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Phosphorus (P) is preferentially bound to colloids in soil. On the one hand, colloids may

facilitate soil P leaching leading to a decrease of plant available P, but on the other hand

they can carry P to plant roots, thus supporting the P uptake of plants. We tested the

magnitude and the kinetics of P delivery by colloids into a P sink mimicking plant roots

using the Diffusive Gradients in Thin-Films (DGT) technique. Colloids were extracted

with water from three forest soils differing in parent material using a method based on

dispersion and sedimentation. Freeze-dried colloids, the respective bulk soil, and the

colloid-free extraction residue were sterilized and mixed with quartz sand and silt to an

equal P basis. The mixtures were wetted and the diffusive fluxes of P into the DGTs

were measured under sterile, water unsaturated conditions. The colloids extracted from

a P-poor sandy podzolic soil were highly enriched in iron and organic matter compared

to the bulk soil and delivered more P at a higher rate into the sink compared to bulk

soil and the colloid-free soil extraction residue. However, colloidal P delivery into the

sink was smaller than P release and transport from the bulk soil developed on dolomite

rock, and with no difference for a soil with intermediate phosphorus-stocks developed

from gneiss. Our results provide evidence that both the mobility of colloids and their P

binding strength control their contribution to the plant available P-pool of soils. Overall,

our findings highlight the relevance of colloids for P delivery to plant roots.

Keywords: plant nutrition, ecosystem nutrition, colloid-facilitated transport, cambisol, beech, DGT technique,

phosphorus, soil

INTRODUCTION

Intact forest ecosystems are of extraordinary relevance for biodiversity, the functioning of
biogeochemical cycles, landscape water balance and human health (Watson et al., 2018).
Phosphorus (P) is an essential element for all living organisms (Elser et al., 2007) and a major
limiting factor for the productivity of forest ecosystems, as well as an important driver for soil and
ecosystem development (Vitousek et al., 2010; Lang et al., 2017). Recent studies indicate that forests
may lose their ability to recycle P due to climate change and enhanced global nitrogen (N) input
(Jonard et al., 2015). Understanding the functioning of forest ecosystems and their nutrient cycles
is therefore of utmost importance for their protection and sustainable use.

Natural soil colloids (diameter <1,000 nm) embody the smallest particulate phase in soils.
Colloids bind larger amounts of P through their high specific surface area compared to other soil
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components (de Jonge et al., 2004). These particles are formed
through weathering, the formation of secondaryminerals and the
incomplete degradation of organic material (e.g., Missong et al.,
2016). Due to their small size, colloids are subject to Brownian
motion so that they diffuse through the soil solution, whereby
smaller particles are more strongly influenced by the Brownian
motion and diffuse faster than large colloids (e.g., Molnar et al.,
2019).

The importance of colloids for P-binding and -transport in
agricultural soils, which receive P-containing fertilizers, has been
recognized for quite some time (e.g., Haygarth et al., 1997;
Jacobsen et al., 1997; de Jonge et al., 2004; Heathwaite et al., 2005;
Ilg et al., 2005; Jiang et al., 2015; Li et al., 2020). More recently,
the importance of colloids for P-binding and –transport was also
shown for unfertilized forest soils (Bol et al., 2016; Gottselig
et al., 2017a,b, 2020; Missong et al., 2018a,b; Wang et al., 2020).
These studies revealed that the P-content of colloids of acidic
forest soils was up to 16 times larger than the P-contents of
the corresponding bulk soils (Missong et al., 2018b). They also
showed that up to 91% of the P leached from forest topsoils
was not truly dissolved, but bound to colloids (Missong et al.,
2018a). Determined by field flow fractionation, these colloids
could be subdivided into three size classes of particles smaller
than 25 nm rich in organic carbon (C), particles between 25 and
240 nm composed mainly of organic C, iron (Fe), silicon (Si),
and aluminum (Al), and finally particles between 240 and 500 nm
with an important contribution of phyllosilicates (Missong et al.,
2018a). In calcareous forest soils, calcium (Ca) was the primary
metallic element in water-dispersible colloids (WDC) (Wang
et al., 2020).

The availability of P bound to colloids for plant uptake
is crucial for evaluating the relevance of particle-facilitated P-
leaching and redistribution for P-cycling in ecosystems. If the
P bound to colloids would be well-accessible for plants, then
transport of P from intensely rooted topsoils into deep subsoils
or out of the ecosystem together with colloids would have
severe consequences for the P supply to the vegetation and the
stability of ecosystems.Montalvo et al. (2015a) demonstrated that
colloids from a volcanic soil (Andosol) could also act as P-carriers
supporting the diffusional transport of P to plant roots and the
subsequent P-uptake of plants in hydroponic systems, while no
such effect was observed for particles derived from a strongly
weathered tropical soil (Oxisol). Based on their finding that
ortho-P and hexamethaphosphate bound to Fe-oxide colloids
were well-accessible for spinach grown in nutrient solution,
Bollyn et al. (2017) emphasized the potential role of pedogenic
Fe-oxides for the P-availability in soils and the possibility
of using synthetic Fe-oxides as nanofertilizer facilitating P
transport to roots. Therefore, an important question is whether
colloids from more widely distributed soils of temperate climate
zones, like Cambisols, could also support the diffusional P

Abbreviations: Al, aluminum; C, carbon; Ca, calcium; Co, cobalt; DGT, Diffusive
Gradients in Thin-Films; DOM, dissolved organic matter; FDR, false discovery
rate; Fe, iron; ICP-OES, inductively coupled plasma optical emission spectrometry;
LUE, Lüss; MAN, Mangfall; MIT, Mitterfels; NTA, nanoparticle tracking analysis;
OM, organic matter; P, phosphorus; Si, silicon; WDC, water-dispersible colloids.

transport to roots and whether this process does also occur
in porous media under water-unsaturated moisture conditions.
Unsaturated porous media provide many opportunities for
attachment of colloids to water-solid interfaces and water-air
interfaces or their entrapment in thin water films (Kretzschmar
et al., 1999; Flury and Aramrak, 2017). Hence, the enhancement
of diffusional colloidal P transport to roots or similar P sinks
might be less relevant in water-unsaturated porous media, like
most terrestrial soils, than in hydroponic systems. Indeed, Bollyn
et al. (2019) observed no additional fertilizer effect of P bound
to Fe-oxide nanoparticles compared to soluble KH2PO4 when
added to strongly weathered tropical soils. They argued that the
much smaller diffusion coefficient of colloids compared to ortho-
phosphate in combination with its lower bioavailability were
responsible for this lacking additional fertilizer effect in relation
to ortho-phosphate. Nevertheless, the experiments of Bollyn et al.
(2019) demonstrated that P bound to Fe-oxides increased plant
growth and P uptake relative to a zero P control, indicating that
it can be used by plants at least partly.

We examined the delivery of P bound to natural soil colloids
from forest soils to artificial P sinks in comparison to P-delivery
from colloid-free soil and bulk soil. To this end, we extracted
colloids from three forest soils differing in parent material and
soil P stock with water. For each of the three soils, the colloids,
the colloid-free extraction residue and the respective bulk soil
were mixed with quartz silt and sand and P-delivery into artificial
P-sinks was quantified at a moisture content equal to 90% water-
holding capacity using the Diffusive Gradients in Thin-Films
technique (DGT) (Zhang et al., 1998). DGT is based on the
continuous depletion of P in the soil solution around the sampler.
Reduced P concentrations are then compensated by desorption
of P from the soil solid phase. DGT therefore measures the P
fraction that can be released into soil water and transported to
a sink after soil solution depletion, thus simulating the diffusive
uptake of P by plant roots (Kruse et al., 2015). For soils in which P
uptake by plants is limited by diffusion, DGT is a good predictor
of plant-available P (Degryse et al., 2009), since DGT mainly
extracts plant-available P as shown by 33P isotope dilution studies
(Six et al., 2012;Mason et al., 2013). Considering that themobility
of WDC by diffusion and the lability of colloid-bound P are
important drivers for their role in ecosystems, the DGT technique
provides valuable insights into the behavior of WDC at the root-
soil interface.We hypothesized that: (1) colloids deliver more P at
a faster rate into the P-sink than bulk soil and colloid-free residual
soil, and that (2) soil properties control the magnitude and
the kinetics of colloid-facilitated P-delivery into a nutrient sink
according to their impact on colloid mobility, the partitioning
of P between WDC and non-dispersible soil material and the
P binding strength of colloids. Thus, soil properties control the
potential relevance of colloids for plant nutrition.

MATERIALS AND METHODS

Forest Sites
Disturbed soil samples from A-horizons and the O/A-transition
horizon were collected from three mature beech forest sites in
Germany in a sampling campaign in summer 2017. All sites
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TABLE 1 | Characteristics of the study sites Mangfall (MAN), Mitterfels (MIT) and Lüss (LUE) (Prietzel et al., 2016; Lang et al., 2017).

Study site MAN MIT LUE

Location (WGS84) N: 47.608364◦ N: 48.976008◦ N: 52.838967◦

E: 11.817519◦ E: 12.879879◦ E: 10.267250◦

Soil type (WRB, 2015) Rendzic Leptosol (Rendzina) Hyperdystric chromic folic cambisol

(Humic, Loamic, Nechic)

Hyperdystric folic cambisol (Arenic,

Loamic, Nechic, Protospodic)

Parent material Dolostone (Triassic) Paragneiss Sandy till

Humus form (ad-hoc-AG Boden 2005) Mull Moder Mor-like moder

Altitude (m a.s.l.) 1,130 1,023 115

Mean annual precipitation (mm) 2,110 1,299 779

pH (measured in H2O) 7 3.8 3.5

Presin A horizon (mg kg−1) 56 70 11

TABLE 2 | Elemental composition of P-sources of the study sites Mangfall (MAN), Mitterfels (MIT), and Lüss (LUE) after microwave-assisted extraction and ICP-OES and

TOC/TN measurements in [g kg−1], including C:N and C:P ratios.

Site Fraction Elemental composition [g kg−1] C:N ratio C:P ratio

Al Ca Fe P C N

MAN Bulk soil 38.59 71.61 20.84 0.97 199.40 9.30 21:1 151:1

Residual soil 36.79 73.92 19.93 0.97 172.80 7.40 23:1 191:1

WDC 76.08 26.02 36.84 1.57 111.80 10.20 11:1 39:1

MIT Bulk soil 34.00 0.87 29.22 1.17 178.50 8.60 21:1 115:1

Residual soil 32.48 0.89 28.14 1.04 253.20 13.50 19:1 215:1

WDC 49.72 0.85 60.65 3.26 305.60 39.30 8:1 48:1

LUE Bulk soil 5.84 0.41 3.92 0.14 58.60 2.30 52:1 119:1

Residual soil 5.17 0.41 3.44 0.13 164.40 6.50 52:1 1,107:1

WDC 43.96 0.98 49.14 1.91 244.80 16.30 15:1 77:1

were similar with regard to their forest stand characteristics (tree
species composition and stand age), while they differed in the
source material of soil formation (Table 1) and therefore in their
soil P-stock and -availability (Lang et al., 2016, 2017; Prietzel et al.,
2016). The soil sampled at the Mitterfels site (MIT) developed on
paragneiss and had the highest P content (Tables 1, 2), followed
by the sample from the calcareous siteMangfall (MAN) located in
the dolomite alps the with a slightly smaller P content, while the
sample from the sandy podzolic soil of the site Lüss (LUE) had
a much smaller P content (Tables 1, 2). For further information
regarding the sites visit https://www.ecosystem-nutrition.uni-
freiburg.de/.

Extraction and Preparation of
Water-Dispersible Colloids
Water-dispersible colloids (WDC) were extracted from topsoil
samples from the MAN, MIT and LUE sites following an
extraction routine based on suspension in water with subsequent
sedimentation and centrifugation steps developed by Séquaris
and Lewandowski (2003) and Missong et al. (2016). The
centrifugation times for the separation of colloids were
determined according to Hathaway (1956) to separate the
WDC fraction <700 nm. First 0.2 L demineralized water
was added to 100 g sample material and shaken on an
overhead shaker for 6 h. Subsequently 0.6 L demineralized

water was added, the suspension was left to settle for 20min
and the supernatant was pipetted off. The supernatant was
centrifuged at 4,000 g for 4min and the supernatant was
removed by pipette. The supernatant after centrifugation was
centrifuged again at 14,000 g for 90min and the supernatant
discarded, thus we potentially lost the smallest WDC. The
amount of P bound to WDC lost with the supernatants
was quantified through separation from dissolved P using
dialysis tubes (SpectrumTM Labs Spectra/PorTM 7, Repligen
Corporation, Rancho Dominguez, USA) with subsequent
colorimetric measurements (Van Veldhoven and Mannaerts,
1987). The sedimented portion after this process step formed
the WDC P-source, while the sedimented soil components
after shaking and sedimentation, as well as the sedimented
soil components after centrifugation at 4,000 g formed the
colloid-free residual soil fraction. The WDC suspensions
obtained by extraction were shock-frozen in 45mL PE
bottles using liquid nitrogen. The caps of the PE bottles
were then removed and replaced with fine-pored filters (GE
WhatmanTM SG81, GE Healthcare Bio-Sciences, Marlborough,
USA) for freeze-drying (Christ Beta 1–8 LSCplus, Martin
Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany). The dried WDC powders were subsequently
transferred into 1 L PE bottles and homogenized for 6 h using an
overhead shaker.
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Bulk soil and residual soil (residue of the WDC-extraction)
were dried in a drying cabinet at 40◦C. After drying, bulk
soil, residual soil and WDC were sterilized with a 60Co source
as described by Dalkmann et al. (2014) to prevent microbial
cycling of P. Total C and -N contents of the P-sources were
measured using an varioMAX cube (Elementar Analysensysteme
GmbH, Langenselbold, Germany). Aliquots (0.5 g) of the three
different P-source materials were digested using 5mL 69%
HNO3, 3mL 30% H2O2 (both ROTIPURAN R© Supra, Carl Roth
GmbH + Co. KG, Karlsruhe, Germany) and 5mL H2O by
microwave-assisted extraction (Öztan and Düring, 2012) and
the P-contents were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES) (Agilent 720 ICP-OES
ES, Agilent Technologies Inc., Santa Clara, USA) as specified in
DIN ISO 22036:2009-06 at the element-specific wavelength of
213.618 nm. Particle size distributions of WDC were obtained
by Nanoparticle Tracking Analysis (NTA). Three replicates of
WDC suspension from every site were analyzed using the laser
unit NanoSight LM 14 (Malvern Panalytical Ltd., Malvern,
United Kingdom) combined with the microscope NanoSight LM
10 (Malvern Panalytical Ltd., Malvern, United Kingdom). Images
were evaluated by the NTA 3.0 software (Malvern Panalytical
Ltd., Malvern, United Kingdom) (Supplementary Material 1).

Test System
A mixture of 60 mass-% quartz sand and 40 mass-%
quartz silt (20.5 g in total, Gebrüder Dorfner GmbH & Co.,
Hirschau, Germany) were filled into 60mL screw-cap beakers
made of polycarbonate (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). The particle size composition of the quartz
mixture determined according to DIN 19683/2 was 1.0%medium
sand, 60.4% fine sand, 20.0% coarse silt, 12.3% medium silt,
4.1% fine silt, and 2.2% clay. After autoclaving, the beakers were
opened in a sterile environment and the equivalent of 1mg
P of a P-source [bulk soil, residual soil or WDC of the sites
MAN, MIT, and LUE, as well as an ortho-phosphate solution
(Certipur R©, Merck KGaA, Darmstadt, Germany) as a positive
control] was filled into a screw-cap beaker. The screw-cap
beakers were closed again and mixed for 6 h on an overhead
shaker (Heidolph REAX 2, Heidolph Instruments GmbH & CO.
KG, Schwabach, Germany). The screw-cap beakers were then
opened again in a sterile environment and autoclaved water
was added with an air cushion pipette until 90% of the water
holding capacity was reached. The water holding capacity of
the porous media including the individual soil fractions was
determined in preliminary tests according to Alef (1998, p.
106). The screw cap beakers were then closed for 24 h. During
this time, an equilibrium of P between the added water and
the soil solid phase was established. The screw-cap beakers
were opened again in the sterile environment and one DGT
[LSLP-NP Loaded DGT device for P and metals (B) in soil,
DGT Research, Quernmore, Great Britain] was inserted in each
beaker and gently pressed into the substrate. The screw cap
beakers were closed and the DGTs were removed after 24, 48,
72, 120, and 168 h, with three DGTs per treatment removed
after 48 h. The ambient temperature during the experiment
was kept constant at 22 ± 0.3◦C. The semi-permeable filter

membranes were rinsed with demineralized water afterwards to
stop the mass transport into the device. The DGTs were opened
at the groove of the housing and the diffusion layers together
with the semipermeable membrane, as well as the ferrihydrite
gels were transferred to 2mL Safelock tubes (Eppendorf AG,
Hamburg, Germany) and stored at 4◦C until further analysis.
The ferrihydrite gels were than eluted with 0.25M H2SO4 as
described by Zhang et al. (1998). The P-concentrations of the
eluates were determined using the method of Van Veldhoven
and Mannaerts (1987) after formation of phosphomolybdate
complexes with malachite green and measured at 630 nm by a
UV/Vis photometer (T80 Spectrophotometer, PG Instruments
Ltd., Lutterworth, Great Britain) (Supplementary Material 2).
Additionally the diffusion layers of the disassembled DGTs after
168 h exposure time to the P-sources were rinsed with water and
Al, Ca, Fe, and P concentrations in the gels were determined
using ICP-OES after microwave-assisted digestion similar to the
P-sources, using 5mL 69% HNO3, 3mL 30% H2O2, and 5mL
H2O for each gel. Due to the harsh extractant used and the high
temperatures, the resulting concentrations can be interpreted as
total elemental concentrations.

Statistical Analysis
The statistical evaluation of the measurements after 48 h was
performed with R (version 3.5.1, The R Foundation for Statistical
Computing, Vienna, Austria) and RStudio (version 1.1.456,
RStudio Inc., Boston, USA). The software packages used included
lme4 (v. 1.1.21), lsmeans (v. 2.30.0) multcomp (v. 1.4.10),
and multcompView (v. 0.1.7). The script can be found in the
Supplementary Material 3. The cumulated amount of P in the
sinks delivered from the bulk soil, residual soil, or WDC of
the sites after 48 h were investigated by pairwise comparisons
using the t-test statistics after testing of homogeneity of variances
(Bartlett, 1937). The mean values of the pairwise comparisons
were adjusted using the false discovery rate (FDR) (Benjamini
andHochberg, 1994). The kinetics of P accumulation in theDGTs
after 24, 48, 72, 120, and 168 h were calculated and evaluated
with SigmaPlot Version 12.0 (Systat Software GmbH, Erkrath,
Germany). The transport of P from the P-source into the sink
of the DGT device is controlled by two kinetic processes, the
desorption of P from the solid phase (WDC, bulk soil or residual
soil) into the aqueous phase and the diffusion of dissolved P
(and colloidal P) through the aqueous phase into the DGT. Both
kinetic processes result in a decreasing amount of P delivered
to the DGTs per unit time with increasing duration of the
experiment. We therefore decided to describe the delivery of P
into the DGTs by means of an empirical first order law of velocity
model that lumps the desorption rate constant and the diffusion
rate constant into one effective parameter (Atkins and de Paula,
2013, p. 840):

At = A0 × (1− e−pt)

With A0 as the total amount of P delivered into the P-sinks up to
t = ∞ [µg], p as the release and transport rate of P [h−1] and t
as the time of measurement [h]. We assume that the number of
five points of time of our experiments would not have allowed
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FIGURE 1 | Size distribution of the WDC extracted from the topsoils of the sites Mangfall (MAN), Mitterfels (MIT), and Lüss (LUE), determined using Nanoparticle

Tracking Analysis (NTA). NTA is capable of measuring natural colloids >50 nm, thus smaller particles were not detected. Size distribution showed three main peaks

across all three sites, one around 50 nm, one between 100–150 nm and one around 200–250 nm. Most larger particles were found at MAN, followed by MIT and LUE.

A tabular list of particle sizes and particle concentrations is given in the Supplementary Material 1.

the estimation of desorption rate constants and diffusion rate
constants independently.

RESULTS

Elemental Composition of Soils and Their
Fractions
The largest Al- and Ca-concentrations were found for MAN soil
(Table 2), while MIT soil showed the largest Fe-concentrations.
The WDC of all three sites were enriched in the elements
Al, Fe, and P compared to the bulk soil and the residual soil
(WDC > bulk soil > residual soil). Most striking is the much
stronger enrichment of Fe (WDC/bulk soil ratio of 13:1) and
P (WDC/bulk soil ratio of 14:1) in the WDC of the sandy
site LUE compared to the MAN soil (Fe ratio of 1.8:1, P ratio
of 1.6:1) and MIT soil (Fe ratio of 2.1:1, P ratio of 2.8:1).
Moreover, WDC had smaller C:N and C:P ratios than bulk soil
and residual soil. While C was enriched in the WDC fraction
of MIT and LUE in comparison to the bulk soil, a depletion
of C was found for MAN. Analysis of the supernatants after
centrifugation at 14,000 g revealed that 3.3% (LUE), 2.9% (MIT),
and 0.6% (MAN) of WDC bound P got discarded during
WDC extraction.

WDC Size Distribution
The mean size of the WDC particles was similar for the
three sites with an average of 195 nm for MAN (median
188 nm), 188 nm for MIT (median 180 nm), and 195 nm for
LUE (median 173 nm). However, the size distribution of particles
differed between sites (Figure 1). TheWDC size distribution was
characterized by three main peaks, one around 50 nm particle
size, one around 100–150 nm particle size and one around 200–
250 nm particle size. The share of the largest size fraction of
the particles decreased in the order MAN > MIT > LUE.
The WDC of LUE contained the largest concentration of the

medium-sized collodial particles. Data from NTA can be found
in the Supplementary Material 1.

Delivery of P Into the DGTs
The largest amounts of P were found in the DGTs in contact
with the ortho-phosphate—solution of the positive control (24
h: 37.3 µg; 48 h: 51.2 µg, 47.7 µg, 44.6 µg; 72 h: 40.18 µg;
120 h: 60.1 µg; and 168 h: 63.0 µg). The regression models
of the P-supply into the DGTs and the statistical evaluation of
the DGT measurements after 48 h revealed differences in the
supply of P from the bulk soils, WDC and residual soils of the
different sites into the DGTs (MAN < MIT < LUE) (Figure 2
and Table 3). Furthermore, the order of the rates of P–release
and –transport from the three P-sources into the DGTs varied
between sites. While P-release and –transport increased in the
order WDC < residual soil < bulk soil for MAN, the order was
residual soil < bulk soil = WDC for MIT, and residual soil <

bulk soil < WDC for LUE. Multiple pairwise comparisons of the
cumulated P quantities in the DGTs after 48 h between the P-
sources showed no significant differences (p < 0.05) at the MAN
site. However, significant differences between residual soil on the
one hand and bulk soil and WDC on the other hand at the MIT
site, and significantly different rates of P-release and -transport
between all fractions at the LUE site (Table 3) were observed. The
WDC of the P-rich, calcareous MAN site supplied the smallest P
quantities in the experiment both over 48 h and the entire (168 h)
measurement period. In contrast, the largest P quantities from P-
sources derived from soil were delivered by the WDC of the LUE
site, which after 48 h supplied on average 74 times the quantity
of P as the WDC of the MAN site (Table 3). In addition to the
highest cumulated P quantities, the regression model for the P-
release and –transport from the WDC of the LUE site into the
DGTs indicated no decrease in the P-replenishment rate over the
experimental time span of 168 h (Figure 2). Furthermore, when
disassembling the DGTs in contact with the WDC of the LUE
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FIGURE 2 | Kinetics of P-delivery by bulk soil, residual soil, and WDC of the sites Mangfall (MAN), Mitterfels (MIT), and Lüss (LUE). P quantities cumulated in DGTs

after 24, 48, 72, 120, and 168 h are displayed with crosshairs, the regression models with lines and the corresponding 95% confidence intervals with dashed lines.

Note the different scaling of y-axes for the three sites. The estimated parameters are shown in bold ± their standard error.

site a dark brown suspension between diffusion gel and filter
membrane and a coloration of the diffusion gel (Figure 3), as
well as a dark brown coloration of the nutrient sinks themselves
(Figure 4) were recognized. These colorations also occurred to
a small extent in the gel layers and nutrient sinks that were in
contact with the WDC fraction of the MIT site, while they were
absent in gel layers and nutrient sinks that were in contact with
the WDC fraction of the MAN site. The elemental analyzes of
the diffusion layers after 168 h exposure time to the P-sources
by ICP-OES after microwave-assisted extraction revealed that
gels used for bulk soil and the colloid-free soil residuals from
the calcareous site MAN contained the largest amount of Ca in
the experimental setup, while no Ca was traceable in the gels
in contact with WDC from this site (Table 4). Furthermore,
Al and Fe were absent in the diffusion layer in contact with
WDCs extracted from MAN. In contrast, the highest amounts
of Al and Fe were detected in the colored gel of the WDC
from the LUE site, while the WDCs from the Fe-rich MIT
site contained in comparison only marginal amounts of Fe in
the gel.

DISCUSSION

P-Release From the Solid Phase of the
Different Soils and Soil Fractions
The delivery of P to the DGTs by different P-sources reflected
the speciation, binding, and solubility of P in the soils. Prietzel
et al. (2016) demonstrated with X-ray absorption near-edge
structure spectroscopy (XANES) that in the Ah horizon of the
calcareous MAN site, P is present mainly in organic form (either
bound to Ca, most likely as precipitate of Ca and inositol
hexakisphosphate or as unsorbed organic P), as well as in
inorganic form bound to Al-(hydr)oxides. These P-forms show
low solubility (precipitates) or desorbability [Al-(hydr)oxides] at
the given pH-value of 7.0, resulting in marginal amounts of P
transported into the sinks compared to MIT and LUE. The sandy
soil of the LUE site features a low sorption capacity for inorganic
P (Lang et al., 2017). In line with this limited P sorption capacity,
a large fraction of water-soluble P of most likely microbial origin
was detected for the Ae horizon at LUE (Lang et al., 2017). Both,
the limited P sorption capacity of the soil material and the large
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TABLE 3 | Mean values and standard deviations of P delivered into the DGTs

within 48 h by different P-sources (n = 3).

Site Soil fraction Mean [µg] SD Group

MAN Bulk soil 0.227 0.071 a

Residual soil 0.147 0.029 a

WDC 0.108 0.012 a

MIT Bulk soil 0.603 0.026 a

Residual soil 0.368 0.013 b

WDC 0.603 0.086 a

LUE Bulk soil 5.661 0.561 a

Residual soil 2.291 0.287 b

WDC 7.961 0.246 c

Significant differences in the accumulated amount of P in the DGTs delivered by the P-

sources from each site were determined by multiple pairwise comparisons after testing

for variance homogeneity (Bartlett, 1937). Mean values of the pairwise comparisons were

adjusted using the “False discovery rate” (Benjamini and Hochberg, 1994). Different letters

in the rightmost column indicate significantly different P delivery by P-sources of the same

sampling site Mangfall (MAN), Mitterfels (MIT), or Lüss (LUE) (p < 0.05).

fraction of water-soluble P likely promoted the delivery of P by
the LUE bulk soil in the DGTs.

Delivery of P Bound to WDC Into the DGTs
Water-dispersible colloids from the P-poor LUE site delivered
significantly more P into the DGTs than the bulk soil or the
colloid-free residual P-source. The almost linear increase in
cumulated P over time from the LUE WDC indicated the
immediate compensation of the depleted P concentration in the
pore water surrounding the DGTs. This phenomenon was not
observed for any other soil fraction at the other sites. Noteworthy,
the amount of P cumulated over the measurement period of
168 h in the DGTs in contact with the LUE WDC exceeded
the P-capacity of the DGTs of 6.7 µg (Zhang et al., 1998).
Although P can be sorbed to the ferrihydrite P-sink above this
P-capacity, the ferrihydrite binding sites were already loaded to
such extent that P-species were likely not immediately removed
from the gel surrounding the ferrihydrite so that the rate of
P-accumulation in the DGTs should have decreased over time
(Davison and Zhang, 2012). Considering the distinctly increased
Fe and P content in the WDC fraction compared to the bulk
soil at the site LUE, the measured P flux into the DGT, as well
as the coloration of diffusion gel and nutrient sink inside the
DGTs (Figures 3, 4), the intensive P delivery by LUEWDC could
have been caused by mobile OM-Al(Fe)-P complexes (Gerke,
2010) dissolved organically-bound P (e.g., phosphate esters) and
mobile OM-Al- and Fe-containing WDC (Jiang et al., 2017).
This assumption is supported by the analysis of the diffusion
gels using ICP-OES, showing the diffusion of Al, Ca, and Fe
into the samplers. Because the gels were rinsed thoroughly
before digestion, we assume that most measured complexes,
molecules, and WDC have diffused into the gels and were not
just attached to its surface. Since the diffusion layer and the
nutrient sink use the same type of gel, P-containing compounds
that diffused into the diffusion layer may have also diffused
into the nutrient sink over time. It must be stated that the use

of the colorimetric method might exclude a part of organic P
transported into the DGT. The digestion of the gels with 0.25M
H2SO4 and the malachite green method however likely released
most P bound to DOM (Baldwin, 1998), OM-Al/Fe complexes
(Gerke, 2010), and colloids (Stainton, 1980) through hydrolysis
and quantified it in addition to ortho-phosphate. Nevertheless,
we likely underestimated the total amount of P translocated into
the sinks.

The potential of the DGT technique to measure the transport
of colloids into a nutrient sink depends on whether these
compounds can diffuse through the filter membrane and the
diffusive gel layer during the time of the experiment (Davison and
Zhang, 2012). The polyethersulfone filter membrane used in the
DGTs has a pore width of 450 nm and should be permeable for
mostWDC in our experiment. While (Zhang and Davison, 1999)
stated the average pore size of polyacrylamide gels cross-linked
with agarose derivative used for diffusive gel layers with radii
>5 nm, van der Veeken et al. (2008) demonstrated the diffusion
of latex particles with radii up to 129 nm into these gels. However,
diffusion coefficients (Dc) strongly decrease with increasing
spherical diameter of the particle according to the Stokes-
Einstein equation. As a result, WDC particles or large molecules
diffusemuch slower than ions like ortho-phosphate. For example,
Dc in water is 9.5 10−11 m2 s−1 for a spherical particle of 5 nm,
5.95 10−12 m2 s−1 for 80 nm, and 2.4 10−12 m2 s−1 for 200 nm
diameter (T = 295.15K, Supplementary Material 4). We used
particle Dc to estimate the distance they could travel due to
Brownian motion based on their “mean squared displacement.”
The square root of this estimate indicated that very small particles
of 5 nm diameter could have moved 10mm on average during
the 168 h of the experiment, much more than the thickness of the
diffusion layer of 0.8mm. Further calculations, now assuming an
equal mix of 5, 80, and 200 nm sized colloids and a density of
2 g cm−3 for all particles estimate colloid concentrations to be in
the order of 1.7–5.1 10−8 mol l−1. These concentrations could
have been large enough to cause a potential diffusion of all added
5 nm colloids and even 21% of the added 80 nm diameter colloids
across the diffusion layer into the DGT sink during the 168 h of
our experiment (Supplementary Material 4). Hence, it appeared
possible that the diffusion of mobile colloids was an important
reason for the fast and constant delivery of P into the DGTs in
contact with the LUEWDC.

Unfortunately the used particle tracking analysis is not able
to quantify natural colloids <50 nm properly due to technical
restrains (Gallego-Urrea et al., 2011). Therefore, a larger portion
of particles smaller than 50 nm might have been present in the
WDC of LUE than indicated by the NTA data of Figure 1.
Overall, the results for the LUE site supported our hypothesis that
colloids supply P more efficiently into a P sink than bulk soil or
colloid-free residual soil.

Montalvo et al. (2015a,b) demonstrated that colloids and
nanoparticles carry P to root surfaces, thereby contributing to
the P supply and uptake of plants in hydroponic systems and
under water-saturated soil conditions. However, especially in
most agricultural soils except Hydragic Anthrosols (WRB, 2015,
“paddy rice soils”), water-saturated conditions occur rarely and if,
then only for very limited periods of time. Under more common
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FIGURE 3 | Diffusion gels and filter membranes of the disassembled DGTs after 168 h accumulation time of all P-sources and sites. The diffusion gel of the WDC from

the site Lüss (LUE) showed a strong coloration due to the diffusion of WDC into the gel.

FIGURE 4 | Ferrihydrite gel nutrient sinks of the disassembled DGTs after 168 h accumulation time of all soil fractions and sites following their extraction with sulfuric

acid. The nutrient sink of WDC of the site Lüss (LUE) showed a strong coloration due to the diffusion of WDC into the sink.

unsaturated conditions the mobility of colloids and nanoparticles
in porous media like soils is strongly reduced by interception
of particles at water-air interfaces or in thin water films (e.g.,
Kretzschmar et al., 1999; Flury andAramrak, 2017). The results of
our experiment for the LUE site indicated that colloids can likely
carry P to a sink also under water-unsaturated conditions.

Soil pH, WDC Composition, and
P-Speciation as Drivers for WDC Mobility
and P-Delivery
While the WDC from LUE delivered P at a quick rate, the
results for MAN and MIT did not show increased P supply
into the DGTs compared to the bulk soil. This suggested that

soil properties, as well as the WDC properties controlled their
mobility and the binding strength of WDC-P. Since the lowest P
quantities were delivered byWDC from the calcareous site MAN
and neither coloration of the DGT diffusive gels were visible
nor Al, Ca, or Fe were detectable after digestion by ICP-OES,
we assumed that the extracted MAN WDC lack OM-Fe-/Al-P
complexes and small P-bearing colloids that contributed to the
P-flux into the sinks at LUE. Wang et al. (2020) showed that in
the Oh and Ah horizons of the MAN site, P was mainly bound
to WDC >240 nm rich in Al and Si, which were likely formed
from phyllosilicates (Missong et al., 2018a). These larger WDC
were not able to diffuse into the sinks of the DGTs due to their
size. Two reasons, high Ca2+ concentrations and a circumneutral
pH value of the soil might limited the mobility of the small
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TABLE 4 | Elemental composition of diffusion layer gels after 168 h in contact with

the P-sources of the sites Mangfall (MAN), Mitterfels (MIT), and Lüss

(LUE) in mg gel−1.

Site Fraction Elemental composition [mg gel−1]

Al Ca Fe P

MAN Bulk soil <LOD 0.031 0.003 0.006

Residual soil <LOD 0.029 <LOD 0.004

WDC <LOD <LOD <LOD <LOD

MIT Bulk soil 0.002 <LOD 0.006 0.004

Residual soil 0.004 0.010 0.009 0.004

WDC <LOD 0.006 0.004 0.004

LUE Bulk soil <LOD <LOD <LOD <LOD

Residual soil 0.002 0.007 0.009 0.006

WDC 0.018 0.016 0.058 0.007

Matrix blank 1 0.001 0.012 0.002 0.004

2 <LOD 0.011 0.001 0.004

3 <LOD 0.007 0.001 0.004

Water-dispersible colloids (WDC) fromMAN andMIT showed no increased concentrations

for aluminum (Al), calcium (Ca), iron (Fe), and phosphorus (P) compared to blank

gels, while WDC from LUE were enriched in these elements, indicating the diffusion of

compounds derived from WDC into the DGTs at this site. <LOD indicates elemental

concentrations below detection limit.

WDC from MAN and the P-release into the dissolved phase
from these particles. Large concentrations of Ca2+ released from
the MAN soil derived from dolomite rock might have promoted
the flocculation of these clay mineral particles in the porous
media. Flocculated WDC would not diffuse in the soil solution
or with a much lower rate than single particles because of their
larger hydrodynamic radius and mass (Banchio et al., 1999).
Furthermore, flocculated WDC may have been retained in the
pore space, which in turn may have changed the permeability of
the porous medium (Molnar et al., 2019). Moreover, the pH value
of 7.0 of the MAN bulk soil was closer to the point of zero charge
of many soil components compared to the pH values of the acidic
forest soils in MIT and LUE, which may have led to aggregation
of the MAN WDC. Aggregation has been demonstrated for
example for titanium nanoparticles in porous media at pH values
close to the point of zero charge of the nanoparticles (Dunphy
Guzman et al., 2006). Contrary to MAN, the WDC from the
acidic forest soils of MIT and LUE were likely better dispersed
at pH values much lower than the particles point of zero charge.
The strong binding of (dissolved) organic matter to Fe- and Al-
(hydr)oxides at low pH values (Kaiser et al., 1997) can promote
the mobilization of particles (Kretzschmar et al., 1995; Philippe
and Schaumann, 2014; Cheng and Saiers, 2015), thus enhancing
also the mobility of P bound to these particles. The (weak)
podzolic features of the LUE soil would support the theory of
diffusion of OM-Fe/Al-P complexes into the DGTs.Missong et al.
(2018b) found indications of a translocation of WDC-bound P
from the topsoil to the Bsv horizon of the LUE soil. Similarly,
Wood et al. (1984), Turner et al. (2012), Celi et al. (2013), and
Wu et al. (2014) reported translocation of P during podzolization.
However, according to Lang et al. (2017) podzolization was not
promoting P transport to greater soil depths at the LUE site.

Although comparable amounts of Al and Fe were added with
the WDC from the MIT soil as with WDC from the LUE soil
to the quartz sand and silt mixture, 10 times less Fe was found
in the diffusion layer of the DGT in contact with MIT colloids,
and no Al was detectable. The larger Fe contents of the MIT
WDC potentially reflected a stronger cementation of individual
colloids, which might have reduced their mobility.

CONCLUSIONS

Our study demonstrates the enhanced delivery of P by colloids
compared to bulk soil and colloid-free soil extraction residue into
DGTs in a porous medium under unsaturated conditions. This
underpins the relevance of natural colloids for the supply of soil
P to plants. Therefore, leaching of these colloids from intensely
rooted topsoils to deep subsoils with few roots, or the export of
these particles with surface runoff or interflow can decrease the
plant availability of P in terrestrial ecosystems. The magnitude
and kinetics of colloid-facilitated P delivery likely depend on the
mobility of colloids and the strength of the binding of P to the
colloids. Building up on previous work on this issue we could
confirm that the mobilization of P by and from mobile colloids
plays a crucial role for DGT extraction of P.
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