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Abstract

Soil erosion from agricultural fields is a persistent ecological problem, potentially leading to eutrophication of aquatic habitats
in the catchment area. Often used and recommended mitigation measures are vegetated filter strips (VFS) as buffer zones
between arable land and water bodies. However, if they are designed and managed poorly, nutrients — especially phos-
phorus (P) — may accumulate in the soil. Ultimately, VFS can switch from being a nutrient sink to a source. This problem
is further aggravated if the field runoff does not occur as uniform sheet flow, but rather in concentrated form, as is usually
the case. To assess the impact of concentrated flow on VFS performance, we have taken soil core samples from field-VFS
transition zones at six sites in Lower Austria. We determined a multitude of physical and chemical soil parameters, focus-
ing on P fractions and indices. Our results revealed that concentrated flow can lead to an accumulation of P in the VFS. P
levels in the VFS inside the area of concentrated runoff can be equal to or higher than in the field, even though they receive
no direct fertilization. However, the concentration and distribution of nutrients in the fields and VFSs were also site-specific
and affected by local factors such as the age of the VFS, cropping, and fertilization. Accordingly, there is a need for more
sophisticated, bespoke VFS designs that can cope with site-specific runoff volumes and movements of nutrients that occur.

Keywords Vegetated filter strips - Sediment and nutrient retention - Flow convergence - Concentrated flow - Erosion -
Degree of phosphorus saturation (DPS) - Phosphorus sorption index (PSI)

Introduction

Soil erosion and runoff from agricultural areas are still major
environmental issues. The nutrients that are transported with
the eroded sediment and runoff water in particulate or dis-
solved form can lead to eutrophication processes in adjacent
water bodies (Correll 1998). Phosphorus (P) is of particular
concern, as it is commonly the limiting factor in aquatic
systems (Ulén et al. 2007; Schindler et al. 2016). Contrary to
the more mobile nitrogen, P may accumulate in soils, lead-
ing to problems with legacy P stocks, even if fertilization or
agricultural use has ceased (Jarvie et al. 2013; Sharpley et al.
2013). Vegetated filter strips (VFS; also termed buffer strips)
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are often used and recommended measures against erosion
and nutrient export. These buffer zones between arable land
and water bodies are supposed to slow down the field runoff,
thereby promoting infiltration and deposition of transported
sediment (Stutter et al. 2012; Prosser et al. 2020). VFSs are
considered easy to implement, but several requirements are
crucial for proper functioning and effectiveness. These are,
however, usually not or only insufficiently considered during
VES design (Ramler et al. 2022).

The full potential for filtering and retention is only real-
ized if the field runoff occurs as uniform sheet flow and is,
thus, spread evenly across the whole buffer width. Conse-
quently, concentrated runoff, caused by flow convergence in
the field (e.g., due to gully erosion, thalwegs, topography)
or at the field edge (e.g., due to barriers, ditches, berms),
severely diminishes VFS performance. In this case, only a
fraction of the VFS area remains functional but has to deal
with the whole field runoff (Dosskey et al. 2002; Pankau
et al. 2012). A runoff concentration also implies a higher
flow velocity and erosive force, meaning the VFS has less
time and space to handle incoming runoff with a higher
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sediment load. Such flow concentrations are, in fact, fre-
quently encountered and may be considered the dominant
type of runoff (Helmers et al. 2005; Hancock et al. 2015;
Shrestha et al. 2018).

Furthermore, if VFSs are not designed and managed
properly, P and other elements may accumulate in the soil.
The long-term P input to the soil must be in balance with the
P that can be removed by harvesting the vegetation — oth-
erwise, the VFS has an expiration date (Ramler et al. 2022).
Significant amounts of P may already leach from soils even
if they are not (yet) saturated (Djodjic et al. 2004; Stutter
et al. 2009). VFSs will eventually switch from net nutrient
sinks to sources if inputs are higher than outputs.

In this study, we assessed the effect of concentrated flow
on buffer strip soils, by taking soil core samples along tran-
sects at field-VFS transitions. Specifically, we hypothesized
that P concentrations in the soil would be higher within the
area of concentrated runoff compared to outside, higher in
the field compared to the VFS, and higher at the surface
compared to deeper soil layers. Consequently, we expect
increased P concentrations in VFS soils within the concen-
trated runoff area and at subsurface layers. Furthermore, we
analyzed a multitude of other physical and chemical param-
eters, including nutrient pools and P indices.

Table 1 Site characteristics. Annual rain was calculated from the
monthly sum of precipitation measured by the nearest weather
station(s), rounded to the nearest ten. Age of VFS indicates the years
since the establishment of the VFS. Type indicates if the VFS was
intentionally set up as a mitigation measure (buffer zone) or if it is
regular grassland. Contr. area is the catchment area over the VFS
sampling grid. Note that this area may also include grassland or for-
ests which have no or a reduced contribution to the flow accumulation

Materials and methods
Experimental setup

We sampled six sites from five districts in Lower Austria
(Table 1, Fig. 1, Fig. A1-A6, Table A1l). The sites were cho-
sen based on a GIS-aided pre-selection of potential loca-
tions (i.e., arable fields over grassland with flow accumu-
lation and considerable runoff), in which sub-catchments
have been delimitated via a digital elevation model (DEM;
10-m resolution). The final selection was made through an
on-site inspection of promising fields after heavy rainfall
events. Even though all grassland sites had the functional-
ity of a VFS, some were not intentionally established as
designated erosion or runoff mitigation measures. Sampling
was adapted after Ramler et al. (2023) and comprised two
transects, one in the middle of the area of concentrated run-
off and one outside, without a fixed distance (mean distance
approx. 10 m). Each transect consisted of seven sampling
points (three within the arable field, four within the VFS,
spanning over 20 m). Each sampling point consisted of five
depth classes (down to 40 cm soil depth), yielding a total of
70 samples per site (Fig. 2). Samples were taken in Novem-
ber 2021, using a custom-built soil core sampler.

Analysis

Before chemical analysis, samples were air-dried and sieved
(2 mm). Parameters analyzed include chemical (pH, CaCOs;,

(*the majority of the contributing area of PL is grassland). Flow path
is the approximate length of the longest flow path through the field(s)
over the VFS sampling grid. Slope indicates the mean slope meas-
ured at three locations in the Field and VFS. The grain size distribu-
tion follows the thresholds (in mm): <0.002 (clay), 0.063-0.002 (silt),
0.125-0.063 (finest sand), 0.2-0.125 (fine sand), 0.63-0.2 (medium
sand), and 2-0.63 (coarse sand)

Factor SB AM HO PL ME3 ME4
Field VFS Field VFS Field VFS Field VFS Field VFS Field VFS

annual rain [mm] 870 870 540 840 870 870
age of VFS [a] >16 7 6 >16 >16 1
type buffer grassland buffer buffer grassland  grassland
contr. area [ha] 16.6 53 17.0 66.8 0.5 1.8
flow path [m] 197 400 496 48 163 165
slope [%] 4.7 3.8 46 6.6 3.7 27 97 46 146 176 10.2 149
Grain size distribution
clay [%] 31.4 26,9 19.0 18.0 18.0 18.7 24.4 24.8 325324 27.0 259
silt [%] 61.6 57.2 36.5 32.6 49.6 52.6 434 453 51.6 52.5 583 59.0
finest sand [%] 40 53 144 16.0 46 51 11.8 12.8 13.3 13.2 10.6 11.1
fine sand [%] 0.8 1.6 12.3 136 26 2.7 6.2 6.9 13 11 1.6 1.3
medium sand [%] 1.1 46 15.7 17.6 91 82 93 7.9 1.0 0.6 15 15
coarse sand [%] 1.1 44 22 2.2 159 127 48 23 04 03 1.0 11
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Fig. 1 Location of sampling
sites in Lower Austria. The gray
lines indicate district borders
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TOC, P, K, Mg, Ca, Fe, Al) and physical parameters (soil
texture, dry weight, bulk density). Nutrient fractions were
determined using extractants of different strengths (see also
Wauenscher et al. 2015): water (e.g., Py, easily soluble P),
calcium-acetate-lactate (e.g., Pcap, “plant-available” P),
oxalate (e.g., P, P sorbed to metal oxides), and aqua regia
(e.g., P, total amount of P). The CAL extraction method
is routinely used in Austria as a proxy for “plant-available”
P. The extraction strength of CAL lies between the Olsen
and Mehlich-3 methods, with which CAL is commonly sig-
nificantly and highly correlated (Zbiral and Némec 2002;
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Wuenscher et al. 2015). Furthermore, we determined two
indices, the degree of P saturation (DPS; van der Zee and
van Riemsdijk 1988) and the P sorption index (PSI; Bache
and Williams 1971). The DPS estimates how much P is
already sorbed to sesquioxides in the soil, a major source of
sorption sites for P. It was calculated as:

P
DPS = =

—F——  x 100
o X (Fey, X Aly,)
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where a is the proportion of oxides that react with P. Fol-
lowing common practice, a was set to 0.5 (see Kleinman
2017). The PSI is a proxy for the capacity of soil to absorb
P (Bolster et al. 2020). It was calculated as:

S
SI =
log (C)

where S is the concentration of sorbed P and C the equi-
librium P concentration in the soil solution. For details on
parameter analysis, see Ramler et al. (2023).

For statistical testing, we split the data into four compart-
ments: Field and VFS, as well as inside (IN) and outside
(OUT) the concentrated flow area. We conducted ANOVAS
for each site, followed by Dunn’s post hoc tests to locate
statistically significant differences between groups. The sta-
tistical significance level a was set to 5%. Pearson’s correla-
tion coefficient was calculated to find possible relationships
between variables.

Python 3.9.12 embedded in the Spyder 5.2.2 environment
was used for statistics and figure generation. Libraries used
were statsmodels, scikit_posthoc (statistical testing), sklearn
(correlations), matplotlib, seaborn (plotting), numpy, and
pandas (data handling).

Results

We have sampled six sites in three dimensions and have ana-
lyzed 25 physical and chemical parameters. In the following,
we focus on Py, and P, as some of the most important
indicators for P (bio-) availability. In addition, Py,n and Pep
are routinely measured for plant fertilization recommenda-
tion purposes in Austria. Thus, they are of potential practi-
cal use when linked to VFS data. Furthermore, we explore
results on DPS and PSI, focusing on trends and differences
between IN and OUT, especially in the VFS. Other variables
and spatial planes (e.g., depth) are additionally addressed
where valuable and appropriate. Results for all variables can
be found in the Supplement (Figs. B-G).

Generally, the concentration and distribution of Py, and
Pc4p in the soil, and, thus, absolute and relative values, dif-
fered substantially between sites and compartments (Figs. 3
and 4; Table 2). The highest mean concentration for Py,
was found at site ME3 with 8.4 mg kg~! (Field IN) and for
Pc, at site HO with 86 mg kg~! (VFS IN), respectively.
Site ME4 differed from all others by having almost equal
concentrations of Py,q and P,; throughout all compart-
ments and also showed little variation within a compartment
(i.e., between depth classes). As this site constitutes a special
case (see “Discussion”), it is excluded in the following and
treated separately. All other sites had in common that mean
P41 concentrations were always lower OUT compared to

IN in both the Field and VFS. This was not entirely true for
Pi50, being higher OUT in the Field at site SB and in both
the Field and VFS at site AM. The difference between VFS
IN and VFS OUT was statistically significant at every site
for P,y and for all sites except AM for Pyy,4. The compart-
ment with the lowest P concentrations was commonly VFS
OUT, except at site HO for P,; and sites SB and AM for
Pio0- The highest P concentrations in the Field and VFS
were commonly found IN, except for Py,q which had the
highest concentration in Field OUT at site AM.

Mean DPS values ranged from 8.2 to 34.5%. Site HO had
by far the highest DPS (in the Field and VFS) and the high-
est absolute value at 52.8% (VFS IN at the surface layer).
The mean DPS was below 20% for all other sites; the low-
est mean DPS was found at site SB (VFS OUT). Mean PSI
ranged from 3.0 to 6.3 (1 g_l, however, the unit of the PSI, is
essentially meaningless). Only site HO had mean PSI values
lower than 4.

Overall trends between compartments and sites were
comparable for potassium (K) and other P pools (Fig.
B2-G2). Nutrient variables and indices were all significantly
and positively correlated, with the exception of P, and DPS
(Fig. 5). Pearson’s r was higher than 0.5 for all P and K vari-
able combinations, except for P, which had its highest cor-
relation of 0.4 with P, . DPS was also well correlated with
P and K variables, except for P, . PSI, in turn, was largely
uncorrelated with chemical elements, but had a positive
Pearson’s r with clay content of 0.55 and Fe_, concentration
of 0.67. DPS and PSI were negatively correlated with —0.56.

Discussion
Site-specificity of nutrient distribution in the soil

A theoretical baseline situation for a field-VFS system under
sheet flow and with a well-established, longstanding veg-
etation would consist of a probably rather high amount of
nutrients (e.g., Pcyy) in the field due to fertilization and,
vice versa, a lower amount in the VFS, which receives field
runoff but no direct fertilization. However, the nutrient dis-
tribution of the same system under concentrated flow con-
ditions would change drastically. In the VFS, outside the
concentrated flow area (OUT), we would expect much lower
nutrient levels, as this part would receive neither direct nor
indirect fertilization. Nutrient concentrations in the field
would be similar to baseline values or decrease slightly due
to a washing-out effect. Inside the concentrated flow area
(IN), nutrient levels in the field would be lower compared
with both the baseline situation and the field area outside the
concentrated flow, due to erosion and a further pronounced
washing out. However, if there is a backlog of water at the
field-VFS transition, and, thus, sediment deposition and
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Fig. 3 Distribution of water- SB
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infiltration, nutrient concentrations could increase (locally)
as well. In the VFS, we would expect a substantial increase
in nutrient levels due to the nutrient-enriched runoff it
receives and the inability of this small remaining effective
area of the VFS to process all incoming nutrients. Further-
more, the nutrient distribution in the soil would likely show
longitudinal (e.g., higher nutrient levels closer to the field-
VES transition) as well as vertical gradients (e.g., decrease
of nutrient levels with depth).

We may identify these theoretical patterns in our data,
although substantial variation exists between sites and com-
partments (Field, VFS, IN, OUT). This highlights the site-
specificity of the processes that ultimately determine VFS
retention success. These are linked to a multitude of abiotic
and biotic factors, such as tillage, cropping, fertilization,
climate, soil texture, or vegetation type (Prosser et al. 2020;
Stutter et al. 2021; Ramler et al. 2023). For the purpose of
this study, P,y is arguably the most important parameter,
as this nutrient fraction is still relatively easily soluble (and
thus “bio-" or “plant-available”), but not as volatile as Py,

@ Springer
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Furthermore, it is the basis for fertilizer recommendations
by the Austrian Ministry of Agriculture (Baumgarten 2022).
All but one site showed substantially higher P-,; concentra-
tion inside the area of concentrated flow compared to out-
side — both in the field and in the VFS. Three sites showed
very low nutrient levels in the VFS OUT compartment, as
expected, while the other three sites (AM, HO, ME4) had
elevated nutrient contents, similar to the Field OUT com-
partment. This is primarily caused by the age of the buffer
strip (i.e., the time since establishment), most apparent for
site ME4, at which the VFS was established just the year
before sampling. Before, the area of the VFS was also used
as arable land, managed identically to the adjacent field.
Consequently, the nutrient distribution in the soil is still very
homogenous, due to tillage, and nutrient levels in the VFS
are similar to the field due to long-standing fertilization. At
sites AM and HO, a VFS was established for 7 and 6 years,
respectively, long enough for differences between IN and
OUT to develop. It can be presumed that, as time progresses,
Pcap values outside the concentrated flow in the VES will
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Table 2 Mean nutrient concentrations and indices values (+ standard deviation) in the four compartments. Py, water-extractable P; Pe,;, cal-
cium-acetate-lactate-extractable P; P, aqua regia-extractable P (total P); DPS, degree of phosphorus saturation; PSI, phosphorus sorption index

SB AM HO PL ME3 ME4
Factor  Pos.
IN ouT IN ouT IN ouT IN ouT IN ouT IN ouT
Puo  Field 2.04 (#1.42)  3.15 (+2.25) 3.81 (¥2.42) 4.21 (¥3.36) 2.60 (+1.72) 0.73 (¥0.45) 6.67 (+4.28) 6.09 (+5.58) 8.43 (¥2.67) 3.71 (¥2.08) 2.64 (+1.13)  4.03 (¥2.01)
mgkg’) VFS  4.43 (#£2.76)  3.05 (#4.09) 198 (#1.01) 2.21 (+1.42) 4.31 (+2.80) 1.74 (+1.59) 6.98 (#5.65) 5.75 (¥#4.90) 7.05 (+5.52) 4.21 (#6.40) 2.50 (¥1.20)  2.68 (+1.18)
Pea.  Field 32.60 (£19.01) 18.21 (16.64) 56.80 (+21.98) 26.67 (+18.89) 56.73 (+16.74) 29.79 (+15.49) 76.53 (+48.55) 36.14 (+25.41) 80.20 (+29.52) 53.73 (+25.82) 30.00 (+7.89) 33.17 (+9.87)

imgkg’] VFS 39.75 (+27.14) 10.50 (+18.89) 37.15 (+20.16) 18.35 (+7.94) 86.05 (+17.93) 34.85 (+12.50) 46.26 (+47.25) 24.40 (+30.19) 48.55 (+44.85) 17.35 (+27.14) 29.68 (+12.48) 34.15 (+12.46)

P Field 0.88 (:0.14) 0.69 (£0.17) 0.61 (+0.08) 0.53 (+0.14) 048 (:0.06) 0.51 (x0.10)  0.75 (+0.21) 053 (+0.18) 0.88 (t0.09) 0.77 (x0.14)  0.78 (0.16)  0.76 (£0.05)
gkg’]  VFS  1.00 (+0.31) 055 (+0.14) 0.49 (+0.10) 049 (¥0.12)  0.61 (+0.10) 058 (+0.07)  0.66 (t0.26)  0.47 (+0.21)  0.81 (¥0.21) _ 0.69 (0.28) 077 (+0.12)  0.82 (0.13)
DPS  Field 11.33 (+1.90)  8.73 (£2.65) 13.71 (£2.36) 19.16 (£8.20) 20.65 (£5.50) 24.61 (+7.68) 12.73 (5.26) 18.43 (£9.04) 18.19 (£3.94) 8.16 (¥2.22) 15.65 (£1.70) 18.11 (£2.47)
6 VFS 10.76 (+2.95)  7.13 (+2.52) 11.19 (+3.30)  9.98 (+4.56) 34.48 (£5.81) 25.98 (+6.16) 10.40 (+5.67) 12.37 (+10.61) 14.46 (5.80)  7.81 (+4.40) 14.48 (+2.86) 15.74 (+4.04)
PSI  Field 632 (£0.76) 592 (+1.17) 519 (t0.49) 452 (t0.37) 295 (£0.71) 3.88 (t0.52) 5.5 (:0.82) 4.91 (t0.86) 4.56 (£0.27)  5.30 (£0.85) 4.40 (x0.36)  4.70 (£0.50)
g VFS 577 (+1.00) 5.5 (+1.03) 540 (:0.47) 451 (+0.49) 3.04 (+0.37) 3.53 (+0.38) 5.04 (+0.65) 4.76 (:0.43)  4.49 (+0.23) 5.3 (+0.82) 3.9 (+0.30)  4.92 (:0.30)

approximate the other sites, which exhibit baseline values
for unfertilised grassland (e.g., Bohner 2005). Similar results
were obtained for Py, and nearly all other nutrients and
nutrient pools (Fig. 3, Fig. B2-G2).

Within the VFSs, P, concentrations IN were, on aver-
age, 105% higher than OUT (up to 279% at site SB). This
shows that VFS can accumulate substantial amounts of P,
even if they do not receive direct fertilization. Elevated nutri-
ent levels OUT (e.g., at sites ME3 and SB) were restricted

to the uppermost layer, with a prominent difference to the
following sampling depths. Nutrient accumulation inside the
concentrated flow area also occurred in subsurface layers, at
site HO even down to the deepest sampling layer (40 cm).
Infiltration of runoff water and transport to deeper soil layers
is, in principle, a desirable process, as it increases the effec-
tive soil volume that can contribute to nutrient retention,
processing, and cycling (Ramler et al. 2022). At site HO,
infiltration was fostered by a high sand content at the surface.
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Fig.5 Heatmap of Pearson’s correlation coefficients (r) for selected
physical and chemical parameters (A) and nutrients and indices (B).
ox, oxalate-extractable elements; H,O, water-extractable elements;

Nevertheless, high concentrations in the deep also increase
the risk of leaching nutrients into aquifers and groundwa-
ter (Djodjic et al. 2004; Andersson et al. 2015). Promot-
ing deep-rooting plant species in the VFS could enhance
infiltration and nutrient uptake from subsurface soil layers
(Delorme et al. 2000; Sheng et al. 2021). If the buffer vege-
tation is sub-optimal (e.g., plant species/vegetation type with
insufficient nutrient uptake), not managed properly (e.g., not
regularly cut and removed), or the VFS design itself flawed
(e.g., amount of nutrient input not matching buffer shape and
extent), nutrients will accumulate, increasing the risk of P
export. The higher mean P values (all P fractions) at VFS
IN compared to Field IN at sites SB and HO already point
in this direction.

Concentrations of Pjy,q and P,; also tended to be higher
IN than OUT in the field (Fig. 4), especially at surface layers.
Higher nutrient contents close to the field edge were also
reported by other studies. They were commonly attributed to
a barrier effect of the vegetation or the formation of berms,
ridges, and similar structures that cause a backlog of water,
promoting sediment deposition and infiltration (Stutter et al.
2009; Habibiandehkordi et al. 2019). This could have played
arole in our study, although sites PL, ME3, and ME4 were
probably too steep for this to happen. Higher nutrient levels
may also be influenced by the fertilization procedure on the
field. For instance, at sites PL. and ME3, the IN sampling
transect was close to the lateral field edge. It is possible that
this area received more fertilizer than more inward areas,
for instance due to a slower initial tractor speed. Analo-
gously, field areas may receive more nutrients if the field
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CAL, calcium-acetate-lactate-extractable elements; DPS, degree of
phosphorus saturation; PSI, phosphorus sorption index

shape necessitates a slower operational speed or making
turns, leading to a fertilizer spread overlap (Kharel et al.
2020a, b). The wedge-like area at site HO would probably
require such actions. Inhomogenous nutrient distribution in
the field soil may also arise due to imprecise applicators
(e.g., bulk spreaders) or other stochastic effects (Mallarino
1996; Gyldengren et al. 2020). The nutrient export risk
increases disproportionally if such areas overlap with con-
centrated flow pathways. The adaption of precision farming
techniques can help mitigate this issue, affecting not only
nutrient export but also fertilizer costs and yields (Sggaard
and Kierkegaard 1994; Pedersen et al. 2020).

The Austrian Ministry of Agriculture recommends P
levels (Pc,p) within the range of 47-111 mg kg™! for an
adequate P supply of field soils (Baumgarten 2022). Above
this threshold, phosphorus concentrations would be consid-
ered (too) high, and fertilization should cease. All sites were
within this range, except for site PL, which exceeded the
limit at surface layers (0—10 cm) inside the concentrated flow
area. All sites exceeded the recommended P range for grass-
land (47-68 mg kg™!) at one or more sampling points. At
site HO, all sampling points had higher mean P, concen-
trations than recommended for grassland and some surface
samples even exceeded the recommendations for cropland.
Despite the partially high P contents in VES soils, mean DPS
values were low, ranging between 5 and 20%. An exception
was, again, site HO, with a mean DPS of 34.5% at VFS IN
and a maximum of 52.8%. All sampling points were above
25% DPS at site HO, commonly considered an environmen-
tal threshold value above which the P leaching risk increases
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substantially (Bajouco et al. 2020; Elbasiouny et al. 2020).
Despite comparably high P contents, these high DPS values
that are not met by any other sampling site are linked to
the P sorption capacity and soil composition. Metal oxides,
clay minerals, and humic substances are all important sorp-
tion sites for P (Holford 1997; Gérard 2016; Weihrauch and
Opp 2018). Site HO had the lowest concentrations of Fe_,
and Al, and a low proportion of clay and TOC content —
variables that can be considered proxies for these sorption
sites (Borling et al. 2001). Consequently, site HO has a low
capacity for P uptake, which is also reflected in the PSI,
which was the lowest of all sites. High P content and low
P sorption capacity inevitably lead to a high P saturation.
Soil composition should, thus, be considered more strongly
during VFS design. Soils akin to site HO have a diminished
retention capacity, which implies that they need to be man-
aged more closely (e.g., more frequent cuts, plant species
with high nutrient uptake), or that more emphasis should be
given to in-field mitigation measures that prevent erosion
in the first place (e.g., contour cropping, less erosion prone
crops).

Correlation of soil variables

All P (and K) variables were positively correlated, mean-
ing that an increase or decrease of one P fraction is at least
partly mirrored by the others. Their correlation with total
P (P, was, however, only moderate to very weak (Pear-
son’s r<0.4). Generally, P occurs in a continuum in the soil
along a (bio-)availability gradient, i.e., P that is more or
less strongly bound to other substances (Weihrauch and Opp
2018). Although no reagents exist to determine all P, strong
chemicals like aqua regia can extract most of the sediment
bound P. As such, it is less affected by soil-water interac-
tions within the runoff than the other more easily soluble P
fractions. Similar findings of moderate to good correlations
of different soil test P (STP) fractions with each other, but
only weak to no correlation with total P, were also found
by others (Zbiral and Némec 2002; Quinton et al. 2003;
Wuenscher et al. 2015), though there are also studies with
higher correlations between STP and total P (Pautler and
Sims 2000). The overall trends of P correlations follow
Wauenscher et al. (2015), who also analyzed Austrian soils.
However, P.,; and P, were substantially higher correlated
with Py, and much weaker correlated with total P in our
study. At any rate, the high variation found between studies
implies that the potential to derive one or more P fractions
from measuring another is limited and site-specific.

DPS and PSI showed a moderate negative correlation.
Only a few studies have analyzed the relationship between
DPS and PSI. Theoretically, the two indices are independent
of another; nevertheless, the likelihood of a soil with a low
capacity for P uptake to be saturated is higher by default.

Interestingly, Messiga et al. (2021) found a high positive
correlation (Pearson’s r=0.88) in a study of Canadian soils.
However, they used a different method for PSI determina-
tion, by calculating the quotient of Mehlich-3-extractable P
and Al (Khiari et al. 2000). As the DPS is also derived from
P and Al measurements, it is not surprising that this method
leads to a correlation of DPS and PSI. In the literature, there
are several suggested approaches how to calculate PSI and
DPS (e.g., Wang et al. 2016; Blombick et al. 2021). This is
caused by soil-specific constraints (e.g., alkaline vs. acidic
soils), but also by a desire for a quick and inexpensive deter-
mination, preferably using affordable and already established
laboratory methods. Their accuracy and validity should,
however, be examined. The soils used by Messiga et al.
(2021) had a high legacy P content (mean TP=1.9 g kg™})
and differed from our samples also by a much lower pH
value (ranging from 5.1 to 5.9), which affects the presence
of metal hydroxides and available sorption sites (Nyamaizi
et al. 2022). The relationship between PSI and DPS is, thus,
probably also site-specific to some extent.

Calcium carbonate (CaCO;) was positively correlated
with DPS and pH. This is in accordance with Weng et al.
(2012), who found that pH, Ca concentration, and organic
matter were the most important factors controlling P sorp-
tion to iron oxides. Higher Ca concentrations imply a higher
amount of P absorbed, leading to a higher DPS. In turn,
CaCOj; concentration was negatively correlated with Al and
Fe oxides and, thus, PSI.

Conclusions

Our hypothesis that concentrated flow would lead to higher
nutrients inside the area of concentrated flow was met. At
two sites, levels of P-,; were even higher in the VFS than
in the field. This shows that field runoff, especially in the
case of concentrated flow, can lead to nutrient accumula-
tion — and, thus, an increased export risk — in a VES, even
if it does not receive any direct fertilization. Consequently,
VEFSs need to be monitored to prevent a pronounced nutri-
ent build-up in the first place or to take countermeasures.
Furthermore, the nutrient distribution in the field and VFS
soils was highly site-specific. The capacity of a VFS to effec-
tively retain and process incoming sediment and nutrients is
influenced by a multitude of factors related to the VFES itself
(e.g., soil texture, physico-chemical composition, vegetation,
age), climate (e.g., frequency and intensity of rainfall), and
agricultural practice (e.g., cropping, fertilization). Accord-
ingly, the planning and implementation of VFS must become
more sophisticated, with a priori measurements and bespoke
designs capable of processing the actual sediment and nutri-
ent load.

@ Springer
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