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Silicon increases the phosphorus 
availability of Arctic soils
Jörg Schaller   1, Samuel Faucherre2, Hanna Joss1, Martin Obst3, Mathias Goeckede   4, 
Britta Planer-Friedrich1, Stefan Peiffer5, Benjamin Gilfedder6 & Bo Elberling   2

Phosphorus availability in soils is an important parameter influencing primary production in terrestrial 
ecosystems. Phosphorus limitation exists in many soils since a high proportion of soil phosphorus is 
stored in unavailable forms for plants, such as bound to iron minerals or stabilized organic matter. This 
is in spite of soils having a high amount of total soil phosphorus. The feasibility of silicon to mobilize 
phosphorus from strong binding sites of iron minerals has been shown for marine sediments but is less 
well studied in soils. Here we tested the effect of silicon on phosphorus mobilization for 143 Artic soils 
(representing contrasting soil characteristics), which have not been affected by agriculture or other 
anthropogenic management practices. In agreement with marine studies, silicon availabilities were 
significantly positive correlated to phosphorus mobilization in these soils. Laboratory experiments 
confirmed that silicon addition significantly increases phosphorus mobilization, by mobilizing Fe(II)-P 
phases from mineral surfaces. Silicon addition increased also soil respiration in phosphorus deficient 
soils. We conclude that silicon is a key component regulating mobilization of phosphorous in Arctic soils, 
suggesting that this may also be important for sustainable management of phosphorus availability in 
soils in general.

Phosphorus (P) is a key element for metabolic pathways and carbon (C) turnover on Earth. All organisms need 
P for their primary functioning. Some examples include energy turnover and cellular integrity (phospholipids) 
or genetic information (~9% of DNA and RNA are P atoms) as discussed by Westheimer1. However, bioavailable 
P is often scarce in ecosystems2. Accordingly, P is one of the elements mostly limiting primary production and 
yield of crop plants3, which has led to massive amounts of P fertilisation in agriculture at the global scale2. Due 
to the strong demand of agricultural systems for P, the sustainability of mineable P for fertilizer production is a 
matter of debate2.

A main influence on the content and availability of P in soils is the biogeochemical conditions in terms of 
mineral composition4. The P content of soils is not necessarily low, however a high proportion of this P is stored in 
plant unavailable forms such as organic P5, or is bound/adsorbed as inorganic P to e.g. aluminum (Al), iron (Fe)
oxides, or calcium (Ca) minerals, depending on soil pH6, soil diagenesis stage7 and mineral composition. At soil 
pH >6.5 inorganic P is predominately immobilised as calcium phosphate minerals, whereas at lower pH values P 
tends to be bound/adsorbed by soluble Fe, manganese (Mn), Al, or their hydrous oxides8. At neutral pH inorganic 
P reacts with silicate minerals (adsorption to weathered silicates like clay minerals)9. Hence, the distribution of 
inorganic P between Ca, Fe, Al or Si fractions is highly dependent on soil pH in combination with the mineral 
composition depending on parent material and soil diagenesis stage.

The P binding to soil minerals is lowest when it is associated with silicate minerals (e.g. clay minerals with high 
silicon availability)8,9. The Si fractions in soils are composed of dissolved Si (free in soil solution or adsorbed to 
Fe or Al oxides/hydroxides), amorphous forms (e.g. the biogenic phytoliths or the minerogenic silica nodules), 
poorly crystalline forms (e.g. secondary quartz), and crystalline forms (the primary silicates like mica, feldspars 
or quartz and the secondary silicates e.g. clay minerals)10. Silicon concentration in soil solution in terrestrial eco-
systems varies over at least two orders of magnitude in soils and sediments (0.01 to 2.0 mM L−1)11, and is mainly 
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controlled by vegetation type, parent material, and soil diagenesis stage12,13. When analysing soils from different 
climate regions, different parent material and different vegetation forms, Saccone, et al.14 found a large range of Si 
availability from 1.8 to 58 mg g−1, using alkaline extraction by Na2CO3. However, Si availability in terrestrial soils 
(especially those used by agriculture) is potentially declining due to effects of ecosystem management15–17 and the 
yearly withdrawal by crop harvest, since many crop plants are Si accumulators11.

For marine ecosystems, Si is known to interfere with Fe mineralogy competing with P for binding sites, 
increasing P mobilization and availability18,19. These marine studies clearly showed the importance of Si for P 
availability for different time periods in Earth’s history. Another element that is important for marine P turnover 
is Ca, which binds P at high pH by co-precipitation of less soluble Ca-phosphates together with Ca-carbonates. 
This is initiated at a pH of ~720,21 at elevated Ca availability in soils. Calcium availability in soils is commonly in 
the range of 0 to ~40 mg g−1 (Mehlich-3 extractable)22.

There is however little information about Si availability in terrestrial soil systems in regard to interactions 
with P availability. It has been suggested that in terrestrial systems Si fertilization is able to increase the P content 
of plants by potentially increasing P availability23,24. However, except of a few sorption experiments using pure 
minerals25–27 and a few studies about the Si effects on P mobilization in soils28–31, less is known so far on how Si is 
interfering with P mobilization in soils. Another important link of Si and Ca in marine ecosystems is an intricate 
coupling with the C cycle. Silicon availability increases C fixation by diatoms, while Ca increases C fixation by 
coccolithophores32. For grass dominated environments recent studies have shown a relation to plant lignin syn-
thesis33 and a positive correlation between organic matter Si content and organic matter decomposition rates34,35, 
suggesting an interdependence. It was also recently shown that increasing Si availability mobilizes P and organic 
matter from binding to peat and accelerates formation of CO2 and CH4 in peat porewaters36. However, the under-
lying mechanisms are not well understood. For Ca a negative effect on soil respiration is known due to a reduction 
in P availability (at least at high soil pH) and by flocculation of organic matter through Ca2+ cation bridges which 
stabilizes the organic matter37,38.

The aim of this study is to determine the importance of soil Si in competition with Ca availability for P mobi-
lization, analyzing the results in the contexts of potential effects on soil C turnover. We collected 143 soil samples 
from four Arctic locations representing contrasting Arctic environments in terms of climate, landscape history, 
vegetation and expected soil organic C content/age. These soils were chosen as they were not affected by agri-
culture or other anthropogenic management practices, and exhibit considerable variation in soil types and soil 
properties across the Arctic39. Additionally, we chose two of the Greenlandic soils, which differed in P, Si and Ca 
availability as well in pH. These samples were used for further laboratory incubation experiments where the Si 
and Ca availability of the soils were modified without changing soil pH. Our hypothesis was that Si is positively 
related to P mobilization, mobilizing inorganic P from formerly unavailable pools (strongly bound to mineral 
surfaces), whereas Ca decreases P mobilization at high soil pH. In addition we expected positive effects of Si (via 
P mobilization and organic C mobilization) and negative effects of Ca (via P mobilization and organic C stabili-
zation) on soil respiration.

Results
Silicon and calcium affect soil phosphorus mobilization.  For about 150 soils Arctic soils, covering 
contrasting soil types and soil properties from different landscapes units across the Arctic, we found a substantial 
correlation (R2 = 0.5, p < 0.001) between P and Si availability, but no significance between P and Ca availability 
(Fig. 1). The laboratory experiments revealed a significant increase in P mobilization for both soils upon addition 
of Si (Fig. 2, Table S1), while the addition of Ca resulted in decreasing P mobilization for high soil pH values in 
Peary Land (Fig. 2a). The observation of Ca availability decreasing P mobilization appears to be pH controlled, as 
the negative relationship was only found for Peary Land soil with its high pH values.

Silicon and calcium controls on phosphorus binding.  To unravel the underlying mechanisms of 
Si and Ca affecting P mobilization, we analyzed the Fe phases in detail, as they tend to be the major binding 
sites for phosphate in soils and may be influence by the presence of Si and Ca. Quantitative NEXAFS spectra 
were extracted from the spatially resolved Fe2p spectromicroscopy datasets of soil particles (Peary Land, end of 
incubation experiment) and averaged over specific thickness ranges of the particles for the soil after Si addition 
(Fig. 3A), the original soil (Fig. 3B), and the soil after Ca addition (Fig. 3C). Figure 3D shows one dataset for 
each thickness range of the original soil (dark colours) and after highest Si addition (bright colours). In thin 
regions (especially average ODs between 0.1 and 0.3), we observed a strong decrease in both the overall spectral 
signature and in the dominant peak at ~707.7 eV which is specific for Fe(II) (Fig. 3D). The spectral signature 
was fitted best using the reference spectrum of an Fe(II)-phosphate phase (here vivianite, Fig. 3E) in contrast to 
an Fe(II)-carbonate phase. In contrast, for thick regions (average ODs between 0.7 and 0.9), this decrease in the 
Fe(II)-phase was not significant (Fig. 3D). Hence, we found a decrease in an Fe(II)-phosphate phase after Si addi-
tion, indicating a mobilization of P from the mineral phase. This is likely by Si competition for sorption sites at the 
surface of soil particles. Figure 3F finally shows the quantitative results of all fits (i.e. two datasets of each original 
soil, after Si and after Ca addition, with five increasing cumulative thickness ranges each, i.e. showing a gradient 
from surface-dominated towards bulk-dominated spectra). Here, the addition of both Si and Ca resulted in the 
reduction of an Fe(II)-phase that was interpreted as Fe(II)-phosphate, again restricted to the outermost surface 
(~5 nm cumulative thickness) of the soil particles(Fig. 3F). In summary, NEXAFS measurements indicated a 
mobilization of P from mineral surface-bound Fe(II)-phosphate phases by Si and Ca.

Interdependencies of silicon, calcium and phosphorus potentially affecting soil respira-
tion.  Our results indicate that the pronounced effect of Si and Ca on P mobilization and availability is also 
related to soil respiration (Fig. 4). Thus respiration in the soils studied here is potentially P limited, and an increase 
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in P availability is promoting microbial respiration of soil organic matter. The soil respiration was significantly 
positively related to Si availability for Peary Land and Disko (Fig. 4, Table S1). A significant interaction was also 
seen between Si and Ca availability for Peary Land and Disko, and Ca availability alone had a negative effect on 
soil respiration for Peary Land and for Disko (Fig. 4). For Peary Land (low original Si availability) the Si fertiliza-
tion had a stronger effect on CO2 release compared to Disko (higher original Si availability).

To demonstrate that the positive Si effect on respiration is caused by the Si-induced increase of P availa-
bility, we conducted an additional treatment where P as NaH2PO4 was added in concentrations equivalent to 
the amount mobilized by the highest Si treatment. The results showed a comparable (no significant difference) 
increase in CO2 release for the highest Si addition treatment and the P addition treatment (as NaH2PO4) for both 
soils, Peary Land (Si addition: 85 ± 23 µmol d−1 kg−1 DW−1 and P addition treatment 87 ± 10 µmol d−1 kg−1 
DW−1) and Disko (Si addition: 154 ± 12 µmol d−1 kg−1 DW−1 and P addition treatment 172 ± 21 µmol d−1 kg−1 
DW−1).

Discussion
The pronounced correlation of Si and P availability for the 143 soil samples from the Arctic (Fig. 1) and the strong 
mobilization of P from soils by Si addition (Fig. 2) is supporting our hypothesis that Si is positively related to P 
availability and is important for mobilizing P from previously unavailable phases. This could be explained by 
a decrease in surface-bound Fe-P phase under elevated Si availability (Fig. 3), as shown previously for Fe(III) 
minerals25. Such processes have also been demonstrated by Schwertmann and Fechter40 and Sigg and Stumm41 
and form the chemical mechanism for explaining the Si effect on P availability for marine systems. Schwertmann 
and Fechter40 as well as Kingston et al.42 showed that Si (as silicic acid) interferes with the surface charge of Fe 
minerals. Sigg and Stumm41 found that Si (as silicic acid) is deprotonated at the surface of Fe minerals due to 
the surface charge of the Fe minerals. This reaction changes the Fe mineralogy to colloidal iron silicates or iron 
hydroxyl silicates (in the region close to the mineral surface by Si adsorption). The same studies clearly showed 
that Si (as silicic acid) is strongly competing with P (as H2PO4

−) for binding sites at the Fe minerals, with slightly 
lower binding affinity of silicic acid compared to P. However, soil pore water concentrations of silicic acid in 

Figure 1.  Soil phosphorus (Mehlich-3 extraction) availability in relation to silicon (alkaline extraction) and 
calcium(Mehlich-3 extraction) availability. Data from 143 soil samples of mineral soils (permafrost and mineral 
active layer) from the transects (Lena Delta, Abisko and Svalbard) and from three sites from Greenland (Peary 
Land, Zackenberg and Disko Island).
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natural soils/sediments can be very high13, potentially shifting the competition between silicic acid and P towards 
Si. The effect of Si modifying Fe mineralogy to at least Si coated Fe minerals has been confirmed by several studies 
(e.g.26,27,43,44). The interaction of Si with the surface of the Fe minerals explains the occurrence of the strongest Si 
effects on Fe-P minerals in thin regions at the end of the three months incubation experiment (reduction of Fe-P 
phases by Si directly at the mineral surface during soil respiration experiment) (Fig. 3). Silicon as a primary factor 
interfering with P mobility and binding is well known for marine systems but mostly neglected in soil science, 
despite being potentially important due to the strong plant demand for P and declining mineable P resources2. 
The positive Si effect on P mobilization may be not restricted to Fe minerals as Koski-Vähälä, et al.45 suggested 
that Si may also be able to decrease P binding to Al-oxides, thereby increasing P availability. At soil pH levels in 
the range of those from Peary Land (pH 8.4), precipitation of carbonates and co-precipitation of calcium phos-
phate may occur, as shown by46, supporting our hypothesis of Ca decreasing P mobilization. In the case of Ca 
mobilizing P from Fe minerals (Fig. 3), we assume that free P was subsequently bound to Ca and precipitates as 
calcium phosphate minerals resulting in a decrease in P mobility, as shown by47.

The possitive effects of Si on soil respiration (Fig. 4) confim our hypothesis that Si is positively related to 
repiration, and may be explained in two ways. First (primary effect), Si increases P availability, which is promotes 
soil respiration in P-deficient systems48,49. Secondly, as a minor effect, Si has also been shown to desorb organic 
C from mineral binding sites (e.g. goethite) as suggested above for P50. Phosphorus with its high binding affinity 
to soil minerals mobilizes organic C and thus potentially increasing C mineralization, as shown previously for 
amorphous Al hydroxide (am-Al(OH)3)51. Such a competition of P and C for mineral sorption sites was also 
shown for goethite52. Silicon, with strong bonding affinity to soil minerals comparable with C and P, may mobilize 
both elements, and may also affect the respiration of soil organic matter directly. The negative effect of Ca on soil 
respiration confirms our hypothesis and could be explained by reducing P availability (at least at soil pH >8)6 and 
by flocculation of organic matter through Ca2+ cation bridges which stabilizes the organic matter37,38. That may 

Figure 2.  Phosphorus concentrations in pore waters with increasing Si and Ca additions. Phosphorus 
concentrations in porewaters for two different soils (Peary Land (A) with pH 8.4 and Disko (B) with pH of 5.6) 
related to Si and Ca availabilities after 3 months of incubation (note that Si and Ca availability units are in mg 
g−1 soil). Values are from blue (low concentration) to red (high concentration).
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Figure 3.  Soil P binding affected by Si and Ca measured by XAS. Soft X-ray NEXAFS study on Fe-speciation 
at the surface of soil particles. Linear absorbance images and respective thickness masks based on the optical 
density (OD), that were used to extract spectra of two samples of the Peary Land soils each of the soil after Si 
addition (A), the original soil (B), and the soil after Ca addition (C), at the end of the three months incubation 
experiments. Scale bars 2 µm. (D) Exemplary Fe 2p spectra of the original soil (dark colours) and after Si 
addition (bright colours) for three thickness ranges. (E) spectra of pure reference compounds ferrihydrite 
(FH), goethite (G), siderite (S), and vivianite (V), that were used for the linear decomposition of the measured 
spectra. (F) Fe(II)-phosphate/Fetot ratios plotted against the respective cumulative thickness of Fetot, based on 
the quantitative fits of all acquired datasets.
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also explain why we find no interdependency between Ca and P in soils from the highly different soil types and 
soil properties from different landscapes39.

Our data on the interdependency of Si and P availability in soils are based on highly different soil types and 
soil properties from different landscapes39. These results are consistent with the findings for marine studies18,19 
and thus indicate a general applicability of the described mechanism. The relation of Si and Ca availability to soil 
respiration has some limitations as the positive effect of Si via increasing P availability may only be important 
for P-limited systems. However, as Si also mobilizes organic C from soil particles36, making it more available for 
microbial decomposition, a slight increase of soil respiration by Si may also occur in non P limited systems. The 
negative effect of Ca on both P mobility at high soil pH6 and on soil respiration by stabilization of organic matter 
was already shown by37,38 to be important for soil systems in general.

In conclusion, the significant effect of Si mobilizing inorganic P from strong binding sites, i.e. biologically 
unavailable fractions, highlights the importance of including Si in studies focusing on biogeochemical cycles of P. 
We suggest that in soils with high Si availability and high porewater Si concentration the unavailable fraction of 
soil inorganic P might be reduced by competition of Si and inorganic P for sorption at Fe-minerals. Furthermore, 
the P mobility in soils with high Si availability will be elevated as long as the effect of Si competing with inorganic 
P for binding sites at Fe-minerals is proceeding from the mineral surface to the core of the mineral particles. The 
Si effect on inorganic P sorption at the surface of Fe-minerals is fast but it may require a significant time until this 
process reaches the core of the mineral particles of large minerals. Hence, Si may be important for inorganic P 
availability in terrestrial soils in general (Fig. 5), as has already been proven for marine ecosystems. Our results 
improve the understanding of soil inorganic P availability and mobilization mechanisms with potential implica-
tion for C turnover (at least under P deficiency), but also by Si36 and P51 mobilizing organic C from soil particles. 
The described mechanism of Si mobilizing P may be particularly important for agricultural systems, where a 
high demand of P fertilizer exists to maintain proper plant nutrition2. A large portion of inorganic P in soils is 
strongly bound/adsorbed to Fe-oxides and Al-oxides6. Silicon may be able to mobilize P from these mineral sur-
faces, increasing P availability for plants. This may be very important for tropical soils (e.g. oxisols) as the Fe and 

Figure 4.  CO2 release affected by Si and Ca. Soil CO2 production for two different soils (Peary Land (A) with 
pH 8.4 and Disko (B) with pH of 5.6) related to Si and Ca availabilities after 3 months of incubation (note 
that Si and Ca availability units are in mg g−1 soil). Values are from blue (low concentration) to red (high 
concentration).
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Al content dominate soil mineralogy, leading to low P availability despite high total P content53,54. Agricultural 
systems with a high yearly Si export due to crop harvest leading to a decrease of Si availability16,17 may need much 
less P fertilizer when increasing Si availability in soils resulting in a mobilization of P from former unavailable 
fractions. This increase in P mobility by Si, however, may also lead to an enhanced mineralization of soil organic 
matter and the release of CO2 in P limited soils. Furthermore, the effect of Si increasing P mobilization from soil 
may also be an important factor controlling eutrophication of aquatic ecosystem downstream. In contrast to Si, 
Ca decreases P mobility by precipitating P as calcium phosphate (but only at soil pH >~7) and is reducing soil 
respiration and CO2 release due to flocculating organic matter by cation bridges. Hence, for soil in the pH range 
<~7 an increase of Si availability may result in increased P availability (Si effect). An additional increase in Ca 
availability may have no effect on P availability in this pH range but leads to a decrease in the effect of Si enhance-
ment on CO2 emissions (Ca effect).

Methods
Soil sampling and element analysis.  Soil samples were retrieved from the upper 1 m of soil at different 
locations in four Arctic regions (Lena Delta, Abisko, Svalbard, and Greenland) using an auger or spade (Fig. 6). 
The four Arctic regions were chosen to represent contrasting Arctic environments in terms of climate, landscape 
history, vegetation and expected soil organic C content/age. For the current study, we focused only on min-
eral soils excluding the highly organic samples from the profile surface. The soils from Lena Delta, Abisko and 
Svalbard were collected along 1–2 km transect that crossed all major landscape types within the respective areas. 
The coring locations were strictly equidistant at 100 or 200 m intervals. All samples were retrieved in frozen con-
ditions, and subsequently transported and stored frozen. This sampling procedure was followed to avoid any sub-
jective choice of profile location. Detailed sampling site description can be found in the supporting information.

Samples were gently crushed in their frozen state using a steel mortar. The frozen material was split and sieved 
in a −10 °C room through an 8 mm sieve until all particles passed through the sieve.

Measurements of Si availability was made by extraction in a 0.1 M Na2CO3 solution at 85 °C for five hours 
according to Struyf, et al.55 and DeMaster56, as this method determines the Si pool potentially cycled within the 
ecosystem15. Phosphorus and Ca availability was analysed using the Mehlich-3 extract57 as this is the only method 
for available P extraction which extracts Ca, too. Si was measured by ICP-OES, whereas P and Ca where measured 
by ICP-MS. All measurements were done after sample filtration (0.2 µm cellulose acetate).

Laboratory experiments.  To study the influence of Ca and Si on P availability, two representative soil sam-
ples with different Si, P, and Ca availability as well as soil pH were selected for incubation experiments. The first 
soil (from Peary Land) had low Si (1.4 mg g−1 alkaline extractable Si)56, high initial Ca availability (15.6 mg g−1 
Mehlich-3 extractable Ca)57, and a high pH varying around ~8.4. The second soil (from Disko Island) had elevated 
Si (5.2 mg g−1), low initial Ca availability (1.7 mg g−1), and a pH of ~5.6. The initial P availability (Mehlich-3)57 was 
low for both soils (0.01 mg g−1 for Peary Land and 0.13 mg g−1 for Disko), whereas total P was 0.6 mg g−1 for Peary 
Land and 1.5 mg g−1 for Disko. Both soils (each with control) were incubated with Si addition of 0 (ambient), 3, 
6, or 10 mg g−1 and Ca addition of 0 (ambient), 10, 20 or 30 mg g−1 to cover the range of soil Si and Ca availability 
found in the literature14,22. About 5 g soil were incubated in 25 mL glass vials together with 2 mL of pure water 
and different levels of Si as Si nano fertilizer Aerosil-300 (Evonik, Germany) and Ca (as CaO, pH adapted to 
solution or each soil by using HCl) at 5 °C. Two control treatments were analysed. The first was without any Si or 
Ca addition to check for the effect of the water addition on P mobilisation and C respiration, which in all cases 
was comparable (no significant differences, data not shown). The second control experiment we added chloride 

Figure 5.  Suggested Si effects on P mobilization and soil respiration. Overview on the overall suggested effects 
of Si on soil P availability and potential effects on C turnover by increased P mobility and organic matter (OM) 
mobilization due to increased Si and P availability.
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as NaCl to determine if the HCl added to stabilize Ca solution to initial soil pH effected P mobilisation and C 
respiration. The latter was also comparable (no significant differences, data not shown). To demonstrate that the 
positive Si effect on respiration is caused by the Si-induced increase of P availability, we conducted an additional 
treatment where P as NaH2PO4 was added in concentrations equivalent to the amount mobilized by the highest 
Si treatment. The vials were closed by Parafilm for two weeks to allow for gas exchange. Afterwards, Parafilm was 
replaced by butyl-rubber septa and aluminium crimp caps and purged with air. After four days the headspace gas 
of the vials was sampled using a 3 mL gas tight syringe with a gas tight three-way valve. These incubation exper-
iments were run until quasi-constant soil respiration was achieved (three months) to focus on long-term effects 
of Si and Ca availability on P availability and potential effects on soil respiration. At the end of the experiment 
soil porewater samples were taken, filtered (0.2 µm cellulose acetate), and acidified using nitric acid. Si, P and Ca 
analysis for the porewater samples was done by ICP-MS and ICP-OES.

CO2 Analysis.  Gas samples were injected into a gas chromatograph (SRI Instruments 8610, SRI Germany). 
The sampling and analysis was repeated monthly until constant soil respiration was achieved. The CO2values were 
calculated as follows:

nCO2 (mol) = CO2 values (ppm, from instrument 10−6 101325 kg m−1 s−2) * V (m3) (R (8.3144 kg m2 s−2 mol−1 
K−1)−1 (T (K))−1. After three months, a constant CO2 release was observed (same values as one month before, 
data not shown).

X-ray spectromicroscopy.  To identify the chemical mechanism of the observed P-release by Si, spatially 
resolved speciation analysis was done for the Peary Land soil after three months of incubation (laboratory experi-
ments) using soft X-ray spectromicroscopy. As sorption processes were likely to be involved in P binding, we used 
a transmission approach that allows for the quantitative specific mapping of Fe-bearing phases with sub-particle 
spatial resolution. We used synchrotron-based scanning transmission X-ray microscopy (STXM), a spatially 
resolved spectromicroscopy approach that combines near edge X-ray absorption fine structure (NEXAFS) spec-
troscopy with a spatial resolution of tens of nm. We selected this approach because we expected a “surface”-related 
sorption or complexation process in the uppermost tens of nanometers to be responsible for the Si-binding / 
P-release. This range is difficult to target with bulks spectroscopic approaches such as bulk NEXAFS spectroscopy 
where the high concentrations of the respective chemical species that are not changed by the process, would 
completely cover potential spectral changes that originate solely from close to the surface. P1s spectroscopy with 
fluorescence detection for example would probe the uppermost micrometers of the sample and thus it would 
very unlikely be able to pick up the expected subtle spectral changes at the P1s absorption edge and it would not 
be possible get valuable synchrotron-beamtime allocated for a project that is unlikely to obtain results. Spatially 
resolved NEXAFS spectroscopy in an energy range of soft X-rays that are readily absorbed by tens of nm of mate-
rial, however, appeared to be most promising according to our absorbance simulations with aXis200058 based on 
the atomic scattering factors59. Therefore, we considered absorption edges between 200–1000 eV of elements that 

Figure 6.  Overview on sampling locations within the Arctic. Map on distribution of permafrost soils was taken 
from https://ipa.arcticportal.org/publications/occasional-publications/what-is-permafrost 64 accessed on May 
24th 2018. Purple shading refers to continuous, discontinuous, sporadic to isolated permafrost (from high to 
lower colour intensity).

https://ipa.arcticportal.org/publications/occasional-publications/what-is-permafrost
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are likely involved in the process and decided on the Fe2p absorption edges at 706.8 and 719.9 eV as Fe-minerals 
are the most likely binding sites for inorganic P in soils. STXM allows to derive local NEXAFS spectra from edges 
of individual particles where it would probe the previously mentioned uppermost tens of nm at the required 
sensitivity. Soil particles were suspended in deionized water and wet-deposited onto Formvar coated, 300 mesh 
Cu TEM grids (Plano GmbH, Wetzlar, Germany) and instantly dried. Randomly selected areas on the grid were 
analysed using the STXM at beamline 10ID-1 of the Canadian Light Source60. Image-stacks were recorded across 
the Fe 2p absorption edges from 699 eV to 740 eV with an energy resolution of 0.18 eV in the energy region of 
interest. The resulting datasets were analysed using aXis200058. The stacks were aligned and converted from trans-
mission to linear absorbance using the following formula:

= −OD ln(I/I )0

where OD is the optical density, I is the intensity at a specific pixel, I0 is the intensity of the X-ray beam in an empty 
region adjacent to the sample. The resulting image stack was averaged across the entire energy range to obtain the 
best quality image in the region of interest. Masks were then extracted from the average image based on the fol-
lowing OD-ranges: 0.01–0.1, 0.1–0.3, 0.4–0.6, 0.7–0.9, 1.0–1.2 (Fig. 3A–C); average spectra for these OD-ranges 
were extracted from the image stacks using these masks (examples in Fig. 3D for the original soil (dark colours) 
and after Si addition (bright colours)). Thicker regions were omitted from the analysis to avoid potential problems 
with absorption saturation that may affect the quality (non-linearity) of the extracted spectra61.

The resulting spectra were analyzed by linear combination fitting using various combinations of two spectra of 
known reference compounds and a sloped background representing non-specific absorption of non-Fe elements 
at the Fe2p edge. The following phases were used: Fe(III)-minerals ferrihydrite, goethite, Fe(II)-minerals siderite 
and vivianite (Fig. 3E)62,63. The lowest standard deviations of the individual fits were obtained by a combination of 
the spectra of ferrihydrite and vivianite. The spectra were previously normalized to a 1 nm layer of the respective 
compound to obtain quantitative maps representing cumulative thickness [nm] of the respective compounds. 
Two independent datasets of each sample type were analysed, shown in Fig. 3. For each dataset and each thickness 
range, based on the masks, the fraction of an Fe(II)-phase and the total Fe were calculated and plotted against the 
cumulative thickness of total Fe (Fig. 3F). Here, we used a mixture of exactly one Fe(II) and one Fe(III) phase to 
minimize the standard deviation of the fits (i.e. vivianite and ferrihydrite).

Data Availability
All data analyzed during this study are included in this published article.

References
	 1.	 Westheimer, F. H. Why nature chose phosphates. Science 235, 1173–1178 (1987).
	 2.	 Elser, J. J. Phosphorus: a limiting nutrient for humanity? Curr. Opin. Biotechnol. 23, 833–838 (2012).
	 3.	 Elser, J. J. et al. Global analysis of nitrogen and phosphorus limitation of primary producers in freshwater, marine and terrestrial 

ecosystems. Ecol. Lett. 10, 1135–1142 (2007).
	 4.	 Ringeval, B. et al. Phosphorus in agricultural soils: drivers of its distribution at the global scale. Glob. Change Biol. 23, 3418–3432 

(2017).
	 5.	 Bünemann, E. K., Oberson, A. & Frossard, E. Phosphorus in action: biological processes in soil phosphorus cycling. Vol. 26 (Springer 

Science & Business Media, 2010).
	 6.	 Beauchemin, S. et al. Speciation of phosphorus in phosphorus-enriched agricultural soils using X-ray absorption near-edge 

structure spectroscopy and chemical fractionation. J. Environ. Qual. 32, 1809–1819 (2003).
	 7.	 Crews, T. E. et al. Changes in soil phosphorus fractions and ecosystem dynamics across a long chronosequence in Hawaii. Ecology 

76, 1407–1424 (1995).
	 8.	 Brady, N. & Weil, R. The nature and properties of soil 12th ed. (Prentice-Hall Inc. Upper Saddle River, New Jersey, 1999).
	 9.	 Rajan, S. Phosphate adsorption and the displacement of structural silicon in an allophane clay. Eur. J. Soil Sci. 26, 250–256 (1975).
	10.	 Sauer, D., Saccone, L., Conley, D. J., Herrmann, L. & Sommer, M. Review of methodologies for extracting plant-available and 

amorphous Si from soils and aquatic sediments. Biogeochemistry 80, 89–108 (2006).
	11.	 Haynes, R. J. A contemporary overview of silicon availability in agricultural soils. Journal of Plant Nutrition and Soil Science 177, 

831–844 (2014).
	12.	 Struyf, E. & Conley, D. J. Silica: an essential nutrient in wetland biogeochemistry. Front. Ecol. Environ. 7, 88–94 (2009).
	13.	 Derry, L. A., Kurtz, A. C., Ziegler, K. & Chadwick, O. A. Biological control of terrestrial silica cycling and export fluxes to watersheds. 

Nature 433, 728–731 (2005).
	14.	 Saccone, L. et al. Assessing the extraction and quantification of amorphous silica in soils of forest and grassland ecosystems. Eur. J. 

Soil Sci. 58, 1446–1459 (2007).
	15.	 Struyf, E. et al. Historical land use change has lowered terrestrial silica mobilization. Nat. Commun. 1, 129 (2010).
	16.	 Carey, J. C. & Fulweiler, R. W. Human appropriation of biogenic silicon–the increasing role of agriculture. Funct. Ecol. 30, 1331–1339 

(2016).
	17.	 Vandevenne, F., Struyf, E., Clymans, W. & Meire, P. Agricultural silica harvest: have humans created a new loop in the global silica 

cycle? Front. Ecol. Environ. 10, 243–248 (2012).
	18.	 Planavsky, N. J. et al. The evolution of the marine phosphate reservoir. Nature 467, 1088–1090 (2010).
	19.	 Konhauser, K. O., Lalonde, S. V., Amskold, L. & Holland, H. D. Was there really an Archean phosphate crisis? Science 315, 1234–1234 

(2007).
	20.	 Tunesi, S., Poggi, V. & Gessa, C. Phosphate adsorption and precipitation in calcareous soils: the role of calcium ions in solution and 

carbonate minerals. Nutrient Cycling in Agroecosystems 53, 219–227 (1999).
	21.	 Gebauer, D., Völkel, A. & Cölfen, H. Stable prenucleation calcium carbonate clusters. Science 322, 1819–1822 (2008).
	22.	 Kleinman, P. J. & Sharpley, A. N. Estimating soil phosphorus sorption saturation from Mehlich-3 data. Commun. Soil Sci. Plant Anal. 

33, 1825–1839 (2002).
	23.	 Neu, S., Schaller, J. & Dudel, E. G. Silicon availability modifies nutrient use efficiency and content, C:N:P stoichiometry, and 

productivity of winter wheat (Triticum aestivum L.). Scientific Reports 7, 40829 (2017).
	24.	 Ma, J. F. & Takahashi, E. Effect of silicate on phosphate availability for rice in a P-deficient soil. Plant Soil 133, 151–155 (1991).
	25.	 Senn, A.-C. et al. Composition and structure of Fe(III)-precipitates formed by Fe(II) oxidation in water at near-neutral pH: 

Interdependent effects of phosphate, silicate and Ca. Geochim. Cosmochim. Acta 162, 220–246 (2015).



www.nature.com/scientificreports/

1 0SCiEntifiC REPOrTS |           (2019) 9:449  | DOI:10.1038/s41598-018-37104-6

	26.	 Swedlund, P. J., Miskelly, G. M. & McQuillan, A. J. Silicic acid adsorption and oligomerization at the ferrihydrite− water interface: 
Interpretation of ATR-IR spectra based on a model surface structure. Langmuir 26, 3394–3401 (2010).

	27.	 Dol Hamid, R., Swedlund, P. J., Song, Y. & Miskelly, G. M. Ionic strength effects on silicic acid (H4SiO4) sorption and oligomerization 
on an iron oxide surface: an interesting interplay between electrostatic and chemical forces. Langmuir 27, 12930–12937 (2011).

	28.	 Gladkova, K. The role of silicon in phosphate plant nutrition. Agrochemistry 2, 133 (1982).
	29.	 Lindsay, W. Chemical Equilibria in Soils. (John Wiley & Sons, 1979).
	30.	 Matichenkov, V. V. & Bocharnikova, E. A. In Studies in Plant Science Vol. 8 eds Snyder, G. H., Datnoff, L. E. & Korndörfer, G. H.), 

209–219 (Elsevier, 2001).
	31.	 Singh, K. & Sarkar, M. Phosphorus availability in soils as affected by fertilizer phosphorus, sodium silicate and farmyard manure. 

Journal of the Indian Society of Soil Science 40, 762–767 (1992).
	32.	 Riebesell, U. et al. Enhanced biological carbon consumption in a high CO2 ocean. Nature 450, 545–548 (2007).
	33.	 Klotzbücher, T. et al. Variable silicon accumulation in plants affects terrestrial carbon cycling by controlling lignin synthesis. Glob. 

Change Biol. 24, e183–e189 (2018).
	34.	 Schaller, J. & Struyf, E. Silicon controls microbial decay and nutrient release of grass litter during aquatic decomposition. 

Hydrobiologia 709, 201–212 (2013).
	35.	 Schaller, J., Hines, J., Brackhage, C., Bäucker, E. & Gessner, M. O. Silica decouples fungal growth and litter decomposition without 

changing responses to climate warming and N enrichment. Ecology 95, 3181–3189 (2014).
	36.	 Reithmaier, G. M. S., Knorr, K. H., Arnhold, S., Planer-Friedrich, B. & Schaller, J. Enhanced silicon availability leads to increased 

methane production, nutrient and toxicant mobility in peatlands. Scientific Reports, 8728 (2017).
	37.	 Whittinghill, K. A. & Hobbie, S. E. Effects of pH and calcium on soil organic matter dynamics in Alaskan tundra. Biogeochemistry 

111, 569–581 (2012).
	38.	 Kaiser, K. Fractionation of dissolved organic matter affected by polyvalent metal cations. Org. Geochem. 28, 849–854 (1998).
	39.	 Faucherre, S. et al. Short and long-term controls on active layer and permafrost carbon turnover across the Arctic. Biogeosciences 

(2018).
	40.	 Schwertmann, U. & Fechter, H. The point of zero charge of natural and synthetic ferrihydrites and its relation to adsorbed silicate. 

Clay Minerals 17, 471–476 (1982).
	41.	 Sigg, L. & Stumm, W. The interaction of anions and weak acids with the hydrous goethite (α-FeOOH) surface. Colloids and Surfaces 

2, 101–117 (1981).
	42.	 Kingston, F., Posner, A. & Quirk, J. Anion adsorption by goethite and gibbsite: I. The role of the proton in determining adsorption 

envelopes. Journal of Soil Science 23, 177–192 (1972).
	43.	 Doelsch, E. et al. Speciation and crystal chemistry of iron (III) chloride hydrolyzed in the presence of SiO4 ligands. 1. An Fe K-edge 

EXAFS study. Langmuir 16, 4726–4731 (2000).
	44.	 Jones, A. M., Collins, R. N., Rose, J. & Waite, T. D. The effect of silica and natural organic matter on the Fe (II)-catalysed 

transformation and reactivity of Fe (III) minerals. Geochim. Cosmochim. Acta 73, 4409–4422 (2009).
	45.	 Koski-Vähälä, J., Hartikainen, H. & Tallberg, P. Phosphorus mobilization from various sediment pools in response to increased pH 

and silicate concentration. J. Environ. Qual. 30, 546–552 (2001).
	46.	 Montserrat, F. et al. Olivine dissolution in seawater: implications for CO2 sequestration through Enhanced Weathering in coastal 

environments. Environ. Sci. Technol. 51, 3960–3972 (2017).
	47.	 Eriksson, A. K., Gustafsson, J. P. & Hesterberg, D. Phosphorus speciation of clay fractions from long-term fertility experiments in 

Sweden. Geoderma 241, 68–74 (2015).
	48.	 Compton, J. E. & Cole, D. W. Fate and effects of phosphorus additions in soils under N2-fixing red alder. Biogeochemistry 53, 

225–247 (2001).
	49.	 Liu, L., Gundersen, P., Zhang, T. & Mo, J. Effects of phosphorus addition on soil microbial biomass and community composition in 

three forest types in tropical China. Soil Biology and Biochemistry 44, 31–38 (2012).
	50.	 Tipping, E. The adsorption of aquatic humic substances by iron oxides. Geochim. Cosmochim. Acta 45, 191–199 (1981).
	51.	 Schneider, M. P. W. et al. Sorptive stabilization of organic matter by amorphous Al hydroxide. Geochim. Cosmochim. Acta 74, 

1606–1619 (2010).
	52.	 Hunt, J. F., Ohno, T., He, Z. Q., Honeycutt, C. W. & Dail, D. B. Inhibition of phosphorus sorption to goethite, gibbsite, and kaolin by 

fresh and decomposed organic matter. Biol. Fertil. Soils 44, 277–288 (2007).
	53.	 Yang, X. & Post, W. M. Phosphorus transformations as a function of pedogenesis: A synthesis of soil phosphorus data using Hedley 

fractionation method. Biogeosciences 8, 2907–2916 (2011).
	54.	 Cross, A. F. & Schlesinger, W. H. A literature review and evaluation of the. Hedley fractionation: Applications to the biogeochemical 

cycle of soil phosphorus in natural ecosystems. Geoderma 64, 197–214 (1995).
	55.	 Struyf, E., Mörth, C. M., Humborg, C. & Conley, D. J. An enormous amorphous silica stock in boreal wetlands. Journal of Geophysical 

Research: Biogeosciences (2005–2012) 115, G04008 (2010).
	56.	 DeMaster, D. J. The supply and accumulation of silica in the marine environment. Geochim. Cosmochim. Acta 45, 1715–1732 (1981).
	57.	 Mehlich, A. Mehlich-3 soil test extractant - a modification of Mehlich-2 extractant. Commun. Soil Sci. Plant Anal. 15, 1409–1416 

(1984).
	58.	 Hitchcock, A. P. aXis 2000 - Analysis of X-ray Images and Spectra, 2017).
	59.	 Henke, B. L., Gullikson, E. M. & Davis, J. C. X-ray interactions: photoabsorption, scattering, transmission, and reflection at 

E = 50–30,000 eV, Z = 1–92. Atomic data and nuclear data tables 54, 181–342 (1993).
	60.	 Kaznatcheev, K. et al. Soft X-ray spectromicroscopy beamline at the CLS: commissioning results. Nuclear Instruments and Methods 

in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 582, 96–99 (2007).
	61.	 Hanhan, S., Smith, A., Obst, M. & Hitchcock, A. Optimization of analysis of soft X-ray spectromicroscopy at the Ca 2p edge. Journal 

of Electron Spectroscopy and Related Phenomena 173, 44–49 (2009).
	62.	 Miot, J. et al. Transformation of vivianite by anaerobic nitrate‐reducing iron‐oxidizing bacteria. Geobiology 7, 373–384 (2009).
	63.	 Schmid, G. et al. Submicron-Scale Heterogeneities in Nickel Sorption of Various Cell–Mineral Aggregates Formed by Fe (II)-

Oxidizing Bacteria. Environ. Sci. Technol. 50, 114–125 (2015).
	64.	 Brown, J., Ferrians, O. J. J., Heginbottom, J. A. & Melnikov, E. S. In Circum-Pacific Map Series CP-45, scale 1:10,000,000, 1 sheet 

(Geological Survey in Cooperation with the Circum-Pacific Council for Energy and Mineral Resources, Washington, DC, 1997).

Acknowledgements
J.S. acknowledges funding by a BayFOR travel grant for research stay at CENPERM (BayIntAn_UBT_2016_27) 
and B.E. the Danish National Research Foundation (CENPERM DNRF100) for financial support. J.S. and M.G. 
acknowledge funding by DFG (SCHA 1822/12-1). Special thanks to all assisting with the permafrost coring, 
particularly Peter Kuhry and Gustav Hugelius (both Stockholm University), who were responsible for sampling 
as part of PAGE21. Research described in this paper was performed at the Canadian Light Source, which is 
supported by the Canada Foundation for Innovation, Natural Sciences and Engineering Research Council of 
Canada, the University of Saskatchewan, the Government of Saskatchewan, Western Economic Diversification 



www.nature.com/scientificreports/

1 1SCiEntifiC REPOrTS |           (2019) 9:449  | DOI:10.1038/s41598-018-37104-6

Canada, the National Research Council Canada, and the Canadian Institutes of Health Research. We gratefully 
acknowledge the help of beamline and facility staff that enabled us to perform this study. XAS measurements by 
M.O. were funded by the DFG (OB 362/4-1). This publication was funded by the German Research Foundation 
(DFG) and the University of Bayreuth in the funding programme Open Access Publishing.

Author Contributions
J.S. and B.E. conceived the study and wrote most of the manuscript with main input from M.G., B.P.F., S.P. and 
B.G. S.F. did the soil sampling. H.J. was responsible for the incubation experiments, H.J. and B.G. did the CO2 
measurements, M.O. did the XAS measurements and wrote the part on XAS data. All co-authors contributed to 
and commented the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37104-6.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

http://dx.doi.org/10.1038/s41598-018-37104-6
http://creativecommons.org/licenses/by/4.0/

	Silicon increases the phosphorus availability of Arctic soils

	Results

	Silicon and calcium affect soil phosphorus mobilization. 
	Silicon and calcium controls on phosphorus binding. 
	Interdependencies of silicon, calcium and phosphorus potentially affecting soil respiration. 

	Discussion

	Methods

	Soil sampling and element analysis. 
	Laboratory experiments. 
	CO2 Analysis. 
	X-ray spectromicroscopy. 

	Acknowledgements

	Figure 1 Soil phosphorus (Mehlich-3 extraction) availability in relation to silicon (alkaline extraction) and calcium(Mehlich-3 extraction) availability.
	Figure 2 Phosphorus concentrations in pore waters with increasing Si and Ca additions.
	Figure 3 Soil P binding affected by Si and Ca measured by XAS.
	Figure 4 CO2 release affected by Si and Ca.
	Figure 5 Suggested Si effects on P mobilization and soil respiration.
	Figure 6 Overview on sampling locations within the Arctic.




