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Phosphorus limitation occurs in many soils as a significant amount of soil P is
retained in forms inaccessible to plants, such as bound to iron (Fe) minerals. Prior
studies have shown that silicon (Si) can mobilize P from the binding sites of such
minerals. Several P extraction methods have been developed to account for
different P pools. Nevertheless, each of those methods uses different extractants
and mechanisms to extract different P pools in soils. However, there is no study
comparing different P extraction methods in the presence of Si fertilization. We
tested the effect of Si on P mobility and determined the efficiency of water,
Calcium acetate lactate (CAL), Mehlich-III, and Bray and Kurtz extractionmethods
for extracting P in the presence of amorphous silica (ASi) fertilization using two
soils of contrasting characteristics. Significantly higher amounts of P were found
at 3% ASi treatments (10 and 21mg P kg-1) compared to the control (4 and 10mg P
kg-1) in the water extract in the high and low-yield soil, respectively just after
6 hours of extraction and increased with time. This may be explained by Si directly
competing with P for sorption to Fe minerals. Using CAL extraction, Si addition
showed no effect on P extractability. In contrast, the Mehlich-III and Bray
extraction methods showed decreasing P extractability, especially at 3% ASi
treatment (95 and 60 mg P kg-1) compared to the control (115 and 80 mg P
kg-1) for the high-yield soil. The decreasing P contents in the presence of Si found
in the Mehlich-III and Bray extracts may be attributed to the decrease in
extraction effectiveness of the extractants to extract P while extracting Si and
Fe. Our results showed that the Mehlich-III and Bray extraction methods may not
be suitable for the determination of P availability in the presence of ASi fertilization
since both extractants also extract Si and this may limit the completeness of P
extraction. Therefore, in the presence of Si fertilizer, the water extraction method
may be suitable to determine P availability and mobilization due to ASi.
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Introduction

Phosphorus (P) is an essential macronutrient for plants, and a lack of P can limit plant
growth and yield (Malhotra et al., 2018). To improve crop yield the global demand for P
fertilizers is rising by 2.5%–3.0% each year, which is expected to peak by 2030 (Bindraban
et al., 2020). Because of the limited amounts of mineable phosphate minerals, the scarcity of
P is viewed as a worldwide concern (Bindraban et al., 2020). Additionally, approximately
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10%–25% of the P in fertilizers applied to soils are sorbed to soil
minerals and are unavailable for plant uptake (López-Arredondo
et al., 2014; Bindraban et al., 2020).

Biogeochemical factors, including soil mineral composition,
significantly impact soil P availability (Ringeval et al., 2017). The
total P content in soils is not necessarily low, but much of it is stored
in plant-inaccessible forms like organic P (Bünemann et al., 2010) or
P bound to aluminum (Al) and iron (Fe) oxides/hydroxides, or
precipitated with calcium (Ca), depending on the physicochemical
characteristics of the soil, especially soil pH (Beauchemin Suzanne
et al., 2003). At soil pH > 6.5, inorganic Pmostly precipitates with Ca
forming slightly soluble calcium phosphate. At lower pH, P is
adsorbed to Fe-, Mn-, Al-, or their hydrous oxides (Brady and
Weil, 1999). At neutral pH, inorganic P adsorbed to e.g., clay
minerals (Rajan, 1975a). Therefore, the distribution of inorganic
P between Ca, Fe, Al, and silicon (Si) depends on soil pH, mineral
composition, parent material, and soil formation stage.

The binding of P to soil minerals is shown to be lowest in the
presence of silicate minerals for example, clay minerals with high
silicon content (Rajan, 1975a; Brady and Weil, 1999). Dissolved Si
species in soils are composed of monomeric silicic acid and
polymeric silicic acid, and their release into soil solution is
controlled by mineral weathering and dissolution (Dietzel, 2000;
Schaller et al., 2021a). Particularly, the dissolved Si species may
adsorbed to Fe or Al oxides/hydroxides (Sauer et al., 2006; Cornelis
et al., 2010). The solid phase of Si is composed of different forms of
amorphous Si (ASi) such as the biogenic amorphous Si (bASi, e. g.,
phytoliths, testate amoeba shells, diatom shells, silicified sponge
spicules, radiolarian shells); and the minerogenic forms (silica
nodules, silica included in pedogenic oxides such as iron oxides)
(Schaller et al., 2021a). The concentration of silicic acid in soil
solution varies from 0.4 to 2000 μmol L-1, with a typical range of
100–500 μmol L-1, and is dependent on the solubility of primary and
secondary Si compounds (Sommer et al., 2006).

Studies have shown a positive correlation between Si availability
and P release in soils (Schaller et al., 2019; Hömberg et al., 2020;
Schaller et al., 2020; Schaller et al., 2022). According to Schaller et al.
(2019), increasing Si availability in soils can mobilize P from the
surface of Fe minerals, leading to increased P availability and
mobility. Additionally, it was shown that Si disrupts the Fe
mineralogy of paddy soils, competing with P for sorption,
thereby leading to P mobilization and availability (Hömberg
et al., 2020; Schaller et al., 2022). Under flooded conditions,
Hömberg et al. (2021) showed increased P concentration with
increased Si addition to peat in a field experiment.

Soil P is classified into four types: P dissolved in soil water, P
sorbed to clay mineral surfaces or Fe and Al oxides/hydroxides, P in
primary phosphate minerals, and P in organic compounds and
living organisms (Wuenscher et al., 2015). To account for these
different P pools, multiple approaches for extracting P from soil
exist, and numerous soil P extraction methods have been developed
(Fuhrman et al., 2005; Wuenscher et al., 2015). Even in standard soil
testing, different extraction processes are utilized nowadays. For
example, the Calcium acetate lactate (CAL) extract (Schüller, 1969)
is used in regular soil testing for exchangeable P in Austria and
Germany, whereas Mehlich-III (Mehlich, 1984) and Bray and Kurtz
are utilized in the Czech Republic, major parts of Canada, and the
United States (Gartley et al., 2002; Mylavarapu et al., 2014). Each of

those methods uses different extractants and mechanisms,
extracting different pools of P in soil samples. For example,
Mehlich-III and Bray extracts may extract non-target Si (Schaller
et al., 2021a) as those extractants contain fluoride subsequently
decreasing the extraction effectiveness for P. The CAL extraction
method may also extract non-target Si as the extractant contains
acetic acid, and the acetic acid extraction method is also used as a
routine test for Si (Wu et al., 2020; Schaller et al., 2021a). This may
subsequently decrease the extraction effectiveness for P under high
Si content. There is, however, no study comparing different methods
of P extraction in the presence of Si fertilization, and the relationship
between Si and P availability is still poorly understood.

The overall objective of the present study was to investigate and
estimate the efficiency of different extractionmethods for the extraction
of available P in the presence of amorphous silica (ASi) fertilization and
to determine if there is any interdependency between Si and P.
Specifically, we aimed to 1) determine the effect of Si on P
mobilization from soils and to 2) compare different extraction
methods for available P. We hypothesized that 1) Si is positively
related to P mobilization and 2) results should be independent of
the extraction method used. Two different soils: low-yield (low P
availability) and high-yield soils (high P availability) were collected
from a field used for a landscape experiment in Tempelberg (Germany).
This soil was mixed with amorphous silica (ASi) at different
concentrations and then extracted for available P using water
(Fuhrman et al., 2005; Schüller, 2007; Wuenscher et al., 2015),
Mehlich-III extraction (Mehlich, 2008), extraction after Bray and
Kurtz (Bray and Kurtz, 1945), CAL extraction (Schüller, 1969).
Before mixing the soil with ASi, the initial soils were characterized
and extracted for elemental compositions with dithionate and oxalate
solution. Both dithionate and oxalate extractions are known to extract
different forms of Fe (amorphous and crystalline), and their ratios have
been used to determine the crystallinity of the Fe oxides (Mehra and
Jackson, 2013). Also, understanding the chemical composition of the
soil provides knowledge about the qualitative and quantitative functions
of the soil regarding nutrient storage (Rennert, 2018; Oyebiyi, 2024).

Materials and methods

Sampling sites

In this study, we used soils from a landscape experimental field
(Tempelberg, Germany, 52°26′37″N 14°09′39″E) (Donat et al.,
2022). We selected two different plots to represent soils with
different yields (low-yield soil and high-yield soil with different
sand contents) and different initial P, Fe, and Al contents (Donat
et al., 2022). The pedogenic Fe oxide content of the soils among
other factors controls P adsorption/desorption. The agricultural
landscape varied in topography with loamy sand to sandy loam
as the dominant soil texture derived from glacial deposits. It is also
composed of sandy deposits that are partially fine-grained and partly
fine-silty (Donat et al., 2022; Koch et al., 2023). This place has an
average yearly temperature of 9.6°C and 581 mm of precipitation.
We collected three topsoil samples (0–20 cm) each from the two
soils (low and high-yield soil) using an auger. The samples were air-
dried and sieved through a 2 mmmesh size, and from each sampling
site, the samples were mixed into a homogenized (composite)

Frontiers in Environmental Science frontiersin.org02

Uhuegbue et al. 10.3389/fenvs.2024.1461477

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1461477


sample per plot. To avoid confounding effects of recent P
applications on extractable P contents, samples were collected at
least 6 months after the last P applications.

Soil characterization

The initial soil pHwasmeasured based on the (DIN ISO, 1997) in a
0.01 M CaCl2 suspension at a soil-to-solution ratio of 1:2.5 after 1 h of
equilibration using a glass electrode (pH/Cond 3320, Xylem Analytics
Germany). The elemental concentrations of the soil were determined
using dithionate and oxalate extraction at a solid-to-solution ratio of 1:
10 (Mehra and Jackson, 2013) and 1:25 (Schwertmann, 1964),
respectively just before mixing the soils with ASi. The extracts were
filtered using 0.25 µm syringe filters (CHROMAFILXTRAPET -20/25)
and analyzed for Al, Fe, Mn, P, and Si using ICP-OES (Thermo
Scientific iCAP 6000, England). Total organic carbon (TOC), total
inorganic carbon (TIC), and total carbon (TC) contents of the soil were
analyzed using a TOC analyzer (TNM-L Shimadzu, China).

Incubation experiment

In 100 g dried soils were added varying amounts (i.e. 0%, 0.2%,
1%, and 3%) of amorphous silica (Aerosil 300 Evonik, Germany,
ASi) in four replicates each. The soil without ASi (0%) served as the
control. Aerosil, a pyrogenic ASi was used because of its similar
physicochemical properties to biogenic ASi. The samples were
homogenized by placing them on an end-over-end shaker for
24 h. For the Mehlich -III, Bray and Kurtz, and CAL extraction,
the soil-ASi mixtures were first saturated with ultra-pure water to
ensure ASi dissolution and were stored at room temperature for
4 days. After 4 days of soil-ASi incubation, the samples were freeze-
dried before extraction. For each soil, the following P extractions
were performed: Mehlich-III extraction (Mehlich, 2008), Bray and
Kurtz extraction (Bray and Kurtz, 1945), calcium acetate-lactate
extraction (CAL) (Schüller, 1969), and water extraction (Fuhrman
et al., 2005; Schüller, 2007; Wuenscher et al., 2015).

Water extraction

Water extraction of P was conducted at a soil-to-solution ratio of
1:5 according to Fuhrman et al. (2005) and Wuenscher et al. (2015)
but with a longer equilibration time (1 week shaking) by adding
20 mL ultra-pure water to 4 g soil-ASi mixture. Sampling was
conducted on a logarithmic timescale at five different times (after
6, 12, 24, 72, and 168 h).

Calcium acetate lactate, CAL extraction

The CAL extraction was performed at a solid-to-solution ratio of
1:20 (Schüller, 1969). Simply, 4 g of the dried soil-ASi mixture was
weighed in 100 mL plastic bottles and mixed with 80 mL CAL
extraction solution (0.05 M C6H10CaO6, 0.05 M (CH3COO)2Ca,
96% HAc). The samples were shaken for 2 h, and centrifuged at
10,000xg for 5 min.

Mehlich-III extraction

Mehlich-III extraction was conducted at a solid-to-solution ratio
of 1:21 by adding 42 mL of Mehlich-III (0.015M NH4F, 0.001 M
EDTA, 0.25 M NH4NO3, 0.013 M HNO3, and 0.2 M HAc) extraction
solution to a 2 g soil-ASi mixture each in 50mL falcon tubes (Mehlich,
2008). The samples were shaken on an end-over-end shaker for 5 min
at 200 rpm and centrifuged for 5 min at 10,000xg.

Bray and Kurtz extraction

Extraction after Bray and Kurtz was performed at a solid-to-
solution ratio of 1:10 by adding 20 mL Bray and Kurtz extraction
solution (0.025 M HCl, 0.03 M NH4F) to a 2 g soil-ASi mixture in a
50 mL falcon tube (Bray and Kurtz, 1945). The samples were then
shaken on an end-over-end shaker for 5 min at 200 rpm, and
centrifuged at 10,000xg for 10 min.

All extracts were filtered through 0.45 µm syringe filters
(CHROMAFIL XTRA PET -45/25). Except for the CAL extract,
which was only analyzed for P (as it is a standard routine in our
central lab measuring only P), all other extract was analyzed for P, Si,
and Fe using inductively coupled plasma optical emission
spectroscopy ICP-OES (Thermo Scientific iCAP 6000, U.K.).

Statistical analyses

Statistical significance was evaluated using analysis of variance
(ANOVA) and visualization was done in the R computational
environment (R Core Team, 2013). Figures were plotted using the
“geom_barplot” function from the “ggplot2” package (Wickham, 2016).

Results

Characterization of the soils

The pH (CaCl2) differed between the soils, with the low-yield
soils showing a pH of 5.1 ± 0.04 and the high-yield soils showing a
pH of 6.4 ± 0.02, respectively. The elemental concentrations differed
considerably between soils and extraction methods (Table 1).
Overall, the elemental content measured was higher using
dithionate than the oxalate extraction. For example, the high-

TABLE 1 Elemental compositions of the initial soil obtained from the two
different soils (low and high yield) after oxalate and dithionate citrate
extraction (mg kg-1).

Dithionate citrate extraction (mg kg -1)

Plot Id Al Fe Mn P Si

Low yield soil 621 2434 350 232 905

High yield soil 965 2682 351 509 976

Oxalate extraction (mg kg- 1)

Low yield soil 377 936 413 180 119

High yield soil 651 1077 379 431 81
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yield soil showed a higher content of Fe, P, and Si (2682, 509, and
976 mg kg-1 soil) than the low-yield soil (2434, 232, and 905 mg kg-1

soil), respectively (Table 1) using dithionate extraction method.
Overall, the P content was much higher in the high-yield soil
compared to the low-yield soil.

We found 1077, 431, 81 mg kg-1 soil Fe, P, and Si for the high-
yield soil and 936, 180, and 119 mg kg-1, Fe, P, and Si, respectively for
the low-yield soils using the oxalate extraction (Tab. 1). The oxalate
-and dithionate Fe (Feo/Fed) ratios are 0.4 and 0.4 for the low and
high-yield soils. The carbon contents did not differ between both

FIGURE 1
Water-extractable (A) P (B) Si, and (C) Fe (for high and low yield soil) at 6, 12, 24, 72, and 168 h extraction time in mg P kg-1 after incubating soil with
and without (control) different Si concentrations. The data showed the relationship between Si concentration and plant-available P along the
experimental soil ASi gradient (n = 4). The bar charts represent themean, and the error bars represent the standard deviation. Treatments with a common
letter are not significantly different (p > 0.05).
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soils, with about 0.02% TIC, 1.2% TOC, and 1.2% TC for the high-
yield soil and 0.03% TIC, 1.03% TOC, and 1.06% TC for the low-
yield soil, respectively.

Water extractable P, Fe, and Si

We found a significant increase (p < 0.001, df = 3, F = 69.632;
p < 0.001, df = 3, F = 1061.09) in water extractable P for the high
and low-yield soils upon ASi addition throughout the incubation
time (Figure 1A). Overall, the amount of water extractable P
released due to ASi addition, for 3% treatment ranged from
8 to 11 mg P kg-1 soil for the high-yield soil and 20 and 29 mg
P kg-1 soil for the low-yield soil, respectively (Figure 1A). In
contrast, in the control, the amount of P released ranged from
3 to 4 mg P kg-1 for the high yield soil, and 9 and 11 mg P kg-1 soil
for low-yield soil, respectively (Figure 1A). The P released upon
ASi addition was higher for the low-yield soil than the high-yield
soil and increased with incubation time. The contents of Si in the
ASi treatment were higher than in the control treatment
(Figure 1B) for both soils. For example, the content of Si in the
3% ASi treatment (89 and 881 mg Si kg-1 soil) was significantly
higher (p < 0.001) than in the control treatment (22 and 48 mg Si
kg-1 soil) for the high-yield soil over the entire incubation time. The
same holds true for the low-yield soil, with 41 and 624 mg Si kg-1

soil in the 3% ASi treatment and 24 and 101 mg Si kg-1 soil in the
control (p < 0.001). A decrease (p < 0.001) in the content of water-
extractable Fe was found due to ASi addition (especially for the 3%
ASi treatment) except for the high-yield soil after 72 h of
incubation (Figure 1C). The Fe content in both soils decreased
with increased ASi addition (Figure 1C). In the high-yield soil, Fe
released during incubation resulted in contents ranging from 12 to
19 mg Fe kg-1 soil in the control treatment, and 3 and 6 mg Fe kg-1

soil in the 3% ASi treatment (Figure 1C). Similar patterns were
observed, with decreased Fe content due to ASi addition for the
low-yield soil (Figure 1C).

CAL extractable P

Using the CAL extraction method, we found no significant
effects (p = 0.18, df = 3, F = 1.874; p = 0.09, df = 3, F = 2.668)
of ASi addition on P extracted from both soils (Figures 2A, B).
However, we detected higher P contents in the low-yield soil than in
the high-yield soil irrespective of the treatment.

Mehlich-III extractable P, Si, and Fe

The content of P in the Mehlich-III extracts significantly
decreased (p < 0.001, df = 3, F = 13.95; p = 0.01, df = 3, F =
4.939) upon ASi addition for both soils (Figure 3A). However, a
higher amount of P was released from the low-yield soil than from
the high-yield soil irrespective of the treatment. The control
treatment showed a P content of 114 mg P kg-1 soil for the
high-yield soil which did not differ significantly from the 0.2%
ASi treatment (115 mg P kg-1 soil, p = 0.92) but significantly
differed from the 1% (95 mg P kg-1 soil, p = 0.01) and 3% ASi

treatment (94 mg P kg-1 soil, p = 0.01). In the low-yield soil, P
released from the control was 304 mg P kg-1 soil and decreased to
268, 266, and 265 mg P kg-1 soil (p = 0.005, 0.05, 0.01) in the 0.2%,
1% 3% ASi treatments. Extracted Si content significantly increased
(p < 0.001, df = 3, F = 480.5; p = 0.001, df = 3, F = 922.4) with ASi
addition for both soils (Figure 3B). For instance, the control
showed a Si content of 549 mg Si kg-1 soil, which increased
upon ASi addition to 993 mg Si kg-1 soil in the 3% ASi
treatment for the high yield soil. The low-yield soil followed a
similar pattern with increased Si content upon ASi addition. A
significant decrease (p < 0.001, df = 3, F = 29.97; p = 0.001, df = 3,
F = 44.73) in Fe content was found upon ASi addition for both soils
(Figure 3C). About 489 mg Fe kg-1 soil was found in the control,
which then decreased to 264 mg Fe kg-1 soil in the 3% ASi
treatments for the high yield soil. For the low-yield soil, 540 mg
Fe kg-1 soil was found in the control and then decreased to 378 mg
Fe kg-1 soil in the 3% treatments.

Bray and Kurtz extractable P, Si, and Fe

Similar to Mehlich-III extractable P, the P content in the Bray
and Kurtz extract significantly decreased (p < 0.001, df = 3, F =
63.49; p = 0.01, df = 3, F = 14.17) upon ASi addition for both soils
(Figure 4A). The P content in the control was found to be 80 mg P
kg-1 soil and then decreased upon ASi addition to 60 mg P kg-1 soil
in the 3% ASi treatment (Figure 4A) for the high-yield soil. The
low-yield soil followed a similar pattern, with a P content of
238 mg P kg-1 soil in the control. Upon ASi addition, the P released
decreased to 193 mg P kg-1 soil in the 3% ASi treatments. The
extracted Si contents significantly increased (p < 0.001, df = 3, F =
1571; p = 0.001, df = 3, F = 1651) with ASi addition for both soils
(Figure 4B). The amount of Si that was mobilized from ASi in the
ASi treated soils in the Bray and Kurtz extract are similar and
followed the same pattern to that found in the Mehlich–III extract
(Figure 4B). A similar decrease and pattern in the amount of Fe
released due to ASi treatment found in the Mehlich–III extract
was also found in the Bray and Kurtz extract for both
soils (Figure 4C).

Comparing the applied extraction methods
in the presence of ASi addition

Irrespective of the different ASi treatments, the extracted P
differed strongly with the extraction method used (Figure 5). The
amount of P extracted with the different extraction methods
increased in the order H2O < Cal < Bray and Kurtz < Mehlich-
III for both soils (Figure 5). We found that upon ASi addition (3%
ASi addition for example,), the Mehlich-III extraction method
showed a higher amount of P (95 mg P kg-1 soil) compared to
Bray and Kurtz (60 mg P kg-1), CAL (58 mg P kg-1), and water
(10.9 mg P kg-1) extraction methods in the high yield soil. The low-
yield soil however showed a much higher P released with all the
extraction methods compared to the high-yield soil. Similarly,
Mehlich-III showed the highest extraction of P for treatments
with and without ASi addition, while the water extraction
showed the lowest extraction for P.
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Discussion

The studied soils differed in characteristics

We found higher P content in the high-yield soil than in the low-
yield soil in both the dithionate and the oxalate extract. Both
extraction methods extracted a considerable amount of P
(Table 1). However, we found higher P contents in the dithionate
extracts compared to the oxalate extracts for both soils. This could be
explained by the content of Fe (amorphous and crystalline) of the
soils used in our experiment. The dithionate and oxalate extraction
methods have been suggested to target crystalline and amorphous
forms of Fe oxides rather than those integrated into the structure of
silicate minerals (Mehra and Jackson, 2013). Therefore, all the
bound P in the respective fraction of the Fe oxides were
determined, which also explains the high P amount in both soils
as determined by dithionite and oxalate extraction methods. The
dithionate extractable Fe was more abundant than the oxalate
extractable Fe oxides, and their ratio has been used to estimate
their crystallinity (Wuenscher et al., 2015). The results of our
investigation showed that the Feo/Fed ratios are <0.5 for both
soils, suggesting that our soil samples were mostly composed of
well-crystalline iron oxides (Feo/Fed < 0.5) (Lair et al., 2009;
Wuenscher et al., 2015). The observed high amount of P in the
oxalate and dithionate extract in our study suggests high binding of
P to the Fe oxides in both soils, potentially due to the high
crystallinity of the soil as measured by the Feo/Fed ratio
(Wuenscher et al., 2015).

Phosphorus mobility is increased with ASi
addition in the water extract

We found a clear and significant increase in the water-
extractable P for the high and low-yield soils upon ASi addition

throughout the incubation time (Figure 1A). These findings showing
a strong relationship between ASi increasing P mobility in water
extracts are consistent with previous studies showing an increase in
P mobilization with increasing soil ASi content (Reithmaier et al.,
2017; Schaller et al., 2019; Hömberg et al., 2020; Schaller et al., 2020).
The observed increase in P mobilization could be attributed to the
significant increase in silicic acid mobilized from the ASi for both
soils, increasing with incubation time (Figure 1B). This mobilization
of silicic acid may explain the observed increase in P extraction.
Silicic acid can adsorb to Fe oxides covalently, forming a bidentate
complex being in direct competition with P for sorption sites
(Swedlund et al., 2010; Schaller et al., 2020). Swedlund et al.
(2010) also demonstrated that polymerization of Si-O-Si occurs
between silicic acid adsorbed on the Fe oxide surface. Christl et al.
(2012) showed that the adsorption of silicic acid to Fe oxides
increased with its concentration. At high silicic acid
concentrations, polymerization of silicic acid may occur, causing
the speciation of silicic acid to shift from monosilicic acid (low
binding affinity) to polysilicic acid (high binding affinity) (Christl
et al., 2012; Schaller et al., 2021a). It seems possible that the high
silicic acid concentration measured in the water extract (Figure 1B)
may suggest a high share of polysilicic acid (Hiemstra et al., 2007;
Hamid et al., 2011; Christl et al., 2012; Hiemstra, 2018; Schaller et al.,
2021a), with polysilicic acid exhibiting higher binding strength (see
above) potentially mobilizing more P from the mineral surface
compared to monostelic acid. Overall, the mobilization of P by Si
in the water extracts confirms our hypothesis that Si is crucial for
mobilizing P from phases where it was previously unavailable.

Phosphorus mobility upon ASi addition
differed with extraction methods

Comparing the four different extractionmethods in the presence
of ASi, we found that ASi addition showed a positive effect regarding

FIGURE 2
Cal extractable P after incubating soil with different ASi content for (A) high and (B) low-yield soils. The bar charts represent the mean, and the error
bars represent the standard deviation (n = 4).
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P extraction (increased P content with increasing ASi content) only
for the water extract (Figure 1A), and the potential underlying
mechanisms and processes had been explained above. The CAL
extraction showed that ASi had no significant effect on P
extractability (Figures 2A, B). As CAL extraction is a standard
for estimating P availability toward plants, the current data

contradicts data from a field study clearly showing better wheat
plant P nutrition after ASi addition to the soils (Schaller et al.,
2021b). Despite the increase in P concentration in plants due to Si
fertilization, the soil P availability in the CAL extract showed no
difference between the ASi fertilized soil and the control (Schaller
et al., 2021b). It is known that Si can be extracted by the acetic acid

FIGURE 3
Mehlich-III extractable (A) P, (B) Si, and (C) Fe after incubating soil with different ASi content for high and low-yield soils. The bar charts represent the
mean, and the error bars represent the standard deviation (n = 4).
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extractionmethod (Wu et al., 2020; Schaller et al., 2021a) thus, it could
be that the acetic acid in the CAL solution is extracting non-target Si,
thereby decreasing the effectiveness of the extractant to extract P
under high ASi content. Hence, CAL extraction may not be a suitable
method to determine P availability in soils in the presence of ASi.

The negative effect of ASi decreasing extractable P content with
increasing ASi content (especially at 3% ASi treatment compared to

the control) was found using the Mehlich-III (Figure 3A) and Bray
(Figure 4A) extraction methods for both soils. The data from the
Mehlich-III extract are in contrast with the study of Klotz et al.
(2023) who showed that Si addition to soil did not increase or
decrease P mobility using the Mehlich-III extraction method, testing
a soil gradient along the Isthmus of Panama. We found that both
Mehlich-III and Bray extraction methods followed a similar pattern

FIGURE 4
Bray and Kurtz extractable (A) P, (B) Si, and (C) Fe after incubating soil with different ASi content for high and low-yield soils. The bar charts represent
the mean, and the error bars represent the standard deviation (n = 4).
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in terms of decreasing P concentration from the control to the 3%
ASi treatment (Figures 3A, 4A). The close relationship could be due
to the underlying similar mechanism for P extraction through ligand
exchange with fluoride ion (F−) in both extraction methods. The
observed decrease in extractable P (upon ASi addition to soil) in the
Mehlich-III and Bray extract could be explained as follows: since F−

increases the solubility of Si (Iler, 1979; Wang et al., 2004) thereby
increasing the Si content as we had shown (Figure 3B), high ASi
content in soils may reduce the extraction strength and efficiency of
the extractant to target P as F− is already exhausted by Si.

Comparing the four extraction methods with or without ASi
treatment, the highest extractable amounts of P from soil were found
for the Mehlich-III extraction method, followed by Bray, CAL, and
the lowest amounts were extracted by the water extraction method
for both soils (Figure 5). The Mehlich-III and the Bray extractants
contain F− and both extraction methods are not only extracting the
easily available P but also strongly bound P by mineral dissolution
(Sims, 2000). This may explain the very high amount of Mehlich-III
and Bray extractable P (with or without Si addition). Overall, the P
mobilized with or without ASi addition was found to be higher in the
low-yield soil than the high-yield soil. The lower amount of P
mobilized from the high-yield soil can be explained by the higher
Fe content in the dithionate extract than in the low-yield soil,
suggesting a higher reactive surface site in the high-yield soil.
The higher Fe content may promote stronger adsorption of P
and reduce its solubility and mobility even in the presence of ASi
(Von Wandruszka, 2006).

In the absence of ASi addition (control), the water-extractable P
was 9 mg P kg-1 soil just after 5 hours of incubation and slightly
increased with time (Figure 1A). Upon ASi addition, especially at 3%
treatment, a higher amount of P was released (20 mg P kg-1 soil after
5 hours of incubation and 29 mg P kg-1 soil after 1 week of
incubation). These amounts of water-extractable P in the ASi
treatment were higher than the range of water-extractable p
values for common soil as reported by Marschner (2011)

(0.8–8.0 mg kg-1) without Si addition to soil. Hence, despite
negative ASi effects for Mehlich-III, Bray, and CAL extraction
methods, ASi addition might be able to increase P availability for
plant uptake (water extracts) as shown in a study for crops in a field
plot experiment (Schaller et al., 2021b). However, the very low TIC
(mainly referred to as the presence of carbonates, such as calcium
carbonate (CaCO3) and other mineral forms of carbon) content
(0.03%) measured in our study for both soils, may restrict the
applicability of our finding to calcareous soils with high CaCO3

content. In such soils, P may form insoluble calcium phosphate
compounds due to the presence of high CaCO3 and pH values (Von
Wandruszka, 2006). Future studies should be conducted to include
calcareous soils to allow for a better comparison of P behavior and
dynamics across different soil pH environments in the presence of
ASi fertilization and provide a broader understanding of P
interaction.

Conclusion

The water extraction method showed an increased P
availability upon ASi addition compared to Mehlich-III, Bray,
and CAL extraction methods that showed negative to no effect on
P mobility. The increased P mobility in the water extract due to Si
treatment supports existing data that Si affects the
biogeochemical cycling of P, rendering it more available for
plant use. While the Mehlich-III and Bray extraction methods
showed a decreasing P content in the presence of ASi, the CAL
extraction method showed no effect. As the water-extractable P
was found to correlate best with plant P accumulation in other
studies, we recommend this method. CAL, Mehlich, and Bray
extractions seem to be strongly affected by the soil ASi content (at
least for Mehlich, and Bray extractions the extracting agent is
dissolving the ASi) making those methods not recommendable
for studying the effects of Si on P mobility.

FIGURE 5
Phosphorus (P) extracted using different extractionmethods in increasing order of extraction yield (n = 4). Water, Calcium acetate lactate (CAL), Bray
and Kurtz, and Mehlich-III for high and low-yield soils.
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