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ARTICLE INFO ABSTRACT

Editor: Frederic Coulon Subsurface losses of colloidal and truly dissolved phosphorus (P) from arable land can cause ecological damage to sur-
face water. To gain deeper knowledge about subsurface particulate P transport from inland sources to brooks, we stud-

Keywords: ) ied an artificially drained lowland catchment (1550 ha) in north-eastern Germany. We took daily samples during the
Phosphorus leaching winter discharge period 2019/2020 at different locations, i.e., a drain outlet, ditch, and brook, and analyzed them for
Colloid transport

) total P (TPynfirered), particulate P >750 nm (TP.750 nm), colloidal P (TPop0ias), and truly dissolved P (truly DP) during
Flow component separation .. . o . . . .
Lowland catchment baseflow conditions and high flow events. The majority of TPyyfiierea int the tile drain, ditch, and brook was formed by
Asymmetric flow field-flow fractionation TP-750 nm (54 to 59 %), followed by truly DP (34 to 38 %) and a small contribution of TP,jjeias (5 to 6 %). During flow
events, 63 to 66 % of TPypfilterea Was present as particulate P (TP.750 nm + TPcolloids), Whereas during baseflow the fig-
ure was 97 to 99 %; thus, truly DP was almost negligible (1 to 3 % of TPpfiiterea) during baseflow. We also found that
colloids transported in the water samples have their origin in the water-extractable nanocolloids (0.66 to 20 nm)
within the C horizon, which are mainly composed of clay minerals. Along the flow path there is an agglomeration
of P-bearing nanocolloids from the soil, with an increasing importance of iron(IlI) (hydr)oxides over clay particles.
Event flow facilitated the transport of greater amounts of larger particles (>750 nm) through the soil matrix. However,
the discharge did not exhaust colloid mobilization and colloidal P was exported through the tile-drainage system
during the complete runoff period, even under baseflow conditions. Therefore, it is essential that the impact of rainfall
intensity and pattern on particulate P discharge be considered more closely so that drainage management can be
adjusted to achieve a reduced P export from agricultural land.

1. Introduction

Under the Helsinki Convention, numerous measures have been taken to
* Corresponding author. reduce excessive nutrient inputs to the Baltic Sea. Although between 1995
E-mail address: n.siebers@fz-juelich.de (N. Siebers). and 2019 these measures reduced total phosphorus (P) and nitrogen
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(N) inputs by ~35 % and ~19 % respectively (HELCOM, 2022), >97 % of
the Baltic Sea still suffers from eutrophication due to historical and ongoing
excessive nutrient inputs, which have an increasing effect on the Baltic Sea
ecosystem (HELCOM, 2018a). P is of particular importance since it is the
main regulating nutrient element for eutrophication in the Baltic Sea. It
enters the Baltic Sea almost exclusively (~95 %) in waterborne form via
riverine discharge (HELCOM, 2022). The main sources (~ 70 %) of water-
borne P inputs are diffuse (agriculture, natural background, and storm over-
flows) and associated to a large degree with agricultural activity (HELCOM,
2018b). In Germany, for instance, agriculture accounts for around 51 % of P
inputs, whereas P inputs from point sources (24 %) have been considerably
reduced over the last few decades due to technical improvements in waste
treatment plants and industry (HELCOM, 2018b; Nausch, 2011).

The subsurface transport of dissolved and particulate P from arable land
by means of tile drains has been the subject of intensive research, because
drains shorten the flow paths of water by bypassing large parts of the soil
volume, which reduces the P retention potential of the soil and thus
increases P losses (Nazari et al., 2022). For this reason, a program to mon-
itor element emissions from soil to surface waters in the Zarnow River basin
(north-eastern Germany, 49.5 km?) was initiated in 2001 (Nausch et al.,
2017). This program uses a hierarchical approach to estimate the transport
of P from the tile drain to a ditch, a brook, and finally a stream (Bitschofsky
and Nausch, 2019; Kahle, 2009; Nausch et al., 2017; Tiemeyer et al., 2006,
2009; Zimmer et al., 2016).

Both this monitoring program and recent literature revealed that
dissolved P (DP) contributes to total P (TP) losses to a greater extent than
previously acknowledged (Hahn et al., 2014; Jordan-Meille and Dorioz,
2004; Kleinman et al., 2007), with a contribution to total losses of between
16 and 69 % (Jiang et al., 2021; Nausch et al., 2017; Rodriguez et al., 2020;
Ruark et al., 2012). However, there is considerable methodological uncer-
tainty surrounding the determination of the DP fraction. For example,
water samples collected as part of the Zarnow catchment monitoring
program are treated with filters with a pore size between 0.4 and 0.8 pm,
and P in 0.45 pm filtered samples is considered by definition as dissolved
(Greenberg et al., 1985). However, the definition of natural colloids (1 to
1000 nm), as well as their subset natural nanoparticles (1 to 100 nm), over-
laps with the definition of dissolved components (Jarvie et al., 2012).
Hence, although DP is intended to be an estimate of the dissolved fraction
only, it may in fact still contain large amounts of P bound to nanoparticles
and colloids. Losses of P and other nutrients due to particulate transport are
a rising concern (Bauke et al., 2022; Gottselig et al., 2017a, 2017b; Jiang
et al., 2015, 2021). Major parts of soil P are bound within organic matter
structures or tightly adsorbed to mineral particles (Alewell et al., 2020).
In contrast, apart from soils excessively fertilized with P, only a small part
of soil P is present in dissolved form (Helfenstein et al., 2018). Therefore,
P losses from agricultural land to water bodies are mostly linked to partic-
ulate P of various size fractions that is mobilized during sudden rain events,
either via surface runoff and soil erosion (nm to mm size range) or via
subsurface transport due to internal soil erosion (nm to pm size range)
(Carpenter and Bennett, 2011; Quinton et al., 2010).

Nanocolloids and fine colloids (<450 nm) in particular are more prone
to leaching through the soil profile (Fresne et al., 2022); however, larger
particles >450 nm can also be transported by means of macropore and pref-
erential flow (McGechan and Lewis, 2002; Wang et al., 2020). Generally,
natural colloids are increasingly being recognized as relevant carriers of
nutrients in ecosystems due to their composition and high specific surface
area (Burger et al., 2021; Gottselig et al., 2017a, 2017b; Hens and
Merckx, 2002; Jiang et al., 2015, 2021). Fine colloids (<450 nm) are highly
mobile in soils, and the colloid-facilitated transport of elements is highly
dynamic as such transport is closely connected to water movement in the
soil (Koch et al., 2016). Thus, losses of P and other nutrients due to particu-
late transport are a matter of growing concern (Gottselig et al., 2017a, 2017b;
Jiang et al., 2015, 2021). It was shown that soil colloids in acidic freshwaters
are associated with iron (Fe) and organic carbon (C,,g) (Andersson et al.,
2006; Neubauer et al., 2013) as well as clay minerals in the size range
between 100 and 450 nm (Missong et al., 2018; Gottselig et al., 2017a).
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P preferentially binds to colloids composed of C,, Fe/aluminum (Al)
oxides, clay minerals, or calcium carbonates (Domagalski and Johnson,
2011; Gottselig et al., 2014, 2017a, 2017b; Gu et al., 2020; Jiang et al.,
2015, 2021) mainly forming moderately labile Fe- and Al-associated
P and non-labile hydroxyapatite (Liu et al., 2014).

One technique for analyzing both truly dissolved and colloidal elemen-
tal exports is asymmetric flow field-flow fractionation (AF*), which enables
the continuous high-resolution size separation of colloids (Baalousha et al.,
2011; Qureshi and Kok, 2011). AF* is an elution technique in which a
narrow sample band or pulse is injected into a stream of liquid and sub-
jected to a field (i.e., crossflow) acting perpendicular to the stream. This
leads to different particle retention times and thus to the separation of par-
ticles in the flow channel according to particle size. Therefore, particles of
different sizes will exit the flow channel at different times, yielding specific
elution profiles known as fractograms (Schimpf et al., 2000). The technique
allows truly dissolved elements to be determined, as a permeable mem-
brane is located at a site within the channel through which the liquid carrier
solution, including all dissolved elements, constantly exits the channel.
Therefore, AF* is perfectly suited to estimate the potential of subsurface
P losses in both colloidal and truly dissolved forms.

Colloidal-bound P may partly explain elevated P concentrations in sur-
face water during baseflow and especially during high flow conditions
(Burger et al., 2021; Filella et al., 2006; Fresne et al., 2021; Jiang et al.,
2021). As a consequence of climate change, Germany will experience
more precipitation events in winter and less frequent, but more intense,
precipitation events during the summer (Federal German Government,
2015). In Germany, the average precipitation levels in the winter season
have increased by 25 % since winter 1881,/1882 (German Environment
Agency, 2019). Even though precipitation events are of longer duration
and lower intensity in winter, winter events are predicted to create high
colloidal peak discharges in streams and rivers. It was found that particle-
facilitated transport of P dominates P transport in winter, reaching a maxi-
mum of 80 % of total P loss (Schelde et al., 2002). As not only the quantity
varies with flow events but also the P speciation (Bender et al., 2018;
Esbroeck et al., 2017), detailed knowledge about the subsurface transport
of P in different forms (i.e., dissolved, colloidal, particulate) to adjacent
surface waters is essential in order to optimize agricultural practices and
reduce P losses. Therefore, the objective of this study was to explore the
phosphorus export mechanism from tile-drained agricultural fields by
analyzing particle size fractions in the discharge. In doing so, we aimed to
(i) identify the extent to which precipitation patterns and intensity as well
as discharge lead to the mobilization of particles of different sizes, (ii) com-
pare particulate and dissolved losses, and (iii) determine the origin of
particles transported by water in the adjacent field.

2. Materials and methods
2.1. Study site, sampling, and baseflow separation

The “Zarnow catchment” study site is located about 15 km southeast of
the city of Rostock; the Zarnow brook is a tributary of the Warnow River. It
is part of the Pleistocene lowland landscapes of north-eastern Germany
and characterized by gentle slopes with maximum elevation differences
of 30-50 m. It is a rural catchment typical of the federal state of
Mecklenburg-Western Pomerania, and its primary land use is arable land
(<60 %) (Nausch et al., 2017). The primary soil types (IUSS Working
Group WRB, 2007) formed on the Pleistocene glacial bedload are
Cambisols and Stagnosols. The climate of the Pleistocene (period) also cre-
ated vast extents (approx. 15 %) of Histosols. The mean annual temperature
is 8.9 °C, and the mean annual precipitation is 660 mm (German Meteoro-
logical Service (DWD), data obtained from the Climate Data Center, refer-
ence period 1988-2018) (Koch et al., 2019). The hydrology of the
catchment is markedly influenced by artificial drainage. Approximately
88 % of the Zarnow catchment is drained by subsurface or ditch drainage.
Further detailed information on the study site and the long-term monitor-
ing activities in place there is provided in Nausch et al. (2017), Tiemeyer
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et al. (2009, 2006), and Zimmer et al. (2016). For the present study, we
used samples taken from the beginning of November 2019 to the end of
April 2020 to cover the principal discharge period. No fertilizer application
took place within the study period. Water samples at different locations
draining different areas—i.e., drain outlet (4.2 ha catchment area), ditch
(179 ha catchment area), and brook (1550 ha catchment area)—were
taken automatically (Teledyne Isco, Inc., Lincoln, NE, USA) every 6 h and
mixed to create a daily sample. Samples were collected every week. The
sampling scheme is part of a hierarchical long-term monitoring site initi-
ated in November 2003 (Tiemeyer et al., 2006) to observe spatial effects
on nutrient exports from agricultural fields. Sampling was performed
weekly, every Thursday. The collected water samples were stored in a
cooling box, transported to the laboratory, and processed immediately to
prevent alterations of the various P fractions. For this study, water samples
were selected from the peak of all runoff events (n = 13) within the runoff
period and for four representative baseflows. All samples were kept unfil-
tered or were filtered using pre-combusted (6 h, 450 °C) 0.75 pm cellulose
acetate membrane filters (Carl Roth GmbH, Karlsruhe, Germany). The fil-
tered samples for AF* analyses (see below) were stored in polyethylene
terephthalate tubes, shock-frozen immediately after filtration using liquid
nitrogen in a cryogenic storage dewar, and subsequently stored at —20 °C.

The soil samples were collected from an adjacent arable field located in
the catchment area of the sampled tile-drainage system. The samples were
taken from three soil horizons (Ap, Bw, and C) with nine replicates. The
sampling locations were located upslope (150 m away from the drainage
ditch), midslope (100 m away from the drainage ditch), and downslope
(30 m away from the drainage ditch). The nine replicates were at least
3 m apart. All sampling locations were within the drainage field of the
drainage sampling station under observation. The disturbed soil samples
were collected with an auger (Edelmann-Bohrer, Eijkelkamp Agrisearch
Equipment, Giesbeek, Netherlands) and stored in plastic bags. The collected
soil samples were air-dried and passed through a 2 mm sieve before soil
colloid extraction.

The water level and discharge at the collector drain outlet were mea-
sured with a Venturi flume (Eijkelkamp Agrisearch Equipment, Giesbeek,
Netherlands). The sampling station of the drainage ditch was equipped
with an ultrasonic water level measurement device (Teledyne Isco, Inc.,
Lincoln, NE, USA). At the Zarnow measurement station, the water level
was measured with a pressure sensor (UGT GmbH, Miincheberg,
Germany). The water level was measured every 15 min and averaged to
obtain a daily mean value. The discharge was measured weekly using an
inductive flowmeter (Flo-Mate™, Marsh-McBirney, Inc., Frederick, MD,
USA) to set up semi-annual rating curves for the ditch and brook stations.

A simple baseflow separation routine was used to subdivide streamflow
data into fast (event flow) and slow (baseflow) components. Baseflow was
separated from the total daily discharge (Fig. 1) using a recursive digital
filter (Lyne and Hollick, 1979; Nathan and McMahon, 1990). The filter is
of the form:

(1J2r°() Ok=Yi-1) (1)

fr=%fr-1 +

where fy is the filtered quick response at the k'™ sampling point, vy is the
original discharge, and a is the filter parameter set to 0.925 as recom-
mended by Nathan and McMahon (1990).

Flow events were defined as periods where the peak flow exceeded the
baseflow by a factor of at least 1.5, resulting in a total of 13 different flow
events (Fig. 1). After modeling the baseflow curve, we selected four points
distributed over the entire discharge period where the drain discharge was
at or near the modeled baseflow; these served as a control sample for com-
parison with the event flow (Fig. 1).

2.2. General analyses and soil colloid extraction

All size fractions obtained and analyzed in this study are summarized
and explained in the supplementary information (Table S1). In short,
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seven different size fractions were analyzed for the water samples, and
three different size fractions for the soil samples. For the water samples,
we analyzed the truly dissolved total P (truly DP), colloidal P <750 nm
(TPeonoids), total particulate P >750 nm (TP. 750 nm, calculated based on
total P (TP) in unfiltered samples minus TP q0ids), and TP in unfiltered
samples, including dissolved and particulate P (TPypgiered). Using AF?,
water colloids <750 nm were further size fractionated into three different
size fractions, namely water colloids between 0.66 and 20 nm (water
colloidsg gs_20nm), Water colloids between 20 and 60 nm (water
colloidssg_gonm), and water colloids between 60 and 750 nm (water
colloidseg_750nm)- For the soil samples, we analyzed water-dispersible
colloids (WDCs) only and fractionated them using AF* into three different
size fractions, namely soil colloids between 0.66 and 20 nm (soil
colloidsg e6_20nm), S0il colloids between 20 and 100 nm (soil colloidsso 1 0onm),
and soil colloids between 100 and 450 nm (water colloids; gp_450nm)- For all
AF* size fractions, not only P but also other elements were analyzed (see
next section on AF* analysis).

The TPnfiierea CONcentration in water samples was determined by
means of alkaline persulphate oxidation (Koroleff, 1983). Briefly, the unfil-
tered sample was mixed with a solution of K»S,0g, H3BO3 and NaOH
digested in a microwave (Mars 5, CEM GmbH, Germany). After adding
ascorbic acid (CgHgOg) and ammonium heptamolybdate, the sample was
measured colorimetrically at a wavelength of 885 nm (CFA, AA3 with
xy2 autosampler, Seal Analytical GmbH, Germany).

The P loss rates L (kg ha~! d=!) were calculated as described in
Tiemeyer et al. (2006), by using the P concentration ¢ (mg L™ 1 and flow
rate Q (mm d 1) for the equation

_Q
L—m (2)

By establishing a linear regression (Fig. S1) between the measured loss rates
and daily discharge, the loss rates could be calculated for days for which
only the discharge was available.

WDC extraction from soils was performed by combining wet sieving
with centrifugation. In brief, 10 g air-dried soil (<2 mm) was immersed in
deionized water on the top of a sieve stack (with sieve mesh sizes 20, 53,
and 250 pm). The soil particles were separated by manually shaking the
sieves up and down. The 250 pm mesh-size sieve and the soil fractions
retained were removed when the water passing through the sieve ran
clean. The same procedure was repeated for the 53 and 20 pm sieves. The
soil suspension containing the <20 pm size fraction was collected and
used for WDC extraction using centrifugation. The centrifugation parame-
ters (4000 rcf for 5 min) were calculated with reference to Stokes' law
(Henderson et al., 2012) to obtain colloids <450 nm. The volume of the
resulting soil suspensions was recorded for the purpose of calculating the
colloidal elemental concentration.

2.3. Asymmetric flow field-flow fractionation of water and soil samples

Both the colloids in the collected water and soil samples and the WDCs
were size separated using AF* (Postnova Analytics, Landsberg, Germany).
The Corg content in the different colloidal size fractions was measured
using AF* coupled both to a UV-vis detector with an absorption wavelength
of 254 nm (Postnova Analytics) and to an organic carbon detector (OCD;
DOC-Labor GmbH, Germany). The element concentrations of P, Fe, Al Si,
Ca, and Mg in each size fraction were determined by AF* coupled to an
inductively coupled plasma mass spectrometer (ICP-MS; Agilent 7500,
Agilent Technologies, Japan) using post-channel calibration with Rh as
the internal standard (Nischwitz et al., 2016). Details of the AF* separation
method are presented in Table S2, while details of the coupling to the ICP-
MS and OCD detectors can be found in Gottselig et al. (2017a) for the water
samples and in Krause et al. (2020) for the soil samples.

The lowest size limit of 0.66 nm was established by the cutoff of the
used membrane (1 kDa). Reference materials (Suwanee River NOM,
Humic Acid Standard II, and Fulvic Acid Standard II, International Humic



N. Siebers et al.

Science of the Total Environment 866 (2023) 161439

4 events 3 events
0.003 | : :
Tile drain E
- 0.0025 l
iy | |
("] I '
£ 0.002 ) : :
— I I
() E E
E‘ 0.0015 ’ | :
© I |
; = x 1 2
[¥] : :
2 0.001 . ;
T I I
S XX A :x 3 :
2 : :
2 b . ! - |
; A AN A 4‘ A :-/\‘ :
o Mei AL
0.14 !
Ditch |
0.12 |
- |
L :
- 0.1 :
: |
S~ :
o 008 :
g ) :
g {
'5 0.06 ) :
2 \
-2 0.04 Ex
g i
L : N
g 0.02 : )
daaa
o M /
0.3 :
Brook
—~ 025 :
FI‘ 1
! i
k 1
E 0.2 :
~— :
gé :
© 0.15
S | :
= i
© 0.1 *I
7] i
g 0.05 J ‘:
0 [
o . .
¥ 3 K
S

0.12
—Event flow
------ Baseflow a
0.1 o
» DRP o0
TP 0.08 é
) c
0
0.06 =
e
=
c
004 9
c
S
002
0
0.25
-
0.2 -t
1)
£
S—
c
0.15 o
=)
S
0.1 (=
(1]
Q
c
(=]
005 ©
Q.
0
0.12
-
0.1 o
g
0.08 ~
c
2
=)
0.06 2
-
c
0.04 8
% c
4, o
H) o
' 002 a
K 0

Sampling date

Fig. 1. Measured flow, fitted baseflow, dissolved reactive P (DRP), and total P (TP) during the study period (2019/2020) at three sampling stations: tile drain, ditch, and
brook. Vertical broken lines mark the sampling points of the baseflow, while vertical bold lines mark the sampling points of the specific flow events (1 to 13) for

subsequent measurements. The gray highlighted areas show several sampled events.

Substances Society, Denver, USA; Sulfate Latex Standards 8 % w/v
21-630 nm; Postnova Analytics, Landsberg, Germany) were used with the
same AF* conditions used for the samples for calibration of the particle
diameters included in each size fraction. The Humic Acid Standard II and
the Fulvic Acid Standard II were also used for C,, quality control by com-
paring results with previous measurements of these standards. However,
no reference material exists that covers the diverse particle morphologies
and elemental concentrations of environmental samples. Therefore, the
specified hydrodynamic diameters of the particles are equivalent sizes
based on the elution time of the reference materials. For the water samples,
the first fraction was estimated based on calibration with the reference
materials to include nanoparticles between 0.66 nm (membrane molecular
weight cutoff) and 20 nm, and the second fraction to include nanoparticles

>20 to 60 nm. Furthermore, dynamic light scattering revealed that the third
fraction included nanoparticles >60 nm to fine colloids up to the upper size
cutoff of the filter (750 nm). For soil colloids, the size fractions were also
calibrated according to latex standards; the first size fraction ranged from
0.66 to 20 nm, the second size fraction from 20 to 100 nm, and the third
size fraction from 100 to 450 nm, which was the size cutoff set for centrifu-
gation. Because the AF* technique does not recover dissolved species, total
element recovery of aqueous water phases was not assessed in the same
run. However, by measuring without AF* fractionation (zero crossflow), it
is possible to determine total elemental concentrations using the AF*
system. In the filtered and unfractionated samples, the total elemental
concentrations of P, Fe, Al, Si, Ca, and Mg were determined using ICP-MS
(Agilent 7500, Agilent Technologies), as described above.
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2.4. Statistical analyses

Statistical analyses were performed in Excel (Excel 2016, Microsoft
Corporation, Washington, USA) using XLSTAT 2021.5 (Addinsoft, Paris,
France), as well as in Origin(Pro) 2022 (OriginLab Corporation, Northamp-
ton, MA, USA) and RStudio 3.6.3. For the water samples, we tested propor-
tions of particulate elemental concentrations of colloids <750 nm in
relation to total elemental concentrations of colloids <750 nm, testing for
normal distribution using the Shapiro-Wilk test (p < 0.05) and for homoge-
neity of variances using the Brown-Forsythe test (a = 0.05). The differ-
ences between sampling locations were determined by means of a one-
way ANOVA (a = 0.05). If significant differences occurred, we used the
Tukey HSD test to perform a post-hoc separation of means (a = 0.05).
The similarity or dissimilarity between the time-series data of the three
sampling sites was evaluated based on the Euclidean distance. The P stocks
from colloids extracted from the soil samples were tested using a multilevel
model, as both variables used (horizons and size fractions) violated the data
independence assumption. The modeling work was performed using the
Ime() function from the R package “nlme”. Both variables (horizons and
fractions) and their interactions (horizons X fractions) were added into
the baseline model successively. The maximum likelihood method (ML)
was used to identify the best model. Post-hoc tests were performed for sig-
nificant effects (p < 0.05). To identify (i) the fraction-specific preferential
binding of P and (ii) the origin of water colloids in the adjacent field, a
hierarchical tree cluster analysis as described in Gottselig et al. (2017b)—
with 1 — Pearson's r as the distance measure, with the complete linkage
rule, and without normalization—was applied to the element concentra-
tions obtained for the AF*-separated particle size fractions of water and
soil colloids. In contrast to statistical significance testing, cluster analyses
use algorithms that group parameters with the greatest similarity based
on the available samples at the start of the analysis. Subsequently, the
threshold for deciding when to declare two or more objects to be members
of the same cluster is lowered.

3. Results
3.1. Discharge and total P losses

The total precipitation of 197 mm in the discharge period 2019,/2020
was equal to that recorded in the discharge period 2013/2014 (Nausch
et al., 2017). However, it amounted to only 74 % and 69 % of that recorded
in the discharge periods 2003/2004 and 2005/2006, respectively (Tiemeyer
et al., 2009), or only 29 % of the long-term annual average of 689 mm.
Rainfall of =6.0 mm day ' took place in the first week of November and
between 31.01.2020 and 13.03.2020 (Fig. S2). These rainfall events
generated discharge peaks in the tile drain, ditch, and brook, while the
later rain events in particular led to an increase in discharge (Fig. 1). For
the tile drain, ditch, and brook, the proportion of modeled baseflow to
total flow amounted to 15, 17, and 42 %, respectively, which confirms
expectations that the brook is groundwater driven. The mean TP concentra-
tions in the unfiltered samples (TPyfiered) Were comparable for each sam-
pling station (tile drain: 0.046 mg L™, ditch: 0.027 mg L™, brook:
0.030 mg L™ 1). Over the complete sampling period 2019,/2020, the lowest

Table 1
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area-normalized TP yfijtered 10sses (g ha™ 1) were found for the brook and
the highest were found for the ditch (Table 1).

3.2. Truly DP, TP .oyoias, and TP 750 nm in water samples

To characterize the total P composition of the unfiltered water samples
in more detail, the samples were split into three fractions: truly DP, partic-
ulate P <750 nm (TP j0ids), and particulate P >750 nm (TPs 750 nm). The TP
concentrations, as well as their proportions of TPfjered, Were determined
separately (Table 2). Taking all events into account, it was found that at all
three sampling stations, the mean shares of the three P fractions in the over-
all P loss were similar. The majority of TP ygiereq Was formed by TP-.750 nm
(54 % =+ 28; 55 % * 21; 59 % = 24), followed by truly DP (37 % * 21;
38 % *+ 19; 34 % = 32), and by a rather small contribution of TP c0ids
(5% = 2;6% * 4;6 % = 2) (tile drain, ditch, and brook, respectively;
Table 2). Thus, during flow events, 63-66 % of TPypiterea Was present as
particulate P (TP>750 nm + TPeolioids), Whereas during baseflow this figure
amounted to 97-99 %. This was reflected in an even more pronounced
dominance of TP.;59 ,, during baseflow conditions (82-92 % of
TPunfilterea), While truly DP during baseflow was almost negligible (1-3 %
of TPynfiltered)- The mean proportions of TP, j0igs in the ditch and brook dur-
ing baseflow (7 % *+ 6;7 % =+ 4) were comparable to those recorded during
flow events. In contrast, for the tile drain, the mean proportions of TP i0ids
at baseflow (15 % = 17 of TPynfiiterea) Were higher when compared to both
the flow events and to the other sampling stations. However, this was not
significant, since this higher proportion was mostly due to the high initial
peak in the proportion of TP qj0ias (41 % of TPynfitered) during the early
stages of baseflow formation at the onset of the discharge period, while
TP, 750 nm peaked during the very first flow event. After the occurrence
of these peak concentrations and proportions of TP.qj0iqs (baseflow) and
TP. 750 nm (flow events), the values dropped and remained at a similar
level (Table 2).

Considering the change in the proportions of TP- 750 nm, TPcolloidss and
truly DP during the runoff period, it is obvious that the proportions
remained relatively constant during baseflow, but were subject to strong
fluctuations during event flow. For the latter, the observed variations in
the composition of TPy fiitered Were mainly caused by TP..;50 nm and truly
DP, while the proportions of TP..10iqs remained at a relatively constant
level.

3.3. Elemental loads in water samples

Taking into account all sampling stations, flow regimes, and colloidal
size fractions obtained by AF* measurements, the colloidal elemental
loads in the <750 nm filtrate (water colloidsg gs_750 nm) followed the
order Al < P <Fe < Si < Mg < Cog < Ca (Tables S3, S4). The proportion
of the respective colloidal elemental load in relation to the total elemental
load in the <750 filtrate (colloidal + truly dissolved load) was similar
between flow events (13 to 27 %). However, during baseflow, the mean
proportion of colloidal P and Al differed significantly at 85 and 100 %,-
respectively, while the other elements were in the range of 9 to 30 %
(Table 3). There were also no significant changes in the proportions of
colloidal loads between the three sampling stations, with the exception of

Water discharge, drainage area, P loss rates of total P (TPyygiierea), particulate P >750 nm (TPs750 nm), colloidal P (TPpeias), and truly dissolved P (truly DP), as well as the

coefficient of determination (R?) of P loss rates (g ha™* d~*) from discharge (mm d ).

TPunfiltered TP-750 nm TPoloids Truly DP

Tile drain Ditch Brook Tiledrain Ditch Brook Tiledrain Ditch Brook Tiledrain Ditch Brook
Discharge (mm over the period 2019/2020) 120 137 60 120 137 60 120 137 60 120 137 60
Drainage area (ha) 4.2 179 1550 4.2 179 1550 4.2 179 1550 4.2 179 1550
Area-normalized loss rate (g ha™' over the period 2019/2020) 48 55 18 36 41 12 2 3 1 11 1 5
Loss rate (g over the period 2019/2020) 202 9774 27677 151 7330 18451 10 489 1845 45 244 7380
R? 0.835 0.806 0.575 0.851 0.823 0.655 0.939 0.978 0.747 0.830 0.926 0.585
p Value <0.001 <0.001 0.003 <0.001 <0.001 0.003 <0.001 <0.001 <0.001 <0.001 <0.001 0.003
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Concentrations of total P (TP iered), total P in particles >750 nm (TP.50 nm, calculated by subtracting TP jioigs and truly DP from TPy pgiered), total P in colloids <750 nm
(TP o10ias), and truly dissolved P (truly DP), as well as the proportions of TP-.750 nm, TPcolioids, @nd truly DP to TPypgiiered (%) for baseflow and flow events for the three sampling

stations: tile drain, ditch, and brook. n.d. = not detected.

Time of sampling Tile drain Ditch Brook
TPunfiltered ~ TP>750 nm  TPcolloids Truly DP TPunfitered  TP>750 nm  TPcolloids Truly DP TPunfitered  TP>750 nm  TPcolloids Truly DP
mgL7'(%) pgL ') pgL7'(%) pgL7'(%) mgL7'(%) pgL ') pgLT'(%) pgL (%) mgLT'(%) pgLT'(%) pgLT'(%) pgL'(%)
Baseflow 1 0.03 15.55 12.15 2.29 0.07 67.06 2.67 0.27 0.03 25.46 3.89 0.65
(52) (41) ® (96) 4 (V)] (85) 13) @
Baseflow 2 0.05 48.91 0.95 0.13 0.09 88.55 1.34 0.11 0.02 18.84 0.88 0.28
(98) 2 (O] (98) @ ) 99 4 @
Baseflow 3 0.01 8.92 0.84 0.24 0.02 18.53 1.34 0.13 0.01 9.19 0.71 0.10
(89) ®) (2) (93) @) @™ (92) @) @™
Baseflow 4 0.01 9.11 0.78 0.11 0.01 8.47 1.44 0.09 0.02 19.16 0.76 0.09
(C1) ® (€Y] (85) (14) (€Y] (96) 4 (O]
Mean baseflow (%) 82 + 21 15 £ 17 3+3 93+ 6 7+6 1+0 92+ 5 7 x4 1+1
Event 1 0.08 69.29 1.99 8.72 0.10 80.59 2.42 16.99 0.04 36.34 1.47 2.19
(87) 2 an (81) (2 a7) 91 4 5)
Event 2 0.03 17.25 1.47 11.27 0.04 22.14 1.94 15.91 0.02 9.44 1.18 9.39
(58) ) (38) (55) ) (40) (47) (6) (47)
Event 3 0.03 19.77 1.79 8.45 0.09 74.13 1.79 14.07 0.03 17.54 1.62 10.85
(66) 6 (28) (82) (2 (16) (58) 5) (36)
Event 4 0.03 4.82 3.01 22.17 0.03 4.66 2.66 22.68 0.03 10.80 2.39 16.81
(16) (10) 74) (16) (C)] (76) (36) (8) (56)
Event 5 0.03 16.72 1.23 12.06 0.05 29.99 1.98 18.03 0.04 30.03 1.43 8.54
(56) 4 (40) (60) @ (36) (75) @ (21)
Event 6 0.03 18.12 1.60 10.28 0.07 51.78 2.43 15.79 0.02 8.34 1.64 10.02
(60) (5) B34 74) 3 (23) (42) ® (50)
Event 7 0.05 37.41 1.70 10.89 0.06 40.12 2.18 17.70 0.02 12.45 1.57 5.98
(75) 3) (22) (67) “@ (29) (62) (8) (30)
Event 8 0.02 2.83 1.71 15.46 0.03 6.00 2.15 21.85 0.01 1.81 16.72
a4 ©)] 7) (20) ) (73) 18) (167)
Event 9 n.d. 1.44 1.26 0.01 4.39 1.90 3.71 0.02 17.20 1.54 1.26
(44) 19 37) (86) [€)) (6)
Event 10 0.05 37.42 2.08 10.50 0.05 32.97 2.45 14.57 0.06 49.20 2.32 8.48
(75) “@ 21 (66) 5) (29) (82) @ a4
Event 11 0.02 8.29 1.44 10.27 0.03 13.04 2.29 14.66 0.02 11.28 1.41 7.31
(41) @) (51) (43) (8 (49) (56) @) 37)
Event 12 0.04 30.76 1.65 7.59 0.04 24.58 2.30 13.12 0.04 30.98 2.06 6.96
(77) “@ (19) (61) (6) (33) (77) %) a7
Event 13 0.03 23.14 1.68 5.18 0.03 15.22 2.24 12.55 0.02 11.40 1.61 6.98
77 ) a7y (51) ) (42) (57) @® (35)
Mean event (%) 54 + 28 5+2 37 £ 21 55 + 21 6+ 4 38 £ 19 59 + 25 6+ 2 34 +23

Corg, Which showed significantly higher proportions within the ditch
compared to the tile drain and the brook during flow events (Table 3).

3.4. Distribution pattern of P within water colloidsy.s_750nm

The colloidal size fraction studied here (water colloidsg g¢_750nm) Was
mainly present in three size fractions (Table S3). During flow events, the

Table 3

Proportions of colloidal loads (<750 nm, samples analyzed using AF*) in relation to
total elemental loads (dissolved + colloidal <750 nm, samples analyzed using AF*)
for the different flow regimes for the three sampling stations: tile drain, ditch, and
brook, as well as the mean of all sampling stations (all stations). Significant differ-
ences (p < 0.05) between stations and within flow regimes are marked with super-
script letters.

Corg P Fe Al Si Ca Mg

% colloidal

Baseflow

Tile drain 10* 84° 11° 64* 28? 9? 7°
Ditch 132 922 172 100° 252 112 9°
Brook 6% 85% 18* 712 37% 14* 112
All stations 10 87 15 79 30 11 9
Flow events

Tile drain 122 17° 22° 15¢ 312 152 142
Ditch 21° 14° 20° 14¢ 26° 137 122
Brook 9? 21° 23" 21¢ 232 152 132
All stations 14 17 22 17 27 14 13

main proportions of TP uj0iqs (67 to 73 %) were found in the water
colloidseo_750nm, followed by water colloidssg_gonm (26 to 32 %), with
minor contributions (<1 %) in water colloidsg g¢_20nm- However, during
baseflow, the mean proportions of water colloidssg_gonm increased to
42-47 %, whereas the proportions of water colloidsso_750nm decreased to
51-58 % (data not shown). In terms of the sampling stations, significantly
higher mean proportions of TP.q0i4s Were found in water colloidsx_sonm
(lower in water colloidsgg_750nm) from the ditch compared to the tile
drain and brook during flow events, while at baseflow this difference was
only significant between the ditch and tile drain. Based on the calculation
of the Euclidean distance, the time course of the proportions of all size frac-
tions was more similar between the tile drain and brook, regardless of the
flow regime. However, the absolute difference between sampling stations
was generally larger for events than for baseflow conditions. There was
no visible trend in the time course of the distribution pattern of P within
the three size fractions during flow events, while a trend of decreasing
proportions of water colloidsg eg_20nm and water colloidssg_gonm With
time, as well as increasing proportions of water colloidseg_750nm With
time, was indicated during baseflow.

3.5. Associations of P with other elements

Hierarchical tree cluster analysis generally revealed three clusters for all
size fractions (Table 4). When all stations under event flow conditions were
included in the cluster analysis, P clustered mainly with Al, Fe, Mg, and Si in
water colloidsg g6_20nm, With Al and Si in water colloids,g_gonm, and with Al,
Fe, and Si in water colloidsg_750nm- When the results of the cluster analysis
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Table 4
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Hierarchical tree cluster analysis with 1 — Pearson's r as the distance measure and complete linkage. For water colloids, analysis was performed for all sampling stations, size
fractions (1% 0.66 to 20 nm; 2°% 20 to 60 nm; 3°%: 60 to 750 nm), and flow events. For stocks of soil colloids, analysis was performed for all soil horizons and size fractions
(1% 0.66 to 20 nm; 2"%: 20 to 100 nm; 3" 100 to 450 nm) . Numbers in parentheses indicate the 1 — Pearson's r distance. A low linkage distance value indicates stronger

potential binding.
Sampling station & Number of cluster and elements Number of cluster and elements Number of cluster and elements
horizon 1 2 3 1 2 3 1 2 3
First size fraction Second size fraction Third size fraction
Tile drain Corg/Mg P/Al/Fe/Si Ca P/Al/Si Fe/Ca/Mg  Corg Mg/Ca Fe/Al/Si P/Corg
(0.42) (0.574) (1.94) (0.17) (0.25) (0.57) (0.13) (0.28) (0.64)
Ditch Si/Ca P/Al/Fe/Mg Corg P/Al/Fe/Mg Al/Si Corg Mg/Ca Fe/Al/Si P/Corg
(0.00) (0.24) (0.93) (0.17) (0.22) (1.37) (0.15) (0.50) (1.08)
Brook P/Al/Fe/Mg Corg/Ca Si P/Al/Mg Fe/Ca/Si Corg P/Si Fe/Ca/Al/Mg Corg
(0.28) (0.62) (1.10) (0.32) (0.72) (1.38) (0.44) (0.67) (1.36)
All stations P/Al/Fe/Mg/Si Corg/Ca Fe/Ca/Mg P/Al/Si Corg Mg/Ca P/Al/Fe/Si Corg
(0.38) (0.48) (0.34) (0.58) (1.01) (0.22) (0.65) (1.23)
Ap Al/Fe/Si P/Mg/Ca/Corg P/Mg/Ca/Al/Fe/Si (0.454) Corg (1.106) P/Mg/Ca/Al/Fe/Si (0.762) Corg (1.640)
(0.008) (0.791)
Bw Al/Fe/Si P/Mg/Ca/Corg P/Mg/Ca/Al/Fe/Si (0.299) Cog (1.822) Mg/Ca/Al/Fe/Si/Corg (0.453) P (1.165)
(0.021) (0.784)
C P/Corg Mg/Ca/Al/Fe/Si P/Mg/Ca/Al/Fe/Si (0.139) Corg (0.604) Mg/Ca/Al/Fe/Si/Corg (0.509) P (1.239)
(0.693) (0.693)

All horizons Mg/Ca/Al/Fe/Si (0.306) P/Corg (0.441)

P/Mg/Ca/Al/Fe/Si (0.072) Cqrg (0.336)

Mg/Ca/Al/Fe/Si/Corg (0.068) P (0.368)

were considered separately for the individual stations and flow regimes, the
tile drain showed a noticeably different cluster composition, with P sharing
a cluster with Al, Fe, and Si; for the ditch and brook, however, P clustered
with Al, Fe, and Mg. For water colloidsa_gonm, all P clusters exhibited a dif-
ferent composition between sampling stations, with Si once again only
being present in the tile drain cluster. In water colloidseo_750nm, P clustered
exclusively with C, in the tile drain and in the ditch, while it clustered
with Si in the brook (Table 4).

Hierarchical tree cluster analysis revealed no connection between water
colloidsg g6_20nm, Water colloids,g_gonm, and water colloidsgg_750nm, as each
size fraction formed a separate cluster (Fig. 2). Within the three size fraction
clusters, there is a clear separation between the ditch, tile drain, and brook,
with the ditch forming a separate cluster while the tile drain and brook are
grouped within a single cluster, irrespective of events. This is different for
water colloidssg_gonm, Where the brook and tile drain form a cluster under
baseflow conditions, while the ditch (during both baseflow and flow
events) clusters with the tile drain and brook under flow event conditions.
For water colloidsgp_750nm, all three sampling stations form a cluster under
flow event conditions; under baseflow conditions, meanwhile, the ditch
and the brook cluster, and the tile drain forms a separate cluster (Fig. 2).

3.6. Composition of soil colloids and fate in water

Generally, as for the water colloids, three size fractions were identified
for the soil colloids, namely soil colloidsg e6_20nm, S0il colloidsso_100nm, and
soil colloids; go_450nm (Tables S1, S5). The colloidal P stocks for the three
size fractions were 1.3 to 4.4 kg ha™!, 0.6 to 1.7 kg ha™?, and 3.6 to
5.1 kg ha™* for the Ap, Bw, and C horizons, respectively (Fig. 3 and
Table S5). The highest P concentrations were found in soil colloidsy s6_20nm
from the Ap horizon, while the C horizon exhibited the highest P stocks in
soil colloidssg_100nm and soil colloids; gg_450nm- Between the size fractions,
colloidal P stocks in soil colloidssg_100nm Were significantly lower than
those in soil colloidsg ¢620nm and soil colloids;gp_450nm for both the Ap
and Bw horizons, while these were not significant for the C horizon (Fig. 3).

Hierarchical tree cluster analysis of soil colloids generally revealed two
clusters for all three size fractions (Table 4). When all three horizons
(Ap, Bw, C) were grouped in a cluster analysis (All), P mainly clustered
with Coyg in s0il colloidsg 66-20nm and with all elements except Co.g in soil
colloids,g_100nm, and formed a separate cluster in soil colloids;go_450nm-
Results of the cluster analysis conducted on soil horizon samples revealed
that in soil colloidsg 66-20nm, P mainly clustered with C,,, while in the Ap
and Bw horizons, Mg and Ca were also part of the P cluster. For soil
colloids,g_100nm, the results were identical for all soil horizons with P and

Mg/Ca/Al/Fe/Si clustering together, while C,, formed a separate cluster.
In soil colloids; go_450nm, the results differed between Ap and the other hori-
zons, with P clustering with all elements except C,, in the Ap horizon and
forming a separate cluster in the Bw and C horizons (Table 4).

In order to estimate the origin of water colloids within the adjacent soil,
we conducted a hierarchical tree cluster analysis of both water and soil
colloid concentrations (both in pg L™ "). This analysis revealed three main
clusters, with soil colloidsso_19onm and soil colloids, gg_450nm from all soil
horizons—i.e., Ap, Bw, C—clustering together in cluster 1. Cluster 2
included water colloids,o_gonm for all sampling stations, i.e., tile drain,
ditch, and brook, as well as soil colloidsg ge_20nm from the C horizon. In
cluster 3, soil colloidsg ¢6_20nm from the Ap and Bw horizons clustered
with water colloidsg ¢s_20onm and water colloidsgo_750nm. The distance
measure of soil colloids from the C horizon to the water colloids was smaller
than for the Ap and Bw horizons, indicating that there were more
similarities between soil colloidsg ge_20nm from the C horizon and water
colloidszg_gonm (Fig. S3).

4. Discussion
4.1. Precipitation, discharge, and P transport at the monitoring stations

The initial peak of particulate P loss at all sampling stations during the
first rain event at the beginning of the discharge period (Table 2) was
also observed for other hydrological discharge periods at the same site
(Nausch et al., 2017) and was reported by others from irrigation experi-
ments (de Jonge et al., 2004; Kjaergaard et al., 2004; Schelde et al., 2002;
Zhuang et al., 2007). This can be explained by a re-mobilization of particu-
late P, especially of particles >750 nm, which settled in the drain and ditch
during dry fall outside of the discharge season and were subsequently
transported further downstream. After the first event in the subsequently
sampled baseflow, the load of TP.;50 nny in the tile drain was lower,
whereas for TP.q)10igs <750 nm it remained at the same level. This suggests
that the re-mobilization potential was exhausted faster for particles
>750 nm than for colloids <750 nm that were continuously mobilized at
the same rate. Event flow particularly affected the transport of TP-750 nm,
leading mainly to an effect of varying discharge intensity and thus straining
and attachment at the solid—water interface (Wang et al., 2020). This effect
is greater for larger particles, as these particles are more prone to get stuck
when the pore space is too small to admit them.

A colloidal export of around 5 to 6 % of TP yiitereq 1S in line with the
findings of Burger et al. (2021) for exports from a forested headwater catch-
ment after winter precipitation events with a mean precipitation of 3 mm
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Fig. 2. Dendrogram of a hierarchical tree cluster analysis based on elemental colloidal composition in three size fractions (1% 0.66 to 20 nm; 2"%: 20 to 60 nm; 3™ 60 to
750 nm) in water samples determined by AF* analysis of samples obtained from the three different sampling stations during baseflow and flow events.

d~! for the event under study. A dominance of colloidal P losses over
dissolved losses during flow events, as reported by Schelde et al. (2002),
was not observed in this study for TP.,ji0ids < 750 nm. However, when
the TP.750 nm fraction was considered, which by size definition also con-
tains colloids <1000 nm, particulate P loss dominated at ~ 2 times higher
than the dissolved loss. Although it is widely accepted that P is mainly
transported in particulate form during storm events and high discharge pe-
riods, studies estimating the losses from catchments via truly DP (<1 nm)
are still rare. However, there is a growing awareness that even during
storm flow, proportions of truly DP can be high and can make up the
dominant P fraction, accounting for up to 61 % of total P losses (Gu,
2017). In our study, although on average the majority of P (~50 %) during
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Fig. 3. Colloidal P stocks (kg ha™!) of three size fractions (1°% 0.66 to 20 nm; ond.
20 to 100 nm; 3": 100 to 450 nm) in different soil horizons. Significant
differences (p < 0.05) between size fractions but within the same soil horizon
were labeled with lowercase letters, and between horizons but within the same
size fraction with uppercase letters.

storm events at all stations was still lost via particles >750 nm, losses via
truly DP accounted for more than one third of total P losses (Fig. S4).

When total P loss rates per hectare of this study are compared to those
from previous hydrological discharge periods (Tiemeyer et al., 2009), it
becomes obvious that P losses not only result from differences in the inten-
sity and amount of precipitation, but also from differences in temporal or
spatial precipitation patterns. Despite the fact that the total precipitation
was comparable to that recorded in other hydrological discharge periods,
the strength of events differed, leading to differences in the P discharge at
single stations and thus also to differing P exports.

4.2. Composition of water colloidsy ss_750nm

The size ranges of the three dominant size fractions of water colloids
identified in our study were in agreement with other studies analyzing
natural colloids in watershed samples (Burger et al., 2021; Gottselig et al.,
2014, 2017a, 2017b). The cluster analysis of elements regarding the size
fractions separately but the sampling stations collectively (all stations
combined) revealed that in water colloidsg ge_20nm, P mainly clustered
with Al, Fe, Si, and Mg (Table 4), which hints at the presence of both of
Fe/Al (hydr)oxides (Gottselig et al., 2017a; Hassellov and von der
Kammer, 2008; Jiang et al., 2015) and clay minerals with P adsorbed to
them. In terms of the latter, the mineral composition of transported
particles in the Zarnow catchment is, besides illite and illite-mixed layer
minerals, known to be dominated by chlorites (Nausch et al., 2017),
which are characterized by the presence of Fe/Mg silicates with a small
amount of Al in the crystal structures (Hamer et al., 2003). The water
colloidsso_eonm Were characterized by high concentrations of Fe, Al, Ca,
and Mg, hinting at a mixed composition of clay minerals and Fe/Al (hydr)
oxides. However, the clustering of P with Al and Si only indicates that P
was adsorbed to the surfaces of clay minerals (most likely illite, given the
missing Mg in the cluster) by means of ligand exchange with a metal
hydroxide (Yaghi and Hartikainen, 2013), which is also corroborated by
the soil pH of >7. The clustering of P with Al, Fe, and Si in water
colloidsgg_750nm indicates associations with both Fe/Al (hydr)oxides and
clay minerals like illite, which is due to the fact that the third peak, also
called the release peak, can also contain smaller particles from water
colloidsg e6_20nm and water colloidsag_gonm that were retained by the
membrane during crossflow.

The influence of the sampling location factor (tile drain, ditch, or brook)
on the composition of the clusters was strongest for water colloids 6 _20nm
and water colloidsso gonm- In the tile drain, P was mainly associated with
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both clay minerals and hydroxides, while in the ditch and brook, the com-
position of the clusters hints at Fe/Al (hydr)oxides and Mg compounds that
are not clay-associated, given the missing Si in the clusters. This fits with
the results of suspended particulate matter (>800 nm) SEM-EDX analyses
performed by Nausch et al. (2017) at the same sampling stations, which
suggested that samples from the ditch and brook waters were enriched in
Fe phosphates and that, for the brook in particular, clay minerals were
underrepresented in the suspended matter, presumably due to sedimenta-
tion at times of low flow velocity. This indicates that, to some extent, the
elemental composition of colloids at different sampling stations reflects
the elemental composition of suspended particulate matter >800 nm, as
colloids act as building units for larger size fractions (Totsche et al., 2018).
The composition of the P cluster of the ditch was consistently different for
water colloids e6_20nm and water colloidssg_gonm compared to the tile drain
and brook, irrespective of flow events. Cluster separation by sampling loca-
tion and event (Fig. 2) revealed that especially in water colloids g_20nm,
the colloidal composition of the ditch was different to those of the tile
drain and brook, presumably as a result of different forms and amounts of
soil organic matter (SOM) due to an increased input of organic detritus
into the ditch. The fact that nano-sized C,, clustered with Mg (tile drain)
and Ca (brook) (Table 4) suggests that C=O groups of the SOM
(e.g., carboxyl[ate] groups) can be assumed to be complexed and stabilized
with divalent Ca®* in the brook (Rowley et al., 2018) and divalent Mg>* in
the tile drain (Ellerbrock and Gerke, 2021). However, nano-sized
Corg formed a separate cluster in the ditch, indicating that the majority of
nano-sized Cog in the ditch may be fresh and not complexed. In general,
the data obtained in our study confirms that the particulate but also the
dissolved subsurface output of elements, particularly P, from the soil into
the watershed is high, and is expected to dramatically increase during
seasons with higher precipitation and a greater number of flow events.

4.3. Composition of water-extractable soil colloids

To identify the possible origin of colloids transported to the tile drain,
ditch, and brook, we investigated water-extractable colloids from soils at
various depths within the tile drain catchment. The higher stocks of colloi-
dal P in the Ap horizon than in the Bw horizon (Fig. 3, Table S5) were
caused by the enrichment of fertilizer P applied to the topsoil. Excess colloi-
dal P could be transported from the topsoil to the subsoil via water-
extractable colloids in intensively managed agricultural soils, especially in
areas with surplus P fertilization (Chen and Arai, 2020; Rubzk et al., 2013).

When we examined the general composition of soil colloids as revealed
by AF* analyses, the dominance of Corg in soil colloidsg 66-20nm Was in agree-
ment with the results reported by others (Jiang et al., 2015; Krause et al.,
2020). In this size fraction, P mainly clustered with either Cy,g or Corg/
Ca/Mg, hinting at either organic P compounds or P-Ca/Mg-C,,, complexes
(Audette et al., 2016; Ellerbrock and Gerke, 2021; Gerke, 2010; Rowley
et al., 2018). Cluster analysis of soil colloidszg_100nm hints at an association
of P with clay minerals and/or Fe/Al (hydr)oxides. A closer examination of
the molar ratio between Si and Al revealed values between 1.7 and 2.3
(Table S6), indicating that 2:1 clay minerals such as illite were dominant.
There was a slight (not significant) increase of this ratio from the Ap
(1.7 to 1.9) to the Bw (1.9 to 2.1) and C (2.2 to 2.3) horizons for all three
size fractions (Table S6), suggesting increasing proportions of 1:1 clay min-
erals or Fe/Al (hydr)oxides in the Ap horizon and colloidal silica or quartz
in the C horizon. Soil colloids; go_450nm Seemed to be mainly composed of
2:1 clay minerals due to a molar ratio of around 2.2 (Table S6). The differ-
ing associations of P with other elements with respect to the soil horizon
followed no clear trend and was partly a combination of clusters from soil
colloidsg g6_20nm and soil colloids,_100nm, indicating the presence of parti-
cles from soil colloidsg ¢6_20nm and soil colloidssg_10onm in the release peak
(SOil COllOidS]OMsonm).

The clustering between soil colloidsg ¢6_20nm from the C horizon and
water colloidsso_gonm (Fig. S3) suggests that a large proportion of colloids
transported in the water samples may have their origin in the water-
extractable nanocolloids within the C horizon. Since the pipes of the tile-
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drainage system are located in this soil horizon, it is plausible that there
is an increased loss of nanocolloids from this horizon. This also agrees
with literature attesting that, for the most part, colloids <200 nm are
transported below ground (Fresne et al., 2022). Cluster analysis suggested
that mainly clay minerals such as illite were transported from the soil into
the water through the tile drain, as both soil (soil colloidsg g-20nm) and
water (water colloidsap_gonm) €xhibited a cluster composed of Al/Fe
(soil colloids) or Al (water colloids) and Si. When soil water enters the
tile-drain pipes, the redox status and ionic strength of the water are altered
(Zimmer et al., 2016). This can not only foster the aggregation of
nanocolloidal particles into larger colloids—explaining the larger size of
clay particles in the water samples—but can also facilitate the formation
of new, e.g., colloidal iron (III) (hydr)oxides and larger particles within
the tile drain (i.e., ochre floc formation (Zimmer et al., 2016)). Due to the
high P sorption capacity of these particles (Gottselig et al., 2017b), leached
truly DP is easily adsorbed to their surface. This is indicated by the cluster-
ing of Fe with P in water colloidsg ¢6_20nm from the tile drain, which was not
observed in the corresponding size fraction of the soil samples. The fact that
Fe and P also clustered in water colloidsg gg_20nm and water colloidssg_eonm
from the ditch implies that this formation and agglomeration of P-bearing
colloids proceeded along the flow path with an increasing importance of
iron(III) (hydr)oxides over clay particles.

The clustering of soil colloidssg_10onm and soil colloids; go_450nm from all
horizons suggests that colloids are transported within the soil profile. In this
context, sorption and desorption processes of colloids during transport and
associated aggregation and disintegration processes can influence the size
of the colloids and thus their distribution among the size fractions within
the horizons. However, in the Ap and Bw horizons, only soil colloids g6 20nm
clustered with colloids in the water samples, which suggests that smaller
nanocolloids from the soil are more prone to leaching through the soil profile
than fine- and medium-sized soil colloids, as was also found by Fresne et al.
(2022). Macropore and preferential flow are the main processes of colloid
and particle transport (McGechan and Lewis, 2002; Wang et al., 2020). For
instance, Koch et al. (2016) showed that at the present study site, event-
based colloidal transport primarily takes place in singular macropores of bio-
genetic nature, while dissolved forms also pass through the soil matrix, the
secondary pore system, or the interaggregate pore space. As a result, the
transport of nano-sized colloids to the tile drain via such preferential path-
ways can be particularly fast, as large parts of the soil matrix get bypassed
without substantially affecting the particle size. It is important to note that
the results of this study apply only to the period from winter to spring,
when vegetation cover is limited and evapotranspiration is minor. As plant
water demand and evapotranspiration losses increase during the summer,
water flux and P transport will likely vary.

5. Conclusions

In conclusion, our study showed that (i) under baseflow conditions, mainly
nano-sized clay-dominated colloids were transported from the soil horizon in
which the tile drain was located (C horizon) into adjacent water bodies, while
(ii) event flow also enabled the mobilization of larger particles. The fact that
the colloidal (<750 nm) fraction was comparable between baseflow and
flow events indicates that (iii) the discharge prevailing during the runoff
period did not exhaust colloid mobilization and that even under baseflow
conditions, colloidal P was exported from the soil through the tile-drainage
system. Furthermore, (iv) higher and varying flows during discharge events
facilitated the transport of even larger particles (>750 nm) through the soil
matrix. The results of this study highlight the role of larger particles and
colloids in P export. The impact of rainfall intensity and pattern on particulate
P discharge must be considered more closely so that drainage management
can be adjusted to achieve reduced P export from agricultural land.
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