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Abstract
Background and aims Nanoparticles and colloids affect
the mobilisation and availability of phosphorus for plants
and microorganisms in soils. We aimed to give a descrip-
tion of colloid sizes and composition from forest soil
profiles and to evaluate the size-related quality of colloids
for P fixation.
Methods We investigated the size-dependent elemental
composition and the P content of water-dispersible colloids

(WDC) isolated from five German (beech-dominated) for-
est soil profiles of varying bulk soil P content by field-flow
fractionation (FFF) coupled to various detectors.
Results Three size fractions of WDC were separated: (i)
nanoparticles <25 nm (NP) rich in Corg, (ii) fine colloids
(25 nm–240 nm; FC) composed mainly of Corg, Fe and
Al, probably as associations of Fe- and Al- (hydr)oxides
and organic matter, and (iii) medium-sized colloids
(240 nm–500 nm; MC), rich in Fe, Al and Si, indicating
the presence of phyllosilicates. The P concentration in
the overall WDCwas up to 16 times higher compared to
the bulk soil. The NP content decreased with increasing
soil depth while the FC and MC showed a local maxi-
mum in the mineral topsoil due to soil acidification,
although variant distributions in the subsoil were ob-
served. NP were of great relevance for P binding in the
organic surface layers, whereas FC- and MC-associated
P dominated in the Ah horizon.
Conclusion The nanoparticles and colloids appeared to
be of high relevance as P carriers in the forest surface
soils studied, regardless of the bulk soil P content.

Keywords Colloids . Field-flow fractionation . Forest
soil . Nanoparticles . Phosphorus

Abbreviations
NP Nanoparticles
FC Fine colloid
MC Medium colloid
WDC Water-dispersible colloids
OM Organic matter
BBR Bad Brückenau
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VES Vessertal
MIT Mitterfels
CON Conventwald
LUE Lüss
ICP-MS Inductively coupled plasma mass

spectrometry
FFF Field-flow fractionation
DLS Dynamic light scattering
UV Ultraviolet
OCD Organic carbon detector

Introduction

Phosphorus (P) is one of the nutrients controlling
forest growth and vitality. Generally, for plants and
microorganisms the soil represents the major source
of phosphorus-containing compounds, in particular
orthophosphate and organo-phosphorus forms, in
such ecosystems. During ecosystem succession and
soil development, the binding forms in which P is
stored change systematically (Walker and Syers
1976). During bedrock weathering and pedogenetic
development, P is released as phosphate (PO4

3−)
from primary minerals (such as apatite) or from
secondary soil minerals. Phosphate can be taken up
by biota and can thus be transformed into organic P
compounds. Phosphate can be sorbed to soil min-
erals, mostly Fe- and Al-(hydr)oxides, (McDowell
et al. 2007; Walker and Syers 1976), or bound to
soil organic matter (OM), with cations such as Al3+

acting as bridging agents between the phosphate and
OM (Borie and Zunino 1983). Biodegradable
organic-P forms remain in the OM, and can be
associated (adsorbed, complexed, co-precipitated)
with soil particles such as metal(hydr)oxides and
phyllosilicates (Celi and Barberis 2005; Ognalaga
et al. 1994) or mineralised to PO4

3− (Turner et al.
2007). The different transformations and storage
options of P forms greatly depend on the soil mois-
ture (Meier and Leuschner 2014), and microbial
community (Bergkemper et al. 2016), vegetation
type and cover, as well as on soil chemistry and
mineralogy (Giesler et al. 2004). With increasing
soil age, larger proportions of P compounds are
transformed into P forms associated with soil min-
erals, or are lost from the ecosystems via leaching or
surface runoff (Bol et al. 2016).

Natural soil nanoparticles (diameter d < 100 nm) and
colloids (d < 1000 nm) represent the small particulate
phase of soils. They consist of secondary minerals
resulting from weathering of soils, or of natural OM,
or are formed by aggregation of these inorganic and
organic soil compounds (Hartland et al. 2013; Tsao
et al. 2011). Typically, the colloidal soil fraction is rich
in Fe- and Al-(hydr)oxides and phyllosilicates. Due to
their small size and large specific surface, colloids are
able to bind larger proportions of nutrients such as P per
mass unit in comparison to the bulk soil material and
they are therefore commonly regarded as a reservoir of
sorbed P (Cross and Schlesinger 1995; Schoenau et al.
1989; Tiessen et al. 1984). Colloidal-associated inorgan-
ic or organic P can be sorbed onto or incorporated in
colloidal-sized aggregates (Jiang et al. 2015a; Regelink
et al. 2015a) and possibly nano Al- or Fe-P phases are
formed. Furthermore, Liu et al. 2014 demonstrated the
possible formation of nanoscale hydroxyapatite as a part
of colloidal P in agricultural soils. Previous studies
showed that natural soil nanoparticles and colloids play
a major role in P cycling (Gottselig et al. 2014; Haygarth
et al. 1997; Hens andMerckx 2001; Ilg et al. 2008; Jiang
et al. 2015b; Liu et al. 2014; Siemens et al. 2004), and
are important for the transport of P in soils (Bol et al.
2016; Holzmann et al. 2016; Jiang et al. 2017; Rick and
Arai 2011; Wilkinson and Lead 2006). The formation
(Tsao et al. 2011) and potential mobilisation of natural
nanoparticles and colloids from soils depend on soil
physical properties such as moisture, temperature and
soil chemical parameters, such as pH and ionic strength
(Jiang et al. 2013; Klitzke and Lang 2009; Klitzke et al.
2012; Tsao et al. 2011). Moreover, additional studies
found that especially organic P is associated with the
water-dispersible soil colloids (WDC) (Celi and
Barberis 2005; Jiang et al. 2015b; Missong et al. 2016;
Vincent et al. 2012). Other recent studies highlighted
that in stream waters large proportions of P are associ-
ated with nanoparticles and colloids, and their origin
was assumed to be linked to soil colloids released into
the stream (Gottselig et al. 2014; Gottselig et al. 2017a).
For these reasons, colloidal associated P is assumed to
play a major role in P mobilisation, P leaching and
ultimately soil P losses which urgently needs to be
investigated and quantified (Bol et al. 2016). However,
detailed chemical and size related characterisations of
naturally formed soil colloids are rare, although they are
fundamental for further investigating the role of such
colloids for P mobilisation, leaching and losses. The
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WDC are the finest soil fraction that can be extracted
from a soil by water. The WDC represent only a minor
proportion of the bulk soil, and although they are rela-
tively enriched with P, they typically still represent
overall only a small proportion of the bulk soil P (Bol
et al. 2016). However, they represent the colloidal P
pool that potentially can be mobilised, translocated and
finally lost. Thus, due to their relatively large P content
compared to the bulk soil, a large proportion of soil P
can be leached in a colloidal form (Holzmann et al.
2016). Different types of WDC have been identified
for soil horizons, in particular when comparing colloids
extracted either from the organic layers or from mineral
soils (Klitzke and Lang 2009; Schumacher et al. 2005;
Sequaris et al. 2013). The type and the pedogenetic state
of a natural soil appear to be crucial factors for colloid
formation and therefore for the binding and storage of P.
As an example, an enhanced formation of P-bearing Fe-
and Al-(hydr)oxides in illuvial-horizons of the mineral
soil is a typical pedogenetic effect of podzolisation in
acidic forest soils (Jansen et al. 2003). However, an
increased content of Fe- and Al-(hydr)oxides in acidic
mineral Ah horizons compared to the organic layers will
enhance the binding of P to the particulate phase and
thereby counteracts vertical losses of inorganic and or-
ganic P (mostly dominated by phytate) from the organic
layers by promoting P retention via effective sorption
(Kaiser 2001). Recent literature studies have character-
ized WDC (Jiang et al. 2015b; Regelink et al. 2013,
2014, 2015b) according to their association with P.
However, little is known about the soil nanoparticles
and colloids in non-agricultural soils such as forest soils
and detailed information regarding their role for P bind-
ing is scarce.

Field-flow fractionation coupled online to various
detectors, including inductively coupled plasma mass
spectrometry (ICP-MS), an organic carbon detector
(OCD), an ultra-violet (UV) detector and dynamic
light scattering (DLS), was used for the size separa-
tion of natural colloidal particles (Gottselig et al.
2014; Regelink et al. 2013; von der Kammer et al.
2011). The study presented here compared the soil
profiles of five German forests located in low moun-
tain range areas with similar vegetation and climate
(Table 1), but different soil P concentrations. The
objective was to examine the following issues: i)
What type of water-dispersible nanoparticles and col-
loids can be found in forest soils using FFF? ii) How
are the different kinds of water-dispersible

nanoparticles and colloids distributed over the soil
depth? iii) How is P distributed across the different
types of nanoparticles and colloids and which types
contain most P? iv) Does the WDC content and the
distribution of P across the different types of nano-
particles and colloids, change with increasing bulk
soil P content of the five soils studied?

Materials and methods

Forest test sites

The sampling sites were Bad Brückenau (BBR),
Vessertal (VES), Mitterfels (MIT), Conventwald
(CON) and Lüss (LUE), located in the Rhön
Mountains (BBR), Thuringia (VES), Bavarian
Forest (MIT), Black Forest (CON), and German
plain, Lower Saxony (LUE) areas respectively. All
soil samples were taken from beech dominated plots,
even though some forests are beech/spruce mixed
forest (e.g. CON). All the forest soils are acidic
Cambisols. The soil samples were taken as part of
the DFG SPP project 1685 on ecosystem nutrients:
forest strategies for limited phosphorus resources.
The five forest sites cover a wide range of bulk soil
P stocks with the P richest soils at BBR and the P
poorest soils being present in LUE. Moreover, these
sampling locations have similar climatic conditions
and similar vegetation. More details about the test
sites are given in Table 1.

The soil samples were collected from soil pits in a
sampling campaign in autumn 2013. The individual
humus layers (L, Of, Oh) were separated and sampled
by hand. The mineral soils were sampled as 5 and 10 cm
thick slices for horizons A and B, respectively, the total
number of samples per horizon depending on the total
thickness of each horizon. Soils were sampled down to a
maximum depth of 1 m. Following this procedure, we
obtained 10 (BBR), 13 (VES) 15 (MIT), 10 (CON) and
11 (LUE) different depth layers per site. An aliquot of
around 100 g was cooled and stored in a fridge before
extraction and analysis. Another aliquot of all the soil
samples was homogenised by sieving <2 mm and
analysed for soil texture, pH, soil nutrient concentrations
(incl. Corg, oxalate and dithionite extractable Fe) as part
of the DFG SPP 1685. These data which were used for
comparison and correlation analysis were provided by
Lang et al. (2017).
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Extraction of water-dispersible colloids

The WDC were extracted based on the protocol of
Sequaris and Lewandowski (2003). The field-fresh soils
were sieved <2 mm immediately before WDC extrac-
tion. Field-fresh soil was suspended in deionised water
(dispensed from a Millipore system) in a ratio of 1:2
(w:v) and shaken for 6 h on a horizontal shaker at
150 rpm. The suspension was diluted 4-fold with
deionised water and left to sediment for approximately
10 min. Using a pipette the supernatant was decanted
and the sediment fraction >63 μm and any floating soil
material was removed. Subsequently the supernatant
soil extract was centrifuged for 5 min at 4000 g to obtain
the fraction smaller than 500 nm in the supernatant. We
worked with the WDC < 500 nm to evaluate the nano-
particles and colloids. The centrifugation time for the
definite particle size range was calculated according to
Hathaway (1955). The supernatants, containing the
WDC were removed with a pipette. The extraction
procedure was controlled by offline dynamic light scat-
tering (DLS) size measurements determined by particle
mass. The DLS measurement confirmed maximum par-
ticle sizes of 500 nm and the highest intensity was
measured at mean sizes of 250–300 nm in the

supernatant. After extraction, all samples were analysed
with FFF within one week. It should be noted that in
comparison to deionised water, the amount of WDC is
reduced at typical ionic strengths of soil solutions due to
the compressed electrical double layer of the particles.
However, in the case of precipitation events, the ionic
strength temporarily decreases resulting in an enhanced
release of colloids.

An aliquot (30–50 mL) of the supernatant of the soil
suspension was centrifuged at 10000 x g, the remaining
colloid-free electrolyte phase was decanted and the res-
idue freeze-dried. The dried material was weighed to
calculate the average colloid weight of the WDC-
extracts of each forest soil horizon. An aliquot of each
bulk soil sample (2–5 g) was dried at 55 °C to constant
weight to calculate the gravimetric soil moisture. All soil
data were corrected for moisture and reported as μmol
of the analyte per gram dry soil.

The WDC extraction procedure showed an uncer-
tainty for the absolute WDC content of 10%. The rela-
tive element concentrations (ratios between the ele-
ments) were not affected by the absolute amounts of
extracted colloids. The relative standard deviation of the
organic C concentration (using OCD) for four measure-
ments of a representative sample was calculated to be

Table 1 Properties of the five forest sites. All test sites were part
of the DFG SP project 1685 and are among to Level II low
mountain ranges monitoring sites in Germany. The average bulk
soil P contents of the organic layer (O), upper mineral (Ah) soil

andmineral soil measured after HF digestion are given inμmol per
gram soil. The pH was measured in mineral soil water extracts.
The bulk soil data originated from Lang et al. 2017

Site Bad Brückenau (BBR) Vessertal (VES) Mitterfels (MIT) Conventwald (CON) Lüss (LUE)

Mean annual
temperature
°C

5.8 5.5 4.5 6.8 8.0

Altitude m 809 810 1023 840 115

Mean annual
Precipitation mm

1031 1200 1299 1749 779

Soil type
(WRB 2015)

Dystric Skeletic
Cambisol
(Hyperhumic.
Loamic)

Hyperdystric Skeletic
Chromic Cambisol
(Hyperhumic.
Loamic)

Hyperdystric Chromic
Folic Cambisol
(Humic. Loamic.
Nechic)

Hyperdystric Skeletic
Folic Cambisol
(Hyperhumic.
Loamic)

Hyperdystric Folic
Cambisol (Arenic.
Loamic. Nechic.
Protospodic)

Organiclayer Mull-like Moder Moder Moder Mor-like Moder Mor-like Moder

Parent material Basalt Trachyandesite Paragneiss Paragneiss Sandy till

Texture (topsoil)
(WRB 2015)

Siltyclay loam Loam Loam Loam Loamy sand

Texture (subsoil)
(WRB 2015)

Loam Sandy loam Sandy loam Sandy loam Sand

Bulk soilP content
μmol gsoil

−1

(HF- dig.)

O: 51
Ah: 101
B: 71

O: 43
Ah: 40
B: 36

O: 23
Ah: 34
B: 29

O: 30
Ah: 26
B: 15

O:25
Ah: 5
B:5
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2.5%. The limit of detection for organic C was 0.01 mg
L−1. The variation of the ICP–MS peak area for four
measurements of a representative sample was calculated
to be 4.6% for 31P, 7.0% for 27Al, 4.8% for 28Si, 4.7%
for 55Mn, 6.3% for 43Ca and 5.7% for 56Fe. The limit of
detection (calculated for the 200 μL injection volume)
was 0.1 μg L−1 for P, 0.01 μg L−1 for Al, 3.3 μg L−1 for
Si, 0.01 μg L−1 for Mn, 0.1 μg L−1 for Ca and 0.02 μg
L−1 for Fe.

Field-flow fractionation

The nanoparticles and colloids were size separated using
asymmetric field-flow fractionation (FFF; AF2000,
Postnova Analytics, Landsberg, Germany). The FFF
was coupled online to a UV-vis detector (Postnova
Analytics), dynamic light scattering detector (DLS;
Malvern Instruments), an organic carbon detector
(OCD; DOC laboratory Dr. Huber, Germany) and an
inductively coupled plasma mass spectrometer (ICP-
MS; Agilent 7500, Agilent Technologies, Japan). The
content of organic-C (Corg) (with OCD), phosphorus,
iron (Fe), aluminium (Al), silicon (Si), calcium (Ca) and
manganese (Mn) was determined in the WDC fractions.
Further details of the FFF technique and analytical ele-
ment determination are described elsewhere (Giddings
1993; Neubauer et al. 2011; Nischwitz et al. 2016; von
der Kammer et al. 2011).

The parameters of the separation method are given in
Table 2. Particle size resolution of the applied FFF
separation was checked by analysing latex standards of
the sizes 21 nm, 64 nm, 100 nm and 600 nm (from
Postnova analytics) under the same conditions as the
samples. Quantification using ICP-MS and OCD was
undertaken via external multipoint calibration (4 to 8
concentration levels) and linear regression.

Data analyses

The raw data of the ICP-MS measurements were col-
lected in counts per second (CPS) with the ICP-MS
MassHunter Workstat ion Software (Agilent
Technologies, Japan). The OCD raw data were collected
in volts of the detector signal (V) with the AF4 analytical
software (Postnova, Landsberg, Germany). The raw
data were exported to Excel® (Microsoft Corporation,
Redmond, USA). The peak areas of the separated parti-
cle fractions were integrated and converted to the con-
centration (μM) by means of linear, multipoint

calibration. Finally, the results were transformed into
the unit μmol g−1dry soil considering the water content
of the samples and the extracted sample weight. The
WDC content of the dry soil horizons was given in mg
colloid per g soil.

Results

Size and composition of water-dispersible colloids

In general, the FFF fractograms (Fig. 1) showed a
size-resolved separation of the nanoparticulate and
colloidal fractions of the soil WDC-extracts. The
online detection of the UV- and OCD-signals and
the online measurements with DLS and ICP-MS pro-
vided complementary information about the colloidal
size and composition. Three size fractions were sep-
arated for the WDC < 500 nm obtained from the
forest soil extract (Fig. 1). The FFF fractograms of
VES in Fig. 1 were chosen to exemplify the three size
fractions present in the different soil horizons. The
UV fractograms of WDC from all the sites are shown
in Figs. S1-S5.

The first eluting peak of the fractograms repre-
sents the nanoparticulate soil fraction (NP) up to a
size of 25 nm according to a size calibration based on

Table 2 Parameters and conditions for FFF separation

Parameter

Membrane PES (1 kDa)

Spacer 350 μm

Carrier solution 25 μM NaCl in deionised water

Detector flow 0.5 mL min−1

Injection volume 200 μL

Injection flow 0.3 mL min−1

Method

Cross-flow1 2.5 mL min−1

t0 - t1 Focus time 12 min

t1 - t2 Transition time 1 min

t3 – t4 Constant flow 0.5 min

t4 – t5 Power mode
(0.2 exponential)

20 min

Cross-flow2 0.15 mL min−1

t5 – t6 Power mode
(0.8 exponential)

10 min

Cross-flow3 0 mL min−1

t5 – t6 Constant flow 30 min
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the analysis of latex standards. The second peak was
assigned to the fine colloids (FC) in a size range from
25 nm to 240 nm. Finally, a third peak containing

medium-sized colloids (MC) with a size range be-
tween 240 nm and 500 nm was found based on DLS
measurements. The MC fraction included particles of

Fig. 1 FFF fractograms of WDC of three soil horizons of the soil
profile VES. The FFF separation data shown were detected with
ICP-MS (Fe, Al, Si, P concentration), UVand OC detectors. The
y-axis scale is adapted to the detected concentration levels (given

in μmol per g dry soil). The elution time scale of the x-axis was
converted into a particle size scale segmented into three fractions.
Special consideration should be given to the concentration scale on
the y-axes
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the Brelease peak^, when the cross-flow was zero.
The particles in the release peak are not perfectly
separated by size (described by Neubauer et al.
2013). Nevertheless, the particles in this fraction
have a minimum size of 240 and a maximum size
of 500 nm.

The NP fractograms were characterised by intense
UV (measured at 245 nm wavelength) and OCD-
signals as shown in Fig. 1 for VES (only in the
organic layer). The quantification of these signals
(data in Table S1 and Fig. 2), indicated the dominance
of OM in NP (see also Fig. 2, Table S1). Besides Corg,
Al was predominantly detected in the first NP frac-
tions (Figs. 1 and 2, Table S1 (NP)), but only small
amounts of Fe (Table S1 and Fig. 2). The chemical
composition of FC and MC were similar (Table S1,
Fig. 2). The FC and MC contained Corg, Fe, Al, Si, Ca
and P (Figs. 1 and 2, Table S1). However, the FC were
characterised by a higher proportion of Corg (Figs. 1
and 2, Table S1).

WDC content and distribution in soil horizons

The WDC content differed between the soil horizons
(Fig. 2). The WDC content in the organic layer and
upper mineral soil was between 0.1–6.5 mg g-.1dry soil;
while in the subsoils the WDC contents were typically
smaller with values ranging from 0.1–1 mg g-.1dry soil.
An exception was the soil from BBR, which showed
much larger subsoil WDC concentrations than the other
investigated soils of up to 25 mg g-.1dry soil (Fig. 2,
Table S1). The distribution of the WDC in the soil
profiles did not significantly correlate to the clay content
of the soil material (Fig. S6), (clay content data reported
in Lang et al. 2017).

Clearly, the element proportions varied for the NP,
FC and MC of the five forest soils. Also for a given soil
the elemental compositions of the WDC differed be-
tween the NP, FC, and MC. Actually, the element com-
position of, in particular FC and MC were similar for a
given soil horizon, but differed between topsoil FC/MC
and subsoil FC/MC (Figs. 1 and 2 and Table S1). The
element compositions of the WDC in the soil horizons
are described in detail in Fig. 2 starting from the topsoil
and then moving downwards to the subsoil.

The NP fraction occurred predominantly in the Oh-
layers and Ah-horizons and decreased by depth. The NP
were largely present in the organic layer of BBR, VES,
MIT and CON and even down to the Bsh horizon in the

podzol LUE. Organic C significantly contributed to all
three size fractions and was present in the WDC of all
horizons (Fig. 2). The Corg content of the colloids was
largest in the organic layer of LUE, CON and MIT. Here
the WDC-associated Corg concentrations (mainly present
in the NP fraction) were around three times larger in the
organic layer than in the WDC of the Ah and B horizon
(FC and MC in Ah-, Ae-, Bsh-, Bsv-horizon; MC in the
BV horizon). In the organic layer of LUE, CON and
MIT, the NP made up the highest proportion of the
WDC (Fig. 1, compare NP, FC, MC in Fig. 2 and
Table S1) therefore the WDC in the organic layer were
dominated by Corg and Al. In contrast, in BBR theWDC-
Corg concentration was larger in the B horizon than in the
organic layer and in VES the WDC-Corg concentrations
of the B horizon were in the same order of magnitude as
in the organic layer. But in VES and BBR subsoil the
WDC-Corg was mainly present of the FC and MC.

The Fe, Si, Ca and Mn concentrations of the organic
layer were around 10 times lower than in the Ah hori-
zon. Nevertheless, also small signals of FC and MC
were present in the organic layers and their relevance
increased from litter to Oh layer. Under the organic
layer, the proportion of NP rapidly declined and the
relevance of the FC and MC fraction increased (Fig. 1,
compare NP, FC, MC in Fig. 2 and Table S1). In

Fig. 3 Linear regressions between theWDC content in the surface
soil (in mgWDC g

−1
dry soil) and the bulk soil parameters such as pH

(p-value < 0.001), bulk Ca concentration (p-value < 0.005) and
oxalateanddithionite extractedFe(Fe_ox/Fe_D) (p-value<0.001).
Bulk soil data of the five forests from Lang et al. (2017)
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addition to Corg the FC and MC also contained larger
proportions of Fe, Ca, Mn, and Si than the NP.

The element contents of the MC and in particular of
the FC fraction showed an increase in the Ah horizon of
all forest soils in comparison to the organic layer. Also
in the illuvial horizons Bsh and Bsv of LUE, the FC
dominated the WDCs (Fig. 2, and Table S1). Therefore,
a local WDC maximum occurred in the upper mineral
soils of all five forests.

The FC and MC dominated the WDC in the mineral
topsoil and were composed of Corg, Fe, Al and Si.
However, the elemental proportions within the FC and
MC fractions were different for the five forest soils
(Fig. 2, Table S1). In LUE the topsoil FC and MC had
comparable proportions of Al, Fe and Si (Fig. 2). In
contrast the FC and MC were dominated by Corg of the
mineral topsoil fromBBR. The CON site had lowWDC
contents in the topsoil and the FC and MC contained
besides Corg mainly Fe. In this mineral topsoil zone, the
LUE soil displayed the highest WDC content with
values of about 6 mgWDC g−1dry soil. In contrast, BBR,
VES and MIT had much lower WDC contents of 0.5–3
mgWDC g−1dry soil in the mineral topsoil (Fig. 2,
Table S1). The WDC content of the mineral topsoil
samples significantly increased with decreasing pH,
decreasing ratio between oxalate and dithionite-
extractable Fe and decreasing total Ca content (Fig. 3).

In the five forest subsoils, the WDC content per
gram soil and the associated concentrations of ele-
ments in the WDC fractions showed different trends.

In the B horizons of MIT, CON and LUE, only low
amounts of the MC fractions were present and de-
creased with increasing depth (Fig. 2 Table S1).
Since it was the dominant WDC fraction, also the
total WDC content decreased with increasing depth
at these sites. In contrast, in the subsoil of BBR and
VES, the WDC content increased. In BBR, the con-
tent of elements associated with WDC in the B-
horizon was larger than in the Ah-horizon (Fig. 2,
Table S1). In these subsoils, MC and also FC were
present, although their elemental composition was
different from the FC in the mineral topsoil (Fig. 2,
Table S1).

Phosphorus association with WDC

The high specific surface area of the WDC typically
leads to an enrichment of nutrients within the WDC
fraction in comparison to the bulk soil. Phosphorus
was 2- to16-fold enriched in the WDC in comparison
to the bulk soil. TheWDC content was highest for BBR
(subsoil) and LUE (Ae, Bsh, Bsv) illustrating that the
extractable colloid contents do not relate to the bulk soil
P concentrations (shown in Table 1) since BBR is the
forest with the highest P content and LUE the forest site
with the lowest. The average P saturation ratios as
calculated from the elemental concentrations according
to the eq. (P/(0.5 x (Fe + Al))) (Leinweber et al. 1997) of
the mineral bulk soil (A and B horizon) were 0.01 for
LUE, 0.02 for CON, 0.04 for MIT, 0.05 for BBR, and

Fig. 4 WDC-P content in the soil depth profiles of the five
sampling test site profiles. The scales of the x-axes vary due to
adaptation to the respective concentrations of the samples (given in

μmol g−1 dry soil). The WDC-P content of the CON was below the
detection limit in the deeper B-horizon
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0.04 for VES. In comparison, the average P saturation
ratios of the colloidal fractions were 1.5 to 11 times
higher: 0.11 for LUE, 0.03 for CON, 0.19 for MIT,
0.15 for BBR and 0.13 for VES.

Although the WDC contents were relatively large in
the organic layers, the WDC-associated P concentra-
tions were rather small. For some WDC size fractions
the WDC associated P concentration was close to the
detection limit. In the organic layer, the NP constituted a
maximum of 5% of the WDC-associated P (in MIT and
LUE, Fig. 4, and Table S1). In the mineral soil horizons,
nearly all the P was associated with the FC and MC.
However, their importance for the P binding was differ-
ent in the five Cambisols.

The local maximum of FC andMC content in the Ah
and Ae horizons (and additionally the Bsh, Bsv horizons
in LUE), (Fig. 2, Table S1) was accompanied by a local
maximum of the WDC-associated P content (Fig. 4). In
the (more) podzolised soil at LUE, the WDC-P, FC-P
and MC-P concentrations decreased less sharply with
increasing depths compared to those of the VES, MIT
and CON profiles, in such a manner that concentrations
greater than 0.3 μmol P g−1 were found in the Bsh and
Bsv horizons. Therefore, the FC andMC contents of the
upper mineral soil were of greatest relevance as a reser-
voir for WDC-associated P in the soil profile of all the
five Cambisols. With increasing depth, the WDC con-
tent in LUE, CON and MIT decreased. However, in the
subsoil, the MC fractions were still the main carrier of
WDC-associated P (Fig. 2, Table S1, Fig. 4).

Discussion

Characteristics of the three WDC size fractions

The particles of the first peak in the fractograms (NP in
Fig. 1) were identified as nanoparticles dominated by
soil OM. Soil OM is rich in polar functional groups with
the ability to complex metal ions such as Al3+ and Fe3+.
In the recent literature, Fe was often described as a
component of nanoparticles <20 nm complexed by the
OM or being present as an oxide, such as ferrihydrite
(Baken et al. 2016; Gottselig et al. 2017b; Jiang et al.
2015a). The study by Gottselig et al. 2017a, b showed
that the organic-dominated nanoparticles <20 nm from
forest streams contained large amounts of Ca, Al and Fe.
However, our data indicated that in the organic layer of
the five investigated forest soils Al was clearly present

in the Corg dominated nanoparticles <25 nm, and only
smaller concentrations of Fe and Mn were detectable
(Fig. 2). The differences in NP composition between
soils and streams may indicate some as yet unspecified
alteration processes occurring during the transfer of NP
from acidic forest soils to streams. The soil acidification
in forest soils leads to the dissolution of Al(hydr)oxides
to large extend. As a result the Al3+ is able to form
associations with organic soil compounds as observed
in our studies for the NP. Prietzel et al. 2016 reported the
presence of Al-saturated soil OM in similar and compa-
rable soils studied. In the subsoil the NP concentrations,
in particular the NP- Corg concentrations decreased and
the small NP signals were dominated by Fe, Mn and Si
(Fig. 2, Table S1). The reasons for the large Al concen-
tration in the NP of the organic layer WDC compared to
the WDC of other soil studies (Jiang et al. 2013, 2015a,
b; Regelink et al. 2013) or stream colloid analyses
(Gottselig et al. 2014; Gottselig et al. 2017a, b; Baken
et al. 2016) warrant further investigation about the Corg-
forms present in NP and their affinity to associate with
Al compared to Fe.

The elemental proportions of the FC and MC were
different for the five forest soils, and the topsoil- and
subsoil WDC of the same size showed different compo-
sitions regarding their proportions of Al, Si, Fe and Corg.
The FC and MC composition was indicative of the
metal(hydr)oxides (of Al, Fe and Mn), organic com-
pounds and phyllosilicates, all which are typical of soil
colloidal compounds (Tsao et al. 2011). These particles
have different surface charges and thus are likely to form
hetero-aggregates under acidic conditions. The organic
carbon concentration found in the FC and MC fractions
implied that organic compounds were likely to be asso-
ciated with inorganic soil particles (Gottselig et al.
2017b; Kaiser et al. 2012). It appears that the FC and
MC could be metal oxide colloids surrounded by OM or
aggregates of these oxide-OM associations potentially
also with phyllosilicates. Organic molecules as well as
phosphate (Celi and Barberis 2005; Siemens et al. 2004)
can modify the surface properties of colloids and stabi-
lise them with respect to further aggregation to form
larger particles and it also enhances their presence/
extractability (Kretzschmar et al. 1995). In FFF studies
on agricultural soils, it was also shown that fine colloids
are mainly composed of Al- and Fe(hydr)oxides. They
described WDC as consisting to a large extend extent of
phyllosilicates, which were possibly coated with Fe
oxides (Jiang et al. 2015b, 2017; Regelink et al. 2013).
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Further corroboration was provided in FFF studies of
nanoparticles and colloids from forest stream waters
(Gottselig et al. 2014, 2017a), where the presence of
Al- and Fe(hydr)oxides and phyllosilicates as fine col-
loids and their associates has also been reported.

WDC content and distribution across the five soil
profiles

Conceivable reasons promoting the formation of soil
colloids could be, for instance, the soil substrate com-
position (influencing the subsoil colloid formation) and
the type of OM (related to the vegetation). Moreover,
the chemical soil properties such as ionic strength or pH
or the texture of the soils influence the quantity and type
of WDC in a soil. The contents of extractable colloids
differed greatly between the five forest soils and be-
tween soil horizons. Distinguishing the three fractions
of the FFF provided further detailed clarity about the
soil colloid types and composition. We found that the
five investigated profiles showed a decrease of NP
according topsoil depth and large FC and MC concen-
trations in the upper mineral topsoil. However, three
groups could be distinguished comparing the distribu-
tion of the three size fractions along the profiles of the
five forest soils. The first group included CON, LUE
and MIT, here the proportion of NP was high in the
organic horizon but the WDC concentration always
decreased with depth. The sites BBR and VES repre-
sented two other distinct groups. At both sites the WDC
content (dominated by FC and MC size fractions) in-
creased again with depth in the B-horizon. However,
VES showed high WDC concentrations in the topsoil
whereas in BBR the WDC concentrations in the organic
layer and topsoil were small in comparison to its subsoil.
Specific soil properties explicit justifying the amount of
WDC in the five forest sites, and explaining the distri-
bution of the three fractions along the soil profile were
not found. However, the reasons influencing the forma-
tion of colloids in a soil are diverse (Tsao et al. 2011).
For instance the study by de Jonge et al. 2004 highlight-
ed that the WDC content increased with increasing soil
clay content. In contrast, our results showed that the
WDC content of the five forest soils did not increase
with the clay content of the bulk soils (Fig. S6). For
instance, the mineral soils (A- and B-horizons) of the
LUE test site displayed the lowest clay content but the
highest WDC content, whereas VES or BBR showed
high clay but low absoluteWDC contents (Fig. S6). One

similarity of the LUE, CON and MIT soils is the ongo-
ing podzolisation in these three forest sites (Werner et al.
2017), indicating that the podzolisation process had an
influence on the formation of WDC, in particular for the
NP in the organic layer of these forest soils. Moreover,
our data indicates that the process of ongoing acidifica-
tion in the mineral topsoil seem to have a large impact
on the amount of extractable WDC in particular FC and
MC. Additionally the co-presence of Corg and secondary
soil minerals seem to have an impact on the amount and
size of WDC. Therefore we expect the amount and size
distribution of WDC in the five forest soils profiles is a
coupled effect of various factors among others: Corg type
and concentration, mineralogy, soil pH and clay content
and their mutual impact. (Fig. 3).

WDC in the Oh- and Ah-horizons

The large proportion of NP in the organic layer of LUE,
CON and MIT compared to BBR and VES cannot be
attributed to one specific property. However, the relative
proportion of Al in the NP of LUE, CON, and MITwas
much larger than in the NP of BBR and VES. This can
be indicative hint of the complexation of Al by OM as a
key process forming NP at low pH. However, more
detailed analysis of the OM functional groups may be
needed to explain the formation of NP in organic forest
soil layers.

The NP present in the organic layers occurred to a
lesser extent in the mineral organic-rich Ah horizons
(Fig. 1, Figs. S1-S5). In the mineral topsoil, the OM is
more likely to form associations with the inorganic soil
compounds, thereby potentially creating FC and MC.
Therefore, the concurrent presence of organic com-
pounds and inorganic soil minerals seem to be essential
to form FC and MC in soils. The local maximum of
WDC (FC and MC) in the mineral topsoil seemed to be
favoured by such soil chemical conditions and proper-
ties. Figure 3 shows that the WDC contents (caused by
the increased content of FC and MC) in the upper min-
eral soil increased with a decrease in the soil pH values,
decreasing Ca content and increasing ratio between
oxalate- and dithionite- extractable Fe. Also e.g. the
work of Liang et al. (2010) showed that a pH decrease
favours the colloid release. However, since the soil pH
typically correlates with many different soil characteris-
tics, it was hardly possible to unequivocally identify the
factors controllingWDC formation. A decreasing topsoil
Ca content and increasing ratio between oxalate- and
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dithionite- extractable Fe with time of soil development
are typical pedogenetic features that are linked to the
ongoing acidification of soils, thereby leading to the
formation of Cambisols and ultimately podzols on the
parent rock materials we investigated. Furthermore, the
increasingly acidic conditions in the topsoil increase the
positive surface charge of the metal(hydr)oxides thereby
promoting the binding of organic (and P) compounds,
which could in turn have promoted the formation of
WDC, especially of FC and MC. In addition, acidic
conditions generally encourage the formation of soil
aggregates between inorganic and organic compounds
(Al-Kaisi et al. 2014; Kalbitz et al. 2005).

WDC in the B-horizon

As mentioned above, the depth distribution of WDC
contents fundamentally differed between BBR and
VES (WDC increased with depth) and CON, MIT, and
LUE (WDC decreased with depth). However, we did
not find any significant correlation between the subsoil
WDC content and bulk soil chemical parameters. Soils
at sites BBR and VES originate from a basaltic and
andesitic substrates (Table 2) which are both basic rocks,
rich in mafic minerals. In comparison, MIT and CON
originated from gneissic bedrocks (acidic rocks) mainly
consisting of quartz. The podzol LUE developed from
quartz-rich fluvioglacial sand. Potentially the type and
stage of weathering and secondary mineral assembly of
the different rock types were the decisive factors deter-
mining WDC content in the subsoil. At sites VES and
BBR, however, even though the bulk soil Corg content
was low in all subsoils, a great proportion of the FC in
the subsoil was composed of Corg and also the subsoil
MC contained Corg. Thus, OM was identified as impor-
tant building block of WDC and potential driver of
WDC formation not only in organic surface layers but
also in underlying mineral soil horizons.

In LUE, and to a lesser extent in MIT, concentrations
of Corg, Fe and Al of WDC decreased less rapidly with
increasing soil depth compared to VES and CON sites
(Figs. 1 and 2, Table S1). The LUE soil showed an
illuvial horizon due to podzolisation (Table 2, Fig. 2,
Table S1). In the illuvial Bsh and Bsv horizons of LUE,
the FC (metal(hydr)oxide-rich) fraction dominated the
WDC content. For the soil of LUE, and to lesser extent
MIT, the study byWerner et al. 2017 also showed a zone
of Al- and Fe- mineral enrichment in the depth range of
the eluvial horizon which they interpreted to be the

result of mineral transfer due to podzolisation.
Moreover, they showed a depletion of P and Fe in the
deeper subsoil of LUE, MIT and CON, comparable to
our WDC and WDC associated P findings. It is a hint
that the local-maximum of WDC-associated P is related
to the processes generating the metal-oxide formation.
Hence, for WDC-associated P we support the sugges-
tion that in LUE, and to lesser extent in MIT and CON,
the P present in the B horizon originates from the soil
surface. In addition, also Gangloff et al. (2014) analysed
water-extractable organic carbon from acidic forest soils
in which they reported an increase of water-extractable
Fe and C (and P) at 20–30 cm soil depth (in the illuvial
horizon) when compared to the topsoil. These authors
assumed that nanoparticles could be responsible for the
observed increase in the water-extractable concentra-
tions of these elements.

Moreover, the BBR subsoil had a high proportion of
clay and sesquioxide content compared to the other four
soils. Such minerals are known to form the basis of
inorganic soil colloids (Tsao et al. 2011) and probably
therefore the FC and MC content increased with depth.
This might indicate a continuous formation of soil col-
loids from the parent material, which then also bind P
compounds. Moreover, Prietzel et al. 2016 showed for P
binding in the BBR subsoil that the relevance of
aluminium-saturated soil OM is high. In addition, they
highlighted the fact that BBR subsoil contained Fe-P
and Al-P minerals and apatite in the deeper substrate.
Accordingly we also found high Al and Corg concentra-
tions in the BBR subsoil WDC and potentially apatite or
Fe-P or Al-P forms could also be present in the colloidal
size class, which could explain the increase in P with
soil depth. However, at VES, the sesquioxide content
and clay proportion was in the same order of magnitude
as that of MIT and CON (Lang et al. 2017), and there-
fore it cannot be the only reason for the observed WDC
increase by depth in our study. Since VES soils were
formed from basic soil substrate it is conceivable that the
colloidal P forms are comparable to those of BBR.
Therefore, the increasing contents of WDC-bound P
with increasing depth at BBR and VES suggest that
the primary release of P during weathering is likely to
be an important, perhaps even the predominant, source.

Relevance of the three size fractions for P

The WDC size fractions of the five forest Cambisols
were always enriched in P compared to the bulk soils.
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This confirmed the high affinity of P to soil nanoparti-
cles and colloids (Rick and Arai 2011). The important
role of nanoparticulate and colloidal Fe- and
Al-(hydr)oxides for P adsorption was also illustrated
by their higher P-saturation (P/(0.5*(Fe + Al))) exceed-
ing the P-saturation of the corresponding bulk soil sam-
ples. The acidic soil conditions in the forest soils
favoured P sorption, especially to Fe-(hydr)oxides.
Sorption and presence of ortho-P or inositol-P on
Fe-(hydr)oxides has been shown to favour the disper-
sion and mobilisation of these colloids from bulk soil
samples in laboratory experiments (Ilg et al. 2008).
However, we found no significant correlation between
the P saturation of the WDC and the amount of WDC in
the forest soils. Also, the amount ofWDC did not follow
the bulk soil P gradient. The P-poor end of the gradient
was the forest site LUE, whereas BBR had the largest
soil P concentrations (Table 1). However, LUE and
BBR displayed similar WDC contents in the O layer
and the B horizon, and the largest WDC contents were
found in the P-poor Ah horizon from LUE. Therefore,
the bulk soil P content did not have an effect on the
amount of WDC at our study sites.

The NP-associated proportion of P was large at the P-
poorer sites of LUE, CON, andMIT, and smaller at VES
and BBR. Most likely, large fractions of NP-bound P at
the LUE, CON, MIT sites were linked to large NP
concentrations (built up by Corg) resulting in proportion-
ally higher NP-P concentrations. Also the NP we found
no indication that the distribution of P across the three
WDC size fractions was affected by the bulk soil P
content. In the NP fractions, the P could be present as
P-contained in organic molecules (Po) or as phosphate
associated with OM. For instance, Al (and Fe) might be
bridging agents for the fixation of P to the humic col-
loids (Gerke 2010). Moreover, the Po or phosphate
associated with nanoparticulate Al/Fe(hydr)oxides may
also represent a part of the NP (Jiang et al. 2015b; a;
Regelink et al. 2013). The relevance of NP-bound P was
only of significance in the organic layer (Fig. 2,
Table S1). However, P was also significantly associated
with the FC and MC in the organic layer. Assuming that
organic NP can be transported more easily than FC and
MC due to their smaller size, the role of NP for the
potential P mobilisation from the organic layer is impor-
tant, even though the FC and MC contained higher
proportions of P compared to the NP (Fig. 4).

The local maximum of FC and MC in the forest
topsoil also brings about the increase of WDC

associated P. In the upper mineral soil, the P was
mainly associated with the FC and MC. In the FC
and MC fractions, we expect a fixation of phosphates
and Po to the metal(hydr)oxides and an association of
metal(hydr)oxides and OM, in line with results from
Jiang et al. 2015a, b and Missong et al. 2016. As
shown in literature, P and soil OM can be incorpo-
rated into small soil aggregates (Jiang et al. 2015a, b;
Wang et al. 2014; Werner et al. 2017). The OM and
the Po associated interior of the soil aggregates is
sterically protected against plant uptake (Lützow
et al. 2006). In general the P present in the colloids
and colloidal sized aggregates is potentially more
stable with respect to plant uptake or mineralisation
compared to dissolved P. Therefore, we expect FC
and MC as important P backup in the forest topsoil
for plant-available P. The P in the topsoil may orig-
inate from the soil OM present in the upper mineral
soil or may possibly be P leached from the organic
layer. Kaiser (2001) described the mineral soil as a
barrier for vertical P losses from organic layers by
promoting P retention through an effective P sorp-
tion. Following this approach, the high content of P
associated with the WDC in the Ah horizon of the
forest soils (and the illuvial horizon in LUE) could be
the result of the sorption and retention fixation of
leached P (nanoparticulate associated or dissolved).
We suspect that the upper mineral horizon acts as a
zone of enhanced colloid formation and effective P
sorption. However, the upper mineral soil is not a
totally impassable barrier for dissolved or colloidal P
leaching. It should also be mentioned that the major-
ity of colloids (and dissolved compounds) transferred
in soils are leached downwards in the soil profile
through macropores or preferential flow paths
(Jacobsen et al. 1997, Julich et al. 2017). Therefore,
the soil structure related to soil density and the root
penetration will significantly affect the vertical trans-
fer of colloids. Indeed, due to the high content of FC
and MC-associated P, further favoured by the topsoil
acidification, they are likely to play an important role
in the mobilisation of P from the surface soil.
However, the WDC analyses produce a set of static
data limiting its validity for colloid-associated P
transfer. The concept of intensive mobilisation of
colloid-associated P from the surface soil warrants
further examination in future studies, also in the light
of a lack of overall information on colloidal P fluxes
in forest ecosystems (Bol et al. 2016). Furthermore,
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in the deeper soil horizons, it remains uncertain
which quantitative proportion of colloid-bound P
was translocated from the Ah-horizon and which
proportion one originated from the bedrock, because
we could not distinguish the specific inorganic parti-
cle type with which P was associated. Indeed it re-
mains an open question to which fraction of WDC in
mineral soil horizons is formed autochthonously in
situ and which is formed allochthonously (e.g. in
organic surface layers).

Conclusion

Water-extractable nanoparticles and colloids in the in-
vestigated forest soils (Cambisols) can be separated by
field-flow fractionation into three size fractions: nano-
particles (<25 nm), fine colloids (25 nm–240 nm) and
medium colloids (240 nm–500 nm). The nanoparticles
are rich in organic carbon and Al, while the fine and
medium-sized colloids are associations between inor-
ganic soil constituents (i.e., metal(hydr)oxides and
phyllosilicates) and OM. In the organic layer, the nano-
particles <25 nm are the dominant WDC fraction. In the
mineral topsoil, the content of fine and medium colloids
was larger compared to the organic layer and the subsoil
providing a local WDC maximum. The co-presence of
highly weathered mineral soil and OM seem to be
favourable for colloid formation. The local WDC max-
imum was found to be correlated to soil properties (pH,
Ca content, ratio of oxalate-extractable-Fe:dithionite-
extractable-Fe) affected by soil acidification. It was
shown that WDC are important P-carriers in forest soils,
containing significantly more P per mass unit than the
bulk soil. In the organic surface layers, the organic-
matter-dominated NP were important WDC associated
P carriers but in the mineral soil horizons, fine and
medium-sized colloids were the dominant WDC asso-
ciated P carriers. Therefore, all three fractions of WDC
are important potential sources and carriers of P in forest
soils. However, enrichment of P in the WDC fraction
and theWDC associated P concentration was not related
to the bulk soil P content. The WDC preferentially
consist of OM and P, thus they may be Bhot soil
components^ for microorganisms and plants.
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