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Abstract: The long-term overuse of fertilizers negatively affects soil chemical properties and health,
causing unsustainable agricultural development. Although many studies have focused on the effects
of long-term fertilization on soil properties, few comparative and comprehensive studies have been
conducted on fertilization management over the past 35 years in China. This meta-analysis (2058 data)
evaluated the effects of the fertilizer, climate, crop types, cultivation duration and soil texture on
the soil chemical properties of Chinese croplands. NPKM (NPK fertilizers + manure) led to the
highest increase in pH (—0.1), soil organic carbon (SOC) (+67%), total nitrogen (TN) (+63%), alkali-
hydrolysable nitrogen (AN) (+70%), total phosphorus (TP) (+149%) and available potassium (AK)
(+281%) compared to the unfertilized control, while the sole nitrogen fertilizer (N) led to the lowest
increase. The SOC (+115%) and TN (+84%) showed the highest increase under the influence of NPKM
in an arid region. The increase in the chemical properties was higher in unflooded crops, with the
maximum increase in the wheat-maize rotation, compared to rice, under NPKM. The SOC and TN
increased faster under the influence of organic fertilizers (manure or straw) compared to mineral
fertilization. Fertilizers produced faster effects on the change in the SOC and TN in sandy loam
compared to the control. Fertilizers showed the highest and lowest effects on change in pH, organic C
to total N ratio (C/N), TP and TK in clay loam with the cultivation duration. NPKM greatly increased
the C/N compared to NPK in an arid region by 1.74 times and in wheat by 1.86 times. Reaching the
same SOC increase, the lowest TN increase was observed in wheat, and the lowest increase in TP and
AK was observed in rice, compared to the other crops. These results suggest that organic fertilizers
(manure or straw) play important roles in improving soil fertility and in acidification. NPKM greatly
increased the potential for soil C sequestration in wheat and in the arid region. The small increases in
TP and TK can increase the SOC in rice and in the humid region. Therefore, considering the crop types
and climatic conditions, reduced fertilization and the combination of mineral fertilizers with manure
may be the best ways to avoid agricultural soil deterioration and increase soil carbon sequestration.

Keywords: long-term fertilization; chemical properties; soil acidification; carbon sequestration;
agricultural sustainability

1. Introduction

Since the start of the application of mineral fertilizers in the 1950s, crop yields have in-
creased (1950: wheat: 0.6 t ha—!, maize: 1.0 t ha=!, rice: 2.1 t ha—!; and 2021: wheat: 5.8 tha~ !,
maize: 6.3 tha=1, rice: 7.1 tha=1) [1]. Although fertilizers ensure a short-term, continuous
supply of nutrients to facilitate intensive crop production [2], the overuse of fertilizers
contributes to serious environmental problems, such as the eutrophication of surface
waters, nitrate pollution of groundwater, greenhouse gas emissions and other forms of
environmental pollution [3,4].

Agronomy 2022, 12, 2501. https://doi.org/10.3390/agronomy12102501

https:/ /www.mdpi.com/journal /agronomy


https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-9536-9251
https://doi.org/10.3390/agronomy12102501
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy12102501?type=check_update&version=3

Agronomy 2022, 12,2501

2 0f23

With the rapid development of agriculture, the N fertilizer per unit area of cropland
in China reached 200 kg ha~! in 2019, which was almost three times the world’s average
(70 kg ha=1) [1]. The overuse and inefficient utilization of fertilizer nutrients for crops
cause significant alterations in the soil properties [5]. Fertilizers, especially sole N fertilizer,
leads to accelerated soil acidification, which subsequently diminishes the soil health, nu-
trient availability and plant productivity [6-8]. Fertilizer has a strong effect on the soil p
(iH.e., acidification), which is proportional to the amount of added N fertilizer [9,10]. N
fertilizer was found to reduce the soil pH by 0.26 on average in global terrestrial ecosys-
tems [11,12]. The pH decreased by 0.5 units in Chinese croplands during the 1980s-2000s,
and the overuse of N fertilizer has caused soil acidification [13,14]. Soil acidification rates
vary according to the climatic regions and crop types. For instance, in most soil types
in southern China, such as red soil, acidification is severe because of the weak buffering
potential at pH values below 6.0 [15]. The soil pH decreased from the initial level of 8.70
to 8.52 with the application of mineral fertilizers in wheat-rice rotations [16]. A decline in
the soil pH of 0.1-0.7 units was observed with N addition to the wheat-maize cropping
system [14]. Acidification decreases the water and nutrient retention capacity in soils and
reduces biotic activity [17]. Soil acidification also causes toxicity in plants due to aluminum,
manganese and heavy metals, as well as the loss of carbonates and base cations [18,19],
leading to deficiencies in basic nutrients (e.g., Ca, Mg and K) and molybdenum, which
ultimately reduces the crop yield [20].

A balanced application of organic fertilizers combined with mineral fertilizers can
accumulate SOC and maintain the soil productivity [21-24]. The rice crop succession,
without organic fertilizer addition, led to a greatly reduced SOC content and, hence,
resulted in soil degradation [25]. The long-term use of mineral fertilizers alone accelerated
the decomposition and mineralization of SOC [26]. Long-term fertilizer application can
have a positive [27] or no effect [28,29] on the SOC content. Therefore, the effects of fertilizer
application on SOC are variable and not entirely clear.

TN contents in agroecosystems can be increased in crop systems by long-term fertiliza-
tion [22,30-32]. The combined application of manure with mineral fertilizers can rapidly
increase the available phosphorus (AP) in soil [33] and the potassium (AK) content [34,35],
but it may also increase the risk of P leaching [36,37]. The application of fertilizers with
straw was conducive to keeping the AP content at an appropriate level that could not only
satisfy the crop P demand but also avoid negative impacts on the environment in the case of
sandy loam soil on the Huang-Huai-Hai Plain of China [37]. The average soil AK (mg L™1)
in China increased (79.8 to 93.4) with continuous fertilization from 1990 to 2012 [34].

Previous studies on the effects of fertilization on soil properties have generally been
conducted on a local or regional scale [38]. The effects of fertilizer on soil properties
are uncertain due to specific geographies, fertilizer practices, crop types and soil texture.
There have been few long-term comparative and comprehensive studies on the effects of
fertilization on the properties of soil under fertilization management in China. To evaluate
the influences of fertilizers on soil chemical properties, a meta-analysis was conducted to
address the following objectives: (1) to evaluate the effects of the fertilizer regimes on soil
chemical properties; (2) to identify the main factors that control the chemical properties;
(3) to reveal the changes in soil chemical properties depending on climate, crops and
cultivation duration; (4) to explain the modifying effect of the soil texture on the rates
of changes in the chemical properties due to fertilizer; and (5) to select the best fertilizer
strategies for soil sustainability.

2. Materials and Methods
2.1. Data Collection

Published data were collected from the China National Knowledge Infrastructure (http:
//www.cnki.net) (accessed on 5 September 2020) and Web of Science (http:/ /isiknowledge.
com) (accessed on 6 September 2020) databases using the keyword ‘long-term fertilization’.
A collection of peer-reviewed publications from 1999 to 2021 focusing on the responses of
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soil chemical properties, including the soil organic carbon (SOC), pH, organic C to total N
ratio (C/N), total nitrogen (TN), alkali-hydrolysable nitrogen (AN), total phosphorus (TP),
total potassium (TK) and available potassium (AK), were obtained. The following criteria
were used to select the studies: (1) the experimental sites were located in China; (2) clear
study location (site name, latitude and longitude); (3) climatic conditions (mean annual tem-
perature (MAT) and mean annual precipitation (MAP)), crop types (wheat, wheat-maize,
maize, wheat-rice, rice) and soil texture were available; (4) fertilizer management measures
(cultivation duration, fertilizers) were clear; and (5) the study was conducted based on
comparisons with the control (without fertilizer) and between fertilizers, i.e., mineral N
fertilizer alone (N) or with phosphorus, potassium and nitrogen (NPK), NPK with straw
returning (NPKS) and NPK with manure (NPKM).

According to the abovementioned screening criteria, a total of 318 relevant papers
were retrieved, and 2058 data points were subjected to meta-analysis. The 67 fertil-
ization experimental stations in China were classified according to the humidity index
(HI = MAP/(MAT + 10)) [39]. The index was then divided into the following categories: HI < 25
was marked as the arid region; 25 < HI < 50 was represented as the semiarid region; and
HI > 50 was denoted as the humid region [39] (Figure 1).
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Figure 1. Sixty —seven long-term fertilization experimental stations in China, presented according
to HIs (humidity index) (HI = MAP/(MAT + 10)) and cultivation duration (triangle: HI < 25,
circle: 25 < HI < 50, inverted triangle: HI > 50). The size of symbols corresponds the cultivation
duration. The digital elevation model (DEM) is a digital simulation of the terrain using limited terrain
elevation data. MAT represents the mean annual temperature; MAP represents the mean annual
precipitation. The MAT—MAP inset shows the climatic conditions of the 67 study sites. The county
map is based on the standard map released by Ministry of Natural Resources of the People’s Republic
of China (No. G5(2019)1822).

2.2. Data Analysis Method
2.2.1. Meta-Analysis

Meta-analysis is a statistical method for the comprehensive quantitative analysis of
the results of multiple independent studies. The statistical indicators were expressed by
the response ratio of the combined count data (response ratio, RR).

In our study, we chose the log response ratio as the effect size for the soil chemical
properties and duration comparisons [40]. The calculation formula of RR was as follows
(Formula (1)) [41]:

RR = Xe/Xc @D
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where Xc is the value of a given soil property in the unfertilized control, and Xe is the
measured value of that property under the influences of the fertilizers.
The calculation formula of increment was as follow (Formula (2)):

Increment = Xe — Xc )
To improve the statistical performance, RR was log-transformed [40]:
Ln(RR) = InXe/Xc = Ln(Xe) — Ln(Xc) (©)]
The variance (V) was calculated by:
V = S2/neX + S /neX; (4)

where ne and nc represent the sample sizes of the fertilizer and unfertilized control groups,
respectively; Se and Sc represent the standard deviations of the fertilizer and unfertilized
control groups, respectively; and Xe and Xc represent the mean values of the fertilizer and
unfertilized control groups, respectively [42].

We used the weighted (or average) response ratio (RR++) and standard errors of RR..
(s(RR;+)), defined as follows [40]:

RR oy =0 3 wiRRy/ Y0 30w 5)

s(RR4+) = \/1/ Y Z;k:k Wij ©

The wj; in Equations (5) and (6) is the weighting factor for each RR+. obtained using
the equation wj; = 1/V; V is variance; m is the number of groups; and k is the number of
comparison groups [40].

The average response ratio of the soil chemical properties was transformed into the
percentage change in order to directly evaluate the effects on the soil chemical properties,
using the equation below [42]:

% change = (eLnRR — 1) x 100 (7)

If the value of the percentage change was greater than 0, it indicated that the fertilizer
had a positive effect on the soil properties. When the percentage change was lower than 0,
it showed a negative effect of the fertilizer on the soil properties.

2.2.2. Analysis of the Contribution of Explanatory Variables

For a further analysis of the importance of the explanatory variables to the effects on
the responses of soil chemical properties (SOC, pH, TN, TP and TK), boosted regression
tree (BRT) analysis was used to rank their contributions for different factors (HI, cultivation
duration, fertilizer regimes, crop types and soil texture). BRT analysis was performed in

R 3.5.2 software, using the “gbm”, “dismo”, “survival”, “lattice”, “splines”, “parallel”,
“raster” and “sp” packages in combination [42].

2.2.3. Statistical Analysis

The linear regression method was used to analyze changes in the soil chemical proper-
ties depending on fertilizer regime, cultivation duration, climate region, crop type and soil
texture. One-way ANOVA and LSD t-tests were applied to test the effects of the fertilizer
types on the soil chemical properties. Statistical tests were performed using SPSS software
and were accepted as significant when the p value was < 0.05 and highly significant when
the p value was < 0.01.
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3. Results
3.1. Effects of Different Fertilizers on the Soil Chemical Properties

NPKM produced the highest and N produced the lowest increase in the soil chemical
properties (pH, SOC, TN, TP, AK) (Figure 2). The N led to the strongest decrease (—0.6) in
the pH, while the NPKM showed the lowest (—0.1), followed by NPKS (—0.4) and NPK
(—0.58) (Figure 2a). The response order of the increases in SOC, TN and AK, respectively,
to fertilizers was NPKM (67%, 63%, 281%) > NPKS (30%, 41%, 95%) > NPK > (20%, 19%,
85%) > N (8%, 9%, —11%) (Figure 2b,c,f). The N, NPK, NPKS and NPKM increased the AN
content by 40%, 25%, 29% and 70%, respectively (Figure 2e). Therefore, the NPKM fertilizer
had the strongest effects on the soil chemical properties.
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Figure 2. Effects of fertilizers (N, NPK (phosphorus, potassium and nitrogen), NPKS (NPK with
straw returning), NPKM (NPK with manure)) on the soil chemical properties (pH (a), SOC (b),
TN (c), TP (d), AN (e), AK (f)) (SOC: soil organic carbon. TN: total nitrogen. TP: total phosphorus.
AN: alkali—hydrolysable nitroge. AK: available potassium). Numbers of sampling data are in the
rightmost column. Change and % change were compared to the control. Points and whiskers are
mean values with the standard error.

3.2. Effects of the Climate Region and Different Fertilizers on the Soil Chemical Properties

In all climate regions, the increase in soil chemical properties (pH, SOC, TN, TP,
AN and AK) was the lowest under the influence of N, but the highest effect was under
NPKM (Figure 3). The NPKM had the highest effect (0.15) on the pH in the humid region
(HI > 50), while the N and NPK had the lowest effect (—0.7) on the pH in the semiarid
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region (25< HI< 50) (Figure 3a,b,d). The humid region (HI > 50) had the lowest increases in
SOC, AN and AK using all fertilizers compared to other climates (Figure 3e-h,q-t,u—x). The
increases in SOC (115%) and TN (84%) reached the maximum in the arid region (HI < 25)
under NPKM (Figure 3h,i). The TP content increased with increasing HI under NPK (27%
to 47%), NPKS (45% to 82%) and NPKM (38% to 152%) (Figure 3n—p). Thus, the pH reduced
faster in the semiarid region. The humid region had an increase in pH under NPKM. The
arid region showed the highest effects on the increase in SOC and TN under NPKM. The
humid region had the lowest effects on the increase in SOC, TN, AN and AK. The TP
increased the least in the arid region.

3.3. Effects of the Crop and Fertilizer Types on the Soil Chemical Properties

NPKM had the strongest effects on the soil chemical properties (SOC, TN, TP, AN
and AK) in all crop types (Figure 4). The pH reduced the least under NPKM in unflooded
crops (wheat-maize (—0.06), wheat (—0.03), maize (—0.02)) compared to the flooded crop
(rice (—0.2)) and unflooded—flooded crop rotation (wheat-rice (—0.5)) (Figure 4d). The pH
decreased the most (—1) in the case of N in the wheat-maize rotation compared to the
control and increased the most (0.1) in the case of rice (Figure 4a). The increase in SOC was
9-92% in wheat-maize and 21-83% in wheat, which was higher than that of rice (6-44%)
and wheat-rice (9-35%), with the maximum value for NPKM and minimum value for N
(Figure 4e-h). The TN of the unflooded crops (wheat-maize: 86%, wheat: 66%, maize: 61%)
increased higher than that of the unflooded-flooded crop rotation (45%) and flooded crop
(36%) under NPKM (Figure 41).

The TP content had a higher increase in wheat-maize and reached the highest value
(178%) under NPKM (Figure 4p). The minimum increase in the TP value was —12% in
rice cultivation under N (Figure 4m). The AN of the unflooded crops (wheat-maize (44%
to 95%), wheat (43.5% to 71%)) increased more than that of flooded crop (—6% to 57%),
with the maximum value for NPKM and minimum value for NPK (Figure 4g-t). The
increased AK of unflooded crops was higher than that of unflooded-flooded and flooded
crops (Figure 4u—x). The N decreased the AK in rice by 25% and NPKM increased the AK
in wheat-maize by 390%. (Figure 4u,x). Therefore, the increase in the chemical properties
(SOC, TN, TP, AN and AK) was higher in unflooded crops, with the maximum value in
the wheat-maize rotation compared to flooded crops under NPKM. The application of
NPKM in rice (ApH : —0.2) and wheat-rice (ApH : —0.5) cultivation could not reduce the
soil acidification compared to unflooded crops.

3.4. Effects of the Fertilization Duration and Fertilizer Types on the Soil Chemical Properties

The pH decreased fastest (—1) over 35 years of cultivation under N but increased
and reached the highest value (+0.2) between 25 and 30 years under NPKM (Figure 5a,b).
The order of the SOC increase was organic fertilizer (NPKM: 37% to 60%, NPKS: 25% to
35%) > mineral fertilizer (NPK: 18% to 20%, N: 2% to 15%) (Figure 5¢,d). The N, NPK, NPKS
and NPKM decreased the increment in the TN from 17% to 7%, 31% to 12%, 50% to 31%, and
70% to 50%. TN had the lowest increase during the 26-30 years of cultivation (Figure 5e,f).
The C/N increased faster from —7% to 2.5% over 20 years and had increased to 10% after
35 years under NPKM. Additionally, the mineral fertilizer increased C/N from —7% to 3%
over 25 years and the NPKS increased C/N from —11% to 1.5% after 35 over (Figure 5g,h).
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Figure 3. Effects of fertilizers (N, NPK (phosphorus, potassium and nitrogen), NPKS (NPK with straw
returning), NPKM (NPK with manure)) on the soil chemical properties (pH (a—d), SOC (e-h), TN (i-1),
TP (m-p), AN (q-t), AK (u—x)) in regions with different HIs (humidity index) (HI = MAP/(MAT + 10))
(SOC: soil organic carbon. TN: total nitrogen. TP: total phosphorus. AN: alkali—hydrolysable nitrogen.
AK: available potassium. HI < 25: arid region. 25 < HI < 50: semiarid region. HI > 50: humid
region). Numbers of sampling data are on the right. Points and whiskers are mean values with the
standard error.

The TP reduced in the case of N (4% to —17%) but increased under NPK (33% to
60%) during 35 years of cultivation (Figure 5i). The TP content increased and reached a
maximum change value of 170% after 21-25 years under NKPM (Figure 5j). The AN had
the highest increase under NPKM (70% to 113%) compared to the other fertilizers during
35 years of cultivation (Figure 5k,1). The increase in AK was —8% to 2.5% under N, 9% to
57% under NPK and 33% to 80% under NPKS during 35 years of cultivations (Figure 5m,n).
The increase in AK showed the highest value under NPKM (380%) after 21-25 years of
cultivation (Figure 5n). Thus, the SOC and TN increased faster under the influence of
organic fertilizer compared to mineral fertilizer. With the cultivation duration, the pH
reduced fast under N and increased faster under NPKM.
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Figure 4. Effects of the crops (Wheat—maize, wheat, maize, wheat—rice, rice) and fertilizer types
(N, NPK (phosphorus, potassium and nitrogen), NPKS (NPK with straw returning), NPKM (NPK with
manure)) on soil chemical properties (pH (a—d), SOC (e-h), TN (i-1), TP (m—p), AN (q-t), AK (u—x))
(SOC: soil organic carbon. TN: total nitrogen. TP: total phosphorus. AN: alkali—hydrolysable
nitrogen. AK: available potassium). Numbers of sampling data are on the right. Change and %
change were compared to the control. Points and whiskers are mean values with the standard error.

3.5. Effects of the Soil Texture on the Soil Chemical Properties under Fertilizer

The pH change decreased in the sandy (0.2 to —1), silt (0.2 to —2) and clay loam (1.2 to
—2.3) soils with the cultivation duration, and the more alkaline pH values were observed in
the clay loam soils (Figure 6a—c). The SOC increased in the three soil texture types under the
influence of fertilizer, but maximum values were achieved earlier in the sandy loam soils
(390%) after 19 years of cultivation compared to the silty loam soils (300%) after 26 years
and clay loam soils (200%) after 25 years (Figure 6d—f). The increase in C/N was highest
and lowest in the clay loam soils (Figure 6i). The TN increased strongly in sandy loam soils
(—10% to 290%) compared to silty (—10% to 250%) and clay loam (—50% to 175%) soils
with the cultivation duration (Figure 6j-1). The TP increased greatly in sandy (—20% to
360%) soils but reached its highest point in silty (350%) and clay loam (450%) soils after
26 years of cultivation (Figure 6m—o). The TK decreased during the initial 10 years in clay
loam soils and then increased with the cultivation duration (Figure 6r). The increase in TK
had the widest range in clay loam soils (—50% to 100%) compared with the sandy loam
(—=10% to 35%) and silty loam soils (—30% to 10%) (Figure 6p—1). In summary, the sandy
loam texture had faster effects on the SOC and TN, and clay loam had the highest and
lowest effects on the pH, C/N, TP and TK with the cultivation duration.
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Figure 5. The effects of mineral fertilizers (N, NPK (phosphorus, potassium and nitrogen)) and
organic fertilizer (NPKS (NPK with straw returning), NPKM (NPK with manure)) on soil chemical
properties (pH (a,b), SOC (c,d), TN (e,f), C/N (g/h), TP (i,j), AN (k1), AK (m,n)) with the cultivation
duration (SOC: soil organic carbon. TN: total nitrogen. C/N: organic carbon—nitrogen ratio. TP: total
phosphorus. AN: alkali—hydrolysable nitrogen. AK: available potassium). Circle: N. square: NPK.
triangle: NPKS. diamond: NPKM. The numbers near the points and whiskers indicate the data
numbers. Change and % change were compared to the control. Points and whiskers are mean values
with the standard error.

3.6. Correlations between the Percentage Change of the Soil Chemical Properties and the
Explanatory Variables

The responses of almost all the soil chemical properties showed that they were pos-
itively correlated (p < 0.05) with each other. Thus, TN was negatively correlated with
C/N (Table 1). The change in the SOC was correlated with the other soil chemical proper-
ties, except for AN (Table 1). In particular, there were strong relationships between the SOC
and TN (R? = 0.70), SOC and TP (R? = 0.71) and SOC and AK (R? = 0.54) (p < 0.01) (Table 1).
The change in AK was correlated with other soil chemical properties, especially AK and TP
(R? = 0.63) and AK and AN (R? = 0.64) (p < 0.01) (Table 1).

Among the explanatory variables, MAT was positively correlated with the soil chem-
ical properties (i.e., pH, SOC, TP and AK). The responses of SOC and C/N increased
with the increasing cultivation years, while those of TN and TP showed the opposite
(p < 0.05) (Table 1). The change in TP increased with HI. On the contrary, the changes in
SOC and TN decreased with the increase in HI (p < 0.01) (Table 1).
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Figure 6. Effects of different soil textures (sandy loam soils, silty loam soils, clay loam soils) on
soil chemical properties (pH (a—c), SOC (d—f), C/N (g-i), TN (j-1), TP (m—o0) and TK (p-r)) with
the cultivation duration (SOC: soil organic carbon, C/N: organic carbon—nitrogen ratio, TN: total
nitrogen, TP: total phosphorus, TK: total potassium). Change and % change were compared to
the control.

Table 1. Spearman’s rank correlation coefficients between the responses of soil chemical properties
and the explanatory variables (MAP, MAT, cultivation duration and HI).

Soil Properties Explanatory Variables

SOC N C/N TP TK AN AP AK MAT MAP Duration HI

0.13 0.16

pH * *
220 116
0.07 —0.11 0.08 —0.17
SOC * 3% * *%
687 687 687 687
—-0.13 —0.20
TN *% *%
211 400 400
0.13
C/N *
402
TP
TK
AN

AP
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Table 1. Cont.
Soil Properties Explanatory Variables
pH SOC TN C/N TP TK AN AP AK MAT MAP Duration HI
0.13
AK *
291
0.80 0.52
MAT *3% *%
69 69
0.89
MAP =
69
Duration
HI

*=p <0.05, ** = p <0.01. First line stands for the correlation coefficient, second line stands for the significance
and third line stands for the sampling size. The hatched boxes indicate insignificant relations. Cells colored
indicate the relation were positively (green) or negatively (orange) significant, respectively. MAT: mean annual
temperature, MAP: mean annual precipitation. HI: humidity index (HI = MAP/(MAT +10)).

4. Discussion
4.1. Dynamics of the Soil Chemical Properties Due to Fertilizer Regimes Depending on Climate and
Crop Types

The pH values decreased with the cultivation duration (Figure 5a,b and Figure 7) [43—46].
The slow decrease in pH in the first 25 years after fertilization was due to the presence
of a measurable amount of carbonates in most soils, which could neutralize the acidity
induced by fertilizer (Figure 5a,b) [6]. Nevertheless, a stronger decrease (—0.6) in the
soil pH caused by the application of mineral N fertilizer alone in China, compared to the
average (—0.26) for global terrestrial ecosystems under N, according to a meta-analysis, was
observed [11,12]. The overuse of N fertilizers decreases the nitrogen use efficiency, resulting
in higher levels of nitrate and acidity in the soil solution because of the nitrification process.
As a result, a faster reduction in base cations occurs so as to neutralize the added acidity
and, thus, a faster and stronger pH decrease occurs [11,18,47,48].

The addition of manure, on the other hand, retards soil acidification because of the
large amounts of basic cations in manure and the release of hydroxyl ions (OH™) during
decomposition [44,49-53]. The pH of flooded crop soils was higher than the pH values of
unflooded—flooded and unflooded crop soils under N, NPK and NPKS (Figure 4a—c). Under
anaerobic conditions, the soil reduction tends to increase as the denitrification process, as
well as the reduction in iron and sulfur, consumes H* ions or releases OH ™ ions into the soil
solution [54]. The lowest decrease in the pH values of soils in the humid regions (HI > 50)
(Figures 3a—d and 7) can also be explained by the large areas of paddy rice cultivation in
humid regions [55].

The application of organic fertilizer (manure or straw), along with NPK, increased the
SOC and TN compared to mineral fertilizer alone (Figures 2-5 and 7) [5,38,56,57]. Firstly,
manure and straw application provides organic carbon compounds to the soil at various
decomposition stages, ranging from organic residues to humus. Thus, the SOC increased
with the cultivation duration due to the soil aggregation, which physically protects it
from microbial decomposition and transformations [58-61]. Secondly, the application of
organic fertilizers increases the activity of microorganisms and their diversity by providing
a diversified source of C and N [20,62,63], thereby producing a large number of enzymes
and increasing the soil organic carbon content as well [64-66]. Manure and straw applica-
tion also improves the soil physical conditions, enabling better root growth and nutrient
uptake by increasing the root biomass and distribution [67-70]. The increase in the root
biomass creates larger concentrations of plant residues in the soil and ensures the better
protection of the SOM against microbial decomposition [58,60]. In general, the larger the
amounts of organic inputs is, as under NPKM, the higher the level of carbon sequestration
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is [71]. The C/N, TP, AN and AK increased fastest with the cultivation duration under
NPKM (Figure 5h,j,1,n). These trends are also attributed to the greater N, P and K inputs
from the manure and the added biomass [22,30,31,34]. In contrast, the deterioration of the
soil properties (such as the reductions in pH and TP) which occurs when using sole mineral
N fertilizer inhibits root and microbial activity, lowers crop productivity and leads to a
reduction in the root biomass and, thus, C transfer to the soil [5].
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Figure 7. Fertilization—induced changes of soil chemical properties according to fertilizer regimes,
crops, cultivation duration, climatic conditions, and soil texture. HI: humidity index = MAP/
(MAT +10), A: percent change. SOC: soil organic carbon. C/N: organic carbon—nitrogen ratio.
TN: total nitrogen. AN: alkali—hydrolysable nitrogen. TP: total phosphorus. AP: available phospho-
rus. TK: total potassium. AK: available potassium. MAT, mean annual temperature. MAP, mean
annual precipitation.

The SOC increased less in the humid region than in the other regions, and its sharp
increase in the arid region occurred under NPKM (Figure 3h). This is because of the low
fertility of the arid region under the conditions of a lower mean annual temperature and
precipitation [72-74], which leads to the greater effect of the fertilizer input. The increase
in the SOC of unflooded crops was higher than that of flooded and unflooded-flooded
crops (Figure 4e-h), which might be because of the initially higher SOC in the flooded as
opposed to unflooded soils [75]. Nevertheless, the observed greater SOC sequestration
potential in unflooded soils with a low C content is due to the fact that unflooded soils
are further from the saturation level [76,77]. Long-term submergence can also result
in the degradation of the soil quality through the breakdown of stable aggregates and
deterioration of SOC, resulting in the reduction of C [78].

The regression analysis indicated that the increase in the C/N ratio under NPK was
linearly correlated with NPKM in the Hls and crops type (Figure 8a,b). The C/N increased
and reached a positive value after 20 years of cultivation under NPKM earlier than the
other fertilizers (Figure 5). This trend showed that the application of manure had the
greatest potential for C sequestration in agricultural soil [76,79]. NPKM increased C/N
compared to NPK greatly in the arid region by 1.74 times. The C/N ratio increase un-
der NPKM depending on the crop type was 1.86 times higher than that under NPK in
wheat (Figure 8a,b). A higher C/N ratio than that acquired using the other fertilizers also
showed the higher potential of NPKM for soil carbon storage. Moreover, the lower accumu-
lated temperature and precipitation in arid regions reduce microbial activity, which inhibits
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the decomposition rate of SOM [80,81]. When the C/N ratio is higher, the N mineralization
activity declines due to increased microbial N immobilization [75,82]. Furthermore, high
C/N ratios are favorable for the accumulation of SOC [83]. Thus, manure is important
for C sequestration and improving the soil quality in a wheat system in arid region. The
same result was found in [79]. The lower C/N ratio accelerates the N mineralization rates,
processes that cause greater N,O emissions and release NH4 through mineralization, thus
indicating the likelihood of greater and faster N losses [20,84]. The NPK greatly decreased
the C/N compared to NPKM in maize by 0.85 times, wheat-rice by 0.69 times and rice by
0.88 times (Figure 8b). Therefore, the manure fertilizer should be employed cautiously in
rice, wheat-rice and maize because of the N loss penitential.
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Figure 8. The linear relationships (y = ax) between the responses of increased soil C/N ratios
(SOC/TN) to NPK and NPKM depending on the HI (humidity index) (HI = MAP/(MAT + 10))
(a) and crop type (wheat—maize, wheat, maize, wheat—rice, rice) (b). The horizontal dotted line
indicates y = 0 and the vertical dotted line indicates x = 0. The thin lines indicate 1:1 ratios and dashed
lines reflect the linear regressions. All regression lines are significant at p < 0.05. SOC: soil organic
carbon. TN: total nitrogen. HI < 25: arid region. 25 < HI < 50: semiarid region. HI > 50: humid
region. MAT: mean annual temperature, MAP: mean annual precipitation.

Fertilizers such as NPK, NPKS and NPKM increased the TP (Figure 2, Figure 3,
Figure 4, Figure 5). This resulted from the immediate and greater P input provided by the
mineral and organic P fertilizers [37] and a subsequent increase in microbial activity. A
higher microbial activity accelerates phosphorous cycling [85]. The addition of organic
fertilizers, particularly NPKS, led to lower TP than NPK (Figure 2e), which is due to the
low P concentration in the straw, leading to increased microbial P immobilization [86]. The
NPKM increased the P uptake by crops, reduced the accumulation of P in the soil and
minimized the P loss [87]. Manure contains a large amount of organic P, which is released
slowly and is beneficial for the soil quality and crops over the long term [87-89].
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The soil AK decreases only with N (Figure 2f) but gradually increases via K fixation
when K-containing fertilizers are applied (i.e., NPK, NPKS and NPKM) [35]. Manure
addition led to the greatest AK increases compared to the other fertilizers. On the one hand,
this is due to the slow release of K via manure decomposition over a longer period [90].
On the other hand, it is due to the additional K applied through NPKM, as well as the
solubilizing action of certain organic acids produced during manure decomposition and
their greater capacity to hold K in the available form [16]. AK increased more slowly in
the humid than in the arid and semiarid regions (Figure 3u—x). Because of the intense
leaching of K (and other base cations) and weathering in humid regions with more rainfall,
the soil K content is decreased more strongly than in other regions [91]. The change in
AK in unflooded crops was higher than that of flooded and unflooded—flooded crops
(Figure 4u—x). This was due to the large area of paddy rice cultivation in the humid region.

4.2. The Interaction between the Soil Chemical Properties and Yield Depending on Climate and
Crops Type

There were linear relationships between the increased SOC and TN following all
fertilizer applications depending on the Hls and crops (Table 1, Figure 9a,b). N availability
increases due to the enhanced availability of labile soil C [92]. Similarly, increasing the
nitrogen content corresponded to a greater increment in SOC in the semiarid region and
wheat cultivation compared to the other climates and crops (Figure 9a,b and Figure 7).
Thus, N fertilizer in the semiarid regions used for wheat cultivation greatly increased the
soil carbon storage and decreased the soil N loss. The same result was found in [83]. The
SOC increased the most in the humid region used for wheat and rice cultivation when
a similar increase in TP was observed (Figure 9¢c,d). Therefore, the capacity of carbon
sequestration in soil is the strongest after P fertilizer used in wheat and rice cultivation.
The SOC increased in the rice crop system more than the unflooded crops when a similar
increase in AK was observed (Figure 9f). Hence, the application of K fertilizer to rice crop
systems is conducive to the input of carbon.

The ranges of the crop yield (t hm~2) were 1 to 10 (maize), 0.5 to 6 (wheat) and 2 to
11(rice) under different soil TN contents (Figure 10). The TN content (g kg~!) thresholds
were 0.5 to 1.5 (maize), 0.5 to 1.2 (wheat) and 1.8 to 3.5 (rice), reaching maximum yields in
maize (10 t hm—2), wheat (6 t hm~2) and rice (11 t hm~2), respectively (Figure 10). These
impacts of the fertilizer on the increased soil and crop productivity have also been reported
in previous studies [55,93-96]. It should also be noted that the crop yield could be increased
with reduced fertilization.

Fertilizer should be managed according to the soil fertility. Over-fertilization cannot
guarantee continued increases in the yields [97], and extremely high fertilizer rates harm
plants and reduce yields over a long time [97,98]. The TN content reached 4 g kg~ ! after
25 years of cultivation, which is higher than the threshold required for the crop to reach
the maximum yield (Figure 11d). Supplemental N addition exceeds the plant demands
and constrains the plant growth [99]. The crop yields could be maintained at a higher
level when the AP content was maintained at 10-40 mg kg~!. When the AP content in
the plough layer was greater than 40 mg kg~ !, the increase in the crop yield was not
obvious, but the downward leaching of the soil AP was significantly enhanced [100].
Significantly, the AP content reached the maximum value (360 mg kg !) after 35 years of
cultivation in our study, and the risk of soil P leaching was higher (Figure 11h). The AK
content reached the highest value of 600 mg kg ™! after 30 years of cultivation (Figure 11i).
Excessive K fertilizer does not always enhance the grain yield, but rather promotes the
loss of K leaching in the soil, resulting in resource waste and a low use efficiency [35,101].
Therefore, it is a win—win method of field management to reduce the chemical fertilizer
and improve the yields [102]. On the other hand, the increased chemical fertilizer led to
greenhouse gas emission problems [103]. As reduced chemical fertilizer use contributes to
low carbon inputs and reduced greenhouse gas emissions, rational fertilizer contributes to
the sustainability of agricultural development in the face of global warming.
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Figure 9. Interactions between the increased SOC and increased TN (a,b), increased SOC and
increased TP (c,d) and increased SOC and increased AK (e,f) depending on regions with different
HIs (humidity index) (HI = MAP/(MAT + 10)) and crops (wheat—maize, wheat, maize, wheat—rice ,
rice). SOC: soil organic carbon. TN: total nitrogen. TP: total phosphorus. AK: available potassium.
HI < 25: arid region, 25 < HI < 50: semiarid region, HI > 50: humid region. The horizontal dotted
line indicates y = 0 and the vertical dotted line indicates x = 0. The dashed lines reflect the linear
regressions. MAT: mean annual temperature, MAP: mean annual precipitation.
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inverted triangle: HI > 50). MAT: mean annual temperature, MAP: mean annual precipitation.

4.3. Soil Texture and Its Modifying Effect on the Dynamics of Soil Chemical Properties over
Long-Term Fertilization

The pH generally decreased in all the soil textures (Figure 6a—c). The increased pH
was discovered in clayey soils after long-term fertilization (Figure 6c¢). This is most likely
due to the presence of paddies in the dataset, where anaerobic conditions led directly
to increased soil pH, for example, by ammonium production [104], or because of the
commonly observed problem of poor drainage of clay soils, where the loss of basic cations
due to leaching is limited.

There was a correlation (p < 0.05) between the soil texture and the SOC (Figure 6d—£) [105,106].
The increased SOC had the largest value (390%) after 19 years of cultivation in the sandy
loam soils, earlier than that observed in the silt loam (26 years) and clay loam (25 years)
soils (Figure 6d—f). The SOC in sandy loam soils decreased to 100% thereafter at a faster
rate than the silt loam and clay loam soils over 28 years of cultivation (Figure 6d—f).
Coarse textured soils may have a lower fertility, which results in a greater plant response
to fertilizers [107] and an increase in biomass production and C input to the soil in the
short term. On the other hand, a higher clay content enhances the SOM stability and soil
resistance against erosion [108,109], leading to gradual SOC agglomeration, thus protecting
SOC from biological mineralization [110]. Therefore, the C/N had a wide range in the
clay loam soils, which was also related to the high water and nutrient retention capacity of
clay (Figure 6i) [111]. The TN also significantly (p < 0.001) increased (—10% to 290%) with
the cultivation duration in the sandy loam soils compared to silt loam and clay loam soils
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(Figure 6j-1). This is because sandy loam soils have a low resistance to wind erosion, which
may lead to low soil nutrient contents [109]. Therefore, the TN content increased rapidly
after fertilizer was applied to sandy loam soils.

The increased TP showed a continuous increase (p < 0.001) over the 35 years of
cultivation in sandy loam soils but reached maximum values in the clay loam and silty
loam soils after approximately 25 to 28 years (Figure 6m—-o). TP can increase in sandy
loam soils [112], especially in arid regions, where leaching is limited. In the studied soils,
the accumulated TP in sandy soils was still lower than the maximum value in clay loam
soils (Figure 6m-o0). Since clay loam soils have better capacities for water and fertility
retention than sandy soils [111,113], the TP reached the maximum value after 28 years of
cultivation, in contrast to sandy loam soils, which was still far from the maximum value
after 35 years of cultivation. The increased TK also showed the maximum value in clay
loam soils compared to sandy loam and silt loam soils (Figure 6p—r). This is because of the
higher K fixation capacity of hydrous mica, as clay minerals [114], as well as a relatively
higher loss of K through leaching in sandy loam and silty loam soils [115].

4.4. Practical Fertilization Management for Sustainable Agriculture

A range of soil problems, such as acidification, nutrient loss and loss of biodiversity,
occur due to unbalanced agricultural fertilization [7,17,116,117], leading to global concerns
related to land degradation, food security and global warming [88]. We showed that natural
(i.e., climatic conditions and soil texture) and anthropogenic (i.e., fertilizers, crop types and
cultivation duration) factors influence soil chemical properties. By using boosted regression
tree (BRT) analysis, we found that the cultivation duration was the best explanatory variable
for the pH and TK, with values of 33% and 47%, respectively. The crop types were the
best explanatory variable for the SOC and TN, with values of 36% and 37%, respectively,
while the fertilizer explained 41% of the TP (Table 2). Furthermore, the HI and soil texture
explained 12% and 19% of the soil pH, respectively (Table 2). In general, the anthropogenic
factors, especially the cultivation duration, were more important for the observed changes
in the soil chemical properties than the natural factors. This points to the fact that soils are
developed through long-term agricultural practices [118], and the range of changes in the
soil properties decreases or reaches a plateau over time (Figure 5). The initial soil properties
or the climatic conditions may, however, control the period over which the changes in a
given soil property reach a plateau.

Table 2. Significance of the explanatory variables for the responses of soil chemical properties (pH,
SOC, TN, TP and TK) according to BRT (boosted regression tree) analysis.

Explanatory Variation Explained (%)
Variables pH socC TN TP TK
Fertilizers 15 23 22 41 15
HI 12 9 9 10 4
Crop types 21 36 37 12 25
Cultivation 33 23 27 34 47
duration
Soil texture 19 9 5 3 9

Fertilizer strategies, such as the application of manure or straw along with mineral
fertilizers instead of single fertilizers (e.g., only N), decrease the degradation of soil chemical
properties (Figures 2 and 7). For example, the work by retarding the acidification and
increasing the SOC [119]. Therefore, the combination of fertilizer with organic fertilizers
is a win-win strategy that can be used to improve the soil fertility and increase the yield,
while preventing fast and degrading changes in the soil chemical properties.

All of these results clearly show that humans, through long-term agricultural practices,
are the most causal factors in controlling the trajectories of changes in soil properties [118],
although geographical and climatic conditions, as well as land management (e.g., the choice
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of crop, fertilizer strategy and irrigation), also control the rate of changes. Hence, attention
should be given to the local climatic conditions, crop types and soil conditions before
choosing a fertilizer management strategy, avoiding over-fertilization so as to prevent
intense soil degradation and sustain crop production for a longer time.

5. Conclusions

The overuse of fertilizers causes reductions in the fertilizer use efficiency and various
environmental problems, such as soil pollution, greenhouse gas emission and eutrophi-
cation, and threatens agricultural sustainability. To comprehensively study fertilization
management over 35 years in China, our meta-analysis used 2058 data to reveal the effects
of long-term fertilization on soil chemical properties (pH, SOC, TN, C/N, AN, TP, TK, and
AK) depending on the fertilizer, climate, crop type, cultivation duration and soil texture. In
our study, the NPKM (NPK fertilizer combined with manure) had the highest effects on the
soil chemical properties, and the mineral N fertilizer had the lowest. The solely mineral
fertilizers (i.e., N (pH decreased by 1 unit) and NPK (pH decreased by 0.55 units)) greatly
and continuously decreased the soil pH over a period of approximately 35 years. However,
NPKM increased the pH and reached the highest value (+0.2) between 26-30 years. The
SOC and TN increased faster in soil treated with organic fertilizers compared to mineral
fertilizers. Fertilizers in humid regions generally had the lowest effect on the increase in
the SOC and TN, while the arid region showed the highest effect under NPKM. NPKM has
a higher carbon sequestration potential in arid regions, where wheat was cultivated. The
increase in the soil chemical properties was higher in unflooded crops, with the maximum
value in the wheat-maize rotation, than flooded crops under NPKM. Fertilizers applied to
sandy loam had a faster effect on the change in the SOC and TN. Fertilizers applied to clay
loam had the highest and lowest effects on the changes in pH, C/N, TP and TK with the
cultivation duration. The highest C sequestration potential was reached with the lowest
increases in soil N in wheat and the lowest increases in the soil P and K in rice compared to
the other crops. Therefore, a win—-win field management strategy that reduces the use of
mineral fertilizers and combines them with organic fertilizers (manure or straw), consider-
ing the plant demands, soil and crop types and climatic conditions, could be the best way
of combatting agricultural soil deterioration (soil acidification, over-accumulation of N and
P) after long-term cultivation in the face of global warming and environmental risks.
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