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A B S T R A C T   

The contribution of different adsorption processes to soil organic matter (SOM) stabilization and the conse-
quences of the intensification of land use on the adsorption of SOM are not yet fully understood. Therefore, this 
study aimed to explore the adsorption of dissolved organic carbon (DOC) in soils as well as desorption of organic 
carbon (OC) caused by phosphate addition. We conducted desorption and sorption experiments with DOC, 
phosphate (Na2HPO4), and chloride (KCl) in topsoil and subsoil samples from a Ferralsol, an Andosol, and a 
Podzol. Furthermore, we quantified the size of DOC by size-exclusion chromatography. 

We found that phosphate addition caused a strong increase in the DOC concentration in all soils. The DOC 
concentration was elevated by up to a factor of 4.5 compared to a control (water only) within five minutes after 
phosphate addition and kept increasing further with time, particularly in the Ferralsol. After 10 days, the DOC 
concentrations in the P addition treatment were between 5.5 and 18.0 times higher than in the control treatment. 
In contrast, chloride addition did not lead to increased DOC concentrations compared to the control (water only). 
Phosphate addition led mostly to desorption of organic matter of medium molecular size (10–100 and 100–1000 
kDa) in the Ferralsol and the Andosol and of large molecular size (>1000 kDa) in the Podzol. In contrast, po-
tassium chloride addition shifted the size distribution of DOC in the soil solution towards small compounds (<10 
kDa), likely because KCl addition affected the aggregation of DOC compounds, in contrast to Na2HPO4 addition. 
Furthermore, phosphate addition also decreased subsequent sorption of DOC in the Ferralsol and the Andosol by 
a factor of up to 2.9 and 2.1, respectively. 

Our results have far-reaching implications because they show that phosphate addition can lead to desorption, 
and thus to destabilization of SOM, particularly in Ferralsols, and can also prevent further sorption of organic 
matter in soils. Our study provides a mechanistic explanation of why phosphate addition can decrease soil 
organic carbon sequestration and stabilization. This mechanism should be considered in the analysis of land-use 
and tillage effects on SOM sequestration in the future. Furthermore, our study indicates that also medium and 
large molecular size organic matter is stabilized through adsorption in soils.   

1. Introduction 

Organic matter is stabilized in soils against microbial decomposition 
through several processes (Sollins et al., 1996; Torn et al., 1997; von 
Lützow et al., 2006). Yet, the relative contributions of different pro-
cesses to organic matter stabilization are not fully understood. In addi-
tion, the consequences of land-use intensification for organic matter 
stabilization, and specifically for the adsorption of organic matter in 

soils with different mineral composition have not been fully explored 
yet. 

Sorption protects organic compounds against decomposition by 
steric hindrance since it physically prevents enzymes from binding to the 
compounds and catalyzing their decomposition. Further, sorption im-
pedes that organic compounds are taken up by microorganisms (von 
Lützow et al., 2006; Kögel-Knabner et al., 2008; Kleber et al., 2015). 
Thus, the number of sorption sites in a given soil determines to a 
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considerable extent the amount of soil organic matter (SOM) that the 
soil can store (Mayer, 1994; Sollins et al., 1996; von Lützow et al., 2006; 
Jackson et al., 2017). Recent synthesis studies claim that adsorption 
stabilizes mostly small organic substances with a molecular size < 600 
kDa against decomposition in soils (Sokol et al., 2019; Basile-Doelsch 
et al., 2020), but empirical evidence for this is slender. 

The primary mechanisms by which organic matter sorbs onto min-
eral surfaces are electrostatic interaction, commonly referred to as non- 
specific sorption, and ligand exchange-surface complexation, also called 
specific sorption. Hydrophobic interaction, hydrogen bonding, and 
polyvalent cation bridging also contribute to sorption of organic matter 
in soils (Kaiser and Guggenberger, 2000; Kleber et al., 2015). The en-
ergies of electrostatic bonds are much lower than those associated with 
ligand exchange-surface complexation (Kleber et al., 2015). Ligand ex-
change surface complexation refers to structural metal cations, mostly 
iron (Fe) and aluminum (Al), replacing their coordinative OH or OH2 
ligand by another ligand, which can be an organic or inorganic anion 
(Stumm et al., 1980). Organic matter with a high proportion of carboxyl 
and hydroxyl moieties preferentially adsorbs through ligand-exchange 
surface complexation and through polyvalent cation bridging at high 
pH (Gu et al., 1994). Not only organic matter compounds but also 
inorganic anions such as sulfate and phosphate can form ligand- 
exchange surface complexes (Hingston et al., 1967; Goldberg and Spo-
sito, 1985; Arai and Sparks, 2007). In contrast, other anions, such as 
chloride or nitrate, cannot form ligand-exchange surface complexes and 
adsorb mostly through energy-poorer, electrostatic interactions to 
mineral surfaces. These ions cannot exchange with ions that form ligand- 
exchange surface complexes at a given pH and ionic strength (Hingston 
et al., 1967). The fact that phosphate but not chloride can replace 
organic matter that forms ligand-exchange surface complexes has been 
used to gain insights into the mechanisms by which organic matter sorbs 
in soils (Mikutta et al., 2007). 

Previous studies showed that the concentrations of dissolved organic 
C (DOC, which is organic C < 0.45 µm) and microbial respiration in soils 
is increased due to the addition of phosphorus (P), and they attributed 
this to the alleviation of microbial P limitation that increases microbial 
activity and organic matter decomposition (Cleveland et al., 2002; 
Griffiths et al., 2012; Liu et al., 2012; Strickland et al., 2010; Fisk et al., 
2015). Yet, increased respiration rates and DOC concentrations in 
response to P addition might likely be caused by desorption of organic 
carbon (C) from mineral surfaces (Spohn and Schleuss, 2019). 

Phosphate and organic matter compete for binding sites in soils. 
Thus, changes in the phosphate concentration in the soil solution can 
strongly affect the sorption and desorption of organic compounds, and 
thus the destabilization and decomposition of SOM. Phosphate addition 
can lead to desorption of organic matter causing an increase in the 
concentration of DOC (Beck et al., 1999; Kaiser and Zech, 1999; Kahle 
et al., 2004; Zhang and Zhang, 2010; Bonifacio et al., 2013; Scott et al., 
2015; Spohn and Schleuss, 2019; Li et al., 2020) and of low molecular 
weight organic acids, such as oxalate, malate, and phthalic acid in soils 
(Afif et al., 1995; Liu et al., 1999; Guan et al., 2006). The desorption of 
organic matter renders these organic compounds available for microbial 
decomposition. Accordingly, several studies showed that addition of 
phosphate to soil increased soil respiration (Munevar and Wollum, 
1977; Griffiths et al., 2012; Miyazawa et al., 2013; Liu et al., 2012; 
Cleveland et al., 2006; Strickland et al., 2010; Fisk et al., 2015; Spohn 
and Schleuss, 2019). Phosphate cannot only lead to desorption of sorbed 
organic matter, but sorbed phosphate can also prevent sorption of 
organic matter in soils by keeping the binding sites occupied (Gu et al., 
1994; Kaiser and Zech, 1997; Hur and Schlautman, 2004; Kahle et al., 
2004; Hunt et al., 2007; Schneider et al., 2010). The amplifying effect of 
phosphate on DOC desorption and soil respiration has been shown 
particularly for Andosols in several studies (Munevar and Wollum, 1977; 
Beck et al., 1999; Miyazawa et al., 2013; Li et al., 2020), which might be 
due to the high content of allophanes commonly found in silandic 
Andosols. However, phosphate might also have strong effects on organic 

C sorption in other soils with high contents of Fe and Al oxyhydroxides 
and thus a large, positively charged mineral surface area. Yet, little is 
known about the effect of P addition on organic C sorption and 
desorption in other soil orders with high contents of Fe and Al oxy-
hydroxides, such as Ferralsols. 

The aim of this study was to explore adsorption and desorption of 
SOM as affected by phosphate addition in different soils. This aim is in 
line with the recent suggestion by Kleber et al. (2021) to explore sorp-
tion dynamics not with pure minerals but in soils where the newly 
offered adsorbate can compete with and induce the release of previously 
adsorbed organic compounds. We tested the following hypotheses. First, 
a substantial proportion of SOM can be desorbed by phosphate but not 
by chloride in Ferralsols, Andodols, and Podzols. Second, the amount of 
organic C that is stabilized in soils through adsorption and can be des-
orbed by phosphate addition is particularly high in Andosols due to the 
high content of Al oxyhydroxides. Third, SOM compounds that desorb 
due to phosphate addition mostly have a small molecular size (<600 
kDa). Fourth, the high saturation of soils with phosphate decreases the 
adsorption of organic matter, particularly in Andosols due to the high 
content of Al oxyhydroxides. 

To test these hypotheses, we conducted a series of sorption experi-
ments with a Ferralsol, an Andosol, and a Podzol. In the first experiment, 
we studied the short-term desorption of DOC caused by phosphate 
addition under conditions that minimize microbial activity. In the sec-
ond experiment, we examined desorption of organic carbon (OC) caused 
by phosphate and chloride addition over ten days and analyzed the size 
of the DOC. Finally, in the third experiment, we quantified DOC sorption 
after a large proportion of sorption sites had been saturated with 
phosphate. We choose a Ferralsol, an Andosol, and a Podzol for this 
study because these soils contain differing concentrations of Fe and Al 
oxyhydroxides and allophanes whose surfaces are protonated at low pH, 
and thus can maintain electrostatic interactions with organic and inor-
ganic anions. At the same time, they can also bind inorganic and organic 
anions through ligand exchange surface complexation. 

2. Material and methods 

2.1. Soils, sampling, and sample preparation 

The three soils selected for this study are forest soils, and there is no 
indication that they have ever received any P fertilizer. The Ferralsol is 
located in the Kahuzi-Biega National Park situated in the Democratic 
Republic of the Congo (2◦18′15′′S and 28◦45′14′′E). The soil’s parent 
material consists of mafic alkali-basalts (Schlüter and Trauth, 2006). The 
soil is located at 2216 m a.s.l, where the mean annual temperature is 
15.1 ◦C, and the mean annual precipitation is 1924 mm. The dominant 
vegetation is a primary tropical mountain forest. The soil is classified as 
an Umbric Ferralsol according to the world reference base for soil re-
sources (FAO, 2006). An extensive description on the soil mineralogy as 
well as the elemental composition of the parent material of the Ferralsol 
can be found in Doetterl et al. (2021). While no detailed information on 
clay mineralogy is available for the specific soil studied here, similar 
sites in the region with a comparably advanced weathering stages have 
been dominated by low activity clays (kaolinite) and high amounts of 
pedogenic oxides, controlling soil C storage (Kirsten et al.,2021), making 
soils enriched in Al and Fe and depleted of Si. The Andosol is located in 
the Andes in Central Chile (37◦04′19′′S and 71◦42′04′′W) and belongs to 
the Santa Bárbara soil series. The soil is located at 946 m a.s.l. The mean 
annual temperature is 12.2 ◦C, and the mean annual precipitation is 
1769 mm. The parent material is a deposit of young volcanic ashes, and 
the dominant vegetation is temperate deciduous Nothofagus sp. forest. 
The soil is classified as a Eutric Amphichernic Folic Epialuandic Andosol 
(FAO, 2006). The Andosol profile was derived from mafic ash relatively 
enriched in olivine and iron pyroxene originated from the Chillan and 
Antuco Volcanos (Besoain, 1985). The parent material of Andosols in 
this part of Chile generally do not contain crystalline clay minerals 
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(Bertrand and Fagel, 2008). The Podzol is located in Southern Germany 
(49◦58′49′′N and 11◦34′58′′E). The soil is located 445 m a.s.l., where the 
mean annual temperature is 8.3 ◦C, and the mean annual precipitation is 
638 mm. The parent material is Guembel sandstone, and the dominant 
tree species are Pinus sylvestris and Picea abies. The soil is classified as an 
Entic Podzol (FAO, 2006). For further details about Podzol properties in 
the region see Eusterhues et al (2005). 

Two samples were collected from three soil profiles (one per each 
soil). We collected samples from the depth intervals ranging from 0 to 
10 cm (topsoil) and 40–50 cm (subsoil) from the Ferralsol and the 
Podzol. Similarly, we collected samples from the 0–20 cm (topsoil) and 
the 40–80 cm depth interval (subsoil) from the Andosol. The topsoil 
sample was taken from the A horizon in all soils and the subsoil samples 
form the B horizon. Besides, we collected samples from the organic layer 
of the Andosol and the Podzol. All samples were air-dried and trans-
ported to the laboratory at the University of Bayreuth. The mineral soil 
samples were sieved (<2 mm), and only the <2 mm fraction was used 
for the analyses. 

2.2. Soil characterization 

Soil texture was analyzed according to Köhn (1928). For this pur-
pose, samples were pre-treated with H2O2 as an oxidant to destroy 
organic substances. The coarse fractions were separated through wet 
sieving. The remaining fraction (<63 µm) was dispersed in 25 ml Na- 
pyrophosphate and transferred into cylinders, where fine silt and clay 
content were assessed by sedimentation analysis (DIN ISO 11 277). Soil 
pH was measured in deionized water in a soil:solution ratio of 1:2.5. Al 
and Fe were extracted in oxalate (ox) and in dithionite (d) solutions 
according to Schwertmann (1964) and Mehra and Jackson (1958) and 
were quantified using an ICP-OES (Vista-Pro radial, Varian, USA). To 
determine total organic C (TOC), total N (TN), and total P (TP), sub-
samples of each soil were dried at 105 ◦C and milled in a ball mill. TOC 
and TN were measured using an element analyzer (Vario Max Ele-
mentar, Hanau, Germany). TP was determined by ICP-OES (Vista-Pro 
radial, Varian) after pressure digestion in aqua regia (HNO3 + HCl). 
Dissolved organic C (DOC), dissolved N (DN), and dissolved inorganic P 
(DIP) were extracted and determined as described in Section 2.3 for the 
experimental treatment without P addition. Dissolved inorganic P was 
determined according to the molybdenum-blue method (Murphy and 
Riley, 1962) using a multiplate reader (Infinite® M200 PRO, Tecan 
Austria GmbH, Grödig, Austria). The quantification limit for DIP was 
0.08 mg l− 1. 

2.3. Short desorption experiment 

We tested the effect of the addition of several concentrations of 
phosphate on the fast desorption of OC in a short experiment, similar to 
the one described by Spohn and Schleuss (2019). To minimize microbial 
activity, each step of the experiment was conducted, maintaining a 
constant temperature of 5 ◦C. Three grams of each soil were shaken in 
30 ml deionized water with different concentrations of Na2HPO4 on a 
horizontal shaker for five minutes. Subsequently, the samples were 
centrifuged at 1500 × g for 15 min, and the supernatant was filtered 
through a cellulose acetate filter of 0.45 µm pore size (Sartorius Stedim 
Biotech GmbH, Göttingen, Germany) using a vacuum pump. The dry soil 
samples were dispersed in the solution. We used five different Na2HPO4 
concentrations that correspond to 0, 0.25, 0.75, 1.5, and 3.0 mg P g− 1 

soil (which where added in the form of solution that had the following P 
concentrations; 0, 8.3, 25, 50 and 100 mg P l− 1). The lower concentra-
tions were chosen based on the P concentrations used in similar exper-
iments; 0.100 mg P g− 1 soil (Heuck et al., 2015; Nottingham et al., 
2015), 0.200–0.250 mg P g− 1 soil (Cleveland et al., 2002; Spohn and 
Schleuss, 2019), 0.330 mg P g− 1 soil (Fisk et al. 2015), 0.700 mg P g− 1 

soil (Neff et al. 2000). The higher concentrations were chosen with the 
intention to desorb all organic C that can be desorbed by phosphate. It 

should be noticed that soil solution P concentrations are normally much 
lower than the P concentrations applied here (except for the direct vi-
cinity of dissolving P fertilizer particles). Thus, the applied concentra-
tions represent an extreme treatment whose main purpose was to better 
understand the sorptive stabilization of organic matter in soils. After the 
centrifugation step and the removal of the supernatant, the same pro-
cedure was repeated three times. Thus, the experiment consisted of three 
consecutive cycles in which the respective P solution was added. All 
steps of the experiment were conducted in triplicate. Hence, we gained a 
total of 270 solutions from this experiment (3 soils × 2 depths × 5 P 
concentrations × 3 replicates × 3 sequential extractions). In addition, 
four blanks with water were prepared in each of the three cycles that 
were centrifuged and filtered as the samples. In addition, we conducted 
a control experiment to elucidate the effect of pH on DOC desorption. 
For this purpose, we increased the pH of Millipore water to pH 9.3 using 
NaOH, which corresponds to the pH of the 0.1 mg l− 1 Na2HPO4 solution. 
We treated the soil samples with the solution in the same way as detailed 
above for the Na2HPO4 solution and the control (water only). 

We determined DOC, DN, total P, and inorganic P in the filtered 
extracts. DOC and DN were determined using a TOC Analyzer (multi N/ 
C 2100, Jena Analytics, Germany). The quantification limit for DOC was 
0.3 mg l− 1, all samples were measured two times and a third time if the 
difference exceeded 5% of the smaller value. A correction for drift was 
done after every 10 samples. We used certified reference material (ION- 
96.4 lot 0316). Total dissolved P was determined using an ICP-OES 
(Vista-Pro radial, Varian Inc., USA). The quantification limit for P was 
0.15 mg l− 1, all samples were measured three times. A correction for 
drift was done after every 10 samples. We used certified reference ma-
terial (SPS-SW2 Batch 136 und SPS-WW2 Batch 114). 

2.4. Long desorption experiment 

Since the exchange reaction between phosphate and DOC had not 
come to an end during the short desorption experiment, we conducted a 
long desorption experiment over ten days with the highest P addition 
treatment of the short experiment (3.0 mg P g− 1 soil). Besides the P 
addition treatment, we also had a KCl addition treatment in the long 
experiment to determine the amount of DOC that was adsorbed through 
electrostatic forces and could be desorbed by KCl. For this purpose, 3 g of 
soil were shaken in 30 ml of deionized water that either (i) contained no 
salts (control) or (ii) Na2HPO4 in a concentration corresponding to 3.0 
mg P per g soil or (iii) or KCl in a concentration corresponding to 3.4 mg 
Cl per g soil in a gas-tight serum flask on a horizontal shaker at five 5 ◦C 
for ten days. The dry soil samples were dispersed in the solution. The 
experiment was conducted in three replicates. Thus, 54 samples were 
processed (3 soils × 2 depths × 3 treatments × 3 replicates). After ten 
days, the CO2 concentration in all flasks was determined using a gas 
chromatograph (SRI 8610C, SRI Instruments Europe GmbH, Bad Hon-
nef, Germany) equipped with a flame ionization detector. For this pur-
pose, a gas sample was taken from the headspace using a syringe. After 
the sample had been taken, flasks were opened, and solutions were 
filtered through cellulose acetate filters with 0.45 µm pore size (Sarto-
rius Stedim Biotech GmbH, Göttingen, Germany) using a vacuum pump. 
We determined the pH, DOC, DN, total P, and inorganic P in the filtered 
samples as described above. Further, we measured the Cl concentration 
in the control and the Cl treatment using ion chromatography (881 
Compact IC pro, Metrohm Ltd., Herisau, Switzerland. Also, we per-
formed size-exclusion chromatography on the filtered extracts (see 
Section 2.6). 

2.5. DOC retention experiment 

To determine the effect of P sorption in soil on subsequent DOC 
sorption and retention, we conducted a third experiment, in which we 
simulated percolation of DOC through soils to which high amounts of P 
had been applied. For this purpose, at the end of the long desorption 
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experiment (Section 2.4), the total mass of each soil sample was added 
on top of the filter at the end of the filtration processes. Subsequently, 
30 ml of a DOC-rich solution were poured over the soil, and the solution 
was allowed to percolate through the soil and the 0.45 µm pore size 
filter. DOC concentration was measured using a TOC analyzer (multi N/ 
C 2100, Jena Analytics, Germany) in the solution (i) before it was 
applied to the soil and (ii) in the 54 samples that were collected after the 
solution had percolated through the soil. The DOC-rich solution was 
prepared from the samples of the organic layer of the soils that were 
thoroughly mixed in equal proportions. The material was shaken in 
deionized water in a ratio of 1:40 w/v for 2 h on an overhead shaker. 
Subsequently, the DOC solution was filtered through a cellulose filter 
(Rotilabo 113P, Carl Roth GmbH + Co., Karlsruhe, Germany) overnight 
at 2 ◦C. The DOC concentration of the solution was 296 mg l− 1. 

2.6. Size-exclusion chromatography 

The DOC size distribution in the solutions at the end of the long 
desorption experiment was analyzed using a size-exclusion chromato-
graph. The distribution of the DOC across four size classes (>1000 kDa, 
100–1000 kDa, 10–100 kDa, and <10 kDa) was quantified. For this 
purpose, the samples were analyzed on the SEC-PDA-ICP/QQQ system 
with the following analytical conditions. Chromatographic size exclu-
sion (SEC) separation was done using a 2 mm isocratic Dionex system 
with Agilent PL aquagel-OH Mixed-H 8 um column and a flow of 0.9 ml 
per minute of distilled water. The Dionex photodiode array (PDA) de-
tector and Agilent ICP/QQQ in No gas mode connected in series were 
used for the online detection of the spectrophotometric properties of 
analytes and their C concentrations, respectively. The chromatographic 
parts’ calibration was performed using a set of polyethylene glycol 
(PEG) standards covering the molecular mass from 250 Da to 1000 kDa. 
Before injection, samples were diluted to 20–30 mg C/L based on the 
DOC concentrations analyzed previously in the samples. The detection 
limit of the ICP/QQQ system for C was 0.5 mg− 1, in connection with SEC 
it was 1 mg l− 1 for each of the four size classes. 

2.7. Calculations 

The amount of DOC that desorbed during the short desorption 
experiment in the different P addition treatments was calculated based 
on the difference in DOC concentration between the P addition treat-
ments and the control treatment. In the long desorption experiment, the 
calculation was performed in the same way, but here the total amount of 
CO2-C was added to the DOC to account for the mineralization of DOC 
during the experiment. The amount of P that adsorbed to the soil matrix 
in the different P addition treatments was calculated as the sum of dis-
solved P in the control treatment plus P added in the P addition treat-
ment minus the P in the P addition treatments. The amount of DOC that 
was retained (through adsorption) in the DOC retention experiment was 
calculated as the amount of DOC added to the soil, and the amount of 
DOC recovered after percolation. 

3. Results 

3.1. Soil properties 

The soil texture was dominated by clay in the Ferralsol and fine sand 
in the Podzol both in the top- and subsoil (Table 1 and Table S1). The 
Andosol was dominated by silt in the topsoil and clay in the subsoil 
(Table 1). The concentration of oxalate-extractable Fe decreased in the 
order Ferralsol > Andosol > Podzol. In contrast, the oxalate-extractable 
Al concentration was highest in the Andosol (Table 1). pHH2O was in the 
acidic to very acidic range in all soils, lowest in the topsoil of the Fer-
ralsol, and highest in the Andosol subsoil (Table 1). TOC content was 
highest in the topsoil of the Andosol and lowest in the topsoil of the 
Podzol. 

The DOC concentration in the soil solution decreased in the 
following order; Ferralsol topsoil > Andosol topsoil > Podzol topsoil >
Ferralsol subsoil > Andosol subsoil > Podzol subsoil (Table 2). DIP 
concentrations ranged from 1.57 mg g− 1 in the Ferralsol to 5.40 mg g− 1 

in the Podzol. The DOC:DIP ratios were highest in the top of the Ferralsol 
and 17–22 times lower in the Podzol’s topsoil and the Andosol’s subsoil. 
DOC was differently distributed across the four molecular size classes in 
the six soil horizons (Table 3). DOC was nearly equally distributed across 
all four size classes in the Ferralsol, particularly in the topsoil. In the 
Andosol, 64 and 75% of the DOC were found in the fraction with the 
largest molecular size (>1000 kDa) in the top- and subsoil, respectively. 
Also, in both the top- and subsoil of the Podzol, most DOC was found in 
the fraction with the largest molecular size. However, this fraction only 
contained 30 and 35% of the DOC of the top- and the subsoil, respec-
tively, and the DOC was more evenly distributed across the four frac-
tions than in the Andosol (Table 3). 

3.2. Short desorption experiment 

The short-term addition of 0.25 mg P g− 1 soil led to an increase in the 
DOC concentration in all soils and soil depths after the first extraction 
cycle by a factor of 1.3 (in the Podzol topsoil) to 1.8 (in the Ferralsol 
subsoil) (Fig. 1A), even though the soils were only shaken for 5 min with 

Table 1 
Selected physical and chemical properties of the soils, including oxalate and dithionite extractable iron (Feox and Fed) and aluminum (Alox and Ald), total organic 
carbon (TOC), total nitrogen (TN), and total phosphorus (TP), b.d.l. stands for below detection limit. For details about the soil texture see Table S1.  

Soil Depth Texture Feox 

(mg g− 1) 
Fed 

(mg g− 1) 
Alox 

(mg g− 1) 
Ald 

(mg g− 1) 
pHH2O TOC 

(mg g− 1) 
TN 
(mg g− 1) 

TP 
(mg g− 1) 

Molar 
TOC:TN ratio 

Molar 
TOC:TP ratio 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

Ferralsol topsoil  61.3  35.9  2.8  23.09  22.18  11.85  3.82  3.70  46.14 5.33  2.85  10.1  41.8 
Ferralsol subsoil  71.9  24.4  3.7  22.85  27.31  10.30  3.87  4.03  19.59 1.59  2.56  14.3  19.7 
Andosol topsoil  9.9  80.3  9.8  6.29  16.23  21.51  13.00  4.85  66.93 5.26  1.46  14.8  118.2 
Andosol subsoil  3.5  46.2  50.3  7.50  35.42  17.81  10.96  5.22  18.52 1.33  0.65  16.3  73.5 
Podzol topsoil  1.5  6.2  92.3  0.56  0.85  0.46  0.09  3.93  6.98 0.28  0.07  28.7  248.1 
Podzol subsoil  4.0  3.6  92.4  1.51  1.39  1.61  0.33  4.37  2.13 b.d.l.  0.14  –  39.8  

Table 2 
Chemical properties of the soil solutions in the control treatment in the first cycle 
in the short desorption experiment, including dissolved organic carbon (DOC), 
dissolved organic nitrogen (DN), and dissolved inorganic P (DIP). b.d.l. stands 
for below detection limit. Total P was b.d.l. in all soil solutions.  

Soil Depth DOC 
(µg 
g− 1) 

DN 
(µg 
g− 1) 

DIP 
(µg 
g− 1) 

Molar 
DOC:DN 
ratio 

Molar 
DOC:DIP 
ratio 

Ferralsol topsoil 379 124  1.6  3.6 1124 
Ferralsol subsoil 126 12  1.6  12.7 230 
Andosol topsoil 146 44  2.4  3.9 490 
Andosol subsoil 43 6  2.4  9.0 50 
Podzol topsoil 113 5  5.4  29.5 64 
Podzol subsoil 103 b.d.l.  2.6  – 113  
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the phosphate solution at 5 ◦C. The DOC concentration increased 
strongly with the amount of added phosphate in the top- and subsoil of 
the Ferralsol and much less in the Andosol and the Podzol (Fig. 1A). The 
DOC concentration was elevated most strongly after the first addition of 
the highest P dose (3.00 mg P g− 1 soil) in the top of the Ferralsol, namely 
by a factor of 4.5 compared to the control. The DOC:DN ratio only 
increased in the Ferralsol due to the P addition by a factor of 2.0, 
comparing the control treatment to the highest phosphate addition 
treatment in both soil depths. 

The DOC concentration increased further after the second and third 
phosphate addition in all soils (Fig. 1B and Table S2). This increase in 
DOC was strong in the Ferralsol (both depths) and smaller in the Andosol 
and the Podzol. The DOC concentration in the extracts decreased from 
the first to the second, to the third phosphate addition in all soils 
(Table S2). Still, even in the third phosphate addition cycle, the DOC 
concentration in the highest phosphate addition treatment made up 
between 23% (Podzol subsoil) to 83% (Andosol subsoil) of the DOC after 
the first phosphate addition (Table S2). After three cycles of phosphate 
addition, DOC concentration (Fig. 1B) and the total amount of DOC that 
desorbed due to phosphate addition (i.e., the difference in DOC between 
the P treatment and the control, see Section 2.7) decreased in the order 
Ferralsol topsoil >>> Ferralsol subsoil>> Podzol topsoil = Andosol 
topsoil > Podzol topsoil > Andosol subsoil (Table 4). If the amount of 
desorbed DOC was normalized by TOC concentration, the order was as 
follows; Podzol subsoil > Podzol topsoil > Ferralsol subsoil > Ferralsol 
topsoil > Andosol subsoil > Andosol topsoil (Table 4). 

The amount of DOC that desorbed due to phosphate addition (i.e., 
the difference in DOC between the P treatment and the control, see 
Section 2.7) was correlated with the amount of P that adsorbed across 
the five different levels of repeated phosphate addition in the Ferralsol 
and the Andosol, but not in the Podzol (Table 5 and Fig. S1). The slope of 
regression indicates that 2.63 and 1.22 mol DOC desorbed per mol P that 
adsorbed to the soil solid phase in the top- and subsoil of the Ferralsol, 
respectively, while in the Andosol, 0.40 and 0.08 mol DOC desorbed per 
mol P that adsorbed in the top- and subsoil, respectively (Table 5). The 
control experiment showed that the elevated pH had no or even a 
negative effect on the DOC concentration in the subsoil horizons. 
However, in the topsoil horizons, the DOC concentration was elevated 
due to the increased pH compared to the control, namely by 5% in the 
Ferralsol, 12% in the Andosol, and 10% in the Podzol. 

3.3. Long desorption experiment 

At the end of the 10-day experiment, the DOC concentrations in the P 
addition treatment were between 5.5 and 18.0 times higher than in the 
control treatment (Fig. 2). Part of the DOC had been converted into CO2 
at the end of the experiment, especially in the Andosol topsoil (Fig. 2). 

Table 3 
Proportion of DOC in the soil solution of the Ferralsol, the Andosol, and the 
Podzol in four molecular sizes classes. Shown are means ± standard deviation of 
3 independent replicates.  

Soil Depth Proportion 
of DOC 
>1000 kDa 
(%) 

Proportion 
of DOC 
100–1000 
kDa (%) 

Proportion 
of DOC 
10–100 kDa 
(%) 

Proportion 
of DOC 
<10 kDa 
(%) 

Ferralsol topsoil  22.8 
± 7.6 

25.1 ± 4.1 23.6 ± 4.8 28.5 ± 1.4 

Ferralsol subsoil  30.4 
± 10.2 

7.4 ± 1.8 28.4 ± 3.9 33.8 ± 8.2 

Andosol topsoil  64.0 
± 18.0 

9.9 ± 3.2 10.8 ± 9.1 15.3 ± 11.2 

Andosol subsoil  75.4 
± 7.0 

9.7 ± 1.0 5.3 ± 2.0 9.6 ± 5.4 

Podzol topsoil  30.5 
± 7.4 

29.5 ± 8.0 18.5 ± 1.2 21.5 ± 2.0 

Podzol subsoil  35.0 
± 6.8 

28.1 ± 3.9 27.8 ± 3.2 9.1 ± 1.2  

Fig. 1. The DOC concentration in the soil solution as a function of the amount 
of added P at the end of the first cycle of the short desorption experiment (A) 
and cumulated across all three cycles of the experiment (B) in the top- and 
subsoil of a Ferralsol, an Andosol, and a Podzol. Shown are means, and the error 
bars indicate the standard deviations calculated based on three independent 
replicates. Please notice the different scales of the two y-axes. 

Table 4 
Desorbed DOC in the short desorption experiment in the highest P addition 
treatment (3.00 mg P g− 1 soil) cumulated over the three cycles as well as in the P 
addition treatment (also 3.00 mg P g− 1 soil) at the end of the long desorption 
experiment. The amount of DOC desorbed includes the C that was converted into 
CO2 during the incubation. The amount of desorbed DOC is given per soil and 
TOC. Shown are means ± standard deviation of 3 independent replicates.  

Soil Depth Short experiment Long experiment 

DOC 
desorbed 
(µg C g− 1 

soil) 

DOC 
desorbed 
(µg C mg− 1 

TOC) 

DOC 
desorbed 
(µg C g− 1 

soil) 

DOC 
desorbed 
(µg C mg− 1 

TOC) 

Ferralsol topsoil 1654 ± 74 36 ± 2 4408 ± 46 96 ± 1 
Ferralsol subsoil 1061 ± 7 54 ± 0 2302 ± 45 118 ± 2 
Andosol topsoil 451 ± 7 7 ± 0 1285 ± 63 19 ± 1 
Andosol subsoil 171 ± 6 9 ± 0 492 ± 7 27 ± 0 
Podzol topsoil 482 ± 7 69 ± 1 1124 ± 39 161 ± 6 
Podzol subsoil 261 ± 2 122 ± 1 425 ± 67 200 ± 32  
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The total amount of DOC that desorbed due to P addition in the long 
term-experiment (i.e., the difference in C desorption between the P 
treatment and the control, see Section 2.7) was between 1.6 and 2.9 
times larger in the long experiment than in the short term experiment 
(Table 4). The total amount of desorbed DOC in the six soil horizons 
decreased in the same order as in the short experiment from the top of 
the Ferralsol to the Podzol subsoil (Table 4). The pH of the solution in 
the P addition treatment was increased compared to the control 
(Table 6). In contrast to the phosphate addition, in the chloride addition, 
DOC concentration was not significantly larger than in the control 
(Fig. 2). Thus, the amount of DOC desorbed due to Cl addition amounted 
to zero in all soils. 

The phosphate addition affected the DOC distribution across the four 
different size classes differently in the six soil horizons (Fig. 3). In both 
investigated soil horizons of the Ferralsol and the topsoil of the Andosol, 
the relative contribution of the two medium molecular size fractions to 
the DOC pool (10–100 and 100–1000 kDa) increased due to P addition, 
while the contribution of the smallest and the largest molecular size 
fractions to the DOC pool decreased in response to P addition (Fig. 3). 
Similarly, in the Andosol subsoil, DOC in the second-largest molecular 
size fraction (100 – 1000 kDa) increased due to P addition. In contrast, in 
the Podzol, the largest particle size fraction (>1000 kDa) increased due 
to P addition, while the two medium molecular size fractions decreased 
(Fig. 3). 

The Cl treatment had a strong effect on the DOC distribution across 
the four different size classes, i.e., the DOC percentage in the four size 
classes (Fig. 3). The Cl addition increased the smallest molecular size 
class (<10 kDa) in all soils. This fraction made up between 45.0 and 
64.6% of the DOC across all soils in the Cl addition treatment. The in-
crease in the relative contribution of the < 10 kDa fraction to the DOC 
pool in response to Cl addition was largest in the Andosol and the subsoil 
of the Podzol. In the Andosol, the percentage of DOC in this size fraction 
increased from 15.3 and 9.5% in the control treatment to 54.0 and 
59.3% in the Cl treatment in the top- and subsoil, respectively. Similarly, 
in the Podzol subsoil, the proportion of DOC in this fraction increased 
from 9.1% in the control treatment to about 64.6% in the Cl treatment 
(Fig. 3). 

3.4. DOC retention experiment 

In the control treatment, the DOC retention decreased in the 
following order, Andosol subsoil > Andosol topsoil > Ferralsol subsoil >
Ferralsol topsoil > Podzol topsoil = Podzol subsoil (Fig. 4). The P 
addition treatment led to a strong decrease in DOC retention in the 
Ferralsol and the Andosol. In the Ferralsol, the DOC retention was 2.1 
and 2.9 times lower when treated previously with phosphate than in the 
control in both the top- and subsoil. In the Andosol, the DOC retention 
was 2.1 times lower in the P treatment than in the control, in both top- 
and subsoil. However, phosphate addition had no significant effect on 
DOC retention in the Podzol. In contrast to phosphate addition, chloride 
addition had no strong or consistent effect on DOC retention in the six 

Table 5 
Desorbed DOC as a function of the adsorbed P across five different levels of 
repeated phosphate addition (0.0, 0.25, 0.75, 1.50, 3.00 mg P g− 1) in the short 
desorption experiment. Given is the function that determines the relationship, 
where x is the amount of P that adsorbed (in µmol P g− 1 soil), and y is the amount 
of DOC that desorbed (in µmol C g− 1 soil) as well as the R2 and the p-value (see 
also Fig. S1).  

Soil Depth Function R2 p Value 

Ferralsol topsoil y = 2.63x + 9.9  0.82  <0.05 
Ferralsol subsoil y = 1.22x + 7.6  0.64  <0.05 
Andosol topsoil y = 0.40x + 4.3  0.66  <0.05 
Andosol subsoil y = 0.08x + 2.2  0.20  <0.05 
Podzol topsoil    >0.05 
Podzol subsoil    >0.05  

Fig. 2. DOC in the soil solution and CO2-C in the gas phase in the control and 
phosphate (P) and chloride (Cl) addition treatments at the end of the long 
desorption experiment. The results are shown for the top- and subsoil of a 
Ferralsol (A), an Andosol (B), and a Podzol (B). Bars show means, and error bars 
indicate the standard deviations calculated based on three independent repli-
cates. Positive error bars relate to CO2-C, and negative error bars relate to DOC. 
b.d.l. stands for below detection limit. Please notice the different scales of the 
y-axes. 
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soil horizons. In the top of the Andosol, it slightly decreased the DOC 
adsorption by a factor of 1.2, while it caused a slight increase in the 
subsoil of the Andosol by a factor of 1.1 relative to the control treatment 
(Fig. 4). 

4. Discussion 

We found that phosphate addition to soils led to desorption of 
organic matter, and it also decreased subsequent adsorption of organic 
matter. Phosphate addition increased mostly the desorption of DOC of 
medium molecular size (10–100 and 100–1000 kDa) in the Ferralsol and 
the Andosol and of large molecular size (>1000 kDa) in the Podzol. In 
contrast, chloride addition had no significant effect on the amount of 
DOC but affected the apparent size of the DOC compounds. 

4.1. Effect of phosphate addition on DOC desorption 

Phosphate addition to the six soil horizons caused a strong increase 
in DOC concentration, resulting from the desorption of organic C from 
the soil solid phase. The reason for this is most likely that phosphate 
competes more effectively for sorption sites on mineral surfaces than 
many organic compounds (Violante and Gianfreda, 1993; Afif et al., 
1995; Fransson and Jones, 2007; Schneider et al., 2010; Spohn and 
Schleuss, 2019; Spohn, 2020). Thus, the added phosphate adsorbed to 
mineral surfaces and thereby caused the sorbed organic matter to 
desorb. Our finding that phosphate addition to soil leads to desorption of 
organic C is in accordance with previous studies demonstrating that 
phosphate addition to soils leads to an increase in the DOC concentra-
tion in the soil solution (Kaiser and Zech, 1999; Kahle et al., 2004; Zhang 
and Zhang, 2010; Scott et al., 2015; Spohn and Schleuss, 2019; Li et al., 
2020). 

The short desorption experiment showed that the effect of P addition 
on the DOC concentration of the soil solution was abiotic since the low 
temperature (5 ◦C) minimized microbial activity, and the short time that 
the experiment lasted (5 min) makes it highly unlikely that microbial 
activity led to the substantial increase in DOC concentration. This 
finding is relevant since some previous studies stated that phosphate 
addition increased microbial activity because it alleviated microbial P 
limitation, and consequently increased microbial activity; and thus 
respiration and DOC dynamics (Cleveland et al., 2002; Strickland et al., 
2010; Griffiths et al., 2012; Liu et al., 2012; Fisk et al., 2015). In contrast, 
our findings suggest that the reason for increased microbial activity and 
soil respiration upon addition of phosphate is caused by increased DOC 
availability resulting from DOC desorption. Thus, our findings support a 
recent study showing that phosphate addition leads to a rapid increase 
in soil respiration because it causes desorption of organic compounds, 
which are thereby rendered available to microorganisms (Spohn and 
Schleuss, 2019). 

In contrast to phosphate, the addition of chloride did not cause 
additional DOC desorption compared to the control (Fig. 2). This might 
indicate that organic matter that desorbed in response to phosphate 
addition was adsorbed to mineral surfaces by ligand exchange surface 
complexation. Thus, our results show that adsorption of DOC to mineral 

Table 6 
pH at the end of the long desorption experiment in the control (water only) and 
in the P addition treatment.  

Soil Depth pH 

Control treatment P addition treatment 

Ferralsol topsoil 4.32 ± 0.0 5.e86 ± 0.0 
Ferralsol subsoil 4.39 ± 0.0 6.64 ± 0.0 
Andosol topsoil 6.38 ± 0.0 7.68 ± 0.0 
Andosol subsoil 5.37 ± 0.0 7.76 ± 0.0 
Podzol topsoil 4.42 ± 0.0 7.39 ± 0.0 
Podzol subsoil 4.82 ± 0.0 7.71 ± 0.0  

Fig. 3. Percentage of DOC in four molecular size classes in the six soils in the 
control (A) and in the phosphate (B) and chloride (C) addition treatment in the 
long desorption experiment. The results are shown for the top- and subsoil of a 
Ferralsol, an Andosol, and a Podzol. 
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surfaces by ligand exchange surface complexation is very likely an 
important process that stabilizes SOM against decomposition. Our re-
sults agree with Mikutta et al. (2007), who showed that ligand exchange 
surface complexation was the most important process of DOC adsorption 
to goethite, using a similar approach as we. However, it also needs to be 
considered that the addition of P in the form of Na2HPO4 does not only 
affect the phosphate concentration but also increases the pH (see 
Table 6) and the sodium (Na) concentration. An increase in pH reduces 
the positive charge of surfaces with pH-dependent charge due to 
deprotonation, which can lead to OC desorption. The pH-control 
experiment showed that the pH had no effect on the DOC concentra-
tion in the subsoils. However, in the topsoils, the increased pH of the 
Na2HPO4 solution contributed to the DOC desorption although the effect 
of increased pH was lower than the effect of P addition. Furthermore, the 
increased Na concentration might have contributed to organic C 
dispersion. 

While several studies have shown that phosphate addition leads to 
destabilization of organic C, this has so far not been recognized in the 
analysis of the effect of tillage and land-use change on SOM sequestra-
tion, to our knowledge. Changes in organic matter stocks following land 
conversion to cropland have mostly been attributed to changes in 
organic matter inputs and destruction of soil aggregates (Post and Kwon, 
2000; Don et al., 2011). Our results indicate that P additions to soil 
should be considered as a potential reason for decreases in soil organic 
C. 

4.2. Effect of phosphate addition: Differences between soil orders 

A large proportion of DOC desorbed during the first five minutes 
after phosphate addition (Fig. 1A), but the reaction had not ended at the 
end of the short experiment and continued further, albeit at a much 
lower rate (Figs. 1 and 2; Table S2). This is typical for anion adsorption 
processes that are initially very fast and then continue at a low rate over 
days to weeks as the anion penetrates further into the soil (Barrow and 
Shaw, 1975; Barrow, 1983). The short experiment showed that the re-
action of desorption of DOC was rather limited by time than by the 
amount of added phosphate in the Podzol and the Andosol. This can be 
seen from the fact that the amount of desorbed DOC increased very little 
with the amount of added P but kept rising from the first to the third 
cycle of the experiment (Fig. 1, Table S2). In contrast, in the Ferralsol, 
the reaction was limited by the amount of added phosphate in all three 
cycles of the experiment (Fig. 1, Table S2). This finding underlines the 
Ferralsol’s capacity to desorb considerable amounts of OC when treated 
with phosphate. This finding has important implications because it 
shows that the addition of phosphate to soils with high contents of Fe 
and Al oxyhydroxides, and particularly to Ferralsols, leads to desorption 
of soil OC, thus likely to losses of SOM. 

The largest effect of phosphate addition on DOC desorption was 
observed in the Ferralsol (Table 4), which was against our second hy-
pothesis, stating that the largest effect would be observed in the Ando-
sol. This result indicates that the large effect of P addition was not 
caused by the high amount of Al oxyhydroxides (and the organic matter 
adsorbed to them), as hypothesized, since the Al oxyhydroxide content 
was much higher in the Andosol than in the Ferralsol (Table 1). Instead 
our findings suggest that the large effect of P addition on OC desorption 
in the Ferralsol was due to the high content of oxalate-extractable Fe and 
the type of Fe oxyhydroxides dominating in the Ferralsol, which are 
hematite and goethite. This interpretation is supported by a study 
showing that the phosphate addition had a strong negative effect on 
sorption of DOC onto hematite (Hur and Schlautmann, 2004). It also 
needs to be considered that the largest amount of DOC per unit soil TOC 
was desorbed in the Podzol in response to phosphate addition (Table 4). 
This shows that OM desorption in Podzols is also susceptible to phos-
phate addition, in agreement with previous studies (Camps-Arbestain 
et al., 2002; Bonifacio et al., 2013). Furthermore, it needs to be 
considered that the increase in pH that was induced by the Na2HPO4 

Fig. 4. Retention of DOC in the DOC retention experiment in the soils in the 
control treatment and the phosphate (P) and chloride (Cl) addition treatments. 
The results are shown for the top- and subsoil of a Ferralsol (A), an Andosol (B), 
and a Podzol (B). Bars show means, and error bars indicate the standard de-
viations calculated based on three independent replicates. Please notice the 
different scales of the y-axes. 
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addition contributed to the desorption of OC, which might explain why 
we found no correlation between the adsorbed P and the desorbed OC 
for the Podzol, but only for the Ferralsol and the Andosol (Table 5 and 
Fig. S1). 

4.3. Molecular size of desorbed DOC 

Phosphate addition caused desorption of organic matter of medium 
molecular size (10–100 and 100–1000 kDa) in the Ferralsol and in the 
Andosol, and of large molecular size (>1000 kDa) in the Podzol. Our 
findings question statements of recent synthesis studies saying that 
organic compounds that sorb to mineral surfaces are mostly small 
(<600 kDa) (Sokol et al., 2019; Basile-Doelsch et al., 2020). Instead, our 
findings indicate that SOM adsorbed to mineral surfaces includes com-
pounds with sizes of 600–1000 kaDa and even > 1000 kDa. However, it 
needs to be considered that dissolved organic compounds are usually 
aggregated in soil solution due to their charge and hydrophobicity 
which makes them act as a supramolecular structure (Piccolo, 2001, 
2002; Sutton and Sposito, 2005). 

The addition of KCl led to a shift in the size distribution of the DOC in 
the soil solution towards small compounds (<10 kDa). This is likely 
because KCl addition affected the aggregation of the DOC compounds. 
This is supported by previous studies showing that the addition of HCl to 
DOC strongly affected the apparent size of the DOC compounds because 
it changed their aggregation (Piccolo, 2002; Simpson et al., 2002) and 
that organic substances can be connected through K cations (Verdugo 
et al., 2004). Yet, the different apparent molecular size of the DOC in the 
KCl treatment compared to control treatment (water only) did hardly 
have an effect the mineralization of the organic C (Fig. 2). 

Taken together, the results indicate that DOC compounds interact in 
complex ways, which strongly affects their apparent size and likely other 
DOC properties. Thus, future studies should explore how changes in the 
soil solution, for instance due to the addition of fertilizers, affect the 
interactions between DOC compounds and the properties and behavior 
of this supramolecular structure, rather than trying to isolate single DOC 
compounds. Furthermore, our results shows that sorption also stabilizes 
medium and large molecular size organic matter in soils. 

4.4. Phosphate addition and organic C retention in soils 

We found that phosphate addition decreased OC retention in the 
Ferralsol and the Andosol. These results indicate that phosphate addi-
tion cannot only render adsorbed organic matter available to microbes 
by desorbing it, but it can also prevent the adsorption of newly added 
dissolved organic matter (DOM) by occupying potential sorption sites. 
This might lead not only to a loss of OC directly after phosphate appli-
cation but might also decrease OC retention in the soil in the long-term 
because the adsorbed phosphate hampers the capacity of the soil to 
protect the organic matter against decomposition through sorption. Our 
results are in accordance with previous sorption experiments reporting 
that phosphate addition reduced DOC adsorption (Gu et al., 1994; Kaiser 
and Zech, 1997; Hur and Schlautman, 2004; Kahle et al., 2004; Hunt 
et al., 2007; Schneider et al., 2010). Our finding that the DOC retention 
was the largest in the Andosol (both in the control and in the phosphate 
addition treatment) can likely be attributed to the fact that the soil 
contained a high amount of amorphous aluminosilicates whose sorption 
sites were not as saturated with OC as in the Ferralsol, as indicated by 
the lower TOC content of the Andosol in comparison to the Ferralsol 
(Table 1). 

Our finding that phosphate addition to soils can lead to destabili-
zation of OC and that phosphate blocks sorption sites has crucial im-
plications for the sustainable use of soils. Our study provides a 
mechanistic explanation of why phosphate addition to soil can impair 
soil OC sequestration as found in field experiments. For instance, it has 
been shown that the soil OC stocks declined by 4.2 Mg ha− 1 due to 
combined P and potassium application in comparison to a non-fertilized 

control in a 40-year old cropland experiment in Sweden (Poeplau et al, 
2016). Further, Mack et al. (2004) showed that 20 years of combined N 
and P addition in Alaskan tundra decreased the OC concentration by 
50% in the mineral topsoil. Moreover, in an alpine meadow on the Ti-
betan Plateau, four years of phosphate addition decreased the SOC 
concentration in the upper 20 cm by 13% (Li et al., 2018). Our study 
suggests that the reduced soil OC contents in these field experiments are 
due to decreased DOC adsorption caused by P fertilizer application. It is 
striking that these experiments were all conducted at high latitudinal or 
altitudinal sites. Our results suggest that the effects of phosphate addi-
tion might be largest in Ferralsols, which occur in the tropics and sub-
tropics, mostly at low altitudes. Therefore, future research should 
explore how long-term phosphate addition affects soil OC sequestration 
in field experiments in soils with high contents of Fe oxyhydroxides that 
are typical of the tropics and subtropics. Finally, it also should be 
considered that other studies found no significant effect of P addition on 
soil organic C stocks in long-term field experiment (Schipper et al., 2011, 
2013; Condron et al., 2012). This might indicate that the effect of P 
addition on soil C stocks depends on edaphic conditions and does only 
lead to organic C losses in some but not all soils. However, it could also 
be that even in these studies that reported no significant changes, P 
addition caused desorption of organic C which was not detected because 
it was compensated by increased C inputs due to elevated primary 
production caused by P fertilization. Furthermore, in many soils, OC that 
desorbs in the topsoil will be quickly transported to the subsoil and 
adsorb there. This process may alleviate or even prevent soil OC losses 
by phosphate amendment and may explain why some authors found no 
effect of P addition of SOC stocks. However, yet other studies (e.g. 
Coonan et al., 2020) even found a positive effect of P addition on soil 
organic C stock, showing that the effects of P addition on soil organic C 
storage likely depend on multiple factors and can be diverse. 

5. Conclusion 

This study shows that phosphate addition causes desorption of sor-
bed soil organic matter and also decreases further adsorption of organic 
matter. Our first hypothesis was confirmed, which stated that a large 
proportion of organic matter is desorbed by phosphate but not by 
chloride addition, which is likely due to the different way phosphate and 
chloride interact with soil minerals. Against our second hypothesis, we 
found that the amount of DOC that desorbed by phosphate addition was 
higher in a Ferralsol than in an Andosol, which is due to the higher 
content of hematite in the Ferralsol. We found no support for our third 
hypothesis since P addition also led to desorption of organic compounds 
substantially larger than 600 kDa, which indicates that sorption also 
stabilizes medium and large molecular size organic matter in soils. Our 
fourth hypothesis was confirmed, which said that high phosphate 
saturation of soils decreases the sorption of DOM and that this effect of 
phosphate on DOM sorption is especially high in the Andosol. Taken 
together, our study provides a mechanistic explanation of why phos-
phate addition to the soil can have a negative effect on soil OC sorption 
and why this effect might be more relevant in soil with high contents of 
Al and Fe oxyhydroxides. This mechanism should be considered in the 
analysis of land use and tillage on SOM sequestration in the future. The 
results of this study have far-reaching implications since the soil orders 
studied here represent a substantial part of the Earth’s terrestrial surface 
and are intensively used for mineral fertilizer-based agriculture. 
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