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ABSTRACT

Vegetated filter strips (VFS) act as buffer zones between fields and water bodies that are supposed to retain
incoming runoff, sediment, and nutrients. The factors that govern nutrient retention and cycling in VFS are
complex and act in all three dimensions. A key element that determines VFS effectivity is flow type, e.g., sheet vs.
concentrated flow. These aspects are, however, often insufficiently accounted for in VFS research and design
recommendations. In this study, we attempt to tackle these shortcomings by examining the nutrient distribution
in detail at two field-VFS transitions, applying a three-dimensional sampling array together with extensive
laboratory analyses. Concentrated runoff was the dominant type we found and we argue that flow convergence is
the norm rather than the exception. Further complicating this issue is that entry locations of runoff may vary,
calling for more sophisticated sampling designs. Overall trends were similar across the analyzed nutrient frac-
tions (different K- and P-pools) and there were distinct trends of decreasing nutrients along the longitudinal
(from the field to the VFS) and vertical planes. The horizontal plane (from outside to inside the area of
concentrated flow) showed mostly inconclusive or U-shaped gradients. Both sites were similar and close to each
other, nevertheless, there were significant differences that affected nutrient retention in the VFS which were
linked to site-specific factors. The spatial extent (i.e., width) is often considered the main variable in VFS designs.
However, other VFS traits such as vegetation type and structure, as well as external factors such as field
topography and the severity of erosive events are equally important and should be attributed more significance.

1. Introduction

Eutrophication remains a major problem for water bodies in Europe.
Phosphorus (P) is one of the most important drivers of nutrient pollu-
tion, as it is commonly the limiting factor in aquatic systems (Schindler
etal., 2016; Ulén et al., 2007). After considerable success during the last
decades in purifying wastewater, major P sources remain inputs from
agricultural areas via runoff and erosion (Stoate et al., 2009). In-field
conservation measures and prevention of a build-up of nutrients in the
first place are considered the most effective mitigation actions. How-
ever, these may not be sufficient (e.g., during intense rainfall events) or
are not implemented because of other reasons such as high costs or low
acceptance among farmers (Bailey et al., 2013; Hosl and Strauss, 2016;
Schoumans et al., 2014). Often used and recommended alternatives are
vegetated filter strips (VFS) between fields and water bodies (Carstensen
et al., 2020; Prosser et al., 2020). These act as buffer zones that are
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supposed to slow down runoff and promote infiltration and sedimenta-
tion processes, leading to a retention of nutrients within the VFS.
Thereby, the effectiveness of VFS largely depend on different factors
such as buffer width, slope, runoff intensity, soil composition and plant
community (reviewed by Prosser et al., 2020). Although there is an
increasing understanding of nutrient pathways and the complex
biogeochemical processes within soils, these are often not adequately
addressed in research on VFS, which is, thus, partly lagging behind the
latest scientific developments (Ramler et al., 2022; Weihrauch, 2019).
Many VFS performance or monitoring studies focus only on buffer width
and apply one-dimensional sampling designs (Prosser et al., 2020).
However, the whole soil volume takes part in nutrient retention and
cycling (Weihrauch, 2019). Infiltration, promoted by vegetation and
further enhanced by high organismal activity, is a key function of VFS
(Colloff et al., 2010; Prosser et al., 2020). Thus, the concept of VFS calls
for a three-dimensional view. Another common assumption in
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mathematical models and VFS design recommendations provided by
agri-environmental authorities is a uniform sheet flow from the field and
through the VFS. In reality, it is much more probable that VFS receive
field runoff in concentrated form, e.g., due to topography, tillage, slope,
or other factors that lead to flow convergence. This substantially impacts
the VFS retention efficacy (Dosskey et al., 2002; Miller et al., 2016;
Pankau et al., 2012). Despite this knowledge, most research on VFS
retention effectivity is plot studies that apply uniform sheet flow.
Consequently, many VFS design recommendations—often built upon
these studies—neglect the effect of concentrated flow.

Ideally, VFS are designed so that nutrient inputs and removal (i.e.,
via harvesting the vegetation) are in a long-term equilibrium that pre-
vents saturation of the VFS soil. In the EU, P loss due to water erosion
varies from 0.1 to 2 kg ha~la’! (Alewell et al., 2020). For a sustainable,
long-term effective retention and offset of P, this amount has to be
matched with the extent of the VFS and how much P can be removed by
harvesting, typically ranging between 10 and 20 kg ha ™' a~! (Hille et al.,
2019). If this is not the case, VFS will inevitably become nutrient sources
at some time. Substantial amounts of P may already leach from soils
even if they are not fully saturated (Djodjic et al., 2004; Roberts et al.,
2012; 2020). Indices such as the degree of P saturation (DPS) or the P
sorption index (PSI) are viable tools to directly or indirectly assess and
monitor the saturation level and P leaching probability of VFS soils
(Hughes et al., 2000; Wang et al., 2016). Both indices are, however,
rarely applied outside of academia, as their calculation requires specific
chemical analyses which are not as widespread as other, simpler proxies
for the P status in the soil used by practitioners (e.g., soil test P).

Although VFS are considered best-practice measures against diffuse
pollution and nutrient losses, research has revealed a wide range of ef-
ficiencies from 100% retention to even a net release of nutrients (Car-
stensen et al., 2020; Hoffmann et al., 2009). Besides the inherent
heterogeneity of soils in general and the multitude of contributing fac-
tors, inadequate sampling designs account for some of the in-
consistencies in VFS performance or at least hinder a thorough
examination of nutrient pathways (Prosser et al., 2020; Stutter et al.,
2021). Therefore, research on VFS is strongly advised to apply sampling
designs that match the complexity of the studied system. However,
extensive field sampling and laboratory analyses are costly, making it
necessary to find compromises between sufficiently elaborate sampling
and limited resources.

Finally, another essential aspect of VFS studies relates to which nu-
trients are determined during laboratory analysis. For example, to
analyze different P pools along the continuum of solubility and bio-
availability, a range of weak to strong extractants (e.g., from water to
hydrofluoric acid) are used (Weihrauch and Opp, 2018). To get a holistic
overview of P dynamics in soils it is advisable to include more than one P
fraction in VFS studies. On the other hand, the choice of the extractant
also depends on the research question, and it is likely that different
nutrient pools are correlated.

In this study, we attempt to tackle these often-encountered short-
comings of VFS studies by examining the nutrient retention at two field-
VFS transitions, applying a three-dimensional sampling array together
with extensive laboratory analyses. We aimed to answer the following
research questions: What is the necessary spatial extent of a sampling
array to appropriately depict the nutrient distribution of VFS, especially
under the condition of concentrated runoff? What gradients of soil P
parameters are found along all three dimensions? Specifically, we hy-
pothesized that 1) P concentrations in the soil increase along the
(concentrated) runoff flow path until the field edge due to accumulation
and then decrease again due to infiltration and deposition in the VFS. 2)
P concentrations are highest in the middle of the flow path and decrease
laterally; i.e., transects inside the flow path have higher P concentrations
compared to transects outside. 3) P concentrations are highest at the soil
surface but elevated in subsurface layers along the flow path (following
Sheppard et al., 2006).
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2. Material & methods
2.1. Site description, experimental setup, and soil sampling

The two sampling sites MEO1 and MEQ7 are located in the hilly
landscape of the pre-alpine region in the district of Melk, Lower Austria,
Austria (Fig. 1). At both sites, a medium-sized, low-sloping vegetated
filter strip (VFS) was set up at the foot of a larger field with a pronounced
inclination (Table 1). Both VFS were implemented at least 17 years
before the survey. Fields were cultivated with maize during the sampling
year, the primary crop in a rotation with wheat, barley, and others
(Table A1). Fields were ploughed and fertilized with pig manure and
mineral fertilizers following typical fertilization practices as indicated in
the Austrian guide for good agricultural practices (Baumgarten, 2022).
The VFS were not managed except being mowed two to three times a
year. Sites were chosen based on a GIS-aided pre-selection and visual
observation of substantial runoff and erosion from the fields after heavy
rainfall events in the summer of 2020 (Figs. Al, A2). Due to local
topography (thalwegs) and flow convergence, the fields exhibited mul-
tiple flow pathways through which runoff and sediment entered the VFS
(i.e, sub-catchments). At each site, we placed the sampling grid along the
flow pathway with the highest erosion.

The sampling arrays had an extent of 10 x 10 m and comprised five
longitudinal transects (A-E; perpendicular to the field-VFS border), eight
horizontal transects (T1-T8; parallel to the field-VFS border), and five
vertical transects (i.e., depth classes), resulting in a total of 200 samples
per site and a three-dimensional representation of the field and VFS soil
(Fig. 2). Transect C was placed at the middle of the observed sediment
deposition fan, which should correspond to the center of the flow path.
Transect T4 was placed along the field-VFS border. This way, physical
and chemical soil gradients can be studied in all three planes: horizon-
tally from the inside to the outside of the concentrated runoff area;
longitudinally from the field into the VFS; and vertically from the sur-
face to subsurface layers.

Soil samples were taken with exchangeable polypropylene pipes (6.8
cm inner diameter, 50 cm long) placed within a soil core sampler that
was driven into the ground with the aid of an electric bell hammer or
mallet and carefully removed from the soil again using a lever. The
maximum sampling depth is, thus, below 50 cm, and is a compromise
between sampling as deep as possible while maintaining practical and
economic feasibility. The pipes were removed from the core samplers,
sealed, and transported to the laboratory. Soil cores were cut at 5 cm
intervals, resulting in subsamples of equal volume (ca. 180 cm?® soil per
sample). The samples from 0-5, 5-10, 10-15, 20-25, and 35-40 cm
depth were then used for the analyses (Fig. 2). Sampling was carried out
during October and November of 2020.

2.2. Laboratory analyses

Soil samples were air-dried at 35 °C and sieved to 2 mm. Soil texture
and particle-size distributions were determined using the pipette
method following international guidelines for soil monitoring (Cools
and De Vos, 2020) after removing soil organic matter using 15% H50, at
70 °C.

Soil pH was determined in a 1:5 (w:v) mix of dried soil and 0.01 M
CaCly. Carbonate content (CaCO3) was determined gas-volumetrically
by the Scheibler method (Tatzber et al., 2007). Total organic carbon
(TOC) was determined by dry combustion (Elemental Analyzer; Skalar
or Shimadzu). Nutrients were determined using different extractants of
increasing strength: water (Py20, Ku2o, Can20), representing easily sol-
uble nutrients in soil solution, calcium-lactate (Pcar, Kcar), to consider
plant-available nutrients, oxalate (Pox, Aly, Feox), for P sorbed to
metal-oxides, and aqua regia (P, Catot, Alior, Feror), to represent total
amount of nutrients in the soil. In detail, easily soluble nutrients were
extracted with deionized water at a ratio of 1:5 (w:v), shaken on a
horizontal shaker for 1 h and subsequently filtered through a 0.45 pm
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Fig. 1. Map of the sampling sites. Sub-catchments and flow concentrations were derived from a DEM (1 m resolution) and were used for the modelling. The scale bar

is 50 m for MEO1 and 25 m for MEO7.

Table 1

Site description. Slopes derived from DEM data. Sub-catchment denotes the area
that contributes to runoff and erosion above the sampling grid. Grid slope in-
dicates the mean slope of the sampling grid alone.

Site Sub-catchment Flow path VFS Grid
Area Slope Slope Slope Slope

MEO1 1.50 ha 13.9% 8.5% 7.4% 4.8%

MEOQ7 0.11 ha 13.2% 9.3% 3.0% 3.6%

membrane filter. Orthophosphate concentrations (Pyp) were deter-
mined photometrically by the molybdenum blue method (Murphy and
Riley, 1962), Kyzo and Capyo were analyzed by atomic absorption
spectroscopy (AAS).

Plant-available Pcar, and Kcap, were extracted based on the method
described by Schiiller (1969). An aliquot of dried soil was mixed with
extraction solution (pH 4) consisting of 0.05 M calcium lactate, 0.05 M
calcium acetate, and 0.3 M acetic acid at a ratio of 1:20 (w:v). Samples
were shaken for 2 h and subsequently filtered. Pca;, was analyzed
photometrically, and Kcay, by AAS as described above.

Another aliquot of soil was suspended in 0.2 M oxalate solution (pH
3: 0.11 M ammonium oxalate and 0.09 M oxalic acid; w:v = 1:50) and
shaken for 4 h in the dark (Schwertmann, 1964). The extracts were then
filtered and measured by ICP-OES (Optima 8300, Perkin Elmer,
Germany).

Total nutrient contents (Pyot, Cagot, Altor, Feror) Were measured after
aqua regia digestion, based on the procedure recommended by the In-
ternational Organization for Standardization (ISO, 1995). Samples were
digested at room temperature with a 37% HCIl and 70% HNO3 (3:1)

mixture (10 ml per 1 g of soil) for 16 h. Subsequently, the suspensions
were slowly warmed to 60 °C for 30 min and then to 140 °C for another
hour. After cooling, 20 ml of distilled water was added, the suspensions
filtered, and nutrient contents analyzed by ICP-OES.

Gravimetric soil water content and bulk density were determined
after drying at 105 °C for 24 h.

2.3. P sorption and saturation indices

Two indices for soil P were determined: the Degree of Phosphorus
Saturation (DPS; van der Zee and van Riemsdijk, 1988) and the Phos-
phor Sorption Index (PSL; Bache and Williams, 1971). The DPS is an
indicator of how much P is already sorbed to available sorption sites of
Fe- and Al-oxides and was calculated as:

Pox

DPS=———%
a X (Fe, x Alyy)

x 100 (€]

where « is the fraction of oxides that react with P. Following van der Zee
and van Riemsdijk (1988), a was set to 0.5 (see Kleinman, 2017). The
PSI is a single-point alternative to the complete sorption isotherm and,
as such, an estimator for the sorption capacity of the soil (Bolster et al.,
2020) and was calculated as:

PSI = )

log(C)

where S is the sorbed concentration of P (mmol kg’l) and C is the
equilibrium P concentration in solution (pmol l’l).
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Fig. 2. Sampling design.

2.4. Statistical analysis

We produced three-dimensional depictions and boxplots for each
parameter to visualize possible gradients along the transects. Further,
we conducted ANOVAs for each site, using the transects as factors
(+interactions) and selected parameters (Pcar, DPS, PSI) as the response
variables. ANOVA assumptions have been checked visually with QQ-
Plots and histograms on the residuals (Figs. A3, A4), following Kozak
and Piepho (2018). Dunn’s post-hoc tests with Bonferroni correction
were used to check for within-group differences along transects. Addi-
tionally, we conducted a principal component analysis (PCA) for each
site to visualize trends along transects and corresponding parameters.

We used Python 3.9.12 embedded in Spyder 5.1.5 environment for
the statistics and figure generation. Libraries used were statsmodels
(statistics), scipy (assumption checking), sklearn (PCA), matplotlib (fig-
ures), numpy and pandas (data handling). Statistical significance was set
at the a = 0.05 level.

2.5. Modelling of sediment load

To find additional explanations for the measured nutrient distribu-
tion in the VFS, we simulated the sediment transport from the fields to
the VFS to estimate how much sediment was eroded during the last 17
years, thus, potentially contributing to nutrient accumulation in the
VFS. For this, we used the HEC-HMS model, in particular the HEC-RAS
1D Sediment Transport model (Hydrologic Engineering Center, 2022).
HEC-RAS is a powerful modelling framework with various features (see
https://www.hec.usace.army.mil/software/hec-ras). However we only
used it to obtain coarse information about the number and severity of
erosive rainfall in the investigated period to get a better estimation of
the actual influence of erosion on the VFS. HEC-RAS uses a digital
elevation model (DEM), soil and land use data, and precipitation as
input parameters to compute infiltration and runoff volume, as well as
sediment transport for single rainfall events. Rainfall data with high
temporal resolution (sub-daily) was used from the rainfall station in
Wieselburg, located within 5 km distance. Following a commonly used
assumption about erosive rainfall (Johannsen et al., 2022), we pre-
defined erosive rainfall events as those with a total rainfall amount of
more than 10 mm rainfall or a rainfall intensity with more than 10 mm
h~!. The DEM was available at a resolution of 1 m. Detailed land use
information was obtained at the field scale from data collected within
the Integrated Administration and Control System (IACS) in the frame-
work of the EU Common Agricultural Policy (CAP). Soil texture was

measured in this study. Information on soil physical parameters and
input parameters for soil modelling (erosivity, LS factor, crop factor)
were taken from previous studies in the region (project ErosAT; BAW,
2023), complemented by digitally available resources (BFW, 2019).

3. Results
3.1. General remarks

Due to the high number of analyzed parameters, which are moreover
examined in three dimensions, we considered it not feasible to present
detailed reports for every parameter and plane. Nevertheless, we pro-
vide concise summaries for all parameters and give a detailed account of
three selected parameters important for P retention: Pcay, as an indicator
for plant-available P, PSI as an estimator for the P sorption capacity, and
DPS as a proxy for P saturation (Table 2). For those three parameters, we
conducted ANOVAs, which revealed a significant effect of all factors (i.
e., transects) for both sites. Also, the interaction terms were mostly
significant, except for longitudinal x horizontal (PSI), longitudinal x ver-
tical (PCAL, DPS) for MEO1, and vertical x horizontal (PSI) for MEQ7
(Table 3). Despite significant main effects, not all parameters showed
distinct gradients along certain planes and also not all post-hoc tests
revealed significant within-group differences (Figs. 3-5, Tables A2-4).

In the following sections, the descriptions apply for both sites, unless
otherwise stated.

3.2. Modelling of sediment load

The sub-catchment that drains the field(s) above the sampling grid in
the VFS (i.e., the observed sediment deposition) were 1.5 ha and 0.11
ha, with a longest flowpath length of 294 m and 97 m for MEO1 and
MEQ7, respectively. Results of the modelling with HEC-HMS suggest,
that there were three and six years with erosive events for MEO1 and
MEOQ7, respectively. Total sediment transport to the sub-catchment VFS
over the last 17 years were 78.2 t for MEO1 and 15.0 t for MEQ7
(Table A5). Mean standardized erosion rates (normalized to the source
area) were very similar (with 10.4 and 10.3 t ha! per event) for MEQ1
and MEO7. However, the amount of sediment that the VFSs had to deal
with in the sub-catchment were different: MEO1 had 5 events and a
mean sediment input of 15.6 t per event, compared to MEQ7 with 12
events and an average of 1.1 t per event.
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Table 2
Summary of most important physical and chemical parameters for each site and transect. TOC - total organic carbon; Py»0 — water-soluble P; Pcay, — CAL-soluble P; Py, — total P; DPS — Degree of P saturation; PSI-P sorption
index.
Gradient Site/transect Bulk density [g cm-3] Clay [%] Silt [%] Sand [%] TOC [mass %] Puoo [mg kg-1] Pcar [mg kg-1] Piot [gkg-1] DPS [%] PSI [1g-1]
Vertical ME_01
5 1.05 £(0.12) 31.5 +£(2.7) 62.1 £(3.2) 6.4 +(2.8) 2.6 +(0.8) 5.1 +(2.2) 64.8 £(35.5) 0.93 £(0.14) 10.1 £(5.2) 5.2 +(0.5)
10 1.19 £(0.10) 32.8 £(2.5) 61.4 £(2.3) 5.9 £(2.0) 2.2 +(0.3) 3.1 £(1.6) 47.1 £(31.5) 0.87 £(0.14) 10.1 £(3.4) 5.7 £(0.8)
15 1.20 £(0.11) 32.2 +£(2.6) 62.1 +£(2.4) 5.6 +(1.5) 2.2 +(0.3) 2.8 +(1.7) 43.9 £(29.9) 0.86 +(0.16) 9.9 +(2.3) 6.0 +(0.8)
25 1.25 £(0.08) 32.8 £(2.5) 61.8 £(1.9) 5.4 +(1.7) 1.9 +£(0.4) 2.1 £(1.3) 37.3 £(30.4) 0.82 £(0.20) 8.9 +(3.1) 6.3 +(1.0)
40 1.23 £(0.10) 32.4 £(3.6) 64.5 £(3.5) 3.1 +(3.0) 1.6 +(0.8) 0.8 +£(0.5) 8.9 +(17.5) 0.54 £(0.27) 5.0 £(2.7) 6.4 +(2.2)
ME_07
5 1.08 +£(0.09) 29.5 +£(2.3) 64.9 +£(3.0) 5.7 +(2.1) 2.9 +(1.1) 4.7 +(2.8) 40.7 £(13.9) 1.02 +£(0.29) 7.0 +(5.0) 5.7 +(0.6)
10 1.16 £(0.07) 30.6 £(3.0) 64.1 £(3.3) 5.3 £(1.3) 2.4 +(0.7) 4.0 £(1.5) 28.5 £(13.3) 1.01 +(0.28) 8.8 +(2.3) 5.5 +(0.7)
15 1.21 £(0.09) 30.3 +(2.4) 64.6 +(2.7) 5.1 £(1.0) 2.0 +£(0.3) 2.7 £(1.2) 24.5 +(17.8) 0.97 £(0.33) 8.2 £(2.3) 5.9 £(0.6)
25 1.27 £(0.09) 31.0 £(2.8) 63.8 £(2.8) 5.3 +(2.4) 1.6 £(0.3) 1.8 £(1.7) 18.7 £(19.2) 0.87 +(0.30) 6.8 +(2.8) 6.2 +(0.8)
40 1.37 £(0.08) 28.7 £(2.5) 68.0 £(2.4) 3.3 £(1.0) 0.7 +£(0.2) 0.1 +(0.2) 1.3 +£(1.49) 0.74 £(0.44) 3.5 £(0.9) 6.1 +(1.0)
Longitudinal ME_01 0.00 £(0.00)
field 1.18 £(0.11) 32.2 +£(2.9) 61.9 +(2.8) 5.9 +(2.4) 2.1 +(0.4) 3.6 +(2.3) 64.2 +(32.3) 0.95 £(0.23) 11.0 £(3.9) 6.4 £(1.8)
edge 1.18 £(0.14) 32.1 £(2.5) 61.8 £(3.2) 6.1 +(4.1) 1.7 £(0.3) 3.0 +£(2.2) 49.8 +(30.9) 0.80 +(0.20) 9.7 +(4.2) 5.4 +(0.8)
VFS 1.20 +£(0.13) 32.5 +(2.9) 62.9 £(2.9) 4.6 +(1.9) 2.2 +(0.8) 2.0 +(1.49) 18.1 £(19.7) 0.69 £(0.16) 6.9 +(2.9) 5.7 +(0.8)
ME_07
field 1.24 £(0.12) 30.2 £(2.8) 64.9 £(3.3) 5.0 £(1.1) 1.6 £(0.5) 2.4 +(1.7) 29.5 +(19.2) 0.98 +(0.33) 8.3 +£(3.3) 5.8 +(0.8)
edge 1.24 +(0.15) 29.3 £(2.7) 65.2 £(3.8) 5.5 +(2.1) 1.9 +(0.8) 2.5 +(1.9) 23.6 £(21.0) 1.03 +£(0.36) 7.6 +£(3.5) 5.8 +(0.8)
VFS 1.22 £(0.12) 30.0 £(2.6) 65.2 +(3.0) 4.8 +(2.2) 2.2 £(1.2) 2.6 £(2.7) 14.3 £(15.6) 0.83 £(0.34) 5.6 £(3.2) 6.0 £(0.8)
Horizontal ME_01
A 1.24 £(0.10) 31.9 +£(2.8) 61.9 £(2.9) 6.3 +(3.4) 2.1 +(0.6) 2.8 +£(2.1) 44.8 +(37.6) 0.86 +(0.19) 9.7 +(4.3) 6.7 £(1.9)
B 1.18 £(0.15) 31.7 +(3.8) 63.0 +(4.0) 5.4 £(3.0) 2.1 +(0.6) 3.0 £(2.4) 43.1 +(37.1) 0.81 +(0.23) 9.5 +(4.0) 5.7 £(1.0)
C 1.17 £(0.12) 32.9 +£(2.2) 62.8 +£(2.0) 4.4 +(1.8) 2.3 +(0.8) 2.5 +(2.0) 36.6 +(33.6) 0.77 £(0.25) 7.6 £(3.9) 6.1 £(0.8)
D 1.19 £(0.10) 33.5 £(1.7) 62.2 £(2.3) 4.4 +(1.8) 2.1 +(0.6) 2.3 £(1.5) 31.5 £(26.2) 0.79 £(0.21) 8.1 +(3.1) 5.9 +(1.3)
E 1.16 +£(0.12) 31.8 +£(2.9) 62.2 +(3.3) 6.0 £(2.0) 2.0 +(0.5) 3.1 £(2.1) 43.8 +(34.8) 0.79 £(0.25) 9.2 +(4.1) 5.4 £(0.7)
ME 07
A 1.26 £(0.13) 28.9 +£(1.8) 66.7 £(1.6) 4.5 +(0.6) 1.8 £(1.0) 3.0 £(3.2) 17.9 £(12.5) 1.23 +£(0.26) 6.6 +(2.9) 5.2 +(0.5)
B 1.23 £(0.12) 29.4 £(2.5) 66.2 £(2.5) 4.4 +(1.0) 1.9 +£(0.9) 2.3 +(1.9) 16.5 £(18.2) 1.14 £(0.21) 6.3 +(3.7) 5.9 +(0.6)
C 1.23 £(0.13) 29.6 +(2.2) 65.9 +(2.4) 4.5 £(1.2) 1.9 £(1.0) 2.4 £(2.0) 18.9 £(17.3) 0.92 £+(0.38) 6.5 £(3.4) 5.8 £(0.6)
D 1.23 £(0.13) 30.5 £(2.8) 64.6 +£(3.4) 4.9 +(1.7) 1.9 £(1.0) 2.3 +£(2.0) 20.0 +(18.4) 0.61 £(0.18) 6.7 +(3.3) 5.9 +(0.6)
E 1.20 £(0.12) 31.7 £(3.2) 61.9 £(3.5) 6.5 +(2.9) 2.0 £(1.0) 2.5 +(1.9) 33.4 £(22.9) 0.71 £(0.21) 8.2 +(3.7) 6.5 +(1.0)
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ANOVA table. Results of the ANOVA for CAL-extractable P (Pca1), Degree of Phosphorus Saturation (DPS), and Phosphorus Sorption Index (PSI). Asterisks indicate
statistical significance of factors and interaction terms: *p < 0.05, **p < 0.01, ***p < 0.001.

Site Factor PCAL DPS PSI
SS df F P SS df F P SS Df F P

ME_01 Intercept 279079.2 1 1433.4  <0.001 ks 15222.4 1 8086.8  <0.001 % 6415.8 1 8935.5  <0.001
longitudinal 5606.5 4 7.2 <0.001 ¥ 116.6 4 155 <0.001  *** 50.5 4 17.6  <0.001
horizontal 107243.3 7 78.7 <0.001 i 713.6 7 54.2 <0.001 e 57.8 7 11.5 <0.001 ok
vertical 50726.7 4 65.1 <0.001 st 560.4 4 74.4 <0.001 i 40.8 4 14.2 <0.001 i
longitudinal x 13391.3 28 25 <0.001  ** 176.9 28 3.4 <0.001  x*= 314 28 1.6 0.056
horizontal
longitudinal x 4707.5 16 1.5 0.110 41.3 16 1.4 0.172 29.9 16 2.6 0.002 x
vertical
vertical x 15526.6 28 2.8 <0.001 ¥ 1346 28 2.6  <0.001 ¥ 45.0 28 2.2 0.002  **
horizontal
Residual 20054.2 103 188.2 100 73.2 102

ME_07 Intercept 80793.0 1 1645.1 <0.001  *x* 8969.4 1 10282.5 <0.001  ***  6879.9 1 33996.1 <0.001
longitudinal 5566.8 4 283  <0.001 ¥ 669 4 19.2  <0.001  *** 36.4 4 45.0 <0.001
horizontal 9207.8 7 26.8 <0.001 st 199.0 7 32.6 <0.001 sk 17.0 7 12.0 <0.001
vertical 24975.8 4 127.1 <0.001  ** 898.7 4 257.6  <0.001 129 4 15.9  <0.001 *
longitudinal x 4566.5 28 3.3  <0.001 ¥ 847 28 3.5 <0.001 ¥ 12.4 28 2.2 0.002  **
horizontal
longitudinal x 1819.6 16 2.3 0.006  ** 40.1 16 2.9 <0.001  x*= 17.8 16 55 <0.001  ***
vertical
vertical x 9300.5 28 6.8  <0.001 ¥ 181.3 28 7.4  <0.001 bl 7.7 28 1.4 0.133
horizontal
Residual 4812.8 98 855 98 22.7 112

3.3. Physico-chemical parameters

Bulk density increased with depth but showed no discernible gradient
along other planes. Grain size distribution did not show any conclusive
patterns. However, the deepest soil layers (35-40 cm) generally had
higher silt, but lower sand content. Analogously, sand accumulations
along the upper left side at MEO1 and along transect E at MEQ7 were at
the expense of silt (Figs. A5.2, A6.2).

The pH increased with depth and was tendentially lower in the VFS
than in the field. Calcium carbonate (CaCO3) content was generally low
(<1 mass %). CaCOs contents were slightly higher (up to 6%) in the VFS.
The absolute and relative amount of total organic carbon (TOC) decreased
with depth and was substantially higher in the uppermost layers in the
VFS (Figs. A5.3, A6.3).

3.4. Nutrients

The overall gradients for all P and K fractions were similar (Fig. A5 &
A6). Detailed results are provided for CAL-extractable P (Pcar) as a
representative for all P and K fractions (Fig. 3).

Pcar, showed clear gradients along the longitudinal and vertical
transects (Fig. 3). Mean Py, decreased along the longitudinal plane, i.e.,
from the field to the VFS. The effect was most prominent at MEO1;
nevertheless, at both sites, the last two sampling points (T7+T8) were
significantly distinct from the first (Figs. 4A and 5A, Table A3). No
significant differences were found along the horizontal plane at MEO1
(Table A4). No trends were observable at the field or edge. However,
Pcar, showed a U-shaped distribution in the VFS at MEO7 (Figs. 4D and
5D). Pcpy, decreased with depth, and concentrations at the lowest depth
(35-40 cm) were significantly lower than at the surface layer (Figs. 4B
and 5B). Generally, the decrease in depth was more pronounced at the
VFS, while there was substantial overlap of Pca;-values of all but the
lowest depth class in the field. Elevated nutrient levels were found in
field samples down to the deepest sampling point at 40 cm at MEO1 but
not at MEQ7 (Figs. 4C and 5C).

The overall trend of decreasing nutrients with depth, decreasing
nutrients with distance from the field edge in the VFS, as well as
inconclusive gradients along the horizontal plane was also found for
water-extractable P (Pys0), oxalate-extractable P (P,y), total P (Pyo), water-
extractable potassium (Ky20), and CAL-extractable potassium (Kcar;

Figs. A5.5, A6.5). Site MEO7, however, had substantially higher Py
values at transects A and B. For MEO1, both K-parameters had high
values at the VFS surface (higher than in the field).

Generally, water-extractable calcium (Cayzo) and total calcium (Cagor)
were stable across all planes. The only discernible difference found was
an increasing trend from transect A to E for Cappo at MEO7 (Figs. A5.5,
A6.5).

3.5. Phosphorus indices

Oxalate-extractable aluminium (Alyy) and total aluminium (Alot)
increased tendentially with depth in the VFS at both sites and at site
MEOQ1 also in the field. Absolute differences were, however, low. No
discernible gradients were found for the longitudinal and horizontal
transects (Figs. A5.6, A6.6).

Mean oxalate-extractable iron (Feoy) concentrations were higher in
the field at MEO1 where they decreased until the field edge and
remained stable in the VFS, while the opposite was found for MEQ7—-
stable concentrations until the field edge followed by an increase
throughout the VFS (Figs. A5.7, A6.7).

Mean total iron (Fey,) concentrations were similar across all tran-
sects, although there was a tendency for lower concentrations (and
smaller variation) at transects D and E in MEQ7 (Figs. A5.7, A6.7).

The Degree of Phosphorus Saturation (DPS) was calculated from Py,
Alyyx, and Feyx and, therefore, showed corresponding gradients along the
longitudinal and vertical transects (Fig. 3). Mean DPS decreased along
the longitudinal plane, with significantly lower values at the VFS
compared to field samples (Figs. 4E and 5E, Table A3). No significant
differences were found for the horizontal plane. However, at the VFS a
tendential U-shaped distribution was observed (Figs. 4H and 5H). The
DPS decreased with depth (Figs. 4F and 5F). At MEO7 differences be-
tween depth classes were more pronounced in the VFS (Fig. 5G).

The Phosphor Sorption Index (PSI) showed a gradient along the hor-
izontal plane (Fig. 3). Mean PSI decreased from transect A to E at MEQO1,
but increased at MEQ7, each with significant differences between the
outermost transects (Figs. 4L and 5L, Table A4). Along the longitudinal
plane, a significant difference was only found between T1 and T8 at both
sites (Figs. 41 and 5I). However, at MEO1, T1 had the highest mean PSI
and T8 the lowest, which was vice versa for MEO7. Generally, the PSI
tended to increase with depth, though without statistical significance in
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Fig. 3. Selected soil parameters in 3D.
Three-dimensional distribution of CAL-
extractable P [A], Degree of Phosphorus
Saturation [B], and Phosphorus Sorption
Index [C]. The perspective is from the VFS to
field. Values are color-coded, ranging from
lowest value (bright yellow) to highest value
(deep purple) of the respective parameter,
pooled from both sites (same color scale).
The lower left axis indicates the distance
from the center of runoff, the lower right
axis the distance from the field-VFS edge.
The insert illustrates the point of view and
location of the center of concentrated runoff.
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Fig. 4. Gradients of selected parameters at site MEO1. Longitudinal [A, E, I], horizontal [D,H,L], and vertical [B,F,J] gradients of CAL-extractable P (Pcar; top),
Degree of Phosphorus Saturation (DPS; mid), and Phosphorus Sorption Index (PSI; bottom). Boxplots are pooled from all sampling points along a transect. The line
graphs [C,G,K] provide a more detailed view of parameter distribution along the longitudinal plane further subdivided in depth classes (solid line — mean; shaded

area — standard deviation).

MEOQ7 (Fig. 4J-K, 5J-K).

3.6. Principal component analysis of variables and factors

The gradients described above were also reflected in the PCA (Fig. 6).
For both sites, the first two principal components (PC) accounted for
slightly more than 50% of the variation in the data, and all subsequent
PCs accounted for 10% or less. Vertical transects (depth classes) aligned
parallel to PC1 at both sites, which was associated with K- and P-pa-
rameters (especially the more easily soluble P fractions), TOC, DPS, and
bulk density. The longitudinal transects were aligned parallel to PC2,
associated with PSI, Ca-parameters, pH, and Fey,. The effect was
mirrored between the two sites, e.g., for MEO1 the PSI decreased from
transect A to E, while it increased for MEQ7. The horizontal transects
showed no linear alignment along the first two PCs but field and VFS
samples could be clearly distinguished. Field and VFS samples differed
regarding parameters associated with PC1 and, to a lesser extent, PC2.

4. Discussion
4.1. General

Despite long-standing research on VFS, extensive sampling schemes,
such as those used in this study, are rarely applied (but see Hab-
ibiandehkordi et al., 2019, 2017; Miller et al., 2016; Sheppard et al.,
2006). This lack of information may be partly due to resource limitations
(funding, time, labor) and a tendency to simplify the processes involved.

Often encountered, for instance, is the assumption that most P retention
and cycling occurs in the uppermost few centimeters of the soil, making
it obsolete to sample below the surface layer. Still prevalent are also the
assumptions that VFS receive runoff water as uniform sheet flow along
the entire field edge and that conditions within the VFS are homoge-
neous. If this were the case, one longitudinal transect would be suffi-
cient, or multiple transects could be pooled and treated as replicates.

In this study, we looked at field-VFS transitions to check if these
assumptions are justified. To this end, we applied a best-case scenario
with a three-dimensional sampling array plus an extensive physical and
chemical analysis. The examined sites are real-life examples that can be
used as a guiding framework for future VFS research and improved
sampling designs.

4.2. Modelling, rainfall, and erosion

Despite their vicinity and similarity, MEO7 had substantially more
erosive events than MEO1, according to the HEC-HMS model. If a certain
rainfall event leads to erosion depends on a multitude of factors (Lal and
Elliot, 1994). One crucial aspect able to explain the differences is type of
cropping. For instance, the erosive events at ME0Q7 in 2005 and 2007 did
not occur at MEO1 due to the cultivation of cereals, which already had a
complete soil coverage at the time when strong rainfall events occurred.

The higher total and average sediment input at MEO1 was probably
affected by the presence of a distinct thalweg, leading to a bundling of
runoff and, consequently, higher flow velocity and erosive force. A
major contributing factor was also the much smaller sub-catchment for
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Fig. 5. Gradients of selected parameters at site MEQ7. See Fig. 4 for details.

MEQ7. While the absolute sediment transport to the VFS was much lower
at MEO7, the erosion per hectare would be within the same range at both
sites. Nevertheless, it is the former that is crucial for VFS retention
effectivity. Generally, the extent of the sub-catchments derived from
DEM should be interpreted with caution because the actual extent may
be different due to accumulative effects of structures smaller than the
resolution of the DEM or other factors. For instance, the sub-catchment
for MEO1 is probably larger; the right arm of the flow accumulation
appears to start within a settlement, which is, however, probably an
artefact and should continue into the field above (Fig. 1). On the other
hand, the left arm originates from a field to the northwest and crosses a
farm track. It is likely that a non-negligible amount of runoff is dis-
charged via this path, especially if there are pronounced tractor tracks.
Consequently, the actual runoff and sediment load would be even
higher.

When we compare the erosion suggested by the model with the
amount of sediment that was found during our survey for sites in 2020, it
appears that sediment transport was overestimated, which, however,
seems to be not uncommon (Hamdan et al., 2021; Tassew et al., 2019).

Even if the magnitude of erosion may be too high, and the actual
extent of the sub-catchments partly inaccurate, we are, nevertheless,
confident that the timing and number of events, as well as the overall
differences between sites are reliable.

4.3. Longitudinal plane: from the field to the VFS

Thirteen of 21 parameters showed a discernible gradient from T1 to
T8 or at least pronounced differences between the field and VFS. These
gradients are shaped by slope, which causes runoff generation in the first
place and hence a redistribution of soil components along the flow path

(Shanshan et al., 2018; Walker et al., 1968). Equally important are
intrinsic factors of field and VFS soils, such as tillage or vegetation type.
These entail, for instance, higher TOC contents in grasslands compared
to cropland, especially near the surface (this study; Liu et al., 2016;
Malhi et al., 2011, 2003).

Another vital distinction between arable fields and VFS is that the
latter are usually not fertilized and, thus, should have a lower baseline
nutrient content. We hypothesized that nutrients accumulate towards
the edge of the field and then decrease again within the VFS due to
progressive infiltration and sedimentation. A clear depletion from T4
(field edge) to T8 (5 m in the VFS) was evident for Pcyp, and all other P-
and K-parameters. However, we did not find an accumulation along the
flow path in the field, i.e., from T1 to T4 at both sites. One possible
explanation could be that the area close to the field edge received less
direct fertilization. At any rate, a continuous accumulation of nutrients
along the flow path in the field—as was found by other researchers
(Habibiandehkordi et al., 2019; Stutter et al., 2009) and hypothesized by
us—is not necessarily always the case. Habibiandehkordi et al. (2019)
attributed their peak in P content at the field edge to the formation of a
physical barrier due to tillage which caused ponding, sedimentation and
a build-up of nutrients over the years. However, in a similar study,
Habibiandehkordi et al. (2017) found lower field edge P contents. Apart
from the barrier effect of the vegetation, there were no pronounced
physical barriers at our sites.

The two VFS were similar in many respects (e.g., location, cropping,
tillage, soil type, VFS vegetation), however, they showed different dis-
tributions of nutrient concentrations. At MEO1, nutrient levels decreased
substantially from T4 to T8, while they decreased only slightly or
remained stable throughout the VFS at MEO7. A coherent explanation
for the dissimilar behavior of the two VFS is that they had to deal with
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different amounts of erosion. According to the HEC-HMS model, both
the total sediment transport over the last 17 years, as well as the average
sediment transport per erosive event were substantially higher for
MEOQ1, probably exceeding the buffer capacity of the VFS. The buffer and
retention function of VFS may collapse completely under heavy runoff,
for instance, once the grass stems are bent over and become submerged
(Fiener and Auerswald, 2003; Haycock et al., 1997). Adapted vegetation
with denser stands or stiff, robust plants could help to keep VFS func-
tional (Blanco-Canqui et al., 2006; Kervroédan et al., 2021). Neverthe-
less, deposited sediment found within the VFS demonstrated that
deceleration of runoff and filtering occurred at least to some extent at
both sites. Extreme events, such as the one during June 2020, require
more elaborate solutions, such as retention ponds or large multizonal
buffers (Stutter et al., 2020; Zak et al., 2018). The more frequent, but
smaller erosive events at MEQ7 were better manageable by the VFS.
Contrary to MEO1, this lead to an accumulation of nutrients on the
surface. Consequently, also the P saturation was high at the VFS surface
layer, even higher than in the field. This shows that VFS—even though
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they are not fertilized themselves—may have equally high nutrient
contents as fertilized fields due to agricultural runoff.

Apart from a few outliers, nutrient concentrations were well within
the range of national soil nutrient recommendations in field (Pcar
47-111 mg P kg™ 1) and grassland areas (Pcar, 47-68 mg P kg™1) at both
sites (Baumgarten, 2022). Furthermore, the DPS was clearly below the
often reported environmental threshold of 25% beyond which soils are
supposed to switch to being P sources rather than sinks (Kleinman,
2017).

4.4. Horizontal plane: from inside to outside of the flow path

Based on the erosion patterns encountered in the VFS, our hypothesis
was that nutrient concentrations would be highest along the longitudi-
nal transect closest to the middle of the (concentrated) flow path.
Consequently, we expected a symmetrical curve of nutrient content from
transect A to E, with the maximum at transect C. For the most part, the
horizontal transects had substantial overlaps and lacked statistically
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significant differences. A more or less symmetrical distribution was only
found for nutrients and DPS in the VFS, although with a minimum at
transect C. This indicates removal of nutrients at the surface rather than
an accumulation along the main flow path. Generally, differences were,
not as evident as anticipated. Transects A and E were supposed to act as a
reference, which were located outside of the concentrated flow and,
thus, should not have received nutrient-enriched runoff. Still, there was
substantial overlap and only few statistically significant differences,
even when the data is viewed independently for the field, edge, or VFS
(Table A4).

For MEO1, a reason could be that the VFS was unable to effectively
withhold sufficient sediment and runoff, which caused an export of
nutrients and impeded an accumulation and the formation of a distinct
horizontal gradient. It is also possible that the area under concentrated
runoff was larger than anticipated from the extent of the observed
sediment depositions in the VFS. Another explanation is that the flow
path itself was not stable. While it is safe to assume that runoff
convergence will always occur on the same part of the field on a larger
scale (i.e., field scale, tens to hundreds of meters), for instance along a
thalweg, the precise entry location of the runoff into the VFS may vary,
as it is affected by several smaller-scale (i.e., meters) factors such as
micro-topography, plough lines, or berms from previous sediment de-
positions (Hénault-Ethier et al., 2017; Shrivastav et al., 2020). These
may divert runoff and force it to flow parallel to the field edge until a
passage to the VFS is possible. This way, the entry location and flow path
would change with each tillage or erosive event, causing the P accu-
mulation to spread over a larger area. This blurs the area of nutrient
accumulation and masks the development of a distinct gradient. The
discrepancy between the modeled flow path at MEO7 (indicating the
flow pathway on field scale) and the middle of our sampling grid (i.e.,
the main flow path of an actual erosive event) likely corroborates this
hypothesis (see Fig. 1). A variable runoff entry location complicates the
application of countermeasures. One possible approach could be to
deploy grass barriers (sensu Blanco-Canqui et al., 2006) over a wider
part along the field-VFS edge so that incoming concentrated runoff is
decelerated and spread no matter where exactly it enters the VFS.
Another, quite contrary approach would be to force the runoff to enter at
one or more specific locations (e.g., by artificial barriers) and ensure that
the VFS has been adapted and reinforced accordingly at these positions.
Runoff could also be collected in artificial ponds and re-distributed or
filtered by biological and artificial means (Stutter et al., 2020; Zak et al.,
2018). At any rate, as flow convergence can significantly diminish VFS
performance, it is vital to accurately measure the area within the VFS
that contributes to nutrient retention (effective area; Dosskey et al.,
2002).

4.5. Vertical plane: from surface to subsurface layers

Out of 21 analyzed parameters, only four showed no vertical
gradient. This was to be expected, as the physico-chemical (e.g., mois-
ture, temperature, soil density) and biological forces (e.g., bioturbation,
roots, microbial activity) that shape the soil have strong vertical aspects,
governed by gravity (Phillips and Lorz, 2008). In our study, the field’s
uppermost three—often four—depth classes were commonly very
similar due to regular ploughing and tillage that mixes and homogenizes
the soil to these depths (Neidhardt et al., 2019). Usually, there is a sharp
decrease of nutrients below the plough layer (e.g., Hénault-Ethier et al.,
2019; Owens et al., 2008; Sharpley et al., 1993), but raised nutrient
levels, significantly higher than the baseline content, may be found
down to 100 cm or deeper (Kingery et al., 1994; Olson et al., 2010;
Pizzeghello et al., 2014; 2016). At MEO1, all nutrient parameters and
indices had elevated values at the deepest sampling point in the field.
This exemplifies that fertilization may lead to nutrient accumulation
below the plough layer and highlights the need to include deeper soil
layers to accurately study nutrient pathways. Furthermore, this shows
the potential and risk of nutrient export from fields not only by surface
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runoff but also via leaching and interflow, which can affect surface
waters and groundwater (Weihrauch and Weber, 2021). This might be
the cause for elevated levels of DPS in subsurface layers of the VFS at
MEO1, which is also reflected in some—though not all—P- and K-pa-
rameters (Fig. 3G, A3). At MEO7, nutrients did not appear to have
accumulated down to 40 cm depth in the VFS. Very low nutrient con-
tents and no or only subtle longitudinal gradients suggest that the lowest
sampled depth class shows baseline nutrient levels. Generally,
sub-surface layers had substantially lower DPS and higher PSI, i.e., low P
concentrations and a higher capacity for P uptake. Measures that
improve infiltration and divert runoff water to deeper soil layers would
likely increase VFS retention effectivity and, in many cases, might be
more practical and effective than increasing the VFS width.

4.6. Sampling design

Our sampling grid spanned over 100 m?, still, it was too small to
accurately depict complete nutrient gradients along all three planes.
Longitudinal transects of 10 m appeared to be sufficient for MEO1, but
this was caused by low sediment and nutrient retention. For MEQ7, the
transect was too short and should have extended further into the VFS.
The length needed for complete nutrient retention may, however, also
be beyond the actual extent of the VFS. One approach could be to link
the number (or spacing) of sampling points to the width of the VFS.
Samples close to the water body would give better estimates of relevant
soil P concentrations and the corresponding P export potential. It should
be noted, though, that stream-related issues may interfere with close-by
sampling points, potentially complicating sampling (e.g., roots of ri-
parian vegetation) and analysis (e.g., nutrient accumulation due to
flooding rather than field runoff; Pankau et al., 2012). Overbank
flooding severely impacts VFS performance by shortening the effective
buffer width; however, this is rarely accounted for in VFS studies and
designs (Sheppard et al., 2006).

The horizontal transects were probably too short compared to the
area affected by runoff (shaped by average runoff width and variable
entry locations), meaning that the longitudinal transects all have been
within the runoff path (at one time or another). Our grid was substan-
tially smaller than that used by Habibiandehkordi et al. (2017) and
Sheppard et al. (2006), with 10 m spacing between each longitudinal
transect. However, Habibiandehkordi et al. (2019) used a similar sam-
pling scheme and did find higher nutrient contents along the central
transect, suggesting that the appropriate extent is also site-specific. We
recommend that future studies either increase the spacing between
longitudinal transects or add sampling points at the very left and right.
For specific research questions, an alternative, more flexible approach
would be to sample one (or more) longitudinal transects that are defi-
nitely located within the flow path and transect(s) that are outside of it
without a fixed distance.

The sampled depth classes can be considered appropriate to depict
the vertical gradient of most parameters in the VFS. However, sampling
deeper layers would have been necessary for the field. We recommend
covering at least the plough layer (~ 30 cm) and preferably one (or
more) sampling points below, especially in studies that examine both
field and VFS soils.

5. Conclusions

The horizontal plane showed mostly inconclusive or U-shaped gra-
dients in the VFS, pointing to a removal rather than an accumulation
along the flow path. However, as we do not have any samples that were
certainly unaffected by the runoff, we are not able to suggest to which
extent nutrient concentrations were different.

Nonetheless, our results are well suited to comment on the validity of
still common assumptions in VFS research (Ramler et al., 2022). Merely
sampling the uppermost few centimeters of soil is likely insufficient. It is
true that—quite inevitably—most nutrient retention and cycling
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processes occur close to the surface. However, our results demonstrate
that nutrients can reach deeper layers in relevant amounts, and, thus,
should be sampled down to appropriate depths. This has potential
consequences for sub-surface flow pathways and nutrient transport. The
width of a VFS is an important factor contributing to retention efficacy.
Equally important are, however, other VFS traits such as vegetation type
and structure, as well as external factors such as field topography or the
severity of erosive events. Runoff as sheet flow from the field and
through the VFS is probably rare in reality and in most cases an over-
simplification. Concentrated runoff was the dominant type we found in
our survey for suitable sites, and we argue that flow convergence is the
norm rather than the exception (see also Dosskey et al., 2002; Pankau
et al., 2012). Further complicating this issue is that entry locations of
concentrated runoff may vary. This strongly calls for more sophisticated
sampling designs in VFS research that approach the complexity of the
processes involved (e.g., spatially adapted VFS with bespoke shape,
multizonal VFS, 3D buffer strips; Carstensen et al., 2020; Stutter et al.,
2020). A priori measurements and modelling of soil P status and location
of flow convergences before implementation would further contribute to
ensure effective VFS designs.

Which nutrient pools should be determined is a vital decision in VFS
studies and depend on the research question (Weihrauch and Opp,
2018). Our results suggest that overall trends along spatial planes were
similar across the examined P- and K-fractions. Additional sites and
larger sample sizes are needed to clarify the correlation of the parame-
ters and to which degree one can be used to estimate another. Choosing
the right extractant to determine the nutrient fraction most relevant to
the research question remains to be important to avoid adding further
noise to a challenging system.

Even though both sites were similar and close to each other, there
were also significant differences that affected VFS retention. These were
linked to site-specific factors, which highlights that one-type-fits-all
recommendations for VFS designs are destined to fail.

In this study, we obtained a detailed—yet still incomplete—three-
dimensional view of field-VFS transitions. A careful design of an
appropriate sampling scheme, matching the soil’s heterogeneity and the
uncertainties related to flow pathways, is a vital prerequisite for any VFS
study and should be given more significance. VFS can be highly valuable
measures against water pollution—or fail miserably. A three-
dimensional approach, comprising the longitudinal (sedimentation,
nutrient export risk), horizontal (flow concentration, effective area), and
vertical plane (infiltration, effective volume), appears to be indispens-
able for a holistic assessment of VFS.
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