Universitat
Rostock

Traditio et Innovatio

Aus der Professur fiir Bodenphysik

der Agrar- und Umweltwissenschaftlichen Fakultat

Phosphorus Transport Processes from Soil to Surface Waters
Case Studies from a North-Eastern German Lowland Catchment
Kumulative Dissertation

zur Erlangung des akademischen Grades

Doktor der Agrarwissenschaften (doctor agriculturae)

an der Agrar- und Umweltwissenschaftlichen Fakultat

der Universitat Rostock

vorgelegt von M. Sc. Stefan Koch aus Rostock,
geboren am 27.05.1985 in Rostock

Rostock, 27.06.2017

urn:nbn:de:gbv:28-diss2018-0030-3


zef007
Schreibmaschinentext
urn:nbn:de:gbv:28-diss2018-0030-3


Gutachter der Promotion

Prof. Dr. Bernd Lennartz
Universitar Rostock,
Agrar- und Umweltwissenschaftliche Fakultat,
Professur fiir Bodenphysik,
Justus-von-Liebig-Weg 6
18059 Rostock

Prof. Dr. Britta Schmalz
Technische Universitat Darmstadt
Fachgebiet Ingenieurhydrologie und Wasserbewirtschaftung
Franziska-Braun-Strafle 7
64287 Darmstadt

Associate Prof. Dr. Goswin Hckrath
Aarhus University
Department of Agroecology
Soil Physics and Hydrogeology
Blichers Allé 20
8830 Tjele

Datum der Abgabe: 27.06.2017
Datum der Verteidigung;: 26.01.2018



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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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.
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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).

Even in catchments where point sources are reduced by wastewater treatment, P
concentrations in receiving waters may be high due to diffuse sources from agricultural land (Foy
et al. 1995). In Finnish rivers and lakes, decreasing concentrations of chlorophyll and, hence,
lower pollution have been observed (Riike et al. 2003). However, they stated that even though
point sources of P could be reduced significantly, loads from non-point sources are still threatening

the quality of surface waters.
1.3.8 Eutrophication risk of the Baltic Sea

The nutrient status of the Baltic Sea has been of interest to European environmental
scientists for a long time. Increased pelagic and benthos primary production following elevated
nutrient concentrations (P and nitrogen) has been measured since the 1970s (Bonsdorff et al.
1997).

We clearly perceive the threat of eutrophication to the Baltic Sea, which is promoted by
the large area of the Baltic Sea drainage basin, which is around four times larger than the Baltic
Sea itself (Stalnacke et al. 2015). Additionally, the retention time of water in the Baltic Sea is
large because of the small Kattegat that connects the Baltic and the North seas.

Even though the surface waters of north-eastern Germany contribute to the lowest
amount of the overall drainage basin, the area-related export rates of P to the Baltic Sea are
remarkable with roughly 600 t a' (LUNG MV, 2016, personal communication). It has been
estimated that about 75% of the total annual P emissions to the Baltic Sea, originating from the
Mecklenburg-West Pomeranian watersheds, are from diffuse sources (Behrendt & Bachor 1998).
However, it has been observed that P concentrations have increased in north-eastern German
rivers in the last decade, contributing to the Baltic Sea. This has been attributed to the increasing
number of lairages for animal production, as well as to increased cultivation of energy crops that
require elevated P fertilization (LUNG MV, 2016, personal communication).

A strong correlation was found between the concentrations of particulate P and
chlorophyll (Stepanauskas et al. 2002). This confirms the idea of the relevance of particulate and
sediment-bound P, which will be discussed in the next section.

Efforts have been made in Europe to mitigate Baltic Sea eutrophication. The Helsinki
Commission, also known as the Baltic Marine Environment Protection Commission (HELCOM),
not only provides monitoring plans, but also releases concrete action plans for decision-makers
and governments. Its first successes can be observed now. After a long period of eutrophication
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in all parts of the Baltic Sea, some parts showed a trend reversal, and an oligotrophication process,
in the 2010s, and there were even signs of recovery in the Kattegat (Andersen et al. 2017).
However, some parts of the Baltic Sea (Bornholm Basin, Baltic Proper, the Gulf of Riga, and the
Gulf of Finland) still show ongoing eutrophication.

Thus, mitigation strategies to face the impairment of surface waters, and, in particular,
the Baltic Sea, by non-point sources are essential for sustainable agriculture in future (Jarvie et
al. 2013, Kleinman et al. 2015, Sharpley et al. 2015). Possible mitigation strategies have already
been implemented by the Federal Ministry of Environment, Environmental Conservation and
Geology (Ministerium fiir Landwirtschaft, Umwelt und Verbraucherschutz Mecklenburg-
Vorpommern 2011).

1.3.9 Phosphorus transport through soils and tile drains

Although it has been claimed for long that the primary diffuse P pathway to surface
waters from agriculturally used land is surface runoff, there is increasing evidence that marked
amounts of P are transported through subsurface drains, either as dissolved or particulate P. The
importance of subsurface P pathways was already emphasized by Grant et al. (1996), Sims et al.
(1998) and Stamm et al. (1998).
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Figure 1-4: Dissolved P (DP) and particulate P (PP) transport through soils by preferential

flow, matriz flow, macro-pore flow, and surface runoff (Kleinman et al. 2015b).

To reach the tile drains, the particulate P has to bypass the soil matrix, while the
dissolved P can also be transported via the matrix flow (Figure 1-4). The transport of both
dissolved and particulate P was often attributed to preferential flow pathways in the soil (Gachter
et al. 1998, Simard et al. 2000). In a laboratory study, (de Jonge et al. 2004) found that about
75% of the total P was transported by small colloids and nanoparticles (<240nm). The importance
of preferential flow and the occurring drainage events has also been emphasized for a region
within the study site of this thesis. Up to 68% of the overall losses of DRP and TP can be
attributed to event-based flow, which endorses the idea of preferential flow (Tiemeyer et al. 2009).
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However, the dissolved P can, besides being transported by preferential flow, also bypass the soil
matrix to outreach the drainage pipes. Permanent grasslands might be even more vulnerable to
the preferential loss of P due to persistent macro pores that occur after long periods of no-till
management (Simard et al. 2000).

The drainage pathway of P into surface waters has been of considerable interest in the
literature for a long time. Tetzlaff et al. (2009) conducted model studies and found that 69% of
all P inputs to surface waters are discharged through artificial drainage. A similar contribution
of 72% of P being transferred through drainage pipes was observed for both dissolved and
particulate P under different land uses in Canada (Zhang et al. 2015). Increasing concentrations
of dissolved and particulate P with similarly increasing drainage discharge reveal the importance
of the drainage pathways for P loads in rivers. These patterns have been frequently observed
(Gentry et al. 2007, Tiemeyer et al. 2009).

The key factors affecting P transport through drains include soil characteristics
(preferential flow, sorption capacity), drainage design (e.g. tile spacing, tile depth), prevailing
conditions, management (e.g. tillage, cropping system, soil-test P level), and the hydrological and

climatic variables (e.g. baseflow, eventflow, seasonal differences) (King et al. 2015b).

1.3.10 Hvdrological models and their capability for decision-making and
management

Properly utilized, hydrological models are vital tools for a better understanding of
watershed hydrology. There is a variety of comprehensive and elaborate review articles on eco-
hydrological catchment models for different spatial scales (Borah & Bera 2004, Daniel 2011).
However, early applications of hydrological models had a greater interest in process research, for
instance, the impact of climate change on watershed hydrology (Ficklin et al. 2009). Recently,
the focus has shifted to modeling ecosystem services and supporting policy-making (Vigerstol &
Aukema 2011, Francesconi et al. 2016), or best management and land-use practices (Xie et al.
2015). The concept of ecosystem services has recently been of tremendous interest in a broad
range of sectors, including government, NGOs, and the business community (Vigerstol & Aukema
2011). It was highlighted that the variability in the assessment of hydrological ecosystem services
can be explained to a large extent by scoping and the research interest of the studies (Harrison-
Atlas et al. 2016). Hence, there is a future need for proper incorporation of ecosystem services to
eco-hydrological models to support researchers and decision-makers (Francesconi et al. 2016).

In this thesis, we used the Soil and Water Assessment Tool (SWAT) to understand
watershed hydrology and set the fundamental framework for further analysis of DRP and TP
data on different spatial scales. A comprehensive review of applications for the SWAT model was
presented by Gassman et al. (2007). An introduction into the SWAT model and the used routines

in this thesis are given in chapter 2.3 and chapter 3.

1.3.11 The problem of spatial and temporal scales in environmental

science

The validation of the process-based assessment of nutrient leaching is not only based on
the consideration of different spatial scales, but also the water quality evaluation and courses of
decision making. The significance of linking spatial scales and patterns to the development of
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management strategies and the understanding of ecosystems has often been emphasized
(Tiemeyer et al. 2009, Lagzdins et al. 2012, Klaus et al. 2016, Liu et al. 2016).

A recommendation of the concerned spatial scales are (i) the drainage plot scale, (ii) the
drainage field scale, (iii) the small agricultural catchment scale, and (iv) the river scale (Lagzdins
et al. 2012). Scales i to iii have also been addressed in our study site (Tiemeyer et al. 2009, Bauwe
et al. 2015). In the present dissertation, we also addressed scale IV. The consideration of multiple
monitoring stations, from the spring to the estuary mouth, to cover the whole watershed area
and a variety of spatial scales has been underlined (Minaudo et al. 2015).

The major complexity of assessing different spatial scales is determining the boundary
conditions of the considered system. While the constraints are easily perceptible in laboratory
studies, the multitude of processes and independent variables become astoundingly high with an
increasing spatial scale (Figure 1-5).

However, not considering temporal scales in the same stage might pose a challenge since
long-term, intra- and inter-annual variability of P losses might be large, depending on changes in
climate, land use, and management. As stated before, P losses from agricultural land may be
strongly influenced by rainfall. However, rainfall shows a high inter-annual variability. At our
Dummerstorf study site in the Warnow river basin area (see chapter 2.1 and 5), both exceptionally
wet years (Tiemeyer et al. 2009) and exceptional dry ones have been recorded (Nausch et al.
2017). Even the short-term variability may have severe influences on the observed processes of P
transport. High-frequency measurements play an important role in the understanding of short-
term dynamics of P release into surface waters. Bowes et al. (2015) succeeded in assigning P-
transport pathways and within-channel mobilization to events in the hydrograph of a British
river system.

The aforementioned spatial scales will also get attention in this thesis. However, I used a
top-down approach to assess nutrient losses on different spatial and temporal scales, starting at
the watershed scale (> 1000 km?), and moving downwards to the pedon level (<1 m?). The
temporal resolution is addressed less here since the available data for chapter 4 had a low temporal
resolution of a bi- or four-weekly sampling. In chapter 5, we employed a sample density of two

or more samples a week.
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Figure 1-5: The spatial scales of hydrological process research. Increasing spatial scale is
equivalent to a broader range of processes that are involved and more undefined
boundary conditions.

26



2 Material and methods

2.1 The study sites

The Warnow river basin (Figure 2-1) is a north-eastern German lowland watershed that
drains directly into the Baltic Sea. It is located in the federal state of Mecklenburg-West
Pomerania, and has a total area of 3038 km2. The Warnow River is 155 km long from its spring
to the estuary mouth. A water-gate and a dam separate the freshwater part of the river system

from its brackish stream.
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Figure 2-1: The Warnow river basin (Koch et al. 2013) (Chapter 3).

We delineated the Warnow river basin using ESRI ArcGIS 10.3 and the Spatial Analyst
extension. The basin was sub-divided into sub-basins by using nine gauge stations for stream flow
and water quality measurements (NO3, dissolved reactive phosphorus (DRP), and total
phosphorus (TP)). From mouth to spring, the sub-basins are: Lower Warnow (whole watershed
outlet), Koesterbeck, Zarnow (sub-basin for experiments on the field and plot scale (Chapter 5,
6, 7)), Beke, Middle Warnow (Warnow river stream), Nebel, Mildenitz, Brueler Bach, and Upper
Warnow (Warnow river stream). The difference of elevation of the Warnow River from spring to
mouth is 68 m.

From the gauge station Biitzow (Middle Warnow sub-basin) to the whole watershed
outlet, the total difference of elevation is only 0.19 m, with an accordingly low velocity of 0.05 to
0.10 m s? (Kleeberg & Schlungbaum 1993). The loads of nitrogen and phosphorus, dissolved
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organic matter, and particulate organic matter are high since the watershed is mainly
agriculturally used, and it flows through some eutrophic lakes located upstream (Bahnwart et al.
1999). Hence, the observation and assessment of DP and TP concentrations and loads seem
substantial for agricultural management in the watershed.

Legend
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Figure 2-2: The Warnow river basin: a) Digital elevation model (height given in meter, raster

cell size 25 x 25 m) and b) Slope (slope classes given in degrees).

The Warnow river basin is a typical lowland watershed with a broad spatial extent
(Figure 2-1). In contrast, the highland catchments are narrowly shaped. The highest elevation in
the Warnow watershed is 146 m (located in the Lower Warnow sub-basin) with a mean elevation
of 43 m and a standard deviation of 20 m (Figure 2-2). The highest slopes can be found in the
upstream regions and the tributary streams of Brueler Bach and Nebel. In general, the highest
slopes are situated near the stream and form the water gaps, which are very attractive to tourists
and residents. The morphology of a lowland catchment might be important for the assessment of
process-based statistical analysis of stream flow and phosphorus loads, and is discussed in chapter
1.3.5.

The Weichselian ice age has formed the basin and shaped the geology and geomorphology
of Mecklenburg-West Pomerania significantly. The major landform in the Warnow river basin is
the ground marine landscape with elongated belts of end moraines from the north-west to the
south-east of the watershed. Large amounts of peat were formed in the riparian areas of the
Warnow River.
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Figure 2-3: Climate diagrams for three weather stations in the Warnow river basin.

The climate of the Warnow river basin is shaped by a gradient from Atlantic to
continental climate. Warm summers and mild winters are strongly influenced by the slow heating
and cooling of the Baltic Sea, which works as a meteorological buffer. The mean temperature in
the period from 1991 to 2010 was around 13°C with a mean annual precipitation of around 600

mm and a bimodal distribution of precipitation (Figure 2-3).
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Figure 2-4: Land use and land use change in the Warnow river basin. Land use data was
extracted from CORINE land cover data (1990, 2000, and 2006). a) Warnow
river basin with streaming system, gauge stations, and drainage area, b) land use
1990, ¢) land use 2000, d) land use 2006, ¢) land use change 1990 to 2000, f) land
use change 2000 to 2006, g) land use change 1990 to 2006.
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Land use in the Warnow river basin reflects the general distribution of land use in
Northern Germany (Table 2-1). Depending on the considered sub-basin, the major land use is
agricultural with a maximum areal portion of roughly 77% in the Beke sub-basin. However,
agriculture comprises intensive and extensive crop production, animal farming, and pomiculture.
As it is common in rural areas, the proportion of urban areas is small in all sub-basins. Southerly,

the total forest area increases with the largest proportion of coniferous forests.

Table 2-1: Land use distribution in the Warnow river basin and its sub-basins. All values are

given in %.

Brueler Koester- Lower  Middle Upper
L Bek Mildenitz Nebel 7
and Use e Bach beck  Warnow Warnow ildenitz Nebe Warnow oW
Urban Areas  2.87 4.50 3.74 5.90 1.98 2.58 3.85 3.59 4.02

Agricutlure 76.88  56.78 66.34 60.65 48.66 49.42 56.74 61.05 65.42
Meadows 11.87 9.06 20.12 20.65 14.99 10.77 12.53 11.13 22.00

Deciduous
4.06 9.87 5.43 5.35 8.92 477  7.27 5.43 4.47

Forest

Coniferous
1.74 10.40 2.15 5.14 20.84 22.72 12.91 13.08 1.70

Forest

Mixed
1.87 4.78 1.30 1.58 3.04 2.39 2.15 2.96 2.39

Forest
Wetlands  0.29 0.25 0.65 0.13 0.24 0.84 0.19 0.07 0.00
Open Water  0.41 4.38 0.26 0.60 1.33 6.51 4.35 2.69 0.00

Land use has changed markedly in the Warnow river basin in the last two decades (Figure
2-4). However, these changes are statistically not significant. The most severe changes were
recorded for urban areas, with increases up to 62% from 2000 to 2006 in the Koesterbeck sub-
basin. The total agricultural area decreased consistently by 2% for all sub-basins. The changes of
wetlands and forest areas are below 1% in all the investigated sub-basins.

The soils (data provided by the State Office for Environment, Nature Conservation and
Geology of Mecklenburg-West Pomerania, KBK25-Konzeptbodenkarte 1:25,000) in the Warnow
river basin were formed on Weichselian glacial till and boulder clay. Hence, the majority of the
soils are loamy gleysols, cambisols, and luvisols, with maximum areal proportions of about 19%,
46%, and 58% respectively (Table 2-2). As stated in the introductory chapter, the cultivation of
soils with high water capacities requires the installation of subsurface drainage. Less frequent
soils are regosols, technosols, anthrosols, and podsols. However, the northern German lowland
houses considerable areas of histosols. The total area of peat soils is 367 km?, equaling a proportion
of 12.1%. The deviation of the area of histosols in the KBK25 soil map and the area of peatlands
according to the Corine Land Cover map has to be attributed to the fact that many former
wetlands have been artificially drained in the past and are now used as green land and pasture.

Another detailed description of the distribution of soils and land use in the Warnow river

basin is given in chapter 3.
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Table 2-2:  Distribution of soils in the Warnow river basin and its sub-basins. All values are
given in %.
Brueler Koester-  Lower Middle Upper

Soil Type Beke Bach beck Warnow  Warnow Mildenitz Nebel \Varilc))w Zarnow
Anthrosol ~ 0.16 0.00 0.00 0.19 0.00 0.00 0.00 0.00 0.00
Cambisols  13.78 40.77 29.82 20.10 44.23 40.29 31.98 46.22 25.13
Gleysols  19.72 19.63 16.51 13.13 9.60 10.18 18.85 13.40 14.97
Histosols 8.28 10.46 18.98 16.30 15.23 13.57 11.81 12.03 16.77
Luvisols  57.55 23.05 32.96 48.39 28.74 27.61 30.91 24.14 42.96
Open Water 0.51 5.21 0.73 1.11 1.94 7.07  4.82 3.22 0.18
Podsols  0.00 0.00 0.00 0.00 0.00 0.72 0.20 0.00 0.00
iii‘;zzzé 0.00 000 000  0.00 0.00 024 006 000  0.00
Technosols  0.00 0.89 0.99 0.78 0.25 0.33 1.37 0.99 0.00

Figure 2-5:
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The number of sewage works in the Warnow river basin has increased in the last two

decades. Around 80 sewage works can be found in the whole watershed (Figure 2-5).

The second study area is a north-eastern sub-basin of the Warnow river basin (Chapter
5, 6, 7). The Zarnow watershed is the smallest sub-basin and about 38 km? large. We subdivided
the watershed into three smaller spatial scales with a tile drainage field (4.2 ha), a drainage ditch
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watershed (179 ha), and a smaller part of the Zarnow watershed of around 1,550 ha (Figure 2-7).

The sampling stations at the three spatial units are equipped with automated water samplers and

water level loggers (see chapter 5).

2)

b) c)

Figure 2-6:

Impressions from the Warnow river basin: Photographs a-c were taken by the

author, d is from hittp://mapio.net/pic/p-42157442/, e was taken by Angelverein

Oberwarnow, and f comes from wwuw.flussinfo.net. a) The Zarnow brook near

Dummerstorf, b) typical agricultural landscape in the Warnow river basin (near
the city of Gistrow), c¢) an extensively used peatland (grassland) in the Zarnow
sub-basin, d) The Nebel river close to Serrahn, e) the Mildenitz, f) The Warnow
River ca. 2 km south of the brackiah part of the river.
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Figure 2-7:  Map of the several investigated scales in this thesis: a) Warnow river basin with
Zarnow sub-basin, b) the three sub-scales of tile drain, drainage ditch, and brook,

and c¢) a detailed map of the sampling stations of the three considered scales.

2.2 Data gathering

Hydrological modeling often requires large amounts of input data to work properly (Table
2-3). Hence, we acquired an extensive set of input data for the SWAT model and the statistical
models.

The Corine Land Cover data and the maps of soil and drainage distribution are shown in
chapter 3 (Figure 3-3 ¢ and Figure 3-2).

The monitoring network of the State Department of Environment, Nature Conservation,
and Geology of Mecklenburg-West Pomerania (LUNG-MV) consists of 372 measurement points.
The water quality parameters and discharge are measured every two to four weeks by the
employees of the local water and soil organizations of the respective rural districts. Not all
measurement stations derive data of all nutrients (phosphate, nitrate, and ammonium),
chlorophyll-a, and discharge. Macrobenthos and macrophytes are exclusively measured by private
research institutes. However, the nine chosen gauge stations presented in this thesis delivered the

data of DRP, TP, and discharge.
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Table 2-3:  Input data for statistical modeling of phosphorus concentrations and loads, and
modeling using the SWAT model.
T 1 Spatial
Data Obtained from empo'ra b 1a' Data type
resolution resolution
Ti ies of Bi- to four-
HHe SCHes © LUNG MV - o tour Sub-basin Excel sheet
streamflow weekly
Ti ies of DP Bi- to four-
e serle? © LUNG MV - tofout Sub-basin Excel sheet
concentrations weekly
Ti ies of TP Bi- to four-
e Seneé © LUNG MV - o four Sub-basin Excel sheet
concentrations weekly

Times series of
streamflow
2015/2016
Zarnow sub-basin

Times series of
DP and TP
concentrations
2015/2016
Zarnow sub-basin

Land use data

Soil data

Drainage map

River network

map

Digital elevation
model (DEM)

Numbers and TP
export rates of
sewage works

Measured by employees

of the chair of soil

physics and resources

conservation at the

University of Rostock

Measured by employees

of the chair of soil

physics and resources

conservation at the

University of Rostock

CORINE Land Cover

project

BUK200. LUNG MV

Konzeptbodenkarte,

KBK25

LUNG MV

LUNG MV

LVermA MV

Two to four
measurements

per week

Two to four
measurements

per week

Data sets for
1990, 2000
and 2006

Single
measurement
Single
measurement
Single
measurement
Single
measurement
Single
measurement

Annual
(2012/2013)

Tile drainage
field, drainage
ditch and
brook

Tile drainage
field, drainage
ditch and
brook

1:100,000

1:200,000

1:25,000

1:10,000

1:10,000

10 x 10 m

Sub-basin

Excel sheet

Excel sheet

Shape file and
legend
document

Shape file

Shape file

Shape file

Shape file

Raster file

XY points file
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2.3 The SWAT model

The Soil and Water Asessment Tool (SWAT, Arnold et al. 1998) is a physically based
and semi-distributed hydrological model. Its core capabilities are the process-oriented modeling
of water and nutrient balances on agriculturally used mesoscale watersheds. Worldwide, it has
been applied to a multitude of watersheds on a variety of spatial scales. Small-scale investigations
were carried out in the federal state of Schleswig-Holstein in northern Germany (Schmalz et al.
2008, Lam et al. 2010). The calibration of the model has often been in the focus of scientists
(Starks & Moriasi 2009, Bacu et al. 2011, Arnold et al. 2012), and so has been the application
of special hydrological applications, such as the implementation of landscape depressions (Kiesel
et al. 2010), agricultural drainage (Du et al. 2005, Green et al. 2006, Kiesel et al. 2010), and
climate change assessment (Ficklin et al. 2009, Awotwi et al. 2015, ). Numerous tools and modules
have been developed for the SWAT model to increase its performance and scope of work, for
instance, SWAT-CUP, a calibration tool developed at the ETH Ziirich (Abbaspour et al. 2007,
Arnold et al. 2012), an advanced wetland module (Rahman et al. 2016), or a drainage module for
dissolved phosphorus transport (Lu et al. 2016).

A detailed description of the approach of sensitivity analysis, calibration, and validation,
and the model’s application to a tile-drained watershed is given in chapter 3. Although we have
not applied the SWAT model for phosphorus modeling so far, we plan a comprehensive P
modeling approach for the Warnow river basin.
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3 Application of the SWAT model for a tile-drained lowland

catchment in north-eastern Germany on sub-basin scale

Abstract

Tile drainage is a widespread practice in agriculturally dominated lowlands with naturally
high groundwater tables. A realistic estimation of the stream flow composition including tile
drainage is an essential precondition for identifying major flow sources of nutrients. In this study,
the Soil Water Assessment Tool (SWAT) was applied to the partially tile-drained Warnow
catchment in North-Eastern Germany to evaluate the effect of tile drainage systems on stream
flow composition on a sub-basin scale. In addition, model performance was tested after excluding
tile drainages from the calibrated model setup. A sensitivity analysis revealed the highest
sensitivities for parameters concerning evapotranspiration, soil characteristics, and groundwater
flow, with a large variability in sensitivity ranks among the sub-basins. Nash-Suttcliffe-Efficiencies
(NSE) varied strongly among the sub-basins for the tile-drained model setup ranging from 0.22
to 0.81 for the calibration and from -0.81 to 0.66 for the validation period. The percentage of tile
flow varied between 0.3 and 31.9%, and reflected statistically significantly (p<0.05) the spatial
extent of tile-drained areas within the sub-basins. Excluding tile drainages from the model setup
led to a strong decrease in model quality and to a changed stream flow constitution dominated
by groundwater. The results of our study indicate that the SWAT model realistically represented
the actual fractions of tile flow on discharge on the sub-basin scale within the Warnow catchment.
Therefore, we conclude that the incorporation of tile drainage systems is essential to calculate

flow components accurately.

Keywords:  hydrological modeling, artificial drainage, stream flow constitution, subcatchment
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Application of the SWAT model for a tile-drained lowland catchment in NE Germany

3.1 Introduction

Artificial drainage, either as subsurface tile drainage or as surface ditch systems, is a
common practice to improve moisture and aeration conditions of the soil in agriculturally
dominated lowlands with naturally high groundwater tables. According to Werner et al. (1991),
16% of the agricultural land in Germany is tile-drained with substantial consequences for
catchment hydrology and solute leaching. Tile drainage systems lead to a shortened retention
time for soil water and can therefore be important pathways for mobile nutrients, in particular
nitrate (Kladivko et al. 1999, Tomer et al. 2003). It is estimated that 47% of the total nitrate
load in Mecklenburg-West Pomerania, North-Eastern Germany, originates from tile drainage
(Behrendt & Bachor 1998, Tiemeyer et al. 2008). Water from tile drainage systems contributes
to discharge as a fast subsurface flow component (Northcott et al. 2002, Zajicek 2011), while
groundwater is the major source of the slow baseflow component. Surface runoff plays only a
minor role in the stream flow composition of lowland catchments (Gonzales et al. 2009).
Therefore, a realistic estimation of the contribution of the different flow components, including
tile drainage, is an essential precondition for identifying major sources of nutrient loads in lowland
catchments.

Eco-hydrological catchment models are suitable tools to partition the discharge into
individual flow components. Daniel et al. (2011) give an excellent overview of watershed models
and their applications. Several models such as DRAINMOD (Skaggs 1978), MIKE SHE
(Refsgaard & Storm 1995), or the Soil Water Assessment Tool (SWAT) (Arnold et al. 1998) have
implemented algorithms to describe the hydrological processes in tile-drained catchments. The
SWAT model is a popular eco-hydrological watershed model to predict river discharge, sediment,
and chemical yields (Neitsch et al. 2005), and has been successfully applied in many studies
around the globe (Gassman et al. 2007). However, most investigations to predict discharge only
consider the catchment outlet. Santhi et al. (2008) emphasize the need for a spatially distributed
approach to capture the spatial variations in hydrological parameters within the sub-basins. Du
et al. (2005) validated the drainage module of SWAT and stated a solid functionality for discharge
modeling in tile-drained watersheds. Studies applying the SWAT model to lowland catchments
with flat topography in combination with a considerable amount of tile drainages, are rare. Kiesel
et al. (2010) performed a tile drainage case study for a lowland catchment in northern Germany
that showed a significantly improved model performance after the incorporation of tile drainage
into the SWAT model setup. The high impact of the inclusion of tile drainages on stream flow
constitution and water balance has been described by Green et al. (2006).

In the present study, the SWAT model was applied to the Warnow catchment, a tile-
drained, agriculturally dominated, mesoscale lowland watershed in north-eastern Germany. The
objectives were to estimate the proportions of tile flow on total stream flow on a sub-basin scale,
to analyze the effect of the inclusion of tile drainage both on the model performance and on

stream flow constitution, and to identify the parameters controlling the runoff processes.

38



Application of the SWAT model for a tile-drained lowland catchment in NE Germany

3.3 Materials and methods

3.3.1 Study area

The 3,038 km? Warnow catchment is located in north-eastern Germany in the federal
state of Mecklenburg-West Pomerania (Figure 3-1). The river Warnow drains into the Baltic Sea
with an elevation difference of 68 m from the spring to the mouth, and a total length of 155 km.
The highest elevation of the catchment is 146 m a.s.l., while the mean elevation is 42 m a.s.l.
(Figure 3-3 a). The discharge gauge at the catchment’s outlet is situated to the south of the city
of Rostock near the northern boundary of the total catchment.

; J
A Legend
/
B \Whole waterehed outlet
A Gauging stations

——— Streams

D River Warnow Basin
[ subbasins

0 10 20 30 40 km
L 1 | 1 | 1 1 1 J

Figure 3-1: The Warnow catchment including sub-basins.

The climate is mainly Atlantic influenced with a mean annual precipitation sum of
647 mm and a mean annual temperature of 9.1 °C. Land use is dominated by arable land (58%),
forests (21%), and grassland (13%) Figure 3-3 ¢). Less prominent are wetlands (4%), urban
structures (3%), and open water areas (<1%) (DLR 2000). According to the current digital
drainage map, provided by the State Office of Environment, Nature Conservation, and Geology
of Mecklenburg-West Pomerania (LUNG-MV), 11% of the catchment is estimated to be
artificially drained by tile drainage systems (Figure 3-2). Subsurface drainage was mainly
installed under arable land with a naturally high groundwater table. The drainage systems are
usually several decades old, whereby the exact location and the spatial extent have not always
been known. The main soil types are Cambisols (30%), Lessivés (27%), Stagnosolos (17%), and
Gleysols (6%) (Figure 3-3b). Histosols account for 10%, and the percentage of Regosols is
negligible (LUNG 2010). The geomorphology was formed by the glacial movement of the
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European continental ice sheet during the last ice age. As a consequence, the area is dotted with

landscape elements typical for glacial ground and end moraines, such as kettle holes.

3.3.2 SWAT model and modeling approach

The Soil Water Assessment Tool is a physically based, semi-distributed and process-
oriented eco-hydrological model to predict discharge, sediment yield, and nutrient and pesticide
loads under different land use or climate change scenarios (Neitsch et al. 2005). For this study,
we used the SWAT2005 version (Arnold et al. 1998) with the GIS interface ArcSWAT (Olivera
et al. 2006). The hydrological cycle simulated in SWAT includes precipitation (comprising
snowfall), evapotranspiration, discharge, and groundwater recharge. The maximum temporal
resolution is one day. The water balance in SWAT is based on a simple water balance equation
(Neitsch et al. 2005):

t
S“/vt:SWO‘F y (Pdav - qul‘f - ETa, - WSG?D - ng)
i=1

where SW, is the final soil water content (mm), SW,y is the initial soil water content on
day I (mm), tis the time (days), Pa, is the amount of precipitation on day I (mm), Qs is the
amount of surface runoff on day I (mm), ET, is the amount of evapotranspiration on day I (mm),
Wseep 18 the amount of water entering the vadose zone from the soil profile on day I (mm), and
Qqu is the amount of return flow on day I (mm).

Discharge is calculated as the sum of all flow components according to the following

equation:
WYLD=GWQ+LATQ+TILEQ+SURQ

where WYLD is discharge, GWQ is groundwater flow, LATQ is lateral flow, TILEQ is
tile flow, and SURQ is surface runoff. The units are mm.

In SWAT, tile drainage flow occurs when the groundwater table exceeds the depth of the
tile drains. Tile flow is calculated as follows:

hyin — harai
tilewtrzw - (SW-FO)- <l—exp [t

]) if hWtbl > hdrain

drain

where tile,, is the amount of water removed from the soil layer by tile drainage (mm),
hwwi is the water table height above the impermeable layer (mm), Agumis the tile drain height
above the impermeable layer (mm), SW is the water content of the profile on a given day (mm),
FC is the field capacity water content of the profile (mm), and t4um is the time required to drain
the soil to field capacity (hrs). A detailed description of the tile drainage algorithm can be found
in Du et al. (2005). To simulate tile flow, it is necessary to specify the depth from the soil surface
to the drains (DDRAIN), the amount of time required to drain the soil to field capacity
(TDRAIN), the time lag between the water entry to the tile and to the main channel (GDRAIN),
and the depth from the soil surface to the impervious layer (DEP__IMP). In this study, we defined
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the drainage parameters DDRAIN with 800 mm, TDRAIN with 23 hrs, and GDRAIN with
23 hrs. DEP_IMP was set to 2.000 mm.

The minimal spatial object in SWAT is the hydrologic response unit (HRU), which is
defined as a unique intersection of soil type, land use type, and slope class for each sub-basin,
resulting in identical hydrologic properties. Tile drainage was introduced as a fourth component
in order to distinguish drained and non-drained HRUs. To this end, the tile drainage map was
intersected with the soil map. Soils influenced by tile drainage were subsequently marked in the
SWAT-implemented soil database. A similar approach has been described by Kiesel et al. (2010).

3.3.3 Input data

Weather data from four climate and seven precipitation stations across the Warnow
catchment—obtained from the German Weather Service—served as meteorological input
variables. The data included daily values of precipitation, minimum and maximum air
temperature, solar radiation (calculated from sunshine duration), wind speed, and relative
humidity. Depending on the season and the position of the rain gauges, precipitation measurement
errors vary from 10 to 25% in north-eastern Germany. The measured precipitation was thus
corrected by applying corresponding correction factors (Richter 1995). CORINE land cover data
(DLR 2000) with a scale of 1:100,000 formed the basis of land use classification. Land use from
the CORINE land cover data was assigned to the corresponding SWAT plant and land cover
codes. The soil map is twofold with regard to its spatial accuracy. A map with a spatial resolution
of 1:200,000 (LUNG 2010) was available for the northern and the central part of the catchment.
The associated database contained detailed information about physical soil properties for different
soil horizons. A soil map with a resolution of 1:500,000 (LUNG 1995) was used for the very
southern part of the catchment, since the more precise map was still being processed. The
statewide map of tile drainage systems was analyzed for plausibility and eventually integrated
into the SWAT model as described in the previous section. The proportion of tile-drained areas
(Figure 3-2) varied strongly among the sub-basins and ranged from 1.3% (Mildenitz) to 49.0%
(Koesterbeck). The spatial extent of these areas is a source of uncertainty and should be

considered a rough estimation.
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Figure 3-2:  Distribution of tile-drained and non-tile-drained areas within the Warnow river

basin.

A digital elevation model with a 25 x 25 m grid cell resolution (LVA M-V 2000) formed
the basis for delineating the catchment, the sub-basins, and the river network. Nine discharge
gauges, run by the State Office of Agriculture and Environment of Mecklenburg-West Pomerania,
are located within the catchment (Figure 3-1). Based on these gauges, the entire watershed was
divided into nine sub-basins covering areas from 68 km? (Zarnow) to 939 km? (Nebel). Associated

[ uncrained areas
[ ] drained areas

stream flow data from 2002 to 2008 were used to calibrate and validate the model.
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Figure 3-3:  The Warnow river basin with (a) DEM, (b) soil types, and (c) land uses.
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3.3.4 Sensitivity analysis and calibration

Automatic sensitivity analysis was performed for 26 hydrologic related model parameters
for each sub-basin by using the “Latin Hypercube — One-factor-At-a-Time” algorithm
implemented in SWAT. With this method, one parameter is changed within allowable boundaries,
while all other parameters remain invariant. The parameters were ranked by the level of their
effect on the model output for each sub-basin, and the median rank was determined. The most
sensitive parameters were then chosen for further calibration.

The calibration period was defined as the three hydrological years from November 2002
to October 2005, while the validation period was set to the three subsequent hydrological years
from November 2005 to October 2008. The discharge was calibrated on a daily basis separately
for each sub-basin, beginning upstream. The parameterization was executed manually in the first
step and afterwards automatically by applying the parameter solutions (PARASOL) approach
according to van Griensven et al. (2001). We used the Nash-Suttcliffe-Efficiency (NSE, Nash and
Suttcliffe 1970) and the coefficient of determination (R?) to evaluate the goodness-of-fit for the
calibration and the validation period.

Two model runs were performed to test the impact of the inclusion of tile drainages on
the model performance and the flow components. First, the model was calibrated by including
tile drainage. Afterwards, a simulation run was carried out without tile drainage by using the
calibrated parameterization of the tile-drained model setup.

In order to enable a comparison between modeled and observed values at the catchment
outlet, a seven-day running mean of the daily discharge was calculated to minimize the watergate-
and tailback-affected variability in the hydrograph (Figure 3-4).

discharge (m%s)

0 —— | | | \ \ \

2003 2004 2005 2006 2007 2008 2009

Figure 3-4: Daily discharge (gray line) and seven-day running mean discharge (black line) at

the catchment outlet.

43



Application of the SWAT model for a tile-drained lowland catchment in NE Germany

3.4 Results and discussion

3.4.1 Sensitivity analysis

An overview of the results of the sensitivity analysis is given in Figure 3-5 and Table 3-1.

The evaporation parameter ESCO was the most sensitive parameter for five out of nine sub-
basins. This is in accordance with Schmalz and Fohrer (2009), who found in a comparative study
that the parameter ESCO is very sensitive in both lowland and mountainous catchments. The
sensitive baseflow recession coefficient ALPHA_BF had the highest variability among the sub-
basins, which could be attributed to differences in relief energy among the sub-basins. In addition,
the soil physical properties available water capacity (SOL_AWC) and saturated hydraulic
conductivity (SOL_K) were identified to be very sensitive, which indicates that these parameters
influence the vertical flow of water through the unsaturated zone to a large degree. The choice of
an appropriate soil parameter SOL_Z also affected the quality of the model substantially. The
SCS curve number CN2 was found to be very sensitive, as it determines to a large extent the
proportion of surface to subsurface flow. The sensitivity rank for CN2 varied between two and
eight among the sub-basins, whereby it was most sensitive in the hilly Beke sub-basin (Table
-1). Vegetation parameters such as initial leaf area index (BLAI) or maximum canopy storage

(CANMX) were also among the ten most sensitive parameters (6 and 9).

] @*éﬁm_f

Ik
+-D]—--
i
{IH

[}

Sensitivity rank
& o
1 I
EI
D
D
D
i
i
1

20 § E
2 | |
r—-r—rm—— 71— 1— 1T "1 "1/ "1 "1 "1 "1 "1 1T "1 1T T T "1 T "T "T "T "1 "T 1
O N L O o Z 040 X Z ¥X Ww o Zz o X O >0 oz oo z X o
O J o= z 3 2355 )JaX¥XpZz3s03 I35 =353
171 ' O m J g Z & @] o ! o = < @B E F I L <
w 9 < < x F Z O_|I|;QIOUJLUUJI<§U_2§_I
®» I _ 35 = o ®» O3 0 5 Dy S 5 & n F
o 7] 0] 7 5% g )
3 9 = ]
I D = = x
@ GG

Figure 3-5:  Boxz-whisker-plots of the sensitivity analysis for all nine sub-basins. Model

parameters are shown on the x-axis with decreasing sensitivity.

The spatial variability of the parameters’ sensitivity within the Warnow catchment
(Table 3-1) underlined the heterogeneity of the catchment and the need for a spatially distributed
calibration. For example, while the parameter ALPHA BF was most sensitive in the Upper
Warnow sub-basin, this parameter had the sensitivity rank of 17 in the Beke sub-basin. These
differences can be explained by the differences in the topography within the Warnow catchment,
in particular with varying slopes. Despite this variability, sensitivity analysis showed, in general,
that parameters for baseflow and surface runoff as well as parameters affecting percolation and
evapotranspiration played the most important roles in the catchment. In contrast to similar
catchments in northern Germany (Schmalz and Fohrer 2009), the hydrology of north-eastern
German lowlands seems to be more affected by a slightly higher relief energy, which has been
expressed by the high sensitivities of the surface runoff parameters CN2 and SURLAG. These
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parameters become crucial when modeling mountainous watersheds (e.g. Thampi et al. 2010; Xu
et al. 2009; Hérmann et al. 2009).

Table 3-1: Sensitivity ranks of the parameters used for calibration in each sub-basin.

Para- Lower Koester- Middle Brueeler Upper
meter Warnow beck Zarnow  Beke  Nebel Warnow Bach Mildenitz War?f)w
BLAI 7 9 5 6 5 5 9 5 7
CANMX 9 14 9 7 9 9 13 6 9
CN2 6 5 4 2 7 7 6 3 8
ESCO 2 2 1 1 1 1 2 1 3
GWQMN 10 13 7 3 10 10 15 12 15
SOL_K 12 11 1 9 11 11 11 8 10

SOL_Z 1 1 2 4 2 2 1 2
SURLAG 5 7 14 11 6 6 5 10 2

As a result of the sensitivity analysis, excluding the snow pack temperature lag factor
TIMP, the most sensitive parameters ESCO, SOL_7, ALPHA BF, CN2, BLAI, SURLAG,
CANMX, GWQMN, and SOL_K (Table 3-2) were calibrated. RCHRG__DP was included as an
additional parameter. According to Schmalz et al. (2008), this parameter is profoundly sensitive
for lowland catchments. No calibration was carried out for the available water capacity
(SOL_AWC), since data from the soil map could be used.

Table 3-2: Parameters used for calibration.
o Allowable ~ Calibration
Parameter Description Unit
Range Range
ALPHA BF Baseflow recession coefficient 0-1 1 0-1
BLAI Initial leaf area index 0-8 1 04
CANMX Maximum canopy storage 0-100 mm 0-15
CN2 SCS curve number for moisture condition II 35-98 1 + 15%
ESCO Soil evaporation compensation factor 0-1 1 0-1
threshold water level in shallow aquifer for
GWQMN 0-5000 mm 0-1000
baseflow
RCHRG_DP  Deep aquifer percolation coefficient 0-1 1 0-0.5
SOL_K saturated hydraulic conductivity 0-2000 Mm h' + 15%
SOL_7Z Depth from soil surface to bottom of layer 0-2000 mm + 15%
SURLAG Surface runoff lag time 0-24 d 0-12

3.4.2 Model performance

NSE-values for the calibration (0.86) and the validation period (0.66) of the catchment
outlet indicated a good model fit to the observed values (Figure 3-6). During the calibration
period, baseflow was slightly underestimated and peak flows were non-uniformly under- and
overestimated. During the validation period, both baseflow and peak flows were constantly
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overestimated by the model. This led to a less satisfactory NSE-value for the validation period
compared to the calibration period.

The model fit differed considerably among the sub-basins. The NSE-values for the single
sub-basins ranged from 0.22 to 0.86 for the calibration and from -0.82 to 0.77 for the validation
period (Table 3-3), whereby negative NSE-values occurred in the sub-basins Nebel, Upper
Warnow, and Middle Warnow.
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Figure 3-6:  Observed (gray lines) and predicted (black lines) hydrographs of the simulation
period for each sub-basin. The catchment outlet is presented by the Lower Warnow

sub-basin. Note the varying y-axis scaling.
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Table 3-3:  Model fits (NSE and R?) for the calibration period, validation period, and whole
stmulation period for all sub-basins with incorporated tile drains. NSE-quality
according to Xu et al. (2009), modified: *** very good, ** good, * satisfactory,

+ poor, ‘very poor

calibration period validation period  whole simulation period
Sub-basin NSE R? NSE R? NSE R?
Lower Warnow 0.86%** 0.90 0.66** 0.87 0.74%* 0.87
Koesterbeck 0.48* 0.53 0.45* 0.65 0.48%* 0.65
Zarnow 0.34* 0.47 0.02* 0.46 0.15* 0.46
Beke 0.71*%* 0.73 0.49%* 0.64 0.59** 0.64
Nebel 0.26* 0.64 -0.82¢ 0.70 -0.32¢ 0.70
Middle Warnow 0.50** 0.65 -0.31¢ 0.35 0.06™ 0.35
Brueeler Bach 0.55%* 0.74 0.43* 0.80 0.49* 0.80
Mildenitz 0.59** 0.79 0.77%** 0.80 0.71%* 0.80
Upper Warnow 0.22+ 0.72 -0.43¢ 0.77 -0.15¢ 0.77

According to Holvoet et al. (2005), model results can be profoundly influenced by the
degree of detail of the maps used. For example, Romanowicz et al. (2005) emphasized the high
impact of the soil map on the model predictions for an agricultural watershed in Belgium.
Especially the less detailed soil map used in the southern part of the catchment was a source of
uncertainty in our study. Nevertheless, other studies reported that the impact of the spatial
aggregation of the soil map is limited, compared to land use and DEM data (Di Luzio et al. 2005).
Backwater effects within a catchment can be a fundamental problem in hydrologic modeling. At
different points inside the Warnow catchment, dams and weirs were constructed to regulate
discharge. The eco-hydrological SWAT model is not designed to model these hydrodynamic
conditions, which may have caused dissatisfactory model results for some sub-basins. Zhang et
al. (2008) reported that the model prediction can significantly decrease when applying the same
parameterization for each sub-basin in multi-gauged catchments. Following this finding and
taking into account the heterogeneity of the Warnow catchment in terms of soil, land use, slope,
and tile drainage, we calibrated each sub-basin separately. Kumar and Merwade (2009) showed,
despite this approach, that model results can differ markedly among the sub-basins. The slightly
inferior validation results compared with the validation results in our study could be attributed
to the wetter weather conditions during the validation period, with an average annual
precipitation sum of 735.4 mm compared to 623.3 mm for the calibration period (see also Shrestha
et al. 2010).

3.3.3 Impact of tile drainage on the model performance

The effect of incorporating tile drainage into the SWAT model was tested by excluding
the tile drainages from the calibrated model setup (Figure 3-7). Eliminating the tile drainages

led to reduced and constantly underestimated discharge rates in almost all sub-basins.
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Figure 3-7:  Daily modeled vs. observed discharge, and model fits for the tile-drained (black
crosses, black dashed line) and non-tile-drained (gray crosses, gray solid line) model
runs covering the complete simulation period. The black solid line shows the best
potential model fit (R* = 1).
Tile drainages act as a fast interflow component and shorten the retention time of soil

water with increased flow rates when the groundwater table exceeds the depth of the drainage

pipes. Increased discharge rates due to the consideration of tile drainage systems were also

simulated by Green et al. (2006), who emphasized the importance of including tile flow in water

yield calculations for tile-drained affected catchments. Regression lines in Figure 3-7 indicate that

the inclusion of tile drainages substantially enhanced the model performance. This is in

accordance with Kiesel et al. (2010), who reported a strongly improved model performance after

including tile drainages into a calibrated model setup. A closer inspection of our data revealed

that the impact of tile drainages on the model quality was variable among the sub-basins. For

example, while the model quality increased dramatically through the incorporation of tile
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drainages in the Upper Warnow sub-basin, almost no alteration was observed in the Brueeler
Bach sub-basin.

The percentage of tile flow varied between 0.3% and 31.9% and mirrored the spatial
extent of tile-drained areas within the sub-basins (Figure 3-8). Sub-basins with a high proportion
of tile-drained areas had, in general, higher tile flow rates than sub-basins with lower proportions
of tile-drained areas. This relationship was statistically significant both for the calibration
(p<0.05) and the validation period (p<0.01).
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Figure 3-8:  Tile flow (TILEQ) as a function of the tile-drained area per sub-basin covering the
calibration (4, solid line shows linear trend, r* = 0.65) and the validation period
(+, dashed line shows linear trend, r® = 0.76). The Koesterbeck sub-basin as an

outlier was not taken into account for the regression model.

For the tile-drained model run, the fraction of surface runoff contributing to stream flow
ranged from 1.5% to 24.4%, whereby higher fractions were calculated in the validation period.
This could be attributed to higher amounts of precipitation during this time span. For the non-
tile-drained model run, surface runoff was negligibly small in all sub-basins (<0.35%), and thus
distinctly lower than in the model run with tile drainage, which is in contrast to Green et al.
(2006), who calculated higher surface runoff fractions without the incorporation of tile drainage
systems.

Results indicate that the presence of tile drains increased the model quality dramatically.
The tile flow fraction was strongly dependent on the input data concerning the tile-drained areas
(Figure 3-8). Adequate drainage maps are, therefore, essential to cover tile flow realistically.
Current investigations with GIS-based probability approaches (Mehl et al. 2010) may lead to
more exact drainage maps and, consequently, to improved model results in the near future.

3.4 Conclusions

In this study, we used the SWAT model to analyze the effect of tile drainages on stream
flow constitution and on the model performance on a subcatchment scale for a partially tile-
drained lowland catchment in north-eastern Germany. Sensitivity analysis showed that the
hydrological processes in the Warnow catchment are controlled by parameters affecting baseflow,
percolation, and evapotranspiration. Because of the partially hilly landscape structure,
parameters that control surface runoff also played an important role. The results of our study
indicate that the SWAT model was capable of representing the actual fractions of tile flow on
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discharge more or less accurately in the Warnow catchment. Differences on the sub-basin scale
were visible, and the performance of the model was variable among the sub-basins. The proportion
of tile flow on total stream flow was strongly dependent on the extent of tile-drained areas within
the sub-basins. The exclusion of tile drainages from the model setup led to a completely changed
stream flow constitution. Therefore, the conclusion can be drawn that incorporating tile drainage
systems into the model setup is essential to calculate flow components realistically in the relevant
catchments. The quality of the SWAT model was substantially lower when eliminating the tile
drains from the calibrated model setup. This result underlines the enormous influence that the
inclusion of tile drainages may have on modeling results.

A significant step forward in modeling the hydrology of tile-drained catchments would be
the generation of more accurate maps to identify tile-drained areas as exactly as possible. Future
research will focus on the identification of the most important flow paths for solutes, in particular
nitrate, in tile-drained catchments, to derive appropriate management strategies with the aim of

reducing the risk of eutrophication of surface water bodies.
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4 Long-term phosphorus dynamics in an agricultural watershed

in North-Eastern Germany
Abstract

We analyzed a 21l-year data set (1990-2010) of dissolved reactive (DRP) and total
phosphorus (TP) concentrations in surface waters of an agricultural used watershed
(> 3,000 km?) in North-Eastern Germany aiming at identifying dominant P-pathways in
artificially drained lowland landscapes.

Phosphorus concentrations were only moderate spatially variable. Mean annual DRP and
TP loads ranged from 0.0440.01 to 0.15£0.05 and 0.1240.05 to 0.2740.06 kg ha™ a’! respectively.
We detected significant negative temporal trends in the first investigated decade, which are most
likely related to installed sewage plants. DRP concentrations decreased with increasing discharge
whereas TP concentrations tend to increase at higher discharge rates. We assume that the soluble
P fraction in surface waters is diluted by less P-laden groundwater, whereas TP dynamics reflect
artificial drainage and internal erosion effects. Future work should concentrate on high P export
rates during storm events and the role of artificial drainage systems in particulate P-transport.

Keywords: catchment hydrology; dissolved and particulate phosphorus, eutrophication;
monitoring; sub-basin scale
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4.1 Introduction

Eutrophication of surface waters was and still is a major environmental concern and
agriculture is often the dominant diffuse source of phosphorus (P) (Sharpley et al. 2013). A
successful cultivation of crops as well as the preservation of soil fertility is, however, bound to a
sustainable nutrient management, including the use of mineral and organic fertilizers (Cordell et
al. 2009). Although the application of mineral P fertilizer can be realized with satisfying precision,
the application of manure remains challenging regarding application rates and application
technique (Nkebiwe et al. 2016). In this context, the risk of high P mobilization rates for manure-
amended soils needs special attention (Dodd & Sharpley 2015)

The enrichment of P in surface waters following leaching from arable soils generally leads
to an increased growth rate of algae and inferential consumption of oxygen (Carpenter 2005).
The reduction of point and non-point sources of P is therefore a priority for future land use
(Daniel et al. 1998).

The European Water Framework Directive (Directive 2000/60/EC) commits European
Union member states to achieve a good qualitative status of all surface water bodies. Although,
eutrophication is a general concern in Europe, the Baltic Sea is, in particular, threatened by
eutrophication through its geographical situation. The total area of the Baltic Sea drainage basin
is about 1,745,000 km?, which is approximately four times larger than the Baltic Sea itself
(Stalnacke et al. 2015)

Long-term observations of the concentrations of P and other nutrients (e.g. nitrogen) and
contaminants (e.g. heavy metals) in the surface water bodies are a valuable source for the
evaluation of the development of riverine ecology and water quality. Data from land use and
fertilizer management, from soils (soil types and tillage) and drainage systems should be recorded
to evaluate the development of water quality over time and to improve the understanding of
interactions between agriculture and other human activities on water quality on basin and sub-
basin scale.

Kronvang et al. (2007) analyzed multiple European rivers different in catchment scale
(from <30 km? to >50,000 km?) and highlighted the relevance of diffuse sources for the pollution
of rivers. However, we noticed a substantial under-representation of lowland watersheds.

Under the different pathways of P transport from agricultural fields to rivers and streams,
the relevance of erosion and the surface runoff of dissolved and particulate P transport have been
widely documented (Sharpley et al. 1994; Carpenter 2005). There is also increasing evidence that
particle facilitated P transport through the soil profile and the subsequent release to surface water
bodies by tile drainage systems may be important (Outram et al. 2014; Zimmer et al. 2016).

A differentiation between transport mechanisms and pathways of dissolved reactive
phosphorus (DRP) and total phosphorus (TP) seems indicated. Bowes et al. (2005) as well as
Zimmer et al. (2016) highlighted the importance of storm events for the release of TP in lowland
catchments and through subsurface drainage. In this context, Grant et al. (1996) emphasized the
importance of a high frequency sampling strategy during storm events for a realistic estimation
of annual P loads via tile drainage.

The aim of this study was to evaluate the temporal trends of the P concentrations and
the P loads exported to surface water bodies in an agricultural lowland watershed with

considerable extent of artificial drainage in North-Eastern Germany (1990-2010) and to detect
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the regional drivers and pathways of P losses using multiple linear regression and non-linear

regression models.

4.2 Material and methods

4.4.1 Study site
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Figure 4-1: The Warnow river basin and its sub-basins (a) and maps with b) soil types (data

provided by LUNG MV), ¢) estimated areas of artificial drainage (data provided by
LUNG MV), d) land use based on Corine Land Cover 2006 data (CLC 2006), and e)
sewage works and their annual loss of TP in the year 2012 (data provided by LUNG
MYV, no other data available).

The Warnow river basin (3,028 km?) is located in the federal state of Mecklenburg-West
Pomerania in North-Eastern Germany (Figure 4-1) and consists of nine sub-basins (Table 4-1).
The climate is atlantic influenced with a mean annual precipitation of 636 mm and a mean annual
temperature of 10.4°C (1990-2010). The basin is characterized by gentle slopes with a maximum
elevation of 146 m. The land use of the Warnow river basin is dominated by agriculture (71% of
the total area). Further uses are forests, wetlands, open water areas, and artificial surfaces (e.g.
settlements and impervious layers, Table 4-1). The land use distribution changed within the last
20 years by a reduction of arable land and an increase of the portion of sealed surfaces. About
42% of the watershed area is artificially drained by subsurface drainage systems or drainage
ditches. Approximately 100 sewage works of varying sizes are located in the watershed (Figure
4-1e).
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Soil types are dominated by cambisols, lessivés, gley soils and stagnosols. A comprehensive
characterization of land use and soil composition of the Warnow river basin is given by Koch et
al. (2013) (see chapter 3).

The Warnow River (143 km length) discharges into the Baltic Sea. The mean discharge
was 16.73 m? s! in the period from 1990 to 2010. The elevation difference from spring to the
mouth is 68 m. A watergate and a dam at the Warnow River gauge station “Rostock” strongly

influence the discharge measurements at this point (sub-basin Upper Warnow).

4.4.2 Data collection

The study is based on a set of daily stream flow and biweekly phosphorus concentration
data of dissolved (DRP) and total phosphorus (TP) of the Warnow river basin (Mecklenburg-
West Pomerania), provided by the State Office of Environment, Nature Conservation, and
Geology of Mecklenburg-West Pomerania (LUNG-MV). The data set originates from 141 gauge
stations within the Warnow river basin with nine sub-basins (Figure 4-1) for the period from
1990 to 2010. The onset and the temporal resolution of the concentration measurements varied
depending on the gauging station and the tributary river system. The total number of samples
for the study period was 3,674 and 2,948 for DRP and TP, respectively, over the entire study
period.

Water levels were recorded on a daily basis by using pressure sensors. Discharge was
measured by ultrasonic flow measurement devices once a month to generate daily stream flow
data based on seasonal rating curves. Water sampling was performed manually once a month or
biweekly by employees of the LUNG-MV. All water samples were analyzed for DRP and TP
without freezing immediately after sample collection. Dissolved reactive phosphorus was
determined of the filtered samples (<0.45 pm) colorimetrically with a flow injection analyzer
according to DIN EN ISO (2005). Total phosphorus (TP) was determined using unfiltered samples
after alkaline digestion colorimetrically (Ganimede-P-Analysator) according to DIN EN ISO
(2004).

Meteorological data were provided by the German Weather Service (DWD) with daily
resolution of precipitation and air temperature for seven stations within the Warnow river basin.
Land use data were obtained from the Corine land cover (CLR 2006) with a resolution of
1:100,000 and grouped land use classes of agricultural areas (arable land and grassland), artificial
areas (urban and sealed areas), forests (including heathland), wetlands and open water (i. e.
lakes). Additional data include the number and the coordinates of sewage works (Ounline server,
Government of Mecklenburg-West Pomerania) and the tile-drainage maps (LUNG MV, 2010).

The delineation of the watershed was achieved using the Spatial analyst extension for
ESRI ArcGIS 10.3. Additional input data comprised the streaming network and a digital elevation
model with a resolution of 5 x 5 m (LVermA MYV, 2008). The sub-basins were delineated by the

position of the measurement stations for stream flow and P concentrations.
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4.4.3 Statistical analyses

As presented by Baker et al. (2004) and used for phosphorus modeling by Ulén et al.
(2016), we calculated the Richard-Baker-Flashiness Index (R-B flashiness index) for each year
(1990-2010) by using the following equation:

R-B Index=2-L%4"%) (1)
Xic1 k

, where q is the discharge at a given time step. According to Baker et al. (2004) the
flashiness index reflects frequency and rapidity of short term changes in stream flow in a defined
period of time.

We used a simple baseflow segmentation to subdivide stream flow data into a fast and
slow component presuming that the fast stream flow signal is generated by tile-drainage discharge.
The baseflow component of the stream flow data was calculated according to
Nathan and McMahon (1990):

qd(i) :O(qd(i-l) +0 (1+O() (qr(i)‘Q) (2)

, where qq is the quickflow part of the stream flow which is subject to qq20 for the time I
in days, q, is the total flow (baseflow + quickflow) and o and B are flow coefficients.

We used Mann-Kendall seasonal trend tests (Hirsch et al. 1982) as insensitive to the
existence of seasonality with monthly medians of P concentrations. Mann-Kendall trend tests
were used to test the annual P loads for temporal trends and were performed for the overall
dataset.

Non-linear models were used for the characterization of relationships between stream flow
and concentrations of DRP and TP. We used long-term weekly means of discharge and
corresponding long-term means of DRP and TP concentrations for the study period 1990-2010.
Models of the form y =a+ b /x®> for DRP concentrations and models of the form
y=1/a+ bx+ cx?and y = a + bx (simple linear model) for TP concentrations were chosen.

Annual loads of DRP and TP were calculated by a bootstrapping approach. We calculated
the integral for the P concentration curves for each year. This estimation was repeated 100 times
by randomly leaving two measurements out. The mean of the individual estimations per year was
taken as the annual P load. We fitted simple polynomial models of the form y = ax? + bx + ¢
to the P-discharge-relationships. A stepwise multiple linear regression approach was employed to
model annual DRP and TP loads. Parameters used for the regression analysis were annual
precipitation, annual discharge, annual baseflow, annual peak flow and annual R-B flashiness
index, and the number of days on which precipitation exceeded 0, 10, 15 and 20 mm, respectively.

The non-linear models of P concentrations and the linear regression models of P loads
were evaluated by the coefficient of determination of measured and predicted values of P
concentrations and annual P loads, respectively.

Prior linear and non-linear modeling we smoothed the hydrograph at the watershed outlet
with a 10-day moving average to minimize the effects of the dam and watergate. All statistical

analyses were conducted employing the statistical software package R (R Core Team 2015).
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4.5 Results

4.5.1 Dynamics and trends of discharge, phosphorus concentrations and
phosphorus loads

The mean stream flow of the investigated tributaries varied strongly from 0.2 m? s to
16.7 m? s depending significantly on the sub-basin area (R? = 0.99, p<0.001, linear regression;
Table 4-1). The concentrations of DRP and TP were in the same order of magnitude across all
sub-basins with a mean concentration of 70 ng I* DRP and 132 pg I* TP over the study period,
respectively. Solely the Zarnow sub-basin showed articulately higher mean concentrations of DRP
and TP of 132 pg ' and 184 pg I, respectively. The concentrations of DRP and TP range
between 3 and 1,458 ng It and 13 and 2,040 pg 1'%, respectively

The Richards-Baker flashiness index of stream flow varied strongly across all investigated
sub-basins. However, with the exception for the watershed outlet (R? = 0.24, p<0.05, linear
regression model) we found no significant relationships between annual Richards-Baker flashiness
index and the annual runoff in mm for all sub-basins.

Significant negative temporal trends for DRP were observed in seven sub-basins according
to a Mann-Kendall seasonal trend test. The trend for the Beke sub-basin had a level of significance
of p<0.1 whilst the sub-basins Nebel, Mildenitz, Brueler Bach, Upper Warnow, Middle Warnow
and Lower Warnow showed trends with levels of significances of p<0.05. In six sub-basins (Nebel,
Mildenitz, Brueler Bach, Upper Warnow, Middle Warnow and Lower Warnow) we found
significant temporal trends for the entire data set (1990-2010) with levels of significances of at
least p<0.05 for both TP and DRP.

DRP concentrations exhibited a strong seasonal pattern over the entire study period
(Figure 4-2), independent from the year and the sub-basin. The highest concentrations of DRP
were recorded in the summer and autumn months (weeks 25-45), whereas the concentrations in
winter and spring were the lowest (weeks 46-24). The patterns of TP were ambiguous and less
distinct compared to DRP with discontinuous regional peaks over time. With the exception of
two sub-basins (Zarnow, Mildenitz), the differences of seasonal minima and maxima were lower
for TP than for DRP.
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Figure 4-2: Seasonal patterns of weekly means of P concentrations for the entire study period
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We fitted a non-linear model in the form of y = a + b / x2 to long term weekly means of
stream flow and DRP concentrations. Although the quality of the model fits varied strongly
among the nine sub-basins, the patterns were similar for all monitoring stations (Figure 4-3) with
a marked decrease of DRP concentrations with increasing discharge.

The non-linear model was also taken for the TP concentration-discharge relationships.
The model optimization revealed a satisfactory strength of the relationships; only for the
Koesterbeck, the Zarnow and the Beke sub-basins a reciprocal quadratic (y =1 / a + bx + cx2,
Koesterbeck and Zarnow) and a linear model (y = a + bx, Beke) gave better optimization results.
These three sub-basins were those with the highest portion of artificial drainage (Table 4-1).

However, we clearly saw the tendency of TP to increase at high discharge events.
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Figure 4-3:  Mean concentrations of dissolved (DRP) and total phosphorus (TP) in all sub-basins of
the Warnow river basin. The dashed line displays the non-linear models of the form
y=a + b / x* with the exceplion of the Koesterbeck (grey dashed line:
y=1/a+ br + cz?) and the Beke sub-basin (grey dashed line: y = a + bz). Black
points and black dashed line represent dissolved P concentrations. Grey points and

dashed line represent total P concentrations. Nolice the differing y-axis.
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The loads of DRP and TP varied strongly across all sub-basins and resulted in mean
annual loads of 30,380 kg DRP and 82,026 kg TP at the Warnow river basin outlet equaling 0.10
and 0.27 kg ha! a! DRP and TP, respectively, for the period from 1990 to 1999 (Table 4-2). The
loads for the period 2000 to 2010 were 21,266 kg DRP and 51,646 kg TP corresponding to 0.07
and 0.17 kg ha! at DRP and TP, respectively.

Table 4-2:  Mean annual loads and standard deviation (SD) in kg ha' a' of DRP and TP for the
periods 1990-1999 and 2000-2010 (missing values are caused by missing discharge
measurements in the Middle Warnow and Nebel sub-basins).

Sub-basin 1990-1999 period 2000-2010 period
DRP SD TP SD DRP SD TP SD

Lower Warnow 0.10 0.02 0.27 0.06 0.07 0.02 0.17 0.05
Koesterbeck 0.15 0.06 0.22 0.07 0.08 0.03 0.19 0.08
Zarnow 0.14 0.06 0.27 0.11 0.06 0.03 0.14 0.07
Beke 0.07 0.01 0.20 0.07 0.07 0.01 0.19 0.08
Middle Warnow no data no data no data mno data  0.07 0.02 0.15 0.05
Nebel no data no data no data no data  0.04 0.01 0.12 0.05
Mildenitz 0.10 0.02 0.25 0.03 0.05 0.01 0.14 0.03
Brueler Bach 0.11 0.03 0.22 0.08 0.09 0.03 0.23 0.07
Upper Warnow 0.09 0.01 0.15 0.05 0.09 0.01 0.18 0.03
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4.5.2 Modeling annual phosphorus loads
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Figure 4-4: Modelled vs. measured annual phosphorus DRP loads in all sub-basins of the Warnow
River watershed. The dashed grey line shows a perfect model fit of r°=1. Values left of
the perfect model fit overestimale, while those on the right underestimate the real
(measured) situation. The figure shows modeling results for the 2000-2010 data set.
Notice the differing y-axis.

The stepwise multiple linear regression of DRP (Figure 4-4) and TP (Figure 4-5) loads
produced simple linear models with shifting parameters for each sub-basin (Table 4-3). Regression
analysis was conducted with the overall data set from 1990 to 2010 (data not shown) and
additionally with a truncated data set from 2000 to 2010.

The model quality varied clearly across sub-basins for the data set 1990-2010 for DRP.
We could not find any independent driver of P loads at the river basin outlet (Lower Warnow)
and the Beke sub-basin yielding statistically significant relationships between measured and
modelled values (Table 4-3). Baseflow was a significant predictor in five sub-basins. However,
there was at least one sub-basin (Nebel) with Richards-Baker flashiness index, Number of rainfall
days in a given year as significant variables. Quickflow was the significant driving force for P

export in two sub-basins (Zarnow, Nebel).
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Modelled vs. predicted annual phosphorus TP loads in all sub-basins of the Warnow

river basin. The dashed grey line show a perfect model fit of r*=1. Values left of the

perfect fit model are overestimated while those on the right are underestimated. The

figure shows the modeling results for the 2000-2010 data. Notice the differing y-axis.

The linear models for the period 2000-2010 showed a distinct increase of predictive power.

All sub-basins achieved a satisfactory model quality with coefficients of determination higher
than 0.5 (Table 4-1). For three sub-basins (Middle Warnow, Brueler Bach, Upper Warnow) the
model parameters did not change for the shortened data set. Baseflow was the single predictive
variable for five sub-basins considering the truncated data-set (2000-2010). Richards-Baker
flashiness index had a high predictive power for the Beke and the Mildenitz sub-basins. Quickflow

and the Number of days exceeding a precipitation of 15 mm showed predictive power for at least

one sub-basin (Mildenitz).
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Table 4-3: Results of the stepwise multiple linear regression models of DRP and TP loads showing
sub-basins, the parameters used for the regression model and their respective level of
significance for the reduced data set (2000-2010). Levels of significance are *** 0.001,
**0.01, *0.05, . 0.1

Parameters used for multiple Parameters used for multiple
sub-basin regression of DRP R?  regression of TP R?
(2000-2010) (2000-2010)
Lower Warnow Baseflow (***) 0.69 Quickflow (**), RB-Index 0.84
Koesterbeck Baseflow 0.77 Quickflow (***), RB-Index (**) 0.82
Zarnow Quickflow (**) 0.88 Quickflow (**) 0.98
Quickflow (***), No of days with
Beke RB-Index (***) 0.81 P > 15mm (%) 0.96
ickflow (F%*
Middle Warnow Baseflow (**) 0.94 I(i]l;ﬁn dzz ((* . *;7 0.93
Nebel No significant parameters found - Baseflow (***) 0.96
Mildenitz RB-Index (**), No of days with 0.70 RB-Index (*), No of days with P 0.58
P > 15mm (.) > 15mm (.)
Brueler Bach Baseflow (***) 0.76 Baseflow (***), RB-Index (.) 0.99
Upper Warnow Baseflow (***) 0.93 No significant parameters -

The linear models for the data set 1990-2010 tended to underestimate the annual P loads
(graphs not shown). Annual P loads could be much better described if applying a multiple linear
regression model to the data set 2000-2010.

The models derived for TP indicated a higher impact of the fast flow components of
stream flow (Table 4-1). Quickflow was a significant predictor for four sub-basins. Likewise,
Richards-Baker-flashines-index, precipitation and the Number of days with precipitation
exceeding 20 mm were significant predictors in the linear models. However, baseflow was a valid
predictor for four sub-basins.

The quality of the TP models increased significantly if the data set 2000-2010 was
considered. The fast flow component was an important driver for five sub-basins, the baseflow,

in opposite, was a significant predictor in only two sub-basins.
4.6 Discussion

4.6.1 Dynamics of discharge, phosphorus concentrations and phosphorus
loads

The mean DRP and TP concentrations ranged from 60 to 132 and 114 to 184 pg I
respectively. The German Lénderarbeitsgemeinschaft Wasser (1998) demand concentrations for
DRP and TP of lower than 150 pgl' and 100 pg 1! respectively. In total, 796 and 791
measurements of DRP and TP respectively, are higher than these target values. However, with
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consideration of the observed downward trends in DRP and TP concentrations, the recent
concentrations of DRP and TP fulfill the requirements of a “good” quality status below the afore
mentioned target values.

The observed low DRP and TP concentrations presented here are in accordance with
findings from other agricultural watersheds in Europe. Kronvang et al. (2007) analyzed a large
data set from European catchments and found DRP concentrations ranging from 10 pg I to 140
pg I't. Long term observations of phosphorus concentrations in the agricultural Loire River
watershed in France show slightly higher concentrations for DRP of around 150 pg I'* in the
2000’s (Minaudo et al. 2015). Mellander et al. (2015) measured a mean DRP concentration of 25
pg It in surface water from arable land in Ireland. In a Polish river, used as a source for drinking
water, mean DRP concentrations of 144 pg I'! were found (Dabrowska et al. 2016). The one-year
mean from high-frequency measurements in an English river basin showed DRP concentrations
of 178 ng It (Bowes et al. 2015). Another study by Bowes et al. (2009) reports DRP
concentrations of 140 pg 1! from the 1970’s to 2000 and 88 pg 1! from 2002 to 2005.

TP concentrations of numerous European catchments representing a variety of spatial
scales ranged from 30 pg I to 680 pg I'' (Kronvang et al. 2007). The TP concentrations shown
by Mellander et al. (2015) were on average 61 pg I'! in surface water bodies of an arable watershed.
Elevated TP concentrations of 206 pg It were presented by Bowes et al. (2015) for an English
watershed. Mean TP concentrations of 36 pg It to 200 pg 1! for well drained arable catchments
in Ireland were measured by Jordan et al. (2012). Although there is some serious spatial variation
in the DRP and TP concentrations across European rivers, the concentrations are in the same
order of magnitude and reflect the effort to reduce P leaching from agricultural land and waste
water alike.

Although the DRP and TP concentrations in the Warnow river basin seem to be generally
low, the total loads draining into the Baltic Sea are still considerable with roughly 30,000 and
70,000 kg DRP and TP annually (0.09 and 0.22 and kg ha a') respectively. In accordance to our
results, annual loads of 0.08 to 0.23 kg ha' a! (DRP) and 0.13 to 0.62 kg ha' a! (TP) coming
from an arable catchment were found in an Irish watershed (Mellander et al. 2015). Another
study from Ireland estimated a range from 0.18 to 0.79 kg ha! a™* of TP loads in arable watersheds
(Jordan et al. 2012). The TP loads determined in Finnish catchments were twice as high and
varied between 0.28 and 0.34 kg ha' a! (Ekholm et al. 2015). Data from the United States and
Europe showed TP loads for arable land in a remarkable range from 0.06 to 2.90 kg ha'! a™!
(Johnes et al. 1996). Although the comparison of P losses from different watersheds is challenging
because of differences in land use, soil pedogenesis, climate and other variables, it allows an
insight in the variability of P losses to surface waters in general. The investigation of different
surface waters shows that the annual P loads might be substantial even with low mean riverine
concentrations and may pose a threat to the receiving seas. It has to be taken into account that
uncertainty remains in the estimation of annual P loads, because of the often low temporal
resolution of concentration measurements and a possible under-representation of hot moments of
P export.

In the Warnow river basin we found significant decreasing temporal trends for DRP and
TP, although these trends become blurred with the beginning of the 21** century. In the Darf-
Zingst-Bodden-Chain, a brackish bay of the Baltic Sea situated approximately 30 to 70 km east
of the Warnow river basin, the loads of tributary streams decreased markedly in the 1990’s
whereas until the 1980’s the inputs of anthropogenic P increased constantly (Selig et al. 2006).
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Decreasing trends in TP were likewise reported from 20 Finnish watersheds and attributed to the
decrease in grassland area (Ekholm et al. 2015). Downward trends of DRP concentrations were
also found in the French Loire watershed and were assigned to improved P control in sewage
treatment works (Minaudo et al. 2015). Long-term data from various catchments draining into
the Baltic Sea showed that even with severe changes in land use, atmospheric deposition and
waste water treatment, the loads of phosphorus remained almost constant from the 1980’s to the
mid 1990’s (Stalnacke et al. 1998). Hence, the reasons for upward or downward temporal trends
strongly depend on catchment properties and anthropogenic activities.

The reasons for the widely observed negative temporal trends of DRP and TP loadings
are various. The P-inputs per capita in the crop production sector constantly decreased since
1980 in the EU-27 countries which might be explanatory for decreasing TP and DRP trends in

agricultural watersheds in Europe in general (van Dijk et al. 2016).
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Figure 4-6: Relationship of mean annual loads of a) DRP and b) TP to the total number of
sewage works in the according sub-basins.

Our data reveal that the number and quality of sewage plants may be the reason for
reduced stream flow DRP and TP concentrations which is confirmed by the literature (Bowes et
al. 2009). In Germany, roughly 95% of all inhabitants are connected to a state-of-the-art waste
water treatment (Ott and Rechberger 2012). This, in particular, explains the downward trend in
P concentrations of receiving waters. We found a marked relationship between DRP (1990-1999)
as well as DRP and TP (2000-2010) and the number of sewage works (Figure 4-6). In the years
2012 and 2013 the portion of TP originating from sewage works was 26% and 18%, respectively,
which equals a TP load of approximately 9,000 kg a'. Thus, 74% and 82% of the TP load that
were released to the Baltic Sea originated from diffuse sources.

Phosphorus in stream flow may originate from: (1) Bank erosion and suspended sediment.
The net P input from bank erosion equaled 17% to 29% in a Danish watershed (Kronvang et al.
2015). This observation fits quite well to our unexplained diffuse source P; we assume that TP
leaching from surface runoff and overland flow is negligible in lowland watersheds. (2) Leaching
of P-laden sediment originating from internal soil erosion through tile drains. Losses of TP
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through tile lines have been studied earlier and can predominantly be attributed to preferential
flow processes (Outram et al. 2014).

Low concentrations of TP can also be attributed to lakes which may operate as
sedimentation traps (Arnheimer & Liden 2000). In the Warnow river basin, only the Nebel River
traverses a lake (Lake Krakow) and has slightly lower TP concentrations compared to other sub-
basins which might support the hypothesis. Missing information on in- and outflow P
concentrations for Lake Krakow hinders a more in-depth analysis.

The relationship of discharge to DRP and TP concentrations—with high concentrations
of DRP and TP at low discharge and low DRP and TP concentrations at high discharge, with
TP tending to increase at peak discharge in some sub-basins—confirms earlier findings. A
relationship between DRP and river discharge was found from high resolution measurements in
Britain with maximum of not flow-related DRP release in summer months and clearly flow-
related DRP export in winter and spring (Bowes et al. 2015). An analogical relationship was also
found for a French catchment (Thomas et al. 2016). Discharge-phosphorus relationships may
show a variety of functions in different catchments and different landscapes settings (Kronvang
et al. 2007). DRP concentrations are seemingly diluted at high rates of discharge. Increasing TP
concentrations at high flow rates in the Thames watershed in Great Britain were presented by
Bowes et al. (2014). The authors attribute their findings to a rainfall related source of phosphorus
and to a remobilization of within-channel P. We assume that high concentrations of TP at low
flow rates are related to sewage treatment works, whereas high TP concentrations at discharge
events may be connected to bank erosion. However, the event based DRP and TP losses could
not be analyzed in more detail in this study because of the coarse, bi- or even four-weekly sampling

schemes.

4.6.2 Modeling annual stream flow phosphorus loads

Modeling of P losses into rivers requires detailed knowledge of watershed characteristics
and underlying processes. The multitude of biogeochemical processes regarding P loss often
impedes precise and satisfactory modeling (Collick et al. 2015). However, simple statistical models
may reveal insight to major transport pathways on the basin scale.

The model result for the outlet of the entire basin, might be impaired by effects as caused
by a dam and a watergate that segregates the freshwater section of the Warnow river from its
brackish course (inflow from the Baltic Sea). The derived P models are probably affected although
the hydrograph was smoothened by a 10-day moving average. The employed statistical models
for the depiction of annual DRP and TP loads reflect the characteristics of the investigated sub-
basins with satisfactory accuracy (Table 4-3). After a comprehensive analysis of morphology, land
use, fraction of artificially drained areas, a direct linkage of the processes as identified through
the statistical models to watershed properties could not be established (Table 4-4). In sub-basins
with a large fraction of artificial drainage, baseflow was identified as the main driver of DRP.
Solute dilution occurs at high flow rates. For the Nebel sub-basin where the baseflow was found
a predictive variable also for TP, we assume that the retention potential of Lake Krakow has
smoothened peak flow TP concentrations.

The flashiness is strongly correlated with increasing frequency and magnitude of storm
events (Baker et al. 2004). On a smaller spatial scale (<1 km?), the RB flashiness index was used
to predict P leaching from different fields of former swine farms in Sweden (Ulén et al. 2016). We
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assume that the flashiness is primarily an expression for increased runoff from tile drains and soil

surface following rainfall events. Thus, hillslopes and artificially drained areas near the watershed

outlet may stimulate this relationship, if the P retention potential of the river is low. However,

there might be additional processes that play an important role in P leaching independent from

morphological or land use aspects. An important process in loamy and clay soils is preferential

flow and internal erosion through the soil profile to tile drains as observed previously; its
contribution to losses of TP might be substantial (Makris et al. 2006; Williams et al. 2016).

Table 4-4:  Significant predictors for DRP loads and corresponding watershed characteristics
for the 2000-2010 data set for all sub-basins.
Sub-basin Predictor Predictor variable Watershed characteristics
variable DRP TP
Lower Baseflow () Quickflow (**), sum of all sub-basins
Warnow RB-Index
Quickflow (***), large portion of drained areas
Koesterbeck Basetlow .
RB-Index (**) stream near hillslopes near outlet
flat and h rphol
Zarnow Quickflow (**) Quickflow (**) aban 0mogen0u§ HROTPROlosY
baseflow exceeds quickflow
Quickflow (***), flat and homogenous morphology
Beke RB-Index (***)  No of days with P large proportion of drained areas
> 15mm (**%*)
sum of sub-basins Brueler Bach,
Middle Quickflow (***), Mildenitz and Upper Warnow
Baseflow (**)
Warnow RB-Index (***) most tumular morphology across all
sub-basins
Nebel No significar-lt Baseflow (**) large portion of drained areas
parameters found tumular morphology
RB-Index (**), RB-Index (*), No  stream near hillslopes
Mildenitz No of days with  of days with P > large portion of drained areas near
P > 15mm (.) 15mm (.) stream outlet
Brueler Baseflow (*%), stream ne.ar hil}slop’es
Baseflow (**%*) large portion of drained areas near
Bach RB-Index (.)
stream outlet
stream near hillslopes near outlet
Upper ek No significant
W Baseflow (***) large portion of drained areas near
arnow parameters

spring

However, the statistical regression models showed that DRP concentration follow a

baseflow component in almost all sub-basins of the Warnow river basin whereas TP concentration

are strongly impaired by an event-based quickflow component.
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4.7 Conclusion

The analysis of a 21-year dataset of phosphorus concentrations and discharge from a mid-
size river basin including its sub-basins revealed that the surface water quality has in general
improved over the last decades, which can most likely be attributed to newly installed sewage
plants. The annual phosphorus loads of around 30 tons per year at the watershed outlet put the
ecological services of the receiving Baltic Sea, however, still at risk and a phosphorus pathway
related management is suggested.

Simple linear regression analyses revealed with an amazing consistency that the
groundwater contribution to stream flow highly impacts the dissolved phosphorus fraction in
brooks and rivers. The concentration of total phosphorus, which includes the particulate fraction,
strongly depends on the fast flow component although differences between sub-basins exist. In
lowland catchments with reduced surface runoff, quickflow originates basically from the
widespread artificial drainage systems. It is concluded that mobile soil particles that are
transported by preferential flow to the tile-drainage system may play a major role in the overall
phosphorus loading of surface water bodies. Additionally, within drainage pipes and channel
mobilization of sediment is a substantial diffuse source of P. Further studies should investigate
the role of internal and bank erosion processes and their relation to rainfall/runoff intensity.
Sampling strategies with a high temporal resolution (hourly or even at the minute) are required
to fully unveil the flow rate dependent relation between dissolved and particulate phosphorus.
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5 Spatio-temporal variability of phosphorus (losses) in a small

agricultural watershed on three different Scales

Abstract

We analyzed a one-year data set of concentrations of dissolved reactive phosphorus (DRP)
and total phosphorus (TP) for spatial and temporal patterns on three spatial scales: a tile drainage
field (4.2 ha), a drainage ditch (drainage area 179 ha), and a brook (drainage area 1,550 ha).

The mean DRP concentrations were 0.017, 0.019, and 0.015 mg 1! for the tile-drain, the
drainage ditch, and the brook respectively. The mean TP concentrations were 0.045, 0.056, and
0.057 mg 1" in the corresponding spatial scales. The increase in TP concentration with increasing
drainage area suggests the constant inflow of sediment-rich drainage water.

The contribution of the loads of DRP and TP to the tile drain, the drainage ditch, and
the brook was 48%, 77%, and 15%, and 50%, 68%, and 49% respectively. The loads of TP per
hectare decreased with increasing drainage area (98.88, 79.81, and 24.39 g for tile drain, drainage
ditch, and the brook respectively). This supports the idea of rapid sedimentation even during
runoff events due to the low hydraulic energy in the drainage ditch and the brook.

The double lactate-extractable soil P content in the topsoil and subsoil showed similar
spatial patterns with a theoretical range of 220 m and 150 m. We could not address the origin of
the observed spatial patterns but literature indicates a strong relationship with the content of
iron and aluminum hydroxides in the soil.

Our study indicates that more research is needed to understand the interaction of P pools
in the landscape, and the adsorption-desorption behavior of streambank sediments in response to
hydraulic events.

Keywords: spatial scale, dissolved reactive phosphorus, total phosphorus, variogram, patterns
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5.1 Introduction

Phosphorus (P) is an essential nutrient for crop production. Nonetheless, the runoff of P
to rivers and streams, and the potential of eutrophication of surface waters also give rise to
environmental concerns. The mitigation of surface water pollution is, therefore, one of most
challenging issues in future agricultural P management (Kleinman et al. 2015).

A reduction of point source inputs to surface waters is quantifiable in recent years
(Gelbrecht et al. 2005). However, diffuse sources of P are still threatening surface waters
(Gelbrecht et al. 2005, Heathwaite et al. 2005).

A common agricultural practice in Germany is artificial drainage. The drainage of loamy
soils—with a high water-holding capacity—reduces the residence time of water in the soil.
Furthermore, it improves aeration conditions and promotes agricultural production (Skaggs et al.
1999, Tiemeyer et al. 2010). However, it has been frequently reported that its contribution to
surface water pollution may be severe (Gentry et al. 2007, King et al. 2015a, Christianson et al.
2016). Although it has been thought for a long time that surface runoff might be one of the major
pathways of P release into rivers, recent studies reveal a significant contribution of tile drains to
riverine P loads (Tiemeyer et al. 2009, Nash et al. 2015, Bhadha et al. 2016). Even more, a single
storm can severely release preferentially transported particulate P from tile drainage (King et al.
2015b, Zimmer et al. 2016, Williams et al. 2016). Particularly, following manure and fertilizer
application, these outputs can be fatal (Geohring et al. 2001).

P management is not only crucial for the mitigation of eutrophication but also for
productivity and agricultural yield (Balemi & Negisho 2012). The question arises as to how P is
distributed in agricultural landscapes and the landscapes shaped by human activities. The spatial
variability of the soil P content may be large and has been subject to several studies (Corazza et
al. 2003, Page et al. 2005, Roger et al. 2014). A better understanding in soil P distribution may
help in the development of the best management practices for future agriculture (Roger et al.
2014). Studies on the relevance of colloid-bound P (Makris et al. 2006, Gottselig et al. 2014)
reveal the idea of the soil P spatial variability being associated to the distribution of fine soil
material (Wang et al. 2009). The variability of soil P may be large and dependent on the
addressed spatial scale. Grunwald et al. (2006) and Leopold et al. (2006) found changes in
variability over several kilometers whereas smaller ranges of spatial variability of several meters
have been observed too (Heilmann et al. 2005, Vaughan et al. 2007). These observed differences
in spatial patterns can be attributed to differences in other soil chemical properties, different land
uses and, of course, different experimental approaches.

This problem of soil P and spatial variability explain the problem of different spatial
scales in environmental sciences. The role of scale-dependent processes has been illustrated for
agricultural ecosystems (Sharpley et al. 2002).

We measured discharge and concentrations of dissolved reactive P (DRP) and total P
(TP) on three spatial scales: a tile drainage field (4.2 ha), a drainage ditch (179 ha), and a brook
(1,550 ha). We assessed the spatial variability of double lactate-extractable (DL-extractable) P
content on the drainage ditch scale. The aim was to determine temporal (event-based) and spatial

patterns of P losses to surface waters from an agricultural watershed in north-eastern Germany.
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5.2 Material and methods

5.2.1 Study site
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Figure 5-1: Study Site of the Zarnow brook (b and c) within the boundaries of the Warnow

river basin (a).

The study site is an agriculturally used lowland catchment in north-eastern Germany in the
federal state of Mecklenburg-West Pomerania, situated about 15 km southeast of the city of
Rostock at the Dummerstorf monitoring site of the Chair of Soil Physics of the University of
Rostock.

The investigated watershed is part of the Zarnow sub-basin of the Warnow river basin
(Figure 5-1, compare Figure 3-1, chapter 5). In 2003, a monitoring program was introduced to
observe long-term developments of discharge, and nitrate, chloride, and sulfate losses along with
several cations. In the past, attempts have been made to extend the monitoring system, and
implement measurements of P losses from arable land. P concentrations at all considered spatial
scales were ended after the runoff season 2005/2006. The monitoring of DRP and TP was re-
established in the runoff season 2015/2016.

The major soil types in the study watershed are loamy cambisols, gleysols, and drained
peatlands. The climate is characterized by warm summers and mild winters. The mean annual
precipitation is 636 mm and the mean average temperature is 10.4°C (reference period 1990-
2010). The major land use is agriculture. The forms of agriculture are extensive arable farming
and grassland on drained peatland.

We conducted all the measurements on three spatial scales: a tile drain (4.2 ha drainage
area), a drainage ditch (179 ha drainage area), and the brook Zarnow (1,550 ha). In all, 19
collector drains are emptied into the ditch. Tile drains are about 1.1-m deep, and the distance
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between individual drainage pipes varies between 8 and 22 meters. A detailed description of the
three sites is given by Bauwe et al. (2015). The crop rotation and fertilization rates are presented

in Table 5-1. The P application rates reflect a conservation fertilization.

Table 5-1: Crop rotation and N and P fertilization rates for the study period and the

contributing acres.

Acre area 2015 Previ N fertilization P-fertilization
crop revious crop
# (ha) (kg/ha) (kg/ha)
26 (2015 13 (2015
5.1 55 Winter oilseed rape ~ Winter barley ( ) ( )
185 (2016) 13 (2016)
26 (2015 13 (2015
5.2 26 Winter oilseed rape ~ Winter barley ( ) ( )
185 (2016) 13 (2016)
156 (2015 13 (2015
6.1 55 Winter wheat Winter oilseed rape ( ) ( )
223 (2016) 13 (2016)
211 (201
7.1 12 Alfalfa Winter wheat (2015)
33 (2016) 35 (2016)
211 (2015
7.2 22 Alfalfa Winter wheat ( )
30 (2016) 35 (2016)
211 (2015
7.3 13 Alfalfa Winter wheat ( )
31 (2016) 35 (2016)
. . 130 (2015)
8.2 39 Winter wheat Maize
223 (2016) 13 (2016)
8.3 8 Maize Winter wheat 144 (2015) 26 (2015)
. . . 156 (2015)
8.4 55 Winter wheat Winter oilseed rape
210 (2016) 13 (2016)

H.2.2 Data collection

The discharge and concentrations of DRP and TP were measured on the three considered
spatial scales. Samples were taken during the runoff period of the hydrological year 2015/2016
from November 2015 to April 2016.

Water samples at all the scales were taken automatically (Teledyne Isco, Inc., Lincoln,
NE) every six hours and mixed to a daily sample. Two to four samples per week were then
randomly chosen to be analyzed in the lab every Thursday. The DRP samples were filtered with
pre-combusted (6h, 450°C) 0.7 pm membrane-filter and stored in the fridge at -25°C, together
with the non-filtered samples of TP until further processing. The samples were colorimetrically
analyzed with a photometer (Specord40, Analytic Jena). The DRP and TP samples were dyed
using ammonium heptamolybdate. Prior-dyeing TP samples were decomposed by microwave

exposure.
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Figure 5-2: Sampling points for the measurements of DL-extractable soil P content.

Precipitation was recorded directly at the field site (Seba Hydrometrie GmbH,
Kaufbeuren, Germany). The discharge of the tile drain was measured with a Venturi-Flume
(Eijkelkamp Agrisearch Equipment, Giesbeek, Netherlands). The drainage ditch measurement
station is equipped with an ultrasonic water-level measurement device (Teledyne ISCO, Inc.,
Lincoln, NE). Discharge was measured using an inductive flowmeter (Flo-MateTM, Marsh-
McBirney, Inc. Frederick, MD) to set-up the rating curves for the ditch and brook stations. A
detailed description of the measurement techniques and the equipment of the sampling stations
have been given by (Bauwe et al. 2015).

Furthermore, we collected soil samples from a random grid (Figure 5-2), and plant-
available P was determined by DL extraction (Verband Deutscher Landwirtschaftlicher
Untersuchungs- und Forschungsanstalten e.V. 1991) from mixed samples in November 2016. At
each of the 50 sampling points (Figure 5-2), three core samples were taken in 0-30-cm and 30—
60-cm depths and mashed into one sample.

5.2.3 Statistical analyses

We analyzed the hydrograph of the three spatial scales—the tile drain, drainage ditch,
and the brook—and located four remarkable peak flow events. Furthermore, we added the initial
flow event to the list of events we analyzed. Although the overall runoff in the initial flow event
was low, we expected a remarkable release of TP through this first event. The events were
determined manually by selecting four peaks from the hydrograph. The beginning and the end of
the events were defined as changes in the direction of the slope of the hydrograph.

Non-linear and linear models were used to test for relationships of DRP and TP to
discharge.

The P loads were estimated using discharge-concentration relationships for both the
events and the whole runoff period. The runoff period was subdivided into two periods
(November—February, and March—April). These models were used to calculate daily loads of DRP
and TP. The seasonal and event-based total loads were calculated as the sum of the daily loads.
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Figure 5-3:  Hydrograph of the 2015/2016 runoff season and the five analyzed events and daily
precipitation for the tile drainage field.

Certainly, the consideration of only one runoff period does not guarantee representative
results, in particular, in watersheds with a marked variability in annual precipitation. However,
since the measurements of P have just started at the Dummerstorf field site, the results may gain
a first insight into the temporal variability of P losses from agricultural land in lowland
catchments and to the effects of different spatial scales.

The spatial variability of DL-extractable soil P content was assessed using geo-statistical
methods. Empirical semi-variograms were calculated based on the soil P content from DL
extraction. The equations used for the empirical semi-variograms and the theoretical (spherical)

semi-variogram models can be reconstructed from chapter 6.

5.3 Results

5.3.1 General results and temporal patterns of phosphorus

concentrations

Table 5-2: Mean, minimum, and maximum concentrations of DRP and TP, and mean,

minimum, and mazimum discharge at all three spatial scales.

DRP (mg 1) TP (mg 1) Q (1sh
Scale
Mean  Min Max Mean Min Max Mean Min Max
Tile Drain 0.017 0.005 0.145 0.045 0.010 0.307 0.339 0.000 3.070

Drainage Ditch 0.019  0.000 0.176 0.056 0.021 0.297 9.987 0.240 22.63
Brook Zarnow 0.015 0.003 0.113 0.057 0.004 0.272 43.18 3.3 297.3

The mean DRP concentrations were 0.017, 0.019, and 0.15 mg 1! for the three spatial
scales of tile drain, drainage ditch, and the brook respectively (Table 5-2). The minimum and
maximum concentrations can likewise be extracted from the table. The coefficients of variation
for DRP, TP, and discharge for the three spatial scales of tile drain, drainage ditch, and the
brook were 1.25, 1.16, and 1.41, 1.49, 0.88, and 2.32, and 1.05, 0.69, and 0.88 respectively.
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The overall population of the DRP concentrations at the three spatial scales did not differ
significantly from each other according to a Mann-Whitney-U-Test (p>0.1). Otherwise, the TP
concentrations of the drainage ditch and the brook differed significantly (p<0.1), and so was the
case for the tile drain and the brook (p<0.001), and the drainage ditch and the tile drain (p<0.05).
The TP concentrations were consistently significantly higher than the DRP concentrations
(p<0.001). Although the mean concentrations of TP increased with increasing spatial scale, the
highest maximum TP concentration was recorded in the fourth event in the tile drain.

It can be seen from the hydrographs (Figure 5-4) that the concentrations of DRP and TP
followed peak flow events, which means that the P concentrations were most likely low during
low discharge and higher at higher discharge. Furthermore, it can be extracted from the
hydrographs that the drainage ditch and the brook started carrying water earlier compared to
the tile drain, which started delivering discharge to the drainage ditch with the beginning of the

first considered event.
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Figure 5-4: Hydrographs of all spatial scales and DRP and TP concentrations, and the five
considered events. Black dots: TP concentrations; grey dots: DRP concentrations.
Upper row: tile drain; middle row: drainage ditch; lower row: Brook Zarnow. The
dashed line represents the intended target value according to the LAWA
(Landerarbeitsgemeinschaft Wasser 1998)

The DRP and TP concentrations as a non-linear function of discharge showed marked
increases of DRP and TP concentrations with increasing runoff (Figure 5-5). The model fits, in
terms of the coefficient of determination, were slightly better for the TP concentrations than for
the DRP concentrations (R? = 0.22, 0.17, and 0.17 for DRP at drain, ditch, and brook
respectively, and 0.22, 0.51, and 0.34 for TP at drain, ditch, and brook respectively). The highest
concentrations of DRP and TP were measured in January and February. Although the runoff
was highest in the February event, the concentrations of DRP and TP were lower than in the

two earlier events.
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Figure 5-6:

Relationships of DRP and TP in a) tile drain, b) drainage ditch, c) brook, and d)
the whole Zarnow River sub-basin. The black dashed line represents the perfect
model fit. The red dashed line represents the particular linear models of DRP and
TP.

Moving up the spatial scales from the tile drain to the drainage ditch to the brook to the

whole sub-basin of the Warnow river basin, we observed a downward shift of the ratios of TP
and DRP. The slope of the linear model of TP in relationship to the DRP decreased from the tile
drain to the drainage ditch, and then increased again to the Brook Zarnow. This result is

substantiated by the relationship of TP and DRP loads during the considered discharge events.
The ratios of mean TP to mean DRP are 3.04, 2.34, and 3.49 for tile drainage, drainage ditch,

and the Brook Zarnow respectively.

The estimation of the DRP and TP loads for all five considered events showed a large
contribution of these to the overall DRP and TP loads for the whole runoff season (Table 5-3).
During the five events, 25% of the season’s precipitation was recorded. The contribution of the
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loads of DRP and TP to the smaller spatial scale of the tile drain and drainage ditch was 48%
and 50%, and 77% and 68% respectively. At the Brook Zarnow, the overall contribution of the
events to the total loads of DRP and TP decreased to 15% and 49% respectively. Interestingly,

the loads per hectare decreased with increasing spatial scale.

Table 5-3:  Precipitation, DRP loads and TP loads of all investigated events and their

contribution to the whole season outputs.

Tile Drain Drainage Ditch Brook Zarnow

PCP DRP TP Load DRP Load TP Load DRP Load TP Load
Event (mm) Load (g) (g) (g) (g) (g) (g)
1 19.82 0.83 1.22 28.66 103.58 449.77  1463.22
2 10.08 0.39 3.30 260.54 888.09 84.61 426.71
3 8.64 22.47 41.42 48.11 723.93 253.12 873.65
4 12.05 24.96 86.98 3213.64  5621.43 2796.22  7604.86
5 22.74 19.36 74.35 601.24  2402.28 1662.94  7982.52
all events 73.33 68.00 207.28 4152.19  9739.30 5246.67 18350.96
whole season 289.71 140.76 415.29 5387.87 14286.27 35347.68 37819.86
all events (g ha') 16.19 49.35 23.19 54.41 3.38 11.83
whole season (g ha'l) 33.51 93.88 30.10 79.81 22.80 24.39
proportion 0.25 0.48 0.50 0.77 0.68 0.15 0.49

The loads of TP at the tile drainage and the drainage ditch scale were almost three times
higher than the DRP loads in the according scales. At the brook scale, the loads of DRP and TP
do not differ markedly. The highest loads of DRP and TP have been estimated for the fourth
event for all spatial scales, and the lowest loads were recorded for the first initial and second

events.

5.3.2 Spatial Variability of double lactate-extractable soil phosphorus

and organic matter content

The mean (+ standard deviation), maximum and minimum organic matter contents of
the topsoil were 1.41%, 2.37%, and 0.92% respectively. The DL-extractable soil P differs
significantly between the topsoil and the subsoil (Mann-Whitney-U-Test, p<0.001, n=50). The
mean (+ standard deviation), maximum, and minimum DL-extractable P contents of the topsoil
were 8.76(£5.09), 32.70, and 4.70 mg P/100 g soil respectively. The corresponding DL-
extractable P contents for the subsoil were 6.42(+3.28), 20.70, and 2.7 mg P/100 g soil
respectively. The highest DL-extractable P contents of the topsoil and the subsoil were measured
south-east of the drainage ditch (see Figure 5-2).

In all, 35 samples are within the boundaries of class C according to the VD-LUFA
classification system (Kerschberger et al. 1997). These P-content classes represent the status of
fertilizer requirements of the soil (Table 5-4). Class C represents the target value. Thus, classes
A and B imply a fertilizer demand and classes D and E express a surplus of soil P. Eleven and
four samples are within the boundaries of VD-LUFA classes D and E respectively.

The DL-extractable P content is directly and significantly correlated to that from the
subsoil (R? = 0.63, p<0.001, linear model). The DL-extractable P content of the topsoil is likewise
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significantly correlated to the organic matter content of the topsoil, though this correlation is
slightly weaker (R? = 0.22, p<0.001, linear model).

Table 5-4:  Plant available P content classes according to the VD-LUFA (Kerschberger et al.

1997).
P content class Double lactate extractable P Number of samples in this
(mg/100mg soil) boundaries

A <20 0
B 2.1-44 0
C 4.5-9.0 35
D 9.1 -15.0 11
E > 15.1 4

The spatial analysis of the DL-extractable soil P revealed a high spatial variability on the
small spatial scale (maximum distance about 800 meters).

The theoretical semi-variogram model showed a zero-nugget DL-extractable P for topsoil
and subsoil, and likewise for the soil organic matter (Figure 5-7). The asymptotic range for DL-
extractable P content in the topsoil and subsoil, and organic matter content in the topsoil were
220, 150, and 255 m, respectively. The respective sills were 22.3, 8.8, and 0.1. The models were
calculated for the omni-directional semi-variogram cloud. However, there were no changes in the
spatial patterns for directional semi-variograms.

Although the theoretical semi-variogram models revealed a sill for DL-extractable soil P
content in the topsoil, subsoil, and organic matter content, the variance tended to decrease at
greater distances. It appeared as the variance increased again at the maximum distance we

recorded.
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Figure 5-7:  Omni-directional empirical semi-variograms (black dots) and theoretical semi-
variogram spherical models (solid line) for DL-extractable P content of a) topsoil,
and b) subsoil for the whole data set; c) shows the empirical variogram cloud and

the theoretical variogram model for soil organic matter in the topsoil.

5.4 Discussion

The concentrations of DRP and TP presented here are in conjunction to those presented
in the literature. Nonetheless, a larger intra-annual variation was shown at the same study site
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10 years ago (Tiemeyer et al. 2009). The water quality varies on the three spatial scales. The 90t
percentile of DRP at the drainage ditch was lower than 0.6 mg 1" whereas the 90" percentiles of
the tile drain and the brook were lower than 0.4 mg 1. This is equivalent to water quality class
[-1I, and II, which are classified as ‘slightly polluted” and ‘moderately polluted’ respectively
(Landerarbeitsgemeinschaft Wasser 1998). High concentrations of P in English watersheds are
often contributed to point sources like sewage works (Jarvie et al. 2006, Bowes et al. 2008, Bowes
et al. 2015). In a French watershed, the increased water quality is attributed to improved quality
of sewage works. One has to be aware that the quality of P removal from wastewater varies
strongly and so does water quality along rivers (Minaudo et al. 2015).

The satisfactory water quality discovered in the study period 2015/2016 reflects the low
inputs of P (see Table 5-2) on the agricultural land at our study site and confirms the negative
P budget observed 10 years ago (Tiemeyer et al. 2009). However, no point sources are located in
the small 15.5 km? watershed.

The increase of DRP from the tile-drain scale to the ditch scale may be attributed to the
inflow of P-laden groundwater. Measurements by the Leibnitz Institute of Baltic Sea Research
confirm the idea of high concentrations of DRP in the groundwater at our monitoring site
(personal communication, data not published yet). There is no further increase of DRP
concentrations from the ditch to the brook scale, which indicates a dilution of the DRP
concentration. Hence, we have to conclude that groundwater P concentrations have a high spatial
variability. We assume that the increase of the TP concentrations with increasing spatial scale is
related to the mobilization of P-enriched bed sediments in the drainage ditch and the brook. This
idea is supported by the discharge-TP relationships (Figure 5-5). The idea of bank erosion as a
main source of diffuse TP in surface waters was also portrayed in the literature (Kronvang et al.
2012, Lu et al. 2015). We assume that the low concentration of TP at low discharge is caused by
the lack of point sources in this catchment. High concentrations of TP related to sewage effluents
at low discharge have been observed earlier (Bowes et al. 2015).

A variety of discharge-P relationships has been found in the past. In chapter 4, we found
a decreasing relationship of DRP and TP, and increasing discharge using long-term weekly means
of P concentrations. However, in some Warnow River sub-basins, we detected that TP
concentrations tended to increase at high rates of runoff. In conjunction to the variety of
discharge-P relationships presented in the literature, there is even a large intra- and inter-annual
variety. According to the findings of this study, increasing DRP concentrations with increasing
discharge were found in a Polish river, which was attributed to rainfall (Dabrowska et al. 2016).
In contrast, decreasing DRP concentrations with increasing discharge was found frequently in a
large number of European watersheds (Thomas et al. 2016). The TP concentrations in a river in
England were strongly correlated to rainfall events with high rates of surface runoff, and within-
river remobilization of P (Bowes et al. 2015). However, a high number of data points revealed a
dilution curve of P and discharge, which was related to constant point source inputs (e.g. sewage
works). A weak relationship, but with a significant decrease in TP concentrations, was found in
a meta-study for the eastern American states (Christianson et al. 2016). Both increasing DRP
and TP concentrations with increasing discharge, as presented here, was likewise confirmed for a
watershed in south-western Sweden (Djodjic et al. 2000). However, we have to highlight that the
relationships of DRP and TP are strongly colored by specific watershed properties, land use, and
climate. In our study region, we assume that high rates of bank erosion and remobilization of
sediment with high DRP and TP concentrations at all three spatial scales occur at high-discharge
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events related to rainfall. Even in the tile drainage system, sediment may be deposited at the
baseflow and released during an event-related flow. Additionally, we have to emphasize that the
measurement scheme and intervals might strongly influence the observed patterns of DRP and
TP in relation to discharge. A higher temporal resolution will reveal a deeper insight into the
processes related to event-related runoff in drains and rivers.

Event-based discharge can release high total loads of DRP and TP. At the same study
site, 53%, 60%, and 56% of the TP losses from tile drain, drainage ditch, and brook were related
to the fast flow component 10 years ago (Tiemeyer et al. 2009). A study from an English
watershed estimated 68% of the P load in a river coming from event-related diffuse sources
(Bowes, 2014). In a south-eastern US agricultural area, a single storm event exported up to 61%
of the total annual P load (Bhadha et al. 2016). In our study, at least 50% of the overall seasonal
P load was exported during the five investigated events with the highest proportion observed in
the drainage ditch. We assume that especially in the drainage ditch, the event-based re-suspension
of bed sediment is the key pathway of TP. However, at greater spatial scales, the dilution effect
of less P-laden groundwater to the brook may decrease the effect of bank erosion. Although the
concentration of TP increased from scale to scale, the loads per hectare decreased from the tile
drainage to the brook scale. While the TP loads were three times higher than the DRP loads at
the tile drainage and drainage ditch scales, the differences in the loads of DRP and TP were not
marked at the brook scale. We assume that rainfall has a big influence on internal soil erosion of
particles to tile drains and the re-mobilization of bed sediments in the drainage ditch, which is
vulnerable to hydraulic pressure caused by high discharge (e.g. following recurring dredging). At
the brook scale, the plants and the structure of the stream can buffer the re-mobilization of
sediment. However, the low amount of DRP at the Brook scale may be a consequence of the
sorption of soluble P fractions into sediment particles.

These findings can also be revealed by the relationship of DRP and TP. The slope of the
linear model between TP and DRP, which is larger than the slope of the ideal 1:1 model of DRP
and TP (Figure 5-6), likewise indicates a higher contribution of TP at high discharge events. The
highest slope at the tile drainage scale may highlight the marked contribution of the particulate
P at the peakflow in drainage pipes caused by internal erosion and the preferential transport of
colloid-bound P.

The spatial variability of soil P has often been addressed in the literature. However, the
outcomes show some noticeable discordance. It is known that the spatial variability of soil P may
be large but little is known about actual drivers of P variability. The comparison of different
studies is challenging since the extraction methods vary markedly. However, relative P contents
are more important for the assessment of spatial variability than absolute values are.

It has also been reported that no significant change could be observed in the variance
over distance (Kozar et al. 2002). The reported ranges of spatial autocorrelation vary strongly.
At a Taiwanese study site, a range of spatial autocorrelation of about 1500 m was observed.
Contrastingly, low ranges of spatial autocorrelation were reported for different land use types in
the US. The observed ranges varied between 7m and 60m in an organic field, and between 47m
and 78m in a conventional field (Cambardella & Karlen 1999). The difference in the spatial range
of spatial autocorrelation was confirmed in a Chinese study, in which the ranges of the theoretical
variograms varied strongly in relation to land use (Wang et al. 2009), as well as in Switzerland
(Roger et al. 2014). These findings approved that a general evaluation of the spatial variability
of soil P is challenging. A study in Maryland, USA, suggested that the spatial autocorrelation is
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strongly related to soil Al and soil Fe contents (Vaughan et al. 2007). The spatial patterns
strongly depend on land use, soil properties, soil organic matter content, Ph, Fe, and Al content)
and topography. However even chemical properties of the soil may strongly influence the spatial
distribution of the soil P (Vaughan et al. 2007). Since we did not measure the Fe and the Al
contents of the soil, we cannot clearly address the origin of the spatial patterns of DL-extractable
soil P. Nonetheless, we could demonstrate that the general patterns of DL-extractable soil P
content are similar for the topsoil and the subsoil. Even the spatial patterns for soil organic
matter in the topsoil showed similarities to those from DL-extractable soil P content.

The distribution of soil P in the subsoil has not been of considerable interest compared
to the topsoil. However, it was found that the soil P content in the subsoil is significantly lower

than that in the topsoil (Page et al. 2005). This is confirmed by our findings in chapter 7.

5.5 Conclusion

We analyzed a data set of discharge, DRP, and TP concentrations and DL-extractable
soil P from a one-year runoff period in an agriculturally used watershed in north-eastern
Germany.

Our results indicate that the considered spatial and temporal scale can essentially
influence the detected processes of P leaching from agricultural fields to the receiving surface
waters. Furthermore, we could show that bank erosion may be an important source of TP loads
in rivers and streams, and their contributing drainage ditches and tile drainages. The transport
of particle-bound P through internal erosion and its release through tile drains is a significant
contributor to diffuse P pollution of surface waters in agricultural lowland watersheds.

We assume that a reliable assessment of P losses from agricultural land can only be
achieved considering high-frequency measurements of DRP and TP concentrations on different
spatial scales, as well as event-based sampling of bed sediments.

Taking our findings into account, future studies should, besides concentrating on small-
scale process research, also try to find practical solutions for the mitigation of elevated P losses
from agricultural watersheds to the receiving waters. Likewise, more research is needed on the
adsorption potential of bed sediments and techniques to mitigate streambank erosion during
runoff events.
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6 Visualization of colloid transport pathways using

Titanium(IV) oxide as a tracer

Abstract

In soils, colloidal transport has been identified as the most important pathway for strong
adsorbing, environmental contaminants like pesticides, heavy metals and phosphorus. We
conducted a comparative dye tracer experiment using a Brilliant Blue (BB) solution and a
Titanium(IV) oxide (TiO;) colloid suspension (average particle size = 0.3 pm) aiming at
visualizing and quantifying colloid pathways in soils.

Both dye tracers showed comparable general flow patterns with preferred transport over
the deepest part of the soil profile independent of clay content. However, the stained area was
generally smaller for TiO; than for BB by a factor of ten and there was no TiO; to be found at
all in the low clay content soil. The travel distance was almost identical for the solution and the
suspension (0.7 m) giving evidence that environmentally critical compounds bound to micro-
particles may be vertically transported over longer distances in soils even within single rainfall
events. The spatial variability of the dye patterns was large on a small scale with a range of 0.35
m for TiO, in the horizontal plane, which was taken as a general proof for a pronounced
preferential transport situation.

The study indicates that TiO, is transported exclusively through singular macropores of
biogenetic nature while BB passes also through the soil matrix of coarse bedded soils, the
secondary pore system or inter-aggregate pore space. The results emphasize the general suitability
of TiO, for the visualization of colloid transport pathways in soils opening up new research
opportunities for contaminant transport in soils.

Keywords: Ti0,, BB, particle-facilitated transport, macropore flow, preferential transport
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6.1 Introduction

It has been an unanimous doctrine in soil science for a long time that strong adsorbing
compounds such as phosphate are transported via erosion bound to soil particles (Sharpley and
Syers 1979, Daniel et al. 1994, Sharpley et al. 1994). Recently, there occurred increasing evidence
that colloids are also transported vertically through the soil. The particle-facilitated transport
has been identified as important pathway for leaching of contaminants like pesticides, heavy
metals and phosphorous (Jacobsen et al. 1997, de Jonge et al. 2004, Makris et al. 2006). Jiang et
al. (2015) investigated the phosphorous contents of soil aggregate-sized fractions from <0.45 pm
to >20 pm and found a significant increase of the overall phosphorous content with decreasing
aggregate-sized fractions. Heathwaite et al. (2005) stated that total and reactive phosphorus is
favorably transported in fractions of 2 pm or smaller than 0.001 pm. The authors highlighted the
potential of P colloids to be leached out through subsurface drainage by rainfall events.

McGechan and Lewis (2002) reviewed a multitude of research papers and sum up that
macropore and preferential flow are the main processes of colloid and particle transport. Although
particle transport in soils has often been studied, it is not known as to what extent colloidal
transport patterns compare to the travel pathways of dissolved substances. No attempt has been
made to visualize the migration of colloids in soils and therewith to obtain further insight into
potential contaminant transport.

The application of dye tracers in infiltration experiments aiming at the visualization of
transport processes in soils is well established in soil science. Since decades, dye tracers are used
to identify flow pathways in different soils and land use types (Stamm et al. 1998,
Janssen & Lennartz 2008, Kodesova et al. 2015). The list of available dye tracers is long and the
suitability of a specific dye is essentially determined by the research question and the particular
experimental constraints.

Brilliant Blue (BB) is a popular dye tracer in soil science due to its non-toxicity, the
mobility, the bright blue color and the non-conservative adsorptive behavior (Morris et al. 2008).
The physical and chemical performance of BB was investigated by Flury and Flithler (1995) and
Kasteel et al. (2002) in different soils.

Morris et al. (2008) found that sorption of BB is not fully reversible and suggest that BB
is not suitable for all forms of dye tracing in soils. Adsorption of BB to clay colloids substantially
increases with an increasing clay content and decreasing pH-values. Likewise, an elevated ionic
strength of the background solution leads to higher sorption coefficients of BB (Germén-Heins
and Flury 2000). Janssen and Lennartz (2008) found marked amounts of BB solute shifting by
preferential flow in paddy rice fields in China, while Chyba et al. (2013) state that soil compaction
significantly affects the infiltration of BB in the topsoil.

Titanium(IV) oxide—also known as Titanium dioxide—is a bright white pigment widely
used for coloring and varnish and as a food dye. It is not soluble in water and most organic
solvents. A broad range of particle sizes is available for different applications. Titanium(IV) oxide
(TiO,) was firstly used by Liu & Lennartz (2015) to visualize preferential colloid pathways in
dark colored peat soils. However, TiO; is recently more in focus of environmental and health
sciences due to its potential as hazardous nanoparticle (Long et al. 2006, Weir et al. 2012, Frazier
et al. 2014). TiO, particles are available in different sizes. It can be assumed that a narrow TiO,
particle size distribution with a mean of 0.3 pm is a good representation of naturally occurring
soil colloids of that size.
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Although the in-situ visualization of soil pore distribution is redeemed by high-end
laboratory techniques like X-ray computer tomography (Rogasik et al. 1999, Cnudde et al. 2006)
field studies can be a useful tool for understanding soil physical processes at the field and pedon
scale. Furthermore, there are limitations of laboratory techniques when it comes to the detection
of active pore space in a soil sample. Active pore space in this context denotes the pore volume
that is available for convective transport processes for the compound of consideration. Thus, dye
tracer studies still appear to be an appropriate method revealing transport mechanisms under
field conditions.

The aim of this study was to visualize the colloid transport in three different mineral soils
used for crop production along a gradient of increasing clay content in North-Eastern Germany.
In addition, we wanted to uncover differences in transport patterns between real solutions
(Brilliant Blue) and suspensions (Titanium(IV) oxide) by analyzing stained soil profiles.

Based on literature studies we hypothesize: (i) Both tracers follow preferential pathways
in the soil, (ii) the penetration depth of the tracer in the soil profile is a function soil texture, (iii)
Titanium(IV) oxide is suitable for the visualization of colloid transport in mineral soils and
exhibits a behavior that compares to the mobility of natural occurring soil colloids.

Studies using TiO; as a dye tracer in mineral soils are not available. We believe that the
higher clay content causes temporal resistant singular biogene macropores that can transport the
TiO, suspension through the soil, while in loose-bedded soils, earthworm holes are not persistent

and soil macropores only allow very limited access of colloidal TiOs.
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6.2 Material and methods

6.2.1 Study region

Table 6-1: Physical characteristics of the soils at the study sites.

Micro Macro
. Sand Meso .
Clay  Silt pores pores Organic Soil
_ oi
. Depth (<2 (263 (63 Sto (0.2 pores (> 50 Bulk_ matter
Site 2000  nes (0.2-50 density tent  colour
[m] um)  um) % um) um) . conten
%) pm) (%] Vol pm) Vol g cm?] %] (Munsell)
(7] %] Vol [Vor
%] %]
0.00— 7.60+ 24.90+ 13.50
7.6 48.5 43.6 0.3 1.44+0.32 2.0-4.0 10YR 3/3
0.30 1.77 4.29 +2.10
0.30— 7.60+  20.70+& 12.40
S 8.4 47.4 43.8 0.4 1.57+0.02 2.0-4.0 10YR 3/4
0.42 0.09 0.49 +0.97
0.42— 11.50 18.25+  3.50+
15.7 35.2 48.8 0.3 1.77£0.02 <1.0 10YR 5/3
1.00 +0.13  0.99 0.58
0.00— 8.10+ 21.60+ 8.40+
6.1 44.9 48.7 0.3 1.64+0.02 2.0-4.0 10YR 3/3
0.28 0.10 1.0 0.90
C
0.28- 10.38 1590+ 7.83+
12.6 39.3 47.8 0.3 1.75+0.01 <1.0 10YR 4/6
1.00 +0.10  0.40 0.20
0.00— 6.40+ 24.0+£0. 8.20+
0.3 1.8 89.8 8.1 1.63£0.00 1.0-2.0 10YR 4/2
0.35 0.00 83 0.30
R
0.35— 0.90+ 34.10+& 12.5+
0.0 0.5 99.5 0.0 1.39+0.03 0.0 25Y 5/4
1.00 0.00 0.45 1.59

The study region was a pleistocene lowland landscape located 10 km southeast of the city
of Rostock in the federal state Mecklenburg-West Pomerania in north-eastern Germany. The
landscape is dominated by light hillslopes (average slope class 0-4%, maximum slope class 8-
32%) on a ground moraine formed in the Weichselian sequence. The climate is characterized by
a gradient from atlantic to continental with an annual precipitation of 660 mm and a mean
annual temperature of 9.1°C (German Weather Service, normal period 1981-2010).

We conducted the dye tracer experiments on three different soils along a clay content
gradient (Table 6-1). The soil types were a Stagnosol (Aqualf, site S), a Cambisol (Ochrept,
site C), and a Regosol (Entisol, site R) according to the Food and Agriculture Organization of
the United Nations (FAO 1998 - USDA taxonomy in brackets (Soil Survey Staff 1999)). These
soil types are typical for the lowlands in north-eastern Germany formed on Pleistocene glacial
till. The A horizon had a thickness of 0.3 m at the sites C and R. Deep ploughing in a five-year

cycle at site S have caused the formation of a secondary A horizon.
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The study sites S and C are intensively-used agricultural acreages with sugar beet in 2015,

the site R is a one year abandoned field with dry grassland vegetation.

6.2.2 Experimental design

We conducted dye tracer experiments with Brilliant Blue (BB) and Titanium(IV) oxide
(TiO,, supplier: Cristal Global; product name: Tiona AT-1; average particle size 0.3 pm with 75%
of the particles being in the range of 0.2-0.4 pm; information supplied by Cristal Global). A metal
collar sized 0.7 m x 0.7 m was carefully inserted into the soil (0.03 m depths). 24.51 (50 mm) of
water with a BB concentration of 4 g I'! (as suggested by Flury et al. (1994)) or a concentration
of 10 g I'* TiO, (as suggested by Liu and Lennartz (2015)), were slowly poured out of a PVC
canister onto a plastic sheet that covered the soil within each collar. The plastic sheet was then
carefully (slowly from one side to the other within 5 to 10 sec) removed to ensure uniform flooding
conditions. Twenty-four hours later, eight vertical soil profiles with a spacing of 0.1 m were
prepared successively by slide-wise cutting the soil with a spade at each experimental site and
photographed. The soil pit was 2 m wide and 1m deep in order to allow photographing of both
(BB and TiO,) infiltration domains. The photo-documented area of each soil profile was 0.49 m?
(0.7 m x 0.7 m) for each dye tracer. In total, 48 soil profiles (3 sites x 8 profiles x 2 dye tracers)
were prepared and processed; 24 profiles with BB and 24 with TiO..

In order to determine the standard soil physical properties of the experimental sites,
disturbed and undisturbed soil samples were taken horizon-wise. Undisturbed samples were
collected using 5 stainless steel cylinders of approximately 250 ¢cm? in volume (7.1 ¢cm in diameter
and 6.2 cm in length) at each horizon. Disturbed samples were taken according to a randomly
distributed pattern over each horizon. Particle size distribution (<2 mm) was determined using
a combined sieve and pipette method (DIN 18123). The water retention function was measured
using ceramic suction plates (at pF 1.8 and 2.48, corresponding to 60 and 300 hPa) and a pressure
membrane apparatus (at pF 4.2, corresponding to 15,000 hPa). The water retention curve allowed
calculating various pore size classes:

macropores, MaP: > 50 pm; MaP = Total porosity — 0 at 60 hPa
mesopores, MeP: 50-0.2 pm; MeP = 0 at 60 hPa — 0 at 15,000 hPa
micropores, MiP: < 0.2 pm); MiP = 0 at 15,000 hPa,

where 0 is the volumetric water content (Vol. %).

6.2.3 Image processing and statistical analyses

All image processing was done using Photoshop CS6 (Adobe Systems Incorporated). Prior
to processing of the photographs we applied a photogrammetric rectification. Then, the
photographs were edited adjusting contrast and brightness. Finally, stained areas were isolated
from unstained areas manually by visual inspection and the results were presented in a binary
(black and white) image (Nobles et al. 2010).

The pixels of stained and unstained areas from each profile section were counted in squares
of 0.05 x 0.05 m and pixel-wise per row in downward direction of the soil profile for further

statistical analysis.
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Since the dye coverages were not normally distributed, differences of stained areas
between individual soil profiles were analyzed using a Mann-Whitney-U-test.

We calculated vertical and horizontal semi-variograms by means of tracer coverage.
Vertical semi-variograms were calculated by using dye coverage mean values of the 8 excavated
soil profiles at each site. Horizontal semi-variograms were calculated depth-wise by taking all
values of the 8 profiles of one depth (10 c¢m increments) representing one horizontal plane
perpendicular to the soil profile.

The empirical semi-variogram cloud was calculated by the following equation:

n 2
Y= 5= 20 706 = 2] (1)

, where z; and x; are the locations of two measurement spots, n(h) is the set of all pairwise
Euclidean distances and Z is the value of the stained area at the spatial locations z; and z;. The
locations of the measurement spots were derived from the center of each 0.05 x 0.05 m square in
the processed images.

We fitted linear and spherical semi-variogram models to the empirical semi-variogram

cloud according to the following equations (spherical semi-variogram model):

3
y(h)=co+c- (% - %) , for 0<h<a (ITa)
v(h)=cy+c, for h>a (ITb)

, where h is the Euclidean distance, ¢ is the nugget, co+c is the sill, and a is the range of
the semi-variogram. The theoretical semi-variogram models were validated by the minimized sum
of squares.

The semi-variogram is a quantitative description of spatial patterns in the soil. It provides
information on spatial dependencies of measured parameters, and is, thereby, a prerequisite for
the justified interpolation and mapping of soil properties (Burgess and Webster 2006). Semi-
variograms have rarely been used to describe spatial variability of soil dye patterns (Liu &
Lennartz 2015). The semi-variogram allows to limit the spatial extent of auto-correlation, which

is helpful in interpreting flow and transport domains in soils.

86



The use of field suction-plate lysimeters for the assessment of P transport pathways

6.3 Results and discussion

6.3.1 Observed dye patterns

Site 5 Site C Site R

Figure 6-1:  Sample images of stained soil profiles. The upper row shows Brilliant Blue, while

the lower row shows Ti0,.

Profound differences in the relation of stained and unstained areas could be observed for
BB and TiO; (Figure 6-1, Figure 6-4). The average BB-stained area, as calculated from eight soil
profiles, was 0.14 m?2, 0.15 m2, and 0.12 m? for the sites S, C and R, respectively, which
corresponds to a relative coverage of 29%, 31%, and 24%.

For the upper soil horizon (0.3 m) we calculated mean BB-dye coverages of 0.12 m? (57%)
for all three sites. The difference in dye coverage between topsoil (0-0.3 m) and subsoil (0.3—
0.7 m) was significant for all three sites and all profiles (p<0.001). The stained area in the lower
0.4 m of the soil profiles was 0.02 m?2, 0.02 m?, and 0.004 m? at the sites S, C and R, respectively,
which corresponds to a relative coverage of 7%, 7%, and 1% (Figure 6-2).

Brilliant Blue passed the upper soil horizons in a broad front at all sites whereas the
compacted subsoil with higher bulk densities restricted the transport of BB to preferential flow
pathways. At sites S and C, subsoil related preferential transport pattern were evident. The
macropore system consisted of earthworm burrows and root channels. However, at site R BB did
not pass the A-horizon within 24 hours after tracer application. In contrast, BB reached the lower
boundary (0.7 m) of all soil profiles at sites S and C.
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Figure 6-2:  Mean coverage (%) of dye tracer, as determined in 5 by 5 cm squares of all soil
profiles per site (n = 8). note the differences in gray scaling for Brilliant Blue and

Titanium Dioxide.

The overall mean area covered by TiO; tracer was lower by the factor ten compared to
BB with 0.005, 0.008 and 0.0 m? for the sites S, C and R, respectively which corresponds to a
relative coverage of 1, 1 and 0% (Figure 6-1). At site R no tracer at all was found in the soil
profiles. The upper soil horizons (0-0.3 m) were covered with TiO,-dye on an area of 8.95 - 10,
5.89 - 10* m? at site S and C. In the subsoil (0.3-0.7 m) the mean coverage was 7.23 - 10* and
4.59 - 10 m? at sites S and C. This corresponds to relative coverages of less than 1%.

The dye photographs clearly demonstrate the differences in transport between TiO; and
BB at site S and C. TiOs is exclusively transported through singular macropores; matrix transport
is not visible (Figure 6-3). In contrast, BB is transported by matrix flow as indicated by the
homogeneous coverage of the soil and at greater depths through the secondary pore system as
originating from aggregation and biological activity (root and earthworm channels). This has also
been observed by Nobles et al. (2010).

88



The use of field suction-plate lysimeters for the assessment of P transport pathways

00 7 } — 0.0 1 00 .
0.1 - = 0.1 - 0.1 -
Eo2q} . == Eo2H == Eo2-
] : Fz
%0.3-{2 == LR 203 -
° . = ° ' °
o 0.4 1 [%" o044 k. 0.4 -
B 054t B 0.5 - B 05 -
Sos ?__;)___ 05 5 5054
065 a) 0.6 - ¥z = b) 06/
0.7 1 =5= 0.7 { £ 0.7 1%
T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Dye coverage [%] Dye coverage [%] Dye coverage [%)]
00 = 00 {mee——
0.1 - § 0.1 - % —— Ocm
Eo2 Eoz2{= 10cm
s = = = 20cm
8034 2 0.3 1 'E’;’-— 30cm
20415 204 500m
Bosd 5 054% o oem
g 05 E= 5§05 60cm
06~ d) 06 B e) 70cm
- E o ——
0.? | I I I 1 1 1 0‘7 | I I I I 1 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Dye coverage [%] Dye coverage [%]

Vertical dye coverages of each site and each tracer per soil profile with (a) site S
(Brilliant Blue), (b) site C (Brilliant Blue), (c) site R (Brilliant Blue), (d) site S (TiO.),
and (e) site C' (TiO,). there is no graph for TiOs at site R, because no tracer was found

Figure 6-3:

in the soil profiles.

Tillage of the upper soil horizon leads to a great proportion of highly accessible and
equally distributed pores allowing the transport of water and BB which results in more or less
homogeneously stained A-horizon (Yasuda et al. 2001). An increasing bulk density and clay
content in the B-horizon facilitate structuring and formation of larger aggregates, which result in
a more pronounced separation of the pore space in an inter- and intra-aggregate domain. As a
consequence, a distinct pattern of preferential pathways establishes. In contrast to BB, TiO, is
exclusively transported through singular macropores, e.g. earthworm channels, across the soil
profile, also in the A-horizon. It was interesting to see that TiO, did not travel through large
cracks as they origin from aggregation.

The results indicate that BB in contrast to TiOs is transported through aggregate
interfaces (Figure 6-3c), root channels (Figure 6-1) and other macropores (Figure 6-1) of biological
origin which confirms earlier observations (Nobles et al. 2004). Similarly, to the results from this
study, Yasuda et al. (2001) observed that applying BB under ponding conditions, stains up to
100% of the upper part of a clay soil profile and follows preferential pathways in the subsoil. The
authors estimated that only 10 to 20% of the cracks in the observed prismatic clay were active
pore space and accessible for preferential transport. In more coarse-textured soils they observed
fuzzy dye patterns and deduced dispersive transport mechanisms. Preferential flow of BB solution
in compact clay and loam soils has also been shown by Hardie et al. (2011), Chyba et al. (2013)
and Etana et al. (2013).
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Figure 6-4: Horizontal cut through soil profiles at site S. Figure (a) shows the transport of TiO,
through earthworm channels (0.4 m depth), (b) shows matriz transport of Brilliant
Blue (BB) in the topsoil (0.2 m depth), and (c) shows transport of BB through the

interaggregate pore system.

Dye tracer studies regarding TiO, are rare. Liu and Lennartz (2015) investigated the
effect of applying TiO; as a tracer in degraded peat soils in north-eastern Germany. They found
that TiO, is transported preferentially and, in contrast to Bromide as a conservative tracer and
solute, has no or at least limited access to the fine pore system. It can be assumed that in our
study BB behaved as a solute and was subjected to lateral transport by diffusion in addition to
convective-dispersive mechanisms. Although diffusion in soils is in general lower as compared to
a free solution, the entrance of BB into the fine pore system is possible and could be confirmed
by the photo documentation (Figure 6-1, Figure 6-3c). In opposite, diffusion of TiO, is negligible
and access to the fine pore system is hindered because of weight and size of the particles. We
presume that with increasing colloid size of the tracer suspension the amount of active pore space
decreases in the soil.

6.3.2 Spatial distribution of dye tracer in the soil profiles
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Figure 6-5:  Vertical empirical semivariogram clouds and fitted linear (Brilliant Blue, panel a)
and Gaussian (TiOs, panel b) semivarigram models for the three sites and both

tracers.
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Figure 6-6:  Horizontal empirical semivariograms and fited spherical semivariogram models for

different depths in 10 cm steps. note the varying y-axis.

We calculated empirical semi-variograms and fitted theoretical linear and spherical
models to the data to assess the spatial variability of the dye patterns. Vertical semi-variogram
models indicate a strong spatial variability across all sites for both Brilliant Blue and TiO, (Figure
6-5). The semi-variograms do not reach a sill until the maximum distance. Zero nuggets were
calculated for all three Brilliant Blue semi-variograms. This implies that the total stained area
decreases with increasing depth even outreaching the observed profile depth. This can be
attributed to preferential flow through the secondary pore system (Brilliant Blue) and through
singular macropores (particle/colloid transport, Brilliant Blue) as it has often been observed in
dye tracer studies (Nobles et al. 2010, Kasteel et al. 2005, Weiler & Flithler 2004, Liu & Lennartz
2015).

The semi-variograms for the horizontal plane indicate a smaller spatial variability
compared to the vertical semi-variograms and show also a strong spatial dependence of dye
coverage in the horizontal direction over short distances. This result suggests that individual and
continuous pores such as well confined inter-aggregate spaces (BB) or bio-pores (BB+TiO,) are
the prime flux and particle transport domain rather than ‘flux fingers’, for instance. A sill was
reached in the theoretical semi-variogram models at almost all horizontal cross sections for both
BB and TiO, (Figure 6-6).

Yasuda et al. (2001) showed that the spatial dependence in the horizontal direction is
larger than in vertical direction. This can be interpreted as a geostatistical expression of
preferential flow through the soil profile. The effect of earthworm channels and root channels

appears higher in vertical direction than in horizontal direction.
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The low nuggets in the horizontal semi-variograms suggest that the spatial extent of the

processes of vertical particle-facilitated transport can be mapped on the pedon scale.

6.3.3 Influence of soil texture on dye patterns

The results reveal a small but statistically significant positive relationship between the
clay content and TiO; stained area for the topsoil and the subsoil (R?=0.24, p<0.05 for topsoil
and R?=0.2, p<0.05 for subsoil, linear regression model). Furthermore, we found a significant
relationship between dye coverage of TiO, and silt content (R?=0.29, p<0.05 for topsoil and
R?=0.26, p<0.05 for subsoil, linear regression model). On the other hand, a combination of both
clay and silt content gave no significant model. However, neither the pore size distribution, nor
the content of sand have any effect on the stained area of the soil.

At site R we found a sandy soil with a lack of clay minerals and organic matter.
Consequently, the soil particles are predominantly un-aggregated and loose; no soil structure
forming a secondary pore system has developed. In opposite, at sites S and C an advanced
pedogenesis with nuanced manifestation of soil horizons can be expected. This can also be seen
in the formation of a solid soil structure, the higher bulk densities and the stable pore system.

We assume that higher clay and silt contents result in a more structured soil which leads
to a pronounced secondary pore space and, hence, to a higher potential for the (preferential)
transport of solutes and colloids. OM content, which was greater at site C and S as compared to
site R, may also play an important role in the formation and stability of soil peds (Chaplot 2015).
De Jonge et al. (2004) also found the clay content and the continuity of large macropores as an
explanation for enhanced particle-facilitated transport.

Brilliant Blue is an extensively studied dye tracer, but studies on the influence of soil
characteristics onto the obtained dye patterns are less frequent. Flury et al. (1994) found that
structured soils were penetrated deeper by Brilliant Blue than unstructured soils which well
reflects our results with structured soils at site S and C and the unstructured soil at site R.

We believe that the higher clay content causes temporal resistant singular biogene
macropores that can transport the TiO, suspension through the soil, while in loose-bedded soils,
earthworm holes are not persistent and soil macropores only allow very limited access of colloidal
TiOs.

6.3.4 Suitability of TiO: as a colloid dye tracer

Several studies on the transport of colloids are documented in the literature, whereby
particle sizes in the range of 0.1-1.0 pm were considered, which was likewise the dominant range
of TiO, particles as used in our study (Makris et al. (2006) — larger than 0.45 pm, VandeVoort
et al. (2013) — smaller than 1 pm, Knappenberger et al. (2014) — 0.22 pm). Particle sizes of clay
minerals and metal oxides are similar to the sizes of the TiO, particles presented here. Makris et
al. (2006) stated that Iron hydroxides are an important fraction of potentially mobile soil colloids.
We, thus, conclude that TiO, is a useful substance for the indication of potential pathways of
colloids in soils. This assumption is supported by comparable densities of TiO and different metal
oxides. Cey et al. (2009), however, found that the colloid species do not influence transport to a
greater degree than the flow system itself and concluded that even soluble dye tracers like BB
are a reasonable surrogate for colloid distributions in the vadose zone. The comparison of TiO,
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and BB images, nonetheless, revealed that transport pathways of soluble and colloidal substances

are not necessarily identical.

6.4 Summary and conclusion

We studied the visualization potential of particle facilitated transport by using
Titanium(IV) oxide (TiO,) as a tracer in mineral soils. The results revealed that: (i) both the
solution (Brilliant Blue) as well as the suspension (TiO,) follow preferential pathways; TiO, is,
however, exclusively transported in singular macropores rather than along soil ped interfaces; (ii)
there is a significant trend that greater clay and even silt contents cause a higher TiO, coverage
of the soil profile indicating a more pronounced leaching potential for particles in structured soils
(iii). Based on our findings and the observed differences in transport patterns between BB and
Ti0O,, we conclude that TiO, is suitable for the visualization of colloid pathways in the soil.

The observations made emphasize the importance of the active pore system in contrast
to the overall pore space for preferential transport of colloids through soils. Up to date, the spatial
distribution of particle pathways in the soil profile and its large spatial variability is not well
understood and calls for further research. In a next step, dye tracing should be combined with a
quantification of solute and particle transport across a flux plane to allow deriving quantitative
indices from the stained soil profiles using TiO,. Furthermore, since there are hints in the
literature, different regimes of rainfall and initial soil moisture contents should be considered in
particle tracer studies as those might influence colloid transport and mobilization.
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7

The use of field suction-plate lysimeters for the spatially-
distributed assessment of phosphorous transport pathways

on the pedon scale

Abstract

The transport of phosphorus (P) through the soil is not yet fully understood. Although
the adsorption potential is large, a substantial amount of P may be leached through the soil by
preferential flow.

We conducted an in-situ suction lysimter experiment with simulated strong rainfall events
(40 mm precipitation every two hours, 480 mm total precipitation) in loamy soil in north-eastern
Germany using potassium bromide (KBr) and potassium dihydrogen phosphate (KH,PO,) as
tracer.

The breakthrough curves showed evidence for preferential transport of the dissolved Br
at all 12 installed lysimeters and the mobilization potential of P in the soil. The spatial variation
was large for Br, dissolved reactive phosphorus (DRP), and total phosphorus (TP), though most
of the spatial variability could be attributed to lateral losses of water through the profile wall.
There were no detectable changes in the DL-extractable soil P content before and after the
experiment. Hence, there might have been problems with the solubility of the KHsPO4 and other
methodological deficiencies.

A repetition of the experiment with an adjusted and improved methodology is necessary
to understand the processes of preferential P—and the differences in the transport of DRP and
TP—transport through loamy soils.

Keywords: preferential flow, macropore flow, loamy soil, DRP, TP
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7.1 Introduction

Phosphorus (P) is an essential nutrient for crop production. However, P can, along with
nitrogen (N), enhance the eutrophication of surface waters by amplifying algae bloom production.

It has often been shown that surface runoff is a major contributor to surface-water
contamination by P. However, the vertical transport of phosphorus is nowadays in the limelight
of research since it has frequently been shown that internal erosion processes may be the major
pathway of P losses from agricultural fields (Makris et al. 2006, King et al. 2015b, Williams et
al. 2016). Although surface runoff shows a more consistent response to discharge, the total annual
loads transported through the soil to tile drainages are greater due to a greater total flow volume
(Algoazany et al. 2007).

Different transport processes occur under a variety of tillage systems. It has been reported
that event-based P concentrations in drainage water may be higher in a no-tillage field due to
the stratification and persistence of macropores (Williams et al. 2016). But the texture may also
regulate the leaching of P from soils. A German lysimeter study found that high P losses occurred
in a sandy soil while leaching rates from a sandy loam were low (Godlinski et al. 2008). However,
the potential of soil-bound P leaching to surface waters via internal erosion might be substantial.
It was shown that the potential of colloid mobilization is the highest for soils with a clay content
of 12% and 18% (Kjaergaard et al. 2004).

The experimental investigation of internal erosion in soils implies large uncertainties
regarding the boundary conditions of the experimental setup. A sophisticated experimental
approach on a smaller spatial scale with defined boundary conditions is the one with lysimeters.
The first lysimeter ever installed was in 1875 (Hedrick & Sturtevant 1919). Nowadays, lysimeters
are a standard method for the quantification of actual evapotranspiration and nutrient loss under
different plants and crops, and a variety of soil types. Nonetheless, spatial patterns of solute
transport cannot be quantified with standard lysimeters. Hence, grid lysimeters have been
developed, and have found a broad use in the investigation of solute leaching and preferential
transport of nutrients and contaminants (Andreini & Steenhuis 1990, Schoen et al. 1999, Rooij
& Stagnitti 2002). However, grid lysimeters still require soil monoliths, a long-term operation,
and space for installation, and are, therefore, expensive.

A new and inexpensive in-situ approach for the detection of spatial patterns of
contaminant or nutrient leaching in soils are suction lysimeters. These small PVC, glass, or
ceramic plates can be easily installed into the soil to sample pore water from a given flow cross-
section. There are two options for operation: (1) a continuous or discontinuous constant pressure
is applied for pore water sampling, and (2) the applied pressure head is controlled by the actual
tension (soil-water content) of the soil. Suction-plate lysimeters have already found a broad
application (Ciglasch et al. 2005, Cey 2013). The limitation of suction-plate lysimeters is the short
timescales these are used for (Ciglasch et al. 2005)). Thus, they can cover only a small range of
possible precipitation events (Ciglasch et al. 2005, Tindall & Friedel 2016). There are limitations
and uncertainties in the boundary conditions (e.g. lateral movement of water) too, which are
general problems in field experiments.

However, there is strong evidence that P is transported most prominently through the
soil by preferential flow (Poirier et al. 2012, Williams et al. 2016). Although surface runoff is a
well investigated pathway for P transport to surface waters, it is confirmed that, originating from
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the topsoil, P can be transported to tile drains, and, hence, to surface waters, via preferential
flow (Poirier et al. 2012).

Based on the results of the study presented in chapter 4, the aim of our study was to find
evidence for the preferential transport of total P (TP, includes particle-bound fraction of P)
through an agriculturally used loamy soil at high precipitation rates by using suction-controlled
field lysimeters. We hypothesize that even in strong rainfall, a large amount of P is bound to the
topsoil. However, we expected that a substantial portion of the applied P would be transported
as particle-bound P (TP) to the subsoil by preferential flow. We also expected a perceptible

spatial variation of the estimated P loads at each lysimeter.

7.2 Material and methods

7.2.1 Study site

We used Site C (soil type Cambisol) for the suction lysimeter experiment, which was
conducted in November 2016. The study site is comprehensively presented in chapter 2.1 and 5.
At the time of the experiment, the agricultural field was covered with Phacelia tanacetofolia
BENTH., Trifolium repens L., and Brassica napus L.

The soil showed a high proportion of clay and silt (Table 7-1). The dry conditions of the
study year led to a strong polyhedric structure with many persistent biopores (e.g. root and

earthworm channels, see chapter 6).

Table 7-1:  Grain size distribution of the investigated soil. All data in percent, based on a

single sample per horizon.

Coarse silt Fine silt

Coarse sand Middle sand Fine sand Middle silt Clay
0.63-2.00 mm 0.20-0.63 mm 0.063-0.20 mm 0'02_- 0.0063-0.02 mm 04002_— <0.002 mm
0.063 mm 0.0063 mm
Topsoil 4 4 19.99 37.69 12.39 8.31 5.89 12.63
0-0.40 m
Subsoil
0.40- 2.55 19.37 36.76 9.55 7.57 5.66 18.54

0.60 m

7.2.2 Experimental setup and data gathering

A soil profile was trenched (2.50 m x 2.50 m x 1.1 m), with four 0.60 m-deep horizontal
wells of 0.25 m x 0.25 m edge length dug into the profile wall (Figure 7-1). Three circular suction
lysimeter plates (ecoTech—Environmental Monitoring Systems, Bonn, Germany) with a diameter
of 0.075 m were placed on the upper wall of each well at a 0.01 m distance from each other. Each
lysimeter plate was connected to a sample bottle. The bottles were collectively linked to a suction-
controlled pump (UGT—Umwelt-Geréte-Technik, Miincheberg, Germany). The applied suction
was controlled by the actual water retention measured by three tensiometers (Tensiol52, UGT—
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Umwelt-Gerate-Technik, Miincheberg, Germany) that were installed horizontally in the depth of
the suction plates.

A 2.5 m x 1.0 m-area was irrigated manually by carefully applying 40 mm of precipitation
(100 1) 10-liter-wise over 15 minutes every two hours using a watering can. Between the irrigation
events, the sprinkling area was covered with a blanket to avoid evapotranspiration losses and
natural precipitation. A total precipitation of 480 mm was applied on two consecutive days.

Simultaneously, we applied a conservative potassium bromide tracer (Br) (KBr, S3
Chemicals, Germany, 98-100%) with a concentration of 50 mg 1" Br- as suggested by Sinaj et al.
(2002) and (Kang et al. 2011) (total Br application of 5,000 mg), and potassium dihydrogen
phosphate (KH,PO,, Carl Roth, Germany, >99%) with a concentration of 0.66 g I KH,PO,. This
equals a total application of 50 kg ha' P.

Before and after the irrigation, we collected around 300 g soil samples. Five samples were
taken every five centimeters up to a depth of 0.6 m. The pre-irrigation samples were taken 0.3 m
away from the irrigation area while the post-irrigation samples were taken directly under the
irrigation area. The soil samples were analyzed for plant-available P (DL-extractable P, (Verband
Deutscher Landwirtschaftlicher Untersuchungs- und Forschungsanstalten e.V. 1991) and for
organic content (loss on ignition, Verband Deutscher Landwirtschaftlicher Untersuchungs- und
Forschungsanstalten e.V. 1991). Both analytical approaches were done in the lab by the
Agricultural Analysis and Research Institute (LMS-LUFA).
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Figure 7-1:  Ezperimental setup with (a) cross-section of the soil profile, and (b) plan view of
the setup at 0.60 m depth

97



The use of field suction-plate lysimeters for the assessment of P transport pathways

The collected pore-water samples were subdivided into two subsamples. One subsample
was then immediately filtered in the field with a 0.45 pm cellulose acetate membrane filter. The
filtered sample was subdivided into two subsamples for the investigation of Br and DRP. The
samples were stored in the fridge for at least 10 hours after sampling. The concentrations of
bromide were determined using ion chromatography (Metrohm AG, Herisau, Switzerland) after
chemical suppression to reduce the self-conductivity of the sample (Bauwe et al. 2015). DRP
concentrations were measured by dying them with ammonium heptamolybdate and analyzing
them photometrically (Specord40, Analytic Jena). TP concentrations of the unfiltered samples
were likewise measured photometrically after oxidation in alkaline medium in a microwave (CEM
GmbH, Kamp-Lintfort).

7.2.3 Statistical Analyses

We used simple time-variation curves to visualize the temporal variability of Br, DRP,
and TP concentrations. The concentrations were also plotted over the exchanged pore volume.
We calculated the loads of each lysimeter plate by summarizing the product of concentration and
sample volume at a given time. Unequally distributed sample groups were compared using a
Mann-Whitney-U test.

The loads of Br and P were calculated as the product of the sample volume and the

measured concentration.

7.3 Results and Discussion
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Figure 7-2:  The measured matric pressure at all three tensiometers (solid, dashed, and dotted
lines), and the applied suction to the lysimeter plates (semicolon line). The vertical

grey dashed lines represent the irrigation events.

Although we simulated severe rainfall events, the first response of the two tensiometers
took five hours (Figure 7-2). The logged measured suction at the tensiometers did not reflect the
actual suction at the lysimeter plates. Positive values with the tensiometers can only occur if pore
water is forced into the soil under pressure. We assumed that the low initial water content (-
16 kPa) of the soil led to high pressure after the installation of the tensiometers using a soil-water
suspension. This positive pressure was not released within 24 hours. Hence, we had to apply an
almost constant pressure of about -300 hPa. The regularly occurring drops in the suction were
caused by the opening of the sample bottles.
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The patterns of the bromide concentrations in the filtered pore water were admirably
homogenous (Figure 7-3). After an early peak, three to five hours after the initial irrigation event,
the concentrations decreased markedly with a prolonged tailing over all the observed lysimeter
plates. In all, we recovered 30.91 mg of the applied bromide, which corresponds to a recovery rate
of 0.062%. Converted to an application area equal to the strained lysimeter area, we achieved a
recovery rate of 29.2%. Bromide leaching patterns, with early peaks in Br concentrations, have
been observed earlier in a field lysimeter study (Sinaj et al. 2002).

The observed patterns of DRP and TP appeared somehow random (Figure 7-3). We did
not detect a concentration peak or the tailing of the breakthrough curves. Earlier studies did not
confirm these patterns. A zero-tension lysimeter experiment showed early peaks of TP and a
strong correlation to the flow rate (Messing et al. 2015). Only 0.08% and 0.07% of the applied
12.5 g P was recovered by the lysimeters in terms of DRP and TP. This equals 2.12 - 102 g and
1.89 - 10 g respectively.
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Figure 7-3: Time-variation curves for bromide, dissolved reactive phosphorus, total
phosphorus at each lysimeter (fine solid lines), and mean concentration for all

lysimeters (bold, dashed line). Please note the different y-axis for bromide.

Lab experiments with soil columns have often showed that bromide concentrations peak
within the exchange of one pore volume of soil water. The early peaks in the exchanged pore
volume in all the lysimeter plates in the first half (Figure 7-4) are strong indicators of preferential
flow (Seyfried & Rao 1987, Gharabaghi et al. 2015). However, we expected a higher variability
in the occurrence of preferential flow in the soil (see chapter 6).

The patterns of DRP and TP showed a higher variability (Figure 7-4) than Br. However,
we noticed that the concentrations of DRP and TP were not significantly different (p>0.1, Mann-
Whitney-U-test), and surprisingly, collinear. At some points, the DRP concentrations were even
larger than the measured TP concentrations. This error can be attributed to laboratory errors as
damages in the filter material, polluted chemicals, or errors in the aliquots. We could not delete
these errors in time; so we had to incorporate them into this chapter.

However, the strong collinearity and the resemblance of DRP and TP seem to reveal that
we could not cover singular macropores by the suction plates, and the observed transport patterns
are pathways for solutes only. Although this explanation is reasonable, some problems may also
have occurred in the membrane of the suction plates. Although pretests by Ecotech showed that

all the plates were working properly, we assumed that either the applied suction was too low to
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extract the colloids and clay particles within the pore water or the membrane got occluded with

clay minerals during our experiment.
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Figure 7-4: Bromide, dissolved reactive phosphorus, and total phosphorus in relation to the

exchanged pore volume. Please note the different y-axis for bromide.

There are at least three reasons for the disappearance of solutes in soils: runoff, plant
uptake, and preferential flow (Caron et al. 1996). Plant uptake might be negligible, since the
duration of our experiment was only three days. However, the rates of Br uptake might differ
under different crop types in one growing season. Although maize could take up 8.1% of the
applied Br (Tilahun et al. 2006), potato plants were responsible for a 53% disappearance of Br
(Kung 1990). The losses through surface runoff may also be negligible. The hill slope at our
experimental plot was low (less than 2%), and the installed wooden collar likewise reduced surface
runoff. We assume that most of the losses in our experiment were caused by preferential and
lateral flow. As shown in chapter 6, we could clearly demonstrate the presence of preferential
pathways for solute and colloid transport in the loamy soils at our study site.

Surprisingly, the soil P content in the topsoil and subsoil did not change significantly
during the experiment (Mann-Whitney-U test, p>0.1, Figure 7-5 left panel). The DL-extractable
P content is classified as soil content class C according to the recommendations of the VD-LUFA
(see Table 5-4, Kerschberger et al. 1997). Class C with soil P contents of 4.5 to 9.0 mg P/100 mg
soil is the intended target value. Hence, conservation fertilizer management is recommended.
However, the observed pattern, with higher soil P contents in the topsoil and lower contents in
the subsoil, has been observed at other sites, too (Dong et al. 2012). Severe decreases with
increasing soil depths have also been reported for the topsoil only (Owens et al. 2008, Dong et al.
2012). We assume that the correlation of organic matter content and DL-extractable P (Figure
7-5 right panel, linear model, r2=0.91, p<0.001) reflect the adsorption potential of loamy soils
rich in organic matter. The low soil P contents of the subsoil show that P, after organic or
inorganic fertilizer application, is not transported by matrix flow in deeper layers. We assume
that a substantial part of the P is bound to organic compounds and re-mobilized by plant uptake.
However, another noticeable fraction of the applied P might bypass the soil matrix via preferential
flow (Fuchs et al. 2009).
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Figure 7-5: Left and maiddle: DL-extractable P and the content of organic carbon in relation
to soil depths before (circles) and after (triangles) the experiment. No significant
changes were detected (p>0.1, Mann-Whitney-U test). Right: Relationship of
mean contents of organic carbon and DL-extractable phosphorus (r?=0.91,

p<0.001, linear regression model).

However, by repeating parts of the experiment in the laboratory, we recognized that a
considerable portion of the applied KsHPO, did not dissolve in the irrigation water because of
the low temperatures in the field. This idea is also supported by the fact that the soil P contents
did not change significantly during the experiment. Thus, we expect that the observed P transport

patterns are the result of re-mobilized and leached dissolved reactive P by repeated severe rainfall.

Table 7-2: Total loads (mg) of bromide, dissolved reactive phosphorus, and total phosphorus

in each lysimeter.

Lysimeter Number
1 2 3 4 5 6 7 8 9 10 11 12
Bromide 1.64 0.92 0.00 10.60 276 1.36 5.92 1.17 0.00 521 0.46 0.88
DRP 0.19 0.12 0.00 1.63 086 0.22 180 0.08 0.00 1.16 0.02 0.09
TP 0.15 0.12 0.00 1.50 0.95 0.21 1.65 0.10 0.00 1.00 0.02 0.09

The spatial variation of the overall loads was large between all lysimeters (Figure 7-6) for
Br, DRP, and TP. We detected a gradient from the furthermost point in the well to the profile
wall with the highest concentrations at the furthermost point for Br, DRP, and TP. Although
the concentrations measured at each lysimeter were quite homogeneous (Figure 7-3)—especially
in the case of Br—the loads reveal a marked variability. We assume that this can be attributed
to the differences in the sampled water volume. A noticeable portion of the applied water close
to the profile wall might have been lost through lateral flow through the profile wall before it
reached the depth of the lysimeters.
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Figure 7-6: Location plots of the lysimeters. The size of the circles is proportional to a) the
loads of bromide, b) the loads of dissolved reactive phosphorus, and c) the loads

of total phosphorus; b) and c) are super-elevated for better visualization.

7.4 Conclusion

Although we detected some severe difficulties and weaknesses in the experimental setup
and procedure, we learned that the potential for P leaching from agricultural soils may be large.
The concentrations in the pore water samples exceed the concentrations measured in the tile
drains at the same site (chapter 5) up to factor four. There were no changes in the P content of
the soil during our experiment. Thus, we assume that the groundwater may be strongly P-laden
though there is much P adsorbed into clay minerals and organic matter in the topsoil.

A repetition of the experiment will deliver more information on the preferential transport
of DRP and TP after fertilizer application. However, the newly acquired knowledge will implicate

some changes in the experimental setup.

i Installation of the tensiometers prior to the experiment followed by a saturation
and a drying phase of the soil prior to the experiment
ii. Preparation of a tracer solute in the lab with an ultrasonic bath
iii. Deeper wells to install the lysimeters deeper into the profile wall (or maybe the

use of just two lysimeters per profile well (as described by Ciglasch et al. 2005)

More research is needed to understand the small-scale spatial and temporal variability of

P loss and the quantification of P loss through preferential flow after rainfall events and at

baseflow.
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8

Synthesis and Outlook

8.1 Current developments of the SWAT model regarding tile
drainage and P modeling

Eco-hydrological modeling with SWAT has developed tremendously since the publication
of the article presented in chapter 3. Nowadays, efforts are being made for the plausible
quantification of flow pathways. Complex hydrological models like the Soil Water Assessment
Tool (SWAT) distinguish the overall runoff of a certain stream into defined flow compartments.
The flow compartments calculated in the SWAT model are surface runoff, lateral flow,
groundwater discharge/baseflow, and the tile drainage discharge. Remarkable emphasis is given
to the realistic estimation of surface runoff and drainage discharge.

Although some problems cropped up with the estimation of different flow pathways
(Chapter 3, discussions section) in our model setup, we could clearly show that drainage discharge
contributed markedly to the overall discharge of the sub-basin streams of the Warnow river basin.
Furthermore, we found a strong positive relationship (r?=0.69 and 0.71 for validation and
calibration period respectively) of drainage discharge and the drained area. The overall variation
of the tile drainage contribution was large (0.3 to 31.9%). However, there is evidence that the
SWAT model can estimate realistic flow pathways. In a Danish watershed, the tile drainage
discharge contributed 37% to the overall streamflow whereas baseflow, lateral flow, and surface
runoff added another 45%, 3%, and 15% respectively (Lu et al. 2015). Furthermore, the quality
of modeling the tile drainage discharge was large, with Nash-Sutcliffe efficiencies greater than 0.6
for calibration and validation period using the SWAT model (Lu et al. 2016). A high contribution
of drainage discharge to the overall runoff was also found in the north-western German catchment
area (Pfannerstill et al. 2014). The authors developed a multi-storage groundwater concept for
the SWAT model which introduces both a fast and a slow groundwater flow component. The
combination of this concept with the newly-established P routines seems reasonable since
groundwater may have been an overlooked contributor to riverine P concentrations (see below).

The input of sediment-bound P to rivers via surface runoff is well studied. However, the
literature and our study presented in chapter 5 clearly showed the relevance of sediment and
dissolved nutrient (i.e. phosphorus) transport within the soil through internal erosion processes.
Although the SWAT model has no tile-drainage P routine (Radcliffe et al. 2015) and was not
specifically developed to model P losses from tile-drained agricultural fields (Kleinman et al.
2015b), SWAT was extensively used to model P loads in rivers on the watershed scale, including
a tile-drainage flow component. However, no studies on the tile drainage P transport from
agricultural fields have been published yet. The implementation of a functional tile-drainage P
routine to the SWAT model is, therefore, a crucial future task since N and pesticide losses have
already been modeled in tile-drained watersheds (Du et al. 2006, Moriasi et al. 2013).

Watershed scale modeling will become more and more important. Authorities and
stakeholders frequently ask scientists to deliver guidelines and strategies for land-use management
and the mitigation of elevated nutrient losses. This request may increase in the future, and large-
scale eco-hydrological models represent a suitable tool. Nevertheless, the SWAT model is a
valuable tool to understand the hydrology of agriculturally used lowland watersheds.
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8.2 The relevance of event-based phosphorus transport in the

eutrophication risk of surface waters

The presented studies have shown that peak flow events play an important role in the
release of P across all the observed spatial scales. In chapter 6 and chapter 7, we observed the
direct effects of the preferential flow to the transport of solutes on the plot scale. Chapter 6
revealed that even particles may be potentially transported by preferential flow to the subsoil.
However, chapter 4 exposed that these effects are also detectable on a larger spatial scale (3,000
km?). Our studies indicate that peak flow events have the potential to leach large amounts of
solutes and particle-bound nutrients (e.g. DRP and TP) from agriculturally used areas. This is
in contrast to the findings of earlier scientific contributions that emphasized the importance of
surface runoff for P leaching (Nash et al. 2015, Bhadha et al. 2016). Our results are, nonetheless,
supported by findings from a watershed study which revealed a hydrological control of inter-
annual variability of P release to rivers (Zhang et al. 2016).

Recently, the impact of artificial subsurface drainage and internal soil erosion on riverine
P loads has been more in the focus of research. A strong rainfall event of 64 mm h leads to large
increases in DRP and TP in runoff concentrations immediately after manure application on sandy
loam (Eighball et al. 2002). However, 45 minutes later, the concentrations decreased to the pre-
manure level. A second similar rainfall event—applied a day later—did not show likewise
increases in DRP concentrations. Nevertheless, the potential of DRP losses after rainfall following
organic or mineral fertilizer application is large (Eighball et al. 2002, Hahn et al. 2012, Williams
et al. 2016).

Although problems occurred in the execution of our suction lysimeter experiment, we
found evidence of preferential transport of solutes in the investigated loamy soil. Additionally,
there is a potential for the leaching of particulate phosphorus which was revealed by the dye-
tracer experiment using Titanium(IV) oxide. Due to the distribution of P in the soil, it can be
assumed that most colloid-bound P (i.e. particulate P) in drains comes from the topsoil (Laubel
et al. 1999, Chapman et al. 2001). A case study on the effect of rainfall events on the transfer of
particulate P (PP) and DRP also showed that the concentrations of PP and DRP were the
highest in the initial drainage flow. A large proportion of the investigated drainage flows on
agricultural land shows high amounts of PP, which indicates a high contribution of preferential
rather than matrix flow (King et al. 2015b).

It should be noted that only the results of the tilled soils were presented here. The
conditions on mno-till soil can be rather different. No-till soils develop a stable and persistent
structure of biogene macropores in which preferential transport of particulate P can occur
(Williams et al. 2016). From this, we can conclude that grasslands, in which tillage is only
infrequently applied, are even more vulnerable to (particulate) P leaching than acre (Stamm et
al. 1998, Hooda et al. 1999).

The relevance of a preferential flow for P leaching implies that a large fraction of the
totally transported P is transported during short events. In our regional study (chapter 5), we
found 15% to 77% of the DRP loads and 49% to 68% of the total seasonal loads transported to
streams in just a few severe rainfall and discharge events. The large contribution of single or

multiple rainfall events to the annual or seasonal loads is confirmed by other studies (Tiemeyer
et al. 2009, Tomer et al. 2016).
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Only high-frequency measurements will give detailed process-based insights into the
relationship between rainfall and phosphorus concentrations in drainage/stream effluent and
management measures (e.g. tillage or manure/fertilizer application) (Rozemeijer et al. 2016). For
example, high-frequency measurements allowed the detection of different pathways of P release,
which could be assigned to the relationship of DRP concentrations and discharge (Bowes et al.
2015). Although the authors found that the contribution of sewage treatment effluent is dominant
in the investigated watershed, they could demonstrate that at high flow events, tile drainages

and re-mobilized bed sediment are additional substantial sources of riverine P.

8.3 Sediments and phosphorus pools in catchments

Sediments in rivers are highly variable in hydro-physical and chemical properties,
depending on the origin of the sediment. For instance, they may be strongly laden with particle-
bound P. A study in three different watersheds (USA, Britain, and China) showed that the
potential of re-mobilization in rivers is large (Powers et al. 2016). The authors stated that human-
dominated river basins undergo a prolonged P-accumulation phase. The accumulated P continues
being mobilized a long time after the inputs decline. A comprehensive review mentioned stream
banks as “a net source of sediment and phosphorus to streams and rivers” (Fox et al. 2016). It
was concluded that the dynamic interactions between the different P-pools (e.g. soil and
sediment) have to be understood. However, the authors observed a large uncertainty in the
reviewed studies. The observed portion of sediment P contributing to the total P loads of the
receiving waters ranged from 6% to 93%. However, even with similar hydrology, geomorphology,
and land use, there is a large uncertainty in the estimation of streambank P contributions because
of watershed-specific variability in streambank erodibility and streambank P concentrations
(Purvis et al. 2016). For instance, we observed hints of a rapid sedimentation even at high
discharge events (chapter 5). We assume that the hydraulic properties of a stream (roughness,
streambed properties and plant cover) play an important role in sedimentation or re-mobilization.

Furthermore, there is evidence that the runoff concentrations of P are strongly influenced
by the initial soil P content (Sharpley 1995, Hahn et al. 2012). In this context, the loss of P has
been found to be more sensitive to soil P content than to the application of manure (Hahn et al.
2012). However, even groundwater was mentioned as a substantial source of P to rivers and
streams. It is affected by human activities and may exceed ecologically significant thresholds
(Holman et al. 2008).

We assumed that only a full budget of P-pools in the watershed will give detailed insights
into the main processes of P release into the receiving waters at peak flow events. The considered
pools should be soil P, groundwater P, bed sediment P, and riverine P. Further research is needed

on the interaction of these pools.

8.4 The effect of spatial scale on the assessment of phosphorus
losses
The consideration of spatial scales is crucial for the assessment of freshwater hydrology

and water quality. Many studies have focused on the plot and field scale where tile drainage
discharge was not related to the catchment scale runoff (Turtola & Paajanen 1995). Tile drainage
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and the following drainage ditch are spatially closely related. However, the behavior of P
transport is unique on both scales (see chapter 5).

The effect of tile drainage on P transport has been discussed earlier. Many soil properties,
and land use and management strategies affect the amount of P that is released by tile drainage.
In chapter 5, we could clearly show that tile drainage is a serious contributor to the transport of
particle-bound P to surface waters with TP concentrations three times higher than DRP
concentrations. The overall contribution of the events to the seasonal DRP and TP export was
48% and 50% respectively.

The variable behavior of drainage ditches as a sink or source of available P have been
observed by Smith et al. (2005). There was a lower potential for P retention in the sediment with
increasing drainage area (i.e. downstream), which was attributed to an increase in particle size
and decrease in organic matter content downstream (Smith et al. 2005). Although we would
expect lower particle sizes and higher organic matter content downstream, the authors state that,
in that particular case, the low flow velocity and low energy to transport particles in the ditches
(i.e. stagnant waters) was responsible for this phenomenon. However, there are also findings that
revealed a downstream mobilization of P (Nausch et al. 2017, Fox et al. 2016). The authors
observed an increase in TP concentrations in the drainage effluent and the adjoining measurement
stations downstream (e.g. with increasing drainage area), and deduced the influence of livestock
farms and human settlements. In contrast, in our streaming system, we observed a net
sedimentation and no significant increases of DRP and TP concentrations with increasing
drainage area. The TP:DRP ratios decreased with increasing catchment size, indicating
sedimentation processes. However, a re-mobilization of sediments in larger streams has been
observed frequently (Grundtner et al. 2014, Fox et al. 2016), (Purvis et al. 2016). Thus, we
emphasize that the remobilization of bed sediment may also be a key factor for future P research.

It has been found that upstream land use may have a more influential effect on larger
streams while local land use may be more important in smaller rivers (Buck et al. 2004). In
chapter 5, we could clearly prove the effect of spatial scales on P transport in surface waters,
despite the non-daily temporal resolution of the data. The marked decrease of P release per
hectare indicates that measurements at just one spatial scale could strongly bias the results and
the detectable processes of measurement campaigns and high-frequency measurements at multiple
spatial scales will give insights into spatially distributed processes.

Although the detection of the drivers of P release at the watershed scale may be
challenging, in chapter 4, we could demonstrate that the transport of TP is event-driven while
the transport of DRP follows a baseflow component. These findings are supported by our local
study at the tile drainage scale (chapter 5), which clearly showed the event-based release of TP
through tile drains. The watershed scale is, in fact, interesting to assess in terms of risk assessment
for receiving coastal waters. However, as stated earlier, process research demands a variety of
smaller spatial scales from the soil profile to the sub-basin scale. It can be concluded that the
detailed knowledge of watershed characteristics, land use, topography, morphology, and sediment
characteristics is needed to assess the fate of P in agricultural catchments.

We conclude that the monitoring concepts should be sensitive to spatial scales. This idea
is supported by (Buck et al. 2004), who stated that land use is more influential in larger streams.
The knowledge of the spatial variability in the P-pools in a watershed, particularly, the soil P-
pool and the bed sediment pool, will be helpful in nutrient management (Liu et al. 2016).

However, since we showed that event-based P transport is a marked contributor to the overall
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release of P into surface water, we assume that a higher temporal resolution should be considered

in the monitoring of river nutrient status.

8.5 The future of P research: Facing eutrophication and
phosphorus scarcity—Management strategies to improve
freshwater quality in rivers and streams and the re-use of

phosphorus resources

The concentrations of DRP and TP in the Warnow River and its tributary streams
decreased significantly between 1990 and 2010 (see chapter 4). However, the concentrations are
sometimes still elevated in terms of the intended target values for a good water quality
(Landerarbeitsgemeinschaft Wasser 1998). We need a comprehensive and detailed understanding
of all the processes involved in the leaching of P from agricultural soils to effectively mitigate P
loss and increase the P-use efficiency.

On the one hand, as explained extensively in chapter 1.3.7 and 1.3.9, excessive loss of P
to surface waters by tile drains is a critical driver of freshwater eutrophication, as well as the
eutrophication of the receiving coastal waters. Therefore, a removal of the dissolved and
particulate P from drainage effluent and rivers and streams is a crucial task to obtain and restore
a good ecological status of surface waters. For instance, P losses from drainage discharge might
be reduced by managed drainage. Managed drainage is characterized by a marked reduction of
the annual drainage discharge. It was observed that this measure can reduce the DRP loss in
drainage discharge up to 80% (Nash et al. 2015). However, further research is needed on this.
Rozemeijer et al. (2016) stated that the positive effect of controlled drainage on tile-drainage P
losses may be counteracted by higher groundwater tables in the field, and a higher contribution
of shallow groundwater N and P, and surface runoff to surface waters.

On the other hand, the use of soluble mineral fertilizers from mined phosphate taken from
only a few places worldwide has led to a geographical imbalance in P distribution in agricultural
landscapes compared to natural ecosystems (George et al. 2016). The need for improved
technologies to reduce P demand and P loss from agricultural lands, as well as the development
of sustainable and economically utilizable P recovery from surface waters and sediments, arise as
a result of year-long mismanagement and the expected depletion of the Earth’s phosphate-natural
P resources. There is an ongoing debate about the definite point of P exhaustion. The size of the
resources is uncertain but practically finite (Reijnders 2014). Many references see peak
phosphorus—the point of the global maximum P mining rate, in accordance to the term “peak
o0il”—coming within the next 15 to 30 years (Cordell et al. 2009, Soil Association 2010, Walan
2013). Thus, a reduction of P inputs in the agricultural sector is indispensable to provide food
security to future generations.

Although the demand for a broad P reduction in rivers and streams is reported frequently,
several watershed scale studies indicate the importance of considering the lag time between
installing P reduction measures and the actual improvement of water quality (Zhang et al. 2016).

The measures to achieve these goals are removal techniques (e.g. filter materials) and the
recovery of P for reuse. These techniques are frequently studied and investigated. A general idea
is to use the P stored in the effluent, sludge, and sludge ashes of sewage treatment works operating
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with P precipitation (Desmidt et al. 2014). This recovered material can be used as a primary and
sustainable resource for fertilizer production (de-Bashan & Bashan 2004, Shepherd et al. 2016).

Feasible measures to clear drain waters from P are constructed wetlands. Constructed
wetlands are artificial ponds, buffer strips, or wetlands that retain the tile drainage water before
draining these into the receiving surface waters. The cleaning performance of the constructed
wetlands is highly controlled by the residence time of the water in the wetland (Reinhardt et al.
2005). The authors showed that up to 50% of the incoming DRP load is retained when the
residence time exceeds seven days. A comprehensive review of the effect of the different types of
constructed wetlands is at hand (Land et al. 2016).

A third option for the extraction of P from drainage or drainage ditch water are
bioreactors or other methods of using filter materials to adsorb P. Woodchips can be used to
adsorb significant amounts of P from artificial subsurface drainage (Hua et al. 2016). Although
woodchips have the ability to sustain de-nitrification and clean drainage water from nitrate, their
ability to adsorb P is large. A study revealed that 71% of the TP from agricultural water was
removed by a woodchip filter system (Choudhury et al. 2016). However the quality of the filter
materials is about to change. Fe-hydroxides and Seashell filter materials showed a larger retention
rates with lower mobilization rates at all observed flow rates (Canga et al. 2016). Of course, other
filter materials, such as biochar, are available, which also have a large P-sorption capacity
(Kholoma et al. 2016). However, being more extensive at this point would be beyond the scope
of this study.

Astonishingly, attempts have been made to decrease riverine P loads by adding managed
nitrate to surface waters. The advances in this method were recently reviewed (Beutel et al.
2016). It was reported that adding nitrate to P-laden waters could significantly reduce the total
P and chlorophyll content. The nitrate has to be placed at the boundary of water and sediment
to enhance de-nitrification. Other preconditions for this method can be found in (Beutel et al.
2016).

Cordell et al. (2011) posited that no single solution will achieve a P-secure future. The
authors stated that besides an improved P-use efficiency, there is a need for a maximum recovery
and reuse from all current waste streams throughout the food production and consumption
systems.

The need for P research to mitigate coastal and freshwater eutrophication has often been
propagated (Ansari & Gill 2014, van Wijnen et al. 2015, Dodds & Smith 2016). A strong emphasis
is given to iterative application of P fate and transport, coupled with the demonstration of
tradeoffs to local stakeholders (Kleinman et al. 2015). It has also been stated that a holistic
approach is needed for combating eutrophication, including other nutrient and pollutant controls
than P and physical river restoration (Jarvie et al. 2013).

Not to be scoffed at is the future contribution of climate change to the export of P. As
we could clearly demonstrate in all our studies, quick flow events and preferential flow are major
pathways of P to surface waters. It is highly likely that with the current knowledge of climate
change, we can expect an increase in the number of severe rainfall events (Palmer & Réisénen
2002, Zebisch et al. 2005).

A further key question is the interaction of nitrogen with P in runoff and in the river. It
has been found that elevated N increases P uptake by sediment and microbial biomass, and that
climate change may also have a recognizable effect on it (McDowell et al. 2017).
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However, my personal research follows a process-based approach, which is owed to the
lower concentrations of P in the observed watershed and, thus, the low mitigation and recovery
potential. However, we could clearly demonstrate that agricultural drainage has a large impact
on the measured river streamflow. The evaluation of long-term data showed that this (fast) flow
component contributes largely to the overall TP load in the Warnow river basin. Furthermore,
we could visualize the potential of preferential flow for particulate P loss, which might play an
important role in soil internal erosion of particle-bound P to tile drains and, hence, to the receiving
waters. Unfortunately, due to technical problems, our lysimeter study did not give clear evidence
of the large potential that preferential flow has for the transport of TP through the soil. Based
on our findings and some new interesting findings from the literature, future research should focus
on the riverbed sediment. Long-term re-mobilization of river sediments to surface waters in
strongly industrialized and human-formed watersheds has been shown by (Powers et al. 2016)),
and recently attested by (Purvis et al. 2016). The dynamic interaction among the different
landscape P-pools is, thus, of considerable scientific interest (Fox et al. 2016).

The spatio-temporal dynamics of the interactions between the P-pools of soil, sediments
(Fox et al. 2016), groundwater, and surface water are not yet fully understood. The variety of P-
pools and their contribution to the overall loads of P in the rivers, in terms of DRP and TP,
might be, therefore, an interesting approach in future P research. Even groundwater may
contribute largely to surface-water eutrophication, particularly in lowland catchments (Holman
et al. 2008), since lowland catchments have high groundwater tables and high fluxes of
groundwater to receiving waters. In the context of spatial and temporal effects, Zhang et al.
(2016) emphasized the importance of long-term river monitoring on the watershed scale.

The future of P research should emphasize on mitigation strategies, removal and recovery
techniques, and the reduction of societal P inputs in areas where P concentrations in rivers and
P stocks in the soils are high. Many national and international research projects focus on P in
environmental cycles, on both fundamental research and socio-economical evaluation. To name

only a few, these are the projects that my research is associated with:

i InnoSoilPhos—Innovative Solutions to Sustainable Soil Phosphorus Management

Funded by the Federal Ministry of Education and Research, Germany

Focus on a variety of spatial scales
ii.  NuReDrain (Nutrients Removal and Recovery from Drainage Water)

Funded by Interreg—North Sea Region
Focus on P reduction and recovery techniques using different filter

materials

P is in the focus of interest of all natural sciences, displayed by the development of the
Leibniz ScienceCampus Phosphorus Research at the University of Rostock. The ScienceCampus
was founded to find solutions to the challenges of limited P availability, improper use of P
inventories of soils, and the environmental impacts. At the time of the completion of this thesis,
26 research projects were recorded at the ScienceCampus. Additional information about projects

and the partners of the campus can be found on their webpage (https://wissenschaftscampus-

rostock.de/research /projects.html).
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A large interdisciplinary research initiative on the global scale is The Global Phosphorus
Research Initiative (GPRI). The GPRI is a collaboration of independent scientists and research
institutes in Europe, North America, and Australia. Detailed information on ongoing projects,
recent publications, and the aim of the GPRI can be found on their webpage

(phosphorusfutures.net). The GPRI has a stronger focus on P scarcity and the need of P for the

production of food.
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Theses

I Rationale and research objectives

e Besides nitrate (NO3), phosphorus (P) in its mobile form (POY) is the main contributor to
the eutrophication of north-eastern German freshwaters and the Baltic Sea.

e Nonetheless, there is a lack of understanding of P-transport processes on a variety of spatial
scales from the plot and the field to the catchment scale.

o Although awareness about environmental health is increasing, and so is the willingness of
responsible resource use, there is still marked P leaching from agricultural areas in north-
eastern Germany.

e  Understanding the hydrology and the transport pathways of P to surface waters is crucial to
deliver land use- and P-management guidelines for farmers and other stakeholders and
authorities.

e  This thesis aims to contribute to our understanding of P-transport pathways to surface waters
in agriculturally used lowland catchments, particularly by answering the following questions:
(i) How does artificial drainage affect the hydrology of the Warnow river basin and its
contributing sub-basins, and the predictive power of an eco-hydrologic model? (ii) How does
the spatial scale affect the detectable pathways of P transport to surface waters? (iii) Do
certain events play a critical role in the release of P from agriculturally used areas? (iv) Can

field scale processes be reproduced at the catchment scale?

II Methods

e A top-down approach was used to determine the P-transport pathways from the catchment
to the field and the soil profile scale.

e The Soil and Water Assessment Tool (SWAT) model was used to determine the impact of
artificial subsurface drainage to the catchment hydrology.

e Long-term data of dissolved reactive phosphorus (DRP) and total phosphorus (TP) (derived
by the State Office of Environment, Nature Conservation, and Geology of Mecklenburg-West
Pomerania, LUNG MV) were analyzed for temporal trends and detectable pathways of P
transport at the catchment scale.

e DRP and TP concentrations were monitored in the hydrological season 2015/2016 at our field
monitoring site. The impact of rainfall and discharge events was evaluated on three spatial
scales (tile drain (4.2 ha), drainage ditch (179 ha), and a brook (1,550 ha)).

e A dye-tracer study was conducted using Brilliant Blue (BB, solution) and Titanium(IV) oxide
(TiO,, suspension), as tracers to visualize solute and particle transport through soils with
different clay content.

e A suction lysimeter experiment was conducted to determine the preferential transport of
bromide (Br), DRP, and TP.
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III Main results

e The incorporation of artificial drainage into the setup of the SWAT model significantly
improved the predictive power of the model.

e The riverine concentrations of P (DRP, TP) in the Warnow river basin decreased significantly
between 1990 and 2010, which is most likely related to the installation of sewage treatment
works in the 1990s. Nonetheless, the contribution of diffused sources of P to surface waters
was high.

e DRP followed the base-flow signal while the TP followed a fast flow component, which seems
most likely related to event-based drainage discharge.

e In the study season, five rainfall events contributed 15% to 77% and 49% to 68% of the total
seasonal load of DRP and TP on the three observed spatial scales at our field site respectively.

e The contribution of tile drainage to the export of TP (e.g. particulate P) from agricultural
fields is higher than that for larger spatial scales. The TP:DRP ratio decreases with increasing
catchment area, which indicates sedimentation.

e The spatial variability of DL-extractable soil P on the field scale is high, and shows recurring
patterns.

o The transport of solutes and particles is strongly affected by preferential flow in loamy and
clay soils.

e Although the overall transport of colloids to deeper soil horizons is low, the potential of fast
transport through singular macropores (e.g. earthworm channels)—through which colloids
are exclusively transported—is large and increased with increasing clay or silt content.

o TiO, is a suitable dye tracer for the visualization of colloid transport in mineral soils.

o Bromide is transported preferentially through the investigated loamy soil while DRP and TP
follow erratic transport patterns. The suction lysimeter test indicates a high potential of DRP
being released into the groundwater through severe rainfall events.

IV Conclusion and Outlook

e Our studies indicate the importance of artificial tile drainage and rainfall events to the
transport of P to surface waters on all the observed spatial scales.

e However, further research is needed on the interaction of different P pools (groundwater, soil,
bed sediment, water). Particular focus should be given to the re-mobilization of bed sediments
during discharge events, and the chemical and biological interaction with other nutrients
(NO3).

e High-frequency measurements on different scales, beginning with the tile drainage scales, will
give insights into transport processes following management measures (e.g. manure
application, ditch dredging, etc.).

o The integrated modeling of P and the impacts of land-use management strategies and climate
change on the catchment scale will be a helpful future tool for the development of guidelines
for authorities and stakeholders.

e The pollution of the Baltic Sea is still high. Since the concentrations of P observed in the
larger rivers of the southern Baltic are typically small, we should extend our monitoring to

smaller rivers and direct dischargers.
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