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1. Indikatoren fiir eine nachhaltige Landnutzung — Modellkopplung
zur Abschitzung von N-Emissionen aus der Pflanzenproduktion
(B. Szyska, M. BacH, L. BReuer, H.-G. Frepe & K. B. VACHE)

1.1. Einleitung

Um die Nachhaltigkeit landwirtschaftlicher Betriebssysteme beurteilen zu kénnen, bens-
tigen Landwirte wie auch die Betriebsberatung geeignete Instrumente. Die Software REPRO
(Reproduktion der organischen Bodensubstanz) von K. J. HULSBERGEN (2002) stellt eines
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dieser Beratungsinstrumente dar. Zu dem derzeitigen Stand der Entwicklung kénnen mit
REPRO noch nicht alle Umweltbelastungen erfasst werden. Gerade der Beitrag der Landwirt-
schaft zur Klimaverinderung hat bisher noch keine Beriicksichtigung gefunden, obwohl z.B.
Emissionen von N,O (Lachgas) aus landwirtschaftlichen Flichen in den 90er Jahren in den
Blickpunke geriicke sind (S. E. MACHEFERT et al., 2002 und A. MosIER et al., 1998).

Ziel ist es, im Rahmen des DBU(Deutsche Bundesstiftung Umwelt)-Projekts ,,Indikatoren
fiir eine nachhaltige Landnutzung® einen neuen Indikator (klimarelevante N,O-Emissionen)
zur Bewertung der Nachhaltigkeit von Landwirtschaftsbetrieben fiir das Programm REPRO
zu entwickeln. Dieses soll durch die Kopplung von REPRO mit dem Denitrification Decom-
position (DNDC) Modell erméglicht werden. Vor der Kopplung von REPRO und DNDC
muss das DNDC Modell kalibriert und seine Ergebnisse unter mitteleuropiischen Boden- und
Klimaverhiltnissen validiert werden. Das Vorgehen und die Ergebnisse der Kalibrierung des
DNDC Modells werden am Beispiel des Bodenklimamoduls in diesem Beitrag dargestellt.

1.2. Methoden

DNDC wurde schrittweise iiberpriift, um die Teilmodule Bodenklima, Mineralisation
und Nitrifikation/Denitrifikation einzeln zu kalibrieren und validieren. Das verwendete
Kalibrierungsverfahren basiert auf einer Monte-Carlo (MC) Simulation und ist dem von
K. J. Beven & A.M. Bintey (1992) entwickelten ,Generalised Likelihood Uncertainty
Estimation (GLUE)“ Verfahren dhnlich. Mittels dieses Ansatzes soll ein optimaler Satz von
Parametern herausgearbeitet werden.

Zunichst wurde mit allen in den jeweiligen Modulen befindlichen Parametern eine
Sensitivititsanalyse vorgenommen. Simtliche Parameter wurden gleichzeitig variiert und
ihre Werte mittels einer MC Simulation aus einer uniformen Verteilung gezogen (siche
A. SarreLir et al., 2004). Die Anzahl der Modellliufe belief sich bei den Sensitivititsanaly-
sen fiir jedes Modul auf n = 200. Mit Hilfe einer multiplen linearen Regression und einer
ANOVA (Varianzanalyse) wurden die sensitiven Parameter identifiziert. Diese Parameter
wurden fiir die anschliefende Kalibrierung herangezogen.

Fiir die Kalibrierung wurde eine MC Simulation mit 10.000 randomisierten und si-
multanen Zichungen der Werte fiir die signifikanten Modellparameter durchgefiihre. Die
Evaluation der Modellergebnisse sowie die Auswahl des geeigneten Parametersatzes erfolgte
mittels verschiedener Effizienzkriterien, die den Vergleich zwischen beobachteten und
vorhergesagten Werten erméglichten. Verwendete Effizienzkriterien: Index of Agreement d
(C.]J. WiLLmor, 1981), Nash-Sutcliffe-Efficiency E (J. E. Nasu & J. V. Sutctirrg, 1970),
Bestimmtheitsmafd r2 und der Root Mean Square Error RMSE. Im Anschluss an die Kali-
brierung wurden Validierungen durchgefiihrt. Dazu wurden die kalibrierten Module an
einem anderen Standort getestet.

Fiir die Kalibrierung wurden Messungen von Untersuchungsflichen (Tab. 1.1) aus
verschiedenen Regionen Deutschlands verwendet. Fiir diese Flichen standen neben den
Eingangsdaten, Messungen der Bodentemperatur und Bodenwassergehalte (in verschie-
denen Bodentiefen) sowie Messungen zu CO,- und N,O-Emissionen zur Verfiigung.
Die Kalibrierung des Bodenklimamoduls wurde fiir den Standort Gieflen vorgenommen,
die Mineralisation und die Nitrifikation/Denitrifikation wurden anhand von Versuchs-
flichen bei Gottingen kalibriert. Validierungen wurden auf den Flichen in Géttingen/
Niedersachsen und Siggen/Baden-Wiirttemberg durchgefiihrt.
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1ab. 1.1: Ubersicht der zur Kalibrierung und Validierung verwendeten Standorte. C,q — organischer Koh-

lenstoffgehalt im Boden, N — Stickstoff, NHNO; — salpetersaures Ammoniak.

Overview of the sites used for calibration and validation. C,, — organic carbon content of the soil,
N — nitrogen, NH;NOj; — nitric ammonia.

Standort/ Boden . J ahres};l Jahresmitrel- | Diingung
Autor niederschlag temperatur Kultur ke N ha 1]
Ton [%] | Coyy [%] [mm] [°C] &
Gottingen .
. > Winterraps
Niedersachsen | 304 |15 635 8,6 Winterweizen | 0 4h9 33
: Wintergerste N
(1998)
Giefen, Grinland/ | o
16,0 2,8 644 9,9 Schnitt-
((;.Olg.i\;AMANN nutzung als NH,NO;
Siggen, Baden- .
’ Griinland/
Wiirttemberg . 167
28,9 4,7 1400 6,5 Schnitt- ..
?1 91\;.9?LATZEL nutzung als Giille

1.3. Ergebnisse

Durch die Kalibrierung des Bodenklimamoduls konnten die Berechnungen der Tem-
peratur und des Wassergehaltes im Boden deutlich verbessert werden. Zwar zeigen die
Effizienzkriterien fiir die Berechnung der Bodentemperatur vor und nach der Kalibrierung
keine allzu groflen Verinderungen bezogen auf das gesamte Jahr (unkalibriertes Modul:
d=0,97,E=0,87,r2=0,92 und RMSE = 2,26 vs. kalibriertes Modul: d = 0,96, E = 0,87,
2 = 0,94 und RSME = 2,33). Dennoch sind im Jahresverlauf deutliche Verbesserungen
festzustellen. Zum einen werden die teilweise sehr starken Schwankungen der berechneten
Bodentemperatur verringert und dem natiirlichen Temperaturverlauf angepasst und zum
anderen konnten die starken Unterschitzungen der Bodentemperatur in den Wintermo-
naten durch die Kalibrierung korrigiert werden (Fig. 1.1 und Fig. 1.2, Beispiel Gieflen).
Werden die Effizienzkriterien fiir die Zeitriume von Anfang Dezember bis Mitte Februar
der Messperiode verglichen, so zeigt sich eine deutiche Steigerung der Modellgiite von
d=0,79, E =-0,47, r2 = 0,62 und RMSE = 2,61 aufd = 0,90, E = 0,62, r2 = 0,71 und
RMSE = 1,35 (Fig. 1.2).

Die Validierung der kalibrierten Bodentemperatur zeigt sowohl auf dem Versuchsstandort
in Siggen/Baden-Wiirttemberg als auch auf dem bei Gottingen/Niedersachsen in Teilen eine
Verbesserung der Effizienzkriterien der Modellergebnisse nach der Kalibrierung. Siggen:
unkalibriert: d = 0,97, E = 0,88, 2 = 0,91 und RSME = 2,30 vs. kalibriert: d = 0,96,
E = 0,88, 12 = 0,94 und RSME = 2,28 und Géttingen: unkalibriert: d = 0,88, E = 0,45,
r2 = 0,66, RMSE = 4,99 vs. kalibriert: d = 0,88, E = 0,58, 12 = 0,58 und RMSE = 4,34.
Auch bei den Validierungsflichen konnte eine deutlich verbesserte Anpassung der Boden-
temperatur im Winter erreicht werden (Werte hier niche gezeigy).

Die Berechnung des Bodenwassergehaltes konnte durch die Kalibrierung ebenfalls ver-
bessert werden. Vor der Kalibrierung zeigte das Modell eine deutliche Unterschitzung der
Feuchtigkeit im Boden, was auch durch die Effizienzkriterien verdeudicht wurde (d = 0,50,
E=-1,91,r2=0,32 und RSME = 0,27). Nach der Anpassung konnten die Unterschitzung
des berechneten Wassers im Boden vermindert wie auch die zeitlichen Verliufe von Was-
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Fig. 1.1: Gemessene und simulierte Bodentemperatur fiir die Jahre 1996 bis 1998 am Standort GiefSen.
Measured and simulated soil temperature for 1996 to 1998 ar GiefSen.
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Fig. 1.2: Gemessene und simulierte Bodentemperatur im Winter 1996/97 am Standort GiefSen.
Measured and simulated soil temperature during wintertime 1996/97 at GiefSen.
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Fig. 1.3: Gemessener und simulierter Bodenwassergebalt fiir das Jahr 1997 am Standort Gieffen. WFPS —
wassergefiilltes Porenvolumen (%).
Measured and simulated soil moisture content in 1997 ar Giefen. WEPS — water filled pore space
(%).
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Fig. 1.4: Gemessener und simulierter Bodenwassergehalt fiir das Jahr 1997 am Standort Siggen. WFPS —
wassergefiilltes Porenvolumen (%).
Measured and simulated soil water content in 1997 at Siggen. WFPS — water filled pore space
(%).
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Fig. 1.5: Gemessene und simulierte N,O-Emissionen des unkalibrierten Modells am Standort Scheyern.
Measured and simulated N,O emissions of the not calibrated model at Scheyern.
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Fig. 1.6: Gemessene und simulierte N>O-Emissionen des unkalibrierten und kalibrierten Modells am Stand-
ort Scheyern. (Schnitt der y-Achse bei 200 g N ha'.)
Measured and simulated nitrous oxide emissions (N>O) of the not calibrated and calibrated model
at Scheyern. (Extense up to 200 g N ha'.)
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sersittigung und Austrocknung des Bodens besser dargestellt werden (d = 0,68, E = -0,47,
12 = 0,39 und RSME = 0,18; Fig. 1.3). Die Ubertragung der angepassten Bodenfeuchtebe-
rechnung des Bodenklimamoduls zeigte ebenfalls eine eindeutig verbesserte Vorhersage des
Bodenwassergehaltes verglichen mit dem unkalibrierten Modul. Auch bei der Validierung ist
zu sehen, dass das Niveau des berechneten Bodenwassergehaltes dem der Messung entspricht
(unkalibriert: d = 0,28, E = —13, 89, 12 = 0,02 und RSME = 0,40 vs. kalibriert: d = 0,51,
E = -3,60, 12 = 0,17 und RSME = 0,22). Abweichungen ergeben sich teilweise bei dem
Austrocknungsgrad des Bodens (Fig. 1.4).

Die Kalibrierung des Bodenklimamoduls hat deutlichen Einfluss auf die Berechnung
der N,O-Emissionen. Die vor der Anpassung modellierten Lachgasemissionen werden von
DNDC deutlich iiberschitzt. Dariiber hinaus werden nicht alle Emission-Peaks von dem
Modell abgebildet (Fig. 1.5). Dieses spiegelt sich auch in den berechneten Modellgiitemaflen
wider, die fiir DNDC, bezogen auf die tigliche Auflssung der N,O-Emissionen, recht gering
ausfallen (E = —1,6, RSME = 160, r2 = 0,05 und d = 0,38).

Nach der Kalibrierung zeigt sich, dass die Uberschitzungen der N,O-Emissionen (gerade
in den Wintermonaten) verringert wurden (Fig. 1.6). Weiterhin sind im Einzelnen Emissi-
onsereignisse vom Modell nicht abgebildet, jedoch hat die Kalibrierung der Berechung von
Bodentemperatur und -feuchte insgesamt positive Auswirkungen auf die modellierten Emis-
sionen. Die Giitemafle wurden dadurch iiberwiegend verbessert: E = —0,03, RSME = 67,
r2=0,07 und d = 0,31.

1.4. Diskussion

Nach den ersten Validierungsergebnissen konnte die Berechnung von Bodentemperatur
und -wassergehalt durch eine automatische Kalibrierung eindeutig verbessert werden. Die
verinderten Parameter in den Berechungsschritten im Bodenklimamodul zeigen sowohl
fiir die Kalibrierungsflichen als auch fiir die Validierungsflichen hohe bzw. gute Modellef-
fizienzen. Die Simulationen der Bodentemperatur wihrend des Winters konnten deutlich
optimiert werden.

Die gerade in dieser Jahreszeit vorkommenden kurz aufeinander folgenden Frost-Tau-
Wechsel spielen eine bedeutende Rolle bei der Freisetzung von N,O. Bei Temperaturwechsel
um den Gefrierpunkt kénnen N,O-Verluste entstehen, die bis zu 50 % der gesamten Jahres-
emission ausmachen kénnen (H. FLessa et al., 1998, R. Ruser et al., 2001, C. MULLER et
al., 2002). Ausschlaggebend fiir die hohen Verluste an N,O bei kurzzeitigem Auftauen des
Bodens sind hohe Gehalte an leicht umsetzbaren organischen Stickstoft- und Kohlenstoff-
verbindungen der Béden, die wihrend der Frostperiode angereichert wurden und dann sehr
schnell von anwachsenden Mikroorganismenpopulationen umgesetzt werden kénnen. Da
das Modell zuvor in den Wintermonaten latent zu geringe Bodentemperaturen berechnet
hatte, konnte es somit diese Frost-Tau-Wechsel im Boden nicht immer befriedigend abbilden.
Analog zu den Frost-Tau-Wechseln bedingen auch Unterschiede in der Bodenfeuchte (Tro-
cken-Nass-Zyklen) einen wesentlichen Einfluss auf die N,O-Emissionen (K. R. Reppy &
W. H. Patrick, 1975). Gerade die denitrifikatorische N,O-Produktion ist abhingig von der
Grofle der anacroben Bereiche im Boden. Somit tragen falsch berechnete Bodenwassergehalte
ebenfalls zu einer ungenauen Abbildung der N,O-Emissionen in DNDC bei. DNDC hatte
vor der Kalibrierung zu geringe Bodenwassergehalte fiir die Boden berechnet.

Bei Betrachtung der Auswirkungen der Kalibrierung des Bodenklimamoduls auf die N,O-
Emissionen sind zwar insgesamt durch die Anpassungen die vorhergesagten N,O-Emissionen
verbessert worden, jedoch scheint dadurch das gesamte Emissionsniveau herabgesetzt worden
zu sein. Dieses zeigt sich an den teilweise zuvor nicht auftauchenden Unterschitzungen der
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N,O-Emissionen. Wie die Uberpriifung der Emissionsmodellierung in DNDC zeigt, kon-
nen durch die alleinige Anpassung des Bodenklimamoduls nicht alle Prozesse korrigiert oder
erfasst werden. Demnach miissen im weiteren Kalibrierungsverfahren neben den wichtigen
Steuergrofen der N,O-Emission, Temperatur und Wassergehalt des Bodens, ebenso die
Kohlen- und Stickstoffumsatzprozesse iiberpriift und angepasst werden.

Zusammenfassung

Im Rahmen des DBU(Deutsche Bundesstiftung Umwelt)-Projekts ,,Entwicklung von
Indikatoren fiir eine nachhaltige Landnutzung® wird REPRO, ein landwirtschaftliches
Beratungs- und Bewertungsprogramm, welches auf Umweltindikatoren basiert, erwei-
tert. Treibhausgasemissionen aus landwirtschaftlichen Flichen, wie z. B. N,O (Lachgas),
werden in REPRO fiir die Beurteilung eines Betriebes hinsichtlich seiner nachhaltigen
Bewirtschaftungsweise bisher nicht beriicksichtigt. Um solch einen Nachhaltigkeitsindi-
kator in das Bewertungssystem von REPRO aufnehmen zu kénnen, werden die beiden
Modelle REPRO und DNDC (Denitrification Decompostion) miteinander gekoppelt,
wobei mit DNDC die N-Treibhausgasemissionen fiir jeden Betrieb schlagbezogen be-
rechnet werden. Vor der Kopplung der Modelle muss jedoch das DNDC Modell fiir
mitteleuropiische Bedingungen angepasst werden.

Der Struktur des DNDC Modells folgend, wurde eine schrittweise Kalibrierung durch-
gefiihrt, indem fiir jedes Modellmodul mittels einer automatischen Kalibrierungstechnik
eine Anpassung erfolgte. Im ersten Schritt wurde eine Sensitivititsanalyse, basierend auf
einer Monte-Carlo Simulation (n = 200) fiir simtliche modellinterne Parameter durchge-
fiihrt. Sensitive Parameter konnten mittels einer multiplen linearen Regression und einer
ANOVA (Varianzanalyse) ermittelt werden. Eine darauf folgende weitere Monte-Catlo
Simulation (n = 10.000) diente der Kalibrierung des Modells. Alle Ergebnisse der gezo-
genen Parameterwerte wurden mit Hilfe verschiedener Modelleffizienzkriterien evaluiert.

Hier dargestellt sind die Ergebnisse der Kalibrierung fiir das Bodenklimamodul des
DNDC Modells. Die Berechnung der Bodentemperatur wihrend der Wintermonate
konnte durch die Kalibrierung verbessert werden. Grade zu dieser Jahreszeit stellt die
Temperatur im Boden, bezogen auf die Emission von N,O, eine wichtige Grofle dar.
Unterschitzungen der Bodentemperatur wihrend der Frost-Tau-Zyklen im Winter fiih-
ren zu Unterschitzungen der vorhergesagten N-Treibhausgasemissionen. Angepasste Pa-
rameter in den Berechnungen fiir die Bodentemperatur zeigen hohe Effizienzkriterien
und eine gute Anpassung an die beobachteten Werte.
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Summary

In the DBU (German Federal Environmental Foundation) project “Development of Environmental
Indicators for Sustainable Land Use” the REPRO model (reproduction of the soil organic matter), which
is based on environmental indicators, is under improvement. Trace gas emissions such as N,O (nitrous
oxide) as indicators for sustainable agriculture are not yet included in the model. Hence, the REPRO
model will be linked with the DNDC (Denitrification Decompostion) model, to estimate (among others)
N trace gas emissions for every specific field of a farm. Before the two models can be linked, DNDC must
be calibrated for Mid-European conditions. According to the structure of DNDC the calibration of the
model was done stepwise by calibrating each sub-model with an automatic calibration technique. At first a
sensitivity analysis for all internal sub-model parameters based on a Monte Catlo (n = 200) simulation was
done. The most sensitive parameters were selected with the help of multiple linear regression and ANOVA
(Analysis of Variance). In a second Monte Carlo simulation (n = 10,000) randomised simultaneously for
the calibration process. All model results oft the sampled parameter values were evaluated by using different
efficiency criteria. The results for the soil climate sub model of DNDC are shown in this presentation.
Changes of the parameters for the calculation of soil temperature show high model efficiencies and a good
fit to the observed values. The simulation of the soil temperature during winter could be enhanced. In this
season soil temperature is important for modelling N trace gas emissions during frost-thawing cycles. Un-
derestimations of soil temperature during these cycles lead to underestimations of predicted N-trace gases.
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2. Using Plot Measurement Data for the Validation of an
Eco-Hydrological River Basin Model (B. Kuocking,

B. BeubpERT, S. KnoBraucH & F Suckow)

2.1. Introduction

The development and use of complex river basin models which describe beside the
regional water budget also the vegetation dynamics and the carbon/nitrogen budget be-
come increasingly important in the context of river basin management. ArcEGMO (www.
arcegmo.de) with the involved Plant-Soil-Carbon-Nitrogen Model PSCN is one of these
models. The usual validation way of such complex models by comparing simulated and
observed catchment discharges is not without problems because river discharges are highly
integrated values for itself. Therefore, some efforts have to be done to validate the sub-
models in a reasonable way. Measurement series from experimental monitoring sites under
different land use and environmental conditions can be used as a solid basis for both model
validation and development if they are sufficient long with a process adapted temporal
resolution. Ideally such monitoring sites are part of an intensively observed catchment.

2.2. Model

ArcEGMO-PSCN is a GIS-based, multi-scale modelling system for spatially dis-
tributed simulation of hydrological sub-processes in river catchments. Beside the usual
model approaches for describing the lateral surface and subsurface water flows at river
basin scales (A. BECKER et al., 2002 and B. PFUTZNER, 2003) it contains complex growth
models for forest and agricultural areas and a detailed soil model (water, heat, carbon/
nitrogen budget). Through implementation of a crop rotation generator, the agricultural
land use structure of a region can be exactly reproduced. Air temperature, precipitation,
humidity and global radiation in daily resolution are the required climatic driving vari-
ables. The spatial resolution is carried out on the basis of hydrotopes. Each hydrotope is
characterised by a particular land use, topography, and soil profile and is associated with
a fixed space within the study area.

Vegetation dynamics are simulated in dependence on land use in the individual hy-
drotopes. Four different plant models have been integrated into the model:

— forest growth model 4C (P. LascH et al., 2005),

— vegetation model for agricultural crops according to SWAT 2000 (S. L. NEITscH et
al., 2001),

— general dynamic plant model on the basis of time series for describing the inner an-
nual or long term dynamic of the plant parameters LAI (Leaf Area Index) and rooting
depth (without carbon/nitrogen dynamics),

— general static model (water budget only without carbon/nitrogen dynamics).

The modelling of the soil processes took into account the soil profile with horizontal
layers down to the C-horizon. For sites influenced by groundwater, temporarily saturated
layers and the current depth of the groundwater surface were also considered. A detailed
description of the PSCN module is given by B. KLockiNG et al. (2005) and B. Krocking
(2008).
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2.3. Validation on agricultural measurement plots in Thuringia

The Thuringian State Institute of Agriculture operates two lysimeter sites in the central
German dry region. The mean annual temperature here is 8.2 °C; the mean annual precipita-
tion is 550 mm. The research station Buttelstedt consists a number of weighable lysimeters
(TLL, 2005). The two lysimeters used in our studies are 2.5m deep with a surface area of
2m?2. They are monolithically filled (Haplic Phacozem soils with silty-loamy texture developed
from loess) and installed in an agricultural field to avoid oasis effects. To measure precipitation
and evaporation they are weighed continuously with an accuracy of 0.05 mm. The percolating
water is collected by ceramic suction cups with suction up to 0.03 mPa at a depth of 230 cm.
From 1983 to 1994 field plants were planted. This period was used for model validation. As
well the plant development (canopy cover and rooting depth) as the evapotranspiration and
seepage rates could be sufficiently described with the model (Fig. 2.1 and 2.2).

An additional detailed monitoring network for water and material flows was set up in
the Altengotternschen Ried, a flood plain area of the River Unstrut in Thuringia/Germany
in 1997. In connection with the measurement of groundwater dynamics and quality these
measurements aimed to produce a comprehensive description of the water and material flows
in an agricultural used flood plain and its recharge areas. This project was mainly funded
by the German Federal Ministery of Education and Research during the research projects
“Revitalisation of the Unstrut” and “GLOWA-Elbe”. The different monitoring sites consist of
a lysimeter group and a surrounding measurement field. The monolithically filled lysimeters
have a surface area of 2m? and — according to the amount of roots at the site — a depth of
1.3m (lysimeter A3, Vertisol) to 2.5m (lysimeter A4, Fluvisol in the flood plain). The lysi-
meter in the flood plain is open at the bottom to allow the interaction with the groundwater.
At the suction-probe measurement sites, five sets of ceramic suction cups were set up at depths
of 50, 90 and 140cm to derive the vertical gradients for the percolation and groundwater
quality (S. KnoBraucH, 2003).
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Fig. 2.1: Simulated and measured evapotranspiration rates (AET) of the lysimeter Buttelstedt.
Simulierte und gemessene Evapotranspirationsraten (AET) beim Lysimeter Buttelstedt.
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Fig. 2.2: Simulated and observed percolation rates of the lysimeter Buttelstedt.
Simulierte und gemessene Sickerwasserspende des Lysimeters Buttelstedt.

For model validation observed phenological crop data, harvest amounts, percolation
rates and soil moisture measurements are used. With the chosen crop model, a simplified
version of the EPIC (Erosion Productivity Impact Calculator) plant growth model basing
on daily accumulated heat units for simulation of the phenological plant development, we
got a good agreement between the predicted and the observed development and yields like
it is shown in tab. 2.1. Satisfying results could also be reached for simulating the percolation
rates and the leached nitrogen amounts like it is shown in fig. 2.3 and 2.4 for the Vertisol
(lysimeter A4) in the source area.

Tab. 2.1: Simulated (sim) and observed (mean, max, min) yields and nitrogen contents (N) in the harvest
residues of the lysimeter A3 and A4.
Simulierte (sim) und gemessene (mean, max, min) Ertrige und Stickstoffgehalte (N) in den
Ernteriickstiinden der Lysimeter A3 und A4.

Lysi Crop yield Biomass | N inyield | N in straw | N,
Year m}:tle:-r Crop [dt/ha] : : [dt/ ha.] [kg/ ha.] [kg/ ha.] [kg/ha]
mean | max | min | sim | men | sim |mean| sim |mean| sim | sim
1997 | A3 |winter wheat| 85 96 72 86 | 155 | 148 | 180 176 | 81 41 55
1997 | A4 |winter wheat| 59 | 73 | 46 | 66 | 104 | 120 148 | 144 | 31 | 33 | 45
1998 | A4 |springbarley | 45 | 61 | 37 | 43 77 | 74103 78 | 21 | 18 | 24
1998 | A3 |field bean 32 44 20 42 57 79 | 168 | 175 | 39 37 | 53

1999 | A4 |winterrape | 41 | 60 | 23 | 35 | 116 | 108 [145 | 112 | 54 | 44 | 48

1999 | A3 |[springwheat| 70 | 76 | 65 | 58 | 153 | 152 |164.8] 122 | 38 | 42 | 41

2000 | A4 |winter wheat| 47 | 61 34 | 63 | 119 | 119 |134.7| 142 | 43 | 33 | 44

2000 | A3 |spring barley| 46 | 52 | 34 | 43 79| 78| 787| 76| 22 | 20 | 24

2001 | A3 |winterrape | 29 | 40 | 16 | 49 78 | 145 |101.5| 104 | 33 | 57 | 49

2001 | A4 |winter wheat| 64 | 80 | 34 | 60 | 132 | 120 |166.7| 142 | 38 | 34 | 45
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Fig. 2.3: Simulated (simulation) and observed (SiWa_4/1-3) yearly percolation rates of the lysimeter A4.
Simulierte (simulation) und gemessene (SiWa_4/1-3) jihrliche Sickerwasserspende des Lysimeters
A4.
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Fig. 2.4: Simulated (simulation) and observed (N_4/1-3) yearly amounts of nitrogen [kg Niha] in the
seepage of the lysimeter A4.
Simulierte (simulation) und gemessene (N_4/1-3) jihrliche Stickstofffrachten im Sickerwasser
[kg Niha] des Lysimeters A4.
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2.4. Validation at a beech stand in the Bavarian Forest Park

The Forellenbach area (0.7 km?2) in the Bavarian Forest National Park is part of the
“International Cooperative Programme on Integrated Monitoring of Air Pollution Ef-
fects on Ecosystems (UN/ECE ICP-IM)”. The purpose of this programme is to docu-
ment the state of ecosystems and changes caused by anthropogenic impacts, such as
atmospheric pollutants and climate change. In the frame of these project the water and
element cycling in beech and spruce stands and on catchment scale have been observed
since 1990 (B. BEupert & W. Brerr, 2004).

Data series particularly suitable for the validation of the water, snow and vegetation
sub-models of ArcEGMO-PSCN are available for one beech/spruce stand (about 100
years old, elevation of 820 m, mean precipitation: 1600 mm/a, mean temperature 6.2 °C),
growing on a Dystric Cambisol which is acidified and low in exchangeable cations.
Parallel measurements of soil water contents and vertical flows on plot scale and of lat-
eral flows on catchment scale (Forellenbach gauging station) are valuable to test and to
improve distributed eco-hydrological models. The simulated biomass increment of the
tree stand (B. KLOCKING et al., 2005) as well as the soil water content and its variability
in different soil layers (Fig. 2.5) agree well with the measurements.
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Fig. 2.5: Water content (WC), simulated and observed by TDR-measurements of the beech/spruce stand.
Bodenfeuchteverlauf (WC), Simulationswerte und TDR-Messungen im Buchen-/Fichtenbestand.

2.5. Conclusions

The test of the distributed river basin model ArcEGMO-PSCN with plot measure-
ment data confirmed the suitability of the involved sub models for describing the vege-
tation dynamics, the water and the nitrogen budged. Weighable lysimeters offer a solid
data base for model development as well as for model validation. Plot measurements
are suitable too with some constraints. On the one hand, it is not always possible to
limit or to pinpoint side effects. On the other hand, the frequency of data sampling and
the quality of the measurements is often not sufficient for model parametrisation and
validation. Therefore, a closely co-operation between “modellers” and “field scientists” is
very important to fill the yet existing gaps in ecosystem models.
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Summary

Distributed eco-hydrological models are increasingly used in the context of river basin ma-
nagement. One example is the simulation tool-box ArcEGMO (www.arcegmo.de). It includes
the module PSCN (Plant-Soil-Carbon-Nitrogen Model), which describes the vegetation dyna-
mics, the water, heat, carbon, and nitrogen budget of the singular hydrotopes deterministically.

Measurement data from intensive agricultural and forest monitoring sites are used for
the parameterisation and validation of the sub-modules. The Thuringian State Institute of
Agriculture operates two lysimeter sites in the central German dry region. The here sampled
measurement data were particularly used for the test of the plant development, yield, eva-
potranspiration, and seepage simulations. High annual precipitation rates, abundant snow
cover, and low mean annual temperatures are characteristic for the beech/spruce stand in
the Bavarian Forest National Park. The here collected data series are a solid basis especially
for the validation of the soil water, snow and forest growth sub-models. The agreement
between simulation results and observations was satisfying for all three sites.
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Zusammenfassung

In der modernen Flussgebietsbewirtschaftung sind neben den Wasserfliissen auch Wasserinhalts-
stoffe wie z.B. geléste Stickstoffkomponenten zu beriicksichtigen. Dazu wurde im Rahmen des
Flussgebietsmodells ArcEGMO (www.arcegmo.de) das Modul PSCN (Plant-Soil-Carbon-Nitrogen
Model) entwickelt, welches neben der Wasserdynamik auch den Kohlenstoff- und Stickstofthaushalt
im System Vegetation/Boden simuliert. Bei der Modellentwicklung wird zusitzlich zum Test des
Gesamtmodells in unterschiedlichsten Naturrdumen grofler Wert auf die Validierung der Teilmodelle
gelegt. Detaillierte stofflich orientierte Monitoringprogramme auf land- und forstwirtschaftlichen
Dauerbeobachtungsflichen bieten gute Moglichkeiten zur Uberpriifung und Weiterentwicklung
der Modellteile zur Simulation des Pflanzenwachstums sowie des Wasserhaushaltes und des Stick-
stoffumsatzes in der ungesittigten Zone.

Hierfiir wurden unter anderem die Messergebnisse zweier unterschiedlich ausgerichteter Mo-
nitoringprogramme in zwei klimatischen Regionen Deutschlands genutzt, die Lysimeteranlagen
Buttelstedt und Altengottern auf landwirtschaftlich hoch produktiven Standorten im Thiiringer
Becken und die Buchen-Fichten-Dauerbeobachtungfliche im Nationalpark Bayerischer Wald. Fiir
beide Standorte konnte bei Vegetationsentwicklung und Wasserhaushalt eine zufriedenstellende
Ubereinstimmung zwischen Simulation und Beobachtung/Messung erzielt werden.

Keywords: ArcEGMO, river basin model, water budget, nitrogen budget, plant
development

Schlisselworter: ArcEGMO,  Flussgebietsmodell, Wasserhaushale, Stickstofthaushalt,
Pflanzenwachstum

3. Prognosis of Diffuse Nitrogen Fluxes into Groundwater
from the Agricultural Used Areas in Saxony-Anhalt

(U. Franko, I. PRuTZER & M. PUHLMANN)

3.1. Introduction

The execution of the EU Water Framework Directive draws the attention to the
reduction of diffuse nitrogen fluxes into ground and surface waters where we don’t have
sufficient knowledge about possible extensification strategies concerning their potential
and their behaviour in time. Modelling may help to answer the related questions if the
scenarios are well defined and the model has been adapted to the special conditions
of the investigated region. Within this project a methodology for modelling nitrogen
leaching from arable fields and grassland areas as well as the prediction of their trends
has been developed and applied to the territory of Saxony-Anhalt, Germany. The
following paper describes how the simulation scenarios have been defined, how the
geographic information system (GIS) has been constructed and how the simulation
runs have been organised.

3.2. Definition of scenarios

The data of 22 soil monitoring plots have been used to calibrate the CANDY model
(U. Franko et al., 1995; CANDY: Carbon And Nitrogen DYnamics) for the site condi-
tions of Saxony-Anhalt. Beside data about climate, soil physical and chemical parameters
as well as agricultural management we used detailed data for soil moisture and mineral

165



nitrogen dynamics from 1996 to 2003. Within this working step we mainly adapted
the crop related parameters concerning root growth and soil organic matter (SOM) re-
production and verified the proper use of soil physical parameters. The crop parameters
from this calibration step as well as the information about site specific management
technologies have later been used within the scenario simulations.

Land use has been modelled using the agricultural statistics data from 2003. They
have been rearranged from administrative districts to soil regions representing the main
pedologic units on landscape level in Saxony-Anhalt. The next step was the construction
of “virtual farms” consisting of up to five crop rotations and usually two grassland types.
Depending on the farm type and the local intensity of husbandry each of these virtual
plots was related to a number of manure units, discriminating cattle and pigs as well as
the application of slurry or farmyard manure. A final optimisation step calculated the
area represented by each plot to give the best fit to the known statistical data including
the relation between arable field and grassland as well as cattle grazing days.

For all crops have been defined management templates containing all information
about tillage, cropping and fertilisation required from the CANDY model. Like a build-
ing block system these templates were compiled to a management sequence according
to the crop rotation and linked to a certain climate in order to represent the simulation
scenario. Crop yields have been extracted from the statistical data and the amount of
applied manure was calculated from the animal number represented by the given crop
rotation. Similar to the actual methods of fertiliser recommendations used by farmers
the amount of mineral nitrogen fertiliser was calculated at runtime using the dynamic
fertilisation routine implemented in CANDY basing on the simulated amount of mineral
nitrogen in soil and the expected yields. This routine generates the amounts of fertiliser
application for up to four different dates. The parameters related to crops, manure and
soils required by this special routine have to be provide additional to the usual parameter
set of CANDY and where in this case extracted from the description of the recommen-
dation procedures. The grassland simulation covers meadow as well as pasture including
cattle driving (T. Scumipt, 2004).

The scenario simulation started in fall of 1990 firstly representing the actual land use
until 2003. After that point the simulation went on as “baseline” scenario until 2030
assuming the continuation of the business as usual. The soil specific contents of min-
eral nitrogen at this time have been estimated basing on results from M. KORSCHENS
et al. (1988) whereas the organic matter state could be derived from another project
(U. Franko et al., 1997).

In order to study the impact of potential land use changes alternative scenarios were
implemented from 2003 to 2030 covering setting land aside, grassland extensification,
the extension of organic farming and a reduced application of mineral fertilisers.

3.3. Regionalisation — GIS

The basic subdivision of the investigation area in five soil regions followed the na-
tural site conditions only as given by the map of soil landscapes of Saxony-Anhalt on
the scale of 1:200,000 because soil and climate parameters are the main indicators of
site conditions within the CANDY system. Depending on the share of a soil landscape
within an administrative district the agricultural statistics have been up-scaled to the
soil regions providing representative area and average yield of the main crops, repre-
sentative area of different economic types of the agricultural enterprises and aggregated
values of husbandry. The actual soil parameters where derived from the map of soil
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types BUK200 (LAGB, 1997) also on the scale of 1:200,000 (where each soil unit is
defined by a defined soil profile by means of the parameters required by the CANDY
model. Above the soil layer we defined seven climate regions each represented by one
climate station with daily values of rainfall, air temperature ad global radiation from
1973 to 2003. Basing on this information we parameterised a weather generator that
has been used for the simulations until 2030. For a more realistic description of rain-
fall heterogeneity each soil unit was characterised by a factor that modifies the rainfall
intensity at runtime. This factor has been calculated from a raster map provided by
the German meteorological service (DWD) representing long term averages of rainfall
intensity on a grid of 1 X1 km. As a last processing step the geometry of the climate
regions has been adapted to that of the soil map in order to reduce artefacts in the
overlay.

3.4. Simulation runs and evaluation of results

A statistic database holds all information about the agriculture structure of the con-
sidered soil regions are stored within a data base. From these data the structural infor-
mation for the virtual farms is generated using simple optimisation techniques. Each
simulation scenario is represented as an ACCESS database containing management data,
GIS objects and tables to collect the simulation results. By means of a special interface
all input data required by CANDY are generated at runtime from the content of the
scenario database. CANDY writes the simulation results aggregated to annual values
directly to this database which can afterwards be connected to the GIS or the creation
of result maps. After a simulation run the model can produce a binary representation
of the system state. For each simulation object this state was created in the end of 2003
and has been used as initial state for all alternative scenarios.

Beside the annual rates of nitrogen leaching we calculated for each alternative scenario
the changes of specific costs of the reduced nitrogen leaching for the economic evalua-
tion. These specific costs show the amount lost profit connected with the reduction of
one unit nitrogen leaching, both in relation to the baseline scenario.

3.5. Results and discussion

The analysis of the baseline scenario revealed for the most site conditions high leach-
ing losses partly also with a positive trend. The impact of the scenarios on the reduction
of nitrogen leaching is strongly dependent from the considered site conditions. Not in
every case the land use conversion to organic farming or the reduction of applied mineral
fertilisers did lead to a reduction of nitrogen leaching. On average the organic farming
scenario showed only 50 % of the nitrogen leaching in the baseline scenario (Fig. 3.1)
and is additionally connected with an increase of SOM. If the application of mineral
nitrogen is reduced by 30% the nitrogen leaching is reduced to 75% at average but
with a large heterogeneity. At some places there was no significant effect to be observed
whereas at other places the leaching nearly stopped. The reduced application of fertilisers
did also reduce the SOM storage in soil because of the reduction of crop residues and
by-products. But for the many site conditions this scenario was considered as the most
effective way from an economic point of view (Fig. 3.2).

The developed methodology connects point related model calibration at the long term
monitoring sites with a regional scenario simulation and is considered as very useful also
for other purposes like assessment of future SOM dynamics
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Fig. 3.1: Average nitrogen leaching rates of the simulated scenarios for the individual soil landscapes.
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Fig. 3.2: Comparison of economic costs for Biofarming and reduction of mineral fertiliser.
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Kostenvergleich von Okolandbau und Reduktion der Mineraldiingung fiir die einzelnen Boden-
landschaften.

Summary

This paper gives an overview about the methodology used to determine the potentials for
a reduction of diffuse nitrogen export from arable soils into groundwater in the federal coun-
try “Saxony-Anhalt” in central Germany using the CANDY model that has been calibrated
for this study with data sets from long term monitoring sites. Besides the standard baseline
scenario (business as usual) a number of alternatives have been simulated in order to find site
specific solutions to reduce nitrogen losses into groundwater. The task required the completion
of the CANDY model with a module to simulate the application of mineral fertilisers and
another module for grassland dynamics including cattle grazing. Results show that the solu-
tions are very much site specific. Biological farming has on all sites a very low rate of nitrogen
leaching but this strategy has also very limited possibilities for a further expansion. From an
economical point of view a reduced input of mineral fertilisers provides the most effective
opportunity to reduce nitrogen leaching and nitrate concentration in the percolation water.
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Zusammenfassung

Diese Arbeit gibt eine Ubersicht iiber die benutzte Methodik zur Bestimmung des Potenzials zur Re-
duktion der diffusen Stickstoffaustriige aus den landwirtschaftlich genutzten Béden im Bundesland Sachsen-
Anhalt in das Grundwasser. Dafiir wurde das CANDY-Modell genutzt, das fiir diese Untersuchungen an
Datensitzen von Bodendauerbeobachtungsflichen kalibriert wurde. Neben dem Standardszenario (baseline),
das die Weiterfiihrung der bisherigen Bewirtschaftung unterstellt, wurden mehrere Alternativszenarien si-
muliert, um standortspezifische Losungen zur Reduktion des Nitrateintrags in das Grundwasser zu finden.
Diese Aufgabe erforderte die Erginzung des CANDY-Modells mit je einem Modul zur Simulation der
Mineraldiingungsempfehlung und zur Abbildung der Griinlanddynamik einschlieflich der Beweidung. Die
Ergebnisse zeigen, dass die Wahl der jeweils besten Alternative in hohem Mafle standortabhingig ist. Der
kologische Landbau zeigt im Mittel nur geringe Stickstoffaustriige, besitzt aber nur begrenztes Potenzial
fiir die weitere Ausdehnung. Aus 6konomischer Sicht ist die Reduktion der Mineraldiingung der effektivste
Weg, um die Stickstoffauswaschung und die Konzentration von Nitrat im Sickerwasser zu reduzieren.

Acknowledgements

This research work was funded by the Ministry of Agriculture and Environment of
Saxony-Anhalt with resources of the European Regional Development Fund (ERDF) and
the Ministry of Economic Affairs and Employment of Saxony-Anhalt.

Keywords: Nitrate leaching, modelling, land use impact
Schliisselwérter: Nitratauswaschung, Modellierung, Bewirtschaftungseinfluss

169



4. Modellierung diffuser Stickstoffeintrige in die Grundwasserkorper
des Freistaates Sachsen (M. GeseL, St. Burcer, H. Friese, K. GRUNEWALD,
St. HaLBrass, M. Kaiser, J. ULLrRicH & M. ZWEIG)

4.1. Einleitung

Mit der Realisierung des FuE-Vorhabens ,Adas der diffusen Nihrstoffeintrige in
sichsische Gewisser im Auftrag des Sichsischen Landesamtes fiir Umwelt und Geo-
logie (LIUG) unter Nutzung des Web-GIS-basierten Modells STOFFBILANZ.i (siche
K. GRUNEWALD et al., 2008) konnte das gegenwirtige Eintragsgeschehen fiir Sediment-,
Stickstoff- und Phosphorfrachten von der Fliche in die Gewissersysteme aufgezeigt wer-
den. Die Bilanzergebnisse auf Rasterebene (500 %500 m-Raster fiir Sachsen) stellen eine
der Grundlagen zur Konzipierung von Bewirtschaftungsmafinahmen im Rahmen der
sich aus der EU-Wasserrahmenrichtlinie (EU-WRRL) ergebenden Aufgaben und An-
forderungen dar. Im Fokus des vorliegenden Beitrages steht die Modellierung diffuser
geloster Stickstoffeintrige von der Fliche in die Grundwasserkérper sowie die sich daran
anschlieflende Betrachtung der grundwasserbiirtigen Eintrige in die Oberflichengewisser.

4.2. Methodik der Bilanzierung

Der flichendifferenziert zu ermittelnde N-Austrag aus dem Boden ist abhingig von an-
thropogen bedingten Nutzungseinfliissen sowie der jeweiligen Ausprigung der naturrium-
lichen Faktoren. Auf der ackerbaulich genutzten Fliche, auf die hier detaillierter eingegangen
werden soll, wird als Grundlage der Berechnung zuniichst eine méglichst differenzierte N-
Bilanz aufgestellt (Fig. 4.1), die neben den Input- und Outputparametern auch Faktoren des
N-Umsatzes im Boden einschliefSt (M. GEBEL et al., 2007, B. Mary & J. GuErir, 1994).
Dies hat den Vorteil, dass Bewirtschaftungsmafinahmen sowie deren Verinderung besser
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Fig. 4.1: Bilanzglieder fiir Ackerfliichen zur Modellierung diffuser N-Austriige in STOFFBILANZ.i.
Components of balance on arable land for modelling of diffuse N leaching in STOFFBILANZ.i.
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abgebildet werden konnen. Eine schlagbezogene Erhebung der Bewirtschaftungsdaten ist bei
der angestrebten mittelmaf3stibigen Betrachtungsweise nicht méglich, sodass hinsichtdich
des Fruchtartenspektrums und des Viehbesatzes auf die gemeindebezogenen Agrarstatistiken
zuriickgegriffen werden musste. Die berechneten N-Bilanzen sind somit mittere Austriige
aus dem Boden pro Gemeinde, die in ihrer Ausprigung durch naturriumliche Einflussfak-
toren auf Rasterebene differenziert sind. Eine Verlagerung der aus der Fliche ausgetragenen
Emissionen erfolgt aus der durchwurzelten Bodenzone iiber den Oberflichenabfluss, Drin-
abfluss, Zwischenabfluss und Grundwasserabfluss. Die gelosten N-Frachten der verschiede-
nen Abflusspfade berechnen sich nach dem jeweiligen Anteil des Pfades an der zuvor berech-
neten Wasserbilanz. In Folge von Denitrifikationsprozessen wihrend der Abflusspassage im
Grundwasserleiter konnen die bisher betrachteten flichenbezogenen Emissionen deutlich
reduziert werden. Im Modell wird eine vereinfachende Abschitzung der Denitrifikation
im Grundwasserleiter in Abhingigkeit von der Grundwasser fiithrenden Gesteinseinheit
vorgenommen. Dabei wird die Denitrifikationsleistung im Grundwassetleiter anhand der
gewihlten Halbwertzeit der Denitrifikation und der Grundwasserverweilzeit bestimmt. Der
Ansatz greift auf Arbeiten von E WenpLanD & R. Kunker (1999) bzw. R. Kunker &
F. WeNDLAND (1999) und R. Scuwarze (2004) zuriick.

Eine Regionalisierung fiir Sachsen erfolgte durch J. ULLricH (2006) anhand des hydro-
chemischen Milieus im Grundwasser sowie vorliegender Isotopendaten zu dessen Altersbe-
stimmung. Im Ergebnis erhilt man die grundwasserbiirtigen N-Eintrige in die Oberfli-
chengewisser, die sich um die wihrend der Grundwasserpassage zuriickgehaltenen Anteile
verringert haben.
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Fig. 4.2: Stickstoffeintriige von Ackerfliichen in die Gewdissersysteme des Freistaates Sachsen [kg N-ha' - a”'].
Nitrogen input into waters from arable land in the area of Saxony [kg N-ha™'-a”'].
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4.3. Ergebnisse

Auf den Ackerflichen ergeben sich in den Lossgebieten vor allem aufgrund der guten
Ertragssituation relativ enge Bilanzsalden und damit vergleichsweise geringe N-Austrige
aus dem Boden bzw. N-Eintrige in die Grundwasserkérper. Hohere Frachten werden
dagegen in den nérdlich angrenzenden Heide- und Teichlandschaften sowie im siidlich
gelegenen Mittelgebirge und Vorland erreicht. Der den Ackerflichen zugeordnete mitt-
lere grundwasserbiirtige N-Eintrag von den Grundwasserkérpern in die Oberflichenge-
wiisser verringert sich dagegen in den Heide- und Teichlandschaften erheblich, wihrend
die Eintriige in den Regionen des Mittelgebirges und Vorlandes eine deudich geringere
Reduzierung erfahren. Grund sind die héheren Denitrifikationspotenziale aufgrund lin-
gerer Verweilzeiten des Grundwassers und kiirzerer Halbwertzeiten der Denitrifikation in
den noérdlichen Landesteilen. Die Mittelgebirge und Vorlinder sind dagegen durch kurze
Halbwertzeiten und geringere Verweilzeiten gekennzeichnet. Die Ubergangsgebiete mit
gering michtigem Lockergestein iiber Festgestein (u.a. Lossgiirtel) vermitteln zwischen
beiden Extremen (Fig. 4.2).

4.4. Diskussion

Angesichts der im Berechnungsansatz enthaltenen Unschirfen miissen die Ergebnisse
kritisch hinterfragt und plausibilisiert werden. Dies bereitet in der einzugsgebietsbe-
zogenen, emissionsbasierten Modellierung auf der vorliegenden Mesoskala allerdings
groflere Probleme. Ein direkter Vergleich von modellierten Eintrigen in die Oberfli-
chengewiisser (Emissionen) und gemessenen Werten (Immissionen) ist nicht méglich, da
entsprechende Frachtmessungen an Pegelstationen erfolgen, die das Integral der Eintrige
aus dem dariiberliegenden Einzugsgebiet, einschliefllich der im Oberflichengewisser bis
dahin aufgetretenen Stoffretentionen, erfassen. Um trotzdem eine gréflenordnungsmi-
Bige Ergebnisiiberpriifung vornehmen zu kénnen, wurde ein Modell zur Abschitzung
der Retention in Abhingigkeit von der Abflussspende fiir die in Sachsen ausgewihlten
Messstellen entwickelt. Der sich dabei ergebende Zusammenhang erscheint im Vergleich
mit Literaturwerten plausibel (S. P SErtziNger et al., 2002). Auch ein direkter Ver-
gleich des modellierten grundwasserbiirtigen N-Eintrages mit Grundwassermessdaten,
die in aufbereiteter Form im Rahmen weiterer Forschungsvorhaben am LfUG vorliegen
(K. Kunn et al., 2007, und J. DEHNERT et al., 2000) ist nur sehr eingeschrinkt sinnvoll.
Insbesondere in Gebieten mit hohen Verweilzeiten ist mit grofleren Abweichungen zu
rechnen, was fiir die Lockergesteinsbereiche des Projektgebietes auch bestitigt werden
kann. In den Gebieten mit kurzen Verweilzeiten ergibt sich dagegen eine deutlich
héhere Anniherung von Modellierungsergebnissen und Messnetzdaten. Ein weiteres
Unschirfepotenzial kann bereits in der Aufstellung der Bilanz gesehen werden. Um diese
Unsicherheiten méglichst gering zu halten, wurde bei der Ableitung der Ertragszahlen
und Diingerwerte sowie der Einstellung der weiteren Bewirtschaftungsparameter auf das
Expertenwissen der Landwirtschaftsseite zuriickgegriffen.

Abschliefend muss darauf hingewiesen werden, dass sowohl die ,,Mesoskaligkeit*
des Modells als auch die nur in begrenzter Auflésung verfiigbaren Bewirtschaftungs-
daten der Landwirtschaft ,fachlich plausible® Auflosungsgrenzen bilden, die bei der
weiteren Aggregation, Interpretation und fachlichen Weiterverwendung der Eingangs-
daten und Ergebnisse zu beachten sind. Mit der Erstellung des Stoffatlas liegt eine
flichendeckende Planungsgrundlage im Sinne der WRRL fiir Sachsen vor, die gemif$
dem Stand von Wissenschaft und Technik in den kommenden Jahren weiterentwickelt
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und fortgeschrieben werden soll. In einem bereits laufenden Pilotprojekt im Einzugs-
gebiet der Jahna (Sachsen) werden mégliche Bewirtschaftungsszenarien und Mafinah-
men zur Verringerung der N-Eintrige in Zusammenarbeit mit der Landesanstalt fiir
Landwirtschaft auf ihre Eignung tiberpriift und in das Modell integriert (z. B. Effekte
von verstirktem Zwischenfruchtanbau auf die Bilanz).

Zusammenfassung

In den Jahren 2005 und 2006 erfolgte die Modellierung von diffusen Stickstoff- und
Phosphoreintrigen in die Oberflichengewisser des Freistaates Sachsen im Rahmen
der Erstellung eines landesweiten Stoffatlas. Die Modellierungsergebnisse dienen zur
Abschitzung der gegenwirtigen und zukiinftig zu erwartenden Nihrstoffbelastungs-
situation im Grund- und Oberflichenwasser. Die Berechnungen erfolgten mit Hilfe
des Modells STOFFBILANZ.i, das an die naturrdumlichen und bewirtschaftungs-
spezifischen Rahmenbedingungen im Projektgebiet angepasst wurde. Der vorliegende
Beitrag beschiftigt sich mit der Modellierung diffuser N-Eintrige iiber den Grund-
wasserpfad. Dies erfordert zunichst eine méglichst realistische Beschreibung der
Managementpraxis (z. B. Diingung, Ertrag) sowie der Prozesse der Mobilisierung und
Immobilisierung anhand der angebauten Fruchtarten und Standortgegebenheiten.
Der berechnete N-Uberschuss kann dann iiber die verschiedenen Abflusspfade ausge-
waschen werden. Fiir die Grundwasserpassage wurde eine Abschitzung des Potenzials
der Denitrifikation im Grundwasserleiter vorgenommen, die zu einer Reduzierung
des Nitrateintrages in die Oberflichengewisser iiber den Grundwasserabfluss fiihrt.
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Summary

From 2005 to 2006 we modelled diffuse input of nitrogen and phosphorus in surface waters in
the area of the Federal State of Saxony (Germany). The model results are an important component in
elucidating the present situation of nutrient loads in groundwater and surface water as well as its future
development. Calculations were performed by means of the STOFFBILANZ.i model, adjusted to the
project area. The present contribution focuses to the modelling of diffuse N loads in surface waters
via groundwater pathway. This requires first a realistic description of management practices (fertilising,
yields), of processes of mobilisation and immobilisation as induced by the respective types of fruit and
of local conditions. The computed N surplus will be washed out by the different runoff components.
In this context we tried to make an estimation about the potential of denitrification in groundwater
and the resulting reduction of nitrate, that will be emitted into surface waters.
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5. Impacts of Limiting Nutrient Surpluses within an Intensive
Livestock Region Taking Supra-Regional Manure Transports
into Account (P Kreins, H. GoManN, R. KunNkeL & F WENDLAND)

5.1. Introduction and problem

In recent decades, purchased feed has allowed regions such as the southwest Nether-
lands and northwest Germany, Belgium, Denmark, Brittany (France) and Catalonia
(Spain) to become sites of concentrated animal production. However, the utilization
of farmyard manure brings about higher unavoidable nutrient surpluses since nutrients
are less accessible by plants than nutrients from mineral fertilizer. Hence, regions with
intensive livestock farming typically display the highest nutrient surpluses.

Intensive land use and the application of farm manure close to water bodies pollute
river catchments in northwest Germany. The Ems and the Vechte are considered critically
polluted (Lower SaxoNy State OFrrICE FOR EcoLoay, 2001, p. 31 et sqq.). From the
perspective of water protection, the manure application limits determined in the German
“Diingeverordnung” (BGBL I Nr. 7/2007) of 210 and 170 kg total N/ha for grassland
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and arable land respectively are considered too high. To reach the environmental policy
goal of reducing nitrogen charges by 50 %, a reduction in nitrogen surpluses to 50 kg N/
ha is necessary (GERMAN ENVIRONMENTAL AGENCY, 2001, p. 50).

In this study the effects on water quality as well as the economic impacts of lowering
the permissible nitrogen balances are analyzed taking into account supra-regional trans-
ports of farmyard manure within the study area of Lower Saxony. The analysis takes place
using an interdisciplinary model network made up of the agricultural economic Regional
Agricultural and Environmental Information System RAUMIS (W. HEINRICHSMEYER
et al,, 1996) and the hydro-geological model GROWA98 — Grofiriumiges Wasser-
haushaltsmodel (R. Kunker & F. WenDLAND, 2002) and WEKU (F. WENDLAND &
R. KuNkeL, 1999).

5.2. Integrated agricultural economic and hydrological modeling

The model network consistently links-up well the established, operational agricul-
tural economics model RAUMIS and the hydro(geo)logical models GROWA/WEKU
that comprehensively considers meso- to macroscale catchments of 1.000-100.000 km?.
Within the model network nutrient inputs (nitrogen and phosphorus) via all relevant
diffuse input pathways are quantified. The methodological design of the model network
that is displayed in Fig. 5.1 allows for area differentiated status quo and impact analyses
of policies aiming at reducing diffuse pollution of ground and surface waters.

RAUMIS is designed for continuous usage in the scope of medium and long-term
agricultural and environmental policy impact analyses. It comprises more than 50 agri-
cultural products, 40 inputs with exogenously determined prices, and reflects the whole

RAUMIS

Soil
Degradation and retention

d k+ N[t

Diffuse nitrogen surpluses

i N leaching from soil

Water balance model (GROWA)
Separation into outtake pathways

D N load of

groundwater recharge

Scenario analysis

G roundwater (WEKU)

N load of Degradation and retention

groundwater runoff dN[1) -
dt

k, - N(t)
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of nutrients in subsurface
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n

Fig. 5.1: Methodological design of the integrated agro-economic and hydro(geo)logic model network RAUMIS
and GROWA/WEKU.

Methodischer Aufbau des integrierten agrarikonomischen und hydrogeologischen Modellverbundes
RAUMIS und GROWA/WEKU.
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German agricultural sector with its sector linkages. The model consolidates various
agricultural data sources and generates base model data with the national agricultural
accounts as a framework of consistency. Due to data availability, the spatial differentiation
is currently based on administrative bodies on NUTS I level (“Landkreise”). Some 326
regions are treated as single “region farms” that typically reach their production deci-
sions autonomously. Hence, adjustments of production at the national level are based
on aggregated responses of region farms.

Regarding diffuse water pollution, the indicator “nitrogen surplus” is of particular
importance. The concept of balancing nitrogen (Fig. 5.2) follows PARCOM Guidelines
(PARCOM, 1993) where the soil surface represents the system border. The long-term
nitrogen balance averaged over several vegetation periods is calculated following the me-
thodology developed by M. Bach et al. (1997). In order to satisfy nutritional demands of
plants, nitrogen is supplied by mineral fertilizer. Further exogenous sources are symbiotic
and asymbiotic nitrogen fixation, as well as atmospheric deposition. An internal fertilizer
source is the nitrogen content in manure that is applied in plant production. The primary
demand for nitrogen is based on the nutrient uptake of plants that are removed from
the soil during the harvest. A further reduction of nitrogen occurs as a loss of ammonia
(NHj;) during storage and application.

The listed positions of the nitrogen balance are calculated by the activity-based
framework in RAUMIS. In order to obtain regional input and output positions, activity-
specific coefficients are multiplied with the level of each activity, e.g. area harvested or
livestock units (LUs). Nutrient requirements for each crop and region are based on
expected crop-specific yields as well as soil and climate conditions. Nitrogen use for
individual crops is calculated by linear yield-dependent requirement functions. The loss
of ammonia during storage and application is based on the assumption that 40% of
the nitrogen in manure that is inaccessible by plants is converted to ammonia during
storage and application.

Nitrogen Supply to Agriculture
Symbiotic Nitrogen Asymbiotic Nitrogen Mineral Fertilizer Atmospheric
Fixation Fixation (difference between Deposition
(Nitrogen Harvest- (lump sum 1.4 kg/ha) nutritional requirement (lump sum 30 kg/ha)
llndexl . of plants ar'1d manure) .
| T 1 ] J
i Ammonia Emission: Animal Production
Plant Production 0% o v fiom
Soil manure non-accessible Stable
{ } for plants ( )
Data from regional 3 » Data fmfn regio_na_l animal
agricultural production production statistics and
statistigs and surveys surveys
# Coefficients on nutrient
M contents in manure
Crop aIire according to information
Yield from the BMEILV
Surplus Surplus
Plant Production Surplus (Losses), Animal Production
Denitrification

Fig. 5.2: Nitrogen balancing in RAUMIS.
Stickstoffbilanzierung in RAUMIS.
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The nitrogen surplus represents a risk potential since it indicates the amount of nitrogen
potentially leaching into ground and surface water. The nitrogen balance surplus provided
from RAUMIS is the input data for calculating diffuse nitrogen inputs into rivers that
is assumed to take place via two runoff pathways: direct runoff and groundwater runoff.
This nitrogen surplus is related to the groundwater recharge/total runoff ratio. Thus, a
calculation of the groundwaterborne nitrate inputs into surface waters requires knowledge
of the groundwater flow paths, the total residence time of the nitrate and the denitrifica-
tion kinetics in the upper aquifer. These processes are considered by different models. The
GROWA model is used to carry out area differentiated water balance analyses. The mean
long term total runoff is modeled as a function of the regional interaction of climate, soil,
geology, topography and land use conditions. The model separates the total runoff into
the direct runoff (interflow and surface runoff) and groundwater runoff (groundwater re-
charge). The ratio between groundwater recharge and total runoff was taken as a measure
for the extent to which diffuse nitrogen surpluses are displaced from soil to groundwater.

WEKU models the reactive nitrate transport in groundwater. In the first step groundwa-
ter velocities are calculated according to DARCY'’s law from hydraulic conductivity, effective
yield of pore space of the aquifer and the slope of groundwater surface (hydraulic gradient).
Residence times of groundwater runoffs are calculated in a second step. The WEKU model
has been extended by a module quantifying nitrate degradation in groundwater.

For wide area coverage, the coupled models provide a regionally differentiated, consistent
link between the Driving Force Indicator “Nitrogen Balance Surplus”, the State Indicator
“Nitrogen (Nitrate) Concentration” and Response Indicators (H. GOMANN et al., 2004).
In this study a restriction on the maximum permissible nitrogen balance surplus was intro-
duced that forces agriculture represented by region farms to adjust. The assumption that
region farms reach their production decisions independently from each other cannot be
maintained because supra-regional manure transport might result in interaction between
regions. This interaction is implemented into RAUMIS by adding a manure transport mo-
dule to the input output matrix of each region farm (P Kreins et al., 2007). The manure
transport module allows region farms to dispose of excess manure while other region farms
fulfill nutritional requirements via manure imports.

5.3. Reference situation in the study area

The study area is the German federal state of Lower Saxony that encompasses a very
diverse spatial structure and specialization of agricultural production. On the one hand,
one of the most intensive livestock areas in Europe is in the “Weser-Ems region”, in the
western regions of Lower Saxony. This region’s significantly above-average share of special-
ized pigs and poultry farms as well as an above-average share of specialized grazing livestock
farms result in excess manure supply that needs to be exported. On the other hand, the
eastern regions are predominated by field crop farms and below-average livestock densities,
meaning they have high potential for importing farmyard manure. A scenario of reference
is necessary for assessing impacts of an implementation of maximum nitrogen balances
taking supra-regional manure transports into account. In this study the reference scenario
is a projection to the target year 2010 under the Common Agricultural Policy (CAP) re-
gime “Agenda 2000” — assuming no major CAP-reforms following the Mid-Term-Review.
Figure 5.3 gives an overview about regional nitrogen surpluses in Lower Saxony that mainly
reflect the distribution of intensive animal production across the state.

Furthermore, Lower Saxony features a variety of soil and hydrological site conditions
that exhibit different properties in regard to the leaching of nitrogen. The aggregated effect
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Fig. 5.3: Regional nitrogen surpluses, shares of nitrogen discharges in surface water and nitrogen discharges
in surface water in Lower Saxony in 2010. RAUMIS calculations of R KREINS et al. (2007).
AA — agricultural area.
Regionale Stickstoffbilanziiberschiisse, Anteile von Stickstoffeintrigen in Oberflichengewdsser
und Stickstoffeintriige in Oberflichengewiisser im Jahr 2010. Berechnungen mit RAUMIS von
P KREINS et al. (2007). AA — landwirtschaftlich genutzte Fliiche.

of the natural conditions can be displayed as a share of nitrogen surpluses that is discharged
in surface water. The heterogeneity of the natural site conditions in Lower Saxony in diffe-
rent regional shares of discharged nitrogen surplus (Fig. 5.3). Due to the different natural
site conditions the “hot spots” of diffuse pollution must not only coincide with the regions
showing the highest nutrient surpluses. The spatial distribution of animal production and
different natural side conditions are prerequisites to adequately consider the different en-
vironmental impacts of an increase in supra-regional manure transports as a consequence
of a limitation of nitrogen surpluses.

Above-average shares of nitrogen surplus leach into surface water in western and southern
regions. In western regions this is chiefly due to artificial drainages that result in fast runoff
with very short residence time. Hence, a large fraction of the nitrogen load in the total
runoff is discharged directly into surface water. Only a smaller fraction of the nitrogen
load is discharged into deeper soils and aquifers with the groundwater recharge. Thus, even
though high denitrification capacities prevail in the groundwater in these regions, the de-
gradation of high nitrogen surpluses is relatively limited. Southern regions of Lower Saxony
fall within the highlands of the rivers Weser and Leine with high total area runoff levels,
dominated by fast (direct) runoff components. Here, large fractions of the nitrogen surplus
are discharged directly into surface water, too. The lowest share of 11% is calculated for
the fertile soil region of Peine. In western regions of Lower Saxony, high nitrogen surpluses
coincide with high shares of nitrogen discharges into surface water, an unfavorable ovetlap.
Changing this allocation via supra-regional manure transports might ease water pollution
problems in these so called “hot-spot areas” at the expense of impairments in other regions.
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5.4. Scenarios

In order to demonstrate the impacts of restricting the permissible nutrient surpluses in
the context of supra-regional manure transports, three different variants, all of which aim to
reduce the total nitrogen discharges throughout Lower Saxony by the same magnitude (about
17 %), are analyzed and compared to the reference scenario for the target year 2010 (Fig. 5.4):

a) a uniform (area wide) maximum nitrogen surplus level of 100 kg N/ha AA; supra-
regional manure transports are not accounted for (acronym: UniNbalNoTrans);

b) a uniform (area wide) maximum nitrogen surplus level of 80 kg N/ha AA, supra-
regional manure transports are taken into account (acronym: UniNbalWithTrans);
¢) area differentiated nitrogen balance surplus is derived on the basis of the shares of
nitrogen surpluses that are discharged into surface water, supra-regional manure trans-

ports are taken into account (acronym: DiffNBalWithTrans).

The measure is defined on the farm level were some balance positions such as atmos-
pheric depositions are not considered. Slight deviations may occur because the scenario
simulations with RAUMIS apply the complete nitrogen balancing.

5.5. Aggregate impacts of the implementation of maximum
nitrogen surpluses

In the reference scenario the total supply of farmyard manure in Lower Saxony amounts
to about 35mio.m? which contain 217,000 t of nitrogen. Total nitrogen surplus from
agriculture is calculated at 241,000 t which corresponds to 93 kg/ha AA (Tab. 5.1.). The
consequences, particularly on livestock, of restricting nitrogen surpluses without allow-
ing for supra-regional manure transports are taken up in the scenario UniNbalNoTrans.
Even though a higher nitrogen surplus level is permitted compared to the other variants,
total agricultural nitrogen surplus in Lower Saxony is decreased by approximately 22 %

Tab. 5.1: Regional nitrogen surpluses, shares of nitrogen discharges in surface water and nitrogen discharges in surface
water in Lower Saxony in 2010. AA — agricultural area, LFU — labour force unit, LU — livestock unit.
Regionale Stickstoffbilanziiberschiisse, Anteile von Stickstoffeintriigen in Oberflichengewdisser und
Stickstoffeintriigen in Oberflichengewiisser im Jahr 2010. AA — landwirtschaftlich genutzte Fliche,
LFU — Arbeitskrafteinbeit, LU — Vieheinbeit.

Referen UniNbal- | UniNbal- | DiffNbal-

clerence NoTrans | WithTrans | WithTrans

SCENANO 1100 kg N/ha | 80 kg N/ha | 80 kg N/ha
Nitrozen surplus tons 241,155 201,760 210,951 222,320
8 P ke/ha AA 93 78 81 85
Nitrogen discharges tons 89,045 73,262 74,152 73,871
in surface water ke/ha AA 34 28 28 28
Agricultural labour force 1,000 LFU 73.6 65.7 68.4 70.6
Livestock density LU/ha AA 1.4 1.1 1.2 1.3
Supra-regional manure transports | mio. m? 10.3 14.3
Average transport costs Euro/m? -10.5 -9.8
Total transport costs mio. Euro -109 —-141
Net agricultural value added mio. Euro 2,606 2,393 2,463 2,469
Cost of nitrogen discharge Euro/kg N 1355 9.6 9.0

reduction in surface water
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to about 202,000 ¢ (78 kg N/ha AA). The share of nitrogen surplus that leaches into
surface water does not change in comparison to the reference scenario. The reduction
is almost exclusively due to a cut back of livestock by about 860,000 LUs resulting in
a livestock density of 1.1 LUs/ha AA. Abatement costs in terms of agricultural income
losses amount to 13.5 Euros/kg reduced nitrogen discharge into surface water.

Because of an substantial increase of supra-regional manure transports in the scenario
UniNbalWithTrans and DiffNbalWithTrans to about 10 and 14 mio.m? at costs of
109 and 141 mio. Euros, respectively, ground and surface water problems are alleviated
in exporting regions at the expense of impairments in importing regions. Total abatement
costs, including both, transport costs and agricultural income losses, average 9.6 and
9.0 Euros/kg reduced kg nitrogen discharge, respectively (Tab. 5.1).

Reference scenario UniNbalNoTrans

UniNbalWithTrans DiffNbalWithTrans

in ke N per hectare

1 lessthan 20
[ 20 fo 30
0 50 100 ™ 200 300 It
—  e—— B 30 wpto 40
B 0 w50
B 50 sndmore

Fig. 5.4: Regional nitrogen discharges into surface water in the reference scenario and variants of nitrogen
surplus limitations in Lower Saxony. RAUMIS, GROWA and WEKU calculations of R KREINS et
al. (2007). AA — agricultural area.

Regionale Stickstoffeintriige in Oberfliichengewiisser im Referenzszenario und Variationen einer
Begrenzung von Stickstoffbilanziiberschiissen in Niedersachsen. Berechnungen mit RAUMIS,
GROWA und WEKU von P KREINS et al. (2007). AA — landwirtschafilich genutzte Fliche.
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5.6. Regional impacts of the implementation of maximum
nitrogen surpluses

Without allowing for supra-regional manure transports (UniNbalNoTrans), nitrogen
discharges into groundwater are reduced in problem regions without changing the si-
tuation in other regions (Fig. 5.4). However, some regions, particularly those with high
nitrogen discharge fractions, still show elevated nitrogen discharges. Average cost figures
do not display the regional distribution of income losses; in western intensive livestock
regions income losses reach 28 %.

Manure transports increase nitrogen discharges in manure importing regions which
poses problems in regions where high shares of nitrogen surplus leach into surface water
such as in the southern regions of lower Saxony. The implementation of area differenti-
ated nitrogen surplus restrictions clearly removes hot-spot areas of diffuse nitrogen pol-
lution and results in a more even spatial distribution of nitrogen discharges (Fig. 5.4).

5.7. Conclusions and outlook

The results indicate that impact assessments of agricultural diffuse nutrient reduc-
tion measures should not be based on nutrient surpluses alone but take into account
nutrient discharges into ground and surface water as well. The study results show only a
limited correlation between regional agricultural nitrogen surpluses and regional nitrogen
discharges into ground and surface water: While hot-spot areas identified on the basis of
nitrogen surplus do not necessarily display the highest nitrogen discharges into surface
water, regions with relatively low nitrogen surplus levels have significantly above-average
nitrogen discharges. This is due to spatially varying hydro(geo)logical conditions.

Supra-regional manure transports must be considered in evaluations of nutrient reduc-
tion measures. The implementation of measures aimed at reducing agricultural diffuse
nitrogen pollution in hot-spot areas can lead to a substantial increase of supra-regional
farmyard manure transports. While the value of nutrients in the manure only covers the
costs for short local transports, long distance manure transports are chiefly triggered by
high adjustment costs that can be partially avoided by exporting manure to other regions.
Calculation of the marginal abatement costs arising from complying with the nutrient
surplus constraint is only possible within an agricultural economic model framework
such as RAUMIS. Diffuse nutrient reduction measures must be target specific. The
measures analyzed in this study focused on reducing nitrogen leaching into surface water.
In this regard the implementation of area differentiated maximum nitrogen surpluses
appear to be a cost effective measure to mitigate hot-spot areas if supra-regional manure
transports are allowed. While this is an appropriate measure for achieving environmental
targets in surface water, the results show that quality standards for groundwater might
not be achieved the same way. Hence, groundwater specific measures are advisable.

The coupling of RAUMIS, GROWA, and WEKU established an integrated agricul-
tural hydro(geo)logical model network that goes beyond the driving force indicator (e.g.
nitrogen balance surplus) and calculates a metric (diffuse nitrogen discharges into surface
water) closer to the environmental good (“water”). Detection, classification and moni-
toring of areas with nitrogen problems are more specific on the basis of this improved
indicator because natural conditions are taken into account. The model network makes
possible an integrated assessment of various agricultural and environmental policies in
regard to social and economic consequences for agriculture that are required according
to Art. 9 of the Water Framework Directive (DirecTive 2000/60/EC).
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Based on the achieved level of model integration, further developments of the model
network should address the following issues:

a) a further regionalization to describe the units under the county level (i.e., with the
help of community statistics, ICAS — Integrated Administration and Control System,
GIS data (remote sensing, soil),

b) the integration of further models in the model network e.g. MONERIS — MOdelling
Nutrient Emissions in Rlver Systems (H. BEHRENDT et al., 2000) to implement fur-
ther environmental processes in particular point sources, which enables the validation
of the model network based on measured values.

Summary

An interdisciplinary model network consisting of the regional agricultural economic model
RAUMIS and the hydro(geo)logical models GROWA/WEKU is used to analyze the effect of
different scenarios of maximum agricultural nitrogen balance surplus on water quality. The
study area is the federal state of Lower Saxony, Germany, which features heterogeneous natural
site conditions as well as agricultural production structures. The study takes supra-regional ma-
nure transports into account that, according to the model’s results, considerably increase due to
a lowering of maximum nitrogen balance surpluses. The assessment of the nitrogen reduction
measures reveals that adequate indicators have to be applied. In this regard the model results
show that even though the analyzed measure leads to a substantial overall reduction of agricultu-
ral nitrogen surpluses, nitrogen discharges into surface and groundwater can regionally increase.
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Zusammenfassung

Zur Analyse der Auswirkungen verschiedener Szenarien maximaler landwirtschaftlicher Stickstoftbi-
lanziiberschiisse auf die Wasserqualitit wird ein interdisziplinirer Modellverbund bestehend aus dem
regionalisierten agrardkonomischen Modell RAUMIS und dem (geo)hydrologischen Modell GROWA/
WEKU angewendet. Das Untersuchungsgebiet ist das Bundesland Niedersachsen in Deutschland, das sehr
heterogene natiirliche Standortbedingungen sowie landwirtschaftliche Produktionsstrukturen aufweist. In
dieser Studie werden iiberregionale Wirtschaftsdiingertransporte beriicksichtigt, die den Modellergebnissen
zu Folge bei einer Reduzierung maximaler Stickstoffbilanziiberschiisse deutlich zunehmen. Die Bewertung
der untersuchten Maflnahmen zur Verminderung von Stickstoffeintrigen verdeutlicht die Notwendigkeit,
geeignete problemadiquate Indikatoren zu verwenden. In diesem Zusammenhang zeigen die Modeller-
gebnisse, dass, obwohl die untersuchten Mafinahmen zu einer erheblichen Minderung landwirtschaftlicher
Stickstoftiiberschiisse fithren, die Stickstoffaustriige in Oberflichen- und Grundwasser regional zunehmen
kénnen.

Keywords: diffuse pollution, agricultural economic and hydrological modeling,
manure transports

Schliisselworter: diffuse Nihrstoffeintrige, agrardkonomische und hydrologische
Modellierung, Wirtschaftsdiingertransporte

6. Prognosis of Future Nitrate Input into the Upper Rhine Aquifer
(M. CaspEr, P. van Dijk, N. GRAVELINE, J. GRIMM-STRELE, Th. GUDERA,
St. Korte & H. LAMBRECHT)

6.1. Introduction

In many places, the groundwater of the Upper Rhine Valley aquifer shows high nitrate
concentrations. This is mainly due to intensive agriculture in this region. Locally, the
threshold of 50mg/l, set by the Drinking Water Regulation, is clearly exceeded. Espe-
cially the Vosges and Black Forest foothill regions are sources of nitrate, causing nitrate
plumes in the groundwater (Fig. 6.1, dark areas). The project MONIT — “Modelling of
the groundwater contamination by nitrate in the Upper Rhine Valley” brought together
partners from Alsace/France, the two Swiss cantons of Basel as well as from the German
federal state of Baden-Wiirtctemberg. The project area was the Upper Rhine Valley south
of Karlsruhe between Basel, Mulhouse and Rastatt (Fig. 6.1).
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Fig. 6.1: Project area and nitrate concentrations (2003) in groundwater (LUBW, 2006).
Projektgebiet und Nitratkonzentrationen (2003) im Grundwasser (LUBW, 2006).
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The project provided a tool for assessing the effectiveness of different options for
action to reduce the groundwater contamination in the Upper Rhine Valley aquifer. It
focused explicitly on diffuse leaching from agriculture. The quantification of the impact
of the EU’s Common Agricultural Policy (CAP) and of local measures on the nitrate
contamination of the Upper Rhine Valley aquifer groundwater was the main objective
of this project (LUBW, 2000).

A trans-national database has been set up. Precisely determining agricultural practice
(amounts of fertilizer used, methods of cultivation, livestock, crop rotations etc.) in
the participating countries is central to the quality of the nitrate leaching simulation.
A great part of the collected data is available for the first time in an international
context. Thus, the project contributes substantially to trans-national data homogeniza-
tion, as called for by the EU Water Framework Directive (WFD; DirecTive 2000/60/
EC). This project has been co-financed by the European Regional Development Fund
(ERDF).

6.2. Modeling concept

A number of submodels at different spatial and temporal scales were used. These
models were loosely coupled at project coordination level (Fig. 6.2). In detail, these
models are:

1. Model to interpolate climatic data and to calculate the groundwater recharge (GWN_
BW).

2. Socio-economic models (SEM) to assess changes in land use practice as a result of chan-
ging conditions (e.g. reform of the CAP, ordinance on fertilization, world market prices).
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nitrate leaching:
procass anented
GWHN_BW simulation mode|
convarsion of cimatic
data
¥
o STOFFBILANZ | || | Socio-economic
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iy u
STREAM I
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Fig. 6.2: Integrated modeling concept and simplified data flow in MONIT.
Konzept der integrierten Modellierung und vereinfachter Datenfluss in MONIT.
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3. Large scale nitrate balance model (STOFFBILANZ; M. GesEL, 2003).

4. Process-oriented nitrate input model at plot scale (soil-plant-model STICS; see
N. Brisson et al. 1998) to determine the nitrate input into the groundwater as
function of crop type, management practice, fertilizing practice and climate.

5. Groundwater flow model coupled with a transport model to simulate on a large scale
and in a three-dimensional way the groundwater flow and transport, including first
order decay of nitrate in the groundwater (MODFLOW, STREAM and MT3D,
A. W. HARBAUGH et al., 2000).

In a first step, the nitrate concentrations of the groundwater for the years 1950, 1980, 1990
and 2000 were reconstructed (Fig. 6.4). Here, the GWN_BW and STOFFBILANZ models
were used to produce the input data sets for MODFLOW/MT3D. By the use of measured
data the groundwater flow and transport model could be calibrated and verified. Fig. 6.2
gives a simplified outine of the coupling of partial models and data flow within the project.

6.3. Results

In MONIT three different scenarios (J. ALcamo, 2001) for 2050 were distin-
guished (LUBW, 2006). The most plausible scenario for the Upper Rhine Valley
is the so called “tendency scenario”. Based on assumptions of the IPCC emissions
scenarios Al and B2 (N. Nakicenovic & R. Swart, 2000), two alternative scenarios
were developed: Al accounts for a higher degree of liberalization of markets, B2 takes
into consideration fast growing of energy costs which causes a strong extension of
the bioenergy sector. Using the coupled models the resulting nitrate distributions in
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Fig. 6.3: Development of mean nitrate concentration between 2005 and 2050.
Entwicklung der mittleren Nitratkonzentration zwischen 2005 und 2050.
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the Upper Rhine Aquifer were calculated until the year 2050. Figure 6.3 shows the
evolution of mean nitrate concentration in groundwater in comparison to a reference
run (“no changes in input since 2000”). The tendency scenario and the scenario Al
(“globalization”) show a similar decrease in nitrate concentration. Scenario B2 (“high
energy costs’) shows a slight increase in nitrate concentration compared to the base
run. This can be explained by a much higher percentage of energy crops needing
higher ferdilizer gifts.
A detailed description of project results can be found in LUBW (2006).

6.4. Discussion and Conclusion

Several sources of modeling uncertainty can be distinguished: (a) different model
scales, (b) incomplete process representation and (c) missing or sparse data. This leads to
some model limitations that have to be taken into account when the simulation results
are interpreted. The main sources of uncertainty were:

(a) Model scale
1. SEM works on 13 agricultural regions, disaggregation to municipal level is neces-
sary.
2. Different temporal scales: (a) daily time step (plant growth model), (b) monthly
time step (groundwater model), (c) annual mean (nitrogen balance model).
(b) Incomplete process representation
3. Process oriented plant models are only available for the major crops (corn
or winter wheat), plant models for energy crops like colza could not be

45 45
w— Simulated — Simulated
40 — 40
— measured " measured
35— 35— -
\
v
30 30 \

u [N . ~\

" i 2 £
R/ L/ >
o S/

1 L/

14

0 ] ] ] ] L ] 0 1 ] ] 1 ] ]
1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010

Fig. 6.4: Simulated (bold line) vs. measured (thin lines) nitrate concentrations [mg/l] for the period 1950
to 2005. Lefi: France; right: Germany.
Simulierte (fette Linie) vs. gemessene (diinne Linie) Nitratkonzentration [mg/l] fiir den Zeitraum
1950 bis 2005. Links: Frankreich; rechts: Deutschland.
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adapted to climatic conditions of the Upper Rhine Valley. All models show
systematic underestimation of harvest for soils with high stone content.

4. Effect of nitrate decay in the unsaturated zone could not be considered in
detail (modeling concept and appropriate data are not available).

(c) Data availability

5. Real amount of fertilizer applied by the farmers is unknown; especially in
Germany the estimated input for nitrate for the period 1995 to 2000
seems not to be realistic: The fast recession for the simulation could not be
validated by measured nitrate concentrations (Fig. 6.4).

6. Land use data is not available below municipal scale.

7. Nitrogen balances are different from country to country (e.g. winter wheat,
vineyards).

In the near future further refinements concerning model structure and parameteriza-
tion (spatial resolution and precise fertilizer inputs) are necessary. Additional extensive
measurements of nitrate concentrations are inevitable within the next few years in order
to validate the predicted fast recession of nitrate concentrations (Fig. 6.4).

Summary

Within the multi-national EU-INTERREG-III-project MONIT — “Modeling of the
groundwater contamination by nitrate in the Upper Rhine Valley” a simulation tool
was developed that allows the assessment of future nitrate load in an integrative way.
Five different models were coupled and a large number of simulations runs were carried
out. Due to limitations in data availability and the modeling concept, several sources of
uncertainty could be distinguished.
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Zusammenfassung

Innerhalb des multinationalen EU-INTERREG-III-Projektes MONIT — ,Modellierung der Grund-
wasserbelastung durch Nitrat im Oberrheingraben® wurde ein Simulationswerkzeug entwickelt, das eine
Prognose der zukiinftigen Nitratbelastung erlaubt. Dabei wurden fiinf Simulationsmodelle gekoppelt
und mehrere Simulationsliufe durchgefiihrt. Unsicherheiten in den Ergebnissen liefen sich durch eine
begrenzte Datenverfiigbarkeit und Limitierungen im Modellkonzept erkliren.

Keywords: CAP, diftuse pollution, nitrate, water resources, Upper Rhine Valley
Schliisselworter:  GAP, diffuse Verschmutzung, Nitrat, Wasserressourcen, Oberrheingraben

7. Ausmaf! und Ursachen der sinkenden Nitratgehalte im

Grundwasser des Kantons Bern (E. Spiess & V. PrRasunN)

7.1. Einleitung

In der zweiten Hilfte des letzten Jahrhunderts kam es infolge der Intensivierung in der
schweizerischen Landwirtschaft zu einem starken Anstieg der Nitratgehalte im Grund-
wasser (BUWAL, 1993). Dieser fiihrte dazu, dass der Nitratgehalt des Trinkwassers in
den achtziger Jahren an vielen Orten iiber dem Anforderungswert der GEWASSERSCHUTZ-
VERORDNUNG (1998) von 25mg NOs/l lag. Bei einigen Wasserfassungen wurde auch
der in der FREMD- UND INHALTSSTOFFVERORDNUNG (1995) festgelegte Toleranzwert fiir
Trinkwasser von 40 mg NOs/l tiberschritten.

Mit den 1993 eingefiihrten Direktzahlungen und den damit verbundenen Okomaf-
nahmen hat sich das Bundesamt fiir Landwirtschaft unter anderem zum Ziel gesetzt,
den Nitratgehalt des Grundwassers zwischen den Referenzjahren 1990/92 und dem Jahr
2005 um durchschnittlich 5mg NO,/l zu reduzieren.

Zum Bezug von allgemeinen Direktzahlungen sind Landwirte berechtigt, die den
»okologischen Leistungsnachweis“ (vergleichbar mit ,,Cross Compliance” in der EU)
erfiillen. Dieser beinhaltet unter anderem eine ausgeglichene Stickstoftbilanz, eine ge-
regelte Fruchtfolge, einen angemessenen Anteil an 6kologischen Ausgleichsflichen und
einen geeigneten Bodenschutz. Okobeitrige werden auch fiir verschiedene Typen von
dkologischen Ausgleichsflichen, den extensiven Anbau von Getreide und Raps sowie fiir
den Biolandbau ausgerichtet (DIREKTZAHLUNGSVERORDNUNG, 1998).

Tab. 7.1: Hihenlage, Bodennutzung und Nitratgehalte in den vier Regionen des Kantons Bern. ') Messwerte
aus Grundwasserfassungen (E. SPIESS & V. PRASUHN, 2006, und unverdffentlichte Werte).
Altitude, land use and nitrate contents in the four regions of the canton of Berne. ') Measured
values from groundwater wells (E. SPIESS & V. PRASUHN, 2006, and unpublished data).

Region Hohe Bodennutzung (in %) Nitratgehalt” (in mg NOs/I)
(m 6.A.) | Wald | Acker | Dauerwiesen | Rest | 1990-92 | 2002-04 | Differenz
Alpen 550-4200 | 27 0 33 39 2,3 2,6 0,3
Voralpen 500-1500 | 36 24 33 7 20,6 16,2 —4,4
Mittelland | 400-900 25 41 12 21 28,8 24,4 —4,4
Jura 450-1600 | 53 11 30 6 9,0 7,9 -1,1
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Im Rahmen der Evaluation der Okomafinahmen (F. HErzoG & W. RicHNER, 2005),
die aufgrund der NACHHALTIGKEITSVERORDNUNG (1998) durchzufiihren ist, wurden die
Auswirkungen verschiedener Einflussfaktoren auf die Reduktion der Nitratauswaschung
zwischen 1990 und 1999 in den vier Regionen des Kantons Bern (Alpen, Voralpen,
Mittelland und Jura; Tab. 7.1) mittels des Stoffflussmodells MODIFFUS untersucht und
mit Messwerten aus Grundwasserfassungen verglichen (E. Spiess & V. Prasunn, 2006).

7.2. Stoffflussmodell MODIFFUS

MODIFFUS ist ein Modell zur Abschitzung der diffusen Eintrige von Stickstoff
und Phosphor in die Gewisser und wurde detailliert in V. PrasunN & R. MoHNI (2003)
beschrieben. Fiir die vorliegende Arbeit wurden nur die Module ,,Wasserhaushalt“ und
»Nitratauswaschung” von MODIFFUS verwendet. Das Modell beruht auf diversen
naturrdumlichen, klimatischen, pedologischen und landwirtschaftlichen Eingangsdaten,
welche mittels eines geographischen Informationssystems miteinander verkniipft wer-
den. Als riumliche Einheit dienten Rasterzellen von einem Hektar Grofle. In einem
ersten Schritt wurden die Wasserfliisse fiir jede der 573.548 Rasterzellen berechnet.
Die Sickerwassermenge ergab sich aus der Differenz zwischen dem Niederschlag einer-
seits und der Evapotranspiration, dem Oberflichenabfluss und dem Drainageabfluss
andererseits. Infolge der Verwendung von langjihrigen Mittelwerten wurde fiir 1990
und 1999 mit den gleichen Sickerwassermengen gerechnet. In einem zweiten Schritt
erfolgte die Berechnung der ausgewaschenen Nitratmenge aufgrund von nutzungsspezi-
fischen Ausgangswerten fiir die Nitratauswaschung. Im Ackerbau wurden hauptsichlich
aus Lysimeterversuchen abgeleitete Ausgangswerte fiir Kulturkombinationen (= Vorkul-
tur — Zwischenkultur — Nachkultur) verwendet (V. Prasunn & E. Spiess, 2003). Die
Ausgangswerte wurden dann mit Korrekturfaktoren fiir Unterschiede in der Sickerwas-
sermenge, der Hohenlage, des Bodens, der Wirtschaftsdiingermenge, der Denitrifikation
und der Drainage verrechnet.

7.3. Resultate und Diskussion

Die Abschitzungen mit dem Stoffflussmodell MODIFFUS ergaben, dass eine be-
deutende Reduktion der ausgewaschenen Nitratmenge zwischen 1990 und 1999 vor
allem unter den Ackerflichen im Mittelland und in den Voralpen erreicht worden ist
(Fig. 7.1).

Fiinf Einflussfaktoren (Tab. 7.2), welche sich zwischen 1990 und 1999 verindert ha-
ben, konnten in MODIFFUS beriicksichtigt werden. Nach der Modellrechnung haben
die verinderten Kulturanteile im Ackerbau, der geringere Einsatz von Stickstoffdiingern
im Ackerbau sowie der vermehrte Anbau von Zwischenkulturen am meisten zu den tief-
eren Nitratgehalten im Grundwasser beigetragen. Die Auswirkungen der restlichen Fak-
toren waren dagegen gering. Insgesamt diirfte iiber die Hilfte der 12%igen Reduktion
der Nitratauswaschung zwischen 1990 und 1999 eine Folge der verschiedenen Oko-
mafinahmen sein, wihrend der Rest vor allem auf die verinderten agrarpolitischen und
wirtschaftlichen Rahmenbedingungen zuriickgefiihrt werden kann.

Die Einflussfaktoren lassen sich im Detail wie folgt beschreiben:

— Verinderung der Kulturanteile im Ackerbau
Wihrend die Ackerfliche zwischen 1990 und 1999 nahezu konstant blieb, traten bei
einzelnen Kulturen z.T. grofle Flicheninderungen auf. Bezogen auf den gesamten
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Fig. 7.1: Veriinderung der mit MODIFFUS berechneten ausgewaschenen Nitratmengen im Kanton Bern
zwischen 1990 und 1999 (in kg Niha).
Variation in the amount of nitrate leaching calculated with MODIFFUS for the canton of Berne
between 1990 and 1999 (in kg Niha).

Kanton verzeichneten das Getreide (—16 %) sowie die Kartoffeln (—27 %) bedeutende
Abnahmen, Zunahmen wurden dagegen vor allem bei den ein- und mehrjihrigen
Ansaatwiesen (+18%) und den Riiben (+329%) beobachtet. Die Nitratauswaschung
wurde durch diese Entwicklung reduziert. Bei der Kartoffelernte wird der Boden in-
tensiv bearbeitet und viel Sauerstoff gelangt in die oberste Bodenschicht. Dies fordert
die Stickstoffmineralisierung. Da im Spitherbst die Stickstoffaufnahme durch die
Nachkultur hiufig gering ist, kdnnen hohe Stickstoffverluste entstehen. Dies ist z. B.
bei Wintergetreide nicht nur nach Kartoffeln, sondern auch nach dem Umbruch einer
Ansaatwiese der Fall. Zuckerriiben dagegen nehmen bis spit in den Herbst Stickstoff
auf und hinterlassen nach der Ernte geringe Mengen an mineralischem Stickstoff im
Boden. Die groflere Ansaatwiesenfliche diirfte die bedeutendste Auswirkung auf die
Nitratauswaschung gehabt haben. Durch den dauernden Bodenbewuchs wird wenig
Nitrat ausgewaschen. Zu grofleren Verlusten kommt es erst nach dem Umbruch der
Ansaatwiese.
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Tab. 7.2: Geschiitzte Reduktion der Nitratauswaschung zwischen 1990 und 1999 durch verschiedene Ein-
Slussfakroren (in % der 1990 unter der gesamten Fliche ausgewaschenen Stickstoffinenge).
Estimated reduction in nitrate leaching between 1990 and 1999 due to various influencing factors
(in % of the amount of nitrogen leached from the whole surface of the canton of Berne in 1990).

Einflussfaktor Beitrag
verinderte Kulturanteile im Ackerbau 4%
geringerer Stickstoffdiingereinsatz im Ackerbau 4 %
vermehrter Anbau von Zwischenkulturen 3%
geringere Stickstoffdeposition 1 %
Extensivierung im Futterbau <1 %
Total 12 %

— Geringerer Stickstoffdiingereinsatz im Ackerbau
Lysimeterversuche zeigen, dass die Nitratauswaschung unter Ackerkulturen mit stei-
gender Stickstoffdiingung zunimme (J. NIEVERGELT, 2002, W. STAUFEER & E. SPIESS,
2005). Durch die Anforderung einer ausgeglichenen Stickstoffbilanz im ékologischen
Leistungsnachweis wird die Héhe der Stickstoffdiingung begrenzt. Seit der Einfiih-
rung der Okomafinahmen hat deshalb der Einsatz von Stickstoffmineraldiingern
(—23% in der Schweiz zwischen 1990 und 1999) und die Wirtschaftsdiingermenge
(-9 % im Kanton Bern) weiter abgenommen.

— Vermehrter Anbau von Zwischenkulturen
Die Fliche mit Zwischenkulturen war 1990 und 1999 fast gleich groff. Da aber die
Fliche der im Friihjahr gesiten Kulturen, vor denen Zwischenkulturen normalerweise
angebaut werden, abnahm, war dies mit weniger Winterbrache und einer geringeren
Nitratauswaschung verbunden. Dies ist vermutlich zu einem groflen Teil auf die An-
forderungen des 6kologischen Leistungsnachweises in Bezug auf die Bodenbedeckung
zuriickzufiihren.

— Geringere Stickstoffdeposition
Die Stickstoffdeposition aus der Luft geht seit 1980 kontinuierlich zuriick, weil die
Tierbestinde und die damit verbundenen Ammoniakverluste abgenommen haben
und die Stickoxidemissionen aus Verkehr und Industrie reduziert werden konnten.
Dadurch verminderte sich der atmosphirische Stickstoffeintrag in den Boden.

— Extensivierung im Futterbau
Durch die Forderung der okologischen Ausgleichsflichen wird auf vielen Wiesen
weniger oder kein Stickstoffdiinger ausgebracht. Dies diirfte mit einer geringeren Ni-
tratauswaschung verbunden sein, wobei die Reduktion pro Flicheneinheit vermutlich
wesentlich geringer ausfillt als bei der Extensivierung im Ackerbau.

Zusammenfassung

Im Jahre 1993 wurden in der schweizerischen Landwirtschaft Direktzahlungen einge-
fiihre, die an Okomafinahmen gebunden sind. Im Rahmen der Evaluation dieser Oko-
mafinahmen wurden die zeitliche Entwicklung des Nitratgehaltes im Grundwasser und
die Ursachen des Riickgangs in einer Fallstudie untersucht. In den vier geographischen
Regionen des Kantons Bern wurden Modellrechnungen fiir die Jahre 1990 und 1999
mit Hilfe des Stoffflussmodells MODIFFUS durchgefiihrt. In einem ersten Schritt wur-
den die Wasserfliisse fiir jede Rasterzelle von einem Hektar Grofle mittels langjihrigen
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Durchschnittswerten berechnet. Danach erfolgte die Abschitzung der ausgewaschenen
Nitratmenge, indem ein nutzungsspezifischer Ausgangswert fiir die Nitratauswaschung,
welcher aus Lysimeterversuchen und Literaturwerten hergeleitet wurde, mit Korrektur-
fakcoren fiir Unterschiede in der Sickerwassermenge, der Hohenlage, des Bodens, der
Hofdiingermenge, der Denitrifikation und der Drainage verrechnet wurde.

Die Resultate zeigen eine durchschnittliche Abnahme der Nitratgehalte um 12 %.
Im Mittelland und in den Voralpen trug der Riickgang der Getreide- und Kartoffel-
fliche, der groftenteils durch den vermehrten Anbau von Kunstwiesen und Riiben
kompensiert wurde, wesentlich zur Verminderung der Nitratauswaschung bei. Neben
der Verinderung der Kulturanteile haben im gesamten Kanton Bern der geringere
Stickstoffdiingereinsatz im Ackerbau sowie der vermehrte Anbau von Zwischenkul-
turen am meisten zur Verringerung der Nitratgehalte im Grundwasser beigetragen.
Etwa die Hilfte der Reduktion diirfte eine Folge der Okomafinahmen sein.
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Summary

In 1993, direct payments bound to ecological measures were introduced into Swiss agriculture.
Within the framework of the evaluation of these ecological measures temporal trends of nitrate con-
tents in groundwater and the reasons for declining contents were investigated in a case study. In the four
geographic regions of the canton of Berne calculations with the substance flow model MODIFFUS
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were carried out for the years 1990 and 1999. In a first step water flows were calculated for each grid
cell of 1 ha in size by means of long-term average values. The following assessment of the amount of
nitrate leaching was made by multiplication of a crop-specific standard value for nitrate leaching based
on lysimeter trials and values from literature with correction factors for differences in the volume of per-
colating water, altitude, soil type, the quantity of animal manure, denitrification and drainage system.

Results show nitrate contents decreasing by 12 % on average. In the Central Plain and in the Prealps
of the canton of Berne, nitrate contents declined considerably due to decreasing areas with cereals and
potatoes and larger areas with temporary grassland and sugar beets. Apart from varying crop areas a
lower nitrogen fertilizer use and more intensive cover cropping contributed most to decreasing nitrate
contents in groundwater. Half of the reduction could be due to ecological measures.

Schlisselworter: Auswaschung, Grundwasser, Nitrat
Keywords: leaching, groundwater, nitrate

8. The Influence of Diffuse Pollution on Groundwater Content
Patterns for the Groundwater Bodies of Germany (R. Kunket,
St. Hannarrer, H.-J. Voigr, E WENDLAND & R. WOLTER)

8.1. Introduction

The solution content of groundwater is determined by a variety of factors, such as the
properties of the vadose zone and the groundwater bearing rocks as well as the hydrological
and hydrodynamical conditions. Apart from these “natural” factors groundwater quality
is influenced by anthropogenic inputs mainly from diffuse sources (e.g. agriculture, at-
mosphere). Whereas some of these inputs (e.g. pesticides) are a direct indicator of human
impact, most inorganic contents occurring in the groundwater originate both from natural
and anthropogenic sources. This makes it difficult to decide whether the observed ground-
water concentration pattern in a certain area is influenced by diffuse pollution intakes or
still represents an (almost) natural state.

Because of the omnipresence of human impacts especially in high developed countries
like Germany, strictly “natural” groundwater occurs at best at regionally limited locations.
In particular, groundwater from aquifers taking part in the active water cycle (surface-near
aquifers), in most cases those aquifers which are also used for water supply, are influenced
since decades and centuries by anthropogenic activities, e.g. soil cover induced changes of
percolation water quality or fertilizer inputs. In Germany, this situation is true for more
than 99% of the federal territory.

Against this background a pragmatically understanding of the term “natural background
value”, which considers the human impacts on groundwater to a certain degree as inevitable,
needs to be used. Therefore, we define “natural background value” as “the concentration of
a given element, species or chemical substance present in solution which is derived by not
significant anthropogenic influenced processes from geological, biological or atmospheric
sources”. There is still some “mixing” between natural and anthropogenic influences because
e.g. groundwater from areas under agricultural use or from areas where land cover changes
occurred over the last centuries is regarded as being “natural” (V. ScHENK, 2003). This “defi-
nition of background” is different to other definitions like geochemical background, ambient
or baseline background and pre-industrial background since these terms rely much more to
purely natural conditions (C. REIMANN & R. G. GARRETT, 2005).
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Diffuse anthropogenic intakes usually lead to an increase of groundwater solution
content. Thus, by looking at a number of groundwater quality data, a number of typical
groundwater parameters like Na, K, pH, SO,, NHy, NO; will display raised concentra-
tions. To quantify the influence of diffuse pollution intakes on the groundwater solution
concentration patterns, a procedure has been developed, which is able to separate the
“natural” groundwater concentration pattern from the influence of diffuse pollution
intakes to groundwater. This is done by representing the observed concentration distri-
bution of a certain groundwater parameter by two distribution functions, describing the
natural and the influenced component. The natural situation as well as the influence of
diffuse pollution is characterized by confidence intervals of the individual distribution
function (. WENDLAND et al., 2005).

8.2. Method

Due to the fact that in Germany strictly “natural” groundwater taking place in the active
water cycle is practically not present anymore, the solute content of a typical groundwater
is usually affected both by natural and anthropogenic factors. Anthropogenic inputs of
a certain substance of content into groundwater lead to a concentration increase of this
substance. Because of the variability both of natural and anthropogenic influences it is not
possible to separate these two influencing factors just by looking at one single groundwater
sample (R. ScHLEYER & H. KERNDORFF, 1992). Therefore, it is necessary to evaluate a
number of groundwater samples from different locations within a homogeneous hydro-
geological uni.

Because of the natural variability concentration measurements of a certain groundwater
parameter from a number of sampling point within a homogeneous groundwater unit lead
to a concentration distribution. In case no anthropogenic intakes to the groundwater are
present, the shape of this distribution is determined exclusively by the natural variability
of reactive exchange of groundwater with the aquiferous rocks. Typically, right-skewed
asymmetric concentration distributions were observed in these cases. Several statistical
tests performed in this study showed that the shape of the concentration profiles can be
described by lognormal distributions (R. KUNKEL et al., 2004). If the whole aquifer is ubig-
uitary affected by anthropogenic intakes the concentration profile of a certain parameter
is modified. Because the concentration rise of the anthropogenic intakes is independent
of the natural solution content of the groundwater, the concentration distribution of the
ubiquitary affected aquifer can be regarded as a result of the convolution of the natural
content distribution and the distribution of anthropogenic intakes (F. WENDLAND et al.,
2005). Compared to the individual contributing concentration distributions the con-
voluted influenced distribution is broadened and shifted toward higher concentrations.
If the evaluated monitoring data contain both natural, i.e. unaffected, and influenced
groundwater samples, the observed concentration profile consists of a superposition of
these two components. In this case the observed concentration distribution (fobs) can
be described as the sum of two distribution functions, representing the natural and the
influenced component:

— Evaluation of the observed concentration profile allows a separation of the two compo-
nents and the identification of both the natural and the influenced component. However,
the shape of the two distribution functions is not known from a priori. An analysis of the
observed concentration patterns using statistical tests show that both component distribu-
tions can be satisfyingly expressed by lognormal distributions (R. KUNKEL el al., 2004).
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— Characterization of natural groundwater conditions as well as the effects of anthropoge-
nic impacts can be done by any two independent parameters characterizing the distribu-
tion function of the components. For the lognormal distribution, median and variance
are the most common parameters given. However, these parameters don't give a very
transparent measure to specify the groundwater conditions. Therefore, the distribution
is characterized by a concentration range defined by the 10 % and the 90 % percentiles
of the concentration distribution.

8.3. Data base

Natural groundwater quality has been derived for 17 lithogenetical different groundwater
typologies occurring throughout Germany with high relevance for water supply (e.g. lime-
stones, sandstones, loose-rock sediments). Before assessing natural groundwater concentra-
tions the individual heterogeneous data sets provided by the Federal States needed to be
joined together in one data base with unified structure and referenced to the groundwater
typologies. In addition, a number of consistency checks, e.g. the elimination of analyses
with incorrect ion balances, salt effected stations and elimination of time series by median
averaging had to be performed. At the end, a total data from ca. 25,000 monitoring stations
with one representative groundwater analysis each were used for the analysis (for details see
R. KuNkEL et al., 2004). For each of the different groundwater bodies 30 to 40 hydrochemi-
cal (inorganic) parameters were evaluated including redox parameters, summary parameters,
main substances, adjoining substances and trace elements. The number of evaluated observa-
tions for each parameter in each typology was in the range between 5,000 and about 25,000,
allowing a statically relevant analysis.

8.4. Selected results

According to the procedure described above, the ranges of natural groundwater con-
centrations in the groundwater typologies occurring in Germany were identified for all
30 (to 40) parameters. In the following sections selected results for different parameters
and different groundwater typologies are presented and discussed.

8.4.1. Potassium

As an example, fig. 8.1 shows the potassium concentrations in the Triassic limestones
and the loose rock sediments of the North German plane (depths < 10m). In both
cases the observed distributions consist of one peak at about the same concentration
(- 2mg K/I). The width of the distributions, however, is quite different: the potassium
concentration range in the loose rock sediments is almost twice the range of the Triassic
limestones potassium concentrations.

As can be seen from the correlation coefficients (r*: ~ 0.97), the observed concentra-
tion distributions can be separated very satisfying into a natural and influenced com-
ponent. As a typical behavior, obtained also for most other evaluated hydrochemical
parameters (e.g. Na, Cl, SOy, HCO;, DOC), the natural component is dominating
while the influenced component contributes as a broad background.

The natural groundwater component of the potassium concentration distribution in the
Triassic limestones shows a relatively small scatter in the range between 0.6 and 2.1 mg K/1.
This can be addressed to the lack of potassium containing minerals. An influenced com-
ponent is obvious in a broad, high concentration range. This indicates the impact of po-
tassium containing fertilizers, which has also been confirmed by regional water authorities.
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Fig. 8.1: Observed frequency distributions as well as the natural and influenced components of the potas-

stum concentrations (K in mg/l) in the Triassic limestones (above) and the loose rock sediments of
the North German plane (below). N — number of data points, r° — coefficient of determination,
Psy — median value, Poy — 90 percentile.
Beobachtete Hiiufigkeitsverteilungen sowie die natiirlichen und beeinflussten Komponenten der
Kaliumbkonzentrationen (K in mg/l) in den Muschelkalk- (oben) und den Norddeutschen Lock-
ergesteinsaquiferen (unten). N — Anzahl Beobachtungen, r* — Bestimmtheitsmafs, Psy — Median,
Py — 90 Perzentil.
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The range of the natural potassium concentrations in the groundwater of the loose
rock sediments is broader compared to the natural groundwater concentrations in the
Triassic limestones, which is a consequence of the more heterogeneous minerals in this
typology. The portion of the influenced component is relatively high. Here two natural
factors, i.e. the rise of the high mineralized waters from deeper aquifers and the influ-
ence of sea water intrusion in the north and the western part of the groundwater unit
as well as one anthropogenic factor, the impact of potassium containing fertilizers are
determinative.

8.4.2. Nitrate

Compared to the other groundwater parameters evaluated in this study, nitrate is an
exception. The geogenic fraction of nitrate in groundwater is low. The reason for this is
that all nitrate minerals are very water soluble, so that in the course of geological history
no nitrate rocks were formed from which nitrate could be solved by circulating water.
The most important source of nitrate in groundwater are fertilizers and to a minor extent
atmospheric nitrate inputs. Many studies have shown, that nitrate concentrations above
5mg NOj/l are a reliable indication of anthropogenic influences.

Figure 8.2 shows the observed nitrate concentrations distributions in the Jurassic
limestones and the loose rock sediments of the North German plane. The nitrate concen-
trations in the Jurassic limestones cover a wide range between 0 and about 80 mg NO/1.
Two widespread components may be identified. Even the natural display relatively large
concentrations, which is due to the presence of typically oxidized groundwater condi-
tions, The second, influenced, component dominates the observed concentration pattern
and reaches to concentrations up to 75 mg NO;/1. This behavior can be addressed to the
presence of groundwater conditions, which are mostly influenced by nitrate inputs from
agriculture. Nevertheless, it can be concluded that natural nitrate concentration below
about 20 mg NO;/I can be regarded as being natural for this groundwater typology.

In other groundwater typologies, however, nitrate can be degraded to molecular nitro-
gen by microbial controlled redox reactions. If a groundwater is largely free of dissolved
oxygen, certain micro organisms are able to satisfy their oxygen demand by reducing
nitrate. An important prerequisite for this reaction is the presence of organic carbon
compounds or pyrite (FeS,) in the aquifer acting as reducing substances. As could be shown
by the example of the iron concentration distributions, this hydrochemical groundwater
condition may occur in the loose rock sediments of the North German plane. The observed
nitrate concentrations show that a component at very small concentrations dominates the
observed concentration pattern by far. As most of the samples fall into the lowest class it
may be tempting to conclude that the groundwater in these aquifers is almost free from
anthropogenic nitrate inputs, thus representing “natural” groundwater concentrations.

However, this interpretation is misleading. Due to denitrification processes in reduced
aquifers, it may be possible that a groundwater appears to be almost nitrate free, although
the nitrate inputs with the percolation water were high. Hence, the range of nitrate contents
in the loose rock sediments of the Saale glaciation reflects on the hydrogeochemical con-
ditions in the aquifer, which result in “natural” nitrate concentrations below 1 mg NOs/L.

8.5. Discussion and Conclusions

Natural groundwater concentrations were defined for groundwater typologies oc-
curring in Germany, i.e. groups of aquifers, which were regarded as homogenous ac-
cording to their petrographical and hydrodynamical properties using a large number

198

0.10 5
jurassic limestones
0.08 4 X
% N: 798
Yom g I 0.92
by )
S 0.06 oo Q\ P, 3.8mgl
g_ P 17.5 mg/l
£
@ 004- » sample data
> = natural component
© L —— influenced component
o 1\ EE e sum of components
0.02 4
0.00
0 80
NO, concentration in mg/l
0.40
1 loose rock sediments of the
North German plane
N: 3034
Ig: 0.995
)
E B 0.3 mg/
g_ Py 0.9 mg/l
£
© L] sample data
> = natural component
® = influenced component
o K N == sum of components
» - ]
) L) 1
3 4 5
NO, concentration in mg/l

Fig. 8.2: Observed frequency distributions as well as the natural and influenced components of the nitrare
concentrations (NOjs in mgll) in the Jurassic limestones (above) and the loose rock sediments of the
North German plane (below). Abbreviations see fig. 8.1.
Beobachtete Hiiufigkeitsverteilungen sowie die natiirlichen und beeinflussten Komponenten der
Nitratkonzentrationen (NOj in mg/l) in den verkarsteten Jurakalk- (oben) und den Norddeutschen
Lockergesteinsaquiferen (unten). Abkiirzungen siehe Fig. 8.1.
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of groundwater monitory data provided by the Federal States of Germany. The basic
approach of separating the natural and influenced component from observed ground-
water concentration distributions based on statistical distribution functions was applied
consistently to 30 to 40 investigated groundwater parameters in the investigated ground-
water typologies. It could be shown, that the natural groundwater concentration ranges
differ considerably amongst the investigated groundwater typologies, reflecting the dif-
ferent properties of the vadose zone and the groundwater bearing rocks as well as the
hydrological and hydrodynamic conditions. The study showed that natural groundwater
concentrations should not be defined based on fixed threshold values as being “valid
for the whole groundwater”. Instead, the results study showed the importance to assess
natural groundwater concentrations according to individual groundwater typologies. In
this sense, this study contributes to the definition of the “good groundwater chemical
status” according to the requirements of the EU Water Framework Directive (DIRECTIVE
2000/60/EC).

Summary

Commissioned by Germany’s Working Group of the Federal States on Water Problems
(LAWA) the authors developed a procedure to define natural groundwater conditions
from groundwater monitoring data. The distribution pattern of a specific groundwater
parameter observed by a number of groundwater monitoring stations within a petro-
graphical comparable groundwater typology is reproduced by two statistical distribution
functions, representing the “natural” and “influenced” component. The range of natural
groundwater concentrations is characterized by confidence intervals of the distribution
function of the natural component. The applicability of the approach was established for
17 hydrochemical different groundwater typologies occurring throughout Germany. Ba-
sed on groundwater monitoring data from ca. 26,000 groundwater monitoring stations,
40 different hydrochemical parameters were evaluated for each groundwater typology.
For all investigated parameters the ranges of natural groundwater concentrations have
been identified. According to the requirements of the EU Water Framework Directive
(article 17) this study is a basis for the German position to propose criteria for assessing
a reference state for a “good groundwater chemical status”.
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Zusammenfassung

Im Rahmen eines von der Linderarbeitsgemeinschaft Wasser (LAWA) beauftragten Vorhabens wurde ein
Verfahren entwickelt, mit dem die natiirliche Grundwasserbeschaffenheit abgeleitet werden kann. Fiir einen
bestimmten Grundwasserinhaltsstoff wird hierzu dessen Konzentrationsverteilung, die sich aus der Auswertung
einer grofleren Anzahl von Entnahmepunkten in einer petrographisch homogenen Grundwassertypologie er-
gibt, durch zwei statistische Verteilungsfunktionen, welche die ,natiirliche und die ,beeinflusste” Komponente
reprisentieren, beschrieben. Die Anwendbarkeit des Ansatzes wurde flichendeckend fiir Deutschland fiir 17
Grundwassertypologien demonstriert. Auf Grundlage von Grundwasserbeschaffenheitsdaten von ca. 26.000
Entahmestellen wurde die natiirliche Grundwasserbeschaffenheit fiir insgesamt 40 hydrochemische Parameter
abgeleitet und als Konzentrationsspannbreiten ausgewiesen. Die Ergebnisse dieser Studie bilden eine Basis
zur im Artikel 17 der EU-Wasserrahmenrichtlinie erforderlichen Definition des ,guten Grundwasserstatus".

Keywords: groundwater condition, groundwater quality, diffuse pollution, monitoring
Schliisselworter: Grundwasserbeschaffenheit, Grundwasserqualitit, Stoffeintrag, Monitoring

9. Identification of Denitrification by Measurement of N,, Ar
and N,O as Aid for the Modelling of the Nitrate Transport in
Groundwater (W. Warraer, Ch. Konrap, Th. Remvann & R. WeLL)

9.1. Introduction

Many catchment areas of groundwater resources are agriculturally used in Eu-
rope. If below agriculturally used soils low concentrations of nitrate are measured in
groundwater and in the raw water of a waterworks then a process of nitrate elimi-
nation as denitrification is the main reason for this favourable situation. For water
supply frequently the following questions are important:

— When will raised nitrate concentrations be expected in the wells of the water-
works?

— How will measures, which decrease the emission of nitrate from the soil zone, influ-
ence the water quality at different points in the groundwater body?

Models, that depict the water and nitrogen cycle of the unsaturated and saturated zone
are valuable tools for planning soil and water management. The following conditions
should be considered when applying such models:

— realistic simulation of the water balance and groundwater flow,
— sufficient knowledge about the kinetics of nitrogen metabolism (equation, cha-
racteristic values of reaction) and about their distribution in the subterranean space.

The knowledge about the metabolism often does not exist at all or is only in-
adequately available. In such cases, the kind of kinetics and their characteristics need
to be based on assumptions.

In this contribution, the application of the indirect method for the identification
of denitrification will be presented. In addition, the article will explain the use and
the meaning of determining the gases N,, Ar and N,O in groundwater. The inves-
tigations were carried out in three North German aquifers, which belong to the
Pleistocene formation, and which are hydrogeologically different. The groundwater
catchment areas are used for the drinking water extraction.
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9.2. Elimination of nitrate in the groundwater

Several types of processes may participate in the decrease of nitrate in groundwater.
In the North German unconsolidated sediments, the denitrification is the most effec-
tive process according to own investigations, W. WaLTHER (1999), M. PitscH (2007).
Both the heterotrophic denitrification, equation (1), and the autotrophic denitrifica-
tion, equation (2), were observed. The latter process is encountered most frequently.

Heterotrophic:
4NO; +4H +5C,, > 2N, +5CO, + 2 H,0O (1)
First partial reaction of the autotrophic denitrification:
14 NO; + 5 FeS, + 4 H —> 7N, + 10 SO + 5 Fe?* + 2 H,0 (2)

The denitrification occurs in steps from NO;3 over NO,, NO™ and N,O up to
the molecular nitrogen N, if the reaction can progress completely (e.g. R. WELL et
al., 2005). Organically bound carbon or sulphidic compounds act as reducing agents.
The agents are distributed as fine particles in the hydraulically active parts of the
aquifers as sand layers or at the edges of layers as clay which are only slight permeable.

9.3. Direct and indirect method to identify the denitrification

For the modelling of the transport it is necessary to mark off the zones of the aquifer
in which a denitrification occurs. On the basis of this knowledge the characteristic values
of the reactions, e.g. of equation (3), reaction of 1 order, shall be assigned to the cells
of the three-dimensional model net.

c(t) = ¢,-e 3)
with:

c(t) = concentration at time t,
Co concentration at time t, = starting time,
A = reaction constant of denitrification.

Different ways for the identification of denitrification are possible. It is important that
as far as possible gauging stations of groundwater quality are included in the investigation
that consider the three-dimensional subterranean space of the groundwater body which
is object of modelling.

A step-by-step procedure is reasonable. In a first step dates of the water quality are
mostly used as indication for a denitrification, which were either already measured or
still need to be measured. As indications are to be named:

— No denitrification is expected at oxygen contents = 5mg-L™" in the pore water.

— If the concentration of O, and NOj is low or zero, a rise of HCO; indicates a
heterotrophic denitrification according to equation (1), in comparison with gauging
stations in the closer neighbourhood at which no denitrification occurs.

— A rise of the concentrations of SO*, partly Fe* and Mn** can be an indicator for
autotrophic denitrification, according to equation (2).

These dates of water quality do not supply, however, any secure proof since the con-
centrations can be influenced by several other processes in the aquifer.
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In a second step, measurements of the gases N,, Ar and N,O should be carried out at
the gauging station, at which a denitrification is expected. In the atmosphere, the ratio
of Ny/Ar is fixed at 83. In rainwater and in groundwater at the equilibrium with the
atmosphere the ratio of the gases N, and Ar lies between 37.1 and 38.6 (Fig. 9.1).

If the denitrification runs in the groundwater, NO; is converted in parts or fully
to N,. Due to this fact, the increase of N, causes an increase of the ratio of N,/Ar.
The concentration of Ar remains unchanged in this case (G. BLICHER-MATHIESSEN
et al., 1998). The difference between the ratio of N,/Ar calculated from measured
values and the ratio that is determined by the temperature-dependent balance with
the atmosphere is called “excess nitrogen”. The determination of the ratio N,/Ar and
of the “excess nitrogen” is a relatively secure proof of whether denitrification occurs
on the flow path between the groundwater table and the screen of the gauging station
(C. KoNRaD, 2007).
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Fig. 9.1: Ratio of the measured concentrations of N, and Ar in the investigation areas Thiilsfeld, Sulingen
and Wehnsen.
Verbiiltnis der gemessenen Kongentrationen von N, und Ar in den Untersuchungsgebieten Thiils-

feld, Sulingen und Wehnsen.
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If, for example, NO, and the gas N,O are measured, this is an indication of an
incompletely running denitrification in the local neighbourhood of the gauging station.
The gas N,O may then also occur when the concentration of oxygen is >5mg-L" in
the pore water. But the relationship between N,O and O, is not completely clear yet.

9.4. Application of the methods

In the areas Thiilsfeld, Sulingen and Wehnsen the hydraulically active zones consist of sand
formations. The hydraulic conductivity lies between 10 and 10”m - s™'. The areas Sulingen
and Wehnsen are vertically subdivided into storeys through silt and clay. The share of the
agriculturally used area varies between 56% in the area Thiilsfeld and 90% in Sulingen. The
residual part to 100% is used mainly by forests.

In these three areas, oxygen lies between <0.1 and 10.9 mg- L. That means, an oxidic zone
is to be encountered in the upper part of the aquifer followed from a non-oxidic zone. The
reactive material is very heterogeneously distributed in the hydraulically active sands. According
to that distribution, the nitrate concentration changes on a narrow distance between low and
high values. The span is between <0.1 and 298 mg- L. Denitrification was observed in the
areas Thiilsfeld and Sulingen up to depths of about 40m and in Wehnsen up to a depth of
80m below ground.

The procedure defining the zones with denitrification will be demonstrated at the catcchment
area of the well field A of the waterworks Thiilsfeld in an exemplary pattern. Sixteen observa-
tion wells were selected in such a manner that the area and the edges of the area were grasped:

— On the basis of the dates of water quality as a first step a “preassessment” was carried
out, whether a denitrification is possible on the flow path onto the screen of the gau-

1ab. 9.1: Investigation area Thiilsfeld, observation wells, preassessment on denitrification, ratio N,/Ar, con-
centration of N,O. ') FUK — trailing edge of the screen in meter altitude above see level (m a.s.l.);
the ground level lies between 21 and 42m a.s.l.; ) presumed reaction in accordance with dates
of the groundwater quality; 3) ratio No/Ar = 37.6 ar 10 °C in balance with the athmosphere;
) average of concentration; 1-7 — numbering of columns.
Untersuchungsgebiet Thiilsfeld, Grundwassermessstellen, Vorpriifung auf Denitrifikation, N,/Ar-
Verbiiltnis, Messwerte N,O. ') FUK — Filterunterkante in m NN; die Gelindehohe liegt zwischen
21 und 42m; °) eingeschiitzte Art der Denitrifikation gemdf§ der Daten der Beschaffenheit des
Grundwassers; 3) Verbiiltnis NJ/JAr = 37,6 bei 10°C im Gleichgewicht mit der Atmosphiire;
) mittlere Konzentration; 1-7 — Spaltennummerierung.

Denitrification Denitrification
Observation FUK") 4 Ny/AP) | on flow path N,0% | Denitrification
according to . 4
well [m NN] . [ according to | [pg-L™'] | near the screen
water quality?) NJ/A
,/Ar
1 2 3 4 5 6 7
248 24.95 no 41.84 no 48.21 exist
auto-, .
336 8.24 heterotrophic 67.82 exist 0.63 low
353 7.47 | heterotrophic | 33.47 no 0.66 low
368 11.31 possible 87.24 exist 0.79 low
369 22.13 no 37.20 no 21.01 exist
372 10.64 | possible 37.92 no 4.22 low
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ging station. Parts of results of this “preassessment” are presented here in an excerpt
form in tab. 9.1: According to that, a denitrification is not expected for three of the
16 observation wells, see in the table column 3 “denitrification according to water
quality”, station no. 248 and no. 369 as examples.

— After this “preassessment” the gases N,, Ar and N,O were measured. The table con-
tains the ratio N,/Ar in column 4. The ratio in the balance is equal to 37.6 (10°C).
The “preassessment” written in column 3 could not be confirmed due to the raised
N,/Ar ratio for three stations, see stations 353 and 372 as examples. Column 5 states
the new assessment.

— In 12 of 16 observation wells N,O was measured, column 6. In six of 12 observation
wells higher concentrations were observed. That means that an incomplete denitrifi-
cation runs in the local neighbourhood of the screen of the observation wells. As an
example, see stations no. 248 and 369. Column 7 contains the results of the appraisal.

— In observation wells no. 248 an oxygen content of 6.8 mg- L™ was measured and in
station no. 369 a content of 8.3 mg-L! in the pore water. Column 5 shows that no
denitrification was assumed. In spite of that higher N,O contents were observed.
Therefore, it must be presumed that in the local neighbourhood of the screen an
incomplete denitrification occurs, in spite of raised oxygen content.
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Fig. 9.2: Investigation area waterworks Thiilsfeld, abstraction field A, cross section A_1-A_1', identification
of zones with denitrification.
Untersuchungsgebiet Wasserwerk Thiilsfeld, Fassung A, Schnitt AI-Al', Abgrenzung denitrifi-
zievender Zonen.
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Figure 9.2 shows an abridged cross section through the catchment area in north-south
direction, laying at the west edge. In the cross section the level of depth of the screens
of eight stations is indicated. The screens marked in black indicate nitrate contents
>50mg- L™ while the white marked screens show contents between 0 and 50 mg- L.
With the help of the dates of the water quality and by the measurements of the gases,
the zones with and without denitrification were separated from each other. The zone
without or with just insignificant denitrification lies about 10 to 20m below ground.
There, either too high oxygen contents can be observed or the reactive material is con-
sumed by former denitrification.

In detail fig. 9.2 shows the following results:

— Above each observation well, a bar graph is drawn for the ratio N,/Ar, N,O and O.,.
Only for the observation wells no. 366, 368, 369 and 248 the ratio N,/Ar and the
concentration of N,O could be determined.

— For the observation wells 305, 379, 378, 369, 248 an oxygen content > 5 mg- L was
observed, so that no dentrification can be expected. At contents of O, >5mg- L™ the
ratio N,/Ar is near the balance ratio and the value of the “excess dinitrogen” is close
to zero. The value of excess dinitrogen is not shown here.

— On the one hand, the bar graph for the observation wells 366, 369 and 248 show
due to the raised ratio of N,/Ar and the perceptible concentration of N,O, that in
the flow path to the screen of the observation well the dentrification runs obviously
more or less incompletely. On the other hand, nitrate values may still be >50mg- L.
This indicates that the local decomposition process is not able to completely convert
the nitrate flux coming from the soil into the gaseous form.

9.5. Conclusion

Models that depict the metabolism and transport of nitrate in a groundwater catchment
area of a waterworks are still seldom built up by the enterprises of water supply until today. For
the application of a model, it is necessary to know how the denitrification is distributed in the
subterranean space. The zones with denitrification can be surely determined by investigations
about the N,/Ar ratio, excess dinitrogen and about the occurrence of N,O in a screen field of a
observation well in the deeper groundwater. Further information on the nitrate metabolism as
kinetic characteristics can be derived with the aid of these data. Such investigations were carried
out up to now mainly from scientifically oriented institutions. The determination of these para-
meters should become an indispensable aid during the development of transport models in future.

Summary

Models that replicate the metabolism and transport of nitrate in groundwater can be
used as decision aid for the application of agricultural cultivation forms with low emissions.
One prerequisite for model application is the knowledge about the distribution of the
denitrification in the subterranean space. Dates of the groundwater quality are frequently
used for the delimitation of the zones with denitrification. These dates provide indications
but without secure proof. The determination of the ratio N,/Ar and of the nitrogen excess
investigated for the screen field of a gauching station is a secure way. Then on this basis,
the cells of a model net can be occupied with information about the reaction. The ratio
N,/Ar is shown for three aquifers located in Northern Germany. At one catchment area,
the application of two methods to identify denitrification is demonstrated.
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Zusammenfassung

Modelle, die den Umsatz und Transport von Nitrat im Grundwasser nachbilden, kénnen als Entschei-
dungshilfe fiir den Einsatz emissionsarmer Bewirtschaftungsformen landwirtschaftlich genutzter Béden
herangezogen werden. Eine Voraussetzung sind Kenntnisse iiber die Verteilung der Denitrifikation im
unterirdischen Raum. Zur Abgrenzung der Zonen mit Denitrifikation werden hiufig Daten der Wasser-
beschaffenheit herangezogen. Sie liefern zwar Indizien aber keinen sicheren Nachweis. Die Ermittlung des
N,/Ar-Verhiltnisses und des Stickstoffiiberschusses fiir den Filterbereich einer Messstelle ist ein sicherer
Weg. Auf dieser Grundlage kénnen die Zellen eines Modellnetzes dann mit Information iiber die Deni-
trifikation belegt werden. Fiir drei Aquifere Norddeutschlands wird das Verhiltnis von N,/Ar gezeigt. An
einem Gebiet wird dann der Einsatz von zwei Methoden zur Identifikation der Denitrifikation vorgestellt.
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10. Heterogenitit des Abbaus von Nitrat im Grundwasser —
Beriicksichtigung bei der Modellierung
(M. PitscH & W. WALTHER)

10.1. Einleitung

Um die Belastungen der Gewisser durch die Landwirtschaft zu reduzieren, sind Mafi-
nahmen auf der administrativen wie auf der technischen Seite notwendig. Die Vorausset-
zung fiir ein Gebietsmanagement und damit z. B. die Ausweisung der Vulnerabilitit von
bewirtschafteten Flichen, ist die Kenntnis der Eintriige, der Transportwege und -zeiten
sowie der Art und des Potenzials von Umsatzprozessen. Hier ist der Wissensstand jedoch
hiufig noch zu gering, um gesicherte Prognosen fiir die Wasserwirtschaft abzugeben.
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Das Institut fiir Grundwasserwirtschaft hat in Zusammenarbeit und mit Unter-
stiitzung durch den Oldenburgisch-Ostfriesischen Wasserverband (OOWV) in einem
Einzugsgebiet eines Wasserwerkes in Norddeutschland Untersuchungen zur Arc des
Umsatzes von Nitrat im Grundwasser, zum Umsatzpotenzial und zu seiner Verteilung
im Grundwassetleiter ausgefithrt (W. WALTHER et al., 2002, M. PAtscH et al., 2004,
M. PirscH, 2007, H. OsTER & M. PiTsch, 2001).

10.2. Untersuchungsgebiet

Das Untersuchungsgebiet befindet sich in der Region Cloppenburg-Vechta, einer
Region mit intensiver Pflanzenproduktion und Tierhaltung (Fig. 10.1). Dies fiihrt unter
anderem zu hohen Stickstoffemissionen und in der Folge davon zu Nitratkonzentrati-
onen zwischen < 1-300 mg/l NO;™ im Grundwasser. Nach etwa 40 Jahren intensiver Be-
wirtschaftung reicht die Nitratfront zum gegenwirtigen Zeitpunke bis in eine Tiefe von
bis zu 30 m unter Gelindeoberkante (GOK). Bis zur Vertiefung im Zuge einer Revision
der Entnahmebrunnen im Jahr 2002 enthielt das Rohwasser der Brunnen im Schnitt
weniger als 1 mg/l NO;™ (Entnahme von Wasser aus 30-80 m unter GOK).

NORDSEE
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Fig. 10.1: Untersuchungsgebiet.
Investigation area.
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10.3. Ergebnisse
10.3.1. Tiefenprofile

Das Tiefenprofil der Nitratkonzentrationen ist in Fig. 10.2 fiir ausgewihlte Mess-
stellen ersichtlich. Die Auswertung weiterer redox-sensitiver Parameter (O,, Mn**, Fe*,
SO4) der Grundwasserbeschaffenheit zeigte im Ergebnis eine scharfe Untergliederung
des Grundwasserleiters. Fiir die nachfolgende Modellierung des Nitrattransportes wur-
den so reduzierte und oxidierte Zonen im Grundwasserleiter ausgewiesen.

Mittels der Fluorchlorkohlenwasserstoff(FCKW)-Methode wurde fiir den Grundwas-
serleiter im Einzugsgebiet die Grundwasseraltersverteilung ermittelt (Fig. 10.2, unten).
Die vertikale Abstandsgeschwindigkeit konnte zu 1 m/a abgeschitzt werden (horizontale
Abstandsgeschwindigkeit 80-100 m/a).
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Fig. 10.2: Liingsschnitte der Nitratkonzentrationen (oben) und Grundwasseraltersverteilung (unten) an
ausgewdiihlten Messstellen.
Longitudinal section of nitrate concentrations (above) and distribution of groundwater age (below)
of selected observation wells.
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10.3.2. Gestein — Tiefenprofile

Gezeigt werden Ergebnisse aus Gesteins- und Abbauuntersuchungen von Proben-
material aus 11 flachen Bohrungen (bis 20 m unter GOK) sowie einer tiefen Bohrung
(40 m unter GOK). Physikalische und geochemische Parameter, wie z.B. hydraulische
Leitfahigkeit (K-Wert) oder Kohlenstoff- und Schwefelspezies sind heterogen im Unter-
grund verteilt. Die analysierten Parameter folgen dabei entweder der Normal- oder der
log-Normal-Verteilung. Mit zunehmender Tiefe wurden im Mittel signifikant hohere
Massenkonzentrationen Gesamtschwefel und sulfidischer Schwefel gefunden (Fig. 10.3).

10.3.3. Gestein — Untersuchungen zum Umsatz

Die Ergebnisse von Versuchen zum Umsatz von Nitrat in Batch- und Siulenversuchen
zeigten, dass der dominierende Abbauprozess die autotrophe Denitrifikation durch Sul-
fidschwefel ist. Zusammenfassend konnte festgestellt werden, dass im oberen Horizont
des Grundwasserleiters (zwischen 33—18 m NN) fiir die untersuchten Lokationen kein
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Fig. 10.3: Tiefenprofile von Parametern des Grundwasserleiters wie hydraulische Leitfibigkeit (K-Wert),
Schwefelspezies (Gesameschwefel (S,,,) und sulfidischer Schwefel (S,-S)); schwarz = Mischproben,
hellgrau = biinderartige Einlagerungen reiner Holzkohle und Nitratabbau.

Depth profile of aquifer parameters K-Value (hydraulic conductivizy), sulfur species (total sulphur
(S,,0), disulphide sulfir (S,-S)); black = average sample, light grey = small lense of wooden charcoal

and nitrate reduction.
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oder nur geringfligiger bzw. unvollstindiger Abbau von Nitrat stattfindet. Nitratabbau-
leistungen iiber 50 % werden generell erst ab einer Tiefe von 18 m NN (entspricht im
Mittel 20 m unter GOK) identifiziert (Fig. 10.3).

Mit zunehmender Tiefe stiegen die beobachteten Abbauraten an. Dieser Anstieg kor-
relierte positiv mit den Massenkonzentrationen von Gesamtschwefel.

Aus der gemeinsamen Betrachtung der Daten zur Grundwasserbeschaffenheit, den
Ergebnissen aus den Gesteinsuntersuchungen und den Abbauversuchen wurde fiir den
Modellraum eine Zonierung der Reaktionsriume vorgenommen.

10.4. Modellierung

Die gemeinsame Betrachtung aller erhobenen Informationen erméglichte die Abbil-
dung einer ausgeprigten vertikalen Zonierung des Umsatzes von Nitrat im Grundwas-
serleiter. Mit einem Strémungs- und Transportmodell wurden unterschiedliche Land-
nutzungsszenarien durchgespielt. Dabei wurde die Verteilung reaktiven Materials sowie
der Verbrauch durch den Prozess der Denitrifikation im Modell beriicksichtigt. Die
Beriicksichtigung erfolgte auf einfache Art und Weise (M. Pitsch, 2007):

— Das Modell wurde in Schichten mit 1 m Schichtdicke eingeteilt.

— Jeder Schicht wurde eine Massenkonzentration reaktiven Materials (hier: Pyrit) zugeord-
net (entsprechend den Ergebnissen aus den Gesteinsuntersuchungen).

— Denitrifikation wurde als Nitratsenke iiberall im Einzugsgebiet angenommen.

— Der Nitrateintrag wurde fiir unterschiedliche Szenarien (Landnutzung) festgelegt.

— In Abhingigkeit der mittleren Grundwasserneubildung wurde fiir jede Schiche eine stéchio-
metrisch ermittelte Verfiigbarkeit bzw. die Geschwindigkeit der Nitratfront berechnet.

— Stand in einer betrachteten Schicht kein reaktives Material mehr zur Verfiigung, wurde
sie als reaktive Schicht im nichsten Betrachtungszeitraum nicht mehr beriicksichtigt.

Die Ergebnisse zeigen die teilweise signifikanten Einfliisse auf die zu erwartende Qualitit
des Rohwassers:

— Fiir das Szenario 1 wurde in einer Worst-Case-Betrachtung von einem gleich bleibend hohen
Nitrateintrag in das Grundwasser (Anfangsbedingung aus inverser Modellierung, im Mittel
im Gebiet: 228 mg/l NO;") ausgegangen. Dies fiihrte in den folgenden Jahren zu dem starken
Anstieg der Nitratkonzentrationen im Fassungsbrunnen (Oberkante Fassungsbrunnen).

— Im Szenario 2 wurde ausgehend von der gleichen Anfangskonzentration der Nitratein-
trag verringert (im Mittel im Gebiet: 110mg/l NO;"). Die Dimpfungswirkung reakedver
Schichten fiihrte zu einem starken Absinken der Nitratkonzentrationen auf Werte um
50mg/l NO; .

— In Szenario 3 fiihrt diese Dampfungswirkung in Verbindung mit einer durch skologische
Bewirtschaftung erreichten Verminderung des Nitrateintrages in das Grundwasser auf im
Mittel 52mg/l NO; ™ und zu einem Absinken der Nitratkonzentrationen im Fassungsbrun-
nen auf unter 50 mg/l NO; .

10.5. Schlussfolgerung

Die Ergebnisse der Studien zeigen summarisch den méglichen Einfluss einer be-
riicksichtigten Nitratsenke im Grundwasserleiter. Es zeigte sich, dass Gesteinsparameter
heterogen iiber die Tiefe verteilt sind. Mit zunehmender Tiefe wurden héhere Massen-
konzentrationen gefunden. Der Nitratabbau zeigt sich heterogen tiber die Tiefe verteilt,
mit zunchmender Tiefe wurden héhere Abbaugrade ermittelt. Ein mafigeblicher Abbau

211



ist im Untersuchungsgebiet erst ab einer Tiefe von etwa 20 m unter GOK zu erwarten.
Als mafgeblicher Prozess wurde die autotrophe Denitrifikation identifiziert, fiir die
Abbaureaktionen wurden Reaktionen 1. und 0. Ordnung angepasst. Die im Modell
eingebauten reaktiven Schichten haben eine dimpfende Wirkung; sind sie aufgebrauchr,
steigen die Nitratkonzentrationen stark an.

Es bleibt aufgrund der Datenlage fiir das Untersuchungsgebiet weiterhin unsicher,
tiber welchen Zeitraum Grundwasser in hoher Qualitit gefordert werden kann.

Zusammenfassung

Das Institut fiir Grundwasserwirtschaft der TU Dresden hat in Zusammenarbeit und mit
Unterstiitzung durch den Oldenburgisch-Ostfriesischen Wasserverband (OOWYV) in einem
Einzugsgebiet eines Wasserwerkes in Norddeutschland Untersuchungen zur Art des Umsatzes
von Nitrat im Grundwasser, zum Umsatzpotenzial und zu seiner Verteilung im Grundwasser-
leiter ausgefiihrt. Die Ergebnisse von Feld- und Laborversuchen werden vorgestellt.

Die Bedeutung der riumlichen und zeitlichen Heterogenitit der Umsatzprozesse fiir
die Prognose von Nitratkonzentrationen im Grundwasser wird diskutiert.

Vorgestellt werden die Tiefenprofile von Nitratkonzentrationen und zum Grund-
wasseralter sowie Gesteinsuntersuchungen (physikalisch und chemisch) und Untersu-
chungen zum Umsatz von Nitrat.

Die gemeinsame Betrachtung aller erhobenen Informationen erméglichte die Abbil-
dung einer ausgeprigten vertikalen Zonierung des Umsatzes von Nitrat im Grundwas-
serleiter. Mit einem Strémungs- und Transportmodell wurden unterschiedliche Landnut-
zungsszenarien durchgespielt, wobei der Verbrauch von reaktivem Material im Modell
beriicksichtigt wurde. Die Ergebnisse zeigen die teilweise signifikanten Einfliisse auf die
zu erwartende Qualitidt des Grundwassers.
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Summary

Investigations in a catchment area of a water works in Northern Germany relating to the turnover of
nitrate and turnover-potential of nitrate in groundwater and to its distribution were achieved in co-ope-
ration and with support by the Oldenburgisch Ostfriesischer Wasserverband (OOWYV) from the Institute
for Groundwater Management, TU Dresden, Germany. The results of field and lab tests are presented.
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The meaning of the spatial and temporal heterogeneity of the turnover processes for the prognosis of nitrate
concentrations in the groundwater is discussed. The depth profiles of nitrate concentrations and groundwater age
are presented, as well as soil investigations (physical and chemical) and investigations of the turnover of nitrate. The
common view of all raised information leads to a vertical zoning of the turnover of nitrate in groundwater. In a
flow- and transport model different land use scenarios were simulated taking into consideration the consumption
of reactive material in groundwater. The results show the partial significant influences on the quality of raw water.

Schliisselworter: Nitrat, Grundwasser, Heterogenitit, Nitratabbau, Denitrifikation
Keywords: nitrate, groundwater, heterogeneity, nitrate turnover, denitrification

11. Denitrification in Groundwater — Results from Investigations
in two Austrian Case Study Regions (Ch. ScuiLLing, A. P BLASCHKE,
D. Gurknecurt, H. Kroiss, J. O. Skoien & M. ZESSNER)

11.1. Introduction

In the second half of the past century, bioavailability of nitrogen due to fertiliser application
in terrestrial ecosystems increased considerably. Advancements in agricultural and residential
development resulted in serious ecological problems by massive point and diffuse loads of nitro-
gen (and phosphorus) to groundwater and surface waters. Oxygen depletion and excessive algae
blooms (eutrophication) in surface and coastal water bodies were recognised (L. B. MEE, 1992)
and raised the awareness and the necessity for a sustainable management of nutrient sources. To
derive measures for an effective management of nitrogen (and phosphorus) emissions from catch-
ments, the main sources of emissions and the emission pathways to the surface waters have to be
identified with consideration of all transformation and retention processes at the catchment scale.

The daNUbs project EVK-CT-2000-00051 (2-2001/1-2005) “Nutrient Management in
the Danube River Basin and its Impact on the Black Sea” (H. Kroiss, 2005) focussed on the
identification of the main sources and pathways of nitrogen and phosphorus emissions from
subcatchments and their impacts on the Western Black Sea. In frame of the daNUbs project,
investigations were carried out in two Austrian case study regions, the Ybbs and the Wulka
catchment. Both catchments were selected forwards representing different conditions within
the Austrian part of the Danube basin in terms of climate, hydrology, geology and land use
practices. Water and nutrient balance calculations were performed using different models. Since
in-situ measurements of denitrification rates in soil and groundwater are highly uncertain, de-
nitrification in groundwater can be identified establishing nitrogen balances at the catchment
scale. That denitrification in groundwater is an important process reducing diffuse nitrogen
loads to surface waters significantly, could be shown using groundwater and surface water qua-
lity data for both catchments and will be presented in this paper. As a consequence, reflection of
denitrification processes in groundwater in modelling approaches estimating nitrogen emissions
to surface waters is a requirement for correct estimations at the catcchment scale.

11.2. Methods

Groundwater and surface water quality was observed in the Ybbs and the Wulka
catchment for the period 2001 to 2003. Additionally, existing observations from the be-
ginning of 1994 were used to evaluate the groundwater and surface water quality in terms
of nitrogen transformation and transport at the catchment scale. Water balance calculations
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were performed using the conceptual continuous time model SWAT 2000 (J. G. ARNOLD
etal,, 1999). Mean water balances were calculated with daily time step on the subcatchment
level for the period 1992 101999 and 1991 to 2000, for the Wulka catchment and the Ybbs
catchment respectively. Emphasis was on identification of main water balance components
in respect to morphological and climatic conditions as well as on individual catchment-
specific contribution of runoff components to the river discharge.

Nitrogen emissions from both catchments were calculated using the empirical emission
model MONERIS (H. BEHRENDT et al., 1999) with focus on identification of main emis-
sion pathways. Calculated total nitrogen emissions to the surface waters were compared
to calculated loads from nitrogen surplus and to observed nitrogen instream river loads to
identify nitrogen losses in groundwater and surface water by denitrification.

Groundwater residence time distributions were calculated based on a modified approach
(D. Tarsaton, 1997) using interpolated groundwater surface information. Based on calculated
groundwater residence times distributions, nitrogen emissions by groundwater to the surface
water with consideration of denitrification using reported half life times (see E WENDLAND &

R. KUNKEL, 1999) could be estimated at the catchment scale for the Ybbs and the Wulka catchment.

11.3. Results and discussion

Groundwater observation wells have been grouped in respect to their distances to the
surface water. Following the groundwater flow along the flowpath towards the surface wa-
ter, total inorganic nitrogen (TIN) concentrations in groundwater decreased significantly
from areas with large distances to the surface water (>100m distance) towards riparian,
surface water near groundwater (< 100 m distance) in both catchments (Tab. 11.1). Further
decreasing TIN concentrations were observed from riparian groundwater to the concentra-
tions, which were observed in surface water. Since observed chloride concentrations of the
Wulka catchment remained constant, decreases in TIN concentrations from groundwater
to surface water can be attributed to denitrification in groundwater and partly in surface
water. For the Ybbs catchment, chloride concentrations decreased from groundwater to
surface water as well indicating reduction in TIN levels beside denitrification in ground-
water (and surface water) by dilution with surface water low in TIN levels from upstream
catchment areas. Generally, TIN and chloride levels in groundwater and surface water of
the Ybbs catchment were considerably lower (Tab. 11.1) compared to those observed in
the groundwater and surface water of the Wulka catchment. Water balance calculations

Tab. 11.1: Observed mean total inorganic nitrogen (TIN) and chloride (Cl) concentrations in groundwater
and surface water of the Ybbs and the Wulka catchment (1994 to 2003).
Gemessene mittlere Konzentrationen des gesamten anorganischen Stickstoffs (TIN) und Chlorids
(Cl) im Grund- und Oberflichenwasser der Einzugsgebiete Ybobs und Wulka (1994 bis 2003).

Location of YBBS WULKA
observation point TIN [mg N/I] Cl [mg/1] TIN [mg N/I] Cl [mg/1]
Groundwater wells
with >100m distance 7.0 9.9 22.3 56

to surface water

Groundwater wells

with <100 m distance 2.4 7.2 7.4 48

to surface water

Surface water 1.4 3.6 5.6 50
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indicated remarkable differences in mean annual precipitation and groundwater recharge,
respectively between the Ybbs catchment (1377 mm-a™ and 494 mm-a™') and the Wulka
catchment (699 mm-a' and 118 mm-a™). Elevated annual groundwater recharge of the
Ybbs catchment results in dilution of nitrogen concentrations in percolation water as well
as in lower substrate availability (nitrate) for subsurface denitrification (compared to the
Waulka catchment). Additionally, groundwater residence time in the Ybbs catchment is
likely to be considerably lower due to larger subsurface specific discharges.

Load calculations and emission estimations supported these assumptions. Despite lower
TIN levels in groundwater, due to larger groundwater recharge nitrogen emissions to the
surface water of the Ybbs catchment exceeded the calculated emissions to the surface water
of the Wulka catchment approximately by factor 4 (Fig. 11.1, grey bars). Since both catch-
ments are characterised by almost equal area-specific nitrogen surpluses, nitrogen losses in
soil and groundwater of the Wulka catchment by denitrification are considerably larger.

Differences between calculated nitrogen emissions to surface water and observed instream
nitrogen load indicated nitrogen losses via denitrification in river (Fig. 11.1), what is com-
pared to denitrification in soil and groundwater of minor importance in both catchments.
Calculated groundwater residence time distributions for selected parts of both catchments
confirmed, that the Ybbs catchment is characterised in average by noticeably shorter ground-
water residence times in comparison to the Wulka catchment. This fact gave evidence that
also denitrification in groundwater of the Ybbs catchment is less compared to denitrification
in groundwater of the Wulka catchment. For both catchments it could be shown, that par-
ticularly areas with short distances to the surface water and low groundwater residence times
(<9 to 10 years) are responsible for most of the nitrogen emissions (>90% of total nitrogen
emissions), which are emitted by groundwater to the surface water. Using a half life time of

average area-specific longterm average area-specific

N surplus N surplus (30 years)
- N r
s 40 ——
I ) N-osses via
= 30 denitrification in soil y,
- and groundwater \
o
I S B T J------1
0 20 N losses via denitrification in
E =
& river system
= | W
o 10 observed N
5 instream load \

—————————————— = --==
0 T
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Fig. 11.1: Calculated nitrogen emissions (in kglha-a) ro the surface water using the MONERIS model for
the Ybbs catchment and the Wulka catchment.
Berechnete Stickstoffeintrige (in kglha-a) in das Oberflichenwasser anhand von MONERIS fiir
die Einzugsgebiete Ybbs und Wulka.
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four years to characterise denitrification resulted in calculated diffuse emissions, which were
comparable to calculated diffuse nitrogen emissions using the MONERIS model as well as
to load calculations from observation for the Wulka catchment. For the Ybbs catchment,
calculated diffuse nitrogen emissions were underestimated using a half life time of four years,
what indicated once more less denitrification in the groundwater of the Ybbs catchment.

11.4. Conclusions

Investigations in the Ybbs and the Wulka catchment provided information about
comprehensive connections between catchment hydrology and morphology, observable
concentration levels in groundwater and surface water and consequently, the magnitude
of emission being contributed to surface waters. Denitrification in groundwater could be
observed in both catchments, but site specific denitrification in groundwater is a func-
tion of local environmental conditions and differs considerably between the Ybbs and
the Wulka catchment. Groundwater residence times are the result of hydrological and
hydrogeological conditions and largely determine nitrogen fluxes through biologically
active micro sites, in which conditions are favourable for denitrification to prevail.

Using modelling approaches to estimate nitrogen emissions at the catcchment scale, denitrifi-
cation in groundwater is a crucial process determining the level of diffuse nitrogen emissions to
surface waters, and therefore it has to be considered and implemented in modelling approaches
conveniently. Knowing about the spatially diverse contributions of cacchment areas to diffuse
nitrogen emissions to surface waters, strategies can be derived for a sustainable management
of agricultural areas without affecting surface water nitrogen loads. In contrast, particularly
areas under agricultural use and with large distances to surface waters are highly vulnerable
in respect to elevated nitrogen concentrations in groundwater. So, sustainable management
of catchment areas has to take into account both aspects of water protection depending on
protection goals focussing either on groundwater and/or on surface water protection.

Summary

In frame of the daNUbs project EVK-CT-2000-00051 (2-2001/1-2005) “Nutrient
Management in the Danube River Basin and its Impact on the Black Sea” investigations
were carried out in two selected Austrian case study regions, the Ybbs catchment and the
Wulka catchment. Denitrification in groundwater could be observed based on nitrogen
surplus assessments in relation to groundwater and surface water quality observations.
Differences between the selected case study regions in respect to nitrogen fluxes and
denitrification activity could be attributed to hydrogeological circumstances, which were
characterised by water balance calculations using the conceptual SWAT 2000 model.
Using the empirical emission model MONERIS the total nitrogen emissions were cal-
culated for both case study areas with consideration of the individual emission pathways.

An approach was developed for the calculation of diffuse nitrogen emissions to surface
water with consideration of denitrification processes in the groundwater based on calculated
groundwater residence times. This approach enabled the identification of catchment areas,
which are responsible for most of diffuse nitrogen emissions to the surface water and which
are therefore highly sensitive in terms of controlling diffuse nitrogen emissions to the recei-
ving coastal waters of the Black Sea. These areas could be clearly distinguished from areas,
which are important for local groundwater protection and revealed the contrarious effects of
measures related to specific protection goals with focus on either the reduction of nitrogen
levels in groundwater or the reduction of nitrogen emissions to surface waters.
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Zusammenfassung

Im Rahmen des daNUbs-Projektes EVK-CT-2000-00051 (2-2001/1-2005) ,Nutrient Management
in the Danube River Basin and its Impact on the Black Sea“ wurden Untersuchungen in zwei ausge-
wihlten 6sterreichischen Einzugsgebieten, dem Ybbs-Einzugsgebiet und dem Waulka-Einzugsgebiet,
durchgefiihrt. Denitrifikation im Grundwasser konnte anhand von Messungen der Grundwasser- und
Fliefgewissergiite im Verhiltnis zu berechneten Nihrstoffbilanzen festgestellt werden. Unterschiede
zwischen beiden Gebieten in Hinblick auf die emittierten Stickstofffrachten sowie auf Denitrifikations-
raten im Grundwasser wurden mafigeblich durch die lokalen, hydrologischen und hydrogeologischen
Bedingungen in den Einzugsgebieten beeinflusst. Die hydrologischen Verhiltnisse in beiden Gebieten
wurden mit dem konzeptionellen Modell SWAT 2000 charakeerisiert. Das empirische Emissionsmodell
MONERIS wurde zur Berechnung der Gesamtstickstoffemissionen aus den Einzugsgebieten in die
Fliefgewisser mit Beriicksichtigung der jeweiligen Emissionspfade verwendet.

Es wurde ein flichendifferenzierter Ansatz zur Abschitzung diffuser Stickstoffemissionen mit Beriick-
sichtigung von Denitrifikationsprozessen im Grundwasser basierend auf berechneten Grundwasseraufent-
haltszeiten entwickelt. Dieser Ansatz erlaubte die Identifikation von Flichen, welche mafigeblich zu diffusen
Stickstoffemissionen in die Fliegewisser beitragen. Diese Flichen sind von mafigebender Bedeutung fiir die
Einflussnahme auf Stickstoffemissionen, welche iiber die Fliefgewisser bis in die Kiistengewisser und das
Schwarze Meer transportiert werden. Diese Flichen konnten klar von denen abgegrenzt werden, welche fiir
den lokalen Grundwasserschutz von Bedeutung sind und verdeutlichten die gegensitzliche Relevanz der Fli-
chen fiir Mafinahmen, welche entweder auf eine Reduktion der Stickstoffkonzentrationen im Grundwasser
oder auf eine Reduktion der Stickstoffemissionen in das Schwarze Meer abzielen.
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12. Transport of Solutes in the Transition Zone of Saturated and
Unsaturated Subsurface (Th. Remvann, R. Liepr & W. WALTHER)

12.1. Fluid flow and transport within the Saturated-Unsaturated
Interface Region

12.1.1. Object of investigation

The input of substances affecting groundwater quality predominantly occurs through
the upper surface of the groundwater body which is embedded in an interface region bet-
ween the unsaturated and saturated zone covering an area of approximately 130x10°km?
worldwide (D. RoNEN & S. SOrexk, 2005).

Above the phreatic water table the capillary fringe is localised. It is associated with higher
water saturation than the remaining vadose zone. Quantitatively, the extension of the capil-
lary fringe is a function of the capillary forces between water and soil matrix, which increase
with decreasing grain size. Therefore the capillary fringe ranges in the field roughly from
two centimetres for gravel up to several meters for clay.

Below the phreatic water table a significant amount of gas (trapped air) is recognised
by a few actual studies (D. RoNeN et al., 2000). Possible reasons for this situation are
groundwater table fluctuations as well as gas production due to microbiological activity.

Therefore, the characteristics of the upper part of the aquifer differ from the fully satu-
rated region (e.g. hydraulic conductivity, degradation potential). In order to simultaneously
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Fig. 12.1: Geophysical observation from a drilling event (Northern Germany; sandy gravel sediments with
silt inclusions). The resistance FEL (focussed electrical log) is a measure for the water content;
Sw— water saturation.
Geophysikalische Untersuchung an einer Bohrung in Lockersediment. FEL (fokusierter Elektrolog)
ist ein MafS fiir den Wassergehalt; Sy — Wassersiittigung.
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address, both, the capillary fringe as well as the upper layer of the phreatic aquifer, the
term Saturated-Unsaturated Interface Region (SUIR) was created (D. RoNEN et al., 2000).

Figure 12.1 shows the existence of the SUIR in the field (Northern Germany; sandy
gravel sediments with silt inclusions). From this the SUIR could be estimated to extend
from roughly 4m below to 1 m above the free water table.

12.1.2. Hydraulic and transport processes — state of the art

Flow of water and transport of substances is commonly conceptualised to be pre-
dominantly in vertical downward direction in the vadose zone and predominantly in
some horizontal direction in the saturated zone. The influence of the SUIR on flow
and transport processes is almost neglected in literature and textbooks (B. BErRkow1TZ
et al., 2004).

Flow within the SUIR can be understood via multiphase hydraulics involving water
and air as fluids. To identify lateral flow processes, experiments in a 2D laboratory
tank (0.5mx 0.3 m X 0.1 m; see fig. 12.2) were conducted. With two constant head
boundary cells on the left and right side of the tank, a gradient of about 0.01-0.004
[-] was established — corresponding groundwater flow velocity was around 1 m-d"'.
To visualise lateral flow processes in the capillary fringe region we used a colouring
agent. Figure 12.2 gives an overview about the experimental observations.

Experimental results lead to the conclusions that

— there is a significant lateral flow component in the capillary fringe (Fig. 12.2,
above),

— local heterogeneities strongly influence the flow paths (Fig. 12.2, below),

— the flow behaviour within the SUIR strongly depends on sediment characteristics.

The authors E. SieLiman et al. (2002) confirmed upward vertical flow with labora-
tory tank experiments. This contradicts the actual state of the art reflected in litera-
ture. In addition, hysteresis as well as water and gas storage due to capillary barriers
(A. DUNN et al., 2005) affect transport processes. The SUIR region can be conclu-
ded to act as a 3D flow and transport domain above the water table (D. RoNen &
S. Sorek, 2005).

Regarding transport processes transverse dispersion is most relevant. Dispersivities
in the capillary fringe region were larger than in the fully saturated aquifer due to the
entrapped gas enlarging the tortuosity of flow paths. References in literature indicate
an increasing decomposition capacity in the SUIR, which is proven by enhanced
concentration of degradation products e.g. N,O or CO, (H. P. Arrex et al., 1998).

From these remarks the influence of the SUIR on mass transfer is obvious. Water
table fluctuations combined with the hysteretic character as well as the flow beha-
viour will strongly influence the mass transfer across the SUIR. Based on its specific
characteristics (existing gas phase, gas exchange, high water saturation) the SUIR con-
stitutes a biologically and geochemically active zone in the subsurface (D. RoNeEn &
S. Sorek, 2005).

12.2. Impact of the Saturated-Unsaturated Interface Region on water quality

The influence of the SUIR on water quality is demonstrated in this section
by numerical experiments. Based on the results, requirements for measurement
techniques are highlighted. For the numerical simulation of flow processes in the
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Fig. 12.2: 2D laboratory tank experiments to visualise lateral flow within the SUIR. Parameters after
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Fig. 12.3: 2D numerical groundwater model ro investigate the influence of the SUIR on groundwater quality
(calculated nitrate concentration in mg- ).

Numerisches 2D-Grundwassermodell zur Untersuchung des Einflusses des SUIR auf die Wasser-
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capillary fringe the code HYDRUS-2D (RICHARDS-equation) seems appropriate
(E. SiLLMAN et al., 2002). Furthermore, we use a groundwater model (MODFLOW;
A. W. HarBauGH & M.G. McDonNALD, 1996) to study the influence of the SUIR on
groundwater quality.

A 200 m long cut-out of a fictitious aquifer is parameterised with regard to field
conditions for a typical north German glacial aquifer. The model considers two types
of land use, agriculture (from x = 0—50 m) and forest (from x = 50-200 m). Nitrate,
which is chosen because of its high practical relevance, is added at the agriculturally
used area (300 mg-1"). The SUIR is represented by:

— horizontal relocation of substance source because of lateral flow above phreatic
water table,

— reduced mass input to the aquifer due to degradation in the capillary fringe,

— reduced hydraulic conductivity in the upper groundwater layer,

— enhanced degradation potential in the upper groundwater layer,

— enhanced transverse dispersivity in the upper groundwater layer.

The model investigations show the influence of the SUIR on water quality
(Fig. 12.3 and 12.4). For the selected case study the processes in the transition area
between the vadose zone and the aquifer clearly reduce nitrate concentrations (ap-
proximately one third, see fig. 12.4).

Furthermore, the demand on a measurement technique is outlined, which is ne-
cessary to observe these processes. There are two ways to achieve water from the
region below the phreatic water table — active and passing sampling. Regarding active
sampling, M. D. VARLJEN et al. (2006) demonstrate for low flow purging that the ac-
tually monitored zone exceeds the screened area. Also they show a very large increase
of inflow to the well adjacent to soil layers with enlarged permeability. These effects
can be assumed to be even more enhanced in the SUIR due to its highly complex
hydraulic behaviour. For SUIR-related investigations a high vertical measurement
resolution is necessary because of spatial variations of hydraulics, reaction potential
and metabolism.

Based on the existing numerical groundwater model, different sampling techniques
could be evaluated regarding their influence on obtained concentration. Therefore,
an observation well is included in the model. The pumping schedule (sampling) cor-
responds to purging twice a year for three hours with a rate of 3 m?-d™". The results
clearly show the evidence for finely discretised passive sampling, see values for the
upper aquifer and the well in fig. 12.4. Compared with the values obtained with
conventional sampling (corresponding to the peaks in fig. 12.4) results from passive
sampling are clearly different.

12.3. Conclusion

The SUIR represents a highly active 3D flow and transport region which consider-
ably influences groundwater quality. Due to limitations of existing monitoring tech-
niques the processes cannot be adequately observed. Passive groundwater sampling
seems to be more appropriate than purging because the highly sensitive flow regime is
not affected. Technically, the use of dialysis cells in a multi-layer sampler seems to be a
feasible monitoring approach to analyse groundwater quality (R. W. PuLs & C. Paut,
1997). Further laboratory and field investigations regarding this topic are necessary to
achieve rewarding process understanding.
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Summary

Fluid flow and transport processes in the transition zone of the saturated and
unsaturated subsurface affect groundwater quality. The water saturation in the
capillary fringe is clearly increased compared to the remaining vadose zone. Fur-
thermore, the gas saturation in the upper groundwater is enhanced. Therefore,
the whole interface region is of exceptional importance regarding the hydraulic
properties. In addition, it represents a highly active reaction area. Till now the
relevant processes are only partly understood. The actual literature documents
investigations about:

lateral flow within the capillary fringe,

— reduced flow velocity in the upper aquifer due to the enhanced gas saturation,
influence of geological heterogeneities on fluid flow as well as storage behaviour,
enhanced metabolism/degradation of substances in the interface region.

With the existing monitoring techniques the processes could be observed only
with limitations or with high effort. Therefore, in most cases the interface region
is neglected for management of groundwater resources (D. RoNEN & S. SoOREk,
2005).

With this contribution we centralise the actual state of art concerning fluid flow
and transport processes within the interface region. By means of model studies the
impact of the interface region on groundwater quality is clarified. Aside we inves-
tigate different types of groundwater sampling techniques by use of the models
to assess their applicability to reliably detect the processes in the interface region.
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Zusammenfassung

Stromungs- und Transportprozesse im Ubergangsbereich zwischen ungesittigter und gesittigter
Zone haben Einfluss auf die Beschaffenheit des Grundwassers. Der Kapillarsaum zeigt im Vergleich zur
ungesittigten Zone eine deutlich gesteigerte Wassersittigung. Zusitzlich weist auch das oberflichen-
nahe Grundwasser eine erhohte Gassittigung auf. Der gesamte Ubergangsbereich nimmt damit eine
Sonderstellung hinsichtlich der hydraulischen Eigenschaften ein und stellt einen aktiven Reaktionsraum
dar. Bisher sind die relevanten Prozesse nur teilweise bekannt. So sind in der jiingeren Literatur Unter-
suchungen unter anderem zu folgenden Phinomenen dokumentiert:

— horizontale Verlagerung im Kapillarsaum,

— verringerte Fliegeschwindigkeit im oberflichennahen Grundwasser,

— Einfluss geologischer Heterogenititen auf das Flie}- und Speicherverhalten sowie
— erhohtes Stoffumsatzpotenzial im Ubergangsbereich.

Mit der vorhandenen Messtechnik sind die Prozesse nur eingeschrinkt oder mit hohem Aufwand
zu erfassen. Daraus resultiert, dass der Einfluss des Ubergangsbereichs bei der Bewirtschaftung von
Grundwasserkdrpern weitestgehend vernachlissigt wird (D. RoNEN & S. Sorek, 2005).

Der Beitrag fasst den aktuellen Stand zu den Stromungs- und Transportprozessen im Ubergangsbe-
reich zusammen. Anhand schematischer Modellstudien wird dessen Bedeutung fiir die Beschaffenheit
des Grundwassers verdeutlicht. Mit den Ergebnissen der Modellierung kann quantifiziert werden,
welchen Einfluss die Prozesse haben. Daneben werden mit den Modellen verschiedene Arten der
Probenahme untersucht, um abzuschitzen, inwieweit mit diesen die Prozesse im Ubergangsbereich
zuverlissig erfasst werden kénnen.

Keywords: capillary fringe, Saturated-Unsaturated Interface Region, area of ground-
water fluctuation

Schliisselworter: Kapillarsaum, Ubergangsbereich zwischen gesittigter und ungesittigter
Zone, Grundwasserschwankungsbereich

13. Fate of Isoxaflutole and its Diketonitrile Metabolite under
Conventional and Conservation Tillage in an Irrigated
Continuous-Maize Field (L. ArierTo, Y. CoQUET & Ch. LaBAT)

13.1. Introduction

Tillage practices can have a major effect on the physical, chemical and biological proper-
ties of soils which control the fate of applied chemicals. Conservation tillage is defined as any
tillage operation that leaves > 30% cover of the soil surface by plant residues after sowing
(M. R. GEBHARDT et al., 1985). Accumulation of partially decomposed plant residues in
conservation tillage and cover crop management systems can affect herbicide availability
and its fate in soils (K. N. RepDY et al., 1997). Furthermore, the formation of undisturbed
macropores under conservation tillage could enhance the leaching of pesticides to ground-

water (A. R. IsENSEE et al., 1990, M.-A. Locke & S. S. HARPER, 1991).
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Isoxaflutole, [5-cyclopropyl isoxazol-4-yl-2-mesyl-4-trifluoromethylphenyl ketone] (IFT)
is a preemergence proherbicide used to control annual grasses and broad-leaves weeds in
maize, in replacement of atrazine. In soil, plant and water, the hydrolysis of IFT forms
the diketonitrile metabolite [2-cyclopropyl-3-(2-mesyl-4-trifluoromethylphenyl)-3-oxopro-
panenitrile] (DKN) which is the active principle (K. E. PALLETT et al., 2001). In-field degra-
dation half-life (DT5g) of IFT was found to range from 9-18 d (J. RoucHaup et al., 2002).
The aqueous solubility of DKN is 50 times greater than that of IFT (326 vs. 6.2mg-1™)
(E. BELTRAN et al., 2002) with a lower organic carbon normalized partition coefficient (Koc)
than IFT (S.MrtRa et al., 2000). It could thus be expected that DKN would have a higher
mobility potential than IFT. A better understanding of tillage effects on the fate of IFT
and DKN is needed to evaluate more fully their potential consequences on water quality.
The objective of this research was to evaluate the leaching potental of IFT and DKN in
conventional (CT) and conservation (MT) tillage practices with or without crop cover
during the intercrop season in a maize monoculture plot located in the south of France.

13.2. Materials and methods

Field experiments were conducted in 2005 in an agricultural field situated in the allu-
vial corridor of the Garonne River (France). The soil was a Gleyic Luvisol with a loamy
surface layer and an illuvial clay horizon appearing between 45 and 55 cm. The field was
in continuous maize (Zea mays) production irrigated with a centre pivot.

Since 2000, the field was divided in two plots conducted with conventional tillage
(CT) or conservation tillage (MT). During the intercrop period, each tillage plot was
divided in two parts: one part conducted without cover crop (bare soil), the other part
sown with oat (Avena sativa). The CT plot was mouldboard ploughed (working depth
of 28-30cm) followed by a cultivator combined with a roller (working depth of 8 cm)
the first week of April. Seedbed preparation was done with two passages of a cultivator
combined with a harrow and a roller (working depth of 8 cm). The MT plot was disked
(working depth of 9-12 cm) the second week of November 2004. In March, a secondary
operation was done with a cultivator combined with a harrow and a roller (working
depth of 8cm). For seedbed preparation, a single passage with a harrow combined with
a roller was realised. In the CT plot, soil surface had no crop residue. In the MT plot,
according to the intercrop management, soil surface was covered with only maize resi-
dues or with a mix of maize and oat residues. Both tillage treatments were planted the
beginning of May 2005 with a six-row planter in 80-cm rows at a plant population of
75,000 plants per hectare.

Four days after sowing, isoxaflutole was applied at 1 I-ha™ with 75 g-1"! of active
ingredient on both tillage treatments. Distribution and recovery of herbicide residues
were determined from soil core analysis. Fractions of the soil profile were sampled to a
depth of 80 cm before herbicide application and at 0, 2, 3, 5, 7, 11, 14, 21 and 28 days
after treatment (DAT). For each plot, sampling time and depth, 10 soil samples were
collected. These data were used to calculate degradation half-lives of the molecule (DTs,)
and migration depth under the different cropping systems. Under each tillage and inter-
crop management plots, two passive capillary fibreglass wick lysimeters (25 cmx25 cm)
installed at 40-cm depth collected leachate volumes. Herbicide mass leached was calcu-
lated from herbicide concentrations in water and corresponding percolate volume. These
data were used to calculate percentage loss of herbicides of each tillage system.
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13.3. Results and discussion

13.3.1. Persistence of isoxaflutole

Whatever the cropping system, isoxaflutole degradation was fast (£1d), and
7 DAT, IFT was not detected in soil samples (Fig. 13.1). The amplitude of variation
of IFT concentration at each sampling date was related to a spatial variability of
spraying and of soil degradation capacities within each cropping system.
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Fig. 13.1: Isoxaflutole (IFT) persistence under conventional tillage (CT) and conservation tillage (MT) with

or without cover crop during the intercrop. Data of IFT concentration (black points) were fitted
with first order kinetics. Open circles represent the diketonitrile metabolite (DKIN) concentration
and error bars represent 95 % confidence limits of the mean values. (DT, is the degradation
half-life of the molecule.)
Verbleib von Isoxaflutole bei konventioneller (CT) und konservierender (MT) Bodenbearbeitung,
mit und obhne Zwischenfruchtanbau. Die Daten der IFT-Konzentration (schwarze Punkte) wur-
den nach Kinetik erster Ordnung angepasst. Die Kreise reprisentieren die Konzentrationen des
Metaboliten DKN und die Feblerindikatoren zeigen 95 % des Konfidenzbereiches der Mittelwerte.
(DTs, ist die Abbau-Halbwertszeit des Molekiils.)
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Half-life-periods of IFT were not significantly different between tillage practices
without distinction of cover crop management (22-23 h for CT and from 11-24 h
for MT; Fig. 13.1). In the MT system, we found a faster degradation of IFT on
the plot without cover crop (11 vs. 24h). Sorption of IFT was found to range
from 25 (P. J. Rick et al., 2004) to 7081-kg™ OC (E. BELTRAN et al., 2002) and
was correlated with organic matter content (S. MiTRa et al., 1999). A more im-
portant interception on the MT plot with cover crop due to a higher amount of
residues (maize plus oat) than under the bare soil plot (with only maize residues)
may have occurred. On one side, some studies showed that IFT degradation was
an abiotic process that was catalysed by retention on solid phase (P. J. RicE et al.,
2004). On other side, ]J. RoucHAUD et al. (2002) found that adsorption of IFT
on the soil organic matter could increase its persistence. Our results were more in
agreement with this second statement. On the CT plot, ploughing did not leave
any residue on soil surface, and that could explain the similar values of DTs,
under the two plots.

13.3.2. Distribution in soil

The maximum migration depth in soil for IFT was 10 cm for all the cropping systems
(data not shown). Under MT plots, 15% of applied dose was found as DKN form in
the seedbed layer 28 DAT and DKN reached a maximum of 17.5-cm depth. Under
CT, migration was more important and in the bare soil plot, a peak of DKN was found
at 12.5-cm depth with a maximum migration depth of 25cm (Fig. 13.2). This faster
migration could be attributed to the higher infiltration capacities under CT than MT
due to ploughing.
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Fig. 13.2: Soil DKN distribution 28 days after treatment under the different cropping systems. The error bars
represent 95 % confidence limits of the mean values. (Abbreviations see chap. 13.1. and 13.2.)
Verteilung von DKN im Boden 28 Tage nach Anwendung bei verschiedenen Bewirtschaftungssyste-
men. Die Feblerindikatoren zeigen 95 % des Konfidenzbereiches der Mittelwerte. (Abkiirzungen
siehe Kap. 13.1. und 13.2.)

13.3.3. Water and herbicide leaching

We found significantly lower leachate volumes under MT than under CT (Fig. 13.3)
to the difference of what was observed in previous studies (A. R. IsENSEE et al., 1990).
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Under CT, tillage operations were done few weeks before sowing while under MT, disk
harrowing was realised seven months before sowing. Timing of tillage practices could
explain these differences in leachate volumes.

Isoxaflutole has not been detected in water samples. Diketonitrile started to be
quantified 50 DAT under CT with cover crop (1.34 pg-17"). Concentration peaks of
DKN appeared earlier under CT plots than under MT plots. We reached a maximum
of 8.5% of applied IFT 64 DAT under CT with bare soil. Under MT with cover
crop, concentrations of DKN were the lowest during the whole growing season.
Cumulated losses of herbicide were almost 15 % of applied dose under CT. Under
MT, more than 8 % of applied dose were found in water samples in the plot without
cover crop while less than 2% were found in the plot with cover crop. According
to the lowest degradation found on this plot, we expected higher losses. The slow-
est migration measured on the MT plots compared to CT plots could have lead to
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Fig. 13.3: Leachate volumes and DKN concentrations under the different cropping systems from sowing to

harvest. Vertical bars are leachate volumes (in ml), black points are DKIN concentrations expressed
as % of applied IFT and open circles are cumulated loss of herbicide. (Abbreviations see chap.
13.1. and 13.2.)
Sickerwassermengen und DKIN-Konzentrationen bei verschiedenen Bewirtschaftungssystemen vom
Anbau bis zur Ernte. Die Siiulen zeigen die Sickerwassermengen (in ml), die schwarzen Punkte
verdeutlichen die DKN-Konzentrationen in % zum aufgebrachten IFT und die Kreise die ku-
mulierte Menge des ausgewaschenen Herbizids. (Abkiirzungen siehe Kap. 13.1. und 13.2.)
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a more important degradation of the herbicide. We also believed that degradation
capacities of the different soil layers in the two tillage systems were not equivalent
and were maybe larger at depth under MT than under CT as found for fluometuron
by R. M. ZasroTtowicz et al. (2000).

13.4. Conclusion

We studied the effect of tillage practices and intercrop management on the fate of
isoxaflutole and its diketonitrile metabolite in a loamy soil. Isoxaflutole had a rapid
degradation and a very limited migration in soil. Its metabolite had a more impor-
tant mobility and was detected in soil solution. Conventional tillage system had the
highest amount of herbicide that leached whatever the intercrop management. In our
study, conservation technique seemed to reduce losses of herbicide and this effect was
enhanced when intercrop was managed with a cover crop.

Summary

The authors compared the effects of conventional tillage (CT) and conservation
tillage (MT) on the fate of isoxaflutole (IFT), a maize herbicide, and its active meta-
bolite diketonitrile (DKN) in an agricultural field located in the alluvial corridor of
the Garonne river (France). Half-life of IFT was not different under the two tillage
systems (ranging from 11-24h). The maximum migration depth in soil for IFT was
10cm for both tillage systems. Its DKN metabolite was found at a maximum depth
of 15cm under MT and 30cm under CT 28 days after treatment (DAT). In water
collected at 20 cm-depth with ceramic cups, we started to detect DKN 49 DAT with
lower concentrations under MT than under CT. Water fluxes at 40 cm-depth were
measured with fibreglass wick lysimeters. During the cropping season, more water was
collected under CT than under MT. Under CT, the maximum DKN concentration
(3.38 pg-I"") was reached 79 DAT with a cumulated drainage volume of 1,560 ml at
that date. In MT, the maximum DKN concentration (0.80pg-1™") was reached 97
DAT with a cumulated drainage volume of 1,090 ml.
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Zusammenfassung

Die Autoren verglichen die Auswirkungen einer konventionellen (CT) und einer konservierenden
(MT) Bodenbearbeitung auf einem mit Mais bestandenem Feld im Alluvial der Garonne (Frankreich)
auf das Abbauverhalten von Isoxaflutole (IFT), einem Mais-Herbizid, und dessen aktiven Metaboliten
Diketonitrile (DKN). Die Halbwertszeit des IFT zeigte bei den beiden Bodenbearbeitungsformen kei-
nen deutlichen Unterschied (11-24h). Unter beiden Bodenbearbeitungsformen erreichte das IFT eine
maximale Verlagerungstiefe von 10cm. Der Metabolit DKN trat 28 Tage nach Aufbringung (DAT)
bei MT maximal in 15cm, bei CT in 30 cm Tiefe auf. DKN wurde in mit Saugkerzen in einer Tiefe
von 20 cm gesammelten Wasserproben erstmals nach 49 DAT in niedrigeren Konzentrationen bei MT
als bei CT festgestellt.

In 40 cm Tiefe wurden mit Fiberglas-Docht-Sickerwassersammler die Wasserfliisse erfasst. Wihrend
der Vegetationszeit wurde unter konventioneller Bodenbearbeitung mehr Sickerwasser als unter kon-
servierender Bodenbearbeitung erfasst. Bei CT wurde die maximale DKN-Konzentration (3.38 pug- 1)
nach 79 DAT bei einem kumulierten Sickerwasservolumen von 1560 ml, bei MT (0.80 pg-1") nach
97 DAT bei 1090 ml erreicht.

Acknowledgments

The authors would like to thank Bayer CropScience for the technical grade DKN.
This work was financially supported by the Agence de 'Eau Adour-Garonne (France).

Keywords: maize herbicide, isoxaflutole, diketonitrile, conventional tillage, conser-
vation tillage

Schliisselworter: Mais-Herbizid, Isoxaflutole, Diketonitrile, konventionelle Bodenbear-
beitung, konservierende Bodenbearbeitung

Zusammenfassung (J. Fank)

Der langfristige Schutz des Grundwassers — und damit unseres Trinkwassers —
kann nur im Zusammenspiel von Landwirtschaft, Wasserwirtschaft, Okologie
und Okonomie stattfinden. Die internationale Konferenz mit dem Titel ,,Diffuse
Eintrige in das Grundwasser: Monitoring — Modellierung — Management. Land-
wirtschaft und Wasserwirtschaft im Fokus zu erwartender Herausforderungen®
betrachtete den aktuellen Forschungsstand in der Messtechnik und Datenerfassung,
des Datenmanagements, verschiedene Modellansitze sowie kiinftige nachhaltige
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ackerbauliche Bewirtschaftungsformen. Neben der Erarbeitung von grundwasser-
vertriglichen ackerbaulichen Bewirtschaftungsformen iiber seichtliegenden gering
michtigen Grundwasserleitern und Lysimetern als Werkzeug zur genauen Erfassung
von Wasser- und Stoftkreislaufparametern wurden internationale und regionale Ar-
beiten zu den angesprochenen Themenkreisen vorgestellt. Letztere sind in diesem
Beitrag zusammengefasst.

Schwerpunkte der Darstellung lagen insbesondere auf der Erweiterung eines be-
stechenden Modells zur Beurteilung einer nachhaltigen Bewirtschaftungsweise durch
Koppelung mit einem Ansatz zur Berechung von N-Treibhausgasemissionen und
der Verwendung von Ergebnissen aus gut mit unterschiedlicher Messtechnik aus-
gestatteten Versuchsstandorten fiir die Validierung eines regional skalierten dko-
hydrologischen Flussgebietsmodells.

Mehrere Arbeiten beschiftigten sich mit der modellbasierten Abschitzung
des diffusen Stickstoffeintrages in das Grundwasser deutscher und schweize-
rischer Landschaftseinheiten. Im Zuge dessen wurden unterschiedliche Modellan-
sitze vorgestellt, in denen neben naturwissenschaftlichen Parametern auch sozial-
und wirtschaftswissenschaftliche Indikatoren Verwendung finden. Dabei wurde
aber auch der Frage der Trennung der aktuellen Grundwasserbelastungssituation
in eine ,natiirliche“ und eine ,becinflusste® Komponente fiir unterschiedliche
Qualititsparameter Raum gegeben. Da die Grundwassersysteme nicht an natio-
nalen Grenzen enden, wurde die Notwendigkeit internationaler Kooperation in
den Vordergrund gestellt, was im Besonderen am Beispiel des Oberrheingrabens
dokumentiert werden konnte.

Eher prozessorientierte Beitrige beschiftigten sich mit der Frage der Erfassung
und Modellierung der Denitrifikation und anderer Stickstoff-Umsatzprozesse. Die
Probleme wurden anhand von Grundwasserleitern in Deutschland und Osterreich
diskutiert. Dabei wurde die hohe Bedeutung der Heterogenitit in riumlicher und
zeitlicher Hinsicht hervorgehoben und ein Defizit in ihrer Einbindung in Modellie-
rungsvorhaben erkannt. Ein wesentliches Element stellt dabei auch die Unsicherheit
der Prozesse im Ubergangsbereich von der ungesittigten zur gesittigten Zone dar.

Die abschlielende Arbeit beschiftigt sich mit dem Einfluss unterschiedlicher
Bewirtschaftungssysteme auf das Abbauverhalten von Herbiziden am Beispiel eines
Untersuchungsstandortes in Frankreich.

Die angesprochenen Themenkomplexe zeigen einerseits auch nach dem heutigen
Untersuchungsstand noch immer die grofle Relevanz des diffusen Stickstoffeintrags
in das Grundwasser, andererseits wird auch deutlich, dass die Modellierung eine
mafSgebliche Bedeutung bei der Ursachenfindung und der Problemlésung hat und
dass in diesem Zusammenhang noch grofler kiinftiger Forschungsbedarf sowohl auf
der Prozessseite als auch in der regionalen Anwendung besteht.

Summary (J. Fank)

Long-term protection of groundwater — and therefore of our potable water — can only take place
in interaction between agriculture, water management, ecology, and economy. The international con-
ference “Diffuse Inputs into the Groundwater: Monitoring — Modelling — Management. Agriculture
and Water Management in the Light of Future Challenges” aimed at presenting measuring methods,
data recording, data management, and various modelling approaches as well as future sustainable
agricultural management systems. Beside the determination of groundwater protective agricultural
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management systems at shallow aquifers and the presentation of lysimeters as a tool for precise evalu-
ation of water balance and solute balance parameters, international and regional scaled contributions
have been presented.

One focus of the presentations was on the extension of an existing model to evaluate sustainable
agricultural management by coupling with a model to calculate N-greenhouse gas emission. The use
of plot measurement data from well instrumented test sites for the validation of an eco-hydrological
river basin model has been discussed.

Multiple papers dealt with model based estimation of diffuse nitrogen input in German and Switzer-
land aquifer systems. Different conceptual models have been presented, where social and economical in-
dicators have been used beside natural scientific parameters. A procedure to define natural groundwater
conditions from groundwater monitoring data has been developed. The distribution pattern of a specific
groundwater parameter observed by a number of groundwater monitoring stations is reproduced by
two statistical distribution functions, representing the “natural” and “influenced” component. On the
example of the Upper Rhine aquifer the importance of international cooperation has been discussed.
Groundwater systems and quality problems will not end at national boundaries.

Process oriented contributions were engaged in acquisition and modelling of denitrification and
other N-transformation processes. Questions were discussed in German and Austrian aquifer systems.
Heterogeneity in time scale and in areal distribution is of high relevance, and a deficit in model imple-
mentation is visible. The uncertainty at the saturated-unsaturated interface region is essential.

The final contribution focused on the influence of different agricultural management systems on
the degradation of herbicides; results of a test field in France were shown.

The depicted topics show that diffuse impact of nitrogen into groundwater is relevant up to now.
It has been shown that modelling is an essential tool on sourcing and troubleshooting. Actually a high
need of research on process related topics as well as on regional scaled application has been detected.
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