHkci 54 (x036) 4.8-6.8 5.7(x0.44)  5.0-7.0
Sand (%) - - 79.3 (£2.3)  75-85
Silt (%) - - 14.6 (£2.1) 11-19
Clay (%) - - 6.1 (£1.3) 4-9

TOC total organic carbon, TN total nitrogen, pHyc; soil pH in 1 M KCl,
SD standard deviation
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sampling indicated a higher leptokurtic distribution as well
as the P5p activity in August and the P,c activity in April.
The value of the TOC/Pg ratio (below 200:1) indicated a pro-
cess of mineralization (Stevenson 1986) and did not show any
significant difference between both sampling dates (Table 3).

Among the studied properties, the Py content that was
studied in August as well as the TOC/Py ratio and the
Par activity from both sampling dates tended to be the
most variable with a CV values between 37.7 and 46.3 %.
The other properties studied showed a moderate variability
as was indicated by the CV values between 15.5 and
33.7 % (Table 3).

3.2 Geostatistical analysis of the spatial variability of soil
properties

Significant spatial autocorrelation (p<0.05) was found for the
P content in April, Pop activity in August and Py, P, concen-
tration, Pac activity, TOC concentration, and pHgc; on both
sampling dates. The spatial autocorrelation was generally
positive but was low with Moran’s / ranging between 0.007
and 0.544. Only in the case of Pg and Pt determined in August
was Moran’s / index negative, suggesting that dissimilar
values occur near one another (Table 4).

To characterize the spatial variability of the properties that
were spatially autocorrelated, spherical, linear or mixed
(spherical/linear), models with the nugget effect were fitted
to the semivariograms that were calculated (Table 5, Figs. 2,
3, 4). The exception was the clay content which revealed the
total random variability (pure nugget effect) (Fig. 5). The data
indicated that only 11.2 and 8.9 % of'the P, concentration, and
7.7 and 9.6 % of TOC concentration in April and August,
respectively, as well as 7.2 % of Pxc activity in April was
due to random variability and that the structural variance
accounted for about 90 % (Table 5). The spatial variability
of the variables that were studied was categorized into three
classes based on the percentage of total variance (sill) present-
ed as a random variance [Co/Co+C,%] (Table 5). The nugget/
sill ratio of P4 (11.2 % in April and 8.9 % in August) and TOC
(7.7 % in April and 9.6 % in August), as well as of Po ¢ activity
in April (7.2 %) indicated a strong spatial variability. Nugget
semivariance for P assayed in April was large compared with
the total variance (78.1 % of sill), which suggests a weak
spatial structure. For the Pt content in April, the P; concentra-
tion in August, the Por activity on both sampling dates, the
Pac activity in August and pHy ¢ in April and August, the best
theoretical variogram models showed a contribution of nugget
(Co) in sill (Co+|C) at the level of 35.0-68.9 %, which indi-
cates a moderate spatial structure.

The ranges of influence that were calculated for the corre-
lated variables ranged between 16.5 and 50.0 m (Table 5,
Figs. 2, 3, 4). The P,y activity and pHyg| in August and as
well as clay content was not spatially dependent at the scale of
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Table 3  Statistics of soil properties (n=50)

Property Sampling month  Min  Max Mean  Geometric mean  Median ~ SD Skewness  Kurtosis  CV (%)

Py (mg kg ™) April® 130 626 390b 374 390 105 -0.192 —-0.044 26.9
August 209 657 447a 434 444 102 -0.317 -0.170 22.8

Po (mg kg1 April 61 343 209 198 207 64 0.024 —-0.140 30.6
August 83 436 204 190 186 77 0.661 0.219 37.7

P; (mg kg 1) April® 69 319 181b 171 176 60 0.510 0211 33.1
August 81 441 243a 229 239 82 0.481 0.104 33.7

PA (mg kg ) April 41 87 58 57 56 9.4 0.772 1.269 16.3
August 34 96 59 58 57 11 0.466 1.176 19.2

Po/Pr April® 024 0.67 054a 053 0.54 0.08 —1.384 2.662 15.5
August 0.18  0.80 046b 044 0.45 0.13 0.117 —0.356 28.0

TOC/Po April 202 1082 392 36.4 373 17.4 1.982 5.186 443
August 16.6 103.9 423 394 40.6 17.0 1.230 2.178 40.3

PaL (mMpNP kg' b)) April® 0.14 128 058a 0.52 0.54 0250 0.585 0.433 431
August 0.14 097 038b 0.35 0.35 0.176  1.373 2.106 46.3

Pac mMpNP kg ' h™")  April® 147  4.00 223a 219 2.19 0462 1.161 3.268 20.7
August 097 250 1.69b  1.65 1.68 0379 0314 —-0.539 22.4

Prtotal phosphorus, Py organic phosphorus, P; inorganic phosphorus, P, available phosphorus, P,; alkaline phosphatase activity, P, acid phosphatase

activity, SD standard deviation, CV (%) coefficient of variation

#Significant differences between April and August (Tukey’s test, p<0.05)

our sampling grid. Since the range is the maximum distance
over which results are correlated (Bergstrom et al. 1998a), the

Table4 Moran’s / for properties studied

Property Sampling Moran’s/  Zscore P value
month
Py (mg kg ") April 0.125 3.027  0.0025
August  —0.004 0339  0.7350
Po (mg kg ™) April 0.058 1.616  0.1060
August  —0.024 -0.071  0.9435
P4 (mg kg ™) April 0.187 4365  0.0000
August 0.157 3.737 0.0002
P, (mg kg ") April 0.125 3.017  0.0026
August  0.143 2.127  0.0032
Pac mMpNP kg ' h™!)  April 0278 6221 0.0000
August  0.233 5371 0.0000
Par (mMpNP kg ' h™")  April 0.007 0.581  0.5612
August  0.243 5437 0.0000
TOC (g kg™ April 0.544 7469  0.0000
August 0461 6365  0.0000
pHkcr April 0.241 3498  0.0000
August  0.319 4580  0.0000
Clay (%) August  0.108 1718  0.0860

Pr total phosphorus, Py organic phosphorus, P; inorganic phosphorus,
P, available phosphorus, P,; alkaline phosphatase activity, Py acid
phosphatase activity, TOC total organic carbon, pHy; soil pH in 1 M
KCl

sampling scheme for the properties that were studied could be
less intensive (about 20 m) than this accepted in the study.

3.3 Temporal changes of data and their spatial patterns

Significant differences between the properties studied in April
and August were observed for the Prand P; concentration, the
Po/Pr ratio, and the phosphatase activity (Tukey’s test,
p<0.05, Table 3). Based on the mean value, both the Pt and
P, concentrations were higher in August than in April (13 and
25 %), while both P, and P,c activities were significantly
higher in April compared to August (34 and 24 %, respective-
ly). The Po/Pt ratio was 15 % lower in August than in April.

The main application of geostatistics to soil science has
been to estimate and map soil property values in unsampled
areas. The spatial pattern of the spatially autocorrelated stud-
ied properties are presented in Figs. 6, 7, and 8. In each figure,
light shading represents the highest values while darker shad-
ing is associated with the lowest values. The kriged map of
soil P5 in August corresponds to the ranges of each PN-R-
04023 (1996) class that is shown in Fig. 6a. The concentration
of P4 did not show considerable differences across the studied
area and most of the area was in the medium class of the
content (III class of the content according to Table 1), which
suggests that further application of P fertilizers on this area
should be no higher than that of the cultivated plant demand
(Kulezycki 2012). A higher concentration of P (I class) was
only observed on two small areas that are situated to the south-
west and southeast. A low content of P, (IV class) was only
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Table 5 Parameters of variogram models
Property Sampling month Model Nugget (Co) Sill (Co+C) Co/(Co+C) [%] Range (m) MSDR SD
Pr April Sph, L, NE 0.0054 0.0114 474 22.0 0.996 M
Py April Sph, L, NE 7.3 64.8 11.2 16.5 0.976 S
August Sph, NE 12.0 1355 8.9 27.5 0.995 S
Py April Sph, NE 0.0025 0.0032 78.1 25.0 0.994 W
August Sph, NE 0.0034 0.0069 49.3 39.0 1.078 M
Pac April Sph, NE 0.005 0.069 7.2 31.0 1.163 S
August Sph, NE 0.009 0.0257 35.0 35.0 1.113 M
Par April Sph, NE 0.120 0.185 64.9 22.0 1.112 M
August L,NE 0.042 0.061 68.9 - 1.579 M
TOC April Sph, NE 0.06 0.78 7.7 50.0 0.998 S
August Sph, NE 0.08 0.83 9.6 48.0 1.059 S
pHkci April Sph, NE 0.072 0.173 41.6 425 1.002 M
August L,NE 0.155 0.240 64.6 - 1.006 M
Clay August NE 0.97 0.97 100.0 - 1.045 PNE

Sph spherical, L linear, NE nugget effect, MSDR mean squared deviation ratio, SD spatial dependence, S strong, M moderate, W weak, PNE pure nugget
effect, Prtotal phosphorus, P, inorganic phosphorus, P, available phosphorus, Py, alkaline phosphatase activity, P4 acid phosphatase activity, TOC total
organic carbon, pHyc; soil pH in 1 M KCl

observed in a 60-m-long and 10-30-m-wide strip of the stud-
ied area. Because the spatial distribution of the P, concentra-
tion in April was similar to that which was observed in

Fig. 2 Experimental
semivariograms of a P,
concentration in April, b Py
concentration in August, ¢ Py
concentration in April, and d Py
concentration in August
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August, we are not presenting it. The concentration of Py in
April was the highest along the western part of the transect at a
length of 020 m and over the entire width of the area. The
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lowest concentration of P; was located in the southeast quad-
rant of the studied plot (50-90-m long and 0-25-m wide)
(Fig. 6b). The highest concentration of P; in August was dis-
tributed in the same area as in April, while the lowest content
of this variable was in a band from the south to the northwest
(40—60-m long) to the northwest part of the plot (Fig. 6¢). Soil
Pac activity in April was homogenously distributed in the area
that was studied with only small pockets of higher or lower
values situated along the western part of the plot that was
studied (Fig. 7a). This enzyme was generally lower and more
differentiated in the soil samples that were collected in August
than in April. The highest values of P5c in August were ob-
served in the northeast corner of the area, while the lowest was
located in the northwest part of the field (Fig. 7b). The Par.
activity data in August was more differentiated than that of the
PAc on this sampling date (Fig. 7c). The highest activity of this
enzyme was located along the western part of the field and
along the northern edge at a length of 35-65 m, while the
lowest values of this activity was observed in a small area that
was located at a length of 70-80 m and at a width of 20-35 m.
The highest TOC concentration in April (Fig. 8a) was ob-
served over the entire width of the eastern part of the area
and in one point located at a length of 30 m and a width of

10 m. An area with the lowest TOC concentration was situated
in the northwest corner of the field. The highest TOC concen-
tration in August (Fig. 8b) was located at the southwest and
southeast corners of the field, while the lowest data set was
found in a band across the field from the northwest (40-m
width and 15-30-m long) to south-central (40—60-m long).
The spatial distribution of TOC concentration at both sampling
times was similar to that of the Nt content that was presented
carlier (Piotrowska 2011; Piotrowska-Dhlugosz et al. 2013),
while spatial structure of TOC in August was similar to Py
concentration (Figs. 6¢, 8b). The distribution of pHy data
was similar at both sampling times (Fig. 8c—d). The values of
this property decreased progressively from the northwest corner
of the area to the southeast part of the field (up to 70-m long).

3.4 Correlation between the properties that were studied

The highest significant correlation coefficients (p<0.001)
were shown between Pt and Py and Pg in April (p=0.829
and p=0.853) and between P, activity and pHgc; in Au-
gust (p=0.833) (Table 6). A significant and positive rela-
tionship was found between Py and Pt and Po and Py
concentrations in August. An analysis of the correlation
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showed a significant coefficient between P,y activity and
pHkcr (a positive relationship) in April and Pac and pHgc
in August (a negative relationship). The P5c and P, activity
was negatively correlated (p=—0.606, p<0.01) in the soil sam-
ples that were collected in August, while there was no signif-
icant relationship between these properties in April.
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Fig. 5 Experimental semivariogram of clay content in August
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4 Discussion

4.1 Inside-population variability of P forms and related
enzymes and their stability of patterns over sampling
times

The data of the properties that were measured appeared to be
variable within one sampling time as well as between both
sampling periods, and a moderate to strong variability was ob-
served. Soil phosphatase activity had the same (moderate) or
even higher variability than those of the P forms (CVs Table 3).
The CVs represent the intrinsic heterogeneity that is induced by
the soil features and cultivation history (Yanai et al. 2003) and
their values are usually higher for biological properties as com-
pared to the physico-chemical properties (Yanai et al. 2003;
Piotrowska and Dlugosz 2012). Soil available P (P,) data is
commonly known to show a high variability (Sun et al. 2003;
Roger et al. 2014). The CVs of the available P that were ob-
served in this study were lower than other results that were
measured in a small field by Zhou et al. (1996) or in
a 112-ha field that was measured by Sun et al. (2003).
The available P that was characterized using different
chemical extractions (e.g., P-H,O, P-NaHCO3) in
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croplands, permanent grasslands, and mountain pastures  soil properties at the correct time is critical for the accuracy of
had a moderate to high variability with CV ranging  site-specific farming. The dynamic properties that exhibit sea-
from 43.3 to 120.1 % (Roger et al. 2014). sonal and annual variation include inorganic and available

Soil properties can also be classified according to the extent ~ forms of nutrients and soil biological properties, i.a. enzymatic
of their variability in time. Therefore, sampling of the dynamic ~ activity (Stipek et al. 2004; Piotrowska and Dtugosz 2012).
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Soil receives phosphorus annually from plant residues and
fertilizers. Because these inputs and the removal of P by
plant uptake vary with crop age and soil temperature and
moisture, seasonal variations in the amount and distribu-
tion of P in soils can occur (Shen et al. 2011; Sufier et al.
2014). In this study, not only P; concentration was lower
in April compared to August but Pt concentration was
also lower, which was probably caused by a considerable
intake of P from the fertilizer by the intensively growing
winter wheat plants and the limited rate of mineralization
of Po due to low temperatures and little rainfall (Fig. 1).
The seasonal changes in the concentration of different P
forms in arable soils indicate that the mineralization of
labile organic P occurs (Magid and Nielsen 1992; Zhao
et al. 2009). Indeed, in this study, the ratio Po/Pt was
15 % lower in August than in April, which indicated that
the process of the mineralization of Py in plant residues
occurred between April and August, which resulted in a
higher P; and P concentration in August than in April in
contrast to the phosphatase activity, which had less activ-
ity in August than in April. However, a significant, neg-
ative relationship between the Py and Pt content and phos-
phatase activity was not observed. Several other studies
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have reported a reduction in soil organic P fraction during
crop growth (Tiessen et al. 1982; Bowman et al. 1999).
Sharpley (1985) found that the mineralization of Po con-
tributed amounts of P similar to that of added inorganic
fertilizers.

Seasonal variation in phosphatase activities has been
demonstrated in a number of studies (e.g., Boerner et al.
2005; Piotrowska-Dlugosz and Wilczewski 2014). Seasonal
variation in the activity, especially in the case of acid phos-
phatase, is associated with the different stages of plant growth
(Dotaniya et al. 2014; Piotrowska-Dtugosz and Wilczewski
2014). In our study, increased phosphatase activity was ob-
served during the intensive growth of winter wheat (April)
compared to August. The effect of plants in different stages
of growth can be direct when the roots secrete varying amount
of acid phosphatase, and indirect when it is related to changes
in soil organic matter content caused by different patterns of
continuously producing and excreting organic compounds,
such as amino acids, organic acids, sugars and vitamins
(Hinsinger et al. 2006), and microbial populations (rhizo-
sphere effect). Microbial communities in the rhizosphere are
dynamic and susceptible to changes in plants growth. In re-
sponse to a change in root exudation patterns with the
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Table 6 Correlation matrix

(a) April

pHka TN TOC P Po
Pr - - - 0.829%#*  (.853%**
Po - - - 0.414* -
Py - - 0.578** — -
Py - 0.383*%  — - -
Par  0.657%%  — - - -
Pac - 0.484*  0.426* - -
TOC — 0.778%**  — - -
(b) August

pHkar N TOC Pac Py Po
Pr - - 0.331*% - - 0.609%**
Po - - - - 0.668**  —
P - - - - - -
Py 0.399% 0.383*%  0.592%* — - -
Py 0.833%%* — - —0.606** — -
Pac —0.427* 0483* - - - -
TOC - 0.542%*  — - - -

— not significant, P total phosphorus, P organic phosphorus, P; inor-
ganic phosphorus, P, available phosphorus, P,; alkaline phosphatase
activity, Pyc acid phosphatase activity, 7OC total organic carbon, pHyc;
soil pH in 1 M KCI

***Correlation is significant at the 0.001 level; **Correlation is signifi-
cant at the 0.01 level; *Correlation is significant at the 0.05 level

development of plant, the microbial community structure and
composition in the rhizosphere also change with time and
varies during the life cycle and with the seasonal response of
plants (Germida and Siciliano 2001). Higher enzymatic activ-
ity (e.g., phosphatase) was observed during the vigorous
growth stage of cucumber while lower activity was noted
during the early and late growth stages (Yang et al. 2008).
However, Gu et al. (2009) investigated the temporal fluctu-
ations in the activities of dehydrogenase and urease enzymes
at different growth stages of two rice varieties and found
higher activities at the seedling stage than at the tillering
stage.

Temporal variation in the phosphatase activity was also
caused by fluctuation in precipitation and temperature (Huang
et al. 2011). In this study, however, there was no significant
relationship between the weather parameters and phosphatase
activity (data not presented), which suggests that other factors
were predominant in the functionality of the enzymes.

The data that was obtained in this study showed that there
were differences between the April and August sampling
times, but probably more often, sampling is required to recog-
nize the real, long-term spatio-temporal structure of soil prop-
erties, especially during the intensive soil management and
vigorous growth of plants. Some soil properties are very
changeable over time and more frequent sampling would
probably reveal the variability as well. This is highly probable

especially in the case of soil biological properties, e.g., enzy-
matic activity, which could differ significantly from one
month to another (Paz-Ferreiro et al. 2011). The shape of the
spatial structure of given soil properties is very complex and is
the result of different management factors, the type of crop
being grown, climate, and weather conditions (soil moisture,
soil temperature), which acting together, contribute to season-
al variation.

4.2 Spatial variability of P forms and phosphatase activity

It is commonly known that soil properties vary spatially even
over short distances. Spatial variability is known to have an
effect on the transport processes in soils (Sevik and Aagaard
2003), biomass turnover rate (Harden and Joergensen 2000),
and nutrient cycling processes (Corre et al. 2002). Conse-
quently, assessing the spatial structure of a soil will help to
develop better nutrient management strategies and can serve
as a means for planning suitable sampling patterns (Stein and
Ettema 2003) Two geostatistical indictors of spatial variability
were used in this study (Table 5, Figs. 2, 3, 4, 5). One was the
nugget/sill ratio, which indicates the spatial structure at the
sampling scale and allows for a comparison of the relative size
of the nugget effect among different soil properties
(Cambardella et al. 1994). All of the properties analyzed in
this study, which were spatially autocorrelated, indicated a
positive nugget, which can be explained by sampling error,
short range variability, and random and inherent variability
(Sun et al. 2003). The nugget effect for P, did not exceed
12 %, and for TOC was lower than 10 %, which indicated a
strong spatial structure. This result suggests that these proper-
ties were highly influenced by intrinsic variations in the soil
characteristics, such as texture and mineralogy (Cambardella
et al. 1994) and was less sensitive to extrinsic factors. How-
ever, we could not estimate the relationship between the con-
tent of clay fraction and other properties, since the clay frac-
tion showed a random variability (a pure nugget effect). A
significantly higher contribution of nugget variance in the to-
tal variance (48—84 %) of P, (Mehlich 3) was shown by Dan-
iels et al. (2001) in pastures that had been amended with
animal waste. Similarly, in the study of Aggelopoulou et al.
(2011), Porsgn revealed a pure nugget effect (100 % nugget
effect) in an apple orchard in Greece.

The weak spatial dependence for P; indicates an extrinsic
variability, for example, due to human activity such as fertili-
zation (Geypens et al. 1999). In fact, it could also be caused by
the influence of the inorganic P fertilizer (containing P-PO,’")
that had been applied in autumn in the previous year. The weak
spatial structure of Py in April means that this variable can
almost be predicted from the mean of random samples, where-
as in the soil that was collected in August the prediction of Py
can be improved by the knowledge of the spatial structure
within the autocorrelation range of 39 m (Table 5).
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Another parameter of soil spatial variability is the range
(m), which is considered to be the distance beyond which
observations are not spatially dependent. Generally, samples
need to be taken at a distance shorter than the range of the
variogram in order to develop reliable maps (Sun et al. 2003).
Results obtained in this study (range values, Table 5) sug-
gested that the strategies that are chosen to create the sampling
scheme (every 10 m) for the properties studied were not suit-
able and less intensive sampling grid should be recommended
for this field. The similarity of range values between the soil
properties can indicate the strength of their relationship. A
previous study showed that changes in enzyme activity pre-
ceded that of organic matter (Bergstrom et al. 1998a). Some
enzymes such as arylsulfatase and phosphatase were strongly
spatially related to the organic matter content (Bergstrom et al.
1998b). The similarity in the range between phosphatase and
the P content in this study (Table 5, P, Py, and P, in April as
well as P; and P5c in August) is also worth pointing out be-
cause of the dependence of the synthesis and regulation of
phosphatase activities on the P; content.

4.3 Correlations among the properties studied

Some studies have been devoted to examining the relationship
between different forms of soil P and the activity of enzymes
of the P cycle and the results have been varied with positive,
negative, or no correlations being reported (Miller et al. 2001;
Wang et al. 2011; Orczewska et al. 2012). A significant but
negative relationship between both of these parameters is of-
ten shown in soil on which P fertilizers are applied, and/or in
naturally fertile soil (Miller et al. 2001). The inverse relation-
ship between phosphatase activity and the available P content
confirms the thesis that the production and activity of soil
phosphatases is connected with the demand for P of microor-
ganisms and plants (Wang et al. 2011). Phosphatases are
typical adaptive enzymes and their activity increases while
the plant’s available P content decreases. Kinetics studies have
indicated that orthophosphate ions, which are the product of
the reaction that is conducted by the phosphatases, are a com-
petitive inhibitor of their activity in soil (Hui et al. 2013).
Other studies have found a significant correlation between
phosphatase activity and the available P content (Orczewska
et al. 2012). In this study, similar to observation made by
Wang et al. (2011), no significant relationship was observed
between any P form and phosphatase activity, which sug-
gested that P may not limit the system that was studied and
that some other masking factors such as site geology may
influence enzyme production and activity (Olander and
Vitousek 2000).

The activities of soil alkaline and acid phosphatase are
closely related to soil pH, with acid phosphatase dominating
in acid soils and alkaline phosphatase in alkaline soils
(Nannipieri et al. 2011). In our study, the Por activity was
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approximately four times lower than the Pac activity, mainly
because soil pH was in the acid range (Table 2). A significant
relationship between soil phosphatase activity and soil pHg
was observed in this study, whereas Py was positively related
and P,c was negatively related (Table 6). The above proper-
ties also revealed the spatial relationship what was shown in
the kriged maps of Po; and Pac activities and pH data both in
April and August (Figs. 7a—c, 8c—d). The area with higher
pHxy values has corresponded with lower P activity and
with higher P, activity. Such correlations were expected
since phosphatases have a characteristic pH-dependent
activity profile. Soil pH ranging from 4.8 to 6.8 in April and
from 5.0 to 7.0 in August could be a possible source of the
variability of soil phosphatases in this study.

5 Conclusions

The research showed that the spatial characteristics of the soil
properties varied greatly by their position in the plot and the
sampling time. For some P forms (Pt in August, Po on
both sampling dates), no spatial patterns were observed
using our sampling strategy, and therefore, evaluation of
their spatial characteristics would require a higher
density of sampling.

All of the properties that had a spatial autocorrelation
showed nugget variance, which indicated that they were
strongly or moderately spatially dependent and were to some
degree differentiated by internal factors like soil texture and
mineralogy. The findings from this study can be used as a
scientific basis for understanding and predicting the
contribution of internal factors (i.e., soil type) on the total
variability of soil properties, which can mask the influence
of soil management practices (fertilization, crop rotation,
tillage).

The analysis of variance showed a significant temporal
variability in the soil Py, Py concentration, and soil phospha-
tase activity, while Py and P, did not vary significantly be-
tween April and August. Seasonal variability was observed in
the spatial pattern of the P; content and P ¢ activity and there
were no similarities in the patterns of their variability that were
measured on the same sampling dates or for the same property
that was studied during both sampling periods. A variation in
time could significantly affect the spatial variability and con-
sequently change the shape of semivariograms of these vari-
ables. The data on spatio-temporal variation showed that it is
important to take spatial variability into consideration in the
sampling strategy. If the sampling had been performed in
varying patterns from one date to another, considerable spatial
variation could have been superimposed on the temporal
changes. More frequent sampling, at least several times
throughout the growing season, must be included in the ex-
perimental planning in order to gain a better understanding of
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whether P forms and related enzymes show any permanent
spatial patterns in soil ecosystem all of the time or are more
randomized.
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