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Abstract: The hormetic effect is a toxicological phenomenon in the soil ecosystem. The influence of
low-molecular-weight organic acids (LMWOAs) on the release and activation of soil phosphorus (P)
has become the focus of toxicological research. To what extent LMWOAs can regulate the hormetic
effect of P release and then influence soil P nutrients is worth attention. This study aimed to investigate
the effects of different types and concentrations of exogenous LMWOAs on P extraction, establish the
relationship between the concentration of LMWOAs and P extraction efficiency, and calculate the
hormetic parameters to understand the mechanism of types and concentrations of LMWOAs in P
extraction efficiency. Four organic acids, i.e., citric, oxalic, tartaric, and malic acids, induced hormetic
effects on P extraction that were concentration dependent. The relationship between LMWOAs and
P extraction efficiency was explained by a quadratic polynomial equation. The critical threshold of
citric acid concentration was similar to that of oxalic acid, whereas that of tartaric acid was similar to
that of malic acid. The critical thresholds of the P concentration extracted by malic acid and citric
acid were higher than those extracted by oxalic acid and tartaric acid due to the differences in the
structure and properties of LMWOAs. The critical thresholds of P extraction efficiency of oxalic acid
were lower than those of the other three organic acid types. These results provide evidence for the
use of citric acid and malic acid to increase soil P.

Keywords: hormetic effect; low-molecular-weight organic acids; available phosphorus; critical
thresholds; soil

1. Introduction

Phosphorus (P) is one of the essential elements for plant growth, and the P form in
the soil directly affects the capacity of P uptake by plants [1,2]. Inorganic P in the soil can
be directly absorbed and utilized by plants. Most of the P remains in the soil as insoluble
phosphates, such as iron phosphate and calcium phosphate, and this is influenced by many
factors, such as the soil type, texture, and physicochemical properties [3-5]. P deficiency
in soils is a global environmental issue [6,7]. Only up to 25% of P-containing fertilizers
are absorbed by plants, and the remainder accumulates in the soil. Soil erosion results
in P addition to waterways, generating eutrophication [8-10]. Therefore, it is important
to reduce P application rates and enhance P utilization by improving the conversion of
insoluble P into available P.

Low-molecular-weight organic acids (LMWOAs) are the most active carbon form in
the soil-plant-rhizosphere ecosystem [11,12]. LMWOAs such as citric, malic, and oxalic
acids in root exudates and rhizosphere soils can respond to P deficiency [13,14]. Previous
studies have demonstrated that the potential of LMWOAs in solubilizing P in soil depends
on the concentration and type of LMWOAs and the soil texture [15-17]. Oxalic acid
and citric acid at a concentration of 0-10 mmol L~! significantly increased the P release
in the rhizosphere soils of two plant species, Broussonetia papyrifera and Morus alba [18].
Strom et al. [19] indicated that oxalic acid, citric acid, and malic acid at a concentration
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ranging from 0 to 100 mmol L~! increased the release of P in acidic soil with pH < 3.5 and
alkaline soil with pH = 7.5, and the extraction rate of P in alkaline soil was higher than that
in acidic soil. Therefore, the P release in soil by LMWOAs is dose-dependent, which needs
to be explored for specific soil types.

The hormetic effect refers to the stress effect of exogenous chemicals on the soil,
which is characterized by a stimulative effect at a low concentration and an inhibitory
effect at a high concentration [20]. Hormesis is an intriguing phenomenon observed
in various endpoints and forms of life [21,22]. Previous research has shown that the
mechanisms of the hormetic effect mainly include the overcompensation mechanism, re-
ceptor mechanism, gene expression, regulation mechanism, oxidative stress mechanism,
DNA damage repair mechanism, and immune function enhancement mechanism [23-28].
In soil ecosystems, the hormetic effect mainly focuses on the effects of heavy metals
(e.g., cadmium, copper, and zinc), organic pollutants (e.g., polycyclic aromatic hydrocar-
bons and polychlorinated biphenyls), pesticides, antibiotics, and other exogenous toxic
substances on plant growth and development, soil microbial activity, soil enzyme activity,
and other factors [29-31]. The key factor influencing the hormetic effect is the concentration
gradient of the stimulant [32]. If too many low /high concentration gradients are set, the
experimental workload will be increased, and many effect points will have no effect at all.
In general, the concentration gradient setting of the stimulant is related to the concentration
characteristics of the stimulant in soils, plants, and crops. In addition, the parameters
based on the hormetic effect can reflect the mechanism of exogenous chemicals on the
organism, such as hormetic responses of soil microbiota to exogenous Cd [33,34] and the
effect of hormetic doses of glyphosate on the yield of crops [35]. However, we have limited
knowledge of the extent to which soil P release is driven by the hormetic effect of LMWOAs.

Many studies have shown dose-dependency between LMWOAs and the amount of P
released; however, the quantitative relationships between the concentration of LMWOAs
and P extraction efficiency have not been established. Therefore, the primary objectives
of this study were to establish the relationship between the concentration of LMWOAs
and P extraction efficiency and to compare the parameters of different fitting functions,
such as the quadratic polynomial equation, linear equation, exponential equation, and
hyperbolic equation. Then, we aimed to elucidate the mechanism of the different types and
concentrations of LMWOAs in P extraction efficiency based on the hormetic parameters.

2. Materials and Methods
2.1. Soil Pretreatment

Six sampling areas, named S1, S2, S3, 54, S5, and S6, were selected to collect soil
samples, located at 30°58'58.23” N-31°1'19.70” N and 117°53/33.16” E-118°4'10.67” E in
Tongling city, Anhui Province, China. Five sampling points were set in each sampling area.
Subsamples of the 0-20 cm surface soils from four corner points and one central point of a
5m x 5 m square were obtained, and the subsamples from these five points were pooled
into one soil sample in each sampling area. All soil samples were air-dried and sieved
through a 100 mesh sieve after large gravel, weeds, and plant residues were removed and
were then sealed in clean polyethylene plastic bags. The soil properties are summarized
in Table 1. The soil pH was measured by the potentiometric method, the soil organic
matter (SOM) content was measured by the K,Cr,Oy5 titration method, the total P (TP)
contents were measured using molybdenum blue colorimetry, the cation exchange capacity
(CEC) was measured by extraction with BaCl, solution [36], and the available P (AP) was
extracted by 0.5 mM sodium bicarbonate (NaHCQO3) solution using a soil-to-solution ratio
of 1:20 (w/v), with P determined colorimetrically [37].

2.2. The Species of LMWOAs

Citric acid (CA), oxalic acid (OA), tartaric acid (TA), and malic acid (MA) were selected
for experimental research of the hormetic effects of LMWOAs on P release. The basic
properties of these four organic acids are shown in Table 2.
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Table 1. Soil physicochemical properties.

Sampling Area pH SOM (g kg™1) CEC (cmol kg—1) TP (mg kg—1) AP (mg kg1)
S1 6.24 + 0.52 20.14 £1.48 17.6 £0.73 530 £ 22.65 3.20 + 0.27
S2 6.03 + 0.74 17.55 + 0.40 1546 + 1.27 494 4+ 30.71 3.65 + 0.15
S3 5.64 £ 0.36 19.75 + 0.64 8.90 £ 1.92 409 4+ 18.56 4.60 £ 0.49
S4 6.03 +£0.24 22.7 £1.27 11.25 +1.83 475 +17.52 431 +0.54
S5 5.81 +£ 047 20.9 + 3.46 7.97 + 0.55 377 £18.94 341+ 0.53
S6 5.26 £ 0.31 25.79 £2.11 10.74 + 0.33 441 4+ 21.77 4.01 £0.57

Values are means (M) =+ standard error (SE) (n = 3). SOM: soil organic matter; CEC: cation exchange capacity;
TP: total phosphorus; AP: available phosphorus.
Table 2. Basic properties of low-molecular-weight organic acids.
Organic Acid Chemical Formula Dissociation Constant CAS Number
K;=74x10"*
Citric acid HOOCCH,;-C(OH)COOH-CH,COOH K, =17 x 10~ 77-92-9
K3 =4.0 x 1077
L K; =5.9 x 1072
Oxalic acid HOOC-COOH Ky = 6.4 x 105 144-62-7
L K; =40 x107*
Malic acid HOOC-CH(OH)-CH,-COOH Ky =89 x 10-6 133-37-9
— —4
Tartaric acid HOOC-CH(OH)-CH(OH)-COOH Ki=9.1>10" 617-48-1
Ko =4.3 x 10

2.3. The Concentration of Organic Acids

The concentration characteristics of LMWOAs in soils were referenced in accordance
with the principle of low-dose interval encryption settings and high-dose interval reduction
settings. The eight concentrations of the individual LMWOAs ranged from 0 mmol L~!
to 20 mmol L=! (0 mmol L1, 1 mmol L7}, 1.5 mmol L™1, 2 mmol L™}, 5 mmol L1,
8 mmol L=1, 10 mmol L_l, and 20 mmol L_l).

2.4. Determination of the P Concentration Extracted by LMWOAs

A 3.0 g air-dried and sieved soil sample was weighed and placed in a clean 50 mL
conical bottle, and 30 mL individual organic acid solutions of citric acid, oxalic acid, tartaric
acid, and malic acid of 0 mmol L™}, 1 mmol L1, 1.5 mmol L™, 2 mmol L}, 5 mmol L},
8 mmol L1, 10 mmol L™}, and 20 mmol L~! was added to the conical bottle. Thymol
at a concentration of 0.01 g L~! was added to prevent microorganisms from consuming
the organic acids. Then, the samples were orbitally shaken for 30 min and filtered. The
concentration of P in the filtrate was measured by molybdenum-antimony resistance
colorimetry using a spectrophotometer [38].

2.5. Calculation of the P Extraction Efficiency
The P extraction efficiency of the LMWOAs was calculated using Equation (1):

(X; — Xo)
0

Y = x 100% 1)
where Y is the extraction efficiency of P by LMWOAs; Xj is the amount of P under an
LMWOA concentration of 0 mmol L™}; and X; is the amount of P under an organic acid
concentration of 1 mmol L™, 1.5 mmol L1, 2 mmol L1, 5 mmol L1, 8 mmol L7},
10 mmol L~ !, and 20 mmol L~1.
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2.6. Model of LMWOA Concentrations and the P Extraction Efficiency

According to the concentration of LMWOAs (N) and Y in Equation (1), Equation (2)
was used for fitting the relationship between the LMWOA concentration and the P extrac-
tion efficiency as follows [39,40]:

Y =aN? +bN + ¢ 2)
where a, b, and c are the constants of the fitting curve.

2.7. Parameter Calculations

Two concentrations of organic acids, D1 and D2, can be calculated by Equation (2). D1
and D2 are the respective initial and final concentrations at which the hormetic effect was
induced when Y = 0.

Therefore, the concentration difference value, AD, was calculated by D2 — D1, and the
area of the stimulus effect defined as R could be calculated.

Taking the first derivative of Equation (2), we obtained Equation (3):

Y' =2aN +b 3)

When Y’ = 0, the intermediate value of the LMWOA concentration, Ny., was calcu-
lated by Equation (4):
Nue = —b/2a 4)

where a and b are the constants of the fitting curve shown in Equation (2).
Therefore, the maximum P extraction efficiency, Ymax, can be calculated by Equation (5):

4ac —b?
<4a) ©

Ymax =

Then, the maximum P extraction, Xmax, can be calculated by Equation (1).

2.8. Statistical Analysis

All experiments were performed in triplicate with the same treatment independently
replicated. Statistical analyses of data were carried out using one-way ANOVA and re-
gression analysis between LMWOAs and the P extraction efficiency. Significance was
assigned at the p < 0.05 level based on Duncan’s test. The results are presented as arithmetic
means £ SD. All statistical analyses were conducted with IBM SPSS version 24.0 (Armonk,
New York, NY, USA).

3. Results
3.1. Effect of Different Types and Concentrations of LMWOASs on P Release

The effects of citric acid on soil P release were promoted by a low concentration
and inhibited by a high concentration (Figure 1A). The highest soil P concentration was
extracted by a citric acid concentration of 8 mmol L™!, which was 9.99 mg kg~ in the S4
sampling area and was significantly higher than that in the other sampling areas. There was
no significant difference in soil P concentration under the same concentration of citric acid
(Figure 1A). The trend of soil P release extracted by oxalic acid was similar to that of citric
acid (Figure 1B). When the concentration of oxalic acid was 8 mmol L1, the concentration
of P was the highest. Citric acid resulted in higher P extraction from the soil than OA at
the same concentration (Figure 1A,B). The soil P concentration in all six sampling areas
increased with the increase in the tartaric acid and malic acid concentrations (Figure 1C,D).
The soil P concentration extracted by tartaric and malic acids in the S3 sampling area
was the highest, compared with the lowest in the 56 sampling area. The P concentration
extracted by malic acid was significantly higher than that extracted by the other three
organic acids in the S6 sampling area (Figure 1).
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P concentration (mg Kg 1)

P concentration (mg Kg ])

TA (mmol L ') MA (mmol L ')

Figure 1. Influence of different concentrations of (A) CA, (B) OA, (C) MA and (D) TA on P release in
soils. Note: CA is citric acid; OA is oxalic acid; TA is tartaric acid; MA is malic acid. S1, S2, S3, S4, S5
and S6 are six sampling areas.

3.2. Different Fitting Curves Simulated the P Extraction Efficiency of the LMWOAs

The exponential equation and hyperbolic equation could not fit the effect of citric
acid on the soil P extraction efficiency (p > 0.05) (Table 3). The linear equation fits only the
effect of citric acid on the soil P extraction efficiency in the 54 and S5 sampling areas. The
quadratic polynomial equation fits the effect of citric acid on the soil P extraction efficiency
in all sampling areas except S1. The four equations had a poor fit for the concentration of
oxalic acid and the P extraction efficiency, except in the S1 sampling area (p = 0.05). The fit
of the four equations for the tartaric acid and malic acid concentrations and the P extraction
efficiency was good (p < 0.01), and the correlation coefficients for the four equations in all
six sampling areas were greater than 0.95. In general, the fit of the quadratic polynomial
was better than that of the linear equation, exponential equation, and hyperbolic equation.
The hormetic effect of LMWOAs on the soil P extraction efficiency can be represented by
this quadratic polynomial equation.

3.3. The Hormetic Effect of LMWQOAS on the P Extraction Efficiency

The polynomial equation fit the effect of citric acid on the soil P extraction well, except
in the S5 sampling area (p < 0.05), and the correlation coefficient of the fitting equation was
between 0.8070 and 0.9911 (Figure 2). There were no significant differences between the
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soil P extraction efficiency and the concentration of oxalic acid, except in the S1 sampling
area (p = 0.05), and the correlation coefficient of the fitting equation was between 0.6813
and 0.8958 (Figure 3). The highest significance values were between tartaric acid, malic
acid, and the soil P extraction efficiency in all six sampling areas (Figures 4 and 5), and the
correlation coefficients of the fitting equations were greater than 0.99 (p < 0.001).

Table 3. The different fitting equations simulating the P extraction rates of the four organic acids.

Quadratic Polynomial

Organic Acid Sampling Area Linle/a_r;i;(lualt)ion Equation Exponelr;t_ial Equation Hyperl;(ilica)](iquation
sass Y=aX?+bX+c = Th+X
S1 r=0.0829, p = 0.8598 r=0.9845, p = 0.0007 r=0.2320, p = 0.6167 r=0.4133,p = 0.3593
S2 r=10.1560, p = 0.7384 r=0.9911, p = 0.0003 r=0.1827, p = 0.6150 r=0.3743, p = 0.4081
S3 r=0.1299,p = 0.7814 r=0.9829, p = 0.0011 r=0.2093, p = 0.6523 r = 0.4063, p = 0.3657
CA S4 r=0.0329, p = 0.9341 r=0.9714, p = 0.0032 r=0.3183, p = 0.4866 r=0.4848, p = 0.2701
S5 r=0.0163, p = 0.9723 r=0.8070, p = 0.1216 r=10.2526, p = 0.5847 none
S6 r=0.2478, p = 0.5922 r=0.9222,p = 0.0224 r=0.4727,p =0.2841 r=0.6104, p = 0.1455
S1 r=0.0895, p = 0.8487 r=0.8958, p = 0.0390 r=0.2168, p = 0.6405 r=10.3968, p = 0.3781
S2 r=0.0131,p = 0.9778 r=0.7569, p = 0.1825 r=0.2288, p = 0.6216 none
S3 r=0.1376, p = 0.7686 r=0.8266, p = 0.1003 r=0.3612, p = 0.4261 r=0.5002, p = 0.2529
OA S4 r=0.1978, p = 0.6707 r=0.6813, p = 0.2872 r=10.0882, p = 0.8509 r=0.2633, p = 0.5684
S5 r=0.0445, p = 0.9245 r=0.8239, p = 0.1031 r=0.2805, p = 0.5424 r=0.4218, p = 0.3459
S6 r = 0.0540, p = 0.9085 r=0.8482, p = 0.0787 r=0.2901, p = 0.5279 r=0.4324, p = 0.3325
S1 r=0.9874, p < 0.0001 r=0.9954, p < 0.0001 r=10.9945, p < 0.0001 r=0.9950, p < 0.0001
S2 r=0.9889, p < 0.0001 r=0.9948, p = 0.0001 r=10.9937, p < 0.0001 r=0.9947, p < 0.0001
S3 r=0.9742, p = 0.0002 r=0.9972, p < 0.0001 r=0.9954, p < 0.0001 r=0.9979, p < 0.0001
TA S4 r=10.9759, p = 0.0002 r=0.9978, p < 0.0001 r=10.9980, p < 0.0001 r=0.9949, p < 0.0001
S5 r=0.9815, p < 0.0001 r=0.9918, p = 0.0003 r=0.9936, p < 0.0001 r=0.9921, p < 0.0001
S6 r=0.9502, p = 0.0010 r=0.9864, p = 0.0007 r=0.9750, p = 0.0002 r=0.9851, p < 0.0001
S1 r=10.9619, p = 0.0005 r=10.9980, p < 0.0001 r=10.9853, p < 0.0001 r=0.9958, p < 0.0001
S2 r=0.9581, p = 0.0007 r=0.9990, p < 0.0001 r=10.9852, p < 0.0001 r=0.9974, p < 0.0001
S3 r =0.9846, p = 0.0002 r=10.9990, p < 0.0001 r=10.9917, p < 0.0001 7 =10.9959, p < 0.0001
MA S4 r=10.9936, p < 0.0001 r=0.9961, p < 0.0001 r=10.9956, p < 0.0001 r=0.9956, p < 0.0001
S5 r=10.9881, p < 0.0001 r=0.9959, p < 0.0001 r=10.9968, p < 0.0001 r=0.9941, p < 0.0001
S6 r=0.9502, p = 0.0010 r=10.9970, p < 0.0001 r=0.9985, p < 0.0001 r=0.9905, p < 0.0001

1000

X is the concentration of LMWOAs (mmol L™1), Y is the P extraction efficiency of the LMWOAs (%), r is the

correlation coefficient of the fitting equation, p is the significance.
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Figure 2. The P extraction efficiency induced by different concentrations of CA. Note: X is the
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concentration of CA (mmol L), Y is the P extraction efficiency of CA (%), R is the correlation

coefficient of the fitting equation, and p-value is the significant difference. S1, S2, S3, S4, S5 and S6 are

six sampling areas.
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Figure 3. The P extraction efficiency induced by different concentrations of OA. Note: X is the
concentration of OA (mmol L~1), Y is the P extraction efficiency of OA (%), R is the correlation
coefficient of the fitting equation, and p-value is the significant difference. S1, S2, 53, S4, S5 and S6 are
six sampling areas.
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Figure 4. The P extraction efficiency induced by different concentrations of TA. Note: X is the
concentration of TA (mmol L™1), Y is the P extraction efficiency of TA (%), R is the correlation
coefficient of the fitting equation, and p-value is the significant difference. S1, S2, 53, S4, S5 and S6 are
six sampling areas.
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Figure 5. The P extraction efficiency induced by different concentrations of MA. Note: X is the
concentration of MA (mmol L™1), Y is the P extraction efficiency of MA (%), R is the correlation
coefficient of the fitting equation, and p-value is the significant difference. S1, S2, S3, S4, S5 and S6 are
six sampling areas.
3.4. The Hormetic Parameters of the P Extraction Efficiency of Different LMWOAs in Soil
The hormetic effect parameters fitted with the quadratic polynomial equation for
soil P extracted by different LMWOAs are shown in Table 4. The concentration ranges
of citric and oxalic acids that induced the hormetic effect of soil P release were —0.22 to
21.82 mmol L~ and -0.99 to 20.93 mmol L=, respectively. The average Ny of citric and
oxalic acids were similar, i.e., 10.19 and 10.16 mmol L1, respectively; those of tartaric acid
and malic acid were 28.06 and 29.47 mmol L.=!. The R value and AD in tartaric acid and
malic acid were higher than those in citric acid and oxalic acid. Xmax reflects the predicted
maximum amount of P extraction by the quadratic polynomial equation; the average values
for citric, oxalic, tartaric, and malic acids were 7.01, 4.09, 2.41, and 6.39 mg Kg_l. The Ymax
for oxalic acid was lower than that for the other three organic acids.
Table 4. Hormetic parameters of the P extraction efficiency of different types of LMWOAs.
Organic Acid Sampling Area Dq D, NuMme Ymax Xmax AD R
S1 0.25 19.71 9.98 766.53 6.671 19.47 3462.02
S2 —0.05 19.58 9.76 709.24 4.880 19.63 10,348.89
S3 —0.22 19.90 9.84 2595.81 7.627 20.12 91,640.69
CA 54 0.77 19.92 10.34 3187.55 8.980 19.14 359,471.28
S5 0.13 20.21 10.17 2486.25 4.206 20.08 92791
S6 0.26 21.82 11.04 3142.28 5.968 21.56 48,043.38
Mean 0.19 20.19 10.19 2147.94 6.39 20.00 85,649.03
S1 0.0007 19.87 9.93 1575.89 2.393 19.87 20,803.00
52 0.29 20.06 10.18 1306.62 2.686 19.77 4640.14
S3 0.51 20.93 10.72 1277.31 2.156 20.43 17,545.39
OA 54 —0.99 19.68 9.34 865.93 2.243 20.67 34,611.48
S5 0.76 20.01 10.39 2170.61 2.304 19.25 153,124.61
S6 0.93 19.90 10.41 2739.53 2.686 18.97 338,497.80
Mean 0.25 20.08 10.16 1655.98 241 19.83 94,870.4
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Table 4. Cont.
Organic Acid Sampling Area Dq D, Nue Ymax Xmax AD R
S1 -0.31 66.72 33.21 1405.37 5.140 67.03 64,938.87
52 —0.10 73.76 36.83 6351.19 3.975 73.87 325,099.21
S3 -0.72 47.88 23.58 1379.29 4.952 48.60 53,357.95
TA S4 -1.35 48.67 23.66 2031.52 4.437 50.02 99,439.14
S5 -0.73 61.49 30.38 3722.44 4.040 62.22 194,178.65
56 0.13 41.29 20.71 2402.48 1.990 41.17 58,974.82
Mean —0.51 56.64 28.06 2882.05 4.09 57.15 132,664.8
S1 0.15 41.42 20.79 1311.12 6.292 41.27 33,654.08
52 0.10 40.13 20.12 1526.65 5.657 40.03 38,391.42
S3 0.59 53.79 27.19 3844.97 12.944 53.20 84,472.27
MA S4 -1.01 47.81 23.40 1377.65 6.008 48.82 56,633.99
S5 -0.81 107.43 53.31 6415.57 8.244 108.24 507,038.31
S6 —1.51 65.56 32.02 1706.55 2.894 67.06 90,363.37
Mean —-0.42 59.36 29.47 2697.08 7.01 59.77 135,092.2
3.5. The Verification of Xyax and the Measured Value of the Maximum Amount of P
According to Figure 6, Xmax, calculated by the quadratic polynomial equation (Table 4),

had a significant linear correlation with the measured value of the maximum amount of P
extracted by organic acid (Dmax) (p < 0.05). The fitting effect of citric, tartaric, and malic
acids was better than that of oxalic acid based on the linear equation in the six sampling
areas. The correlation coefficients of citric, tartaric, and malic acids were higher than 0.93

Xmax (mg Kg ])

(p <0.01), and that of OA was 0.84 (p < 0.05).
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Figure 6. The correlation of Xmax and the maximum P concentration extracted by different organic
acids. Note: Xmax is the maximum amount of P extraction shown in Table 4. Dyax is the measured
value of the maximum amount of P selected among eight concentrations of LMWOAs. The maximum
P was extracted when the concentration of CA and OA was 8 mmol L~! and that of TA and MA was

20 mmol L~1. S1, S2, S3, S4, S5 and S6 are six sampling areas.

4. Discussion

In this study, the quadratic polynomial function described the relationship between
soil P extraction and LMWOAs. Therefore, the present study successfully calculated
the ability of LMWOAs to extract P according to the composition and concentration of
LMWOAs in different soil types. The various parameters included in the critical threshold
of the LMWOA concentration for soil P extraction were acquired by calculation of the
fitting equation.

Organic acids can increase soil P release [41,42]. This paper showed similar results
as those of previous studies; the effects of citric, malic, oxalic, and tartaric acids on soil P
release depended on the concentration of organic acids. The results of this study, obtained
by studying the dose-response relationship in soil P induced by the exogenous application
of LMWOASs, indicated that the hormetic effect can occur in different soils. The trend of P
release extracted by citric acid was consistent with that of oxalic acid, as the soil P extraction



Processes 2023, 11, 216

10 of 12

increased at low concentrations and then decreased at high concentrations of these two
LMWOAs. The trend of soil P extracted by tartaric acid and malic acid was similar; the P
extraction increased with the increase in the concentration of these two organic acids.

In our study, the stimulation dose range was narrower than that of previous studies
(10-20 times), with an extraction time of 30 min. In general, in all six soil sampling areas of
this study, when the concentration of organic acids was lower than 10 mmol L™}, citric acid
had a stronger capacity to extract soil P than the other three LMWOAs. Malic acid had a
stronger capacity than the other three LMWOAs to extract soil P when the concentration
of the LMWOASs was higher than 10 mmol L~!. The soil P released by organic acids is
influenced by many factors, such as the extraction time and the type and dissociation
constant of the organic acids [43—45]. P extracted by oxalic acid decreases sharply during
30-35 min of extraction [46]. This might be related to differences in the soil type and
sensitivity of different experimental design endpoints [31,32]. We extracted P for 30 min
after adding the four LMWOAs, and oxalic acid resulted in a lower P extraction from the
soil than the other three LMWOAs, although the dissociation constant of oxalic acid was
higher than that of the other organic acids. Owing to the third-order dissociation constant
and the higher value of the dissociation constant, citric acid extracted more soil P than the
other three LMWOAs when the concentration of the LMWOAs was low.

The complexing capacity of LMWOAs determines the P extraction ability, which de-
pends on the number and proximity of the carboxyl group of LMWOAs, the concentration
and type of metals, and the soil properties [4,18]. The capability of tricarboxylic acid to
extract soil P is greater than that of dicarboxylic and monocarboxylic acids by comparison
of the kinetic characteristics of P induced by LMWOAs [47-49]. These LMWOAs dissolve
P from insoluble phosphoric compounds, such as calcium phosphate, iron phosphate, and
aluminum phosphorus, to overcome P deficiency [50]. Therefore, citrate and malate were
found to have the highest and lowest P extraction efficiency, respectively. In our study,
we found that citrate, malate, and tartrate had a high soil P extraction efficiency in the
concentration range of 0-20 mmol L~!. The maximum amount of P extracted by malate
and citrate was higher than that extracted by oxalate and tartrate.

5. Conclusions

The hormetic response of P extraction exposed to different concentrations of citric,
oxalic, tartaric, and malic acids was determined. The quadratic polynomial equation can be
used to fit the relationship between the concentration of LMWOAs and the P extraction
efficiency. Within the range of organic acid concentrations, the stimulation dose range
of citric acid and oxalic acid was 0-8 mmol L~!, while the stimulation dose range of
tartaric acid and malic acid was 0-20 mmol L~!. Citric acid and malic acid can be used
to promote the biological availability of soil P. The findings of this study have important
implications for minimizing the environmental risk of P by utilizing low-molecular-weight
organic acids.
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