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Abstract: Riverbed sediments in agricultural landscapes are loaded with phosphorus (P). They may
act as a source or sink for riverine P, possibly causing harmful algae blooms and eutrophication in
streams and receiving water bodies, including coastal waters. In this study, we aimed at identifying
the labile, moderately labile, and stable P fraction (Hedley fractionation) in sediments of a northeast-
ern German river basin (3000 km2). A non-metrical multidimensional scaling (NMDS) was used to
identify the most significant environmental predictors of the P fractionation in sediments. The total P
contents of the sediments varied over a wide range (698 ± 701 mg P kg−1 sediment−1), spanning
from 98 to 2648 mg P kg−1 sediment−1. Adjacent agricultural reference soils had markedly lower
total P contents of 354 ± 132 mg P kg−1 soil−1, ranging from 146 to 483 P kg−1 soil−1. There were
almost no differences between the P contents of the top (0–2 cm) and the bottom (2–10 cm) layer. The
dominant P fractions were the moderately labile (NaOH-P) and the stable (H2SO4-P) fractions, which
accounted for more than 50% of the total P at each sampling point. The NMDS revealed that iron
and aluminum contents, as well as land use, are significant predictors for the P fractionation of the
sediment. The sediment P-composition reflects the P-status of the agriculturally used mineral soils.
However, the size of the contributing catchment as well as the length of the water way have no effects
on sediment P. In conclusion, sediment P stocks, though variable, may impede the good ecological
status of river waters for decades, especially in lowland basins where hydraulic conditions and a very
low stream velocity often create low redox and P dissolution conditions in sediments.

Keywords: phosphorus; sediment; hedley fractionation; NMDS; lowland river basin

1. Introduction

Phosphorus (P) is essential for human food production and security and is increasingly
crucial for bioenergy generation [1]. However, the unsustainable use of P has increased the
pressure on the finite global phosphate rock reserves. Little is known about the implications
of future phosphorus scarcity for global food security [2]. Unsustainable fertilization of
agricultural lands with an over-application of P is directly linked to ground and surface
water contamination. The emerging eutrophication leads to various adverse environmental
impacts, such as excessive algae blooms, oxygen depletion, reduced water transparency,
and decreased water quality [3].

Since the first Helsinki Convention (HELCOM) in 1974, the necessity for reducing the
nitrogen (N) and P inputs into the Baltic Sea to conquer further eutrophication had the con-
sent of the neighboring countries. Beginning in the late 1980s, the stream P concentrations
from rivers draining into the Baltic Sea experienced a significant decline [4] in, for example,
Finland [5] and Germany [6]. Such reductions are often correlated with improvements
in wastewater treatment plants [4,6]. However, recently, the intended further reductions
in catchment P concentrations did not occur as quickly as expected by scientists, state
agencies, and stakeholders [7].
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P stocks in agriculturally used soils and the complex release patterns in watersheds
and their streams may be the main reasons for invariable stream P concentrations [8]. In
contrast to mobile nutrients, P is accumulated in the landscape over decades of fertilizer
application and agricultural production [9]. The historical burden of prior land use is
referred to as “legacy P” [4,10,11]. Watersheds in industrialized countries are still in the
stages of an accumulation process. Phosphorus may be retained in the drainage system
over long periods. However, phosphorus legacies of rivers and lakes are governed by a
wide range of processes that control retention and remobilization, and are strongly linked
to water and sediment residence time [7]. These are, for instance, sedimentation and
accumulation of particle-bound P, remobilization and relocation of sediments by hydraulic
pressure, re-solubilization of P due to changes in redox conditions, P uptake and removal
by plants and microorganisms.

The chemical composition of sediments affects P dynamics [11]. In sediments, as in
soils, P can be bound to iron (Fe), aluminium (Al) (hydr)oxides, and calcium carbonates. The
actual P contents and P availability are, for instance, affected by sediment P binding capacity,
sediment pore water and column water concentration [12], pH [13], and redox potential [14].

To gain an understanding of the potential mobility of P in soils and sediments, a
variety of extraction methods have been developed. Sequential P fractionation has be-
come a commonly used approach to determine the distribution and mobility of various
P forms in soils and sediments [15–17]. Differentiation of labile, increasingly stable, and
stable organic and inorganic P fractions in soils has been introduced by [18]. The Hedley
fractionation scheme—sometimes with slight modifications—has been frequently applied
in Germany [19–21] and worldwide [22,23]. The fractionation of P has also been employed
to analyze lake sediments [24–26] and is increasingly used for streambed sediments [11,27].
The combination of sequential P fractionation with other innovative methods such as
XANES (X-ray adsorption near edge structure) or 31P-NMR may allow deeper insights into
the chemical processes of P formation [17]. However, these methods are expensive and not
always feasible for state agencies and decision-makers.

The research questions in this study aimed to (a) measure total P contents of riverbed
sediments in second-degree tributaries in the northeastern German Warnow River Basin,
(b) identify the Hedley P speciation and the potential mobility of legacy P, and (c) depict
environmental predictors for the sediment P speciation.

We hypothesize that the composition of P in the sediments is formed by complex
interactions between dynamic (e.g., flow velocity, redox potential) and static environmental
variables (e.g., land use type, Fe, Al contents of the sediments). Furthermore, we believe that
the sediments in lowland river systems support evidence for the long-term accumulation
of P, referred to as legacy P, in agriculturally used basins and reflect the historical land use
and the soil characteristics in the watershed.

Two reasons justify the increasing scientific and public interest in the investigated
Warnow River Basin. (i) The Warnow River is the second-largest German river discharging
into the Baltic Sea. All neighbor countries of the Baltic Sea and the Helsinki Commission
(HELCOM) have agreed to lower nutrient input into the Baltic Sea as it has been done for
many river basins around the world (e.g., the Mississippi River Basin). (ii) The river water
is used as the source of fresh water supply for the greater region of the city of Rostock,
home to 250,000 inhabitants. Hence, it is tremendously important to provide knowledge to
reduce freshwater contamination for future generations.

2. Materials and Methods
2.1. Conceptual Design of the Study

This study was designed to reveal the total P content and P speciation of second-degree
river tributaries to the Warnow River in northeastern Germany. Samples were collected
at two depths to characterize recent (0–2 cm) and older (2–10 cm) sediment. Furthermore,
environmental variables were recorded to depict possible mechanisms of legacy P storage
and release to surface waters.
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2.2. Study Site

The study site was the northeastern German lowland Warnow River Basin with seven
subbasins (Figure 1a,b). The length from the spring to the estuary mouth in the city of
Rostock is approximately 155 km. After 149 km, the freshwater part is separated from the
brackish section by a weir. The total drained area of the freshwater region is 3038 km2.
The basin is primarily agriculturally used (70%). Other land uses are forests (22%), urban
areas (3%), open water (4%), and wetlands (<1%). The extent of forests and open water
increases towards the south of the catchment (Figure 1c). Approximately 42% of the basin is
artificially drained, mainly by tile drainage [6,28]. Detailed characterizations of the Warnow
River Basin have been presented in previous studies [6,29,30].
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Figure 1. Study site and its location in Germany and the federal state of Mecklenburg-Western
Pomerania with (a) all subbasins, streaming systems, sampling points, (b) selected subbasins, and
(c) land use. Areas with decreased saturation in (c) are located in the uninvestigated main stream.

2.3. Sampling, In Situ, and Laboratory Analysis

Sediment sampling was done from 21 September until 30 September 2019, at 36 sampling
points within the borders of the Warnow River Basin. Three pseudo-replicate samples per
sampling point were taken using a corer (UWITEC, 60 mm diameter). If possible, at least
10 cm of sediment was collected. At spots with a marked rock content, the total depth
of sampled sediment was somewhat lower. The sampling was done in late September
to minimize interference with fertilizer application in agricultural areas. The sampling
points were selected preferentially by the authors. Accessibility was decisive for a sampling
point selection, and at least three sampling points per second-order stream were chosen.
Our sampling approach was designed to cover all sediment types published by the State
Department of Environment, Nature Conservation, and Geology Mecklenburg and Western-
Pomerania [31]: sand/sill lowland river sediments, sand/sill lowland brook sediments,
organic river sediments, organic brook sediments, gravel river sediments, gravel brook
sediments, and sediments influenced by a lake outlet. The seven designated freshwater
sediment types were grouped into organic sediments, sand/sill sediments, lake sediments,
and gravel sediments (some samples are seen in Figure 2).
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Figure 2. Photograph of sediments (0–2 cm) with different textures and origins in the Warnow
River Basin.

Pretests in the Warnow River Basin showed structural changes in the sediments with
increasing depths. While the top layer was dominated by fresh organic material at most
places with lower flow velocities, deeper sediment layers carry higher amounts of mineral
material. Hence, the fresh samples were subdivided into subsamples from 0–2 cm and
2–10 cm sediment depth. The three replicates were air-dried and sieved with a two mm
mesh opening to remove the coarse fraction of the sediment texture. Then, the samples
were mixed and homogenized manually. Samples (0.5 g) of the sieved materials were
stored in the fridge (−12 ◦C) for further chemical treatment (Hedley fractionation).

A total of 72 (0–2 and 2–10 cm) sediment samples were analyzed using the Hedley
sequential fractionation [18] modified by [32], using extractants with increasing chemical
strength (Figure 3). All samples were shaken for 20 min at 4000× g and decanted. We
used (1) water, (2) resin strips and 1 M HCl, (3) 0.5 M NaHCO3, (4) 0.1M NaOH, (5) 1 M
H2SO4, and (6) HNO3 + 3 HCl (Figure 2) to extract fractions of easily exchangeable and
labile, moderately labile and stable P from the sampled sediments. As suggested by [33],
the total P (inorganic and organic P of each fraction) concentration of each extractive
fraction was measured using an ICP-OES (Optima 8300, Perkin Elmer, Waltham, MA,
USA) at wavelength of 214.914 nm. The authors stated that sample treatment (filtration,
acidification, and digestion) may have a marked impact on TP concentrations. To achieve
better comparability to other local studies, we used the above-mentioned methodological
approach that was also used by [17] in the present study.

To better understand the relationship of sediments to adjacent soils, additional refer-
ence soil samples were collected from the topsoil (0–0.3 m) and the subsoil (0.3–0.7 m) at
four cropland spots in the Zarnow sub-basin. The Zarnow watershed is a representative
sub-basin for agriculturally used watersheds in northeastern Germany. The preparation
and analysis of the soil samples were consistent with the sediment samples. Three replicate
soil samples (a total of 12 samples) were collected at the four spots and were then mixed,
homogenized, and sieved with a two-mm mesh size.

Iron (Fe), Aluminium (Al), and Calcium (Ca) content of soils and sediments were
measured by aqua regia digestion using an ISP-OES (iCAP 6000, Thermo Fischer Scientific,
Waltham, MA, USA). The amounts of organic carbon (COrg) and total N were determined
by dry combustion using a CNS analyzer (Vario EL, Elementar Analysensysteme GmbH,
Hanau, Germany).
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Redox potential, dissolved oxygen, electric conductivity, temperature, and pH of
the water column were measured directly at the sampling points with a multi-parameter
probe (YSI ProDSS, Eco-Tech, Bonn, Germany). Stream velocity was measured with an
inductive flowmeter (Flo-MateTM, Marsh-McBirney, Inc., Frederick, MD, USA) at each
sampling point.

A map of wastewater treatment works, and their P load in the effluent of 2014–2016,
was provided by the State Department of Environment, Nature Conservation, and Geology
of Mecklenburg-Western Pomerania (LUNG-MV).

2.4. Statistical Analysis

One-way analysis of variance (ANOVA) and the Wilcox test were applied to analyze
the dataset for differences in means of all P fractions between sediment types and subbasins.

We used a nonmetric multidimensional scaling ordination (NMDS) to depict the
relationship between the content of the quantified P fractions and all measured abiotic
parameters. The goal of the NMDS is to represent the position of objects in a multidimen-
sional space by using a reduced number of dimensions. Bray-Curtis distances were used to
calculate dissimilarities in the data set. The variables used were Fe, Ca, and Al content, C,
N, and S content and C:N ratio of the sediment samples, and water level, SO4

2−, NO3
−,

Cl−, PO4
3−, and TP concentrations, pH, electric conductivity, redox potential in the water

column. Additionally, we defined the following land use types: areas of agriculture, forests,
areas with artificial drainage, and open water as well as the total catchment area at each
sampling point. The catchment area was calculated using ArcGIS 10.8.1 (Environmental
Systems Research Institute, ESRI) and the Spatial Analyst extension. Land use data were
derived from the Corine Land Cover 2018 [35].

All statistical analyses were performed using R [36] and the additional packages
“factoextra” [37] and “ggplot2” [38] and vegan [39].

3. Results and Discussion
3.1. Total P Contents of the Warnow River Basin

The mean (±standard deviation) total P content of the top 2 cm sediment across all
sampling points was 698 ± 701 mg P kg−1 sediment−1 with a minimum and maximum
of 155 and 2648 mg P kg−1 sediment−1, respectively (Table 1). The mean (±standard
deviation, not shown in Table 1) total P content of the 2–10 cm sediment layer across all
sampling points was 561 ± 602 mg P kg−1 sediment−1 with a minimum and maximum of
99 and 2182 mg P kg−1 sediment−1, respectively, and, thus, only slightly lower than in the
top layer. The mean (± standard deviation), maximum and minimum total P contents of
the reference soils were 354 ± 132, 146, and 483 mg P kg−1 soil−1 in the topsoil.
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Table 1. Mean and standard deviation (M ± sd), maximum and minimum (range) values of P contents using the sequential Hedley fractionation (0–2 cm sediment)
for all sub-basins and the whole watershed. All data are given in mg P kg−1 sediment−1. Bold numbers indicate the maximum values in each sub-basin.

H2O-P NaHCO3-P Resin-P NaOH-P H2SO4-P Residual P Total P
Subbasin M ± sd Range M ± sd Range M ± sd Range M ± sd Range M ± sd Range M ± sd Range M ± sd Range

Beke 15 ± 3 12–17 65 ± 51 28–101 58 ± 32 35–81 276 ± 283 76–476 266 ± 163 150–382 49 ± 30 27–71 728 ± 558 333–1123
Koesterbeck 11 ± 9 1–18 129 ± 134 23–281 28 ± 11 18–40 55 ± 52 3–109 189 ± 54 149–251 37 ± 11 30–50 449 ± 147 350–619
Mildenitz 8 ± 9 1–29 40 ± 63 3–178 30 ± 44 4–120 222 ± 518 7–1397 244 ± 181 124–628 70 ± 88 5–250 613 ± 874 161–2578

Muehlenfliess 9 ± 5 5–18 87 ± 91 10–240 60 ± 65 3–176 393 ± 538 9–1369 287 ± 175 122–580 82 ± 93 15–265 918 ± 964 164–2648
Nebel 9 ± 19 1–17 77 ± 87 4–237 47 ± 59 2–164 329 ± 555 5–1493 355 ± 158 79–536 55 ± 58 9–175 872 ± 790 155–2429

Oberwarnow 23 ± 19 1–46 106 ± 157 14–341 41 ± 42 17–105 142 ± 181 12–402 144 ± 82 81–263 35 ± 38 9–91 491 ± 467 158–1182
Zarnow 16 ± 5 11–21 159 ± 176 42–416 40 ± 39 12–99 111 ± 147 29–333 220 ± 121 112–390 42 ± 24 23–78 589 ± 506 257–1334
Whole

watershed 12 ± 9 1–46 88 ± 105 3–416 43 ± 45 2–176 241 ± 401 3–1493 257 ± 150 79–628 57 ± 61 5–265 698 ± 676 155–2648

Reference
topsoils 31 ± 18 24–34 21 ± 23 17–24 50 ± 24 36–57 171 ± 54 151–193 147 ± 56 123–182 50 ± 23 34–65 469 ± 198 417–515

Reference
subsoils 9 ± 8 3–18 7 ± 5 4–13 20 ± 14 12–32 63 ± 32 29–125 99 ± 28 69–156 53 ± 12 33–63 250 ± 123 149–407
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The total P contents at two spots in the northeastern German Recknitz River (approx.
50 km east of the Warnow River Basin) were 912 and 3973 mg P kg−1 sediment−1 and,
hence, comparable to our observations [17]. In general, the observed total P contents in
our study are within the previously reported ranges of streambed sediments (Table 2).
However, the highest concentrations of the recent study and sediments investigated by [17]
exceed other observations up to two-fold.

The reference soil samples we analyzed here had lower total P contents but with still
in the same order of magnitude. We found similar ranges of total P contents from arable
soils in the federal state of Mecklenburg-Western Pomerania [40–42].

Table 2. Different total P contents of river ed sediments worldwide.

Source Catchment Region TP Levels
mg P kg−1 Sediment−1 Main Land Use

[17] Recknitz River Europe, Northern Germany 912–3974 Agriculture

[43] River Swale Europe, England, Yorkshire 500–1500 Agriculture, Moorland

[11] Sävjaån River Europe, central Sweden 73–1568 Permanent Forest

[44] West Holland River North America, Canada 1600–2000 Agriculture

[45] Hadlock Brook North America, USA 211–223 Forest

[46] Agudo River South America, Brazil, Rio Grande
du sol 622–992 Permanent Forest

[47] Mekong River Asia, China, Yunnan Province 500–800 Non-Agricultural

[12] Yangtze River Asia, China, 550–844 Urban, Agriculture

Ten of the 36 sediment samples from the Warnow River Basin showed P contents ger
than 600 mg P kg−1 sediment−1, a threshold for polluted lake sediments [48]. Although
threshold values for river sediments are missing, [49] applied them to evaluate riverbed
sediments. In each subbasin, elevated P contents were found, which counts as evidence for
the large spatial variation.

Interestingly, P levels of sediments tend to exceed P levels of adjacent soils in the
watershed. Three mechanisms may cause an accumulation of P in riverine sediments.
(a) There are additional P sources in the water system, for instance, point sources such as
wastewater treatment works (WWTW). In total, there are 82 WWTWs in the freshwater sec-
tion of the Warnow River Basin (See Figure 1). The mean (±standard deviation), minimum,
and maximum TP loads in the effluent of the WWTWs were 100 ± 137, 0, and 877 kg in the
year 2013 (data provided by the State Department of Environment, Nature Conservation,
and Geology of Mecklenburg-West Pomerania). However, NMDS (see later) and simple
linear regression models did not confirm the idea of a marked contribution of WWTWs
to the sediment TP contents. (b) Long-term accumulation of particulate P emitted from
agricultural fields. Large amounts of the TP are particulate P [50,51] that tend to sink to
the river bed under low hydraulic pressure in lowland river basins. (c) Recently, mobile
organic fertilizers such as biogas digestate, slurry, and compost have been increasingly
applied to agricultural fields. These more mobile organic fertilizers [52] are likely to bypass
the soil matrix by subsurface transport and end up as significant diffuse sources of P, for
instance, after heavy rainfall events [53]. Evidence can be found in the literature that tillage
orientation [54], rainfall intensity [6,55], slope, and soil moisture conditions may be the
cause of an increase in sediment enrichment.

An earlier study from the watershed found that at least 82% of the total phosphorus
that has been released into the Baltic Sea in 2013 originated from diffuse sources [6]. Hence,
diffuse sources are likely to be the main contributor to the river and sediment P in the
Warnow River Basin, which is not prone to intense surface (sediment) runoff.

Remarkably, there was no clear detectable spatial trend upstream or downstream
(Figure 4). The ten most P-laden spots of all sampling points were located in the sub-basins
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Muehlenfliess, Nebel, Mildenitz, Zarnow, and Oberwarnow. The lowest P contents were
measured in the subbasins Mildenitz, Muehlenfliess, Nebel, and Oberwarnow. A variogram
analysis did not reveal any replicable spatial patterns.
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A high spatial variability in riverine sediments has been observed earlier in other
agriculturally used watersheds in Europe [11,17] and the United States [56,57]. In contrast
to our study, a downstream increase in sediment P has been reported for two English
catchments [43]. Higher near-outlet P contents were also observed by [11]. This was
explained by the integrated signal of both point sources (e.g., wastewater treatment works,
farms, greenhouses etc.) and diffuse sources from agriculture [11], as discussed earlier.
However, the sediment P distribution maps (Figure 4) suggest that processes such as
physical re-suspension or remobilization through redox conditions in low-velocity areas
may hamper accumulation to result in the remobilization of sediment P throughout the river
continuum. A hierarchical monitoring of P concentrations in the Zarnow sub-basin showed
increasing P concentrations with increasing catchment size (unpublished results). This is
an indication that re-mobilization occurs along the river system It is known that hydraulic
conditions may play a critical role in the stratification of streambed sediments [58–60],
and hence the resulting P reserves. Simple linear regression models did not endorse this
hypothesis. However, the highest TP contents of the sediments were measured at spots
with flow velocities below 0.1 m s−1, mostly observed in tributaries. As stated earlier, it
is known that high proportions of the total phosphorus load are transported to surface
waters as particle-bound P [50,51]. At low flow velocities, this particulate fraction can sink
to the riverbed and accumulate over time. Lower TP contents were observed mainstream
at higher hydraulic pressure.

It was further shown that the P contents of sediments are highly variable over time in
just one growing season [61]. Before and during sediment sampling, the total precipitation
was 11.2 mm with no significant precipitation events. Sampling took place before the
cultivation of winter wheat, winter barley, and winter rape seed and the application of
fertilizers in wide areas of the watershed. We can, therefore, assume that the sediment P
contents are not affected by local management operations.
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3.2. P Fractionation and Controlling Factors

The most pronounced P fraction is the H2SO4-P (both sediment layers combined) with
a mean (±standard deviation), maximum and minimum of 257 ± 67, 628, and 79 mg P
kg−1 sediment−1, respectively. At a single sampling point, the most essential P fraction
was NaOH-P with a max of 1493 mg P kg−1 sediment−1. The smallest fraction across all
sampling points was H2O-P with a mean (±standard deviation), maximum, and minimum
of 12 ± 6, 46, and 1 mg P kg−1 sediment−1, respectively.

There were differences in the P contents and speciation from 0–2 cm and 2–10 cm
between the top and bottom sediment layers (Figure 5), although these differences were
statistically insignificant in most cases. Solely, the reference mineral soils showed signif-
icant differences in the P fractions between topsoil (0–0.3 m) and subsoil (below 0.3 m)
for the labile and moderately labile fractions (H2O-P, Resin-P, NaHCO3-P, and NaOH-P)
continuously, but no significant differences between the stable P fractions (H2SO4-P and
Residual P). This was most likely caused by differences in soil texture between topsoil and
subsoil as well as higher contents of soil organic matter in the topsoil.
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There were also no significant differences in the P fractionation from 0–2 cm and
2–10 cm in most of the various sediment types (see Section 2). Only the fine-textured
sediments (sand/sill lowland river sediments, sand/sill lowland brook sediments) showed
significant differences in the H2O-P-fractions and NaHCO3-P (p < 0.05) between the upper
and lower layer.
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The results confirmed the dominance of H2SO4- and NaOH-P pools. High levels
of moderately labile NaOH-P and stable H2SO4-P fractions were also reported for the
nearby Recknitz River sediments [17]. P leaching from agricultural areas was likely to have
harmonized the composition of soils and sediments over the last decades. Again, the P
composition of the fractions in the sediments reflects the long-built P pools of the parent soil
material that is transferred to the streams by surface and subsurface soil erosion. Substantial
quantities of the NaOH-P fraction in mineral soils have been presented for many field trials
in various climates, geographical regions, and land uses [62]. A substantial presence of
NaOH-P (Fe- and Al-bound P, see Figure 3) and H2SO4-P can be explained by the large
pools of Fe- and Al-rich clay minerals and calcareous bedrock in northeastern Germany.

Interestingly, the ANOVA revealed no significant differences in the populations of each
phosphorus fraction between all sub-basins and all sediment types and between 0–2 cm
and 2–10 cm. Additionally, there were no significant differences between the P fractions
of the sediments and the observed reference soils. This fact endorses the idea of a minor
contribution of WWTWs to the sediment TP contents. Therefore, it can be assumed that the
long-term losses of particulate P from agricultural soils in the watershed may be the most
significant contributor to the P-pollution of riverine sediments. As a shortcoming of the
present study, one has to consider that our soil samples were collected solely in the Zarnow
watershed. However, similar total P contents and a marked dominance of Al- and Fe-bound
P in agricultural soils have also been shown for other sites in northeastern Germany [40,42].

It became clear that the consideration of total phosphorus (TP) levels alone is not
sufficient to evaluate the environmental threat of P-laden river bed sediments, since the
mobility and re-solubility of P are not reflected. However, the mobility of P is often a
crucial and overseen contributor to river eutrophication [63]. German state agencies rely
on sediment TP and water P concentrations to evaluate the quality of a river system.
Instead, we recommend taking steady-state and dynamic environmental variables and the
fractionation of the P of the sediments into account.

The non-metrical multidimensional scaling (Figure 6) correlates the P fractionation
and environmental variables (Table 3). The NMDS stress value was 0.07, which indicates a
reliable performance.
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Figure 6. Non-metrical multidimensional scaling (NMDS, left panel) of the P fractions of the sediment
and fitting of the environmental predictors (right panel). Only parameters with a level of significance
of p < 0.1 are shown. Parameters: c—agriculture, d—forest, e—open water, f—urban, g—wetland,
h—watershed area, l—sulfate, o—pH, q—conductivity, r—salinity, t—oxygen, v—flow velocity,
x—nitrogen, y—carbon content, z—sulfur content, cc—aluminium content, dd—iron content.

The most predictive variables revealed by the NMDS were stationary variables: Fe
(R2 = 0.68, p < 0.00) and the Al (R2 = 0.57, p < 0.001) content and carbon (C) (R2 = 0.48,
p < 0.001) and N (R2 = 0.48, p < 0.001) content of the sediment. Other important environ-
mental predictors were the sulfur (S) content of the sediment (R2 = 0.32, p < 0.01), the
total area of open waters (R2 = 0.26, p < 0.01), the total area of forest (R2 = 0.24, p < 0.05),
and the total area of urban structures (R2 = 0.21, p < 0.05) in the watershed. The most
predictive non-stationary variables were pH (R2 = 0.25, p < 0.05), electric conductivity,
salinity (R2 = 0.21, p < 0.05), and redox potential (R2 = 0.20, p < 0.05).
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Table 3. Environmental parameters of all investigated sub-basins of Warnow River Watershed. Grey background: variables measured in sediment samples (all data
given for 0–10 cm depth), italic: land use and area of the subbasins, all other variables are measured from water samples at the sampling spots.

Beke Koesterbeck Mildenitz Muehlenfliess Nebel Warnow Zarnow Whole
Watershed

Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd

Fe (mg kg−1) 0.7 0.4 1.4 0.8 1.0 1.5 1.6 1.5 1.1 1.2 0.7 0.6 0.9 0.7 1.1 1.1

Ca (mg kg−1) 1.2 0.8 2.1 1.8 3.6 4.0 3.7 2.0 1.6 1.5 1.9 2.3 1.9 1.6 2.5 2.4

Al (mg kg−1) 0.2 0.0 0.2 0.0 0.2 0.3 0.4 0.4 0.3 0.2 0.1 0.0 0.3 0.2 0.3 0.2

C (%) 0.6 0.5 2.5 1.4 4.6 7.7 6.2 8.0 3.5 5.5 3.3 5.8 1.7 1.2 3.7 5.7

N (%) 0.1 0.0 0.1 0.1 0.3 0.5 0.5 0.6 0.3 0.4 0.2 0.4 0.1 0.1 0.3 0.4

S (%) 0.1 0.0 0.2 0.2 0.2 0.3 0.4 0.3 0.3 0.3 0.3 0.5 0.1 0.0 0.2 0.3

C:N ratio (1) 9.8 5.3 26.3 17.0 19.8 11.5 12.6 2.2 15.0 13.2 13.2 9.9 12.9 6.9 15.8 10.6

openwater (km2) 1.2 0.0 0.3 0.0 17.0 12.8 3.4 3.4 15.0 11.8 3.9 4.1 0.0 0.0 - -

agriculture (km2) 46.4 13.2 27.5 32.5 139.9 107.3 63.6 53.6 112.6 97.3 172.9 74.9 29.9 15.2 - -

forest (km2) 8.5 1.5 4.2 3.3 75.3 57.9 23.5 19.3 71.5 51.5 44.1 30.2 3.4 1.2 - -

drainage_area (km2) 39.4 19.0 34.6 34.1 112.9 55.7 48.7 54.1 49.6 54.7 76.2 49.4 46.4 19.1 - -

area (km2) 57.1 - 34.1 - 241.0 - 94.2 - 206.8 - 228.2 - 34.6 - - -

water_level (m) 0.3 0.2 0.3 0.2 0.4 0.3 0.4 0.3 0.7 0.3 0.4 0.1 0.3 0.1 0.4 0.3

SO4
2− (mg L−1) 108.1 23.8 65.6 16.1 87.1 51.3 77.2 39.8 101.1 81.8 95.1 35.6 160.2 54.4 97.2 54.4

NO3
− (mg L−1) 5.8 1.7 6.9 5.2 4.5 7.6 2.8 2.2 6.1 9.8 2.6 2.0 10.7 4.7 5.2 6.1

Cl− (mg L−1) 57.0 27.8 47.5 4.9 29.0 2.7 150.1 255.0 40.3 12.3 30.8 1.0 36.5 12.3 57.6 110.7

velocity (m s−1) 0.2 0.1 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.1 0.1

oxygen (mg L−1) 9.0 0.1 4.1 4.8 8.9 1.7 6.6 2.9 6.8 2.2 6.0 2.9 7.2 1.5 7.0 2.7

pH (1) 7.6 0.0 7.1 0.4 7.7 0.3 7.3 0.2 7.3 0.3 7.3 0.2 7.3 0.1 7.4 0.3

conductivity (µS cm−1) 629.1 32.0 563.6 82.5 419.0 110.9 744.7 676.6 556.6 308.4 470.9 91.7 656.3 123.2 565.5 323.6

redox (mV) 33.5 27.3 −4.7 128.9 63.3 50.4 39.6 46.8 24.8 39.1 58.7 53.0 51.0 24.7 41.3 54.0

PO4
3− (mg L−1) 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.1

TP (mg L−1) 0.1 0.0 0.3 0.1 0.1 0.0 0.1 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.1 0.1

P from WWT (kg a−1) 116.0 0.0 48.3 83.7 127.6 157.1 49.2 105.5 319.3 98.7 522.4 664.6 0.0 0.0 188.6 305.2
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The high explanatory power of Fe and Al seems reasonable, with a large proportion of
Fe and Al-bound NaOH-P in all observed subbasins (see Figure 4). This reflects the origin
of the soils and sediments in the Warnow watershed from till formed in the Weichselian
glaciation. In northern German Watersheds, large amounts of Fe and Fe-bound P can be
released to surface waters during storm events by artificial drainage [55]. This is supported
by [11] who found Fe- and Al-bound P strongly correlated with the spatial abundance of
agricultural areas in the watershed. The marked presence of Fe- and Al-bound P implies that
the P might not be directly available. However, as Fe-P is a strongly redox-sensitive fraction,
periods of low oxygen concentrations and negative redox potentials bare the highest risk of
P release from the sediment to the water column. This is confirmed in the literature [64] and
in our data set, where the highest concentrations of dissolved P were detected at spots with
low oxygen concentrations (logarithmic function PO4 = 0.057 ln(DO) + 0.1462, p < 0.001,
R2 = 0.46).

We assume that, although static variables are the best predictors in our case, the errati-
cism of variables such as discharge, redox potential, or flow velocity/hydraulic pressure
will markedly affect the P fractionation of river bed sediments over time. However, the
low explanatory power of non-stationary variables can be attributed to their high temporal
variability and the complexity of sediment-related processes (e.g., nutrient concentration,
temperature, conductivity, redox potential).

The potential of the release of mobile P fractions within one growing season was shown
in sediments of a eutrophic lake in Southern China [61]. High temporal variability in the
fractionation of P was also reported for Lake Kinneret [65]. Taking the long water residence
times into account, one could assume that with shorter residence time and higher hydraulic
pressure during runoff events, the P fractionation in rivers might change even more severely
with time. Thus, we recommend studying the temporal variation of P in sediments in
diverse river systems to assess the eutrophication potential of riverbed sediments.

The NMDS revealed that the parent soil material and land use contributed significantly
to the formation of the P fractionation of riverine sediments in the Warnow River Basin.
This is a decade-long process. We believe that the formation of the sediments is primarily
caused by surface and sub-surface suspended sediment released from agricultural areas.
Interestingly, the area of tile drainage from agricultural fields was no significant predictor
in the NMDS, although the importance of tile drainage as a contributor to (suspended)
sediment P was often emphasized [55,66,67]. Neither the size of the contributing catchment
nor the length of the considered waterway have a statistically significant impact on the
P loading.

4. Conclusions

Riverine sediments play an essential role in the P cycle of agricultural landscapes.
Sediments can store considerable amounts of P in watersheds. Even though the P inputs to
rivers from agriculture have decreased since the 1990s, the burden of prior land use and
long periods of leaching untreated wastewater from households and industry will impair
water quality over the coming decades.

We could demonstrate that the fractionation of the sediment P reflects the fractionation
of the agriculturally used soils in the watershed, underlining that land use has a prominent
impact on the P content of the sediment. Moderately labile and stable P fractions are
dominant in both soils and sediments, which implies a potential risk for a re-suspension
and re-release of stored sediment P. Thus, the mitigation of remobilization of the stored P is
a major future task for stakeholders and water management agencies.

For the investigated lowland river basin, no influence of hydraulic parameters on
sediment P could be demonstrated, which we attribute to the overall low hydraulic gra-
dients in the system. Furthermore, both the area of the catchment and the length of the
waterway had, likewise, no impact on the P content of the sediment. The content of iron
and aluminum is the best predictor for sediment P, suggesting that periods of low oxygen
concentrations and negative redox potentials bear the highest risk of P release from the
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sediment to the water column. Even though the inputs of P from agriculture have declined
over the past decades, the legacy P from river bed sediments will be environmentally
available by remobilization for a long time. This has to be considered to secure future
freshwater supply in the Warnow River Basin and other agriculturally used lowland river
basins. Furthermore, remobilized sediment P can be transferred directly to the Baltic Sea
and possibly accelerate eutrophication. We suggest taking sediment into account for the
modelling of watershed P cycling and also for P monitoring of rivers.
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