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Abstract: Imbalanced fertilization without potassium (K) is a worldwide phenomenon in K-rich soils,
but its long-term effects on soil quality are poorly understood. Here, in a wheat-fallow system with
K-rich soil, soil nutrients and enzyme activities involved in C, N, P, and S cycling and microbial
community composition were studied in a 27-year field study with three treatments: no fertilizer
(CK); mineral N and P fertilizer (NP); and mineral N, P, and K fertilizer (NPK). Results revealed
that long-term NP and NPK fertilization significantly increased soil quality index (SQI) scores and
wheat grain yield by mediating soil fertility, which was characterized by a significant decline in
soil pH and increase in soil organic carbon (SOC), total N, available N (AN), available P (AP),
enzymatic activities, and the abundance of total bacteria, fungi, and actinomycetes, when compared
to CK. NP exhibited significantly higher SOC, AN, AP, microbial biomass C (MBC) and N (MBN)),
N-acetyl-glucosaminidase, total bacteria, and fungi values compared to NPK; the opposite was true for
soil pH and available K. Notably, the differences in wheat grain yield were not statistically significant,
while SQI scores in NP (0.86 + 0.02) were appreciably higher than NPK (0.79 + 0.03), which was
attributed to the differences in MBC, MBN, and microbial communities. Redundancy analysis (RDA)
indicated that SOC was the key variable affecting enzymatic activities and microbial community
composition. The partial least squares path model (PLS-PM) revealed that fertilization-induced
changes in SQI were primarily associated with soil microbiological properties (e.g., microbial
community composition), while fertilization-driven increases in wheat grain yield were regulated by
the soil nutrients. These results suggest that long-term NPK fertilization decreases soil biological
quality in K-rich soils, and further studies are required to elucidate the underlying mechanisms by
which K affects soil quality in agricultural systems.
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1. Introduction

Fertilization is the most effective strategy to maintain soil fertility and boost crop production [1].
Primarily, nitrogen (N), phosphorus (P), and potassium (K) are the added nutrients, largely as
inorganic fertilizers [2]. However, imbalanced fertilization without N, P, or K remains a worldwide
phenomenon [3]. Although crop uptake of K is almost equal to or greater than N uptake, worldwide
fertilizer use remains skewed toward N and P; thus, the K status in agricultural soils is decreasing
globally [4]. Numerous studies demonstrate that imbalanced fertilization without K is widely employed
globally, particularly in areas with K-rich soils, such as Iran [5], Pakistan [6], India [7], and Northwest
China [8].
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Wheat—fallow is the dominant cropping system in Northwest China, and covers an area of
2 x 10° ha [9]. In this system, smallholder farmers use large amounts of N and P fertilizers, but use little
or no K fertilizer [8,10], which is primarily associated with the inconspicuous symptoms of K deficiency
and the general notion that soils have adequate K levels [4]. The equivalent crop yields obtained
for NP and NPK fertilizers in several long-term field experiments appear to support the practice
of imbalanced fertilization without K fertilizer (i.e., conventional fertilization practice, NP) [11,12].
However, long-term fertilization with only N and P can markedly reduce soil K reserves [11,13],
implying that such imbalanced fertilization is an unsustainable agricultural practice in the long run.
Repeated application of N and P fertilizers resulted in a substantial surplus of these nutrients in
agricultural soils [14,15]. Accordingly, substantial soil fertility changes have inevitably occurred
in soils as result of N and P accumulation and K depletion, especially soil microbial biomass and
diversity [16,17]. However, previous studies have reported inconsistent responses of soil microbial
properties to K addition, including positive [18,19] and negative [20,21] effects. Therefore, it is
now urgent to comprehensively evaluate soil quality changes in response to long-term imbalanced
fertilization without K.

Soil quality is an integrated measure of soil physical, chemical, and biological properties, and
a better understanding of soil quality is crucial for maintaining soil fertility and productivity [22].
Nevertheless, soil physicochemical properties are the focus of many long-term field experiments
investigating imbalanced fertilization [7,11,13], although soil biological parameters are increasingly
used to evaluate soil quality [23-25]. A few studies have characterized the long-term effects of
imbalanced fertilization on soil microbial properties in grasslands [26], spring wheat-fallow [27],
pepper—fallow [28], and winter wheat-summer maize [17] cropping systems, but have paid little
attention to K, although most of these studies were conducted in K-deficient soils. Moreover, these
previous studies did not use the obtained results to establish a soil quality index (SQI) or analyze the
relationships between crop yield and various soil quality parameters.

Long-term K addition could lead to a buildup of available K in soil, particularly in areas with high
Kreserves [7,11,13,29]. As a consequence of such high levels of soil available K, soil salinity can increase
and soil structure can deteriorate [30-33], which in turn can suppress microbial activity. However,
such negative impacts have received less attention [33,34]. In previous studies, the response of soil
microbial properties to repeated imbalanced fertilization was measured in soils with low K availability
(<100 mg kg~!) [17,28]. Although the response may be completely different when measured in K-rich
soils (>150 mg kg™!), direct tests of the response of soil microbial activities to K addition remain
rare [35]. Thus, in areas with K-rich soils, a comprehensive evaluation of changes in soil biological
properties in response to long-term NP and NPK fertilization is crucial to assess the development of
soil quality and to optimize fertilization practices.

Phospholipid fatty acid (PLFA) analysis is a powerful tool for discerning differences in microbial
communities affected by management practices and soil factors, when compared with molecular
approaches [36,37]. Long-term fertilization experiments are also a powerful tool to better understand
how changes in soil fertility and nutrient cycling processes affect croplands [38]. Therefore, in this study,
soil chemical variables, enzymatic activities involving C, N, P, and sulfur (S) cycling, and microbial
community composition using PLFA analysis were determined in an ongoing long-term 27-year
experiment with three fertilizer treatments: balanced fertilizer with N, P, and K (NPK), imbalanced
fertilizer with N and P (NP), and no fertilizer (CK). The present study aims to determine whether
soil enzymatic activities and microbial community composition had different responses to balanced
(i.e., NPK) and conventional fertilization (i.e., NP) in K-rich soil, and to develop an SQI for assessing
the current fertilization strategies. The study will contribute to improving K fertilizer management in
the K-rich regions such as northwest China.
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2. Materials and Methods

2.1. Site and Treatment Description

The study was a long-term field experiment that was established in October 1990 at the Chinese
National Soil Fertility and Fertilizer efficiency Monitoring Base for Loessial Soil in Yangling, northwest
China (34°17'51” N, 108°00°48” E) (520 m a. s. L.). The site has a warm temperate continental monsoon
climate with an annual average temperature of 13.0 °C and an annual precipitation of 550 mm. The soil
is silty loam (clay, 16.8%; silt, 51.6%; sand, 31.6%) and is derived from loess material and classified as a
Eumorphic Anthrosol. The major chemical properties of the 0-20 cm soil layer at the experimental site
in 1990 were the following: pH, 8.62; soil organic carbon (SOC), 7.44 g kg™!; total N (TN, 0.93 g kg™ ;
total P, 0.61 g kg~!; available P (AP, Olsen P), 9.57 mg kg~!; and available K (AK), 191 mg kg~.

The field experiment included seven treatments in total, which were cropped with a winter
wheat-summer fallow system, and were randomly arranged. However, all the treatments were
designed without replicates due to practical reasons, thus resulting in statistical problems [39].
Fortunately, the field was not fertilized for two years (1989-1990) to ensure homogeneous soil fertility
before the start of the experiment. As a result, the spatial heterogeneity of the representative soil
properties (i.e., bulk density, pH, SOC, and TN) was small (coefficient of variance < 6%, n = 33) across
the plots at the beginning of the experiment in October, 1990 [39]. There is a relatively large area
(21 m x 19 m) for each experimental treatment, thus providing a chance to form a pseudoreplication
by dividing each plot into three subplots (7 m X 19 m). Importantly, a uniform fertilizer management
and cropping system (winter wheat-summer fallow) had been applied to the field for several decades.
Considering the efforts made in 1988 to reduce the spatial variability in soil chemical properties,
the size of the plots allowed for subplots, the long-term uniform cropping system, and the 27-year
known fertilization history, we believe this is an acceptable rationale for the differences ascribed in
each parameter between the CK, NP, and NPK to treatment effects. In order to evaluate soil fertility
changes in response to long-term imbalanced fertilization without K and N, P, K balanced fertilization,
three of the seven treatments were employed: (1) unfertilized control (CK); (2) imbalanced fertilization:
135 kg N ha~! yr~! and 108 kg P,O5 ha! yr~! (NP, similar to the local fertilization practice [39]);
and (3) balanced fertilization: 135 kg N ha~! yr~!, 108 kg P,Os ha™! yr~! and 67.5 kg K,O ha™! yr~!
(NPK). Fertilizers types were urea, superphosphate, and potassium sulfate for N, P, and K, respectively.
All fertilizers were applied as basal fertilization, which was spread on the surface and tilled into the
soil with a rotary tiller in early October. Winter wheat was immediately sown following soil tillage
and harvested in the following June. At maturity, wheat was harvested manually with sickles from
8 m? (2 m X 4 m) in each subplot (7 m X 19 m) to determine wheat grain yield (adjusted to a moisture
content of 12.5%), according to Liu et al. [40]. Wheat grain yields were calculated as kg ha™'.

2.2. Soil Sampling

Soil samples (0-20 cm) were collected on 10 June 2017, one week after wheat harvest. Each
experimental plot was divided into three subplots of approximately equal size (7 m X 19 m) to make
the sample numbers meet statistical requirements (n mve, and five soil cores (5 cm diameter) were
collected from each subplot and well mixed to form a composite subsample, giving three subsamples
per treatment. All samples were immediately transported to the laboratory on ice. The soils were
passed through a 2 mm sieve to remove impurities (i.e., roots and stones) and then stored at room
temperature for chemical analyses, at 4 °C for enzyme measurements, and at —20 °C for PLFA analysis.

2.3. Soil Property Measurements

Soil pH (soil:water, 1:2.5, Sartorius Basic pH meter PB-10, Goettingen, Germany), SOC (K,Cr,Oy
external heating method), TN (Kjeldahl method), available N (AN; the sum of NO3~-N and NH;*-N,2M
KCl extraction, AA3, SEAL, Norderstedt, Germany), AP (0.5 M NaHCOj; extraction, UV2550, Shimadzu,
Kyoto, Japan), and AK (1.0 M CH3COONHy4 extraction, flame photometer, Aopu, Shanghai, China)
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were determined following the methods described by Lu [41]. Importantly, the analytical methods of
selected chemical properties were same as to these used in 1990. Microbial biomass carbon (MBC)
and microbial biomass N (MBN) were analyzed using the chloroform fumigation-incubation methods;
the experimentally derived conversion factors were 0.45 for MBC and 0.54 for MBN [42]. For soil enzyme
activity, peroxidase (Perox) and phenol oxidase (PhOx) activities were measured spectrophotometrically
in a clear 96-well microplate. The potential activities of a-Glucosidase (xG), 3-Glucosidase (fG),
phosphatase (Pho), sulfatase (Sul), cellobiohydrolase (CBH), and N-Acetyl-glucosaminidase (NAG)
were analyzed using microplate fluorometric protocols (Table 1) [16]. The enzymatic activities are
expressed in units of nmol h~! g~1.

Table 1. Enzymes with corresponding enzyme commission (EC) numbers and substrates. 4-MUB,
4-methylumbelliferyl;  -DOPA, 1 -3,4-dihydroxyphenylalanine.

Enzyme Abbreviation Substrate EC

Phosphatase Pho 4-MUB-phosphate 3.1.3.1

Sulfatase Sul 4-MUB-sulfate 3.1.6.1
B-Glucosidase BG 4-MUB-{3-p-glucoside 3.2.1.21
Cellobiohydrolase CBH 4-MUB-[3-p-cellobioside 3.21.91
N-Acetyl-glucosaminidase NAG 4-MUB-N-acetyl-p-p-glucosaminide ~ 3.2.1.30
a-Glucosidase oG 4-MUB-«a-p-glucoside 3.2.1.20
Phenol oxidase PhOx L-DOPA 1.10.3.2
Peroxidase Perox L-DOPA 1.11.1.7

2.4. PLFA Analysis

Microbial community structure was determined by a PLFA analysis following the methods
described by Ai et al. [16]. To indicate microbial abundance, the concentrations of PLFAs were
calculated and expressed in units of nmol g~!. The PLFAs were divided into various taxonomic groups
based on previously published PLFA biomarker data [43].

2.5. Developing the SQI

The total data set (TDS) method was used to develop the SQI due to its more accurate assessment
compared to the minimum dataset method [24]. According to Andrews et al. [23], a standard scoring
function (SSF) was employed to score the TDS indicators and to normalize their observations to a value
between 0 and 1.0. Soil chemical properties including pH, SOC, TN, AN, AP, and AK were scored
and normalized using the SSF equations described by Liu et al. [24] and Qi et al. [25]. The biological
variables without a certain threshold value (i.e., MBC, MBN, enzymatical activities and microbial
properties) were taken as “higher is better”. For each biological indicator, the highest value is scored as 1,
and observations for other treatments were divided by the highest value to normalize them. After all
measured soil properties were scored and weighted, the SQI was calculated using the quality index
equation described by Doran and Parkin [22]:

SQI = Z Wi x Si 1)
i=1

where Wi is the assigned weight of each indicator, Si is the indicator score, and # is the number
of variables.

2.6. Statistical Analysis

Statistical analyses were conducted using SPSS v18.0 (IBM Corp., New York, NY, USA). For each
variable measured, treatment means were compared using Tukey’s multiple comparisons test (p < 0.05),
and all data were presented as means + standard errors of means (n = 3). According to Blair et al. [44],
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the assumption of randomness in the one-way analysis of variance (ANOVA) cannot be met due to
the lack of replication in the field experiment; interpretation of differences between treatments in the
ANOVA assumed that there was no systematic variation across the study site because of low initial soil
chemical variability. To determine whether soil enzymatic activity and community composition were
correlated with soil properties, a redundancy analysis (RDA) was conducted using Canoco for Windows
v5.0. Partial least squares path modeling (PLS-PM) was employed to disentangle relationships between
soil nutrients, biological properties, crop yield, and SQI scores. Path coefficients were validated using
R v.3.3.3 (R Development Core Team, Vienna, Australia) with the plspm package (1000 bootstrap
replicates). All figures were plotted using SigmaPlot v12.5 (Systat Software Inc., San Jose, CA, USA).

3. Results
3.1. Effect of Fertilization Regimes on Soil Characteristics

3.1.1. Soil Chemical Properties

Soil chemical properties differed significantly among the CK, NP, and NPK treatments (p < 0.05)
(Table 2). Fertilization significantly decreased soil pH, with the values decreasing by 0.24 units in NP
and by 0.14 units in NPK, compared with the CK. Noticeably, the pH in NP was typically lower than
that in NPK. The SOC content was also significantly different among the three fertilizer treatments,
but in contrast to pH, SOC was highest in NP, followed by that in NPK and CK. The pattern was the
same for AN and AP, with the highest values in NP and significant differences among all treatments.
The TN content was not different between NP and NPK treatments, but in both, it was significantly
higher than that in the CK. As expected, the highest AK contents were recorded in the NPK treatment;
whereas the difference in AK between NP and CK was not significant. Relative to the initial values
in 1990, the CK treatment was characterized by a slight increase in SOC and TN, while the opposite
was true of pH, AP, and AK. With the exception of AP, similar trends were observed for pH, SOC,
and TN in soils treated with NP and NPK. Notably, compared with the initial value of 191 mg kg~!,
the buildup in AK in the NPK treatment was considerable (306.9 mg kg™!), whereas a slight depletion
of AK was observed in the NP (178.7 mg kg_l) and the CK (170.3 mg kg‘l) treatments.

Table 2. Soil pH and nutrient concentrations after long-term fertilization (CK, no fertilizer; NP, nitrogen
and phosphorous fertilizer; NPK, nitrogen, phosphorus, and potassium fertilizer). Data are presented
as the mean + standard error (1 = 3). Different letters indicate significant differences among fertilizer
treatments (p < 0.05).

Treatment H Or Saolﬂc C Total N Available N  Available P Available K
P s (gkg™) (mg kg™) (mg kg™) (mg kg1
(gkg™
CK 8.34 + 0.02a 8.18 + 0.35¢ 1.05 + 0.18b 3.87 +0.10c 4.13 + 0.67¢ 170.27 + 26.57b
NP 8.10 + 0.04c¢ 10.94 + 0.32a 1.30 + 0.16a 6.92 + 0.41a  47.50 + 2.86a 178.73 + 29.56b

NPK 820+0.04b 10.34+0.12b 1.44 +0.19a 540 +0.10b  32.80 + 3.40b 306.93 + 6.35a

3.1.2. Microbial Biomass C and N

The NP treatment had the highest concentrations of MBC (321 mg kg™!) and MBN (23.2 mg kg™1),
which were significantly higher than those in the CK and notably higher than those in the NPK
treatment (Figure 1). The MBC in the NPK treatment was significantly higher than that in the CK,
although their MBN values were equivalent.
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Figure 1. Comparison of soil microbial biomass C (a) and microbial biomass N (b) after 27 years of
fertilization treatments (CK, no fertilizer; NP, nitrogen and phosphorous fertilizer; NPK, nitrogen,
phosphorus, and potassium fertilizer) in a wheat—fallow system. Vertical bars represent the standard
error (n = 3). Different lowercase letters indicate significant differences among fertilizer treatments
(p < 0.05).

3.1.3. Enzymatic Activities

Both NP and NPK significantly increased the activities of «-glucosidase, p-glucosidase,
cellobiohydrolase, phenol oxidase, peroxidase, phosphatase, sulfatase, and N-acetyl-glucosaminidase
(Figure 2) when compared to CK. The differences in enzyme activities were not significant between NP
and NPK, except for the activity of N-acetyl-glucosaminidase, which was significantly higher in NP
than in NPK.
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—s—CK
—o— NP
—A— NPK

Figure 2. Radar graph of the relative responses of enzymatic activities to long-term fertilization
treatments (CK, no fertilizer; NP, nitrogen and phosphorous fertilizer; NPK, nitrogen, phosphorus, and
potassium fertilizer). Asterisks indicate significant differences among fertilizer treatments (* p < 0.05;
**p <0.01). Pho: phosphatase; aG: o-glucosidase; BG: B-glucosidase; CBH: cellobiohydrolase;
NAG: N-acetyl-glucosaminidase; Sul: sulfatase; Perox: peroxidase; PhOx: phenol oxidase.

PCA further illustrated the differences in soil enzymatic activities between the CK and the NP and
NPK treatments, which were well separated by the PC scores (Figure 3a). The ordination of treatments
was primarily related to PC1, which separated the samples into the two distinct groups. According
to the RDA, SOC (F = 9.8, p = 0.006) was significantly correlated with soil enzymatic activities and
explained 58.4% of the total enzymatic variability (Figure 3b).
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Figure 3. Principal components analysis (PCA) of enzymatic activities in soils from different long-term
fertilizer treatments (CK, no fertilizer; NP, nitrogen and phosphorous fertilizer; NPK, nitrogen, phosphorus,
and potassium fertilizer). The circled symbols indicate significant groupings. (a) Redundancy analysis
(RDA) of the correlations between soil chemical parameters and soil enzyme profiles (b) The red arrow
indicates that SOC had a strong and significant effect on enzymatic activities (p < 0.05), explaining
58.4% of the variability. TN: total N; AP: available P; AK: available K; SOC: soil organic carbon;
MBC: microbial biomass C; MBN: microbial biomass N.

3.1.4. Microbial Community Composition

Long-term fertilization significantly affected soil microbial community composition (Figure 4).
The concentration of total PLFAs ranged from 33.75 to 58.77 nmol g~! and was significantly higher
in NP and NPK than in CK, although the difference was not significant between NP and NPK
(Figure 4a). The trends were similar for the abundances of Gram-positive (G+) bacteria (Figure 4b) and
actinomyecetes (Figure 4f). The abundances of Gram-negative (G—) bacteria (Figure 4c), total bacteria
(Figure 4d), and fungi (Figure 4e) were also significantly affected by the fertilization regimes, with the
highest average values in NP, followed by NPK and then the CK. The fungi:bacteria ratio was
significantly higher in the CK than in the NPK treatment, but the ratio in NP was not different from
that in the CK and NPK (Figure 4h). No significant differences were observed for the G+:G~ ratio
among CK, NP, and NPK treatments (Figure 4g). The PCA indicated that the microbial communities in
NP and NPK were distinguished from those in unfertilized soil and were primarily associated with
PC1 (97.63%; Figure 5a). According to the RDA, SOC significantly affected soil microbial community
structure, explaining 35.1% of the total community variability (Figure 5b).
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Figure 4. Comparisons of total PLFAs (a) and those for G+ (b) and G- bacteria (c), total bacteria
(d), fungi (e), actinomycetes (f), and the ratios of G+:G— bacteria (g) and fungi:bacteria (h) in soils from
different long-term fertilizer treatments (CK, no fertilizer; NP, nitrogen and phosphorous fertilizer;
NPK, nitrogen, phosphorus, and potassium fertilizer). Microbial abundance is expressed as nmol g~*.
Vertical bars represent the standard error (n = 3). Different lowercase letters indicate significant
differences among fertilizer treatments (p < 0.05).
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Figure 5. Principal components analysis (PCA) of microbial communities in soils from different long-term
fertilizer treatments (CK, no fertilizer; NP, nitrogen and phosphorous fertilizer; NPK, nitrogen, phosphorus,
and potassium fertilizer) (a). The circled symbols indicate significant groupings. Redundancy analysis
(RDA) of the correlations between soil parameters and microbial community components (b). The red
arrow indicates that SOC had a strong and significant effect on enzymatic activities (p < 0.05), explaining
35.1% of the variability. TN: total N; AK: available K; SOC: soil organic carbon; MBC: microbial
biomass C.

3.2. Soil Quality Index (SQI)

The integrated SQI was the highest in NP (0.86 + 0.02), followed by NPK (0.79 + 0.03) and CK
(0.48 + 0.02) treatments (Figure 6). The trend was similar for the SQI scores obtained from biological
variables, with the SQI significantly higher in NP than in NPK (Figure 6). By contrast, the SQI scores
from chemical or enzymatic variables in NP were comparable to those in NPK, although their scores
were all considerably higher than those in CK. To further investigate differences between NP and NPK,
SQI scores were calculated for these treatments using MBC and MBN (SQInpc-man)- The SQIvisc-vBN
scores were higher in NP than NPK, and a similar trend was also detected when SQI was developed
from the microbial community groups (Figure 6).

The fertilized treatments significantly improved wheat grain yield compared to CK, but there was
no statistical difference between NP and NPK treatments (Figure S1). Notably, the wheat grain yields
of NP and NPK treatments were equivalent to the local farmers’ average [8] and the observations
obtained by previous studies [12]. More importantly, the SQI scores were significantly (p < 0.001)
correlated to wheat grain yields, which were well-fit by a linear model (Figure 7).
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Figure 6. Comparison of SQI scores among different long-term fertilizer treatments (CK, no fertilizer;
NP, nitrogen and phosphorous fertilizer; NPK, nitrogen, phosphorus, and potassium fertilizer). Vertical
bars represent the standard error (1 = 3). Different lowercase letters indicate significant differences
among fertilizer treatments for the SQI scores obtained from each group with similar variables (p < 0.05).
Different uppercase letters indicate significant differences among fertilizer treatments for the total SQI
scores obtained from the combined groups (p < 0.05).
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Figure 7. Linear relationship between soil quality index (SQI) and wheat grain yield (kg ha™') across
different long-term fertilizer treatments (CK—no fertilizer; NP—nitrogen and phosphorous fertilizer;
NPK—mnitrogen, phosphorus, and potassium fertilizer). The relationship is described by the regression
equation y = 12061x—4458; R?% =0.986; p < 0.001. R? is the coefficient of determination.

3.3. PLS-PM Analysis

PLS-PM was employed to identify the effects of different variables on SQI scores and crop
yields (Figure 8). Results revealed that fertilization had direct and positive effects on all the
studied soil properties, except soil pH, which was negatively affected by fertilization regimes.
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Wheat grain yields were significantly and positively associated with soil nutrients. In contrast,
biological properties, rather than soil nutrients and enzyme activities, had an important direct effect on
SQI scores. This indirect fertilization effect was mediated by the MBC-MBN and microbial community
structure. More importantly, microbial community structure had a larger direct effect than MBC-MBN
on SQI scores.

Fertilization

Figure 8. Partial least squares path model (PLS-PM) showing the multivariate effects on SQI and
crop yield. Solid blue and red arrows represent significant (p < 0.05) positive and negative paths,
respectively; arrow widths denote the magnitude of these effects. Dashed lines indicate nonsignificant
(p > 0.05) pathways. Numbers near the lines represent the standard path coefficients. The model was
assessed using the Goodness of Fit (GoF) statistic; the GoF value was 0.77. Notes: NPK: soil nutrient
(total N; available N; available P; available K); SOC: soil organic carbon; Enzyme: enzyme activity;
Microbes: microbial community; SQI: soil quality index.

4. Discussion

Long-term field experiments play an important role in elucidating the evolution of soil quality in
response to different fertilization regimes [45]. The field experiment in this study was designed without
replicates for practical purposes in 1988 with efforts made at that time to reduce the spatial variability
in soil chemical properties. The low initial soil chemical variability does not compensate for the lack
of randomization and replication, which could reduce or enhance treatment differences observed.
However, the results of this long-term study demonstrate changes over 27 years in soil chemical,
biological, and microbial parameters, indicating a role for balanced or imbalanced K fertilization on
soil quality, particularly on soils with inherent high soil K similar to this soil type. The insights gained
on the long-term effects of K addition on soil quality would be conducive to getting more attention to K
fertilization and optimizing K fertilization management, especially in areas with K-rich soils, although
they are very site specific.

4.1. Soil Chemical Properties

Long-term fertilization significantly affected soil chemical properties. Relative to the initial value
of 8.62 in 1990, soil pH decreased by 0.28 units in the CK-treated soils. This may be due to the high
N deposition that occurs in this regional ecosystem [46]. N fertilization (NP and NPK) accelerated
soil acidification, which could be ascribed to the capacity of N addition reducing soil base cations
(especially Ca and Mg) [47]. In particular, pH values in NP-treated soils were significantly lower than
those in NPK-treated soils. A similar result was also recorded in a calcareous fluvo-aquic soil on the
North China Plain by Meng [48], who ascribed the relatively high pH under NPK to low accumulation
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of soil N resulting from increased plant N uptake as a result of K application. Ji et al. [49] found that
the increase in SOC contributed to maintaining soil acidity due to the large number of acid functional
groups, which may partially explain the pH changes observed in the CK, NP, and NPK treatments in
this study (Table 2).

SOC increased significantly in NP and NPK compared to CK, which was likely due to the elevated
inputs of organic materials (e.g., roots and shoot litter) to soils in the fertilized treatments [39]. Notably,
the SOC content in the NPK treatment was slightly, but significantly, lower than that in the NP
treatment, which may be related to lower levels of available N in NPK (Table 2), as N shortage is the
main factor that limits soil productivity in the Loess Plateau [50]. However, an opposite trend was
observed for SOC between NP and NPK treatments in a calcareous fluvo-aquic soil with K-deficiency
(<80 mg kg~!) [17]. The distinct responses of SOC to K addition may be associated with the large
differences in soil AK, as K addition can reduce community-level fine root biomass [51,52], implying
that K addition may be unfavorable for SOC sequestration in K-rich soils.

The expectation was that the long-term application of N and P fertilizers (i.e., NP and NPK) would
significantly increase the levels of soil TN, AN, and AP. Grain N, P, and K removed from these treatment
plots would confirm the influence of K on plant N and P uptake. In the absence of these data, previous
research at this site by Yang et al. [12] noted that the amounts of N and P uptake by wheat plants were
higher in NPK than in NP, which may explain the relatively low AN and AP values observed in soils
treated with NPK. According to Khan et al. [53], the critical levels of soil Olsen P for optimal crop yield
and the P leaching change-point are 16.1 mg kg~! and 39.9 mg kg™, respectively. Accordingly, in both
NP and NPK, a considerable surplus in AP was observed, with a risk of leaching soil AP evident in
the NP treatment, suggesting that the rate of 108 kg P,Os ha~! exceeded the wheat’s requirement in
the study area. Relative to the initial value of 191 mg kg~! in 1990, AK substantially accumulated in
soils treated with NPK, while slightly declined in CK and NP treated soils. However, an adequate
level of AK (>150 mg kg™!) remained in the NP treatment, which is the conventional fertilization
practice of local farmers. Moreover, nonsignificant differences in wheat grain yield between NP and
NPK treatments between 1991 and 2010 confirmed that K is not a yield-limiting nutrient in the study
area [54]. However, the slight decrease in soil AK over 27 years implied that NP fertilization may not
be a permanently sustainable option for areas with K-rich soils. Liu et al. [40] reported similar results
and noted that straw return alone is not sufficient for maintaining soil K balance. Therefore, chemical
K fertilizer application is likely to be essential for preventing further declines in soil K availability.

4.2. Enzymatic Activities and Microbiological Properties

Soil microbial biomass is an important indicator of soil health and environmental sustainability [24].
Surprisingly, compared to the levels in the NPK treatment, MBC and MBN increased significantly in the
NP imbalanced fertilization treatment. This result is consistent with the findings in wheat-maize [20],
apple orchard [29], and cotton [21] systems, in which soils were sufficient in AK (>150 kg ha™1).
By contrast, the opposite trend was observed in a fluvo-aquic soil [18], as well as a red paddy soil [19],
in which the contents of soil AK were low (~80 kg ha™?!). In previous studies, high soil K availability
led to an increase in soil salinity and degradation of soil structure, thereby inhibiting the metabolic
processes of microorganisms and decreasing MBC and MBN [30-34]. Accordingly, the inconsistent
reports on the differences in MBC and MBN between NP and NPK treatments may be associated
with large differences in soil AK. Our result provided a new evidence that there are significant and
negative relationships between AK and both MBC and MBN in K-rich soil (>150 kg ha~!) (Figure S2).
Additionally, as reported by Wang et al. [55], the significant increase in MBC and MBN in NP is
associated with improvements in SOC, as well as soil nutrient status (Table 2), and soil moisture.

Soil enzymes play vital roles in nutrient cycling and in maintaining soil fertility and quality [56].
Compared with the CK, the activities of the eight soil enzymes involved in C, N, P, and S cycling
in this study increased significantly, which could be attributed to the increase in abundance of
microbial communities (Figure 4a), according to Das and Varma [57]. Bragazza et al. [58] report
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that the activity of soil enzymes can indicate microbial nutrient limitation. Thus, the result that all
enzymatic activities, except for N-acetyl-glucosaminidase activity, were not significantly different
between the NP and NPK treatment implied that N deficiency may be a constraint limiting soil fertility.
Additionally, in several long-term experiments, the activities of urease, protease, phosphatase, sulfatase,
B-glucosidase, 3-cellobiosidase, 3-xylosidase, catalase, phenol oxidase, peroxidase, and invertase in
NP are comparable to those in NPK on the North China Plain in K-deficient soils (~80 mg kg~!) [59,60],
suggesting that K has minimal effects on soil enzymatic activity. N-acetyl-glucosaminidase catalyzes
chitin into mineral N in soil, and its high activity in NP may partially explain the relatively higher
AN contents compared with NPK. However, Ai et al. [59] recorded no significant differences in the
activity of N-acetyl-glucosaminidase between NP and NPK-treated soils. This inconsistency between
studies may be due to the different levels of AN (19.3 mg kg™! [59] vs. 6.9 mg kg~! in this study) in
the experimental soils. By contrast, Zhang et al. [61] observed generally higher activities of enzymes
involved in C, N, P, and S cycling in NP than in NPK in a 34-year paddy field experiment. Evidently,
soil enzymatic activities respond differently to different soil types and land uses [62]. Fungi are
responsible for the production of chitinase in soils [57], which may explain the higher activity of
N-acetyl-glucosaminidase in NP-treated soils when compared with the NPK treatment. Similar to the
conclusion of Zhang et al. [61], in this study, SOC was the major factor that affected soil enzyme activity,
mainly by contributing to the formation of suitable conditions (e.g., energy) for soil enzymes [63].
By contrast, in short-term experiments, the total variability in enzymatic activities was primarily
explained by MBC [64,65]. These results [64,65] are consistent with those of a separate study in which
MBC was found to be more sensitive to small changes in soil [66].

Compared with the CK, the contents of total PLFAs and those associated with total bacteria, fungi,
and actinomycetes were significantly higher in the NP and NPK treatments (Figure 4a,d—f), which could
be attributed to alleviation of nutrient shortages after fertilizer application [67]. In the NPK treatment,
the abundance of G— and total bacteria decreased significantly when compared with the NP treatment
(Figure 4c¢,d), indicating that G— bacteria are a sensitive indicator of bacterial community structure [68].
Importantly, a significant and negative relationship between soil AK and the phylum Proteobacteria
was previously observed by Guo et al. [69]. Eo and Park [28] further noted that the abundance of two
genera of the phylum Proteobacteria (i.e., EU786132_g and DQ395705_g) decreased markedly under NPK
when compared with the abundance under NP. However, Ma et al. [17] found that K deficiency had
minimal effects on bacterial groups. By contrast, high soil K availability may indirectly impose adverse
effects on the bacterial community. In this study, MBC was significantly and positively correlated
with G- bacteria and fungi (Figure S3), and both G— bacteria and fungi in NP increased significantly
compared with abundance in NPK (Figure 4c,e). This result is supported by previous reports that active
SOC fractions (e.g., MBC) are preferentially utilized by G— bacteria and fungi, leading to increased
growth of G— bacteria and fungi [70]. Furthermore, the proportions of G— bacteria usually increase
following a shift from oligotrophic to copiotrophic conditions [71]. Accordingly, the higher nutrient
availability (i.e., SOC, AN, and AP) may explain the relatively higher abundance of G— bacteria in NP
(Table 2). The RDA result confirmed the previous finding that SOC is the most important chemical
property contributing to the dominance of some microbial populations [58,69]. Similar results were
recorded in the brown soil of Northwest China [72], which were attributed to the capacity of SOC to
provide energy and substrates and thereby promote biological diversity [73].

4.3. Soil Quality Assessment

Developing SQI is an effective tool for evaluating soil management effects [23]. In this study,
SQI scores were positively and significantly related to wheat grain yield, confirming the previous
finding that SQI scores developed by the TDS method are accurate for indicating soil productivity [24].
As expected, NP and NPK significantly improved SQI scores, but NP had higher SQI scores than those
in NPK. This result was primarily associated with soil biological quality, as a result of the similar and
significant changes in MBC, MBN, and microbial community structure (Figure 5). The PLS-PM further
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confirmed this hypothesis (Figure 8). The nonsignificant differences observed between wheat grain
yields and SQI scores developed from the soil chemical properties between NP and NPK indicated that
soil nutrients were not the factor that limited soil fertility or productivity. In contrast, MBC, MBN,
and microbial community structure were responsible for the variations in SQI scores, supporting recent
findings that soil biological properties are more sensitive than chemical properties to anthropogenic
and natural disturbances and therefore are often the best indicators of soil quality and function [24,74].

5. Conclusions

Long-term fertilization significantly affected soil chemical and biological properties. Noticeably,
NP and NPK exhibited distinct effects on soil nutrients, enzyme activities, and microbial communities
in this study area with K-rich soil. Relative to NPK, imbalanced NP fertilization resulted in
slight soil acidification and K depletion but coupled with a significant increase in SOC, AN, AP,
N-acetyl-glucosaminidase, MBC, MBN, total bacteria, and fungi. More importantly, NP fertilization
resulted in similar wheat grain yields compared to NPK and significantly improved SQI scores, which
was attributed to the differences in soil biological properties. Obviously, relative to the NPK treatment,
the conventional fertilization practice without K addition (i.e., NP) may be a viable alternative practice
for the Guanzhong Plain and other areas with K-rich reserves. However, repeated NP application
posed a potential of P leaching risk and an ongoing decline in K, and thus farmers should reduce
the application rate of P fertilizer to alleviate accumulations of soil P, and apply a little amount of
K fertilizer to maintain soil K balance. Thus, further studies are needed to investigate the rate of K
addition that would not result in the P accumulation observed in NP, and to confirm these results for
other K rich soils and sites, thus understanding the mechanisms underlying the observed behaviors,
especially the responses of soil microbial properties to K addition.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/6/771/s1,
Figure S1: Comparison of wheat grain yield after 27 years of fertilization treatments (CK: no fertilizer; NP: nitrogen
and phosphorous fertilizer; NPK: nitrogen: phosphorus: and potassium fertilizer) in a wheat—fallow system.
Figure S2: Linear relationship between soil available K and microbial biomass C (a) and microbial biomass N (b),
Figure S3: Relation analysis between MBC and the microbial community groups.
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