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Preface

This dissertation thesis presents the results of my research in catchment hydrology and
spatio-temporal phosphorus dynamics and transport processes at the Chair for Soil Physics at

the University of Rostock under supervision of Prof. Dr. Bernd Lennartz.

As a cumulative thesis parts of it have been or are about to be presented in the following

publications:

Koch, Stefan; Bauwe, A.; Lennartz, B. (2013): Application of the SWAT Model for a
Tile-Drained Lowland Catchment in North-Eastern Germany on Subbasin Scale.
In: Water Resources. Management 27 (3), S. 791-805.

Koch, Stefan; Kahle, P.; Lennartz, B.: Long-term Phosphorus Dynamics in an
Agricultural Watershed in North-Eastern Germany. In: Ambio. Submitted in
November 2016.

Koch, Stefan; Kahle, P.; Lennartz, B. (2016): Visualization of Colloid Transport Pathways
Using Titanium(IV) Oxide as a Tracer. In: Journal of Environmental Quality 45,
S. 2053-2059.

These publications are included as full-text chapters (3, 4, 6) in this thesis. A
comprehensive guide on the structure of this thesis is given in the introduction.

The presented work was partly financed from the German Federal Ministry of Education
and Research (BMBF) and the BonaRes research project InnoSoilPhos (No. 031A558).
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Zusammenfassung

Phosphor (P) ist ein essentieller Makronahrstoff im Pflanzenbau. Jedoch ist P neben
Stickstoff (N) eine er Haupttriebkrifte der Eutrophierung von Oberflichengewéssern im
Landesinnern und der Kiistengewéasser in die sie entwéssern. Auf Grund der geographischen
Gegebenheiten — einer vergleichsweise kleinen Wasserflache im Verhéaltnis zum insgesamt grofien
Einzugsgebiet — ist die Ostsee potentiell besonders von Eutrophierung bedroht.

Im Rahmen dieser Dissertation wurde die Hydrologie eines in die Ostsee entwassernden
Tieflandeinzugsgebiets untersucht. Auflerdem wurde der P-Austrag in diesem Einzugsgebiet unter
besonderer Beriicksichtigung der landwirtschaftlichen FEntwéasserung auf verschiedenen
raumlichen Skalen erforscht.

Methodisch wurde ein Top-Down-Ansatz verfolgt, der vorsah, die betrachtete rdumliche
Skala von der Einzugsgebietsskala bis hin zur Bodenprofilskala sukzessive zu verkleinern. Dabei

wurde wie folgt vorgegangen:

i. Analyse des Abflussgeschehens und seiner Abflusskomponenten mit Hilfe des
okohydrologischen Einzugsgebietsmodells SWAT (Soil Water Assessment Tool) unter
besonderer Berticksichtigung der landwirtschaftlichen Entwasserung.

ii. Analyse eines langjahrigen Datensatzes von gelostem Phosphat (DRP) und
Gesamtphosphor (TP).

iii. Bewertung der DRP und TP Konzentrationen einer Abflussperiode (2015/2016) am
Monitoringstandort Dummerstorf unter besonderer Beriicksichtigung dreier
rdumlicher Skalen sowie des Beitrags von Niederschlags- und Abflussereignissen.

iv. Vergleichende Farbeversuche mit Brilliant Blue (BB) und Titandioxid (TiOs) zur
Visualisierung des Préferentiellen Transports von Losungen (BB) und Suspensionen
(kolloidaler Transport, TiO,;) an drei Standorten mit steigendem Ton- und
Lehmgehalt.

v. Saugplattenlysimeter-Experiment zur Abschéitzung des Bromid- (Br) und P-
Transportes in Form von DRP und TP nach Diingerapplikation mit Kaliumdihydro-
genphosphat (KH,POy).

Das SWAT-Model zeigte variable Modellgiitenin der Kalbrierungsperiode Nash-Suttcliffe-
Efficiencies von 0,22 bis 0,81 und in der Validierungsperiode -0,81 bis 0,66—je nach
Teileinzugsgebiet im Warnow-Einzugsgebiet. Die Entfernung der unterirdischen Entwésserung
aus dem Modellaufbau fithrte zu einer konsistenten Verschlechterung der Modellgiiten und zu
einem Anstieg des Grundwasserabflusses im Verhéltnis zum hohen Dréanabfluss mit
Entwasserung. Die Beriicksichtigung von Drénung in landwirtschaftlich gepragten Tiefland-
einzugsgebieten ist dringend erforderlich zur akkuraten Abschétzung der Abflusskomponenten.

Ein Langzeitdatensatz (21 Jahre) von DRP- und TP-Konzentrationen fir neun
Messstellen des Warnoweinzugsgebietes zeigte einen signifikanten saisonbereinigten negativen
Trend in allen Teileinzugsgebieten. Dies wird vor allem auf die Installation zahlreicher
Klaranlagen mit P-Reinigungsstufe zuriickgefithrt. Einfache statistische Modelle belegen, dass
DRP iiberwiegend dem Signal des Basisabflusses folgt, wahrend TP mehrheitlich einer schnellen

Abflusskomponente sowie Niederschlagsereignissen folgt.
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Die Analyse des P-Austrags in Folge von Niederschlagsereignissen auf kleinerer rdumlicher
Skala (4,2 ha bis 1,550 ha) zeigte, dass 15 — 77% des DRP sowie 49 bis 68% des TP als Folge von
Ereignissen ausgetragen wird. Die Gesamtfrachten von TP sind hier in der raumlichen Skala des
Drénauslasses (4,2 ha) dreimal hoher als die des DRP. Gleiches gilt fiir die Grabenskala (179 ha).
Auf der Skala des Teileinzugsgebietes (1550 ha) sind DRP- und TP-Frachten nahezu identisch.
Die Ergebnisse zeigen den deutlichen Beitrag der Dranung zum partikuldaren Transport von P aus
landwirtschaftlich genutzten Flachen. Die rdumlichen Muster des Doppellactat-extrahierbaren
Boden-Phosphors zeigen Ahnlichkeiten im Ober- und Unterboden. Die Muster scheinen sich
raumlich zu wiederholen. Der Ursprung dieser Muster kann hier nicht abschliefend geklart
werden, da weitere Daten zu Eisen- und Aluminium-Gehalten des Bodens nicht vorliegen. Ein
Zusammenhang zur organischen Substanz des Oberbodens konnte nicht festgestellt werden.

In den Farbeversuchen konnte das Potential des partikularen Transports durch den Boden
bestétigt werden. Zwar wurde BB als Losung auch préferentiell entlang der Bodenstruktur
verlagert, doch das partikuldre TiOs erreichte durch praferentiellen Transport durch singulare
Makroporen (Regenwurm- und Wurzelkanéle) gleiche Tiefen innerhalb von 24 Stunden. Der
Transport von TiO; stieg hier proportional zum Ton- und Lehmgehalt an, was vor allem durch
die groflere Haltbarkeit der Grobporen bei hidrteren Boden erklart werden kann. TiO; ist ein
geeigneter Tracer zur Visualisierung des kolloidalen Transportes.

Die Saugplattenversuche bestédtigten die Annahme des préferentiellen Transportes von
Losungen. Das Br wurde an allen Lysimetern praferentiell verlagert. DRP und TP folgten eher
erratischen Transportmustern. Wiederholte starke Niederschlagsereignisse (40 mm alle zwei
Stunden) fithrten zu einer Mobilisierung von DRP, z. B. durch Desorption von Eisen- und
Aluminiummineralen. Die TP-Frachten unterschieden sich nicht signifikant von den DRP-
Frachten. Dies deutet darauf hin, dass die Lysimeter keine singuldren Makroporen erfassten und
die rdumliche Auflésung solcher Untersuchungen erh6ht werden sollte.

Die Untersuchungen im Rahmen der vorliegenden Dissertationen zeigen:

i. Die Relevanz der Dranung fiir die Hydrologie und den Transport von P (vor allem
den partikuldren P-Transport) in Tieflandeinzugsgebieten.

ii. Einen deutlichen Riickgang der P-Konzentrationen als Folge verbesserter
Abwasserbehandlung.

iii. Die Relevanz von Ereignissen im Transport und der Verlagerung von P.

iv. Das Potential der Verlagerung von Kolloiden durch das Bodenprofil durch
praferentiellen Transport

v. Deutlichen Forschungsbedarf in Bezug auf partikularen Transport durch das
Bodenprofil sowie die Remobilisierung von Sedimenten der Griaben und Fliisse.

Dieser Forschungsbedarf beinhaltet auch die Untersuchung verschiedener P-Speicher in
der Landschaft (Boden, Grundwasser, Sediment, Wasser) und deren Interaktion unter
verschiedenen Szenarien der Landnutzung und des Klimas. Integrierte grofiskalige Modellierung
sollte hierbei ein Werkzeug darstellen zur Vermittlung der Forschungsinhalte an Gesetzgeber,
Verbande, Landwirte und andere Interessengruppen.
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Summary

Phosphorus (P) is an essential macronutrient for crop production. However, in its soluble
and particle-bound forms, P is, besides nitrate, a major contributor of freshwater eutrophication
and hence of the eutrophication of coastal ecosystems. The Baltic Sea is particularly threatened
by eutrophication due to its small surface area and large drainage basin.

This dissertation comprises investigations into the hydrology of the Warnow river basin,
a north-eastern German watershed that drains into the Baltic Sea. Furthermore, we studied the
P-export patterns on surface waters under special consideration of artificial subsurface drainage
and different spatial scales.

We used a top-down approach, starting with the watershed scale and ending at the plot
or pedon scale. We conducted the following studies:

i. The analysis of the hydrology of the Warnow river basin and its sub-basins using the
Soil and Water Assessment Tool (SWAT'), with particular consideration of subsurface
drainage.

ii. The analysis of a long-term data set of dissolved reactive P (DRP) and total
phosphorus (TP) concentrations in the Warnow river basin and its sub-basins.

iii. The analysis and assessment of a one-year data set from a monitoring station in the
Zarnow catchment (a Warnow sub-basin) on three spatial scales with particular focus
on drainage events.

iv. Dye-tracer experiments using Brilliant Blue (BB) and Titanium(IV) oxide (TiO,) as
tracers to visualize solute and particle-facilitated transport in mineral soils.

v. Suction-plate lysimeter experiments to determine the bromide (Br) and P-transport
patterns, using potassium bromide and potassium dihydrogen phosphate (K.HPO,)
as tracer.

The SWAT model showed variable model qualities in terms of Nash-Sutcliffe Efficiencies
(NSEs). The NSE values ranged from 0.22 to 0.81 and -0.81 to 0.66 in the calibration and
validation period respectively, depending on the sub-basin. The exclusion of the tile drainage
from the model setup led to a decrease in the model quality and an increase in groundwater flow
in relation to the high drainage flow with the tile drainage being included. The incorporation of
tile drainage in agriculturally used watersheds is strongly recommended for a reliable reproduction
of the flow constituents.

The 21-year data set of DRP and TP concentrations at nine gauge stations in the Warnow
river basin showed a significant negative temporal trend. This can be attributed to improvements
in wastewater treatment in the studied watershed. Simple statistical models revealed that DRP
was most likely transported with the baseflow while TP followed the quickflow component and
strong rainfall events.

The analysis of P export from three different spatial scales (4.2 ha to 1,550 ha) showed
that 15-77% of the DRP and 49-68% of the TP were released following five single runoff events.
The area-related loads of TP decreased with increasing drainage area, indicating a rapid
sedimentation even under high runoff rates. The data showed a significant contribution of the
tile drainage and preferential transport to the export of TP. The double lactate (DL)-extractable
soil P content showed repetitive spatial patterns. The maximum spatial range for autocorrelation

was 220 m and 150 m for the topsoil and the subsoil respectively. We could not address the origin



of the observed spatial patterns since additional data is missing. We could not find a clear
relationship with the soil organic matter content in the topsoil either.

The dye-tracer experiments revealed a large potential of preferential transport through
singular macropores for colloids. Although we could show preferential transport for BB too
(through singular macropores, ped interfaces, and soil cracks), TiO, was exclusively transported
through singular macropores (e.g. earthworm channels) and was transported to similar depths as
BB in the same period. The dyed area of TiO; increased with increasing clay and silt content,
indicates a more stable structure of the soil with increasing clay or silt content. TiO, is a suitable
tracer to visualize colloidal transport through the soil.

The suction-plate experiments endorse the idea of preferential transport through loamy
soils. The bromide was preferentially transported in all the observed lysimeters. The DRP and
TP patterns were erratic but revealed a mobilization with increasing rainfall. The repetitive
application of rainfall (40 mm every two hours) mobilized considerable amounts of DRP. The TP
loads did not differ significantly from the DRP loads. This indicates that the lysimeter area did
not cover any singular macropores that could be responsible for the preferential transport of
colloid-bound P. Furthermore, the spatial resolution of this gridded lysimeter approach should
be extended.

The investigations of this dissertation thesis showed:

i. The relevance of artificial subsurface drainage for catchment hydrology and the
transport of P (i.e. particulate P transport) in lowland river basins.
ii. A significant decrease of riverine P concentrations over the last two decades as a
consequence of improved wastewater treatment.
iii. The potential of preferential transport for colloid transport in loamy soils.
iv. The relevance of runoff and rainfall events for the transport of P. There is a need for
research regarding the vertical transport of (colloid-bound) P through the soil profile

and the re-mobilization of bed sediments of ditches and rivers.

This research likewise includes the interaction between different P pools in the landscape
and their interaction with the scenarios of land use and climate change. The integrated eco-
hydrological modeling on a large spatial scale should be a valuable tool to communicate scientific

knowledge to stakeholders (water and soil associations, lawmakers, or farmers).
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1 Introduction

1.1 Motivation

Phosphorus (P), with its soluble compounds, is an essential nutrient for crop production
and primary productivity of agro-ecosystems (George et al. 2016). The alleviation of world hunger
demands a worldwide increase of P fertilizer inputs (Roberts 2009).

However, P is also a major cause for eutrophication in surface waters, resulting in algae
blooms and excess aquatic plant growth. This is often seen as a consequence of an increased
application of P fertilizers for either crop production for food supply or the production of energy
(Correll 1998, Ekholm 1998). It has been shown that even after long periods of declining
anthropogenic P inputs as fertilizers, there might be long periods of mobilization of accumulated
P in soils and river sediments (Powers et al. 2016).

Since the point source inputs (e.g., wastewater treatment plants) have decreased markedly
over the last two decades in Europe (Kronvang et al. 2007), the effect of non-point (diffuse)
sources comes under the spotlight of environmental sciences. The emission of diffuse nutrient
inputs—those which cannot be attributed to a discrete source—is a major threat to the Baltic
Sea (Behrendt & Bachor 1998, Stalnacke et al. 1998, Stalnacke et al. 2015). Moreover, the Baltic
Sea is, in particular, threatened by eutrophication by its geographical properties. The total area
of the Baltic Sea drainage basin is about 1,745,000 km?2, which is about four times larger than
the Baltic Sea itself (Stalnacke et al. 2015). In addition, the water exchange between the Baltic
Sea and the North Sea is low, and the ecological status of the Baltic Sea strongly depends on
water renewal events (Mohrholz et al. 2015).

However, the pathways of P leaching from agriculturally used soils to surface waters are
not yet fully understood. For a long time, the surface runoff from soils has been named as the
most influential pathway of P transport (Sharpley & Syers 1979, Daniel et al. 1994). But recently,
there has been increasing evidence that particle-facilitated transport of P and the accelerated
leaching of dissolved and total P through the soil, and hence, through tile drains, is a considerable
pathway for P export to surface waters (Macrae et al. 2007, King et al. 2015a, Christianson et
al. 2016, Qi & Qi 2016).

The overall P export from Germany to the Baltic Sea is high. The inputs of P originating
from Germany are remarkable, with roughly 600t a! (LUNG MV 2016, personal
communication). This thesis addresses the hydrology and the transport pathways of the dissolved
reactive P (DRP) and the total P (TP) in an agricultural lowland river basin in north-eastern
Germany with a considerable proportion of the agricultural land being drained by subsurface

drainage.
1.2 Objective and how to read this thesis

Understanding phosphorus (P) dynamics, from inland sources to the sea, is essential for
developing strategies to reduce P loads. In the light of these reduction targets, the aim of this
thesis is the investigation of water and P fluxes from soil to surface waters on different spatial
and temporal scales. Moreover, the relation of P transport to hydrologic properties and, in
particular, to artificial subsurface drainage should be evaluated to close gaps in the knowledge of

event-driven transport of different P fractions on a multi-scale level.
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Introduction

To this end, I have used a systematic top-down approach, beginning at the watershed
scale (~ 3000 km?). Once the nutrient dynamics of dissolved reactive phosphorus (DRP) and total
phosphorus (TP) on a large spatial scale are understood, one can attend to spatio-temporal
patterns and processes at the sub-basin and field scale (4.2 ha — 15.5 km?). At the final step the
colloid transport processes and P transport pathways on the pedon and soil profile scale were
evaluated. The observed temporal scales were a bi- to four-weekly sampling scheme over a two-
decade-long sampling period, one discharge period with multiple samples every week and short-
term sampling with sampling pore water every two hours. To clarify this spatial top-down

approach and the temporal resolution this doctoral thesis is subdivided into eight chapters.
Chapter 1 provides an overview of the background and the motivation of the study.

Chapter 2 comprises an elaborate description of the investigated Warnow River basin
and all spatial sub-scales. The methods are briefly described because they are comprehensively

elucidated in the following chapters.

Chapter 3 is a published manuscript that focuses on the understanding of hydrological
processes in the lowland Warnow River basin using the Soil and Water Assessment Tool (SWAT
model) as an eco-hydrological model. The aim was to study the tile drainage flow and the stream
flow constitution as a basis for identifying major flow sources of nutrients (e. g. phosphorus and
nitrogen) and to validate the performance of the SWAT model with and without tile drainages
in the model set up.

Watershed scale.

Chapter 4 (a submitted manuscript) supplies some evidence for the contribution of the
quickflow component (e.g. tile drainage discharge) to the release of TP from agriculturally-used
soils into the receiving waters. The aim of this study was to statistically analyze an existing 21-
year data set of DRP, TP and discharge for long-term trends and their origin in the Warnow
River basin and its sub-basins. Another task of this chapter was the assessment of temporal and
spatial variations of P concentrations and loads and the particular consideration of drainage path
by implementing a deviation of streamflow in a base flow and a fast flow component.

Watershed scale.

Chapter 5 comprises data from the Dummerstorf field site maintained by the Soil
Physics working group at Rostock University over the discharge period from 2015 to 2016. This
chapter focuses on the contribution of drainage events to the overall release of P to surface waters
at three different spatial scales. The aim of this study was to determine the contribution of DRP
and TP loads to particular discharge events to the total runoff period loads on the spatial scales
of a tile drainage field (4.2 ha), a drainage ditch with 19 contributing collector drains (179 ha)
and the catchment (15.5 km?).

Sub-basin scale/Field scale.

Chapter 6 is a published manuscript on the topic of a new and innovative method of
dye tracing to visualize colloid transport in mineral soils. The aim of this study was to validate
the capability of Titanium dioxide (TiO,) to visualize colloid transport pathways in mineral soils
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with a clay content gradient. The field experiment, using Brilliant Blue (BB) as a solute dye
tracer and TiO2 as a colloidal dye tracer, based on the idea that both tracers follow preferential
pathways. TiO2, which simulates a part of the TP fraction (particulate P), exclusively follows
singular macropores like root and earthworm channels.

Plot/Soil profile scale.

Chapter 7 is a non-published /non-submitted presentation of the results from a suction-
plate lysimeter experiment at the field site Dummerstorf on a loamy soil. The aim of this
experiment was to find numerical evidence for the results of the dye tracing study of chapter 6.
We aimed on the differentiation of pathways of DRP and TP during severe rainfall events
following fertilizer application on the soil profile scale to find evidence for a quick release of P to
tile drains and groundwater. Another aim was to assess the spatial variability of DRP and TP
transport through the soil. This chapter has to be understood as preliminary study and delivers
some suggestions for further attempts.

Plot/soil profile scale.

Chapter 8 synthesized the findings of all our modelling and field studies during the
duration of my Ph. D. studies. A particular focus lies on the effects of tile drainage and discharge
events on the release of DRP and TP on the varying spatial scales and future research needs.

Watershed to pedon scale

The presented dissertation thesis provides fundamental research in the field of nutrient
(e.g. phosphorus) transport from soil to tile drainage and surface waters and to receiving oceans.
We used modelling techniques (Soil Water Assessment Tool), the statistical analysis of existing
long-term data and simple statistical models, dye tracing studies for the visualization of nutrient
and solute transport, and a sophisticated in-situ micro-lysimeter set-up to assess the spatial
variability of DRP and TP transport.

A future target, based on the findings of this theses and following studies, is to fully
understand and model the P circle and the P balances in the Warnow River Basin using eco-
hydrological models. In particular, the large-scale modelling of P fluxes in lowland ecosystems,
especially under large extent of artificial drainage, is still lacking quality and needs new
implementations.

1.3 Background

1.3.1 The origin of phosphorus in agricultural landscapes

P is essential for almost all life forms on earth. Most importantly, it is a key structural
component of DNA and RNA. P is likewise critical to ATP (adenosine-5-triphosphate) and to
phospholipids, and thus, to cell membranes (Childers et al. 2011).

Natural and anthropogenic sources of P can be found in all ecosystems. Natural sources
of P are plants, animal feces, or chemical weathering of minerals like apatites, wavellites, or
vivianites.

The key sources of anthropogenic origin in soils are mineral and manure fertilizers, and

atmospheric deposition. In surface waters, inputs are derived from non-point sources (surface
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runoff from agricultural fields, tile drainage discharge, and groundwater discharge to rivers and
streams), as well as direct inputs to surface waters by sewage treatment works or animal farms.
The loads of P transferred to surface waters by sewage works are strongly correlated to the size
of the facility and the implementation of P reduction programs (Foy et al. 1995).

In a study from Denmark, the authors found marked surpluses of soil P from 1987 to 1998
to soil depths of 0.75 m, which indicates a too intensive fertilization with P (Rabaek et al. 2013).
The recommendations of P fertilization rates in Germany are based on a standardized soil-testing
procedure that can be interpreted as the availability of P from the soil to the plant (Kuchenbuch
& Buczko 2011). The authors evaluated a data set of 9,000 experimental harvests in Germany
and Austria and recorded mean annual P fertilizer application rates of 45.5 kg P ha a'. However,
generally, higher soil P contents require lower P fertilizer application rates. In contrast, the P
application rates in Sub-Saharan Africa are extremely low, and the nutrient-deficient soils need
high fertilizer inputs to maintain crop yields (Neset & Cordell 2012). The worldwide requirements
of P fertilization tend to increase by around 3-4% annually (Food and Agriculture Organization
of the United Nations 2008).

Compared to the rates of the fertilizer applied to agriculturally used soils, the atmospheric
deposition of P is low. However, it has been reported that P deposition may change lakes from a
state of P limitation to one of nitrogen limitation (Ellis et al. 2015), and can severely influence
oligotrophic lakes, tropical forests, and ombrotrophic peatlands (Tipping et al. 2014). An
elaborate literature review shows that the rates of atmospheric P deposition are spatially highly
variable. However, the worldwide geometric mean atmospheric P deposition rate is 0.027 g m™
total P and 0.014 g m? orthophosphate-P (ibidem).

1.3.2 The phosphorus cycle

The anthropogenic and environmental P cycle is complex (Figure 1-1). However, to put
it simply, P generally exists in two forms:

i.  Dissolved P (dissolved organic P and dissolved inorganic P)
ii.  Particulate P / bound P (organic and inorganic bound)

The P cycle is based on the equilibrium and interactions of both forms with the
lithosphere, the hydrosphere, and the atmosphere.

The pathways of P to open-water ecosystems are manifold. Surface runoff from soils and
losses through artificial drainage and internal erosion processes in the soil has been identified as
major contributors to P concentrations in rivers and streams (McDowell & Sharpley 2001, Smith
et al. 2015). The substantial contribution of sewage treatment works has already been mentioned.
Aquaculture is another source of P in rivers and marine ecosystems (Jarvie et al. 2006, Bowes et
al. 2009).

In rivers, P is stored in sediments. The retention of lakes and slow-flowing rivers has a
remarkable effect on the P concentrations being measured. We can summarize that there is a
variety of point and non-point sources contributing to the aquatic environment via different
pathways (Figure 1-1). In this thesis, I will focus on the inputs from the agricultural sector (e.g.
fertilizer, soil P) as the non-point sources and, in particular, the transport through the soils and

the artificial drainage systems.
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Figure 1-1: P cycle in agricultural and coastal environments (Kronvang et al. 2009).

The P cycle was a closed system before industrialization and globalization, and hence, P
fertilization from mining sources. However, due to the ongoing use of phosphate reserves for
agriculture, larger amounts are leached into surface water bodies and, in consequence, the P cycle

is now broken and open (Desmidt et al. 2014).

1.3.3 Plant response to phosphorus fertilization and phosphorus deficit

As stated above, P is an essential macronutrient in plant nutrition (Sharpley et al. 2015),
and is one of the 17 critical nutrients required for plant growth (Balemi & Negisho 2012). P
fertilizers are widely applied to soils with low P stocks, and the efficiency of these fertilizers is
affected by the P immobilization in the soil (Bates & Lynch 2000). However, the total input of
P on a societal scale has decreased significantly since lower inputs in the crop production sector
were recorded, which is somehow special for Mid- and Eastern European countries (van Dijk et
al. 2016).

The supply of P (i.e. plant-available P) is directly linked to the above-soil plant and root-
system growths. If P is the limiting nutrient, photosynthesis gets hampered. This leads to reduced
leaf area and a prominent dark-green leaf color. The overall plant growth of roots and above-
ground plant is significantly inhibited. Thus, the yields from these plants will be minimal even if
these develop fully. If the available P stocks are drained, the organic acids in root exudates can
mobilize soil-bound P to be transported to the above-ground plant. Root hair growth may be the
most immediate morphological response the plants have to changed environmental conditions
(e.g. P deficiency, Bates & Lynch 2000). In the presence of iron (Fe) in the soil, this mechanism
is hampered, and hence, the root system grows horizontally instead of vertically (Miiller et al.
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2015). The Fe is transported to the stem cell niche of the plants, and thus, hampers the growth
and movement of short roots.

The amount of the available P for plant nutrition is low (approx. 0.1% of soil P
Hlmer & Schinner 1992)). Phosphate-solubilizing microorganisms (e.g. bacterial and fungal
strains) can be an eco-friendly measure to enhance the availability of P and to reduce fertilizer
application rates (Illmer & Schinner 1992, Schachtman 1998, Adesemoye et al. 2009, Sharma et
al. 2013). However, Freitas et al. (1997) observed a great potential for rhizobacteria to enhance
plant growth, but could not give evidence for soil P solubilization.

It is a fine line between optimal P fertilization for maximized crop yield and the
minimization of P losses to surface waters through the soil. Balemi & Negisho (2012)
approximated that P limits crop yield on 40% of the world’s arable land.

If the available P status remains high after fertilization, high levels of P loss can be
expected (Juang et al. 2002). However, the P-fixing potential of the soil is highly linked to the
sorption of P to the soil, in particular, to Fe and Al oxide surfaces (Vaughan et al. 2007).

1.3.4 Phosphorus scarcity—facing global change

The natural P sources (phosphate rock) are depleting (Desmidt et al. 2014). The annual
yield of mined fossil phosphate is around 22 - 102 g P. Of all the mined phosphate rock, 95% is
used for agricultural applications (Desmidt et al. 2014), whereas 90% is used to produce mineral
fertilizer (Cisse & Mrabet 2004). Since fossil phosphate is not an infinite resource, ongoing mining
will cause a complete depletion of all P resources. There is ongoing scientific debate when peak
P (i.e. the point of the maximum global production rate of P) will be reached. Pessimistic
estimates forecast a depletion of P within the next decades whereas more moderate scenarios
predict P depletion at the end of the 21* century (van Vuuren et al. 2010). Most recently, it has
been realized that in some cases, the phosphate rock reserves might have been overestimated
(Edixhoven et al. 2014). Further research is needed to assess the global phosphate rock reserves
and deliver better estimates of the depletion scenario.

In contrast to the decreasing trends of agricultural P use in the EU-27 countries (peak
stacked inputs of around 8 kg P a’! per capita in 1980 to around 2 kg P a’! per capita in 2010 van
Dijk et al. 2016), the global use of P has increased significantly over the last decades to about
175 - 102 g phosphate concentrates (van Vuuren et al. 2010)) to achieve or maintain proper
agricultural conditions.

In summary, there is a certain trade-off between preventing world hunger and
environmental issues regarding the pollution of surface water resources due to the misuse of P in
the agricultural sector. Keeping in mind the growing world population and the elevated P
concentrations of rivers and marine systems all over the world, one could assume that this trade-
off will even increase in future.

17



Introduction

Agricultural
applications
—> Human H Sewage treatment |
Non-agricultural
& industrial
applications

| P-Recovery liquid phase I

| P-Recovery solid phase |

Figure 1-2: Closed P cycle with a full P recovery from the solid and liquid phase from sewage
treatment works (Desmidt et al. 2014).

P will become scarce and more expensive in the future (Desmidt et al. 2014). Thus, there
is an essential need for strategies in P management. On the one hand, we need a better P
management in the agricultural sector to prevent and combat eutrophication (Kleinman et al.
2015). On the other hand, techniques are required to recover certain amounts of P from the solid
and liquid phases from agriculture and sewage works (Desmidt et al. 2014, see Figure 1-2). There
are, up to now, many available techniques—on different scales and of different costs—to decrease
P loads in surface waters (Cordell et al. 2011, see chapter 8.5).

1.3.5 The specifics of lowland catchments

According to (Winter 2001), climate, geology, and land-surface form are the main factors
that determine the hydrological landscape units. But, the fundamental differentiation is the slope
of a catchment area. Hence, the two basic hydrological landscape units are upland and lowland
watersheds. If one keeps in mind landscape morphology, there are several differences between
upland and lowland watersheds which have been considered in research on hydrological processes
(Table 1-1).

A common agricultural practice in lowland watersheds is surface (drainage ditches) and
subsurface drainage (tile drainage). Drainage has a significant impact on flow conditions in
lowland watersheds (Tiemeyer et al. 2009, Kiesel et al. 2010). The advantages and disadvantages
of artificial drainage will be discussed in chapter 1.3.6.

The specifics of lowland catchments play an important role in the adaptation of
hydrological models or the assessment of nutrient losses from agricultural catchments. For
instance, large amounts of fine sediments are transported into lowland river systems, including
the nutrients and contaminants, like heavy metals or organic pollutants (Grabowski & Gurnell
2016).
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Table 1-1:  Contrasting juztaposition of upland and lowland watersheds and their specific
morphological, hydrological, and ecological properties. References: Winter
(2001), Sophocleous (2002), Schmalz et al. (2008), Schmalz & Fohrer (2009),
Lam et al. (2010).
Property Lowland watershed Upland watershed
Y ils; hort t

. Old  soils; long  periods  of oung ) SOT; i .or e
Soils pedogenesis; severe soil loss caused

Watershed shape

Stream wvelocity
River bed

Ecology

pedogenesis; low erosion rates

Large extent in width and length,
large total areas

slow

Fine sediment beds

Fish species with broad temperature
tolerance and low oxygen need

by erosion

Smaller extent in width, smaller
total areas

fast

Bedrock and coarse sediments
Fish species with low temperature

tolerances and high oxygen need

: . Fast surface runoff; low rates of
Slow surface runoff; groundwater i
groundwater recharge; low rates of

Flow pathways recharge if soils are permeable; high

. baseflow, remarkable rates of
rates of baseflow .
drainage flow
Groundwater table High groundwater table Low groundwater table
Land Agriculture  (arable  farming), Agriculture (livestock), Forests
and use
grassland, forests (below timber line), grassland
, Drainage (ditches and subsurface) , ,
Drainage No drainage practices needed

for soil cultivation; river regulation

1.3.6 Artificial drainage of agricultural land

Artificial drainage of soils is a common agricultural practice that significantly reduces the
residence time of water in the soil, and improves the aeration and moisture conditions in the soil
(Tiemeyer et al. 2006). Additionally, the structural stability of soils with naturally poor drainage
conditions will improve (Simard et al. 2000). Artificial drainage can increase crop growth by
reducing excess water stress to plants (Blann et al. 2009).

Drainage is common in Europe and North America. In Europe, the portion of drained
area exceeds 25%, while only less than 10% of the cultivated area is artificially drained in non-
industrial countries (Abbott & Leeds-Harrison February, 1998). In Germany, large proportions
of cultivated land are drained for crop production. Therefore, the hydrology of many German
streams and rivers is severely influenced by drainage. Kiesel et al. (2010) estimated that 31% of
a small north-western German lowland watershed is drained by ditches or subsurface drainage.
In agriculturally used catchments, the drained area can exceed the 50% mark in Germany
(Gelbrecht et al. 2005). Tetzlaff et al. (2009) estimated that about 56% of the German agricultural
land is drained. However, one has to consider that the proportion of the drained area can vary
strongly, depending on the soil properties (Hirt et al. 2005). Exemplarily, in the German Mulde
watershed, areas with strong waterlogging pseudogleys have a drained area of up to 30% whereas
better conducting loess lessivés and glacial sands are only drained up to 16-18% (ibidem).
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The drainage distribution in Germany is highly variable. The gradients in drainage
density from north to south and west to east are most likely related to the occurrence of near-
coastal flat areas and, of course, the interactions of land use, climate, and soil, which are an
expression of the demand for drainage (Tetzlaff et al. 2010). As shown in chapter 2.1, a large
proportion of the Warnow river basin—which is in focus in this doctoral thesis—is drained by
subsurface and surface drainage.

|| Artificially drained areas
{Agriculture and
peat cutting)

B Artciay drined arcas
Koz arificial drainege

f
i
=z

Figure 1-3:  Potentially drained areas in agricultural land and peatlands in Germany (Tetzlaff
et al., 2010).

However, the exact estimation of the drained areas remains challenging. Abbreviated
historical documentation and missing digital maps of drainage areas and drainage condition lead
to large uncertainties in estimating the drained areas. Different approaches have been tested to
estimate the proportion of drained areas. Aerial photographs were used to create a cartographic
inventory of artificially drained areas in Germany (Tetzlaff et al. 2010, Figure 1-3). This approach
is comprehensively described for the River Ems watershed (Tetzlaff et al. 2009). Another
approach has been presented by Mehl et al. (2010). Here, the landscape and soil properties were
condensed to deduce the probability of an area being drained.

There are direct and indirect effects of drainage which have to be considered after
implementation in agriculture, forestry, and wetland cultivation (Blann et al. 2009).

The primary direct effect is:

i. Habitat loss due to stream channelization and the conversion of wetlands to
cropland

Severe effects on the properties of soil can occur when peat lands are drained. Wetlands
that are transformed into crop and/or grassland by artificial drainage experience numerous
marked impacts on their structure and ecology. The increasing aeration of the peat leads to an
immediate increase of peat mineralization. This, together with physical compaction, causes
shrinkage of the peat body and a reduction of the height of the wetland (Succow 2001).
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Indirect effects include:
i Water quality impacts

The most severe effects of drainage are, obviously, those influencing flow and (soil) water
regime. Although there are several implications for the improvement of soil properties and soil
hydrology, there is strong evidence that agricultural drainage and, particularly, tile drainage is
accountable for the growing contamination of surface waters with nutrients and contaminants.
Subsequent to the reduced waterlogging, there is an increased risk of preferential solute movement
and loss through tile drains, as frequently observed (Stamm et al. 1998, Lennartz et al. 1999,
Tiemeyer et al. 2009, Ulén et al. 2014). Drainage may, therefore, account for increases in sediment
transport and the pollution of surface water bodies (Skaggs et al. 1994).

The current nutrient state of the Baltic Sea directs one’s attention to the control of P
and N losses from drains to prevent the eutrophication of the receiving waters. Attempts are
being made by the European Union to provide a legal framework for all EU member states to
achieve “good” water quality (European Water Framework Directive—Directive 2000/60/EC, 7t
Environment Action Programme—Decision No 1386/2013/EU).

ii.  Hydrological alteration (altered volume and timing of runoff (Blann et al. 2009))

The installation of tile drains and drainage ditches often occur in conjunction with land-
use changes (Blann et al. 2009). As stated before, the residence time of water in the soil is
shortened by artificial drainage. Hence, usually increased peak runoff rates occur (Skaggs et al.
1994).

1.3.7 Diffuse pollution of surface waters by phosphorus from agriculture

The continuous accumulation of nutrients is called eutrophication. It has been stated that
algae bloom production, and hence, eutrophication, is controlled by the availability of nitrogen
and P in the waters (Ryther & Dunstan 1971). According to Sharpley et al. (2015), the
impairment of surface waters due to P enrichment is still a major environmental concern
worldwide.

Trends in many European countries reveal that point sources of pollution—mainly P and
ammonium-nitrogen—have been significantly reduced by improved wastewater treatment
(Grimvall et al. 2000). Nonetheless, the losses of P to surface waters have remained constant over
the last two decades. Hence, the diffuse sources of P attract more attention in environmental
science.

The ecological consequences of eutrophication of surface waters are severe. The first and
most obvious implication of elevated nutrient concentrations is the dense growth of algal blooms
in streams, rivers, and coastal ecosystems. These algal blooms limit light penetration, which
hampers the ability of predators to catch prey (Chislock et al. 2013). The depletion of dissolved
organic carbon and the rising pH levels can be observed throughout the day, following increased
rates of photosynthesis. In the late stages of eutrophication, the algal blooms die and microbial
decomposition severely dissipates oxygen in the water. The resulting hypoxic or anoxic zones in
rivers and lakes lack sufficient oxygen to support most organisms (Chislock et al. 2013). Another
threat is the “harmful algae blooms” (HAB), which are toxic to both plants and animals and
make their way up the food chain (Strokal et al. 2014).
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Although eutrophication is a natural process—for instance, the eutrophication following
the nutrient allocation of drying lakes—it is strongly accelerated by human activities
(Ansari & Gill 2014). However, some lakes demonstrate a nutrient reduction with time
(Whiteside 1983). Natural eutrophication happens on geological timescales, while anthropogenic
eutrophication can occur in months or may take years.

The concentrations of dissolved and particulate P in the surface water depend on
catchment and stream bed properties. A study in an English mesoscale catchment shows that
sewage work discharge, P, SiO,, and Al;O3; concentrations of bed sediments, and hence, the
adsorption to clay minerals based on streambed geology are the most important controlling factors
for dissolved P concentrations in the stream water (van der Perk et al. 2006). Additionally,
organic carbon content of the sediment bed has a high predictive power for the spatial variation

of streambed P concentrations (van der Perk et al. 2007).
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