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Abstract
Climate change affects the occurrence of high-discharge (HD) events and associated

nutrient exports in catchment stream water. Information on colloidal events-based

losses of important nutrients, such as organic C(Corg), N, P, and S, remain relatively

scarce. We hypothesized that contributions of colloidal exported N, S, and P due

to differing hydrological mechanisms vary between HD events in late winter and

spring. We examined one combined snowmelt and rainfall event (March 2018) with

one rainfall event (May 2018) for temporal Corg, N, P, and S dynamics. The catchment

exports of colloids and their subset nanoparticles were analyzed by asymmetric-flow

field flow fractionation (P) and a filtration cascade (N and S). The Corg source in

both events was assessed by δ13C composition of the stream water in relation to that

of the soil. In winter, <6% of stream water P was transported by colloids (>0.1 μm),

but this was 29–64% in spring and was associated with Corg, Fe, and Al. Colloidal N

and particulate S (>1 μm) were higher during both events, but the majority of losses

were dissolved (<0.1 μm). The δ13C values of dissolved organic matter (13CDOM)

showed that in winter, most Corg was exported from the hydrologically connected

hillslopes by water flowing through mineral horizons, due to snowmelt. During and

after the rainfall events, export from organic horizons dominated the nutrient losses

as particulates, including colloids. These events highlight the need for a better quan-

tification of often underreported particulate, colloid, and nanoparticle contributions

to weather-driven nutrient losses from catchments.

Abbreviations: AF4, asymmetric field flow fractionation; Corg, organic
carbon; DOM, dissolved organic matter; HD, high discharge; ICP–MS,
inductively coupled plasma–mass spectrometry; NC, natural colloids; NNP,
natural nanoparticles; Norg, organic nitrogen; Sorg, organic sulfur;
TERENO, Terrestrial Environmental Observatories; TN, total nitrogen;
TOC, total organic carbon; TP, total phosphorus; TS, total sulfur.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original
work is properly cited.
© 2021 The Authors. Vadose Zone Journal published by Wiley Periodicals LLC on behalf of Soil Science Society of America

1 INTRODUCTION

Globally, weather driven transport in streams is one of the
most important pathways of organic carbon (Corg), nitro-
gen (N), phosphorus (P), and sulfur (S) losses from catch-
ments (Cole et al., 2007; Haygarth et al., 1998; Stacy et al.,
2015). Due to climate change, mountainous areas in Ger-
many are predicted to experience more precipitation events of
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longer duration in winter and less frequent, but more intense,
precipitation events during the summer (Federal German
Government, 2015). Both winter and summer events are
therefore predicted to create substantial peak discharges in
streams and rivers, so-called “high-discharge (HD) events”
(Gao et al., 2014), which may have detrimental effects on
the ecology and water quality in the affected area (Kleinman
et al., 2006; Park et al., 2010). Such HD events export nutri-
ents from the soil and cause both a loss of nutrients upstream
and increases downstream in the catchments (Yusop et al.,
2006). Within the context of abovementioned climate change
predictions, we need to further increase our understanding of
the influence of such HD events on their associated substantial
nutrient export from catchments (Inamdar et al., 2006).

Nitrate (NO3
−), phosphate (PO4

3−), and sulfate (SO4
2−),

the most readily available chemical forms of N, P, and S for
plants, have different mobilities in soil systems. Although
NO3

− is mostly present in the soil solution and is mobile
(Inamdar et al., 2006; McNeill et al., 2005), SO4

2− can either
be adsorbed to particles in the soil or is present in the soil solu-
tion, being mobile in the latter form (McNeill et al., 2005).
Phosphate is mostly adsorbed to particles in the soil, since it
is the preferred anion for adsorption over SO4

2− and NO3
−

(Johnson & Cole, 1980). Therefore, P is often regarded as
relatively immobile in solution, as it quickly precipitates, but
whenever soil particles move due to erosion, P can be trans-
ported in a particulate form (Inamdar et al., 2006; McNeill
et al., 2005; Sharma et al., 2017).

Organic forms of macronutrients and NH4
+ show differ-

ent behavior during export than NO3
−, PO4

3−, and SO4
2−

and should therefore be considered as well when examin-
ing the overall fate and export of N, P, and S species. Gen-
erally, in oxygen-rich water, NH4

+ is transferred rapidly to
NO3

−. However, during HD events, nitrification is disrupted
and NH4

+ may be lost from the ecosystem by being exported
further downstream (Johnson & Cole, 1980). Organic N, P,
and S mainly stem from soil horizons rich in organic material,
present there in larger quantities than their inorganic counter-
parts. However, organic N, P, and S are generally less mobile
and therefore less abundant in stream water during baseflow.
During overland flow events and after high-intensity rainfall
events, however, these organic forms can be transported to the
stream environment and lost from the catchment (Haygarth
et al., 1998; Inamdar et al., 2011; Julich et al., 2017; Raymond
& Saiers, 2010; Stutter et al., 2008; Tunaley et al., 2016).

Both catchment response and the availability of the differ-
ent forms of N, S, P, and Corg differ per season (Penna et al.,
2015; Strohmeier et al., 2013). In the wet winter season, pre-
cipitation can be in the form of snow, and precipitation is
often of longer duration and lower intensity. In the drier late
spring and summer season, precipitation is usually character-
ized by shorter and more intense precipitation events, snow
being absent (Penna et al., 2015). This, in combination with

Core Ideas
∙ Overland flow contribution is critical in the spring

event, in winter more by groundwater.
∙ P, Norg, and Sorg coupled to Corg transport are most

prominent for the spring event.
∙ Dissolved N and S dominate export losses, whereas

particulates are more important in spring.
∙ Colloidal P dominates export loss, whereas in

spring it is bound to Corg.
∙ Colloidal export N, S, and P spring losses are still

often overlooked in export budgets.

seasonal differences in catchment wetness, can cause over-
land flow and export compounds from soil horizons richer in
organic material (Penna et al., 2015). Low temperatures are
known to inhibit microbial activity and plant growth, which
causes high inorganic N, S, and P and low organic N, S, P, and
Corg concentrations, increasing the availability the inorganic
forms of N, S, and P for export in winter (Brooks et al., 1998;
Fabre et al., 1996; Mitchell et al., 1992; Strohmeier et al.,
2013).

As stated before, not all macronutrient species are exported
in the dissolved state, and P and organic S (Sorg) can both
bind to Corg particles (Darch et al., 2014; Regelink et al.,
2013; Scherer, 2009) and be transported by surface water as
well as groundwater (Onstad et al., 2000). Furthermore, the
source of Corg involved in the export may differ, which can be
studied through its δ13C value (Lambert et al., 2011; Onstad
et al., 2000). They found that Corg depleted in δ13C (around
−30‰) originates from organic soil layers and Corg enriched
in δ13C (around −25‰) from mineral soil layers. Analysis
of the source of Corg can help explain the active hydrologi-
cal mechanisms in a catchment and the (seasonal) variation
(Sebestyen et al., 2008).

Past studies have also shown that P export is often asso-
ciated with the transportation of fine particles and colloids
(Heathwaite et al., 2005; Sharpley et al., 2013; Stutter et al.,
2008). Particularly natural colloids (1–1,000 nm; NC), as well
as their subset natural nanoparticles (1–100 nm; NNP), are
increasingly recognized as relevant carriers of nutrients in
ecosystems due to their high specific surface area (Lead &
Wilkinson, 2006). Phosphorus adsorbs to colloids consisting
of primary building blocks such as Corg, Fe oxides, Al oxides,
clays, and calcium carbonates (Crews et al., 1995; Domagalski
& Johnson, 2011; Gottselig, Amelung et al., 2017; Gottselig,
Nischwitz et al., 2017; Reddy et al., 1995; Sharpley et al.,
2013). Especially small NC such as NNPs can be mobile and
form substantial components in the context of associated ele-
ment transport (Martin et al., 1995; Mayer & Jarrell, 1995;
Philippe & Schaumann, 2014; Trostle et al., 2016).
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Gottselig et al. (2014) studied general export dynamics
of NNP and colloidal-bound Fe, Al, and P from different
parts of the Wüstebach catchment and found that particle size
and composition is controlled by tributary inflow, which is
attributed to hydrological mechanisms and has consequences
for their mobility. However, as this study was conducted dur-
ing baseflow conditions, colloidal P transport during high-
precipitation events was not considered in there. Colloidal
export of N and S may be lower than for P, but data are scarce
in any case. Rostad et al. (1997) showed that 1–3% of N was
bound to colloids in the Mississippi River. Sulfate is often the
only chemical species of S analyzed—for example, its occur-
rence after storm events (Mitchell et al., 2006) and specifica-
tions such as Sorg are neglected. In Neubauer et al. (2013), S
(<0.2 μm) was mostly transported as sulfate during storm flow
events in a catchment in the German Fichtelgebirge moun-
tains, but in a single September event, a significant proportion
was associated with colloids (Neubauer et al., 2013).

There is thus a need to resolve the role of NC for P
export during high-precipitation events, but also its role for
N and S binding and transport. However, a detailed assess-
ment of the relevant colloidal bound chemical species (espe-
cially P) in forest ecosystems (Bol et al., 2016) is still lacking,
especially during peak flow scenarios. Even many hypothe-
ses on dissolved and overall P fluxes in natural ecosys-
tems remain quantitatively untested (Bol et al., 2016; Lang
et al., 2016).

The TERENO Wüstebach catchment is a well-studied,
intensively monitored catchment in Germany (see Bogena
et al., 2015, for details). Stockinger et al. (2014) found that
the catchment riparian zone response differs from the hill-
slopes, and when the soil moisture content is below 35%
(May until November), only the riparian zone is hydrologi-
cally active. However, even during this relatively dry season,
the whole catchment may be active through preferential flow
in response to high rainfall events (Wiekenkamp et al., 2016).
Within the catchment, the source of the water of the differ-
ent tributaries can be linked to the dissolved organic matter
(DOM) and NO3

− export (Weigand et al., 2017). Specifically,
higher stream water Corg content implies that overland flow or
subsurface flow through Corg–rich soil layers occurs, whereas
high NO3

− concentrations point to a groundwater-based ori-
gin (Bol et al., 2015; Weigand et al., 2017).

Based on the above, we formulated three hypotheses to
describe the Wüstebach catchment during two events:

1. Dominating N, S, and P species and form (colloidal or dis-
solved) differ among events, which is (partly) coupled to
increased organic C export. During HD events, P will be
mainly exported in colloids, but N and S will be mainly in
dissolved form.

2. Dominating N, S, and P species differ between late winter
and spring events, due to different transport mechanisms

with more influence from groundwater in late winter and
more overland flow and subsurface flow in spring.

3. Within the colloidal fractions, NNP are more mobile dur-
ing events than larger colloids.

2 MATERIALS AND METHODS

2.1 TERENO test site Wüstebach

This study was carried out in the Wüstebach catchment,
a small subcatchment of the river Rur, in the south of
the Eifel/Lower Rhine Valley observatory of the Germany-
wide climate change research network TERENO (Terrestrial
Environmental Observatories). The Wüstebach catchment is
located close to the Belgian border in the Eifel National Park,
covers 38.5 ha, and varies in altitude from 595 to 628 m asl
(Bogena et al., 2015; Graf et al., 2014; Stockinger et al., 2014).
The average yearly precipitation of the Wüstebach catchment
is 1,220 mm (1979–1999) (Bogena et al., 2010) and the aver-
age temperature is 7 ˚C (Zacharias et al., 2011).

The current vegetation is dominated by Norway spruce
[Picea abies (L.) Karst] and Sitka spruce [Picea sitchensis
(Bong.) Carrière], which were planted after 1945 (Etmann,
2009). In 2013, the spruce trees in the riparian zone were cut
to create space to regenerate the endemic beech forest. The
soils are formed on Devonian shale bed rock in a silty clay
loam parent material with a large fraction of coarser material,
in the category of 0.2 cm to several centimeters (Graf et al.,
2014; Rosenbaum et al., 2012). The soils on the steeper hill
slopes are mainly shallow, Cambisols and Planosols (Incepti-
sols in the USDA classification). Histosols and Gleysols (His-
tosols and Inceptisols in the USDA classification) are mostly
found in the riparian zone (Bogena et al., 2015). At the out-
let of the research catchment, the discharge is measured every
10 min by a V-notch weir for low flow periods and a Par-
shall flume to measure normal to high flows. TriOS-multi
probes (YSI 6820; see Bogena et al., 2015), which measure
the electrical conductivity, pH, and water temperature at the
same location. Air temperature measurements come from a
38-m-high tower in the northwest of the catchment, precipi-
tation is measured with and a heated standard Hellmann type
tipping bucket rain gauge (Ecotech; see Bogena et al., 2018),
located at the catchment’s southern end. Both parameters are
measured at a 10-min time interval (Bogena et al., 2015).

2.2 Event sampling

In 2018, sampling was conducted during one high precipita-
tion event in winter and one in spring. Characteristics of the
events are given in Supplemental Table S1 and precipitation,
temperature, and discharge are shown in Supplemental
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Figure S1. The winter combined snowmelt and rainfall event
was analyzed from 5 and 12 March 2018. In the first few days,
small diurnal discharge peaks without rainfall were caused
by snowmelt as temperatures were above zero during the
afternoon. Precipitation fell on 8 and 9 March, leading to a
coupled snowmelt and rainfall event. Prior to the March event,
climatic conditions were dry as last non-snow precipitation
occurred on the 12 February, but due to a 30-cm snow cover,
the antecedent catchment wetness was high. Furthermore,
temperatures were below zero with a minimum of −14.6 ˚C
in the 3 wk prior to the event. The rise in temperature and the
following rainfall created a long-lasting catchment response
stretching over several days. The spring event, consisting of a
high-intensity rainfall event, sparking a quick and short catch-
ment discharge response on 16 and 17 May 2018. Two other
rain showers occurred 6 and 2 d prior to the event, in the week
before these two minor events one dry week with high tem-
peratures (maximum temperatures up to 23 ˚C) was recorded.
In March, the soil moisture of the catchment is usually high,
meaning that hydrological connectivity between riparian zone
and hillslope soils was present and the catchment was mainly
saturated. In May, the soil moisture is on average lower,
meaning that probably only the riparian zone was hydro-
logically active (Rosenbaum et al., 2012; Stockinger et al.,
2014).

An automatic sampler (ASW Ecotech) installed at the out-
let of the catchment was programmed to sample stream water
in 24 600-ml polyethylene bottles at set time intervals, start-
ing at a predefined threshold water level. This threshold was
set as close as possible to current base flow conditions with-
out reacting to non-event-related water table changes. This
allowed a sampling of the majority of the rising limb of the
hydrograph. The sampling time intervals were adjusted to the
expected duration of the event, longer in winter due to co-
occurrence with snowmelt and short in summer due to higher
precipitation intensity expected. This was every 8 h in winter,
increasing the sampling frequency to 50 min after an increas-
ing water level and every half an hour in spring, as a short-
term event was expected.

2.3 Sample treatment and chemical analysis

The autosampler samples of the March 2018 (winter) and May
2018 (spring) event were both filtered at 0.45 μm (PES filter;
GE Healthcare) or left untreated. With the filtrate analyzed for
total S (TS) by inductively coupled plasma–optical emission
spectrometry (ICP–OES, iCAP 6500, Thermofisher Scien-
tific), total N (TN), and Corg using Shimadzu TOC-VCPH
analyzer (Shimadzu Corporation). Furthermore, SO4

2− was
measured by ion chromatography (Dionex ICS-3000,
Thermo-Fisher Scientific), whereas NO3

− and NH4
+ were

determined via continuous flow analysis (CFA Analyzer

FLOWSYS 3-Kanal, Alliance Instruments). Due to a lower
capacity of the laboratory, not all samples of the March event
could be analyzed; therefore, a subselection of representative
samples was made. Total P (TP) was measured in the filtrates
and also in untreated water samples with an inductively
coupled plasma–mass spectrometry (ICP–MS, Agilent 7900
ICP-MS, Agilent Technologies). Colloids were separated by
using asymmetric-flow field flow fraction (AF4), which is a
method used to separate particles on basis of their particle
size. By coupling the AF4 (Postnova Analytics) online
to an ICP-MS (Agilent 7700, Agilent Technologies), the
elemental composition of various particle size fractions can
be determined. The AF4 settings in this study were identical
to those described in Gottselig, Amelung et al. (2017). Three
particle size fractions were detected in line with (Gottselig,
Amelung et al., 2017): a first fraction ranging from >1 kDa
to 20 nm, a second fraction between >20 to 60 nm, and a
third fraction >60 nm. For the analysis of N and S fractions,
a filtration cascade was applied. To elucidate the role of
colloids (1–0.1 μm) and nanoparticles (>0.1 μm) for N and S
binding and transport more closely, subsamples of the spring
event were filtered at 1 μm and at 0.1 μm and analyzed for
TS and TN, and the samples of the winter event could not be
analyzed due to a lower capacity of the laboratory.

Aliquots of the samples were taken and filtered at 0.45 μm,
and any inorganic C in the samples was removed by acidi-
fication to pH 1.9 with 37% HCl. This procedure was also
applied to blanks and two standard IAEA-CH6 (13C sucrose)
and IAEA-600 (13C caffeine.) The 13C values of the total
organic C (TOC) in these solute samples were analyzed as
13CDOM using a high temperature ISO-TOC cube (Elementar)
coupled to a continuous-flow isotope ratio mass spectrometer
(Isoprime 100, Elementar) according to the methods of
Federherr et al. (2014), Kirkels, et al. (2014), and Leinemann
et al. (2018). To keep the possible carryover effects from
injection of the syringe to a minimum, only the three last
measurements out of five analytical replicate analysis of each
sample were used. The observed and expected values of the
two standards were calibrated to VPDB (Vienna Pee Dee
Belemnite 13C).

These 13CDOM values were then compared with the aver-
age 13C values of soil organic matter (CSOM) from different
soil horizons from the same catchment. In a sampling cam-
paign in 2013 (Gottselig, Wiekenkamp et al., 2017), the lit-
ter and fermentation layer of the organic horizon, and the
humus layer of the organic horizon, A horizon, and B hori-
zon were sampled at 150 points in the catchment, excluding
the Histosols and half-bogs (Gottselig, Wiekenkamp et al.,
2017). Freeze-dried and milled samples were analyzed for
TOC content and 13C by combustion at 1,080 ˚C in an elemen-
tal analyzer (EuroEA, Eurovector) connected to an isotope
ratio mass spectrometer (IMRS) (Isoprime, Micromass). The
TOC contents were determined by peak integration as well
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as calibration against elemental standards. Calibrated labora-
tory standards were used to ensure the quality of analyses and
to scale the raw values to the isotopic reference VPDB. The
general precision of replicate analyses is estimated to be bet-
ter than 5% (relatively) for C content and <0.1‰ for δ13Corg.
To be able to compare the samples of the catchment outlet,
the 13CSOM values were averaged over all sampling points per
horizon.

2.4 Data analysis

To compare the nitrate and ammonium concentrations to TN,
N-NO3

−, N-NH4
+, and organic N (Norg) were calculated by

performing a mass-based correction. In accordance, compara-
ble corrections were used for sulfate (S-SO4

2−, Sorg) to com-
pare with TS.

For the additional analysis of TN and TS concentra-
tions in colloids and nanoparticles of the May event, the
untreated samples and the filtrates reflected the follow-
ing fractions: >1, <1–0.1 (= colloids), and <0.1 μm (1–
100 nm = nanoparticles).

Per species, except for δ13C, the concentration − discharge
(cQ) relationships were investigated using the approach of
Musolff et al. (2015). The relationship between the concen-
tration and discharge could be explained by a power law:

𝐶 = 𝑎𝑄𝑏 (1)

This equation has been rewritten to Equation 2, where W is
an error term in case Q = 0 and γ is a constant. C, Q, and W
are supposed to follow a log-normal distribution:

ln(𝐶) = ln (𝑎) + 𝑏ln (𝑄) + γln (𝑊 ) (2)

In our dataset, Q > 0, and therefore no error term was
applied, the equation was as follows:

𝐶 = 𝑎 + 𝑏𝑄 (3)

The b indicates the relationship between C and Q and a as
the intercept, and a chemical species with a b slope between
−0.1 and 0.1 is considered chemostatic (Herndon et al., 2015).
The b was then analyzed together with the ratio of the coef-
ficients of variation of C and Q in the form of Equation 4:

CV𝐶

CV𝑄

(4)

A CVC that is a lot smaller than CVQ (CVC/CVQ << 1) is
considered chemostatic (Musolff et al., 2015).

3 RESULTS

3.1 Speciation of N and S during the
high-precipitation events

The TN, TS, N-NO3
−, and S-SO4

2− concentrations showed
a negative relationship with discharge in the winter event
(Supplemental Table S2) and decreased during peak flow
compared to baseflow (Figure 1a and 1b). The Norg and N-
NH4

+ concentrations were low (0.05 and 0 mg L−1) dur-
ing base flow but increased during high flow compared with
base flow (maximum concentrations: 0.09 and 0.36 mg L−1),
both showed a positive relationship with discharge. Overall,
measured TS concentrations were lower than the SO4

2− con-
centrations detected by a different method; therefore, S-DOS
could not be defined for the event in March. We assumed
that Sorg concentrations were low (<0.01 mg L−1) during this
event. The R2 values for the concentrations and the discharge
were all lower than 0.7, explaining the variation of concentra-
tion in a weak to moderate way.

During the spring event, the log-log relationships of TN,
TS, N-NO3

−, and S-SO4
2− were negative with the discharge

and showed a decrease during high flow compared with base-
flow (Figures 1c and 1d). The Norg and Sorg showed an enrich-
ment over the event, having a positive relationship with the
discharge N-NH4

+ concentrations were below detection limit
(0.05 mg L−1), except for the moment that the discharge
increased (maximum concentration: 0.09 mg L−1), and had
a positive log-log relationship with discharge. The relation-
ships between the concentrations of N species and the dis-
charge were weak (TN, N-NH4

+) to moderate (N-NO3
−, N-

Norg), explaining the variations with the highest R2 of .62. The
R2 of TS and S-SO4

2 were higher, respectively, .7 and .9, and
the R2 of the relationship between S-Sorg was low.

Concentrations of TN, TS, N-NO3
−, and S-SO4

2− were
lower in May than in March, but concentrations of Norg and
Sorg were higher. The N-NH4

+ concentrations were similar
for both events. The dominance of N-NO3

− and S-SO4
2−

decreased for both events during peak discharge compared
with baseflow, and this decrease was most profound during
the event in May. The decrease in dominance of N-NO3

− and
S-SO4

2− in the two events was larger for N than for S. The
total export of N and S during peak discharge (14 h) was,
respectively, 1.23 and 10.03 g in March and 0.37 and 1.09 g
in May. TheTN, TS, and S-SO4

2− had similar b values in the
cQ relationship during both events, and the b value for N-
NO3

− was larger in May than in March (−0.40 and −0.18,
respectively). The N-NH4

+ had a higher positive relation-
ship with discharge in winter than in spring (0.46 and 0.4,
respectively). The N-Norg had a higher positive relationship
with discharge in spring than in winter, with b values equal-
ing 0.61 and 0.21. For all species of N and S, the b values
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F I G U R E 1 Response of (a) N and (b) S species concentrations to a late winter snowmelt and precipitation event in March 2018. Response of
(c) N and (d) S species concentrations to a spring precipitation event in May 2018. TN, total N; Norg, organic N; TS, total S; Sorg, organic S

were similar or closer to 0 in spring than in winter, except
from, N-NO3

−, which became more negative, and N-Norg,
which became more positive. The CVC/CVQ values showed
the reactivity of the species. The N-NH4

+ and N-Norg had the
highest CVC/CVQ values in winter, compared with N-NO3

−

and N-Norg being the highest in spring. The CVC/CVQ values
were similar or lower in spring than in winter, except for the
CVC/CVQ value of N-NO3

−, which showed a slight increase.

3.2 Event-based stream water organic C
trends

During the winter event, stream water Corg concentrations
prior to the combined precipitation and snowmelt peak at
1700 h CET of 8 March were, on average, 3.0 ± 0.5 mg
L−1, with an export flux of 20.5 mg s−1. Prior to the spring
event, Corg concentrations were 5.9 mg L−1 with similar
(5.8 ± 0.2 mg L−1) concentrations during the initial phase
of the discharge increase and the export equaled 11.4 mg s−1

(Supplemental Figure S3A). In winter, the highest Corg
concentration (5.8 mg L−1) in the stream water was cap-
tured 2.7 h on the falling limb of the hydrograph, with an
export of 82.8 mg s−1. After peak flow, the average Corg
concentration was similar to prior to the precipitation event
with 3.2 ± 0.5 mg L−1, but with 44.4 mg s−1, the export

rate was higher than before peak discharge. At maximum
measured discharge in spring (17.5 L s−1), Corg increased to
10.0 mg L−1 with an export of 174.0 mg s−1. The highest
Corg concentration (11.7 mg L−1) was measured ∼1.8 h
after peak discharge (Supplemental Figure S3B) and had an
export of 130.8 mg s−1. After peak flow Corg concentrations
decreased to 8.1 ± 0.2 mg L−1 but were still higher than
during base flow, with 48.0 mg s−1, export was higher as
well. The relationship between Corg concentrations and
discharge was stronger in May than in March, with b values
of 0.34 and 0.24, respectively, and had a higher R2 value in
May (Supplemental Table S2). The ratio of variation between
discharge and concentration was lower in lower in May than
in March, equaling 0.41 and 0.61, respectively.

The δ13CDOM signal of the March (snowmelt) event was
initially −26.8‰ but decreased rapidly shortly after precipi-
tation set in Figure 2a, dropping down to a minimum of around
−30.0‰. However, after the precipitation and snowmelt
induced discharge peak, the δ13CDOM value remained below
−28.0‰. For the May (rainfall) event, the initial δ13CDOM
value of around −27.2‰ quickly dropped to −27.5‰ as dis-
charge increased (Figure 2b), but then rapidly increase again
as discharge peaked. Approximately 2.5 h after peak dis-
charge, maximum δ13CDOM values of approximately−27.1‰

were reached, which thereafter drop again to −27.5‰

during discharge tailing (Figure 2b). In comparison, the
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F I G U R E 2 δ13C value of stream water organic C in (a) March and (b) May event

F I G U R E 3 Response of (a) total N and (b) total S concentrations to a spring storm event in May 2018, separated by particle size class

March δ13CDOM values fluctuated between −26.2 and
−29.8‰, and between −27.2 and −27.5‰ in May.

Compared with measured δ13CDOM in stream water, the
average organic matter δ13CSOM values of the litter + Of hori-
zon, Oh horizon, A horizon, and B horizon in the Wüste-
bach catchment are −28.4‰ (±0.7), −27.3‰ (±0.5), 27.0‰

(±0.5), and −26.8‰ (±0.6), respectively.

3.3 Colloidal size fractions during the
high-precipitation events

3.3.1 N, S, and P

The smallest filtration step, <0.1 μm, the nanoparticles, and
“truly dissolved” N and S species, showed a slightly nega-
tive relationship with discharge (Supplemental Table S2) and
decreased during peak flow (Figure 3a and 3b). The larger
particulates (>1 μm) and the fine colloid fraction (0.1–1 μm)
of N and S showed a positive relationship with discharge. For
N, fine colloid fraction (0.1–1 μm) showed the strongest posi-
tive relationship and the highest CVC/CVQ values, which was
the case for the larger particulate fraction for S. The R2 val-
ues were highest for the smallest fraction of N and the largest
fraction of S, and for the other fractions, R2 was low. Most
of the N and S measured in the samples was of the smallest
fraction (<0.1 μm, Figure 3a and 3b), this accounted for 71.5
and 86.3%, respectively, on average during the event. Dur-
ing peak discharge, the smallest fraction (<0.1 μm) was less

dominant. For N, the concentration of the smallest fraction
was nearly equal to the concentration of the largest fraction.
In this moment, the percentages of the filtration steps were
40.1% (>1 μm), 17.0% (1–0.1 μm), and 42.9% (<0.1 μm).
For S, the largest fraction still had the highest concentra-
tions (Figure 3b). The relative contribution to S export dur-
ing peak discharge was 27.9, 5.43, and 66.7% for the >1-μm
fraction, the 1- to 0.1-μm fraction, and the <0.1-μm fraction,
respectively.

For the March event, P showed the highest concentra-
tions during peak discharge for all three colloid fractions
(Figure 4a). The first fraction (>1 kDa–20 nm) responded
strongest to the event with an almost fourfold increase (base-
flow: 0.05 μg L−1, peak flow: 0.2 μg L−1), had the strongest
positive relationship with discharge and highest CVC/CVQ
values of all fractions, and R2 were low (Supplemental
Table S2). The second fraction (>20–60 nm) gained impor-
tance during peak flow with concentrations close to those of
the third fraction (second: 0.9 μg L−1, third: 1.0 μg L−1).
However, for all samples, most P was transported in the third
fraction (>60 nm) (baseflow: 0.65 μg L−1, peak flow: 1.0 μg
L−1). After peak discharge, second and third fraction con-
centrations slowly decreased to a minimum in approximately
4 d. This minimum was similar to the initial values prior to
the combined snowmelt/precipitation event. In contrast, the
first fraction P concentrations quickly responded to increased
discharge and reverted to prior conditions equally fast
(Figure 4a). The total P export calculated during peak dis-
charge (14 h) was 4.27 g in March.
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F I G U R E 4 Variation of P concentration within the three fractions during the (a) March and (b) May event

In May, the total P export calculated during peak discharge
(14 h) was 0.61 g. Additionally, the response to increasing dis-
charge at the beginning of the event varied between the frac-
tions. First fraction P concentrations showed a local maximum
during high flow of 1.4 μg L−1 and were constantly lower than
second and third fraction concentrations (Figure 4b). The sec-
ond fraction showed the greatest increase in concentration
(+2.6 μg L−1). Most P was found in the third fraction dur-
ing baseflow conditions prior to the precipitation event. This
switched shortly after peak discharge to a dominance of P in
the second fraction. Concentrations of both the second and
third fraction converged again a few hours after peak discharge
(Figure 4b). The first fraction showed the strongest positive
relationship with discharge and the highest CVC/CVQ values
of all values. The R2 values were weak to moderate for the
three fractions.

Next to the changes in concentrations during discharge con-
ditions, the relative proportion of P in the three fractions com-
pared with the total P concentration varied as well. For the
March event, <6% of total P in the autosampler samples was
found in the colloids, with a maximum of 5.9% during peak
discharge (Supplemental Figure S4A). In contrast, during the
May event, colloidal P accounted for at least 29.5% of total P,
with a trend maximum of 63.9% (Supplemental Figure S4B).
Also, colloidal P showed more relative variation than dur-
ing the March event (9.8 ± 3.6 μg L−1). In May the b val-
ues indicated a stronger positive relationship between all sep-
arate fractions and discharge, which was the most profound in
the first and second fraction. For the first and second fraction
CVC/CVQ values were smaller in the in May than in March,
but similar for the third fraction.

3.3.2 Al and Fe

Concentrations of colloidal Al and Fe also showed an
increase from baseflow to peak flow in both March and
May events (Supplemental Table S3). In both events, this
increase was strongest for the first fraction (approximately
four- to ninefold), followed by the second and third fractions.
Pearson correlations were calculated for total colloidal P

with total colloidal Fe and Al, based on the sum of the three
colloidal fractions (Supplemental Table S4). This reflected
the potential building block structures of the colloidal frac-
tions for the transport of P. For the first and second fraction,
correlation coefficients were higher for the May (.8–1.0) than
for the March (.7–.8) event. However, for the third fraction,
coefficients were approximately .1 for Fe and Al in May in
contrast with .8 (Al) and .4 (Fe) in March. When looking at
the overall correlations, here also calculated for Corg, no sub-
stantial differences were detected for Fe and Al to P in March
and May, yet Corg in March correlated less (.1) to P than in
May (.7).

4 DISCUSSION

4.1 N and S speciation during the events

The negative cQ slope of the S-SO4
2− and N-NO3

− concen-
trations and the discharge during both events indicate that the
groundwater that normally transports S-SO4

2− and N-NO3
−

is diluted during high flow. This is derived from the study of
Weigand et al. (2017), who found that the groundwater-driven
tributaries in the Wüstebach catchment showed high solute
concentrations. Evans and Davies (1998) described a model
where the dilution effect is caused by a relative decrease of
the contribution of the groundwater to the discharge due to the
relative increase of the contribution of water flowing through
organic soil horizons and overland flow. Negative cQ slopes
for S-SO4

2− and N-NO3
− and dilution behavior during events

were also found by Knapp et al. (2020) in catchments in the
Swiss Alps. Long-term data confirmed the chemostatic and
dilution behavior of S-SO4

2− and showed a more chemody-
namic relationship but positive cQ slope between N-NO3

−,
although the cQ slopes of N-NO3

− and discharge were influ-
enced by the type of land use (Musolff et al., 2015). Dif-
ferences in cQ relationships between the long term and dur-
ing events and between events were found to be attributed
to antecedent wetness and the event characteristics, such as
precipitation intensity, temperature, and event duration
(Knapp et al., 2020). Concentration discharge relationships
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are often used to study long-term effects (Musolff et al., 2015)
but can also be used to describe events, using high-resolution
data of many events (Knapp et al., 2020). In this study, the
number of data that the relationships are based on is rela-
tively low; therefore, R2 values of the cQ relationships had
only low to moderate explanatory power, especially during
the March event. However, the cQ relationships can still be
used to help understand the dynamics of nutrient export of
these two events, as they support the trends we observe based
on the concentration and export dynamics.

In May, the cQ slope of N-NO3
− and discharge was more

negative, indicating a stronger dilution effect, which is in line
with the findings of Gao et al. (2014) and Inamdar et al.
(2006). The cQ slope of S-SO4

2− were slightly more negative
in May but would still count as chemostatic (Herndon et al.,
2015). This could be attributed to higher inter event variabil-
ity of the cQ slope for N-NO3

− and the cQ slope of S-SO4
2−

due a higher dependence on the biological activity (Knapp
et al., 2020). Both N-NO3

− and S-SO4
2− export is depen-

dent on the antecedent wetness of the catchment. After dry
periods, export of nutrients is low due to low leaching rates,
and older water, rich in solutes, is mobilized and gets pushed
out; this it called the “old water” effect (Inamdar et al., 2006).
High antecedent wetness can make the hillslopes connected
to the stream, and in the case of Wüstebach, shallow ground-
water then flows from the hillslopes to the riparian zone trig-
gered by pressure waves from the precipitation (Stockinger
et al., 2014). On average, the antecedent catchment wetness
in the Wüstebach catchment is high during the late autumn to
early spring period (i.e., between first of November and first of
May; Rosenbaum et al., 2012; Stockinger et al., 2014). How-
ever, catchment responses of N-NO3

− and S-SO4
2− export

can be similar when antecedent wetness is low but precipi-
tation intensity and duration are high (Inamdar et al., 2006;
Knapp et al., 2020; Stockinger et al., 2014). During the March
event, the stream was connected to the hillslopes, as the
antecedent wetness of the catchment was high, but this was
low in May. Therefore, the lower cQ slope N-NO3

− in May
than in March can be explained by the short duration of the
event and low antecedent catchment wetness (Knapp et al.,
2020).

The N-NH4
+ concentrations were close to detection limit,

but during the rising limb of the hydrograph, the concentra-
tions showed a peak. Usually this peak is also at the same
time as the highest intensity in rainfall, which is not neces-
sarily peak flow. This shows that N-NH4

+ export is a sur-
face water-driven process, which was also found by Butturini
and Sabater (2002) and Inamdar et al. (2006). In other situ-
ations, N-NH4

+ is nitrified quickly by microbes in the water
to nitrate or used up directly by plants as a nutrient. During
high-intensity rainfall events this nitrification is disrupted by
surface water mixing, and N-NH4

+ will be exported (Cooper,
1983); therefore, higher N-NH4

+ concentrations occur dur-

ing events than during baseflow. The Sorg in May and Norg
showed the same response as N-NH4

+, responding strongly to
rainfall to the increase in discharge. Concentrations of biolog-
ically associated solutes and particulates, such as (dissolved)
Corg, including Norg and Sorg, show increased export during
high flow of HD events. This a surface water-driven process,
caused by overland flow and water flowing through organic
horizons and mineral soil horizons at the surface (David &
Mitchell, 1987; Inamdar & Mitchell, 2007; Inamdar et al.,
2006; Rose et al., 2018). The driver behind the high concen-
tration of Norg and Sorg could also be explained by preferential
flow paths in the top soil that are active during the dry season
(Wiekenkamp et al., 2016) and transporting these species to
the Wüstebach stream from the topsoil and surface (Weigand
et al., 2017).

The Norg, N-NH4
+, and Sorg did show the opposite behav-

ior of N-NO3
− and S-SO4

2−, as they showed a positive rela-
tionship with discharge, having their maximum when the
discharge was also at its maximum (Inamdar & Mitchell,
2007; Rose et al., 2018). The study by Gao et al. (2014) also
shows that during peak discharge, the diversity of N species
increases, having more particulate N and Norg during peak dis-
charge and less nitrate. Indeed, during the two events with the
highest intensity, 59.4 and 32.2 mm, the diversity of N species
was the largest and showed a peak in TN, due to large particu-
late N transport (Gao et al., 2014). In contrast, in an event with
19.8 mm precipitation, the TN and N species showed a dilu-
tion effect (Gao et al., 2014). Therefore, N diversity and prob-
ably S diversity, as they have similar drivers (Inamdar et al.,
2006), increase with higher precipitation intensity, causing a
peak in TN, but a dilution effect in nitrate concentrations. Gao
et al. (2014) were only focusing on summer events in July and
August, and therefore the events show larger diversity of N
species. The Norg and Sorg concentrations in our study were
both higher in spring than in winter due to the decrease of
vegetation and biological activity in winter, Sorg concentra-
tions were even negligible during winter, and N and S spec-
ification diversity is lower. These organic species are usually
strongly affected by seasonality (Knapp et al., 2020), their
abundance in May could be attributed to changes soil and
pore water chemistry due to higher temperature (Clark et al.,
2004). Another reason for the lower Norg and Sorg concentra-
tions could be that overland flow is not occurring as often dur-
ing snowmelt events as during rainfall events due to infiltrat-
ing snowmelt water and the higher groundwater table, which
can also be on top of a frozen soil layer (Laudon et al., 2004).
Overall, more N and S was exported in total in March than
in May, the reason behind this was that the total N export
during peak discharge was 3.3-fold higher in March than in
May, and the total S export during peak discharge was 9.2-fold
higher in March than in May (Supplemental Table S1). This
is due to higher discharge, of which more was influenced by
interflow and shallow groundwater flow due to hydrological
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connectivity and higher concentrations of N and S because
of lower microbial activity. In May, overland flow and water
flowing through organic horizons played a larger role than in
March, shown by the lower dominance of N-NO3

− and S-
SO4

2− compared with Norg and Sorg.

4.2 Event-based organic C signatures and
coupling to other elements

The overall response of Corg export due to increasing dis-
charge was comparable for both events, but with a slightly
higher rate of increase in March (factor of 1.9 vs. 1.7), but
precipitation amounts in March were lower than in May. How-
ever, snowmelt has the potential to mobilize Corg in forest
ecosystems, and thus the increased stream waters concen-
trations can occur despite the normal situation of an overall
low Corg concentrations in colder seasons, because the large
amount of water from snowmelt can flow through soil hori-
zons rich in organic material (Boyer et al., 1997; Sebestyen
et al., 2009). Longer periods of snow cover may even trig-
ger large Corg responses due to continuing microbial activ-
ity beneath the snow cover, as the temperature can be higher
than at the soil surface (Hornberger et al., 1994). Evidently,
baseflow Corg concentrations were higher before the May
event, and the response time (until maximum Corg export) was
reached 0.9 h faster than for the March event. This difference
can also be attributed to the slower wetting of the soil through
the thawing of the snow, compared with the direct precipita-
tion in the May event. The faster activation of preferential flow
paths could also play a role during this event and export of
Corg from the saturated riparian zone, compared with a slower
response from the whole catchment governed by hydrological
connectivity in winter (Bogena et al., 2013; Stockinger et al.,
2014; Wiekenkamp et al., 2016). Despite the quicker export
during the May event, maximum Corg export was reached with
a delay time of 1.8 h after peak discharge. This can either be
due to a rainwater dilution effect or the longer travel time of
the Corg derived from the half-bogs and Histosols in the area
to the catchment outlet, these areas function as Corg hotspots
(Grabs et al., 2012; Lambert et al., 2011). In March, the delay
in maximum Corg export can be explained by the longer travel
time of Corg derived from the hydrologically connected hill-
slopes. Here, the water present in the riparian zone is pushed
out by the pressure wave created when precipitation falling on
the entire catchment travels through the soil and then reaches
the riparian zone (Stockinger et al., 2014). The water that is
“pushed out” of the riparian zone is assumed to be enriched in
Corg (Tunaley et al., 2016), especially so when water moves
through organic soils surrounding boreal or upland streams
(Grabs et al., 2012; Laudon et al., 2011).

The differences in catchment response caused by the co-
occurrence of snowmelt and rainfall compared with rainfall

alone, leading to a larger influence surface water, and superfi-
cial terrestrial C inputs for the event in May could also poten-
tially be confirmed by the δ13C signal (Figure 2). Despite the
fact that δ13C screening is not as specific to assess terres-
trial organic matter as, for example, measurement of lignin
phenols, the stable carbon isotope composition still differs
throughout the soil profile (Lambert et al., 2011; Onstad et al.,
2000). The δ13CSOM values from organic soil horizons are
generally substantially lower (i.e., more depleted in 13C con-
tent) relative to mineral and lower soil horizons (Cole et al.,
2002; Lambert et al., 2011; Mook & Tan, 1991). This is cor-
roborated by our own measurements in the Wüstebach catch-
ment revealing about 1.5‰ difference between organic and
mineral soil horizons. Therefore, the switch (first heavier, then
lighter than −28.0‰) in the δ13CDOM signal observed for the
March event can be explained by a change from mineral soil
horizons sources prior to the precipitation to organic soil hori-
zons post peak discharge. This means that before the precipi-
tation event, only snowmelt was causing runoff. Interflow and
shallow groundwater export Corg from the mineral soil layers
within the whole catchment, due to hydrological connectivity
(Stockinger et al., 2014). This changes due to the precipitation,
which causes the horizons rich in organic material to react and
Corg is lost from the topsoil from largely the riparian zone dur-
ing and after the precipitation. It can be seen from the low Corg
concentrations before peak discharge that organic C mobiliza-
tion occurs under the snow cover (Hornberger et al., 1994), but
at a slower rate than when it rains. The same phenomenon has
also been described by Lambert et al. (2011), where δ13CDOM
values drop during peak discharge due to a change from base
flow to storm flow, inducing overland flow and flow of water
through organic horizons, making the saturated peatland the
main Corg export mechanism, being coupled to the export of
Norg and Sorg.

4.3 Event-based transport of colloidal N, S,
and P fractions

During the precipitation event (May 2018) most of the col-
loidal S and N (<1 μm) was present within the nanoparticle
fraction size (<0.1 μm). This fraction showed similar behav-
ior to the inorganic ions, decreasing during peak discharge,
and increasing after; thus, they likely represented the NO3

−

and SO4
2− ions. Note the truly dissolved fraction could not

be analytically isolated from the nanoparticles for N and S.
For N and S in second largest (particulates >1 μm) and in N
in the lowest (colloids 0.1–1 μm) proportional fraction, they
exhibit a similar behavior to the Norg and Sorg, having a max-
imum coinciding with discharge and a positive cQ slope. The
S present in the colloids showed little response to the increase
in discharge, only being slightly larger during peak discharge
than during baseflow. The precise chemical composition of
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Norg and Sorg was not investigated in our study but could, for
example, be amino acids, SO4

2− esters, and SO4
2− particles

and connected to iron and aluminum ions (Gottselig et al.,
2014; Scherer, 2009).

Total P export during peak discharge was 7.0-fold higher
in March than in May. However, relatively more P was trans-
ported bound to NNP during the May event than in March.
This percentage of NNP was ∼50% during the May discharge
even, but only around 3% in March. Evidently, more P was
transported and recycled in riparian area near stream in May
than in March, which also seems to be crucial for the colloidal
stream P concentrations. Influential factors for the low col-
loidal binding could be the equally lower Corg and Fe export,
as they have been described as primary binding partners of
P in ecosystems (Gottselig, Nischwitz et al., 2017; Regelink
et al., 2013; Stolpe et al., 2013). Correlations between the Al,
Fe, Corg, and P data indicate potential coupled export pro-
cesses. Evidently, Corg and P (correlation coefficient = .1)
were not found to be transported similarly during the com-
bined snowmelt and precipitation event in March. Despite the
mobilization potential of snow cover for Corg (Boyer et al.,
1997; Sebestyen et al., 2009) concentrations were seemingly
too low for substantial P transport capacities. In contrast, this
situation was far more likely for the May event (rš= .7), a find-
ing that confirms the general assumption that Corg is a relevant
binding partner for P in colloids (Darch et al., 2014; Regelink
et al., 2013) and even has the potential to stabilize colloids
(Ranville & Macalady, 1996; Six et al., 1999). The specific
role of Corg for the individual fractions could not be resolved
in this study, yet due to the siliceous bedrock in Wüstebach
and evidence from previous studies (Gottselig, Amelung et al.,
2017; Gottselig, Nischwitz et al., 2017), it can be assumed
that the role of Corg in May was predominantly for P bind-
ing within the third fraction (>60 nm). Next to Corg, combi-
nations of Fe and Corg as well as metals and clay minerals
were previously identified as primary building blocks for dif-
ferent fractions of P containing colloids (Gottselig, Nischwitz
et al., 2017). Of these, only third-fraction data differ from lit-
erature findings, with a stark contrast also between March and
May. It can therefore be assumed that this fraction shows high-
est variability between baseflow and peak discharge condi-
tions, as well as between winter and spring events. Potentially,
third-fraction particles (size range > 60 nm) are mobilized
and translocated differently than smaller nanoparticles (first
and second fraction, >1 kDa–20 nm and >20–60 nm) during
events in general and specifically when typical short spring
events take place, like in May. However, the first-fraction par-
ticles showed the strongest positive cQ relationship and the
highest CVC/CVQ values, which explains their mobility.

It was found that the export of P and in smaller amounts N
and S via nondissolved pathways take place more often during
rainfall events than combined snowmelt and rainfall events.
With the increase of rainfall events, this way of nutrient export

will be more common in the future, which makes it harder to
quantify a large part of the export of P and parts of the export
of N and S.

5 CONCLUSIONS

Stream water δ13C data highlighted that the Wüstebach catch-
ment did not return to pre-baseline conditions after a 2-d
March snowmelt, in contrast with the shorter (several hours)
May precipitation event, indicating a more significant effect
of the winter event on N, S, P, and Corg export, likely due
to its longer duration. However, there were substantial effects
for both events on total and specification of N, S, P, and Corg.
Colloidal export contributed <6% of total stream water P in
March, but 29–64% in May, and was then more strongly corre-
lated to Corg exports, suggesting an increased role of overland
flow and subsurface flow through organic soil horizons. Col-
loidal NH4

+ and Norg (>0.1 μm) and particulate Sorg (>1 μm)
were higher during both events, but the majority of losses
were still as dissolved N-NO3

− and S-SO4
2−. This dominance

was larger in late winter than spring, due to decreased bio-
logical activity and more groundwater influence through high
antecedent catchment wetness. Since high-intensity or longer-
duration precipitation events are predicted to occur more fre-
quently due to climate change, such weather-driven catchment
nutrient losses may therefore simultaneously increase. This
study highlights the often underreported role of particulates,
colloids, and nanoparticles within biogeochemical cycles and
the need for better quantification of such solid fractions and
associated nutrient species.
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