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Abstract: Chloride is a necessary micronutrient for plant growth, and with long-term application of
chlorine-containing fertilizer, significant amounts of C1~ are introduced into farmland ecosystems.
Many recent studies have focused on chlorinated fertilizers’ effects on crop yield and quality, while
few studies have examined their effects on soil properties. To determine the effects of the long-
term application of chlorinated fertilizer on soil CI™ ions and soil acidification, we conducted a
35 year long-term study of chlorine-containing fertilizer in a peanut—corn rotation (since 1984). We
chose three of eight experimental treatments: (1) no fertilization (CK), (2) urea + monoammonium
phosphate + potassium chloride (lower Cl), and (3) urea + ammonium chlorophosphite + potassium
chloride (higher Cl). We measured the C1~ concentrations, pH, cation exchange capacity (CEC),
exchangeable H* and AP, and exchangeable alkali ions (K*, Na*, Ca?*, and Mg2+) at different
soil depths (0-20, 2040, and 40-60 cm). Compared to CK, chlorine-containing fertilizer application
significantly increased the content of C1™ in the soil profile. Compared to the control, the C1~ content
of lower Cl treatment of 0-20, 2040, and 40-60 cm soil layers increased 11.08, 9.01, 15.21 mg kgfl
respectively, and the higher Cl treatment increased 38.71, 34.71, 32.05 mg kg ! respectively. Compared
to CK, chlorine-containing fertilizer application significantly reduced the soil pH by 0.41, 0.17,
and 0.25 and 1.25, 0.91, and 0.88, respectively, in the 0-20, 2040, and 40-60 cm soil layers. The
higher chlorine treatment significantly increased the exchangeable Al** content in the 0-20, 20-40,
and 40-60 cm soil layers by 2.79, 1.64, and 0.94 mg kg_l, respectively, significantly increasing the
risk of aluminum toxicity. Furthermore, the soil exchangeable Ca?* and Mg?* contents and soil
base saturation were significantly reduced. Although the C1~ content in the high-chlorine-treated
soil was far from endangering crop growth, it accelerates soil acidification and the loss of base
ions and increases the risk of A3+ toxicity, which will not only affect the topsoil, but also the
subsoil. Therefore, the long-term application of high content chloride fertilizers should be avoided in
agricultural production.

Keywords: Cl-containing fertilizers; exchangeable H" and AP, exchangeable base cations; soil
acidification

1. Introduction

Chloride (Cl) is an essential micronutrient for plant growth and development. Most Cl
in soil occurs in the soil solution as C1~ and comes from rainfall, marine aerosols, volcanic
emissions, irrigation water, and fertilizers. There is usually no lack of soil chlorine, and it
can thus meet crop needs through rainfall or irrigation. However, in recent years, with the
application of Cl-containing fertilizers such as ammonium chloride and potassium chloride,
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a large amount of C1™ enters the farmland ecosystem as companion ions and participates
in soil and plant nutrient cycling. However, most researchers have mainly focused on
the impacts of C1~ on crop yield and quality [1,2], while ignoring its impacts on the soil’s
physical and chemical properties. Although Cl™ is easily leached and will not accumulate
in high rainfall areas, the long-term application of chlorinated fertilizer will significantly
increase the soil C1~ content [3]. Chloride is a strong acid anion which can directly cause
soil acidification; thus, it will also remove a large number of base ions and further aggravate
soil acidification. The long-term application of chlorine-containing chemical fertilizers,
especially at a high rate, could decrease the nutrient supply of some soils because CI~
can induce nutrient leaching, thus making them unavailable for uptake in rice crops [3].
Zhou et al. [4] reported that the lowest pH (5.81) was found after long-term fertilization
with NH4Cl and KCI treatments. Soil acidification is an important aspect of soil quality, and
can cause numerous negative ecosystem effects. For example, it can decrease the number
of plant fine roots [5,6], lower crop yields [7], and reduce biological diversity [8-10].

Therefore, under the current situation of the high-cost performance and common
supply of chlorinated fertilizer, it is especially important for scientific and rational fertilizer
use to determine the impact of the long-term application of chlorinated fertilizer on soil
properties. Chinese scholars have focused their research on the effects of chlorine applica-
tion on paddy soil in south China, but less is known on the impacts on upland fields and
especially the impacts in deep soil. Therefore, based on a Shenyang Agricultural University
long-term (35 years) experiment in Northeast China, we studied the effects of long-term
application of low chloride and high chloride fertilizer on C1~ content, pH, exchangeable
acidity, and exchangeable base ions in soil. We hypothesized that the long-term applica-
tion of high chlorine could increase the C1™ content in the soil profile and accelerate soil
acidification. By studying soil properties in areas of long-term varying chlorine fertilizer
application, we can deeply understand its long-term effects and provide scientific guidance
for local agricultural production based on achieving a balance between farmers’ input and
sustainable development of the soil environment.

2. Materials and Methods
2.1. Experimental Site

The long-term fertilization experimental site is located in Shenyang Agricultural
University, Northeast China (40°48" N, 123°33’ E) and was established in 1984. The area
has a temperate, semi-humid climate, with a mean annual temperature of 7.0-8.1 °C, mean
annual precipitation of 574-684 mm, and potential evaporation of 1435.6 mm per year. The
soil type is a typical brown earth loam containing 48% sand, 29% silt, and 23% clay at
0-20 cm depth [11]. The soil properties at 0-20 cm depth in 1984 were as follows: 6.10 pH
in water (1:2.5), 99.1 mg kg ! alkali-hydrolyzed N, 10.5 mg kg ! Olsen-P, 717.5 mg kg !
slow available K, 87.3 mg kg ! available K, 16.4 cmol kg ! cation exchangeable capacity,
and 26.0 mg kg~! CI~.

2.2. Soil Sampling and Analysis

Soil samples were collected at the maize seedling and harvest stages in 2018, with
sampling depths of 0-20 cm, 20-40 cm, and 40-60 cm. Three soil samples from each micro
plot were mixed evenly and air-dried for Cl~ content determination. In addition, other
indicators of harvest stage soil samples, such as pH, exchangeable H*, exchangeable AI**,
cation exchange capacity (CEC), and exchangeable base ions (K*, Na*, Ca?*, and Mg2+),
were determined.

The soil pH was measured with a glass electrode under a soil/water ratio of 1:2.5 [12].
Measurements of soil CI™ concentrations were taken using the Mohr silver nitrate titration
method [13]. Soil exchangeable H* and exchangeable Al3* were determined by the potas-
sium chloride exchangeable neutralization titration method [13]. The exchangeable basic
cation concentrations (K*, Na*, Ca?*, and Mgz*) and cation exchange capacity (CEC) were
determined using the ammonium acetate (1 M and pH 7.0) method [12]. Exchangeable K*
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and Na* were measured with a flame photometer (Sherwood 410, Sherwood Scientific Ltd.,
Cambridge, UK). Exchangeable Ca?* and Mg?* were determined by the atomic absorption
method (Varian AA-240FS, Varian Corporation, Palo Alto, US) [12].

2.3. Statistical Analyses

Statistical data analyses were performed using the SPSS 19.0 software package. The
data were compared using the means of Duncan’s SSR test between the treatments with
significant differences evaluated at the p = 0.05 level.

2.4. Experimental Design

The experiment was conducted in micro plots, each covering 2 m? (2m x 1 m). Low
and high chlorine treatments with equal amounts of N, P, and K were established. We
selected three treatments: (1) Control (CK); (2) urea + monoammonium phosphate + potas-
sium chloride (Cly); and (3) urea + ammonium chlorophosphate + potassium chloride
(Cly) (corn planting year) or urea + calcium superphosphate + potassium chloride (Clyy)
(peanut planting year). Among them, (1) was treated without fertilizer, (2) was treated with
low amounts of chlorine, and (3) was treated with high amounts of chlorine. There were
three replicates for each treatment, and these were distributed randomly. The spring corn—
spring soybean rotation began in 1984, and changed to a spring peanut and spring corn
rotation from 2009. In the corn planting year, base fertilizer was applied at rates of 120 kg
N ha?, 60 kg P»0Os5 ha~!, and 60 kg K,O ha~! before sowing, with the details as follows:
Cly, treatment with urea 234.5 kg ha~!, monoammonium phosphate 120 kg ha~!, potassium
chloride 100 kg ha~!, Cly treatment with urea 74 kg ha~!, ammonium chlorophosphate
428.5 kg ha™!, and potassium chloride 100 kg ha~!. In the peanut planting year, base
fertilizer was applied at rates of 37.5 kg N ha—!, 112.5 kg P,Os ha~!, and 37.5 kg K,O ha!
before sowing, with the details as follows: Clj, treatment with urea 32.5 kg ha—!, monoam-
monium phosphate phosphate 225 kg ha~!, potassium chloride 62.5 kg ha~!, Cly treatment
with ammonium chlorophosphate 187.5 kg ha~!, calcium superphosphate 719 kg ha~!,
and potassium chloride 62.5 kg ha~1.

The amount of chlorine (C17) input in spring corn-spring peanut of the Cl;, was
45 kg ha~! and 28 kg ha™!, respectively, every year, and the Cly was 233 kg ha~! and
110 kg ha!, respectively, every year. During the whole process, fertilizer was applied as
base fertilizer once. In our study, the crop tested in 2018 was maize, which was manually
harvested; in addition, ground crop residues were removed from the field annually.

3. Results
3.1. Effects of Different Fertilization Treatments on Soil Profile CI~ Content

Samples collected during seedling and harvesting of maize in 2018 showed that the C1~
content in 0-20, 20-40, 40-60cm soil layers under high chlorine and low chlorine treatments
increased compared with the control, with a trend of Cly > Cl, > CK, and the differences
among all treatments were significant (Figure 1a,b). At the maize seedling stage, the C1~
content in the 0-20 cm soil layer was 222.4 mg kg~ ! in the Cly treatment, 44.5 mg kg~ ! in
the Cl, treatment, and 11.8 mg kg ! in the CK treatment. The C1~ contents in the 2040 cm
soil layer treated with Cly, Cl, and CK were 47.6, 18.0, and 12.7 mg kg_l, and in the
40-60 cm soil layer were 69.7, 25.7, and 14.8 mg kg1, respectively. At the maize harvesting
stage, the CI™ content in the 0-20 cm soil layer in the Cly treatment was 52.7 mg kg’l. In
the Cly, treatment, it was 25.7 mg kg_l, and in the CK treatment, it was 14.7 mg kg_l. In
the 0-60 cm profile, the CI~ content of all treatments decreased with increasing soil depth.
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Figure 1. C1~ content in soil profile of different fertilization treatments at the maize seedling stage
(a) and harvest stage (b). Error bars represent standard error of the mean. Means followed by the
same letter were not signifificantly difffferent at the 0.05 probability level based on analyses by
one-way ANOVAs followed by Duncan’s multiple range test.

3.2. Effects of Different Fertilization Treatments on Soil Profile pH, Exchangeable H* and
Exchangeable AI>*

Compared to CK, after 35 years of continuous fertilization, the pH of the 0-20, 2040,
and 40-60 cm layers under Cly, and Cly treatments declined significantly, with the pH of
the Clyy treatment being significantly lower than the Cly, treatment (Figure 2). The pH of CK
in the soil profile was between 5.50 and 6.36, that of the Cly, treatment was 5.95-6.00, and
for the Cly treatment was 5.11-5.38. Compared to CK, the soil pH of the 0-20, 2040, and
40-60 cm layers treated with Cly decreased by 1.25, 0.91, and 0.87, respectively, and for Cl,
decreased by 0.41, 0.17, and 0.25 units, respectively. Compared to the initial pH (6.10) at the
beginning of the experiment in 1984, the pH of topsoil treated with Cly, and Cly decreased
by 0.16 and 1, respectively.

The exchangeable H* and AI** contents in the 0-20, 20-40, and 40-60 cm soil layers
reduced in the order of Cly > ClI, > CK, and there were significant differences among
treatments (except exchangeable H* in the topsoil of CK and Cly,, Figure 3).
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Figure 2. pH of soil profile under different fertilization treatments. Error bars represent standard
error of the mean. Means followed by the same letter were not signifificantly difffferent at the
0.05 probability level based on analyses by one-way ANOVAs followed by Duncan’s multiple
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Figure 3. Contents of exchangeable H* (a) and AI** (b) in soil profiles of different treatments. Error
bars represent standard error of the mean. Means followed by the same letter were not signifificantly
difffferent at the 0.05 probability level based on analyses by one-way ANOVAs followed by Duncan’s
multiple range test.
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3.3. Effects of Different Fertilization Treatments on Soil Profile Exchangeable Base lons and
Topsoil CEC

In the 0-20 cm soil layer, there was no significant difference in the exchangeable K*
content between Cl, and Cly, but both were significantly lower than the CK treatment
(Table 1). In the 20-40 cm soil layer, the exchangeable K* of CK was significantly higher
than Clp, but significantly lower than the Cly treatment. In the 40-60 cm soil layer, the
exchangeable K* concentration in Cly was significantly higher than in the CK and CI,
treatments. For exchangeable Na™, in the 0-20 and 20-40 cm soil layers, there were no
significant differences between CK and Cl;, but both were significantly higher than the
Cly treatment. In the 40-60 cm soil layer, there was no significant difference in Na* content
between Cl, and Clyy, but it was significantly lower than the CK treatment. Compared
with CK, the Cly and Cly, treatments significantly reduced the exchangeable Ca®* content
at 0-20 cm, and the effect of Cly treatment was greater. In the 2040 and 40-60 cm soil
layers, the exchangeable Ca* content between Cl treatment and CK was not significantly
different, but the above two treatments were significantly higher than Cly treatment. The
exchangeable Mg?* content in the 0-20 and 20-40 cm soil layers decrease in the order
CK > (I, > Cly, and there were significant differences between treatments. In the 40-60 cm
soil layer, there was no significant difference in exchangeable Mg?* between Cly and Cly,
but both of them were significantly lower than the CK treatment.

Table 1. Exchangeable base ion content of soil profile under different fertilization treatments.

Exchangeable Base Cations (cmol kg—1)

Soil Layer Treatment
K* Na* Ca?* Mg Total
CK 081+0.19a 0.88£0.26a 815+ 0.14a 2.56 +0.04 a 1240 a
0-20 cm Clp 0.54 +0.06 b 1.13 £ 0.08 a 7.67 £0.21b 232+0.10b 11.66 ab
Cly 0.52 £ 0.07 b 0.61 £0.11b 6.31£040c 2.02£0.07c 9.46 c
CK 0.92 +0.04b 242+038a 756 £0.17 a 247 £0.06 a 13.37a
20-40 cm Cl, 0.80 £0.04 ¢ 2.39 +0.19 ab 738 £0.28a 223+0.07b 12.8 ab
Cly 1.07 £0.08 a 075+ 022¢ 7.02 £0.07b 212+ 0.05¢ 10.96 ¢
CK 0.55+0.11b 1.31 £0.30a 8.14 +£0.48a 275 £0.09a 12.75a
40-60 cm Cl, 0.52 +£0.04b 0.57 £0.05b 7.84 £ 0.34 ab 240 £+ 0.07b 11.33 ab
Cly 0.69 £ 0.07 a 0.50 +0.03 b 7.38 £040Db 2.31+0.09b 10.88 ab

CK, no fertilizer; Cly, urea + monoammonium phosphate + potassium chloride (low Cl); Cly, urea + ammonium
chlorophosphate + potassium chloride (high Cl). Values of same soil layer in same column followed by different
lowercase letters are significantly different at p < 0.05 according to a Duncan’s multiple range test.

Compared with CK, the total exchangeable base cations (K* + Na* + Ca?* + Mg?*) of
different soil layers were reduced both in the Cly and Cl;, treatments, and the decrease
caused by Cly was greater. Compared with CK, the Cl, and Cly treatments both increased
the topsoil CEC, and there was a significant difference between Cly and CK (Table 2).
The ratio of base ions (K*, Na*, Ca?*, and Mg2+) to CEC in the Cl;, and Cly treatments
decreased (except K™ and Na™ in the Cl;, treatment). Therefore, the base saturations of
Clp, and Cly all decreased, and the Cly treatment was significantly different from CK and
Cly treatments.

Table 2. Cation exchange capacity, base saturation, and percentages of K*, Na*, Ca?*, and Mg?* in
topsoil (0-20 cm).

CEC

Treatment cmol kg1 K% Na% Ca% Mg% BS%
CK 152+1.0b 44 5.8 53.9 16.9 80.6 0.4 a
Cly, 164 +1.1ab 6.4 6.4 43.7 13.2 70.6 + 1.3 ab
Cly 16.6 = 0.7 a 3.1 3.6 37.2 11.9 55.7 £55¢

Note: Means within each column followed by the same letter were not signifificantly difffferent at the 0.05 proba-
bility level based on analyses by one-way ANOVAs followed by Duncan’s multiple range test. CK, no fertilizer;
Cly, urea + monoammonium phosphate + potassium chloride (low Cl); Cly, urea + ammonium chlorophos-
phate + potassium chloride (high Cl). Values of same soil layer in same column followed by different lowercase
letters are significantly different at p < 0.05 according to a Duncan’s multiple range test.
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3.4. Effects of Different Fertilization Treatments on Exchangeable Ca/Al and Mg/Al in Soil Profile

Compared to CK, in the 0-20, 2040, and 40-60 cm soil layers, the exchangeable Ca/Al
and Mg/ Al ratios of the Clj, and Cly treatments decreased significantly, especially in the
Cly treatment (Table 3).

Table 3. Exchangeable Ca/Al and Mg/ Al in soil profiles under different fertilization treatments.

Exchangeable Ca/Al Exchangeable Mg/Al
Treatment
0-20 cm 20-40 cm 40-60 cm 0-20 cm 20-40 cm 40-60 cm
CK 21.6+1.13a 9.6 £193a 120+ 195a 6.8 +256a 31+029a 4.0 £0.66 a
Cl, 106 £1.65b 6.0 £0.28b 6.2+026b 3.2+0.83b 1.8+ 0.06b 1.9 +0.06 b
Clyg 14+0.15c¢ 19+0.10c¢ 20+0.16 ¢ 05+ 0.06c¢ 0.6 £0.03 ¢ 0.6 £0.04c

Note: Means within each column followed by the same letter were not signifificantly difffferent at the 0.05 proba-
bility level based on analyses by one-way ANOVAs followed by Duncan’s multiple range test. CK, no fertilizer;
Clp, urea + monoammonium phosphate + potassium chloride (low Cl); Cly, urea + ammonium chlorophos-
phate + potassium chloride (high CI).

3.5. All Index Relationships

The C1~ content had a highly significant negative correlation with soil pH and ex-
changeable base ions (p < 0.05) (Table 4) and had a very significant positive correlation with
exchangeable H* and AI** (p < 0.05). pH had a very significant negative correlation with
exchangeable H* and AI** (p < 0.05) and had a very significant positive correlation with
exchangeable base ions (p < 0.05).

Table 4. Correlation among soil pH, C1~, and exchangeable base ions.

Exchangeable
pH H* At K* + Na* + Ca?* + Mg?*
Cl~ —0.978 ** 0.855 ** 0.957 ** —0.931 **
pH 1 —0.895 ** —0.980 ** 0.853 **

** significantly correlated at the 0.01 level (bilateral).

4. Discussion
4.1. Soil Profile CI~ Content

During the 2018 harvest period, after 35 years of continuous planting, the C1~ removed
through crop harvesting and rainwater leaching was not fully supplemented, so the topsoil
CI~ content in the chlorine-free treatment was significantly lower than the initial value in
1984 (26 mg kg ~1). The topsoil C1~ content in the Cly, treatment did not change significantly,
at only 1.2% lower than the initial 1984 value. This may be due to the limited chloride ions
applied annually to the soil and absorption by crop roots which maintain the C1~ content
balance in topsoil. The CI™ content in the Cly-treated soil was significantly higher than the
initial value in 1984. Notably, the C1~ content of Cly-treated topsoil was 102.8% higher than
the initial value. This is because Cl~ was brought into the soil by the Cly treatment and
far exceeded the required crop demand, leading to a large accumulation of C1~ in the soil.
At the maize seedling and harvest stages, the C1~ content of different profiles in different
treatments varied from 11.3 to 70.0 mg kg~ (except the topsoil layer at the seedling stage),
which is far lower than the critical value of chlorine tolerance of maize [14]. There were no
negative and even some positive effects of chloride salinity on maize grain quality when
the concentration of C1~ in soil exceeds 800 mg kg ! [15]. Although the topsoil CI~ content
reached 222.4 mg kg~ ! after Cly treatment at the maize seedling stage, it did not harm
corn growth.

4.2. Soil pH Change

Compared to CK, both the Cl, and Cly treatments significantly reduced the soil pH.
Both fertilization treatments contain nitrogen fertilizer, and many studies have proven
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that the long-term application of N fertilizer accelerates soil acidification [16-19], as soil
acidification caused by nitrogen input is mainly driven by the conversion of ammonium
to nitrate and subsequent leaching [20]. Nitrogen type will affect the degree of soil acidifi-
cation [21] because nitrification of NH4*-N produces 2 moles of H*, while nitrification of
urea produces 1 mole of H* [22], so ammonium nitrogen fertilizer generally acidifies soil
faster than urea [23-25]. In our study, with Cly treatment, the pH decreased more not only
in the topsoil, but also in the subsoil (Figure 2). It may be that the nitrogen in Cly treatment
is mainly ammonium nitrogen fertilizer, while the nitrogen in Cl;, treatment is mainly urea.
Alternatively, it may be due to the increase in the C1~ content in the Cly-treated soil profile
(Figure 1), leading to more base ions filtered out of the soil along with C1~. There was a
significant negative correlation between Cl~ content and soil exchangeable Ca?* and Mg?",
indicating that increasing C1~ content accelerates the leaching of Ca** and Mg?* (Table 4).
This is consistent with the results of Zou et al. [3]. The leaching of base ions is an important
factor leading to the acceleration of soil acidification [3,26], which is supported by our
correlation between pH and soluble base ions. In the Cly treatment, the pH of the soil was
between 5.11 and 5.38. Studies have shown that a low pH inhibits nitrification in soil [16],
so more soil nitrogen exists in the form of NH4*-N, a finding confirmed by our previous
research [27]. In addition, NH,;*-N is absorbed by crops and H* will be released from roots,
which will also acidify the soil. Simultaneously, NH* retained in the soil will exchange
with base ions, making them enter the soil solution, resulting in their further loss. Thus,
the pH of the Cly-treated soils decreased more.

4.3. Exchangeable H*, AB*, and Base Ions, CEC

Exchangeable H* and AI®* are two important ions in soil acidity. Our study showed
that both low and high chlorine treatment significantly increased the content of exchange-
able H" and AI** in the soil profile, and the high chlorine treatment increased them more.
The proportion of exchangeable AI** in total exchangeable acid increased significantly in
the three soil layers, from 69.8 to 79.6%. Exchangeable A13*, therefore, clearly played a
leading role in driving soil acidification.

The base saturation of the Cly and Cly, treatments decreased, with Clyy decreasing
more (Table 2). This may be because the high chlorine treatment increases crop yields,
and the salt-based ions in the soil are removed more when the crops are harvested [28],
resulting in a decrease in salt-based ions in the soil. In this study, the amount of salt-based
ions removed in crops was not measured, but we will account for it in future studies. It may
also be due to the leaching of base ions, resulting in a reduction in the base ion effectiveness
(including Ca?*, Mg?*, and K*), which will lead to soil fertility degradation and a reduction
in crop yield [29].

Ca/Al and Mg/ Al ratios in soil and plant tissues have been widely used as indi-
cators to evaluate the response of terrestrial ecosystems to acid deposition or other pro-
cesses [30,31]. Cronan and Grigal (1995) considered that the risk of adverse effects of
aluminum stress on plant growth increased with the decrease in the Ca/Al ratio, as the risk
was 50% when the soil Ca/Al ratio was as low as 1.0. When the ratio was as low as 0.5, the
risk was 75%, and when the ratio was as low as 0.2, close to 100% risk is observed [32]. In
our study, the available Ca/Al in each soil layer decreased significantly with increasing
chlorine applications. The available Ca/Al in 0-20 cm soil treated with CK, Cl;, and Cly
was 21.6, 10.6, and 1.4, respectively; in 2040 cm soil it was 9.6, 6.0, and 1.9, respectively; and
in 40-60 cm soil it was 12.0, 6.2, and 2.0, respectively (Table 3). Therefore, with increasing
chlorine application, the risk of aluminum stress on plants increases.

Compared with CK, the application of Cl-containing fertilizer led to an increase in soil
CEC, which may be because the soil lacks sufficient leaching, so exogenous Cl~ leads to
an increase in soil CEC. Compared to CK, the CEC of high chlorine treatment reached a
significant level because more C1~ was applied.
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4.4. Relationship between Soil pH, Cl~, Exchangeable Acid, and Exchangeable Base Ions

There was a significant positive correlation between soil pH and exchangeable base
ions (p < 0.05) (Table 4), and a significant negative correlation between soil pH and ex-
changeable AI**. When soil base ions are depleted, Al might play a major role in the
process of buffer acidification [9,17]. CI~ was negatively correlated with soil pH and base
ions (p < 0.05) and positively correlated with exchangeable AI** (p < 0.05). Thus, with
increasing C1~ content in soil, the soil acidification increases, base ions decrease, and the
AI%* increase accelerates.

5. Conclusions

Through a study on the long-term application of chlorine-containing fertilizer to a
peanut and corn rotation in brown soil, we found that the long-term application of chlorine-
containing fertilizer caused the contents of K*, Ca?t, Mg2+, and Na* to decrease both in
the topsoil and deeper soil, and caused the content of exchangeable AI** to increase, thus
causing the soil to acidify. This phenomenon was particularly obvious when applying high-
chloride content fertilizer. Moreover, the long-term application of high chlorine content
fertilizer has a greater impact than low chlorine content fertilizer on deep soil. Therefore,
in the brown soil of northeast China, chlorine-containing fertilizer should be appropriately
selected during crop planting to help to reduce the cost of agricultural production, but it
is necessary to avoid using multiple or excessive doses of chlorine-containing fertilizers.
This will help to achieve an optimal balance between reducing production input costs and
delaying soil acidification.
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