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Abstract: Quantifying the spatial distribution of nitrogen (N) in the soil under long-term drip
fertigation events is essential for the optimal regulation of drip fertigation systems. In this study, a
greenhouse soil that had been under drip irrigation for 20 years was selected as the research object,
and soil samples were collected from the 0-50 cm soil depth. The concentrations of N in the soil
samples were measured and their spatial distribution characteristics were quantified by classical
statistical analysis and multifractal analysis. The results showed that long-term drip fertigation and
the influence of natural factors resulted in the nitrate N mainly accumulating in the shallow layer of
the soil and within a distance from the drip irrigation belt, and the spatial heterogeneity gradually
decreased with increasing depth. The content of ammonium N was low, and its distribution was
observed in the whole section. Multifractal analysis indicated that the Ax value of nitrate N and
inorganic N gradually increased with the increase in the research scale, i.e., the spatial heterogeneity
gradually increased, and it did not appreciably change for ammonium N. Meanwhile, the local
high value region was the main factor leading to the spatial heterogeneity of N, and this dominant
effect gradually increased with increasing depth. Multifractal analysis can effectively reflect the local
information of the N spatial distribution in the soil and provide a more detailed description of the
spatial heterogeneity of soil properties.

Keywords: long-term drip fertigation; soil nitrogen; spatial variation; multifractal theory

1. Introduction

Facility greenhouse drip fertigation can directly transport water and nutrients to
the root zone of crops, resulting in wetting, high yield, and efficient use of water and
fertilizer [1-3]). It is widely used in countries throughout the world [4-6]. Due to the
characteristics of point infiltration and local wetting of drip irrigation, it is inevitable that
soil nitrogen shows different degrees of variability in terms of spatial distribution. The
spatial distribution and variability of soil nitrogen is essential for maintaining soil quality
and improving water and fertilizer use efficiency.

During recent years, most studies have focused on improving the economic benefits,
aiming to determine the effects of drip fertigation strategies on crop yield and quality [7-9],
and less attention has been paid to the effects of long-term drip fertigation on the nitrogen
distribution and variability in soil profiles. Nitrogen content analysis showed that although
drip fertigation can reduce the deep leakage of nitrogen and improve the efficiency of water
and fertilizer use, the weak single-time irrigation amount and irrigation intensity tend to
result in the accumulation nitrogen in the shallow layers [10,11]. At present, the research
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methods used to investigate the spatial variability of soil properties are summarized by
traditional statistical methods, geostatistical methods [12,13], spectral analysis, and fractal
theory [14,15] of these methods. The traditional analysis methods mostly average the
original data to a certain extent, which has certain limitations in reflecting the variability of
local information, and fractal theory can quantitatively characterize the complex structure
of material properties. To overcome the deficiencies of single fractal analysis, multifractal
theory fully considers the difference between the feature quantities in each small sampling
unit in the study area, and is unaffected by the data distribution, and thus, multifractal
theory can better reflect the variation information neglected. Therefore, multifractal meth-
ods are widely used to describe the spatial variability of soil properties and their scale
effects [16-19] while fewer related research studies have focused on the spatial variability
of soil nitrogen [20].

In this study, the spatial distribution and variability of soil nitrogen in greenhouses
under long-term drip irrigation were analyzed based on the combination of traditional
analysis methods and multifractal theory. The objective of this paper was to provide a
theoretical basis for the development of greenhouse water and fertilizer control measures.

2. Materials and Methods
2.1. Study Area

The experiment was carried out in the solar greenhouse of the Panggezhuang Exper-
imental Station of the National Water-saving Irrigation Beijing Engineering Technology
Research Center during June 2017. This greenhouse has been subjected to drip irrigation
and fertilization management for 20 consecutive years. The planting area of the solar
greenhouse is 600 m?; the layout of the plot is shown in Figures 1 and 2. Before a crop
is planted, organic, potassium, and phosphate fertilizers are applied as the base fertilizer.
During the growth period, nitrogen fertilizer is applied during several stages once every
two weeks, and the amount of fertilizer applied to different crops is determined based on
China’s Major Crop Fertilization Guidelines.
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Figure 2. Description of the sampling positions.

The tested soil was a silty loam with a density of 1.44 g/cm® and a pH of 8.48. The soil
was a weakly alkaline soil with a field moisture capacity of 24.48%. The 0-40 cm basic soil
layer had a total nitrogen of 0.79 g/kg, alkali nitrogen of 268 mg/kg, effective phosphorus
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of 124 mg/kg, available potassium of 138 mg/kg, and organic matter of 11.9 g/kg, as
shown in Table 1.

Table 1. Basic physical properties of the experimental soils.

Particle Size Fraction (%)

Depth (cm) Soil Bulk Density (g/cm?) pH
Sand Silt Clay

0-20 28.75 65.00 6.25 1.42 8.38

20-40 24.00 61.50 14.50 1.46 8.58

40-60 5.75 76.50 17.75 1.62 8.72

2.2. Sampling Methods

The experiment was conducted on the greenhouse soil of the facility subject to mul-
tiyear drip fertigation management and was sampled at the end of the spring sap crop
on 28 June 2018. Three kinds of soil sampling methods were used: the large-scale section
of the vertical drip irrigation zone (the sampling point interval was 2 m and the number
of sampling points was 43), the section parallel to the drip irrigation zone (the sampling
point interval was 1 m with 4 repeats for a total of 24 sampling points at 6 points per row),
and a small-scale section of the vertical drip irrigation zone (the sampling point interval
was 10 cm, each sampling section had 10 sampling points in the horizontal direction with
4 repetitions for a total of 40 sampling points). In total, 107 sample points were established.
Each sampling point was sampled in the following soil layers: 0-10, 10-20, 20-30, 3040,
and 40-50 cm depth, for a total of 535 soil samples. The samples were collected for air
drying and grinding, and then leached with a liquid to soil ratio of 5:1 in a 0.01 mol/L
CaCl; solution. The samples were then subjected to an AA3 continuous flow analyzer
(AutoAnalyser-1lI, Bran+Luebbe, Germany) to assess the nitrate nitrogen and ammonium
nitrogen contents in the leaching liquid. The arrangement of the sampling points was
as follows:

The descriptive statistical analysis of soil nitrate nitrogen and ammonium nitrogen
content data was carried out using SPSS 20.0. The spatial distribution contour map and
the anomaly distribution map were drawn by kriging interpolation using the Surfer 14.0
software. The spatial variability of soil nitrate nitrogen, ammonium nitrogen, and inorganic
nitrogen in different soil layers was analyzed by the coefficient of variation (CV) and
multifractal theory. The larger the CV, the more dispersed the data, thus showing higher
spatial heterogeneity of the indicator. The calculation formula is as follows:

SD .
CV = o * 100% )

The variation in the soil nitrogen content was graded according to the CV. A CV < 10%
is a weak mutation, a CV between 10% and 100% is moderate variation, and a CV > 100%
is strong variation [21].

The multifractal method distinguishes the eigenvalues in each small unit by the mass
probability distribution set, and analyzes the variation in structures with complex fractals at
different scales using important parameters, such as generalized dimensions Dq, singularity
strength o(q), and multifractal spectrum f(x), which is another method of geostatistics [22],
and the calculation of parameters mainly refers to the previous literature [22-24]. This test
samples the soil profile in the study area at an equal distance. Therefore, the measured
value reflects the average content level of the 10 cm height soil column. According to the
multifractal principle, the multifractally distributed measure of nitrogen is first determined.
The sampling section is divided into n meshing elements with scales of ¢. If the nitrogen
content in the ith meshing is M;, the calculation formula of the probability measure p;(e) of
the meshing is as follows:

(&) = 2
Pile) = 37 37 )
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where ¢ is the grid scale, n is the number of grids at the scale, and Mi is the measured value
of the nitrogen content in the i-th grid. Then, the partition function xq(¢) is constructed,
which is a weighted summation of the g-th power of pi(e) as follows:

xq(e) = Y pl(e) = €@ 3
i=1

This equation shows that for the multifractal measure, the partition function xq(e)
has a power function relationship at a research scale €. Then, the quality index t(q) can be
obtained by fitting the slope of the 1gxq(e)-1ge curve as follows:

(q) = B4 (e o) @

Then, the following parameters are obtained from the relationship between t(q) and q,
where the generalized multifractal dimension is as follows:

t(q@) _ I8xq(e)
q—-1 (q9—1)lge

Dy = (e = 0) (5)

The multifractal singularity index of the soil property distribution is as follows:

Yitg Xi(q e)lgp;(e)

a(q) = Ige (e = 0) ()
The multifractal spectrum is as follows:
n . .
f(oc) _ Zi:l Xi (qf 5)1gX1(q/ 5) (8 N 0) (7)

Ige

3. Results and discussion
3.1. Spatial Distribution Characteristics of Nitrate Nitrogen and Ammonium Nitrogen under
Drip Fertigation

As shown in Figure 3, the nitrate nitrogen is mainly distributed in the 0-30 cm soil
layer in the vertical direction, particularly in the 10-20 cm soil layer, and the nitrate nitrogen
content is significantly lower below 30 cm. In the horizontal direction, the content contour is
not parallel with the ground, but a local nitrate-nitrogen peak region appears at nearly equal
intervals, and the highest content appears at a depth of approximately 10 cm. In general,
nitrate nitrogen is more motile in the soil, and it is also more likely to result in leakage
loss. However, in the study area of the soil environment with long-term drip fertigation,
nitrate nitrogen has a certain “energy” phenomenon. First, the soil in the greenhouse below
40 cm is at the bottom of the plow. It can be seen from the grain fraction of different depths
that the average sand content of the 0-40 cm soil layer is approximately 26%, which is
5 times higher than that of the 40-60 cm soil layer. Changes in soil permeability hinder
the migration of nitrate nitrogen to depth, which causes nitrogen to accumulate near the
interface of the 40 cm soil layer [25]. As shown in Figure 3, the nitrate nitrogen content at
a depth of approximately 40 cm is low, which may be because when the soil porosity is
high, the movement of solute in the pores is mainly driven by gravity [26]. At this time,
the soil water content is the key factor of nitrogen transportation and distribution. In the
closed environment of the solar greenhouse, the soil moisture mainly originates from drip
irrigation, and the distribution of soil water and nitrogen is affected by the way the drip
irrigation pipe is laid. At the same time, the environment lacks the rainfall leaching effect
of open-air conditions, which obstructs the nitrate nitrogen from washing into the deep
part of the soil, and it migrates to the shallow layer of soil via the evaporation of water.
It can be seen from the anomalous distribution of nitrate nitrogen on the horizontal layer
(Figure 3b) that most of the anomalies are negative, and the positive anomalies are as high
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as 35 or more, mainly distributed in the 0-30 cm soil layer, which indicates that the content
of surface nitrogen greatly varies in the horizontal direction.

Horizontal distance/m
35 40 45

Lt !

(a) Spatial distribution of the nitrate nitrogen content
Horizontal distance/m

20 25 30 35 40 45 50

s - N e Ve

(b) Nitrate nitrogen content anomaly distribution

Figure 3. Spatial distribution characteristics of nitrate nitrogen. The bar scale on the right of the
figure is the concentration index, and its unit is mg/kg.

This phenomenon can be explained well by decreasing the study scale between two-
drip irrigation tubes (Figure 4). The vertical profiles between the four randomly selected
drip irrigation belts show that nitrate nitrogen is mainly distributed in the surface layer
of the soil within the 0-30 cm depth under long-term drip fertigation conditions, and the
accumulation phenomenon between the drip irrigation pipes. Because, during the process
of drip fertigation, nitrate nitrogen easily migrates with water and accumulates at the edge
of the wetting front, the absorption of nitrogen by the crop causes the nitrate nitrogen
content around the drip irrigation zone to be lower. The high value area of intermediate
nitrate nitrogen is the superimposed effect of fertilization on both sides of the drip irrigation.
Following irrigation and fertilization at the end of the crop period, the small amount of
nitrogen remaining in the profile continues to migrate via the evaporation of water and
accumulates in the surface layer. Thus, nitrate nitrogen accumulates in the surface layer and
a plurality of nearly equally spaced high value regions appears in the horizontal direction.

Compared with nitrate nitrogen, ammonium nitrogen is easily adsorbed by soil par-
ticles. Figure 5 shows the distribution of ammonium nitrogen along an east-west profile
under long-term drip fertigation conditions. Perhaps because the soil is weakly alkaline
(pH > 8) and the content of ammonium nitrogen in the whole section is at a low level
(£ 6 mg/kg), the relatively high value area is mainly distributed at 5-40 cm. First, the
soil surface layer is greatly affected by external factors, which increases the loss of ammo-
nium nitrogen. In general, ammonium nitrogen is less affected by water movement in
the soil and more affected by soil texture. Studies have shown that the migration ability
of ammonium nitrogen in soil is sandy loam > clay loam > loamy clay [27]; that is, the
larger the soil particles are, the better the migration of ammonia nitrogen to depth is. The
test soil was a sandy loam; thus, the ammonium nitrogen migrates to greater depths and
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is more evenly distributed at different depths. In the horizontal direction, the anomaly
distribution is consistent with the content distribution, and most of the anomalies are 0;
thus, the ammonium nitrogen is evenly distributed throughout the entire section.

60

Horizontal distance/cm Horizontal distance/cm
40 50 40 50

Horizontal distance/cm Horizontal distance/cm
40 50 40 50

Figure 4. Distribution of nitrate nitrogen in the vertical section between two drip tapes (a—d). Note:
Points (0,0) and (90,0) are the positions of the drip irrigation belt, and the selection of the 4 sections is
random. The bar scale on the right of the figure is the concentration index, and its unit is mg/kg.

Horizontal distance/m
35 40 45

o~ *7\9 - .

(a) Spatial distribution of the ammonium nitrogen content

Horizontal distance/m
25 30 35 40 45 50 55 60 65 70

40

1> N L __aa ~ L

(b) Ammonium nitrogen content anomaly distribution

50

Figure 5. Spatial distribution characteristics of ammonium nitrogen. The bar scale on the right of the
figure is the concentration index, and its unit is mg/kg.
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Figure 6 shows the distribution of ammonium nitrogen in the profile between the two
drip zones. From the overall trend shown in the four sections, it is shown that ammonium
nitrogen is mainly distributed around the drip irrigation zone and mainly because the
movement of ammonium nitrogen in the soil is greatly affected by the soil colloidal particles.
Zhang et al. [28] concluded that the mass concentration has a significant positive correlation
with the flow rate, indicating that hydraulic shearing and infiltration of the water flow is
the main mechanism of colloid release and migration.

Horizontal distance/cm Horizontal distance/cm
50 60

N

Depth/em

40

(b)

Horizontal distance/cm Horizontal distance/cm
40 50 40 50

Figure 6. Distribution of ammonium nitrogen in the vertical section between two drip tapes (a-d).
Note: Points (0,0) and (90,0) are the positions of the drip irrigation belt, and the selection of the
4 sections is random. The bar scale on the right of the figure is the concentration index, and its unit
is mg/kg.

3.2. Descriptive Statistics of the Spatial Variability of Nitrate Nitrogen and Ammonium Nitrogen
under Drip Fertigation

Table 2 shows the average levels and variability of the nitrate and ammonium nitrogen
contents at different soil depths under drip fertigation. It can be seen that the average
content of the nitrate nitrogen decreases with an increase in the soil depth. The highest
average content occurred in the surface layer of 0-10 cm, which was 26.2 mg/kg. The
content in the 10-20 cm soil layer rapidly decreased to 12.5 mg/kg. The content below 20 cm
was stable at approximately 7.5 mg/kg. The ammonium nitrogen was uniformly distributed
within the upper 0-30 cm, slightly decreased below 30 cm, and stabilized at approximately
2.7 mg/kg. Therefore, after comparing the two changes in the vertical direction, it is evident
that nitrate nitrogen has a higher content and variability than ammonium nitrogen, and
there is a significant “aggregation” phenomenon. In the horizontal direction, the variability
analysis showed that the coefficient of variation of ammonium nitrogen fluctuated between
0.42 and 0.54, which was moderately variable; the coefficient of variation of nitrate nitrogen
first decreased and then increased in the 0-50 cm soil layer; and the coefficient of variation
in the 0-10 cm soil layer was the largest, at 1.48, which is a strong change. The nitrate
content in the soil below 10 cm was moderately variable, and the variability of the 20-30 cm
soil layer was reduced to a minimum.
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Table 2. Statistical feature values of the nitrogen content under long-term drip fertigation.

Depth/(cm) Mean/(mg/kg) SD Max/(mg/kg) Min/(mg/kg) cv

0-10 26.20 38.71 171.13 5.18 1.48

10-20 12.50 10.98 66.96 4.84 0.88

NOs;-N 20-30 7.29 3.71 23.45 4.73 0.43
3040 7.77 4.96 30.01 4.73 0.64

40-50 7.05 6.06 45.00 4.75 0.85

0-10 3.59 1.53 7.53 1.48 0.43

10-20 3.57 1.93 8.79 1.12 0.54

NH4-N 20-30 3.32 1.59 8.50 1.22 0.48
3040 2.62 1.11 5.73 1.28 0.42

40-50 2.89 1.39 7.89 1.13 0.48

3.3. Multifractal Characteristics of Nitrogen under Drip Fertigation

If the generalized dimension Dq decreases with the increase in q within the range of the
statistical distance order g, the research index has obvious multifractal characteristics [23].
Figure 7 shows the variation in the generalized dimensions Dq of the soil nitrogen index
with the statistical probability order q of the mass probability, which indicates that the
generalized dimension Dq of the ammonium nitrogen, nitrate nitrogen, and inorganic
nitrogen in the study area decreased with the increase in q. When q > 0, the decrease in
ammonium nitrogen, inorganic nitrogen, and nitrate nitrogen Dq decreased, indicating that
the multifractal characteristics of the nitrogen content index in the study area are obvious.
Thus, multifractal theory can be used to study its spatial variability.

4.0
®  Ammonium nitrogen
®00e,, o Nitrate'nim‘“ogen
3.54 '0.. A  [norganic nitrogen
- °
%
°
°
3.0 '.
°
o
0O 5+ .
Addasa,,, a“
A, .,
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2.0 ‘A.
Illlllllll....... A
I..‘.
l...
1.5 “" paL Ll T LT

1.0 T T T T T

Figure 7. Generalized multifractal dimension of the nitrogen content with the statistical distance curve.

The coefficient of variation can reflect the overall variation of the data, but there
are some limitations to the description of local variability, which can be better reflected
by multifractal spectrums. Figure 8 shows the multifractal singular spectrum curves of
different forms of nitrogen at different depths. The shape of the multifractal spectrum
function with the singular exponent (symmetry, peak, width, etc.) reflects the difference in
the spatial distribution variation type of nitrogen indicators. Generally, the shape of the
curve is parabolic or hook-shaped the open side downward, and the better the symmetry,
the weaker the degree of variation.
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Table 3 shows the statistical comparison of multiple fractal parameters of the soil
nitrogen distribution. From the perspective of the generalized fractal dimension, the Dq
value at q = 0, Dy, is called the capacity dimension of the geometric support of the measure.
The Dq value at q = 1 is referred to as the information dimension and provides information
about the degree of heterogeneity in the distribution of the measure in analogy to the
entropy of an open system in thermodynamics. The closer the D; value to the capacity
dimension, the more homogeneous the distribution of the measure [29,30]. According to
the data in Table 3, the Dy—D; values of ammonium nitrogen in the 0-50, 0-30, and 40-50 cm
soil layers are 0.0340, 0.0336, and 0.0286, respectively, which are significantly lower than
nitrate nitrogen and inorganic nitrogen but in the longitudinal direction. The values of
Dy—-D; at the 0-30 and 0-50 cm soil layers are not much different and are significantly larger
than the 40-50 cm soil layer, indicating that ammonium nitrogen is more evenly distributed
than nitrate nitrogen in nitrogen form. At the same time, as the depth increases, the degree
of variation is significantly reduced. Therefore, the point source drip irrigation model and
natural factors have an important influence on the spatial distribution of nitrogen.

Table 3. Multifractal parameters of the soil nitrogen content.

Nitrogen Index.

Depth Do-Dq Cmin(q) f(otmin) Otmax(q) f(otmax) Aa(q) Af(x)

Ammonium Nitrogen

—0.2127
—0.0468
—0.4838

0.9150
0.6863
0.7169

0.5680
0.5741
0.5424

0.7023
0.6395
0.2331

1.9521
1.8241
1.6175

0.0340
0.0336
0.0286

1.3841
1.2500
1.0751

0-50 cm
0-30 cm
40-50 cm

Nitrate
Nitrogen

—1.1492
—0.8784
—1.1865

0.2276
0.2276
0.0337

1.0676
0.8784
0.6665

1.3768
1.1060
1.2202

0.9142
0.8412
0.8336

0.1731
0.1735
0.0488

1.9818
1.8993
1.5001

0-50 cm
0-30 cm
40-50 cm

Inorganic Nitrogen

—1.1294
—0.8635
—1.1656

0.2248
0.2248
0.0358

1.0402
1.0274
0.6428

1.3542
1.0883
1.2014

0.9213
0.8465
0.8450

0.1615
0.1627
0.0433

1.9615
1.8739
1.4878

0-50 cm
0-30 cm
40-50 cm

The singularity strength o reflects the singularity of each small unit segment during the
fractal process. If the quality measure of the research index is evenly distributed throughout
the study area, o is a certain value; otherwise, « will have a certain difference. Therefore,
the width of the singularity strength Ax = otmax — otmin can quantitatively characterize the
irregularity of the spatial distribution of the nitrogen content. The larger the Ax, the more
irregular the research data [31], and the corresponding Af = f (Xmin) — f (&max) is mainly
used to characterize the difference between the maximum number of probabilities and
the minimum number of probabilities. Af > 0 indicates that the overall variability of the
research index is mainly caused by the smaller value, and the multifractal spectrum curve
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shows a left hook shape; otherwise, the larger value is the main factor that determines the
overall variability.

As seen from Table 3, the Ax value of the ammonium nitrogen in the 0-50 cm profile is
0.5608 and that of 0-30 and 40-50 cm is 0.5741 and 0.5424, respectively, which indicates that
the variability of ammonium nitrogen in the entire profile is not appreciably different and
tends to be evenly distributed. Because nitrate nitrogen accounts for a large proportion of
inorganic nitrogen, the spatial variability characteristics of the 2 are similar, and the spatial
heterogeneity of both in the 0-30 cm soil layer is greater than that in the 40-50 cm soil layer.
The degree of variation in the entire section (0-50 cm) is larger, with Ax values of 1.0676
and 1.0402, respectively, mainly because the contribution value of the variation degree not
only shows a small variation in the content value at a short distance but also has long-range
variation from high values at a shallow depth to low values at deep depths when the
research scale is increased. According to the magnitude of the Af value, the contribution of
the local high value to the overall variability gradually increases as the depth increases.

4. Conclusions

Through statistical analysis and multifractal theory, the spatial distribution and vari-
ability of residual ammonium, nitrate, and inorganic nitrogen in soil under long-term drip
fertigation conditions were compared and analyzed, achieving the following conclusions:

Statistical analysis showed that at a large scale, ammonium nitrogen had a low content
and was evenly distributed throughout the cross-section. The high nitrate content area
was mainly distributed in the 0-30 cm soil layer, which shows high content and strong
variability in the surface soil layer. The 0-10 cm soil layer showed the strongest variability,
with a CV value of 1.48, and the content and variability gradually decreased with depth.
Small-scale studies showed that nitrate nitrogen easily moves with water and is mainly
distributed between drip irrigation tubes, and ammonium nitrogen is easily adsorbed by
colloidal particles, such that it is evenly distributed between drip irrigation belts.

According to the physical meaning of the multifractal parameters, both the values
of Dg—D; and the fractal spectrum width Ax showed that the spatial heterogeneity of the
nitrogen content in the 0-30 cm soil layer was greater than that in the 40-50 cm soil layer,
and the spatial variability was gradually enhanced with an increase in the research scale.
This feature was more obvious in the nitrate nitrogen and inorganic nitrogen content data,
indicating that a single research scale is not sufficient for fully characterizing the spatial
variability of soil nitrogen. Multifractal analysis has been recognized to provide a more
detailed description of the spatial heterogeneity of soil properties.
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