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Abstract

Influence of bioeconomy-based landuse on different soilhydro-
logical functions

In order to examine soil hydraulic properties of short rotation coppices (SRCs) in com-
parison to grassland or intensively cultivated arable sites, an inverse modeling approach
is applied on seven sampling sites in Baden-Wuerttemberg. Soil drilling cores were taken
and the pore water stable isotope composition (oxygen-18 and deuterium) was analyzed

via direct equilibration, desorption and cryogenic vacuum extraction.

The inverse model SWIS fits simulations to pore water stable isotopes as an optimization
target. Because of soil heterogeneity is was difficult to conclude on general patterns of
soil hydraulic properties like evaporation and transpiration depth, saturated hydraulic
conductivity and porosity. Nevertheless, observed isotope composition of pore water
in different depths gave insights into the local water cycle. Depletion horizons till a
depth of 50 cm and subsequent enrichment horizons were observed for all profiles drilled
in 2015. Thus, precipitation events could be traced into the ground and gave rough
ideas on infiltration depth and climatic conditions of previous winters and summers. In
conclusion, isotope depth profiles are a great tool for the understanding of the water
cycle, but sensitivity analysis and parameter optimization need some improvements to

achieve proper simulation results.

Keywords: short rotation coppice; SRC; inverse model; soil hydraulic properties; water

cycle; unsaturated zone; direct equilibration; cryogenic vacuum extraction; desorption
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/usammenfassung

Einfluss von Kurzumtriebsplantagen auf verschiedene Boden-
funktionen

In dieser Arbeit werden Kurzumtriebsplantagen (KUP) mit intensiv bewirtschafteten,
weniger stark durchwurzelten Referenzflachen verglichen, um Riickschlisse zu Boden-
funktionen, die den Wasserhaushalt beeinflussen, ziehen zu kénnen. Dazu wurden Bo-
denbohrkerne auf sieben Versuchsstandorte in Baden-Wuerttemberg extrahiert und hin-
sichtlich der stabilen Isotope im Porenwasser untersucht. Die Isotopenanalyse wurde
auf drei verschiedene Arten durchgefiihrt: mit direkter Equilibrierung, Desorption und

kryogener Vakuum-Extraktion.

Anhand von inverser Modellierung der Isotopentiefenprofile sollen Riickschliisse auf Bo-
denfunktionen getroffen werden. Allerdings stellt die Heterogenitét der Boden bei diesem
Ansatz eine grofle Herausforderung dar, sodass in dieser Arbeit keine Riickschliisse
auf Bodenfunktionen wie die Evaporations- und Transpirationstiefe, die gesattigte hy-
draulische Leitfahigkeit oder die Porositit getroffen werden konnten. Trotzdem geben
beobachtete Werte der Isotopenzusammensetzung im Porenwasser Aufschliisse tiber den
lokalen Wasserkreislauf. Bei allen, der in 2015 gebohrten Profile, ist bis zu einer Tiefe
von 50 cm eine Abreicherung der schweren Isotope sichtbar, darunter eine Anreicherung.
Aus diesen Horizonten kénnen sowohl Riickschliisse auf die ungefahre Infilrationstiefe,
als auch auf klimatische Bedingungen wahrend vergangener Sommer und Winternieder-
schlige gezogen werden. Zusammenfassend lasst sich sagen, dass Isotopenprofile sehr
hilfreich fiir das Verstandnis von Wasserfliissen in der ungeséattigten Zone sind, allerdings
miissen hinsichtlich der Modellierung die Sensitivitdtsanalyse und die damit verbundene

Parameteroptimierung noch verbessert werden.

Stichworte: Kurzumtriebsplantagen; KUP; inverse Modellierung; Bodenfunktionen;
Wasserhaushalt; ungesattigte Zone; direkte Equilibrierung; kryogene Vakuum-Extraktion;

Desorption






Acknowledgements

I like to thank Barbara Herbstritt and Hannes Leistert for the support in the laboratory
and modeling work. Further I like to thank Helmer Schack-Kirchner for lending me the
construction for extracting desorption solutions. Moreover, I thank Markus Weiler and

Friederike Lang for supervising my work. A big thank you to Torsten for everything.

vii






Contents

Ehrenwortliche Erklarung i
Abstract iii
Zusammenfassung v
Acknowledgements vii
Contents vii
List of Figures xi
List of Tables XV
Abbreviations xvii
Symbols Xix
1 Introduction 1
1.1 Research purpose . . . . . . . . .. o o 5

2 Theoretical background 7
2.1 TIsotope hydrology . . . . . . . . . . . ... 7
2.2 Soil physics and properties . . . . . . ... L Lo 10

3 Methods 15
3.1 Sampling sites and sampling method . . . . . . . ... ... ... 15
3.1.1 Soildrilling cores . . . . . . . ... 17

3.2 Isotope analysis . . . . . . . . .. L 19
3.2.1 Direct equilibration . . . . .. ... ... L. 20

3.2.2 Desorption solution . . . . .. ... .. Lo oL 20

3.2.3 Cryogenic vacuum extraction . . . . . . . ... ... ... ... 22

3.3 Calculation of soil water content . . . . . ... .. ... ... ... ... . 23
3.4 Modeling soil profiles . . . . . . . .. ... L 23
3.4.1 Model input data: time series . . . . . . . . ... ... ... ... 25

3.4.1.1 Precipitation, relative humidity and air temperature . . . 26

3.4.1.2 Isotope composition of precipitation . . . . . . .. .. .. 27

3.4.1.3 Evaporation, transpiration, interception . . . . . . . . .. 30

3.4.2 Parameter estimation . . ... ... ... 0 oL 34

ix



3.4.3 Sensitivity and uncertainty analysis . . . .. ... ...
3.4.4 Model efficiency index . . . . ... ... .. ... .

4 Results
4.1 Isotope analysis . . . . . . . . .
4.2 Input data of isotopes in precipitation . . . . .. .. ... ... ......
4.3 Comparison of evapotranspiration methods . . . . .. ... ... ... ..
44 Modelsteps [toV . . . . . . .
4.4.1 Model step I: Leaf area index at all sites . . . . . . ... ... ...
4.4.2 Model steps II-V: Kupferzell . . ... ... ... ... .. .....
4.4.3 Model steps II-V: Kraichtal . . . . ... .. ... ... .......
4.4.4 Model steps II-V: Forchheim . . . .. ... ... ... .......
4.4.5 Model steps II-V: Marbach . . . .. ... ... ... ... .....
4.4.6 Model steps II-V: Laufen . . . . ... ... ... ... .......
4.4.7 Model steps II-V: Buggingen . . . . .. .. ... ... .......
4.4.8 Model steps II-V: Welschingen . . . .. .. .. ... ... .....
4.5 Comparison of sampling sites . . . . . . . ... ... oL

5 Discussion
5.1 Methods of isotope analysis . . . . . ... ... ... ... ...
5.2 Observed isotope data . . . . . . . . . . .. ... ... ...
5.3 Model input data series . . . . . . . ... o
5.4 Simulations and sensitivity analysis . . . . . . . ... ...

6 Conclusion

Bibliography

A Detailed description of the sampling sites
B Model step I - sensitivity analysis
C Model step III to V - depth plots

D Model step II - IV - selected sensitivity plots

41
41
44
46
49
50
o1
95
60
65
68
74
76
79

85
85
88
89
91

95

106

107

109

121

165



List

1.1

2.1

3.1
3.2
3.3
3.4
3.5
3.6

4.1
4.2
4.3

4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
4.22

of Figures

Trends of soil erosion due to water. . . . . . . . . . . . . ... ..., .. 2

Conceptualization of the processes affecting pore water stable isotope

composition in the vadose zone. . . . . . . . . . ... ... 9
Map of vegetation of sampling sites. . . . . . . . ... .. ... ... ... 18
Scheme of adrill core. . . . . . . . ... ... ... .. ... ... ... 19
Scheme of a pressure chamber used for desorption solution. . . . . .. .. 21
Scheme of construction for cryogenic extraction. . . . . . . . . .. ... .. 22
Overview of sampling sites, climate stations and GNIP stations. . . . . . . 27

Schematization of the approach to incorporate sensitivity and uncertainty
analysis. . . . . .. e 38

Comparison of cryogenic extraction, desorption and equilibrium methods
with measurements of Kraichtal profile 2. . . . . ... ... ... ..... 43
Linear and 3rd order polynomial correlation with oxygen-18 and temper-
ature measurements of Weil data. . . . . . . . .. .. ... ... ... ... 44
Comparison of approaches to model isotope input data for St. Wilhelmer
Tal. . . e 46

Comparison of approaches to model isotope input data for Schauinsland. . 47

Comparison of potential evapotranspiration methods in Forchheim. . . . . 47
Water balance in Forchheim. . . . . . ... . ... ... .......... 48
Scheme of depletion and enrichment horizon. . . . .. ... ... ..... 50
Scheme of a best practice sensitive parameter in sensitivity analysis. . . . 50
Residual plot of profile 1 in Kupferzell. . . . . . . ... ... ... ..... 54
Residual plot of profile 3 in Kupferzell. . . . . . .. .. .. .. .. ... .. 54
Residual plot of profile 2 in Kupferzell. . . . . . .. ... ... .. ..... 55
Residual plot of profile 1 in Kraichtal. . . . . ... ... ... ....... 58
Residual plot of profile 2 in Kraichtal. . . . . ... ... ... ....... 59
Residual plot of profile 3 in Kraichtal. . . . . ... ... ... ....... 59
Residual plot of profile 4 in Kraichtal. . . . .. .. ... ... .. ..... 60
Residual plot of profile 1 in Forchheim. . . . . . .. ... ... ... .... 63
Residual plot of profile 2 in Forchheim. . . . . . .. ... ... ....... 63
Residual plot of profile 3 in Forchheim. . . . . . .. .. .. .. ... .... 64
Residual plot of profile 4 in Forchheim. . . . . . .. ... ... ....... 64
Residual plot of profile 5 in Forchheim. . . . . . .. ... ... ... .... 64
Residual plot of profile 6 in Forchheim. . . . . . .. ... ... .. ..... 65
Residual plot of profile 1 in Marbach. . . . . ... ... ... ....... 67

xi



4.23 Residual plot of profile 2 in Marbach. . . . .. .. .. .. ... ... ... 68
4.24 Residual plot of profile 3 in Marbach. . . . . ... ... ... ... .... 68
4.25 Residual plot of profile 2 sampled in autumn 2014 in Laufen. . . . . . .. 71
4.26 Residual plot of profile 2 sampled in spring 2015 in Laufen. . . . .. . .. 71
4.27 Residual plot of profile 3 sampled in spring 2015 in Laufen. . . . .. . .. 72
4.28 Residual plot of profile 6 sampled in spring 2015 in Laufen. . . . . . . .. 72
4.29 Residual plot of profile 1 sampled in spring 2015 in Buggingen. . . . . . . 76
4.30 Residual plot of profile 3 sampled in spring 2015 in Buggingen. . . . . . . 76
4.31 Residual plot of profile 2 sampled in autumn 2014 in Welschingen. . . . . 78
4.32 Residual plot of profile 2 sampled in spring 2015 in Welschingen. . . . . . 78
4.33 Relation of saturated hydraulic conductivity and vegetation category.. . . 80
4.34 Relation of porosity and vegetation category. . . . . ... ... ... ... 80
4.35 Relation of saturated hydraulic conductivity and vegetation age. . . . . . 80
4.36 Relation of porosity and vegetation age. . . . . . . .. .. .. .. 81
4.37 Relation of saturated hydraulic conductivity and soil texture. . . . . . . . 81
4.38 Relation of porosity and soil texture. . . . . . . .. ... oL 82
4.39 Relation of evaporation depth and vegetation category. . . . . . . . . . .. 82
4.40 Relation of transpiration depth and vegetation category. . . . . . .. . .. 83
5.1 Extraction methods. . . . . . . . .. ... L Lo 86
B.1 Sensitivity analysis of model step I at sampling site Kupferzell. . . . . . . 110
B.2 Sensitivity analysis of model step I at sampling site Kraichtal. . . . . . . . 111
B.3 Sensitivity analysis of model step I at sampling site Forchheim. . . . . . . 112
B.4 Sensitivity analysis of model step I at sampling site Marbach. . . . . . .. 113
B.5 Sensitivity analysis of model step I at sampling site Buggingen in autumn

2015, . . 114
B.6 Sensitivity analysis of model step I at sampling site Buggingen in spring

2015, . . e 115
B.7 Sensitivity analysis of model step I at sampling site Laufen in autumn 2015.116
B.8 Sensitivity analysis of model step I at sampling site Laufen in spring 2015. 117
B.9 Sensitivity analysis of model step I at sampling site Welschingen in au-

tumn 2014. . . . .. 118
B.10 Sensitivity analysis of model step I at sampling site Welschingen in spring

2015, . . e e 119
C.1 Depth profile of observed and modeled values from model step V for profile

1at Kupferzell. . . . . . . . . ... 122
C.2 Depth profile of observed and modeled values from model step IV for

profile 2 at Kupferzell. . . . . . . . . ... oo 123
C.3 Depth profile of observed and modeled values from model step V for profile

3at Kupferzell. . . . . . . . . . . 124
C.4 Depth profile of observed and modeled values from model step IV for

profile 1 at Kraichtal. . . . . . . . ... ... .. ... .. .. ... 125
C.5 Depth profile of observed and modeled values from model step IV for

profile 2 at Kraichtal. . . . . . . . .. ... ... ... 126
C.6 Depth profile of observed and modeled values from model step IV for

profile 3 at Kraichtal. . . . . . . . .. ... ... ... ... ... 127

xii



C.7 Depth profile of observed and modeled values from model step IV for
profile 4 at Kraichtal. . . . . . . . ... ... .o
C.8 Depth profile of observed and modeled values from model step III for
profile 1 at Forchheim. . . . . . . . .. ... ... ... .. ... ... ..
C.9 Depth profile of observed and modeled values from model step III for
profile 2 at Forchheim. . . . . . . . .. ... ... ... ... .
C.10 Depth profile of observed and modeled values from model III for profile 3
at Forchheim. . . . . . . .. . . . ...
C.11 Depth profile of observed and modeled values from model step III for
profile 4 at Forchheim. . . . . . . . . ... ... ... ... ... ...,
C.12 Depth profile of observed and modeled values from model step IV for
profile 5 at Forchheim. . . . . . . . . ... ... ... ... ... ......
C.13 Depth profile of observed and modeled values from model step IV for
profile 6 at Forchheim. . . . . . . . . . .. .. ... ... ... .......
C.14 Depth profile of observed and modeled values from model step IV for
profile 1 at Marbach. . . . . . . . .. ... ... ...
C.15 Depth profile of observed and modeled values from model step IV for
profile 2 at Marbach. . . . . . . .. ... ... L
C.16 Depth profile of observed and modeled values from model step V for profile
3at Marbach. . . . . . ...
C.17 Depth profile of observed and modeled values from model step IV for
profile 1 sampled in autumn 2014 in Buggingen. . . . . . . . . .. .. ...
C.18 Depth profile of observed and modeled values from model step IV for
profile 2 sampled in autumn 2014 in Buggingen. . . . . . . .. .. ... ..
C.19 Depth profile of observed and modeled values from model step IV for
profile 3 sampled in autumn 2014 in Buggingen. . . . . . . .. .. ... ..
C.20 Depth profile of observed and modeled values from model step IV for
profile 4 sampled in autumn 2014 in Buggingen. . . . . . . .. .. ... ..
C.21 Depth profile of observed and modeled values from model step IV for
profile 1 sampled in spring 2015 in Buggingen. . . . . .. .. .. .. ...
C.22 Depth profile of observed and modeled values from model IV for profile 2
sampled in spring 2015 in Buggingen. . . . . . . ... ... .. ... ..
C.23 Depth profile of observed and modeled values from model IV for profile 3
sampled in spring 2015 in Buggingen. . . . . . .. ... ... 0.
C.24 Depth profile of observed and modeled values from model step IV for
profile 4 sampled in spring 2015 in Buggingen. . . . . ... .. ... ...
C.25 Depth profile of observed and modeled values from model step IV for
profile 1 sampled in autumn 2014 in Laufen. . . . . . . . . .. .. ... ..
C.26 Depth profile of observed and modeled values from model step V for profile
1 sampled in 2015 in Laufen. . . . . . . . . ... ... ... ...
C.27 Depth profile of observed and modeled values from model IV for profile 2
sampled in autumn 2014 in Laufen. . . . . . . . ... ...
C.28 Depth profile of observed and modeled values from model step IV for
profile 2 sampled in spring 2015 in Laufen. . . . . . . . .. ... ... ...
C.29 Depth profile of observed and modeled values from model step IV for
profile 3 sampled in autumn 2014 in Laufen. . . . . . . . . .. . ... ...
C.30 Depth profile of observed and modeled values from model step IV for
profile 3 sampled in spring 2015 in Laufen. . . . . . . . ... ... ... ..

xiii



C.31 Depth profile of observed and modeled values from model step IV for

profile 4 sampled in autumn 2014 in Laufen. . . . . . . . . ... ... ... 152
C.32 Depth profile of observed and modeled values from model step V for profile
4 sampled in 2015 in Laufen. . . . . . .. .. ..o 153
C.33 Depth profile of observed and modeled values from model step IV for
profile 5 sampled in autumn 2014 in Laufen. . . . . . . . . ... ... ... 154
C.34 Depth profile of observed and modeled values from model step V for profile
5 sampled in 2015 in Laufen. . . . . . . . ... ... ... ... 155
C.35 Depth profile of observed and modeled values from model step IV for
profile 6 sampled in autumn 2014 in Laufen. . . . . . . . . .. ... .. .. 156
C.36 Depth profile of observed and modeled values from model step IV for
profile 6 sampled in spring 2015 in Laufen. . . . . . . . .. ... ... ... 157
C.37 Depth profile of observed and modeled values from model step IV for
profile 1 sampled in autumn 2015 in Welschingen. . . . . . . . .. ... .. 158
C.38 Depth profile of observed and modeled values from model step III for
profile 1 sampled in spring 2015 in Welschingen. . . . .. ... ... ... 159
C.39 Depth profile of observed and modeled values from model step IV for
profile 2 sampled in autumn 2014 in Welschingen. . . . . . . . . .. .. .. 160
C.40 Depth profile of observed and modeled values from model step IV for
profile 2 sampled in spring 2015 in Welschingen. . . . . . .. .. ... .. 161
C.41 Depth profile of observed and modeled values from model step IV for
profile 3 sampled in autumn 2015 in Welschingen. . . . . . . . .. ... .. 162
C.42 Depth profile of observed and modeled values from model step III for
profile 3 sampled in spring 2015 in Welschingen. . . . . . .. .. .. ... 163
D.1 Sensitivity analysis of transpiration depth at Kupferzell. . . . . . . .. .. 166
D.2 Sensitivity analysis of evaporation depth at Kupferzell. . . . . . . ... .. 167
D.3 Sensitivity analysis of transpiration depth at Kraichtal. . . ... ... .. 168
D.4 Sensitivity analysis of evaporation depth at Kraichtal. . . . . .. ... .. 169
D.5 Sensitivity analysis of evaporation depth at Forchheim. . . . . . . ... .. 170
D.6 Sensitivity analysis of transpiration depth in Laufen 2014. . . . . . . . .. 171
D.7 Sensitivity analysis of transpiration depth in Laufen 2015. . . . . . . . .. 172
D.8 Sensitivity analysis of transpiration depth in Welschingen 2014. . . . . . . 173
D.9 Sensitivity analysis of evaporation depth in Welschingen 2014. . . . . . . . 174

Xiv



List of Tables

3.1
3.2

4.1

4.2
4.3
4.4
4.5
4.6
4.7
4.8

Al

Leaf area indices (Aras) of different species. . . . . . . .. ... ... ...
Parameters of the model SWIS and their ranges used for simulation. . . .

Isotope test measurements of desorption after filter conditioning in com-
parison to equilibrium data. . . . . . . .. .. ... L.

Best parameter values for Kupferzell obtained from the SWIS model runs.

Best parameter values for Kraichtal obtained from the SWIS model runs.

Best parameter values for Forchheim obtained from the SWIS model runs.

Best parameter values for Marbach obtained from the SWIS model runs. .
Best parameter values for Laufen obtained from the SWIS model runs. . .

Best parameter values for Buggingen obtained from the SWIS model runs.

Best parameter values for Welschingen obtained from the SWIS model

XV

35

42
93
o7
62
67
73
75






Abbreviations

a.s.l.
BbodSchG
BK 50
BwaldG
CRDS
DWD
ETp
FAO
GMWL
GNIP
LAI

LTZ
OAT

SA

SRC

UA

UBA
VSMOW
WRB

above sea level

Bundes-Bodenschutz-Gesetz

Bodenkarte 1: 50,000 (here of Baden-Wiirttemberg)
Bundeswald-Gesetz

Cavity Ring-Down Spectroscopy

Deutscher Wetterdienst

potential evapotranspiration

Food and Agriculture Organization of the United Stated
Global Meteoric Water Line

Global Network of Isotopes in Precipitation

Leaf Area Index

Landwirtschaftliches Technologiezentrum Augustenberg
one-at-a-time

Sensitivity analysis

Short-rotation coppice

Uncertainty analysis

Umweltbundesamt

Vienna Standard Mean Ocean Water

World Reference Base

xXvii






Symbols

A1t
C

Dw

ds

d%s

D

dh/da
EgTp-Har
EgTp—Penm
Eerp-Fao

€a

KGE

KGEpean(r + @)

KGEg
KGE nean
KGEo

l

L

leaf area index

tracer concentration

molecular diffusion coefficient in free water
change in deuterium isotope ratio

change in oxygen-18 isotope ratio
dispersion coefficient

hydraulic gradient

Hargreaves potential evapotranspiration
Penman-Wendling potential evapotranspiration
FAO56 reference potential evapotranspiration
actual vapor pressure

potential evaporation

saturated vapor pressure

soil heat flux density

pressure head

potential interception

julian day

saturated hydraulic conductivity

Kling- Gupta- Efficiency

Kling- Gupta- Efficiency without bias ratio
deuterium Kling- Gupta- efficiency

mean Kling- Gupta- efficiency

oxygen-18 Kling- Gupta- efficiency

flow length

latent heat of vaporization

xix



Pearson’s r

Wows

dry soil mass

wet soil mass

Van-Genuchten shape parameter

porosity

precipitation

Pearson’s product-moment correlation coefficient
amount of water percolating through one pore
water flux

evaporation equivalent of extraterrestrial radiation
extraterrestrial radiation

global radiation

net radiation at the vegetation surface
coefficient of determination

radius

astronomically possible duration of sunshine
sunshine duration during equinoxes

sink term representing root water uptake
maximal temperature

mean daily temperature

minimal temperature

potential transpiration

time

wind speed at 2 m height

interpolated climate data

mean relative air humidity

volume of pores

volume of solids

daily mean of wind velocity

water flow per time and area

total volume of soil

climatic water balance

sampling site

depth below soil surface

XX



LI U S

3

variability ratio

bias ratio

slope of the vapor pressure curve
void ratio

viscosity

psychrometric constant
longitudinal dispersivity

difference of the hydraulic potential
latitude

tortuosity factor

residual volumetric water content
saturated volumetric water content

volumetric water content

xxi






Chapter 1

Introduction

Soil is considered to be the ‘skin of the earth’. It interfaces the lithosphere, hydrosphere,
atmosphere and biosphere; therefore, it supplies several essential functions. It is a
medium for plant growth, it stores, purifies, buffers and redistributes water, it modifies
the atmosphere and it is habitat for organisms (Blum 2005b). Since soils constitute the
basis of human existence, they face heavy anthropogenic impacts (Blum 2005a). Due
to intensive agriculture, topsoil is modified in many places. Humus and organic matter
are degraded, bare soil is exposed to wind, sun and rain. Additionally, soil is affected
by a changing world climate (IPCC 2013) and a change of soil functions effects climatic
conditions LABO (2010).

According to climate scenarios of the IPCC the frequency of days with temperatures
above 25 °C will increase, whereas that of days below 0 °C will decrease (IPCC 2013).
In general, summers will be drier and winters wetter. Especially increasing extreme

precipitation events will intensify erosion processes.

Particularly fertile loess regions which tend to slurry seal coating are effected by erosion
(LUBW 1995). The soil structure is disturbed by rain drops, which leads to a reduced
infiltration rate, thus rain drains at the surface (LUBW 1995). Increasing sediment
input to on-site preflooders, rivers and detention reservoirs is a consequence. Loss of soil
material, humus and nutrients on arable land accompanied by sediment rearrangements

mean not only ecosystem damage but also economic loss.
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In Baden-Wuerttemberg, erosion occurs especially in the region Kraichgau, at the edge
of the Black Forest and in the lowlands of the Oberrhein. These are regions with a high
relief energy and intense agri- or viticulture (Wurbs & Steininger 2011). For example in
the region Kraichgau an ablation of 80 tons of soil per hectare and year was measured in
1995 (LUBW 2011). On behalf of the UBA, Wurbs & Steininger (2011) simulated two
scenarios, one with a 100 % conservation tillage without plowing, soils remain in their
original structure, and another with 100 % conventional tillage with intense plowing.
The results indicate most impact on the regions mentioned above, see Fig. 1.1. High
ablation rates in the Black forest are less important because cultivation is only partial
and most areas are forested. Nevertheless, German legislation has realized the potential
harm that climate change might bring. In §§1, 2, 4 and 11 BodSchG it is stated that

erosion has to be minimized and soil degradation on cultivated land has to be reduced.

100 % conservation tillage

100 % conventional tillage

a ER

5300000 5400000 5500000 5600000 5700000 5800000 5900000 6000000 6100000

1300000 32400000 32900000 32600000 32700000 32600000 3000000 32300000 324

Mean soil ablation on

arable land

due to cultivation Ablation [t/ha/year]

Data source: Bl <0 20-30

Bundesamt fur Naturschutz (BfN) | 025-05 [ 39-50

Siﬂ?g:(:;zys&gsmgzs) 0320 Hl so-100 B o cultivation

02040 80 120 160 10-20 Bl > 0o [] Natural area (R-zone)

e km

FIGURE 1.1: Trends of soil erosion due to water in two fictitious scenarios: 100 %

conservation and 100 % conventional tillage. Both scenarios are fictive and do not

take into account intensity of actual cultivation. The figure is taken from Wurbs &
Steininger (2011) and translated into English.

Considering the described climatic and antropogenic processes combined with the claims
of the ‘Bodenschutzgesetz’ the need for action becomes clear. One idea of conservation
tillage is to plant extensively cultivated short-rotation coppice (SRC). Since 2010, short-
rotation coppice (SRC) with a clear cutting every two to twenty years are referred to
as agricultural sites and not as woodland in compliance with the BWaldG (MLR 2010).

Consequently today SRCs are cultivated on marginal arable sites, fallows or other sites
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which are less fertile (Lamersdorf & Schulte-Bisping 2010), with the key objective of
woody biomass production. Important characteristics of tree species in short-rotation
coppices are fast growing and high biomass production rates during the first years of
life time; furthermore, the ability to build stump shots (to coppice) and grow in high
density, as well as high reproduction rates, and resistance against biotic and abiotic
risks are necessary characteristics (Landgraf et al. 2009). Therefore, especially willow
species (Saliz sp.) like the Swedish clones Tora (Saliz viminalis x Salix Schwerinii),
Tordis ((Saliz viminalis x Saliz Schwerinii)x Saliz viminalis) and Jorr (Saliz triandra ©
Saliz viminalis) and poplar hybrids (Populus sp.) like Robusta (Populus z canadensis

= Populus deltoides x Populus nigra) are cultivated in Germany (Landgraf et al. 2009).

Within the last six years there were several studies examining positive and negative
effects of SRCs: for example, DENROM and AGROWOOD in Brandenburg and Sax-
ony, BIODEM in Mecklenburg-Western Pomerania, NOVALIS in Hesse, PROBIOPA in
Baden-Wuerttemberg and ProLoc at different sites all over Germany (Murach & Knur
2008, Bemmann & Knust 2010, Aust 2012, Lamersdorf et al. 2010, Hofmann-Schielle
et al. 1999). Most of them showed an improvement of soil infiltration capacity and thus
an increased protection against erosion (Lamersdorf et al. 2010, Lamersdorf & Schulte-

Bisping 2010, Petzold et al. 2009, Dimitriou et al. 2009).

Summarizing the findings of the projects AGROWOOD and Novalis, Lamersdorf et al.
(2010) listed positive and negative effects of SRCs on soil ecology. Generally there is only
little soil cultivation on SRC stands, thus natural structures in soil physics and chemistry
can develop. When activity of soil organisms increases, a continuous pore system can
develop. Further, soil water storage capacity is increased, resulting in an increase of
infiltration capacity and finally less soil erosion. Moreover, percolating water quality is
increased, due to a high root penetration and efficient nutrient absorption. Nevertheless,
there are some negative aspects as well. High transpiration and interception lead to
reduced groundwater recharge. Depending on cutting frequency, soil compaction in

wheel ruts might counteract with the named benefits (Lamersdorf et al. 2010).

More research and measurements are required to specify the influence of SRCs on the
local water cycle in different regions. A detailed analysis of soil hydraulic properties

usually implies a time consuming and costly experimental setup, which is not always
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possible. Soil physics models are widely used to describe water flow and solute trans-
port in the unsaturated zone. For example, Vanclooster et al. (2004) and Christiansen
et al. (2006) applied soil physics models to identify the flow and transport of solutes and
to estimate percolation rates beneath the root zone. Furthermore, Strasser & Mauser
(2001) analyzed climatic effects by using physics based models for evaporation and tran-
spiration and determining spatial and temporal variations of water balance components
at catchment scale. Climate change effects on the hydrological regime were also quanti-
fied by Bormann (2009) in five different regions in Germany. However, models of water
movement in unsaturated soils require accurate calculations of the soil moisture reten-
tion and hydraulic conductivity curves (Gribb et al. 2009), which remains a challenge
because of the pronounced spatial and temporal soil heterogeneity (Corwin et al. 2006).
Most common approaches are either measuring the parameters of interest or calculating
them by pedotransfer functions based on grain size distribution (Vereecken et al. 2010).
Moreover, inverse model approaches allow optimizing soil hydraulic parameters by fit-
ting model simulations to observed data (Durner et al. 1999). Inverse model parameter
identification can be improved further by combining hydrometric and hydrochemical
data, hence, water flow and transport mechanisms can be detected (Inoue et al. 2000,

Jacques et al. 2002).

Besides hydrometric and hydrochemical data, several studies showed that pore water
stable isotopes (deuterium, tritium and oxygen-18) also give insights into hydrological
processes in the vadose zone of temperate regions (reviewed by Vitvar (2005)). For
example, stable isotopes are used to get information on: the water balance of forest
soils and thus insights into flow processes in the unsaturated zone and groundwater
recharge mechanisms (Eichler 1964, Blume et al. 1967, Smith et al. 1970, Wenninger
et al. 2005); infiltration and percolation processes (Darling & Bath 1988, Gazis & Feng
2004, Koeniger et al. 2010); on the influence of vegetation on evaporation (Eichler 1964,
Zimmermann et al. 1966); on root water uptake (Gehrels et al. 1998, Allison et al.
1984, Tang & Feng 2001) and fractionation processes within the plant (Allison et al.
1985, Koeniger et al. 2010); and finally on subsurface hydrological processes in hillslopes
(Blume et al. 1967, Garvelmann et al. 2012).

Sprenger, Volkmann, Blume & Weiler (2015) and Stumpp et al. (2012) used the fact

that the shape of isotopes over depths includes information on processes that depend on
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seasonal variability and take place over years, like infiltration, evaporation and transpi-
ration. While Sprenger, Volkmann, Blume & Weiler (2015) took drilled soil core samples
to extract pore water stable isotopes in the field, Stumpp et al. (2012) extracted pore
water of different depth using lysimeters. In both studies pore water stable isotope ratios
were simulated with a modified version of Hydrus 1D, using pore water stable isotopes
for calibration of soil physics parameters for the vadose zone. Hydrus 1D considers vari-
ably saturated water flow, root growth, root water uptake, heat transport, and solute
transport. The solute transport model was modified to account for isotope transport
by Stumpp et al. (2012). They assumed that the fractionation processes can be ne-
glected and that relative concentration of isotopes does not accumulate at the upper
boundary condition due to evaporation (Stumpp et al. 2012). A similar approach with
a lumped parameter model was applied by Stumpp et al. (2009). The results obtained
with the lumped dispersion model were compared with more complex and exact numeri-
cal transient flow models. Both modeling approaches defined similar system parameters,

indicating that lumped parameter dispersion model achieved satisfying results.

1.1 Research purpose

As mentioned earlier more research and measurements are required to specify the influ-
ence of SRCs on the local water cycle in different regions in order to develop distinct
management plans. Nine SRCs distributed in Baden-Wuerttemberg and agricultural
sites nearby were sampled. Because experimental setups, which give insights into soil
hydraulic properties, are time consuming and costly, a new measuring system is applied,

which was developed at the Chair of Hydrology at the University of Freiburg.

Similarly to the inverse model approach in Sprenger, Volkmann, Blume & Weiler (2015),
pore water stable isotope profiles are taken and simulated with a soil physics model in
order to get insights into to soil hydraulic properties (like saturated hydraulic conductiv-
ity, porosity and transpiration depth). Instead of Hydrus 1D, another soil physics model,
called SWIS (not published yet), is applied. Referring to the two-water world hypothesis
of one mobile and one tightly bound water reservoir in the soil (Brooks et al. 2010) (see
next chapter), two versions of the SWIS model will be applied. One single pore model

under the assumption that the whole pore water underlies the same binding force and
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a second multi-pore model where different binding forces are defined. Additionally, the

infiltration experiments by Hollmann (2015) provide reference information.

In this thesis, first the question whether it is possible to draw conclusions on soil hy-
draulic properties using pore water stable isotope profiles and second whether the profiles
can correctly be simulated with SWIS, shall be answered. If so, the following questions

shall be examined:

a) How do soil functions vary with (1) a changing vegetation (comparison of SRC
with agricultural reference site); (2) with a changing vegetation age; and (3) in

different soil textures?

b) Does a differentiated multi-pore model display soil-functions better than a single

pore model?

This thesis is part of the BioChance project of the Albert-Ludwigs-University Freiburg,
funded by the MWK Baden-Wuerttemberg. All field data used in this thesis were

collected within the BioChance project.
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Theoretical background

2.1 Isotope hydrology

To draw conclusions on hydrological processes in the vadose zone, natural variations of
stable isotopes (deuterium and oxygen-18) in precipitation are used as input signals. To
understand the natural variations of stable isotopes at a global scale, one needs to start
with the oceans. Water is evaporating from the sea, is transported to cooler regions
where it cools down and condenses. Part of the vapor is brought to the continents where
it precipitates, infiltrates into the ground or recharges in rivers (Gat et al. 2001). Vapor
masses keep moving and progressively rain out when they come to regions with lower
temperatures (higher altitudes and latitudes) due to adiabatic expansion (Dansgaard
1964). Meteoric waters (e.g., precipitation, air moisture) are depleted in heavy isotopes
(180, 2H) in comparison to the average ocean composition. The average ocean compo-
sition, VSMOW, is 0 %o by definition. Delta notations in %o always describe the ratio of

heavy to light isotope in comparison to the standard VSMOW as the following equation

describes:
Seamnple — <Rsample — RVSMOW> . 1000 (2.1)
Rysmow
with "
R= 0 (2:2)
o 2
R= % (2.3)
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and Rysmow =~ 0 [%o] for both oxygen and hydrogen.

The main reason for depletion is the Rayleigh rain-out regime. The scenario assumes
that precipitation is formed in isotopic equilibrium with the vapor; moreover, water has
a higher 80 and 2H content at thermodynamic equilibrium between vapor and water,
leading to a progressive depletion of the remaining vapor in the cloud (Gat et al. 2001).
Isotopic equilibrium is established between water in falling droplets and the ambient
air when the air is not saturated given the prevailing temperature. When the air is
under- or over-saturated, evaporation or condensation occurs, respectively, depending
on the saturated vapor pressure. Thus, droplets can be enriched or depleted in heavy
isotopes in comparison to the in-cloud composition. Hence, light isotopes evaporate
first when it comes to evaporation, water droplets are enriched in comparison to the
in-cloud composition. During snow or hail events isotopic equilibrium is not established,
because evaporation does not occur due to the crystalline structure. Thus, these events
result in a more depleted signature than in equilibrium. Seasonal variations in isotope
composition in precipitation follow seasonal variations in temperature, depending on
precipitable water content and saturated vapor pressure. Due to a decrease in tempera-
ture and a lower saturated water vapor pressure, the condensation temperature is lower
during winter than during summer, resulting in depletion of heavy isotopes in winter
precipitation and enrichment of heavy isotope in summer precipitation in comparison
with the mean annual isotope composition of precipitation (Gat et al. 2001). A similar
effect is observed with increasing altitude. Condensation increases due to a the temper-
ature drop with increasing altitude; furthermore, atmospheric pressure decreases with
increasing height and a larger temperature decrease is required to reach the saturated
water vapor pressure than for isobaric condensation processes. Additionally, heavy iso-
topes precipitate first because of their mass; therefore, precipitation is depleted in heavy

isotopes with increasing altitude.

Isotopes of the global precipitation are described by the Global Meteoric Water Line
(GMWL). The GMWL is an approximate relation between 6°H and 60 found by
Craig (1961) in Gat et al. (2001). It takes the following form:

6*H = 8680 + 10 (2.4)

The intersection with the y-axis at 10 % is called deuterium-excess. Small or even
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negative deuterium-excess values describe a depletion of heavy deuterium isotopes, and

indicate non-equilibrium fractionation due to evaporation.

Isotope processes on a local scale of atmosphere, plant and soil are similar to those on a
global scale. In winter, precipitation is depleted in heavy isotopes compared to summer
months. In the vegetation period, water is absorbed by plant roots (root water uptake),
moves through the plant and evaporates from aerial parts, such as leaves and stems
(transpiration). During evaporation through aerial parts, fractionation processes occur.
Leaves or stems are enriched in heavy isotopes because light isotopes evaporate first.
Beyond the growing season in winter, transpiration is reduced to a minimum. The same
fractionation occurs at evaporation from the soil surface. Further, water precipitating
on leaves or stems remains there for a while and evaporates completely (interception) or
falls to the ground as isotopically enriched throughfall. Water infiltrates into the ground
and presses older water deeper into the ground. Only during root water uptake water

layers mix (Fig. 2.1) (Gat et al. 2001, Gehrels et al. 1998).

. © Precipitation
Winter P © Summer
&) Depletion
* Enrichment S S
(O Neutral \ Transpiration
Interception
Throughfalli ©
AEvaporation / ® A Evaporation
¢ Y D o 4| Evap. depth
P / ) ®) Hydraulic N
,,,,,, Preferential ﬂOW O ~ redistribution s ”I’ransp-
X O Y Root water uptake depth
Vs Infiltration e
Percolgti.on v Groundwater recharge
and Mixing

FicUre 2.1: Conceptualization of the processes affecting pore water stable isotope
composition in the vadose zone during summer and winter in a temperate climate.
(Figure is drawn according to an idea by Sprenger, Herbstritt & Weiler (2015))

Brooks et al. (2010) established the idea of two seperated ‘water worlds’. One pore space
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with tightly bound water which is only available to plant roots and in which precipitation
is ‘layered’. And a second with mobile water which recharges into ground water when
the pore space is saturated. In autumn precipitation first fills the dry soil first the tightly
bound water reservoir and then the mobile water reservoir. In winter percolation and
mixing and groundwater recharge occur only in or from the mobile water reservoir and
due to preferential flow. During the dry season in summer, plants take up their water
from the tightly bound reservoir. Under drought conditions capillary rise of ground
water might occur. However, Brooks et al. (2010) did their study at a Mediterranean

climate, so it remains unclear whether those effects also occur in a temperate climate.

2.2 Soil physics and properties

Processes of physical weathering, like wind and water erosion or freezing and melting
of water, crush and modify solid rock. In this way, small particles, of different shapes
and sizes emerge. The basis for soil is generated. Small particles either occur free and
unconnected or joined in aggregates. Diameters of unconnected small particles vary by
several powers (2 dm cobbles - 63 nm clay). Grain size distribution is often shown in
cumulative curves and is referred to as soil texture in the following. Due to properties
like plasticity, roughness, rolling and lubricating capacity, soil texture can be determined

during field work (Blume et al. 2010).

Due to granularity and porosity, spaces emerge in which water and air can be stored,
plant roots can grow and soil organisms can live. In the following those spaces are
referred to as pore spaces or pores. To quantify the proportion of pores (Vjores) and

total soil volume (Vjores + Vsolid), porosity (n) is calculated (Blume et al. 2010):

Vpores
EE S e 2.5
" Vpores + ‘/éolid ( )

To quantify a change in volume of the whole system, void ratio (¢) is calculated, as a

proportion of pore volume (Vjores) and volume of solids (Violia) (Blume et al. 2010):

vpores
€= —r 2.6
Vsolid ( )
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Depending on size and water storage capacity, pores can be differentiated into micro,
meso, and macro pores. The distribution of pores is related to granularity, particle shape
and soil structure. General correlations are: the greater the pore diameter, the higher
the proportion of macro pores. In turn, the smaller the particles are, the higher the
proportion of micro pores is. Thus, the proportion of macro pores is high in sandy soils

and decreases with increasing clay content (Blume et al. 2010).

Not all water that is stored in pores is mobile, a certain amount is more or less tightly
bound to the soil matrix. One part of precipitation, infiltrating into the ground, is
stored in pores against gravity. Another part of infiltrated water is allocated in deeper
soil layers as percolating water. During this process, ‘older’ water, already stored in the
soil matrix, is displaced and percolates deeper into the ground. Water remaining in the
soil is referred to as soil moisture and can be measured as gravimetric or volumetric

water content (Blume et al. 2010).

Water which is stored in the soil matrix against gravity can be divided into adsorbed
water and capillary water. Adsorbed water is water which is influenced by Van-der-Waals
forces and osmotic forces and covers the surface of soil particles, without the formation
of menisci. The amount of adsorption water is correlated to water vapor pressure of
the surrounding air; therefore, air-dried soils still contain an amount of water, which
increases with increasing relative water vapor pressure. Soils whose water content is
not in balance with the water vapor pressure of the surrounding air take up water from
the air. Water absorbed during that process is named hygroscopic water (Blume et al.

2010).

Capillary water is water which is stored in the soil matrix due to adhesion and cohesion in
order to reduce the surface tension between water and air. During this process, menisci
are formed, based on adhesion forces between solid soil particles and pore water, in

combination with cohesion between the water molecules (Blume et al. 2010).

The above mentioned forces, from soil matrix on pore water, are summarized as matrix
potential (1,,). General principles are: (1) the less water is in the soil, the tighter it
will be bound to the soil matrix, and the more difficult it will be to extract it from the
soil; and (2) water will be stored even tighter to the soil matrix the bigger the distance

to the ground water surface is, given a steady state in which water is not in movement.
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Because matrix potential and gravity potential are two opposing forces, matrix potential

is defined with a negative sign (Blume et al. 2010).

Soil water content at a certain matrix potential is correlated to pore volume and depends
on grain size distribution. Therefore, the interaction of water content and matrix poten-
tial is characteristic for every soil horizon, and is named pF-curve or moisture retention
curve. The pF-value equals the logarithmic absolute matrix potential. In order to de-
termine moisture retention curves, time consuming measurements are required; thus,
functions were developed by which moisture retention curves can be calculated, based

on grain size distribution, bulk density and some other parameters (Blume et al. 2010).

Due to precipitation and evapotranspiration, a balance between water potentials almost
never exists. Rather, soil water is continuously in movement towards the lowest poten-
tial. The amount of water movement depends on the potential gradient and the hydraulic
conductivity of the soil (Blume et al. 2010). Darcy’s law describes the amount of water
flow per time and area (vy) in cm/s as a function of saturated hydraulic conductivity

(Ko) and a hydraulic gradient (dh/dzx), as follows:

dh
v =Ko~ (2.7)

Hydraulic conductivity Ko in m/s depends on the amount, size, and structure of pores
in which water movement occurs. The Hagen-Poiseuille equation describes the amount
of water percolating through one pore (Q) as a function of pore radius (r), the difference
of the hydraulic potential (0v), the viscosity (n), and the flow length (1):

mrton
8nl

Q= (2.8)

When pores include air instead of water, the area through which water flow can occur
decreases; thus, hydraulic conductivity decreases, as well. The biggest pores transport
the biggest amount of water; moreover, they drain first. Accordingly, hydraulic conduc-
tivity decreases rapidly when big pores drain; furthermore, it depends on water content

in the pore space.

Precipitation, temperature and linked plant metabolism vary over the year and influence
the soil water balance. These effects of different saturation states can be observed in

hydraulic conductivity. Water content at a saturation state close to a balanced hydraulic
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potential (¢ = 0) is called field capacity. This state is reached two to three days after
a heavier rainfall event. A saturation state at which transpiration is greater than soil

water content and plants begin to wilt, is called permanent wilting point.






Chapter 3

Methods

3.1 Sampling sites and sampling method

Nine different study sites in Baden-Wuerttemberg were sampled, located in five different
natural regions according to the classification in the ‘Bodenkarte’ 1:50,000 of Baden-
Wuerttemberg (BK 50): the Upper Rhine plains, the ‘Neckar-Tauber-Gauplatten’, the
pre-alpine hills and wetlands, the Middle Black Forest and the Swabian Alp.

In the Upper Rhine Plain Laufen, Buggingen and Forchheim were examined. The
southern part of the Upper Rhine Plain, with Laufen and Buggingen, is shaped by the
eastern plains of the Rhine and hilly slopes at the edge of the Black Forest, with a mean
annual temperature of 9 °C and mean annual precipitation of 580 - 800 to 1000 mm
close to the Black Forest (MLR 2015). More precisely Buggingen is located in the flat
‘Markgréfler Rheinebene’ shaped by former gravelly Rhine floodplains and covered by
a loess layer which in combination with the mean annual temperature supplies ideal
condition for agriculture. On the other hand, Laufen is placed in the hilly ‘Markgréfler
Hiigelland’ shaped by loamy loess layers which are partly well aerated and used for
viticulture and partly tend to become waterlogged and badly aerated. Especially in
Laufen, groundwater level is high, approximately 30-40 cm below soil surface. According
to the German soil classification system in BK 50, the dominant soil type in Laufen is
Pararendzina (Ah/eC), whereas in Buggingen colluvium occurs due to its relatively low

age. Forchheim near Karlsruhe is located in the northern Upper Rhine plain, more

15
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precisely in the ‘Hardtebenen’, with mean annual temperatures of 10 °C and mean
annual precipitation of 530 to 980 mm (MLR 2015). Covered by eolian sand fields the
soils in this region are nutrient-poor and permeable. According to BK 50 and German
soil classification, the dominant soil type is sandy ‘Braunerde’, which translates to Brunic

Arenosols according to the World Reference Base (WRB).

The sampling sites Kupferzell and Kraichtal are situated in the ‘Neckar-Tauber-
Gauplatten’, which are characterized by a hilly landscape made of tertiary shell lime-
stone. Mean annual temperature is around 8 to 9 °C and mean annual precipitation
varies between 700 to 830 mm (MLR 2015). Both ‘Kraichgau’ with sampling site Kraich-
tal and Kocher-Jagst-plains with sampling site Kupferzell have fertile soils with shell
limestone and Keuper covered by loess. Dominant soil in Kraichtal is ‘Pararendzina’
and in Kupferzell ‘Pelosol” according to BK 50. In ‘Pelosol’, dry cracks can emerge due

to clay minerals which swell when water is available and shrink when there is drought.

The pre-alpine hills and wetlands with Aulendorf and Welschingen cover the part
of the pre-alpine landscape glaciated during the Wiirm glacial period and made up
of Tertiary molasse. Mean annual temperature is between 7 and 8 °C (MLR 2015).
Mean annual precipitation varies depending on the region between 700 and 1000 mm
(MLR 2015). Welschingen, west of the ‘Bodensee’, is located in the ‘Hegau’. Shaped
by tectonical movement, shallow soils cover stone runs and rocks. The sampling site in

Aulendorf is part of the ‘Oberschwébisches Hiigelland’ and placed in a fen.

Biederbach is situated in the Middle Black Forest. Shallow podzols and cambisols
derived from crystalline and sedimentary bedrock are dominant soil types (BK 50). The
whole region is characterized by more or less steep slopes. In the valleys at 200 m a.s.l.,
mean annual temperature is around 9 °C, whereas with elevation temperature decreases
and is around 6.5 °C at 700 m a.s..(MLR 2015). Similar patterns can be observed
for mean annual precipitation, which varies between 980 and 2000 mm depending on

elevation (MLR 2015).

Limestone and lime marl from the late Jurassic period build the Swabian Alb with
sampling site Marbach. More precisely Marbach is situated in the ‘Mittlere Kuppenalb’.
The climate of the ‘Mittlere Kuppenalp’ varies a lot; thus, mean annual temperature is

between 8 and 5.5 °C and mean annual precipitation between 770 and 1100 mm (MLR
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2015). Un-layered limes and clays result in karstification. Shallow ‘Rendzina’ consisting

of limestone and dolomite is the dominant soil type (BK 50).

All study sites examined in this thesis were taken from short-rotation coppices (SRC)
located in the sampling sites described above. The SRC differ in soil type and plant
species. There are 12 samples from poplar plantations and 10 from willow plantations,
the distribution among the sites is shown in Fig. 3.1. Furthermore, paulownia, sida and
sudangrass plantations were sampled. In most of the sites grassland was sampled for
comparison, except Welschingen, Kraichtal and Marbach. In the latter three reference

sites agrarian land with maize and oat or uncultivated fields serve as comparison.

3.1.1 Soil drilling cores

Within SRCs soil drilling cores were taken between the planted rows. Sampling was
performed by percussion drilling using a Cobra percussion hammer. The drilled depth
differed from site to site depending on soil structure. Maximal drilling depth was 3
m. In order not to contaminate soil samples with soil material from other depths, for
each meter of depth a smaller size of drill bar was utilized (exact diameters in section
3.3). To examine the stable isotopes in pore water from different seasons, two field
campaigns took place: one in autumn (October 2014) and one in spring (April 2015).
However, in the first campaign in October 2014 only four sites, Buggingen, Laufen,
Welschingen and Biederbach, were sampled. In March and April 2015 the remaining
sites, Aulendorf, Marbach, Forchheim, Kraichtal and Kupferzell were added and the
sites of 2014 sampled a second time. A third campaign was carried out in October and
November 2015. Because of time issues these data are not part of this thesis. Thus,
in total 63 drilling cores are part of this thesis. They are divided into 21 cores on 4
different stands in 2014 and 42 cores on 9 different stands in spring 2015. Exact drilled
depth can be seen in table A. Drilling cores were divided into subsamples resulting in
one sample per 10 cm depth (Fig. 3.2). Subsamples were in turn halved, to get equal
samples for nitrate and isotope analysis. During percussion drilling, soil compaction
occurred. Measured compaction in cm was split and proportionally added to the depth

steps, when calculating a mean depth per 10 cm of soil sample.
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FIGURE 3.1: Map of plantations which were sampled. Plantations with mixed vege-

tation are counted twice. In Laufen one stand has a mixed plantation of poplar and

paulownia. In total 7 stands were sampled in Laufen. In Welschingen sudangrass and
maize were mixed at one stand. In total 3 stands were sampled in Welschingen.
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FIGURE 3.2: Scheme of a drill core in Kraichtal illustrating segmentation in 10 cm of
depth (0-10, 10-20 ...) and segmentation for analysis.

3.2 Isotope analysis

Sprenger, Herbstritt & Weiler (2015) summarized approaches to analyze the signature
of stable isotopes (6'*0, 6H) in pore water. He grouped the methods by the following
criteria: (a) the way to access information (extraction of pore water in the field, labora-
tory or via equilibration); (b) the related pore sizes that are sampled; and (c) the type
of information (resident or flux information). In this thesis, pore water 18-Oxygen and
Deuterium analysis was performed in three ways: in the gas phase by direct equilibra-
tion, in the extracted soil solution first after desorption at 1.7 bar and second after
cryogenic vacuum extraction. These three methods were selected in order to verify
pore space analyzed by direct equilibration described in former studies and summarized
in Sprenger, Herbstritt & Weiler (2015). Because of time issues, only direct equilibration
was applied on all samples. The other two methods were tested on a selection of samples

(see in the next subsections).

All samples of the three methods were measured on a Picarro Cavity Ring-Down Spec-
trometer (CRDS). This technique measures the adsorption of light of specific near-
infrared wavelenghts by HoO gas molecules from the samples at subatmospheric pres-
sure. In CRDS the beam from a single-frequency laser diode enters a cavity which
is made of three highly reflecting mirrors (Picarro 2015) and which contains the gas
molecules. A continuous traveling light wave is produced; thus, an effective path length
of many kilometers is used. A small amount of light leaking through one of the mirrors
is detected by a photodetector. The light signal is proportional to the intensity in the
cavity. After reaching a certain threshold the continuous wave laser is turned off and
light already in the cavity bounces between the mirrors before it exponentially decays to
zero, partly because the light leaves the cavity through the mirror and partly because it
is absorbed by the gas molecules. This is named "ring down”, for different wavelengths

of light. Final concentration data is derived from the difference between these ring down
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times. Ring down times are then converted into adsorption intensity (Picarro 2015) and
further to relative gas concentrations. In the following subsections the three methods

are described in detail.

3.2.1 Direct equilibration

Sampling bags from the field are filled with dry air and heat sealed to avoid non-
equilibrium fractionation processes. Within this closed system and under constant room
temperature, pore water of soil samples equilibrates with dry air. Equilibration was done
for approximately 2 days. After equilibration, water vapor of the saturated headspace
is directly sampled with a needle connected to a continuous flow Picarro CRDS. After
reaching a constant water vapor content the isotope composition of the subsequent two
minutes are averaged. To identify isotopic drift of the instrument and calibrate the
method to reference concentrations (VSMOW) three standard waters (North Sea water,

tap water, deuterated water) of known isotope composition are analyzed.

3.2.2 Desorption solution

Originally Blattner et al. (2000) developed an approach to obtain soil solution and mea-
sure water soluble ions. Field moist soil is desorbed in a pressure chamber at 170 kPa (pF
3.2), with a cellulose acetate membrane filter as a capillary bridge between interior and
exterior of the chamber (Blattner et al. 2000). Fig. 3.3 illustrates the construction of the
pressure chambers used in this thesis. Schlotter et al. (2012) compared the desorption
solution with other extraction methods. They found that the desorption solution con-
tains quasi-stationary water from the intra-aggregate pore space (grobere Mittelporen).
These results correspond to the results for squeezing methods at this pressure reviewed
by Sprenger, Herbstritt & Weiler (2015). In this thesis pressure chambers constructed in
the Department of Soil Science of the University of Freiburg and described in Blattner
et al. (2000) were used.

It was ensured that during the desorption the soil sample was not contaminated with
other water. Pressure was applied by using a compressed dry air connection. By using
an airtight sealed distribution unit, 9 pressure chambers could be used at once. Soil

water solution directly dripped through the cannula into Picarro vials closed with a
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FIGURE 3.3: Scheme of a pressure chamber used for desorption solution (figure is taken
from Blattner et al. (2000)).

membrane. Acetate membrane filters had to be moistened to be permeable; therefore,
the filter was moistened and afterwards conditioned by squeezing the soil sample for two
hours. Especially at low soil water content filter conditioning was necessary; otherwise,
the non-permeable acetate filter sealed the cannula and soil water was pressed over the

thread.

Desorption was performed for 15 hours. However, after the first 3 hours vials were
changed because vials were filled with soil water or to ensure that no water evaporates
during the following hours. Within the remaining 12 hours most of the soil samples did
not drain any longer. Especially at low water content when microvials were used, vials
were set under pressure. A thin cannula had to be applied for pressure compensation,
enabling gas exchange between the vial and the the laboratory atmosphere. (Further

advantages and disadvantages of the approach discussed later.)

At first, desorption was performed on a selection of one sample per sampling site (Bieder-
bach, Forchheim, Laufen, Kraichtal, Kupferzell, Buggingen) in order to test the approach
with different soil textures. Then a whole profile (Kraichtal profile 2) was measured and

compared with the other approaches.
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3.2.3 Cryogenic vacuum extraction

Cryogenic vacuum extraction is a widespread technique in isotope analysis because of
its simplicity (for instance Araguds-Aragués et al. (1995), West et al. (2006), Orlowski
et al. (2013, 2015)). With this method, soil samples are boiled, the evaporating water
is cooled in liquid nitrogen and collected. The whole process proceeds under vacuum
conditions (Figure 3.4). Araguds-Araguds et al. (1995) showed that extracted soil water
is depleted in deuterium and oxygen-18, when compared to percolating water; moreover,
the depletion depends on the soil type. Whereas in sandy soils a complete recovery of the
soil water can be achieved, in clayey soils care is required when the isotope composition
of interstitial water is to be investigated. Further Araguds-Araguds et al. (1995) stated
that the temperature should be kept as low as possible to ensure the extraction of
tightly bound water and to avoid the mix with other water pools (mix with weakly
bound water). West et al. (2006) figured out that depending on the soil texture 30
to 40 min are required to obtain an unfractionated soil water sample. When applying
distillation under high temperatures both hygroscopic and biologically bound water are

likely to be mobilized (Koeniger et al. 2011).

For this thesis cryogenic vacuum extraction was done with the desorbed Kraichtal soil
samples. Extraction time varied between 1 to 2 hours, depending on water content of
the soil layer. Extraction temperature was at 115 °C, liquid nitrogen had a temperature
of -190 °C and the system was set under a vacuum of less than 0.03 mbar. After the

extraction, samples were weighed, oven-dried at 180 °C for 2.5 days and weighed again.

collection extraction
T 1 1

canula

vial with soil sample

extracted soil water

o hotplate
liquid nitrogen

FIGURE 3.4: Scheme of construction of one unit for cryogenic extraction, consisting

of one vial with soil sample for extraction and a second vial for collection. The whole

system is set under vacuum before hotplate is heating. Ten units can be run simulta-
neously.
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3.3 Calculation of soil water content

Gravimetric soil water content [g] of the samples was determined by weighing wet soil
(Mys) and soil after drying (Myg) at 105 °C in the laboratory. It is expected that at this
temperature all water evaporates, except water bound in minerals or organic substances
(Blume et al. 2010). By dividing the gravimetric water content by the total volume of

soil (V), the volumetric watercontent (# in cm® water per cm? soil) is calculated:

Mys — Myg) - =
g Mus VdS) pu. (3.1)

When calculating the volume of soil within the core (V') some problems occurred. Ap-
proximately 10 cm of soil in drilling core were divided into two approximately equal
parts and filled into two bags, one for isotope analysis, the other for nitrate analysis.

The exact proportion (p) was calculated and is part of the calculation:

V = (10cm - 7rr?) - p. (3.2)

For the samples from 2014, the initial weight of the nitrate bags was not determined;
therefore, p could not be calculated correctly and was calculated by doubling the initial
weight of the bag for isotope analysis. Three different drilling cores were used in the
field, depending on drilling depth. The biggest one with 6.6 cm diameter, the medium
one with 4.57 cm diameter and the smallest one with 3.56 cm diameter; therefore, r

varies depending on drilling core.

3.4 Modeling soil profiles

In this thesis the unpublished model SWIS is applied and tested. SWIS is a one dimen-
sional physical soil model developed at the Chair of Hydrology at Freiburg University.
SWIS simulates the movement of water and isotope concentrations in the unsaturated

zone.
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Unsaturated water flow is simulated by numerically solving the Richards equation:

% _ 7% _ % [K(h)gg + K(h)} s (3.3)

where a change of the volumetric water content 6 over time ¢ is defined by a change of
the the water flux ¢ over depth below soil surface z, which is defined by a function of
soil hydraulic conductivity K(h), a sink term representing root water uptake S [T~ 1]
and a change of pressure head h over depth z. The Mualem-van-Genuchten model
(van Genuchten 1980) is used to define the water retention characteristics 6(h) and the

unsaturated hydraulic conductivity function K (h):

0, + es_ernm h<0
o(h) = (1 + laveh|™) (3.4)

05 h>0

[1 = (aveh)" [ + (aveh)"]~™]?

K(h) = Ko 11 (avgh)E (3.5)

where 6, is the residual volumetric water content and 6, is the saturated volumetric water
content, ayg, n and m (=1-1/n) are parameters defining the shape of the retention
curves. Ky is the saturated hydraulic conductivity. In this thesis n is referred to as

porosity (this is discussed in section 5 in detail).

Van-Genuchten empirically defined values for the described parameters 6,., 05, ayg, n
and m for different soil textures, in the following they are referred to as van-Genuchten-
parameter (van Genuchten 1980, Hartke & Horn 2014). During modeling, values for the

van-Genuchten Parameter are selected according to the texture of soil layer.

As mentioned earlier Richards flow equation includes a sink term S to account for water
uptake by plant roots. In SWIS, S is defined by a daily transpiration amount and
rooting depth (see section 3.4.1.3). Similarly, evaporation loss from the upper soil layers
is calculated, with a given rate per day and a defined depth as lower boundary condition.
Furthermore, three different methods to calculate changes in evapotranspiration rate
with depth are implemented: (1) evapotranspiration only in the upper layers, (2) a
constant evapotranspiration rate with depth, or (3) linearly declining with depth. In

this thesis evapotranspiration is calculated according to the third method.
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Initial atmospheric conditions like temperature, relative humidity, precipitation amount
and isotope composition of precipitation are defined by input data time series. Intercep-
tion is implemented as well and subtracted from total precipitation amount. As bottom

boundary condition either soil, a non-permeable layer or groundwater can be selected.

Isotope transport in the unsaturated zone is either simulated for a single porous medium,
assuming all water to be mobile, or for two pore spaces, assuming that a certain amount
of water is tightly bound in micro-pores and that only the remaining amount in meso- and
macropores is mobile. In both cases isotope transport is described using the advection-

dispersion equation:

aoc) o [, aC\  9(q0)
)0 (1p2C) 24 g »

QDE 0z

with the tracer concentration C, the dispersion coefficient D, and the root water uptake

S from Eq. 3.3. D is defined by:

AL q
0

D= + Dy - T (3.7)

with the longitudinal dispersivity Ar, the molecular diffusion coefficient in free water
Dy and a tortuosity factor 7. In order to simulate isotope transport, delta notations

were translated into concentrations.

All spatially distributed climatic parameters, such as initial condition for precipitation
amount and composition of isotopes in precipitation, temperature, relative humidity as
well as evaporation, transpiration and interception are specified by input data time
series and described in the following. Input parameters such as transpiration and
evaporation depth as well as definition of texture of soil layers are estimated in a defined
range (section 3.4.2). In the time series all days before sampling took place serve as
model calibration. At most sampling sites two years of input data are provided, thus

the calibration period is around 730 days.

3.4.1 Model input data: time series

As mentioned above SWIS, requires time series of (1) the climate parameters precipita-
tion, relative humidity and air temperature, (2) isotope composition in precipitation and

(3) plant and soil parameters like evaporation, transpiration and interception. Ideally
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time series of daily measurements over two years before sampling was started would be
used. None of these time series were measured during the BioChance project nor during

this thesis, thus public climate stations, approximations and equations were consulted.

3.4.1.1 Precipitation, relative humidity and air temperature

For each sampling site, precipitation, relative humidity and air temperature data were
taken from the nearest climate station which provided daily values over the two years be-
fore sampling took place. All selected climate stations are run by the Landwirtschaftliches
Technologiezentrum Augustenberg (LTZ). While in Forchheim, Welschingen, Buggingen
and Laufen climate stations where nearby and almost at the same elevation, Kupferzell
and Kraichtal needed a special treatment; moreover, climate data of Marbach have to
be evaluated carefully because there was no nearby climate station at a similar elevation
(Fig. 3.5). The height difference between the sampling site Marbach and the climate
station St. Johann is around 300 m. In Kupferzell no climate station was nearby; there-
fore, climate data were inverse distance weighted using the data of Ilshofen, Zweiflingen
and Renzen-Pferdelberg. Interpolated data (u) in Kupferzell (z) are calculated based
on input climate data (u; = u(x;)) of the three climate stations mentioned before (i =

1,2,3) using the following equation:

u(z) = Z _wi)ui (3.8)

with

w;(x) = - (3.9)

The linear distance between the climate stations and sampling site Kupferzell is de-

scribed by d(z, x;).

Climate station Stifterhof could be detected as the nearest climate station to the sam-
pling site in Kraichtal. Because Stifterhof did not provide data for the whole period,
inverse distance weighted data of climate stations in Helmheim and Stetten were taken

to fill missing values.
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In Biederbach no climate station of the LTZ or DWD is nearby, except weekly measure-
ments from St. Wilhelmer Tal. Weekly measurements could be accessed too late; thus,

Biederbach is excluded in this thesis.
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FIGURE 3.5: Overview of sampling sites (red), climate stations (blue) and GNIP sta-

tions (black) with elevation data in m a.s.l.. Numbers of sampling sites are repeated at

climate and GNIP stations to clarify of which station climate data was taken from for

modeling. For example, for the modeling in Kupferzell (1), climate stations la, 1b and
1c are taken and GNIP station in Stuttgart (1).

3.4.1.2 Isotope composition of precipitation

For the years 1970 and 2013 monthly data on isotope composition in precipitation is
available from climate stations within the Global Network of Isotopes in Precipitation
(GNIP), they are referred to as GNIP stations in the following. Closest GNIP stations
to the sampling sites in this study are located in Karlsruhe, Stuttgart, Konstanz and

Weil (Fig. 3.5).

Furthermore, daily measurements on isotopes in precipitation are supplied by the Umwelt-

bundesamt (UBA) at Schauinsland and weekly values are supplied by the Chair of



28

Chapter 3 Methods

Hydrology at St. Wilhelmer Tal. Missing values in both time series were linearly inter-

polated. However, high resolution data from Schauinsland and St. Wilhelmer Tal are

specific for the Black Forest.

For the modeling in this thesis daily isotope data for the years 2012 to 2015 are required.

Because there are not enough climate stations in the area that offer daily isotope data,

ten approaches to model daily isotope composition from monthly GNIP values were

tested. In the following the ten approaches are described:

la)

2a)

Monthly mean GNIP: Isotope data at GNIP Stations (Weil am Rhein, Konstanz,
Karlsruhe, Stuttgart) is available for the years 1980 (4 2-5 years depending on the
station) to 2013. Because more recent data is not available yet, longtime monthly
means were aggregated. For each day of a month the same value is assumed, daily

variations are neglected in this approach.

Monthly mean altitude corrected: Monthly GNIP data were corrected by a height
factor by Siegenthaler & Oeschger (1980). They calculated the following factors

for the Swiss alps:

d18s
7 = +H04%0/°C = ~0.26%0/100m (3.10)
for oxygen-18 and
25 .
7 = +8%0/°C = ~1.5%/100m (3.11)

for deuterium. According to Gat et al. (2001), the factors for Central German
Uplands like the Black forest are higher. In this work the above mentioned factors
are applied, because there were not found plausible values for both oxygen-18 and
deuterium in the Black forest. After altitude correction, the longtime monthly

means were aggregated as in approach 1.

Ten years monthly mean: Within the last ten to fifteen years an increase in tem-
perature and a shift of yearly means of oxygen-18 and deuterium could be observed
(Stumpp et al. (2014)); therefore, monthly means of the last ten (from 2003 till

2013) years were taken. Daily variations are neglected in this approach.

Ten years monthly mean with altitude correction: GNIP isotope data was corrected
by altitude factor as in approach la). Afterwards monthly means of the last 10

years were aggregated like in approach 2.



Chapter 3 Methods 29

3a)

4a)

ba)

Linear temperature regression: Linear regression of the relative concentration of
deuterium and oxygen-18 as a function of temperature was performed with monthly
values of GNIP stations. Using the given function, daily values for deuterium and
oxygen-18 were calculated for the sampling sites from the available daily temper-
ature data. Further analysis of the correlation of isotope values and temperature

is given in section 4.2.

Linear temperature regression with altitude correction: Approach 3 was performed

after GNIP isotope data were corrected by an altitude factor (approch 1a).

3rd order temperature regression: Similarly to approach 3, third-order polynomial
regression of deuterium and oxygen-18 relative concentrations as a function of
temperature was performed with monthly values from the GNIP station. Using
the obtained function, daily values for the relative concentrations of deuterium

and oxygen-18 were calculated for the sampling sites.

3rd order temperature regression with altitude correction: Similarly to approach
3a), 3rd order temperature regression was applied on altitude corrected GNIP

data.

Volume weighted: Linear regression of deuterium and oxygen-18 relative concen-
trations as a function of temperature was performed with monthly values from
the GNIP station. Using the obtained function daily values for deuterium and
oxygen-18 were calculated for the sampling sites (see approach 3). Daily values
were corrected by the difference between ten year monthly isotope mean from the
GNIP station (see approach 2) and precipitation volume weighted monthly isotope

means at the sampling site.

Volume weighted and altitude corrected: Approach 5 was repeated with altitude
corrected GNIP data.

The ten approaches were tested with monthly data from the GNIP station in Weil

and compared to measurements from Schauinsland and St. Wilhelmer Tal (Fig. 3.5).

Residuals from simulated isotope time series from the ten approaches were consulted to

find the approach which performed best. The approach with the best performance was

selected to model daily isotope time series for all sampling sites. Selected respective

GNIP station was the nearest station as illustrated in Fig. 3.5.
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3.4.1.3 Evaporation, transpiration, interception

Three approaches to model evapotranspiration were tested in this thesis. Equations of
Hargreave and Penman are taken from DVWK (1996). In 1975 Hargreave developed
a simplified approach to calculate potential evapotranspiration without radiation data,

making the following assumptions:

0.0023 - R
EETprar = TO : (Tmax - Tmin)0'5 : (Tmean + 178) (312)

with the potential evapotranspiration ErTp—mar in mm, and the daily evaporation equiv-
alent of extraterrestrial radiation (Ro/L) in mm, daily maximal (Tnax), minimal (Timin)
and mean (Tjnean) temperatures in °C. Extraterrestrial radiation Ry in J/cm? is approx-
imated from the following equations with the date as a continuous number of days (Jr)

and the latitude (¢) in degree of latitude:
Ry =245-(9.9+ 7.08 - sin(¢) + 0.18 - (¢ — 51.0) - (sin(¢) — 1)) (3.13)

and

¢ =0.0172- Jp —1.39 (3.14)

The latent heat of vaporization L in J/cm?/mm is calculated as follows:

L =249.8 — (0.242 - Tinean) (3.15)

Additionally, a simplification by Wendling (1991) of an approach by Penman (1956)
is tested in this thesis (DVWK 1996). The potential evapotranspiration EgTp—penm 1S
calculated from the daily sum of global radiation Rg in J/cm?, the latent heat of vapor-
ization L in J/cm?/mm (as described in equation 3.15), the proportion of astronomically
possible duration of sunshine (Sy) and sunshine duration during equinoxes Sg = Sy/12
in hours, daily means of temperature Tiean in °C, daily mean relative air humidity U

in % and daily mean of wind velocity ve in m/s:

0.60 - Rg

L

EETp—Penm = g(T) : ( 100

+0.66- (1+1.08-vy) - (1 - U) : SR> (3.16)
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with
Tinean + 22

T) =23 ———
9(T) Tomean + 123

(3.17)
Both approaches mentioned above have their disadvantages. On the one hand, the
Hargreaves equation is a broad approximation without taking into account radiation
measurements. On the other hand, the approach due to Penman-Wendling is more com-
plex and requires a lot of measured time series (radiation, sunshine duration, humidity
and wind velocity) which are not available for all sampling sites in this thesis. Thus,
the following third approach is chosen to calculate potential evapotranspiration in this

thesis:

All selected climate stations provide daily data of climatic water balance. Climatic
water balance (Wcwp) in mm according to DIN 4049-3 is defined as the difference

between precipitation (P) and potential evapotranspiration (EgTp—ra0):

Wews = P — EgTp-rao- (3.18)

Evapotranspiration (EgTp—ra0) in the climatic water balance (Wcwg) is modeled ac-
cording to the FAO-56 Penman-Monteith equation. Penman Monteith equation is a
method from Penman, which was further developed by Monteith by introducing resis-

tance factors, and standardized in 1990 by the FAO as follows:

0.408 - A(Rp — G) 47 - 72z - U - (€5 — €4)
A+")/'(1+0.34‘UQ)

EgTp-FAO = (3.19)
where EpTp_rao is the reference potential evapotranspiration in mm; R, is the net
radiation at the vegetation surface in MJ m~2; G is the soil heat flux density in MJ
m™2; Thean is the mean daily air temperature at 2 m height in °C; wus is the wind speed
at 2 m height in m/s, es is the saturated vapor pressure in kPa; e, is the actual vapor
pressure in kPa, accordingly; es — e, is the saturation vapor pressure deficit in kPa; A
is the slope of the vapor pressure curve in kPa/°C; and ~ is the psychrometric constant

in kPa/°C.

When calculating potential evapotranspiration (Egrp—rao) from climatic water balance

(Wews) and precipitation is smaller than climatic water balance, evapotranspiration
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values are set to zero, to avoid negative evapotranspiration values. These values are

assumed to be outliers.

For the SWIS model applied in this thesis, daily time series of evaporation (E,), tran-
spiration (7)) and interception (I,) are needed. The part of of the total potential
evapotranspiration (Egr,—ra0) due to transpiration (7),) is obtained from the coverage

with vegetation (/) in percent which in turn is calculated from the leaf are index (Apa1):

Ty = Exrp-rao * 3 (3.20)

B=1—e 0>Aar (3.21)

This approach of calculating transpiration is applied in the MONICA- model by Nendel
et al. (2011). MONICA, simulation model for nitrogen and carbon dynamics in agro-
ecosystems, was developed for the assessment of climatic change impact on agricultural
production (Nendel et al. 2011, 2014). The model is based on former approaches by
McVoy et al. (1995), Diekkriiger et al. (1995), Kersebaum (1995). One part of MONICA
was designed to describe plant growth processes, including transpiration, and is used in

this thesis (ZALF Leibniz-Zentrum fiir Agrarlandschaftsforschung 2012).

Daily potential evaporation (E,) in mm was calculated as the difference between poten-

tial evapotranspiration (EgTp—ra0) and transpiration (75,):

E, = Egrp_rao — T (3.22)

Daily potential interception (I,) in mm was calculated with a non-linear regression
according to von Hoyningen-Huene (1983), with precipitation P in mm and leaf area

index Arar:

I, = —0.42 + 0.245P + 0.2Apo1 — 0.0111.P% + 0.0271P - Apa1 — 0.010947 ;. (3.23)

Although this approach was proposed for crops based on field experiments, several stud-

ies found that the equation performed well on non-crop systems (Bulcock & Jewitt 2009,
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Kozak et al. 2007, Tesfuhuney et al. 2013). For instance, Schulze (1995) in Bulcock &
Jewitt (2009) suggested the Hoyningen-Huene approach for an agrohydrological model.
However, other studies like Gémez et al. (2001) and de Jong & Jetten (2007) found de-
viating relationships for olive and coniferous trees. Just to give an overview of possible

methods they are introduced in the following.

Based on the findings of Aston (1979), Valante et al. (1997), Llorens & Gallart (2000),
Dijk & Bruijnzeel (2001), de Jong & Jetten (2007) were able to define the following
relationship between interception (I,) and leaf area index (Apay) for conifers (Pinus

species, Douglas Fir and Spruce):

I, =0.282- Apap (3.24)

Doing field experiments on leaf area index of olive trees combined with the measurements
of average storage capacity of an olive leaf done by Leon & Bukovac (1978), Gémez et al.

(2001) obtained the following equation:

I, = 1.184 + 0.490 - Apap (3.25)

Besides the mentioned studies there were no particular studies done in broad-leafed
deciduous forests with willow or poplar; therefore, the most common and widespread
approach of von Hoyningen-Huene (1983) is used in this thesis under the assumption

that it fits well in agroforest systems.

Interception and transpiration are calculated only for days during the growing season.
In the non-growing season, interception and transpiration are considered to be negligible

and set to zero.

Because leaf area indices for the calculation of interception and transpiration and are
not measured in this thesis, they are selected from literature. Since von Hoyningen-
Huene (1983) tested their model with measurements on maize, wheat and turnip, a
mean of leaf area indices of maize measured by von Hoyningen-Huene (1983) is used
for maize samples in this thesis. In 2000, Tharakan et al. (2005) measured different
morphological traits on 30 three-years-old willow clones in a short-rotation coppice in

Tully, New York. Barigah et al. (1994) did a similar study in Orsay, France, with five
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one-year-old poplar clones. They examined morphological traits on two fast-growing
and high-producing interamerican Populus trichocarpa x Populus deltoides hybrid clones
(Raspalje and Beaupré); two native American clones Populus trichocarpa (Columbia
River and Fritzi Pauley) and one Populus deltoides x Populus nigra clone (Robusta)
(Barigah et al. 1994). As explained in the introduction, especially willow species like the
Swedish clones Tora, Tordis and Jorr and poplar hybrids like Robusta are cultivated in
Germany (Landgraf et al. 2009). Considering for instance that poplar stands sampled
in this thesis are twice as high as poplar stands mentioned in Barigah et al. (1994), a
modification of the literature values is necessary. In Table 3.1, leaf area indices from the
literature are listed. They establish the range within which the leaf area index is varied
in this thesis.

TABLE 3.1: Leaf area indices (Apay) of different species.

Species/ Clone Age [yrs] Height [m]  Apar [m?/m?]  Studysite Reference

Saliz alba 3 1.88 1.6 Tully, New York  Tharakan et al. (2005)

Saliz purpurea 3 2.46 (mean) 3.5 (mean) Tully, New York  Tharakan et al. (2005)

Robusta 1 1.8 0.82 Orsay, Barigah et al. (1994)

(P. deltoides = P. Paris, France

nigra)

Maize 1 - 3.5 Braunschweig, von Hoyningen-Huene (1983)
Germany

3.4.2 Parameter estimation

Parameter estimation was performed on LAI and seven parameters that can vary be-

tween sampling sites, and are not measured during field work:

1. The input parameter transpiration depth is based on rooting depth of the vege-
tation. Because rooting depths of willow and poplar or crops vary a lot depending
on species, clone, soil texture and age, it could not easily be defined. In Kutschera
& Lichtenegger (2002), rooting depth for willow and poplar species vary between
1 m to 2.3 m. Taking into account that measurement was performed between the
rows and grassland was sampled as well, values between 10 to 250 cm were used

in the parameter estimation (Tab. 3.2).

2. Similarly to transpiration depth, a definition of evaporation depth was not
possible either. Furthermore, variations of evaporation depth should be compared

between SRC and open sites like grassland and crops or uncultivated sites. Smallest
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TABLE 3.2: Parameters of the model SWIS and their ranges used for simulation. Notes:

L all textures defined in Van-Genuchten-parameter are possible; ? depending on field

notes and BK50; ? saturated hydraulic conductivity [cm/d] and porosity [-] are varied
in relation to the value given in Van-Genuchten-parameter for soil texture.

Model Step Parameter Unit Explanation Min  Max step size

I. leaf area index - 0.8 3.5 0.1

II. /111 Transpiration depth cm  depth to which transpiration occurs 10 250 10
depending on rooting depth

II. /T11. Evaporation depth cm  depth to which evaporation occurs 10 50 10

II. /T11. Upper soil layer - soil texture near the surface - - 12

II. /111 Bottom soil layer - if multiple layers occur, texture of - - 12
second soil layer

IL./II1. Depth of bottom soil e¢cm  depth at which second/bottom soil 10 100 2

layer layer begins
IV. Ky %  saturated hydraulic conductivity 203 4203 10
IV. n %  porosity -103 4103 5

possible values were defined as 10 cm depending on cell size of the model and
highest values were approximated based on average plowing depth of 30 cm to 50

c1m.

3. Possible values for soil texture and layers were obtained via field analysis and
from BK50. If both specifications differ from each other, a combination of both
was tested (Tab. 3.2).

4. In case of two soil layers, the depth of the second soil layer varied according

to information from field analysis and BK50 (Tab. 3.2).

5. To answer the question whether soil hydraulic properties change with a changing
vegetation, Van-Genuchten-parameters saturated hydraulic conductivity K
and porosity n were varied within a defined range. In order to achieve com-
parability, saturated hydraulic conductivity was varied by £20 % of the original
Van-Genuchten value in steps of 10 % and porosity by +10 % of the original
Van-Genuchten values in steps of 5 % (Tab. 3.2). These percentages were chosen
arbitrarily, but if they were any bigger, a different soil texture would have to be

used.

As described above, Van-Genuchten-parameters are specific to each soil texture. Because
the sampling site Aulendorf is situated in a fen, modeling by using Van-Genuchten-
parameter was not possible without further treatment, so the sampling site was excluded

from the modeling in this thesis.
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3.4.3 Sensitivity and uncertainty analysis

Sensitivity analysis (SA) was applied in order to characterize the confidence bounds of
the model output and answer the question of how uncertain inferences from the model
are; moreover, factors that are mostly responsible for the uncertainty in the prediction
were identified (Saltelli & Annoni 2010, Saltelli et al. 2008, Cariboni et al. 2007, Sieber
& Uhlenbrook 2005). In conventional Monte Carlo analysis of models, models are run
for all possible combinations of model parameter values. Owing to long processing time
of the SWIS model, a complete Monte Carlo analysis with millions of randomly sampled
parameter values was impossible; therefore, the defined ranges for all parameters (Tab.
3.2) were split into equal intervals and one parameter value was taken from each interval.
There are other approaches to achieve a reduced but still random sampling strategy,
like Latin hypercube sampling as published by McKay et al. (1979) and applied in
hydrological modeling for example by Sieber & Uhlenbrook (2005). But in terms of
explanatory gain a more random sampling seemed not to be necessary; furthermore, not

all parameter values are numeric.

To analyze the model runs, a graphical sensitivity analysis was done, plotting model
efficiency index against value of parameter. Kling-Gupta-efficiency (KGE) was used
as model efficiency index, further explanations in section 3.4.4. Uncertainty analysis
was performed via residual plots illustrating in percent how well the model fits the
observed values at which depths, taking into account a confidence interval of pm5 %. The
confidence interval of pm5 % is defined as an approximation of the standard deviation of
the isotope measurements. Additionally, Pearson-r, the variability ratio « and the bias
ratio B are given to characterize the relationship between simulations and observations.
After finding the parameters that produce the best model fit, they are used to extrapolate
to a depth of 3 m.

In Fig. 3.6 the approach to incorporate sensitivity and uncertainty analysis is shown.

Modeling and SA were executed in five steps.

Step I. As leaf area indices are not measured and literature values are not available for
all species, or species of the same age, leaf area indices are fitted using the SWIS
model. Because leaf area index is needed to model transpiration and interception

input data series, it is excluded from the fitting of the rest of the parameters and
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Step II.

Step IIL.

Step IV.

Step V.

follows the approach of one-at-a-time (OAT) sensitivity analysis. OAT-SA means
analyzing the effect of varying one model input factor at a time while keeping
all other factors fixed (Saltelli & Annoni 2010). According to Saltelli & Annoni
(2010) OAT-SA is a widespread approach even though it makes several simplifying

assumptions that are not always satisfying.

LAIs found in step I, are implemented in the input data. A limited number of
parameter value combinations is used in order to reduce computing time. Non-
sensitive and sensitive parameters are detected by the variability of the efficiency
index. Those which show an effect on model efficiency are defined as sensitive
parameters, those who do not as non-sensitive ones. Non-sensitive parameters
are fixed at a plausible value within the defined range (factor fixing). Individual

considerations are described in the results

Sensitive parameters are varied with a higher frequency within the defined range.

Sensitivity and uncertainty analysis supply the best fit.

With the best fitting parameter set found in step III, two further parameters are
optimized: saturated hydraulic conductivity (Ky) and porosity (n). Because of

time issues this is not embedded in step III.

With the best parameter fit of step III, SWIS is run with two compartments (micro-
pores, meso-/macro-pores). Because of time issues this step was not performed
with optimized saturated hydraulic conductivity (K() and porosity (n) from step
IV; moreover, dispersivity between the compartments was set to a fix value of no

exchange.

3.4.4 Model efficiency index

Several studies showed that correlation-based measures in itself cannot provide suffi-

cient evaluations of the goodness-of-fit of model simulations (Legates & McCabe 1999,

Krause et al. 2005, Wagener et al. 2003). For example the coefficient of determination

(r?) should be used in combination with observed and modeled means and standard

deviations as well as absolute error measures (Legates & McCabe 1999). Gupta et al.

(2009) developed an efficiency index called Kling-Gupta-Efficiency (KGE). It combines

Pearson’s product-moment correlation coefficient (r), the ratio between the mean of the
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simulated values and the mean of the observed ones (bias ratio, 3) and the ratio be-
tween the standard deviation of the simulated values and the standard deviation of the

observed ones (variability ratio, a), as follows:

KGE=1—+/(r—1)2+ (a—1)2+ (3 —1)2 (3.26)

Kling-Gupta-efficiencies range from —inf to 1. Essentially, the closer to 1, the more
accurate the model is. For finding the best parameter value combination, the mean
KGE (KGEpean) of 6180 KGE (KGEp) and 6°H KGE (KGEp) was optimized. To
evaluate whether there is a systematically shift between model and observations, KGE

was calculated without the bias ration (5):

KGE, 10 =1—/(r—1)2+ (a —1)2. (3.27)

Here again mean KGE (KGEpean(r + @)) of §180 KGE (KGEo(r + «)) and 6°H KGE
(KGEp(r + «)) was calculated. Moreover, Pearson’s product-moment r, variability

ratio a and bias ratio 8 are considered separately in the analysis of model runs.






Chapter 4

Results

The following part is structured as follows: first, the results of direct equilibration,
desorption and cryogenic extraction are presented and compared; second, the results
from the ten approaches to simulate input data of isotopes in precipitation are compared;
third, evapotranspiration according to Penman, Hargreave and FAO56 are compared for
the example of sampling site Forchheim; fourth, results from LATI optimization in model
step I are presented; fifth, model results for model steps III to V are described for
each sampling site beginning in Kupferzell, northern Baden-Wuerttemberg, going south
to Welschingen, southern Baden-Wuerttemberg; sixth, best fit results from all sampling

sites are compared to each other in order to draw conclusion about the research questions.

4.1 Isotope analysis

As described earlier, test measurements of isotope analysis after desorption were per-
formed for samples with sandy, silty and loamy soil texture; moreover, silty profile 2

from sampling site Kraichtal was cryogenically extracted, desorped, and equilibrated.

Isotope values of test measurements in Forchheim (sand), Kraichtal (silt), Biederbach
(loam), Buggingen (loam), Laufen (loam) and Kupferzell (loam) show similar patterns
for both methods, equilibration and desorption. Variations between the methods are
within a range of & 0.7 %o for 80 and + 1.9 %o for 62H (Tab. 4.1). The smallest

difference between the methods was observed in Biederbach with a loamy soil texture

41
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as well as in Kraichtal with a silty soil texture. Sandy soil samples of Forchheim are
slightly (+0.5 %o for 6*¥0 and +1.2 %o for 62 H) more depleted in isotope signature after
desorption (Tab. 4.1). A general influence of soil texture on isotope composition after
desorption could not be observed. In other words, differences between the methods are

not correlated to soil texture.

Desorption duration times depend strongly on the water content of the soil sample.
Laufen and Buggingen had highest water contents and drained most rapidly. Within the
first 30 min, 1 ml of soil water was collected; whereas, barely 1 ml could be collected from
the soil sample of Kupferzell after 7.5 hours. To get an idea if evaporation occurs or if
isotope signature changes over time, samples from Buggingen, Laufen and Kraichtal were
measured twice. First after 30 min to 1 hour and second after 2.5 hours in Buggingen,
4.5 hours in Laufen and 17 hours in Kraichtal. No decrease of deuterium-excess after
desorption could be observed between the time intervals (Tab. 4.1). In Kraichtal,
deuterium-excess even increases. Therefore, evaporation from the vials seems not to be
relevant.

TABLE 4.1: Isotope test measurements of desorption (des) after filter conditioning in
comparison to equilibrium (equi) data, with deuterium-excess of desorption (d-eXges)
and desorption time.

soil texture —site profile depth [em] 0'%¥Oequi [%0]  6*Hequi [%0] 6'804es [%0] 62Haes [%o] d-eXqes [-]  desorption
duration
[h]
sand Forchheim 3 50-60 -7.5 -57.99 -8.05 -59.2 5.17 15
silt Kraichtal 3 30-40 -9.44 -67.43 -9.58 -67.9 8.74 1
-9.62 -66.92 10.05 17
loam Biederbach 1 30-40 -11.53 -81.35 -11.52 -81.51 10.61 14
loam Buggingen 3 40-50 -11.2 -87.86 -11.13 -84.84 4.19 0.5
-11.34 -86.08 4.62 2.5
loam Laufen 4 60-70 -7.58 -57.21 -8.37 -59.74 7.77 0.5
-8.3 -59.13 7.24 4.5
loam Kupferzell 2 50-60 -7.73 -60.09 -7.06 -51.43 5.02 7.5

Desorption and equilibrium measurement results of Kraichtal profile 2 are in the same
range as well. In the first 40 cm depth, deuterium values of desorption are slightly more
positive than deuterium values of direct equilibration; furthermore, desorption values for
5180 are slightly more negative in the first 100 cm depth (Fig. 4.1). The huge difference
between isotope values of 10 and 20 cm depth after direct equilibration could neither
be observed after desorption nor cryogenic extraction. Besides these differences, both
methods yield values within the same range. Isotope values from cryogenic extraction
have a depleted signature in comparison to the other two methods, especially below 100

cm. Gravimetric water content is assumed to be 0 after cryogenic extraction. In some
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FIGURE 4.1: Comparison of cryogenic extraction, desorption and equilibrium methods
with measurments of Kraichtal profile 2. Filled dots symbolize values were residual
water content after drying was > 0.01 g.

depths cryogenic extraction did not completely extract pore water. Isotope analysis in
these depth might be inaccurate, because is does not represent the isotope signature of
the whole pore water (filled red dots in Fig. 4.1). However, only deuterium-excess in

220 cm depth seems to be an outlier.

Differences between all three methods can be observed in deuterium-excess. While equi-
librium has comparably lowest deuterium-excess values around 5, desorption deuterium-
excess is almost constant at 10 with exception of values at 100 cm depth. Deuterium-
excess of cryogenic extraction lies between 5 and 10 till 100 cm depth and increases

below 100 cm.

In conclusion, cryogenic vacuum extraction had a significantly more depleted isotope
composition in comparison to the other two methods. However, the isotope signatures
of direct equilibration and desorption were almost identical for all soil textures; thus,
both methods seem to extract water from the same pore space. Further elaborations on

this in the discussion.
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4.2 Input data of isotopes in precipitation

For the years 1970 and 2013 monthly data on isotope composition in precipitation is
available from GNIP-stations. Furthermore, daily measurements on isotopes in precipi-
tation are supplied by the Umweltbundesamt (UBA) at Schauinsland and weekly values
are supplied by the Chair of Hydrology at St. Wilhelmer Tal. For the modeling in
this thesis daily isotope data for the years 2012 to 2015 are required; therefore, ten
approaches were tested with monthly data from the GNIP station in Weil and com-
pared to measurements from Schauinsland and St. Wilhelmer Tal in order to classify
the performance of each approach. The ten approaches are: (1) monthly mean GNIP;
(la) monthly mean GNIP with altitude correction; (2) 10 years monthly mean; (2a)
10 years monthly mean with temperature correction; (3) linear temperature regression;
(3a) linear temperature regression with altitude correction; (4) 3rd order temperature
regression; (4a) 3rd order temperature regression with altitude correction; (5) volume
weighted; (5a) volume weighted and altitude corrected. Because the UBA station at
Schauinsland did not provide precipitation data, approach 5 was only applied on St.

Wilhelmer Tal data.

The basis for daily approaches is an approximation of the relationship from temperature
and isotope value. The relationship was obtained by fitting a linear (approach 3) and a
3rd order polynomial function (approach 4) to 680 and 6?H as a function of temper-
ature. An example for the performance of this fitting for GNIP data in Weil is shown
in (Fig. 4.2). Both approaches result in proper fits with an R? of 0.5 and standard
deviations of + 1.9 for both functions (Fig. 4.2).

o o
9 @
= =
£ o Lo
& &
‘_@ v | o 0
© O linear model © O 3rd order polynomial model
. R2=0.54 o | R?=0.56
N std.dev. +/- 1.94 o std.dev. +/-1.91
O observations GNIP Weil © O observations GNIP Weil
& &
T T T T T ' T T T T T
-10 0 10 20 30 -10 0 10 20 30
Temperature [°C] Temperature [°C]

FIGURE 4.2: Linear and 3rd order polynomial correlation with oxygen-18 and temper-
ature measurements of Weil data.
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In Fig. 4.3 and Fig. 4.4, boxplots of the residuals of §'%0 illustrate the performance of
the applied approaches. Approaches which model daily values (3,4,5) could not achieve
a better fit than those modeling monthly means (1,2). Particularly when using daily
measurements from Schauinsland, daily approaches (3 + 4) fit less. When applied to
data of St. Wilhelmer Tal, altitude corrected approaches produce generally better fits
than those without height correction; whereas, when applied to data of Schauinsland,

those approaches fit less well.

As mentioned in section 3.4.1.2 altitude correction factors depend on the absolute al-
titude difference between two sampling points. Hence, the altitude difference between
WEeil and Schauinsland with around 1000 m is much bigger than between Weil and St.
Wilhelmer Tal with around 300 m, altitude correction factors have to be adapted. Dif-
ferent values for the altitude correction factor found by Siegenthaler & Oeschger (1980)
were tested. A reduction of altitude correction factor leads to a smaller median of the
residuals at Schauinsland data; thus, the variance of simulated to observed values is
smaller and the model fits better. However, an optimal altitude correction factor could

not be found, models without altitude correction still performed better.

To conclude, while approach la ‘longtime monthly mean of GNIP data with altitude
correction’ performed best on weekly St. Wilhelmer Tal data, approach 1 ‘longtime
monthly mean of GNIP data’ showed the best performance for daily Schauinsland data.
Because the altitude difference between the remaining sampling sites and GNIP stations
is marginal, except Marbach, altitude correction is of minor importance; therefore, ap-
proach 1: longtime monthly mean is performed for all sampling sites, except Marbach, in
the following. In Marbach altitude difference to the nearest GNIP station in Stuttgart is
around 300 m. This altitude difference is similar to that between Weil and St. Wilhelmer
Tal; thus, approach la ‘longtime monthly mean of GNIP data with altitude correction’

is applied at Marbach.
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FIGURE 4.3: Comparison of approaches to model isotope input data for St. Wilhelmer
Tal. (1) monthly mean GNIP; (1a) monthly mean GNIP with altitude correction; (2)
10 years monthly mean; (2a) 10 years monthly mean with altitude correction; (3) linear
temperature regression; (3a) linear temperature regression with altitude correction; (4)
3rd order temperature regression; (4a) 3rd order temperature regression with altitude
correction; (5) volume weighted; (5a) volume weighted and altitude corrected. Notes:
values and solid black line given in the boxplots simulate the median, black dots are
outliers.

4.3 Comparison of evapotranspiration methods

Evapotranspiration methods of Hargreaves, Penman and FAO56 were applied on data
of Forchheim to exemplify the differences between them: see Figure 4.5. In the summer
months of the years 2013 and 2014, Penman evapotranspiration is almost double the
ETp by Hargreveas or by the FAO56. While in 2013 Hargreaves and FAO56 model
similar values, in summer 2014, Hargreave ETp is around 40 mm higher than ETp
by FAO56. FAO56 method is the current standard taking into account energy flows,
aerodynamics and surface resistance; therefore, it is assumed that the method of FAO56
is most precise in comparison to the other two methods. However, it is the only one

which can be calculated for all sampling sites in this thesis.

As described earlier, FAO56 evapotranspiration was calculated from the climatic water
balance. The calculated water balance of sampling site Forchheim is illustrated in Fig.

4.6, with measured precipitation and calculated transpiration, evaporation, interception
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FIGURE 4.4: Comparison of approaches to model isotope input data for Schauinsland.

(1) monthly mean GNIP; (1a) monthly mean GNIP with altitude correction; (2) 10

years monthly mean; (2a) 10 years monthly mean with altitude correction; (3) linear

temperature regression; (3a) linear temperature regression with altitude correction; (4)

3rd order temperature regression; (4a) 3rd order temperature regression with altitude

correction. Notes: values and solid black line given in the boxplots simulate the median,
black dots are outliers.
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FIGURE 4.5: Comparison of potential evapotranspiration methods in Forchheim.

and storage. Precipitation during March 2013 to March 2015 indicate a wet summer
and dry winter. In March, lowest precipitation amount was measured. Calculated
evaporation, transpiration and interception show plausible variations over the course of
the year, high values in summer and low values in winter. Knowing the water fluxes
out of the soil and into the vegetation, like evaporation, transpiration and interception
and precipitation which refills the water reservoir in the soil, storage of soil water was

calculated. A negative flux means that plants take in more water than precipitates in
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that month, a positive storage flux means that water is stored in the soil, or recharges
into groundwater without being uptaken by plants immediately. To conclude fluxes seem

to be plausible and solely FAO56 evapotranspiration is applied in the following.

200 -

100
+ evaporation
transpiration
+ . interception
; - . i i + precipitation
0 -
storage

=100 -

Monthly water flux (monthly means March 2013 — March 2015) [mm]

1 1
01 02 03 04 05 06 07 08 09 10 11 12
Months

FIGURE 4.6: Water balance in Forchheim with water fluxes over two years. Evapora-

tion, transpiration, interception and storage are calculated potential fluxes. Precipita-

tion is measured. Negative storage means that water flux into plants is greater than
flux into the soil.
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4.4 Model steps | to V

In this section, first, best fit leaf area indices for the simulation of transpiration rates
are described for all 7 sampling sites (model step I); second, observations and best
fit simulations of SRC and reference site are compared within one sampling site and
between years of one sampling site (model step II to V); and third, model results and

soil hydraulic properties are compared between the sampling sites.

More detailed, the second part is structured as follows: First general information on
the sampling site itself are given, followed by a description of the observations. Then
the performance of the different model steps is described. Starting with the results of
the sensitivity analysis (model step II and III), proceeding with a comparison of (a)
the model efficiency after fitting soil hydraulic properties (Ky and n) in model step IV
and (b) the results of the multi-pore model step V. Afterwards a detailed description of
the best fit simulation follows and a conclusion is drawn from the differences between
SRC and reference site is drawn. The sampling sites are described in the order of
their geographical location in Baden-Wuerttemberg, beginning north in Kupferzell and

finishing south in Welschingen.

Beforehand some explanations of terms used in the following;:

1. A depletion horizon is a depth range within which the isotope concentration is rel-
atively low. Depth ranges with relatively high isotope concentrations are referred
to as enrichment horizon. Figure 4.7 exemplifies the shape of isotopes over depth
and the ranges which are referred to as depletion and enrichment horizons. As
described earlier, infiltrating precipitation presses pore water which is already in
the pores deeper into the ground. To some extent this depth is modified by mixing
and evaporation. Nevertheless, depletion and enrichment horizons give at least
an approximation of the infiltration depth of precipitation of winter and summer

months.

2. As mentioned earlier, sensitive parameters influence model efficiency, therefore,
a distinct maximum for one parameter value should be visible when comparing
model efficiency of parameter values. Figure 4.8 exemplifies how the shape of a

best practice sensitive parameter should look like, when plotting model efficiency
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over parameter values. Every dot in the sensitivity plot Figure 4.8 is one model
run. Moreover, during model runs one parameter value is fixed while all other
parameters and their values vary. The latter explains the range of model efficiencies
of model runs for one parameter value. The box of the violin plot drawn around
the dots, illustrates a smoothed probability density of the model runs at different

model efficiencies.
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4.4.1 Model step I: Leaf area index at all sites

Model step I was performed in order to select leaf area indices for the calculation of
interception and transpiration. LAI was varied between 0.8 to 3.5 by 0.1 as defined in

section 3.2. All other parameters were fixed at the following values:

transpiration depth at 100 cm

e evaporation depth at 10 cm

soil texture top layer, soil texture bottom layer and depth of the bottom layer were

fixed to the textures given in BK50

saturated hydraulic conductivity and porosity were fixed at the values given in

Van-Genuchten-parameters.
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A sensitive behavior of leaf area index as described in Fig. 4.8 could only be observed at
willow profiles 2 and 3 in Buggingen (2015) (Fig. B.6), and willow profile 4 in Forchheim
(Fig. B.3). From these three profiles it is concluded that a leaf area index around 2
seems to fit well at willow plantation sites. Grassland and poplar profiles in Kupferzell
had best model efficiency at leaf area index of 1.9 (Fig. B.1). Furthermore, poplar and
uncultivated profiles from sampling site Kraichtal achieved best fits at leaf area index
of 1.8 (Fig. B.2). In the latter two cases of Kupferzell and Kraichtal local maxima are
used, because the global maximum is not plausible when referring to the leaf area indices
from literature. Simulations for profiles 1 to 3, 4 and 6 in Forchheim perform equally
well for leaf area indices from 0.8 to 1.9, performance decreases with LAI bigger than
1.9 (Fig. B.3). The remaining profiles are either not sensitive to leaf area index or do
not have a local or global maximum (Fig. B.5, B.4, B.7, B.8, B.9, B.10). Because of
these unreliable results and the uncertainties brought by the equations of interception
and transpiration as explained in section 3.4.1.3, leaf area index is set to a mean of 1.9

for further modeling steps.

4.4.2 Model steps |I-V: Kupferzell

Sampling in Kupferzell was performed mid of April 2015, in an area which is flat to
slightly prone. Profile 1 and 3 are placed in extensively cultivated SRCs, profile 1 in a
willow plantation and profile 3 in a poplar plantation. The willow plantation was cut
down once, hence plants are at least 4 years old. SRCs were planted with 180 cm space
between the rows and 2.5 trees per square meter within rows. The reference, profile 2,
was drilled on grassland next to the SRCs. Drilled profile depths in Kupferzell are 125,
76, and 92 cm for profiles 1 to 3. Observed data of §'%0 and §2H from all sites show
only marginal variations in the upper 10 to 30 cm (Fig. C.1, C.2, C.3). Below 30 cm,
isotope values are almost constant. Thus, no seasonal variations are displayed in depth
and the data does not support the hypothesis mentioned in the introduction. Observed
volumetric water content varies between 0.2 and 0.5 in all profiles and no trend can be
detected (Fig. C.1, C.2, C.3). Deuterium-excess shows especially in the first 20 cm of
depth evaporation effects, these effects decrease with depth for profile 1 and 3 (Fig. C.1,
C.3). For profile 2 deuterium-excess decreases to 5, showing evaporation effects till 70

cm of depth (Fig. C.2).
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In the following the results from the sensitivity analysis are described:

Soil texture: The soil texture parameter from the top soil layer was the same in BK50
and field notes; thus, only texture of bottom soil layer (Tu2 and Lt2) and depth
of bottom layer were altered in the model runs. Bottom soil layer alteration did
not impact model efficiency. Therefore, top soil texture could be defined as silty
loam (Lu). Below 30 cm clay content increases in field notes, hence texture from

bottom soil layer is defined as slightly silty clay (Tu2).

Transpiration and evaporation depth: When varying the transpiration depth, no
clear maximum in model efficiency could be detected. The changes in model
efficiency between sets of model runs with different transpiration depths are much
smaller than the changes within each set with a fixed transpiration depth (Fig.
D.1). However, evaporation depth could be detected as a sensitive parameter with
best fit values at 50 cm depth (Fig. D.2). It was concluded that transpiration
depth did not have a major impact on model efficiency, and alterations can be
better explained by a change in evaporation depth. However, both parameters

were set to the value showing a maximum in KGFEeqn (Tab. 4.2).

Saturated hydraulic conductivity Ky and porosity n: When adjusting Ky and n
in model step IV, model efficiency (KGEeqn) increased, hence these parameters
are sensitive. While in the reference profile 2 and poplar profile 3, best fit was
achieved with increasing saturated hydraulic conductivity (Ky) and porosity (n),

for profile 1 it was achieved with a decrease in both (Tab. 4.2).

Multiple compartments: At SRC profiles 1 and 3, model step V simulates observed

isotope signature over depth even better.

Best model runs: However, model efficiency (K G Eeqn) of profiles 1 and 3 is below
0 for all model steps; therefore, the validity of the model results is limited (Tab.
4.2). A best model efficiency (KGFEnmean (r + @)) of 0.25 is achieved for profile 2
which is still a poor efficiency (Tab. 4.2). Comparing KGEeqn with KGEpean
(r + «) almost no shift is measured (Tab. 4.2), this is illustrated as well in the

depth plots (Fig. C.1, C.2, C.3).

In the following, the best model runs (profile 1 and 3: model step V, profile 2: model

step IV) are described in detail. Pearson’s r for profile 1 and 3 indicates a weak linear



Chapter 4 Results 53

TABLE 4.2: Best parameter values for Kupferzell obtained from the SWIS model runs.
Notes: ! Texture of topsoil layer was equal in BK50 and field notes; thus, it was fixed
from the beginning.

Unit Profile 1 Profile 2 Profile 3

Profile characteristics

Vegetation - willow grassland poplar
Age [yrs] 4 - 4
Sampling time - spring 2015 spring 2015 spring 2015

Model step II: insensitive parameter

Texture top soil layer ! - Lu Lu Lu
Texture bottom soil layer - Tu2 Tu2 Tu2
Depth of bottom soil layer [em] 30 30 30
Transpiration depth [cm] 90 250 250

Model step III: sensitive parameter
Evaporation depth [em] 50 50 50

Model step III: model efficiency

KGEpean - -1.87 0.08 -0.6
KGEpean (r + a) - -1.87 0.09 0.6
Model step IV: parameter

Ky (%] -20 10 20
n [%] -10 5 5

Model step IV: model efficiency

KGEpean - -0.94 0.24 -0.4
KGEpean (v + @) - -0.94 0.25 -0.4
Model step V: model efficiency

KGEpean - -0.16 0.01 -0.33
KGEpean (v + ) - -0.16 0.02 -0.33

relationship of simulated and observed oxygen-18 values (0 < r < 0.4) and inverse
proportional relationship of deuterium values (—0.9 < r < 0) (Fig. C.1, C.3). For
profile 2, a linear relationships for both simulated and observed oxygen-18 values and

deuterium values can be measured (0 < r < 0.7) (Fig. C.2).

The bias ratio of isotope values of all three profiles is almost one, indicating that the
mean values of simulations is almost equal to the mean value of observations (Fig. C.1,
C.2, C.3). To analyze the shift indicated by £, the residuals of the model runs can be
examined. For profile 1, residuals of isotopes over depth indicate model over-predictions
of up to 10 % till 50 cm of depth and under-predictions of up to 10 % between 60 and
120 cm depth. A few values lie within the confidence interval of + 5 %. The residuals
for oxygen-18 tend to be smaller than those for deuterium, except at depths 10, 30 and
50 cm (Fig. 4.9 left plot). Similar patterns can be observed for profile 3. Differences
are that values are over-estimated till a depth of 40 cm and that under-estimations of
deuterium values are higher, further, no outlier of oxygen-18 occurs (Fig: 4.10). For
profile 2 oxygen-18 outlier in 10 cm depth occurs again. Over-estimations are within

the 4+/-5 % confidence interval. Under-estimations occur below 30 cm depth and are
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around 15 % to 20 % (Fig. 4.11).
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When comparing deuterium values, variability ratio («) of greater 1 is calculated, in-

dicating that standard deviation of simulations is bigger than that of measurements

(Fig. C.1, C.2). In contrast, variability ratio of oxygen-18 for profile 1 and 2 indicates

higher standard deviations of observed values. Plots of residuals over observed isotope

values indicate that the biggest residuals occur at small deuterium values and for the

oxygen-18 outlier, the former being over-estimated and the latter being under-estimated

by the simulations (Fig. 4.9, right plot). For profile 3, oxygen-18 values vary more than

simulated ones (1 > a > 1.6) (Fig. C.3). Variability ratio of volumetric water content

(0 > a > 0.2) and deuterium-excess describes the above mentioned great variability of

measurements (0 > « > 0.3) which the model fails to reproduce.
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FI1GURE 4.11: Residual plot from best fit run of model step IV of profile 2 in Kupferzell.

In conclusion, best model fits were achieved at the reference site (grassland, profile 2).
Model predictions for willow and poplar stands achieve poor model efficiency (KGEpean <
0) and inverse proportional relationships between simulations and observations. The
biggest difference between model step IV at the reference site and model step V at
SRC sites is that model step V simulates almost constant isotope values with depth,
thus observed seasonal effects are not reproduced. Without taking into account model
efficiency, profile 2 at grassland and profile 3 in poplar plantation behave similarly con-
cerning fitted parameter values. To sum up, no clear trend can be observed concerning

an increase of permeability of soil at SRC stands, nor do differences between poplar in

willow profiles occur.

443 Model steps II-V: Kraichtal

In Kraichtal, sampling was performed mid of March 2015, within three recently cut
down poplar plantations of different age. Poplar plantation of profile 1 is the youngest
(2 years), followed by profile 4 (4 years) and profile 2 (7 years). The area is slightly prone
to prone. Control site, profile 3, was located within an uncultivated former maize field
below the plantations (same height as profile 4). SRCs underlie intensive cultivation
associated with rotations, nitrate fertilization and soil cultivation every two years. All
SRC sites were used for crop production before poplar was planted. Space between rows

is 2 m, within rows 2-3 trees are planted per m?. In the silty soil, drilling was possible to
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almost 3 m depth, more exact drilled depth were 285, 282, 191 and 223 cm for profiles
1 to 4.

Especially for profile 2 and 3, isotope values (60 and §2H) are depleted in the upper
50 cm depth compared to values below. This is an indication for infiltration depth of
winter precipitation. In 150 to 200 cm depth a similar isotope depletion horizon occurs
for profiles 2 and 3 (Fig. C.5, C.6). For profile 1 it occurs in a shallower depth of 100 to
150 cm (Fig. C.4). Profile 3 is too short to detect a second isotope depletion horizon (Fig.
C.6). Nevertheless, coming deeper in soil, isotope variations become smaller; therefore,
isotopic enrichment during summer below 50 cm and above second isotope depletion
horizon is hardly detectable. Generally, measured volumetric soil water content varies
from 0.1 to 0.5 between profiles and depths; additionally, a decrease in volumetric water
content can be observed below 150 cm with a varying extent for all profiles. Deuterium-
excess of profile 2, 3 and 4 varies between 5 and 10, except for one outlier in 10 cm depth,
which indicates evaporation (Fig. C.5, C.6, C.7). For profile 1, deuterium-excess shows
greater evaporation effects compared to the other profiles. It varies around 5, except
for outliers in 10 and 70 cm depth. To sum up, no major differences can be observed
comparing SRC profiles with the reference profile. Quite the contrary can be observed,
the shape of the oldest poplar profile 2 is even more like the shape of the reference profile

than like the shape of the other poplar profiles.

In the following the results of the sensitivity analysis shown in Tab. 4.3 are described:

Soil texture: The declining water content below 150 cm can not be associated with
soil texture. Best fit of soil texture comparing field notes and BK 50 is achieved

with a mono-layered silty silt (Uu).

Evaporation depth: Evaporation depth is not a sensitive parameter for the model;
thus, evaporation effects, like those seen in the deuterium-excess of the observations

were not detected in model step II.

Transpiration depth: Transpiration depth was detected to be a sensitive parameter

and was set to 30 and 40 cm, with exception of profile 1.
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TABLE 4.3: Best parameter values for Kraichtal obtained from the SWIS model runs.
Notes: ! Transpiration depth was not sensitive for profile 1.

Unit Profile 1 Profile 2 Profile 3 Profile 4
Profile characteristics
Vegetation - poplar poplar uncultivated poplar
Age [yrs] 2 7 - 4
Sampling time - spring 2015 spring 2015 spring 2015  spring 2015
Model step II: insensitive parameter
Texture bottom soil layer - - - - -
Depth of bottom soil layer [cm] - - - -
Evaporation depth [cm] 40 10 10 20
Model step III: sensitive parameter
Texture top soil layer - Uu Uu Uu Uu
Transpiration depth [cm] 80! 30 30 40
Model step III: model efficiency
KGEnean - 0.41 0.47 0.69 -0.17
KGEean (v + @) - 0.44 0.49 0.7 -0.16
Model step IV: parameter
Ko (%] -20 20 20 -10
n (%] -5 0 -10 0
Model step IV: model efficiency
KGEmean - 0.71 0.52 0.84 0.29
KGEean (r + @) - 0.77 0.54 0.85 0.30
Model step V: model efficiency
KGFEmean - 0.33 -0.18 -0.05 -0.13
KGEpean (v + ) - 0.33 -0.18 -0.05 -0.13

Saturated hydraulic conductivity (Kj) and porosity (n): When optimizing soil

hydraulic properties (Ky and n) model efficiency increases, with the greatest in-

crease for profile 1. Comparing Ky and n between the profiles no trend can be

observed.

Multiple compartments: Applying model step V does not improve model efficiency,

model efficiency is even lower than at model step III.

Best model runs: Model efficiency KGEeqn(r + @) is in all model steps not remark-

ably better than KGFE,,cqn. To conclude model step IV achieved highest model

efficiency (K G Epean) at all profiles. Comparing K G Eypean, best fit was performed

at the uncultivated site, profile 3 (KGFEpcqn = 0.84).

A detailed description of best fit runs of model step IV follows: Pearson’s r between

0.59 and 0.9 describe strong linear relationships between simulated and observed isotope

values (Fig. C.4, C.5, C.6, C.7). Maximal r of 0.9 appears at reference profile 3 (Fig.
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C.6). Bias ratio 8 of isotope values lies between 0.8 and 0.96, indicating that mean of
simulations is almost equal to mean of observations. Again highest values are calculated
for profile 3. Variability ratio a of isotope values for profiles 1 and 3 is between 0.79
and 0.92, indicating slightly greater standard deviation of observations. On the con-
trary, profiles 2 and 4 have a values greater 1 for isotope simulations, indicating that
simulated variability is greater than observed. Modeled water content of all profiles is
considered to be constant at around 0.4; thus, the measured variability is not repro-
duced correctly. The simulated deuterium-excess variability does not agree with the

measurements, either.

To further quantify and classify the differences between model and observations, resid-
uals are calculated and described in the following. Generally oxygen-18 values are less
over-predicted than deuterium values in all profiles. For profile 1, the plot of residuals
over depth of measurements demonstrates that the model over-predicts constantly more
than 20 % with exception of the depth to 50 cm and between 150 and 200 cm (Fig. 4.12,
left plot). Findings on variability ratio are also supported by the shape of figure 4.12
(right plot). As heavy and light isotope values are less over-predicted than values in
between, the shape suggests that a model with higher variability should be introduced
for a better fit (Fig. 4.12, right plot).
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FI1GURE 4.12: Residual plot from best fit runs of model step IV of profile 1 in Kraichtal.

For profile 2 residual plot in figure 4.13 (left plot) shows an under-estimation around 50
cm depth and over-estimations up to 30 % in all other depth, occurring at the range of
all isotope values (4.13 (right plot)). For profile 3 residuals are within the confidence

interval of + 5 % except around 100 cm depth, where the model over-estimates (Fig.
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4.14 (left plot). Again low and high isotope values are overestimated in the simulations
(Fig. 4.14 (right plot)). Isotope values of profile 4 are continuously over-estimated,
between 70 and 190 cm by around 20 % (Fig. 4.15).
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FIGURE 4.13: Residual plot from best fit runs of model step IV of profile 2 in Kraichtal.
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FIGURE 4.14: Residual plot from best fit runs of model step IV of profile 3 in Kraichtal.

In conclusion, model efficiency was greater than or equal to 0.3 for all profiles, with
highest values at uncultivated site (profile 3). Neither between SRC profiles and reference
site, nor between the poplar profiles of different age, significant differences occurred.
Depletion horizon reaches a depth of approximately 60 cm for all profiles. Below that,
isotope values of profiles are either constant or vary a lot; therefore, no conclusions can

be drawn on an enrichment or second depletion horizon.
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FIGURE 4.15: Residual plot from best fit runs of model step IV of profile 4 in Kraichtal.

4.4.4 Model steps II-V: Forchheim

SRCs of the Landwirtschaftliches Technologie Zentrum (LTZ) in Forchheim near Rhe-
instetten were sampled mid of March 2015. In total 6 depth profiles were drilled, two
within poplar stands, two in willow stands and two reference profiles on grassland and
in maize. Since the plantations are cultivated for tests on growth behavior and other
characteristics of species in short rotation, there are different clones of poplar and willow
planted next to each other. Cultivation is performed extensively. Furthermore, the age
of plantations differs a lot, from 2 to 6 years. The whole area is flat and soils are sandy,
thus drilling to 3 m of depth was possible. Drilling depths are 175, 176, 195, 282, 189,
180 cm for profiles 1 to 6.

Observations of isotope values for profiles 1 and 2 with 6-year-old poplar and 2-year-old
willow show similar patterns (Fig. C.8, C.9). Depletion in heavy isotopes occurs till a
depth of 50 cm, indicating infiltration of precipitation during winter months. From 100
to 150 cm depth another depletion horizon is visible, but less distinct than the first one.
Volumetric water content varies between 0.2 and 0. Deuterium-excess for profile 1 shows
high evaporation in the first 20 cm of depth, below that it varies between 5 and 10 (Fig.
C.8). For profile 2 deuterium-excess varies a lot in the first 50 cm depth and is around
4, below that slight evaporation effects occur (Fig. C.9). Isotope observations of poplar
profile 5 differ slightly from profile 1 and 2 by almost linearly decreasing values below
60 cm depth (Fig. C.12). Volumetric water content has a peak in 50 cm depth and
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decreases to a constant value 0.05 below 100 cm (Fig. C.12). Deuterium-excess varies

around 5 except in the first 20 cm, where strong evaporation effects occur (Fig. C.12).

Observed isotope values of willow profile 4 show much higher variations with depth
than the other profiles (Fig. C.11). Winter depletion occurs till a depth of 60 cm,
below an enriched horizon till 120 cm is visible indicating summer precipitation of 2014.
Below 120 cm smaller variations occur with different amplitudes, till a depth of 220
cm, where a second enrichment horizon occurs. Volumetric water content is below
0.1. Deuterium-excess varies with depth, with values smaller than 10, which indicate
evaporation. Isotopes, volumetric water content and deuterium-excess of the reference
profiles 3 and 6 (Fig. C.10, C.13) significantly differ from those of willow and poplar
profiles 1 and 2. To summarize, first depletion horizons occur to a depth of 50 cm,
between 100 and 150 and below 220 cm. Between these horizons either enrichment

horizons occur, or isotopes show smaller variations.

In the following the findings of the sensitivity analysis are summarized (Tab. 4.4):

Soil texture: During drilling, in poplar profile 1 and reference profile 6, a change of
soil texture from sandy sand to a sandy loam could be observed for a layer of 5
to 10 cm between 120 and 145 c¢cm of depth. This was not observed while fitting
soil texture parameters. A mono-layered sandy sand (Ss) achieved best model

efficiency results.

Evaporation depth: Sensitivity analysis (model step II and IIT) identified evaporation
depth as sensitive parameter with best fits for depths of 10 cm for profiles 1 to 5

and 50 cm in the maize profile.
Transpiration depth: The model was not sensitive to transpiration depth.

Saturated hydraulic conductivity (Kp) and porosity (n): A reduction of K and
n, in model step IV, leads to an increase of variability of isotope simulation over
depth. However, the simulated variability in model step IV increases model effi-

ciency only for profile 5 and 6.

Multiple compartments: By seperating micro- from meso- and macropores, model V
achieved worst efficiency. A distinction between pore spaces does not play a major

rule in sandy soils with almost no micro pores. As higher KGEeqn (r + «) than
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TABLE 4.4: Best parameter values for Forchheim obtained from the SWIS model runs.

Unit Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Profile 6

Profile characteristics

Vegetation - poplar willow grassland willow poplar maize
Age [yrs] 6 2 - 6 6 -
Sampling time - spring 2015 spring 2015 spring 2015 spring 2015 spring 2015 spring 2015

Model step II: insensitive parameter

Texture bottom soil layer - - - - - - -
Depth of bottom soil layer [cm] - - - - - -
Transpiration depth [em)] 30 30 30 30 30 30

Model step III: sensitive parameter

Texture top soil layer - Ss Ss Ss Ss S

Evaporation depth [em] 10 10 10 10 10 50

Model step III: model efficiency

KGPEpean - 0.08 0.29 0.27 0.27 -0.35 0.21
KGEpean (r + ) - 0.1 0.33 0.29 0.32 -0.32 0.24
Model step IV: parameter

Ky (%] -10 -10 -10 -10 -10 -10
n (%] 5 -10 5 -10 -10 -5

Model step IV: model efficiency

KGEpean - -0.46 -0.13 -0.01 -0.01 -0.22 0.49
KGEmean (r + @) - -0.41 -0.06 0.05 0.08 -0.15 0.51
Model step V: model efficiency

KGEnean - -0.06 0.18 0.17 0.26 -0.45 0.13
KGFEpean (r + @) - -0.05 0.22 0.19 0.31 -0.43 0.16

KGFEeqn values show there is a slight systematical shift between simulations and

observations.

Best model runs: Comparing KGFE,,eqn of model steps III, IV, and V, model step 111
achieved the best fit for profiles 1 to 4 and model step IV for profile 5 and 6.

In the following, best fit model runs for each profile are described in detail (Fig. C.8,
C.9, C.10, C.12, C.13). Pearson’s r of around 0.5 describes linear relationships between
simulated and observed isotope values at all profiles except profile 5. For poplar profile
5 almost no linear relationship can be detected (—0.15 < r < 0) (Fig. C.12). Bias
ratio between 0.5 to 0.93 for all profiles shows that mean of simulated values is bigger
than mean of observed values. Over-estimations of up to 50 % are as well illustrated
in the residual plots (Fig. 4.16, 4.17, 4.18, 4.19, 4.20). Simulated values are in almost
all depth and all isotope value ranges twice as high as observed ones. Only for profile 6
over-estimations decline to 10 % with depth (Fig. 4.21). Variability ratio («) is in all
profiles, except willow profile 4, greater than 1, indicating that simulated variation is
bigger than observed. For profile 4 observed and simulated variation (0.9 < o < 1) are

equal. Looking at the depth plots (Fig. C.8, C.9, C.10, C.12, C.13) significant variation
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in simulated isotope values does only occur in the first 100 cm while observed values

vary over the whole profile.

For profiles 1,2,3 and 6, simulated volumetric water content and deuterium-excess are
in the same range as observed values, but their variability does not agree with the
measured one. For profile 4 and 5, deuterium-excess also behaves like this, but simulated

volumetric water content is twice the measured water content.
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FI1GURE 4.16: Residual plot from best fit run of model step III of profile 1 in Forchheim.
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FIGURE 4.17: Residual plot from best fit run of model step III of profile 2 in Forchheim.

In conclusion, simulations in Forchheim do not display the variability of the measure-
ments. Model step III simulates almost stable values below 100 cm. Model step IV
with reduced Ky and n, and evaporation depth of 10 cm, simulates greater variability
with depth, but is not able to reproduce measurements either. The best-fit evaporation

depth was highest at the reference profile in maize, due to the the type of cultivation
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FI1GURE 4.18: Residual plot from best fit run of model step III of profile 3 in Forchheim.
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FIGURE 4.19: Residual plot from best fit run of model step III of profile 4 in Forchheim.
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FI1GURE 4.20: Residual plot from best fit run of model step IV of profile 5 in Forchheim.
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FIGURE 4.21: Residual plot from best fit run of model step IV of profile 6 in Forchheim.

and plowing horizon this was expected. Although model efficiency (KGEeqn = 0.33)
is equal to profile 2 in Kupferzell the shape of simulations seem to fit less in Forchheim.
Some of the observed and inexplicable variation in the measurements might come from
problems during sampling. When pulling the drilling core out of the ground, mixture
and soil loss could not be avoided due to the sandy soil texture. Furthermore, there

might have been complications during isotope analysis within the direct equilibration,

because water content was below 0.1.

4.45 Model steps II-V: Marbach

In Marbach, sampling was done in the beginning of April 2015. In a flat to slightly
prone terrain, extensively cultivated poplar and willow plantations were sampled. Space
between rows is 2 m and within rows 1 m. As reference, a third profile was drilled in an

intensively cultivated oat field. Drilled depth of profile 1 to 3 are 155, 83 and 135 cm.

While isotope values of profile 1 and 2 are depleted in the first 50 cm of depth, they are
enriched till 100 cm of depth, indicating seasonal variations of winter and summer (Fig.
C.14, C.15). Reference profile 3 shows the same depletion pattern in the first 50 cm
but constantly decreases below (Fig. C.16). Volumetric water content of all profiles is
highly variable with depth. While deuterium-excess of profiles 2 and 3 varies around 5,

indicating some evaporation, it varies around 10 for profile 1, indicating no evaporation.
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Tab. 4.5 summarizes the results of the sensitivity analysis which are described in the

following;:

Soil texture: Texture of topsoil was identified as silty clay (Tu3). Model efficiency was
not sensitive to the texture of the second soil layer and its depth. However, field
analysis and BK50 showed a layering; therefore, soil texture of bottom layer is set

to clayey loam (Lt3).

Transpiration and evaporation depth: Both, transpiration and evaporation depth,
effected model efficiency with best results at depth of 140, 30, 250 cm for transpi-

ration depth and 10 cm for evaporation depth, respectively.

Saturated hydraulic conductivity and porosity: Model efficiency for profile 1 and

2 could be improved by a decrease of porosity and saturated hydraulic conductivity.

Multiple compartments: For oat profile 3 model step V resulted in an improvement,

but the model efficiency of profile 3 is still around 0.

Best model runs: To conclude, best model efficiency of KGE,eqn (1 + ) = 0.71 and
0.82 can be achieved by model step IV for profile 1 and 2. Model efficiency of
profile 3 is below 0 for all model steps.

Looking at best fit model runs, model step IV for profile 1 has a linear relationship
to the observations (0.3 < r < 0.9) (Fig. C.14), but over-predicts observations by 20
to 40 % at the whole range of isotope values (Fig. 4.22); moreover, it over-estimates
variability of measurements (1 < a < 1.3). Simulated volumetric water content and

deuterium-excess do not mirror the great variability in measurements.

For poplar profile 2, model step IV performed very well for oxygen-18 values with r,
a and B of 0.9; however, simulations do still over-predict by up to 20 %. Modeled
deuterium-excess fits better than for profile 1 and 3 (Fig. C.15, 4.23).

Model step V for profile 3 over-predicts especially low deuterium values up to 20 %.
Generally the variability of the observations is not simulated well for isotopes, volumetric

water content and deuterium-excess (Fig. C.16, 4.24).

In conclusion, neither parameter fitting nor observation data showed specific trends
of increased infiltration capacity at the SRC sites. Simulations did continuously over-

estimated observed isotope data. Contrary to the expectations, best fit was achieved
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TABLE 4.5: Best parameter values for Marbach obtained from the SWIS model runs.
Notes: ! texture of bottom soil layer is Lt3 according to BK50 and field notes; thus, it
is fixed from the beginning.

Unit Profile 1 Profile 2 Profile 3

Profile characteristics

Vegetation - willow poplar oat
Age [yrs] 5 5 -
Sampling time - spring 2015 spring 2015 spring 2015

Model step II: insensitive parameter
Texture bottom soil layer - Lt3 Lt3 Lt3
Depth of bottom soil layer [em] 30 30 30

Model step III: sensitive parameter

Texture top soil layer - Tu3 Tu3 Tu3
Transpiration depth [cm] 140 30 250
Evaporation depth [em] 10 10 10

Model step III: model efficiency
KGEmean - -0.29 -0.24 -0.47
KGEpean (r + @) - -0.26 -0.23 -0.44

Model step IV: parameter

Ko [%] -10 0 -10
n %) -5 -5 -5
Model step IV: model efficiency

KGEmean - 0.58 0.71 -0.41
KGEmean (r + @) - 0.71 0.82 -0.36
Model step V: model efficiency

KGEpcan - -0.31 -0.75 0.04
KGEpean (r + ) - -0.30 -0.75 0.07

observed 3°H [%o]

Q =)
© o 50 3 . 580
A FH A 82H
g g
= AN qBBan _ VYN Fo
S 9 4a AR A g b A S o | A %
w « AR K%) N A A o
@ [
S5 o J o
° © S o
0 7
£ 8 © Q-
=] o
T ¥
T T T T T T T T T T
-150 -100 -50 0 -25 -20 -15 -10 -5 0
18
depth of measurements (cm) observed &0 [%o]

FIGURE 4.22: Residual plot from best fit runs of model step IV of profile 1 in Marbach.
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FIGURE 4.24: Residual plot from best fit runs of model step V of profile 3 in Marbach.

with reduced porosity values. So, no trend towards increased saturated hydraulic con-

ductivity or porosity at SRC sites could be observed. Poorest model efficiency was ob-

served at the reference site with oat. A depletion horizon till a depth of approximately

50 cm indicated infiltration depth of winter precipitation in all profiles.

4.4.6 Model steps II-V: Laufen

In Laufen, sampling was done twice, mid of October 2014 and in the beginning of March

2015, in a slightly prone to prone area. Species in short rotation differ from those of

the other sampling sites. There are two profiles in sida plantations and three sites in

paulownia plantations, whereby there was a mixture of paulownia and poplar on profile 5.
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For comparison, one profile was drilled in grassland. All sites are extensively cultivated
and fertilized with manure. Sites with sida were harvested in 2015. The age of SRCs
differs from 2 to 4 years. Drilled depth in 2014 for profile 1 to 6 are 92.21, 177.02, 143.18,
96.63, 94.1 and 64.39 cm. In 2015 most drilling cores were less deep: depth profile 1 to
6 are 93.18, 131.68, 90.68, 67.94, 87.29, 83.05 cm. Profile 4 and 5 are below profiles 1
to 3 near an old riverbed; therefore, groundwater level is around 40 cm below ground.
Taking into account drilling depth of approximately 1 m, drilling cores were influenced

by ground water. However this effect was only observed in 2014.

It is expected that isotope values over depth of October 2014 are enriched in the first
few cm of depth indicating infiltrated summer precipitations, while isotope values over
depth of March 2015 are expected to be depleted in the first few cm of depth indicating
infiltrated winter precipitations. Isotopes for profile 1, 4 and 5 show only marginal to no
variations with depth and between the years; thus, no seasonal variations are visible (Fig.
C.25, C.26, C.31, C.32, C.33, C.34). For profile 2, 3 and 6, variations between the years
are visible (Fig. C.27, C.28, C.29, C.30, C.35, C.36). While a distinct depletion horizon
in the first few cm of depth in the profile taken in March 2015 is detectable, enrichment
horizon in 2014 is not that distinct. This might be due to the wet and cold summer
in 2014 (see section 5.2). Volumetric water content of 2014 could not be calculated
correctly (see section 3.3); thus, variations are not taken into account here. In 2015,
volumetric water content varies around 0.4. Expected differences in deuterium-excess

between the years do not occur.

Results of the sensitivity analysis are summarized in Tab. 4.6 and described in the

following;:

Soil texture: A mono-layered soil gave the best fit in both years. Whereas for profiles
taken in 2014 a clayey silt (Ut2) achieved best model efficiency, for profiles taken
in 2015 it was a silty loam (Lu).

Transpiration and evaporation depth: Transpiration and evaporation depth were
detected as sensitive parameters, except transpiration depth of profiles 4 and 5 in
2015 (Fig. D.6, D.7). Values of best fit are mentioned in Tab. 4.6. Generally,
evaporation depth was higher in spring 2015 than in autumn 2014; furthermore,
transpiration depth was higher in autumn 2014 than in spring 2015, except for

profiles 5 and 6.



70 Chapter 4 Results

Saturated hydraulic conductivity and porosity: In 2014, model step IV achieved
best fits, with a reduction of Ky by 20 % and a reduction of n by 10 %, with one
exception for profile 2. In 2015, model step IV performed best for profiles 2, 3 and

6 with the same reduction of Ky and n like in 2014.

Multiple compartments: For profiles 1, 4 and 5, model step V described the obser-

vations best.

Best model runs: All in all, model efficiency (KGFEeqn) of model step IV for profile
2 paulownia, profile 3 paulownia (in 2015), and profile 6 grassland (in 2015) are
the only ones exceeding 0. The other model fits must be viewed with caution and

are neglected from the following description because of their poor model efficiency.

KGFEpeqn smaller 0 are calculated due to r almost equal to 0, or » < 0, or « values
around 2 which means that, variability of simulations is greater than of observations

and relationship between simulations and observations is inverse linear. !

In the following, profiles with K G FEypeqn > 0 are described in detail. Model step 1V for
profile 2 achieved a best fit of KGEeqn = 0.36 in 2014 and KGEpean(r + o) = 0.54
in 2015, with a reduction in saturated hydraulic conductivity and porosity. Modeled
variability of isotopes over depth is in 2014 higher than the observed one (Fig. C.27,
4.25); nevertheless, bias ratio of almost 1 indicates that simulations and observations

cover the same range of relative isotope concentration (Fig. C.27).

Furthermore, residuals illustrate that large values are over- or under-estimated within
the upper 90 cm of depth. Simulations of profiles 2 and 3 fit particularly well at 50
observations of the first 60 cm depth (Fig. 4.26, 4.27). Enrichment horizon below 50 cm
is over-predicted by around 40 %. While variability of simulations and observations for
profiles 2 and 3 in 2015 is equal, means of 6H observations are lower than the observed
(Fig. 4.26, 4.27). Simulations of short profile 6 in 2015 behave like for profiles 2 and 3
in 2015.

In conclusion, enrichment during summer 2014 is over-estimated by model step IV. This
might be due to poor input data. Climate data were taken from Miillheim and isotope

data from Weil, both are located in the Rhine plains and not at the edge of the Black

! Residual plots are only shown for profiles with KGEpcan > 0. The remaining residual plots are
stored on the attached CD.
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FIGURE 4.25: Residual plot from best fit runs of model step IV of profile 2 sampled in
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FIGURE 4.26: Residual plot from best fit runs of model step IV of profile 2 sampled in
spring 2015 in Laufen.

forest where the sampling site is located. In that area there are huge climatic differences
as described in section 3.1. Thus precipitation and temperature effects in Laufen might
not be accounted for correctly. Because most profiles have poor model efficiencies, a

comparison of soil hydraulic properties of SRC and reference site is not possible.
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spring 2015 in Laufen.



TABLE 4.6: Best parameter values for Laufen obtained from the SWIS model runs. Notes: ! Transpiration depth not sensitive for profiles 4 and 5.

Unit Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Profile 6
Profile characteristics
Vegetation - sida paulownia paulownia sida poplar/ paulownia grassland
Age [yrs]
Sampling time - autumn 2014  spring 2015 autumn 2014 spring 2015 autumn 2014 spring 2015 autumn 2014  spring 2015 autumn 2014 spring 2015 autumn 2014  spring 2015
Model step II: insensitive parameter
Texture bottom soil layer - Ut2 Lu Ut2 Lu Ut2 Lu Ut2 Lu Ut2 Lu Ut2 Lu
Depth of bottom soil layer [cm] 50 50 50 50 50 50 50 50 50 50 50 50
Model step III: sensitive parameter
Texture top soil layer - Ut2 Lu Ut2 Lu Ut2 Lu Ut2 Lu Ls3 Lu Ut2 Lu
Transpiration depth [em] 30 250 70 60 40 30 301 301 50 1 30! 30 30
Evaporation depth [em] 10 50 10 50 10 50 10 50 50 50 10 10
Model step III: model efficiency
KGEnean - -0.74 -2.18 -0.17 0.07 -0.13 0.39 -0.57 -1.2 -0.93 -0.81 -0.62 -0.15
KGEmean (r + ) - -0.72 -2.18 -0.16 0.1 -0.12 0.41 -0.57 -1.2 -0.9 -0.81 -0.6 -0.15
Model step IV: parameter
Koy [%] -20 10 -10 -20 -20 -20 -20 10 -20 -10 -20 -20
n [%] -10 5 0 -10 -10 -10 -10 -10 -10 5 -10 -10
Model step IV: model efficiency
KGEmean - -0.07 -1.55 0.36 0.50 -0.09 0.42 -0.11 -1.17 -0.58 -0.49 0.01 0.27
KGEmean (r + ) - -0.07 -1.56 0.37 0.54 -0.10 0.45 -0.11 -1.17 -0.58 -0.50 0.02 0.29
Model step V: model efficiency
KGEnean -0.95 -0.62 -0.17 -1.01 -0.46 -0.83 -0.97 -0.60 -0.72 -0.38 -0.83 -0.93
KGEmean (r + @) -0.95 -0.62 -0.17 -1.02 -0.46 -0.83 -0.97 -0.60 -0.72 -0.38 -0.83 -0.93

symsoy ¥ 1o3dey)

€.
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447 Model steps |I-V: Buggingen

Sampling in Buggingen was performed twice, mid October 2014 and end of April 2015.
The sampling area within three willow plantations of different ages is flat. Profiles are
taken in 3-, 4- and 5-year-old stands in 2014, as well as half a year later in 2015. SRCs
are cultivated extensively and fertilized with manure. In comparison to sampling site
Kraichtal, rows are planted relatively densely with space of 1 m within and between
rows. Reference profile was drilled in a maize field nearby. Drilled profile depths range

from 57 to 90 cm in 2014 and from 59 to 89 cm in 2015.

Isotope observations of profiles 1 and 3 in 2014 show a depletion horizon between 50
and 100 cm, above that heavy isotopes are more abundant, indicating enriched summer
precipitation (Fig. C.17, C.19). Profiles 2 and 4 are shorter and measurements end in a
depth of 50 cm; thus, depletion horizon is not monitored in 2014 (Fig: C.18, C.20). In
2015, isotope values of all measured profiles indicate a depletion horizon to a depth of

almost 1 m depending on the drilled depth (Fig. C.21, C.22, C.23, C.24).

A summary of the results of the sensitivity analysis shown in Tab. 4.7 follows:

Soil texture: A two-layered soil consisting of 60 cm silty loam (Lu) over silty clay

(Tu3) was identified as best fit soil texture.

Transpiration and evaporation depth: In 2014, transpiration depth was sensitive
for profiles 1 and 3, while evaporation depth was sensitive for profiles 2 and 3. In
contrast, in 2015, transpiration depth was not significantly sensitive but evapora-
tion depth was sensitive with a maximum in model efficiency at 10 cm depth for

the willow profiles and 50 cm depth at the maize plantation.

Saturated hydraulic conductivity and porosity: In most profiles, unchanged or
slightly increased K values in combination with a lower porosity (n) improved

model step III efficiency.

Multiple compartments: Model step V did not achieve better fits than the other

model steps.

Best model runs: Model step IV achieved at all profiles and in both years maximum

efficiency in comparison to the other model steps.
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TABLE 4.7: Best parameter values for Buggingen obtained from the SWIS model runs.
Notes: ! solely these profiles are sensitive to transpiration depth, 2 solely these profiles
are sensitive to evaporation depth.

Unit  Profile 1 Profile 2 Profile 3 Profile 4
Profile characteristics
Vegetation - willow willow willow maize

Age [yrs] 3 4 5 -
Sampling time - autumn spring autumn spring autumn spring autumn = spring
- 2014 2015 2014 2015 2014 2015 2014 2015

Model step II: insensitive parameter

Texture top soil layer - Lu Lu Lu Lu Lu Lu Lu Lu
Texture bottom soil layer - Tu3 Tu3 Tu3 Tu3 Tu3 Tu3 Tu3 Tu3
Depth of bottom soil layer [cm] 60 60 60 60 60 60 60 60
Model step III: sensitive parameter

Transpiration depth [cm] 40! 250 30 30 401! 30 30 30
Evaporation depth [cm] 30 10? 102 10? 302 10? 10 502
Model step III: model efficiency

KGEmean -0.57 0.74 -2.03 0.73 -0.63 0.67 -0.88 0.09
KGFEpean (v + @) -0.54 0.83 -0.61 0.79 -0.59 0.72 -0.88 0.11
Model step IV: parameter

Ky [%)] 0 10 0 0 0 10 -20 0

n [%)] 5 -10 5 0 5 -10 -10 5

Model step IV: model efficiency

KGEpean - 0.54 0.74 -1.86 0.73 0.58 0.67 0.57 0.53
KGEpean (r + @) - 0.56 0.83 0.54 0.80 0.60 0.72 0.60 0.55
Model step V: model efficiency

KGEmean - -1.08 0.06 -3.23 0.24 -1.06 0.26 -1.04 -0.64
KGFEpean (v + @) - -1.08 0.08 -0.96 0.27 -0.58 0.29 -1.03 -0.65

In the following, results of best fit model runs are described in detail. Especially in spring
2015 a shift of means of simulations and measurements is visible expressed in bias ratio
(0.8 < B < 0.95) and leading to higher KGEeqn(r + «) than KGEpeqn (Fig. C.21,
C.22, C.23, C.24). In autumn 2014 the first 10 to 20 cm depth are under-estimated by
the model; however, the remaining depths observations are reproduced well (Fig. C.17,
C.18, C.19, C.20). Residuals illustrate an over-estimation of around 20 % for all profiles
in 2015. In 2014 it is a bit lower, but has a similar patter; therefore, two residual plots

from 2015 are shown for exemplary visualization (Fig. 4.29, 4.30).

In conclusion, Buggingen was the only sampling site showing a trend of lower evaporation
depth at the SRC plantations than at the maize cultivation site. Furthermore, Buggingen
achieved overall good model efficiency compared to the other sampling sites even though
observations are in most profiles under-estimated. Nevertheless, profiles are shallow in

relation to Forchheim and Kraichtal and there is no information below 100 cm depth.
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FI1GURE 4.29: Residual plot from best fit run of model step IV of profile 1 sampled in
spring 2015 in Buggingen.
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F1cURE 4.30: Residual plot from best fit run of model step IV of profile 3 sampled in
spring 2015 in Buggingen.

4.4.8 Model steps II-V: Welschingen

Sampling in Welschingen was performed twice in the end of October 2014 and mid of
April 2015 in a poplar short rotation coppice. With an age of 8 years poplar in short
rotation is quite old in comparison to the other sampling sites. Cut-down is performed
every 4 years. Between harvesting times, sites are cultivated extensively. Sampling in
2015 was done after cut-down. The reference profile was taken within a sudangrass
cultivation. The whole sampling area is flat. Drilling cores in poplar plantations (profile
1 and 3) are comparably short. For profile 1 drilling was performed to a depth of 56 cm
in 2014, and 42 cm in 2015. For profile 3 depth was even shallower with 37 and 26 cm.

Therefore, only 5 isotope measurements could be done for profile 1 and 3 for profile 3.
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TABLE 4.8: Best parameter values for Welschingen obtained from the SWIS model

runs.

Unit Profile 1 Profile 2 Profile 3
Profile characteristics
Vegetation - poplar sudangrass/maize poplar
Age [yrs]
Sampling time - autumn 2014  spring 2015 autumn 2014 spring 2015 autumn 2014 spring 2015
Model step II: insensitive parameter
Texture top soil layer ! - Ls2 Ls2 Ls2 Ls2 Ls2 Ls2
Texture bottom soil layer - - - - - - -
Depth of bottom soil layer [em] - - - - - -
Transpiration depth [cm] 30 100 40 30 240 100
Model step III: sensitive parameter
Evaporation depth 3 [cm] 10 10 10 10 50 10
Model step III: model efficiency
KGEmean - -0.79 0.46 0.34 0.49 -0.1 0.38
KGEpean (r + a) - -0.78 0.51 0.34 0.5 -0.91 0.39
Model step IV: parameter
Ky [%] -5 -5 -5 5 5 5
n (%] 1 1 1 0 1
Model step IV: model efficiency
KGEpean - -0.77 0.45 0.52 0.55 -0.95 0.35
KGEpean (r + @) - -0.85 0.52 0.42 0.56 -0.90 0.37
Model step V: model efficiency
KGEmean - -1.22 0.31 -1.02 -0.72 -1.01 0.26
KGEpean (r + ) - -1.14 0.35 -1.03 -0.72 -0.85 0.28

As SRC depth profiles 1 and 3 in 2015 and 2014 have only a few data points, a proper
sensitivity analysis and fitting of simulations is impossible; therefore, these profiles are
excluded from further analysis (Fig. C.37, C.38, C.41, C.42). Isotope observations of
control profile 2 in 2014 show a jump in 70 cm depth by -5 in 60 and by -30 in 62H
(Fig. C.39). Observed isotope values of profile 2 in 2015 indicate a depletion horizon till
50 cm and almost constant values below (Fig. C.40). Volumetric water content shows
huge variations in both years. Deuterium-excess indicates more evaporation effects in

2014 than 2015 within the first 100 cm of depth (Fig. C.39, C.40).

In the following the results of the sensitivity analysis and modeling of profile 2 are de-
scribed (Tab. Tab. 4.8): Both BK50 and field notes define soil texture as a mono-layered
sandy loam (Ls2); thus, it was fixed before modeling. Both, transpiration depth and
evaporation depth, were sensitive for profile 2 (Fig. D.8, D.9); moreover, transpiration
depth was a bit higher in autumn 2014 than in spring 2015. Best fits were achieved after

optimization of Ky and n in model step IV.

However, the best fit run of model step IV under-estimates isotope values in the upper
40 cm in 2014. Variability ratio and bias ratio are almost equal (8 ~ 1 and a ~ 1);
therefore, good model fits of KGE,,,cqr, = 0.52 can be achieved. In 2015 similar model

efficiency can be obtained with KGE,,eqnn = 0.55; however, the residual plots in 2015
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show an over-estimation in the first and last 50 cm of the profile and an under-estimation
between 50 and 100 cm (Fig. 4.32). Comparing that to the residual plots in 2014 (Fig.
4.31), it can be seen that the model fit in 2014 is actually better than in 2015.
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FIGURE 4.31: Residual plot from best fit run of model step IV of profile 2 sampled in
autumn 2014 in Welschingen.
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F1GURE 4.32: Residual plot from best fit run of model step IV of profile 2 sampled in
spring 2015 in Welschingen.

In conclusion, because drilled depths in SRCs were only a few cm, a comparison be-
tween SRCs and reference site is not possible for Welschingen. Anyway, model step IV

performed well at the reference profile number 2 for both years.
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4.5 Comparison of sampling sites

To refer back to the research question whether soil functions vary with a changing
vegetation, with vegetation age or between the soil textures of the sampling sites, the
results from model steps II to IV described above are summarized and compared in the

following. (The results from model step V are discussed in section 5.)

All in all, model step IV (after fitting of Ky and n) performed best on the observations,
with the best model efficiency in Kraichtal. Figures 4.33 - 4.38 show the values of Kj
and n obtained from the best runs from model step IV for all profiles at all stands except
for profiles 1 and 3 of Welschingen and profiles 1 to 4 of Forchheim. The former pair
is excluded because there are too few observations to fit a proper model and the latter
because these profiles were not sensitive on variations of Ky and n. The results of the
remaining profiles still have to be treated with caution, because model efficiencies are
often below 0.2, as described in the previous sections. Only the results from Kraich-
tal, Buggingen (2015) and the SRC profiles in Marbach have reasonably high model
efficiencies with KGE ean > 0.5.

In any case, no distinct trends can be observed in the variation of Ky or n. Figure
4.33 and Figure 4.34 illustrate the relation between the K and n values obtained from
the best model run and the vegetation. If a trend towards an increase in hydraulic
permeability within SRCs can be detected, one would expect Ko and n being high at
vegetation category of paulownia, poplar, willow and sida, or at least at one of them.
However, no such trends can be shown, neither for Ky nor n. Moreover, huge variations
of increases and decreases in K and n occur within one sampling site. Overall decreases

in porosity occur slightly more often than increases in porosity.

Figures 4.35 and 4.36 illustrate whether changes of hydraulic conductivity and porosity
from the best model runs for SRCs are correlated to vegetation age. This correlation data
has some uncertainties, because vegetation age of most profiles is estimated; moreover,
there are only few profiles within plantations older than 4 years. Still, no trend can
be observed. Neither an increase nor a decrease of saturated hydraulic conductivity
or porosity with increasing age. In general there are slightly more observations with a
decrease of saturated hydraulic conductivity and porosity, but they are not correlated

to age.
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FIGURE 4.33: Relation of saturated hydraulic conductivity Ky and vegetation category
at the different sampling sites.
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Chapter 4 Results 81

5- X X
[J Buggingen
— o Forchheim
T o- =
S & /\ Kraichtal
2
'g Kupferzell
b Laufen
g 5= O ¢ A
<> Marbach
V Welschingen
-10- XXX OX O o
I I I I I I
2 3 4 5 6 7

vegetation age [yrs]

FIGURE 4.36: Relation of porosity (n) and vegetation age at the different sampling
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To analyze the relation between soil texture and saturated hydraulic conductivity and
porosity the soil textures are roughly organized into three categories: loam (L), sand
(S) and silt (U). Figures 4.37 and 4.38 show that porosity and saturated hydraulic

conductivity vary over the whole range for all categories. No correlation can be detected.
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FIGURE 4.37: Relation of saturated hydraulic conductivity (Kp) and soil texture at
the different sampling sites.

In figure 4.39 and 4.40 all profiles sensitive to evaporation depth or transpiration depth,
respectively, are compared. The following profiles are sensitive to changes in transpira-
tion depth: Buggingen 1 and 3, Kraichtal 2 to 4, Welschingen 2, Marbach 1 to 3, Laufen
1 to 6; moreover, Buggingen 2 and 4, Forchheim 1 to 6, Welschingen 2, Kupferzell 1 to
3, Marbach 1 to 3, Laufen 1 to 6 are sensitive towards changes in evaporation depth.
While almost all sites had best fits at low transpiration depths, best fit of evaporation
depth is either low (10 cm) or high (50 cm). Evaporation depth differs between sampling
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sites but not within the vegetation of one sampling site; thus, best-fit evaporation depth

seems to be site specific and not dependent on vegetation.
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FIGURE 4.39: Relation of evaporation depth and vegetation category.

In the previous subsections the isotope observation data shown in the Figures in C were
described in detail. In this paragraph a summary of general patterns of the observations
follows. Even though observed relative isotope concentrations over depths have different
shapes, it can be summarized that: depletion horizon in the upper 50 cm depth of profiles
taken in 2015 reaches minimum values 20 to 30 cm below ground; moreover, enrichment

horizon occurred till a depth of 100 ¢cm with a maximum in 50 to 60 cm depth.

In all profiles, enrichment effects in the upper soil layers of sampled profiles in spring 2014

are simulated less appropriately than depletion horizon within the first cm of depth of
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FIGURE 4.40: Relation of transpiration depth and vegetation category.

profiles taken in spring 2015. Deep profiles indicate that in general, enrichment horizons

are over-estimated in isotope concentrations and variability.

In conclusion, effects of vegetation on soil hydraulic properties could not be detected
with the model under investigation. It remains to discuss whether the chosen parameters
Ky and n, transpiration and interception depth give enough insights to conclude on soil

hydraulics.






Chapter 5

Discussion

The applied methods and obtained results are discussed in the following order: (1)
methods of isotope analysis, (2) observed isotope values and challenges in taking soil
samples, (3) challenges in calculating input data, (4) results of the simulations and

challenges in sensitivity analysis.

5.1 Methods of isotope analysis

Soil textures differ from each other in grain size distribution, as explained in detail in the
introduction. According to the classification in Blume et al. (2010), micro pores have a
diameter smaller than 0.2 ym, meso pores have a diameter between 0.2 and 50 pm and
macro pores include all pores with diameter greater than 50 pm. Water retention curves
of different soil textures and respective pore diameters illustrate the volumetric water
content over characteristic water potentials. According to the findings of the studies
reviewed by Sprenger, Herbstritt & Weiler (2015), different extraction methods extract
water from different pore spaces. Squeezing methods with a pressure head of -10° hPa
extract water in meso pores of diameters up to 3 pm. This method is equivalent to a
desorption at 1.7 bar, as applied in this thesis. Direct equilibration methods extract
water under a pressure head of -10° to -10° hPa and micro pores till a diameter of 0.03
t0 0.003 pm drain (Fig. 5.1). Cryogenic vacuum extraction extracts all water in the soil,

even hygroscopic water, when temperatures are high enough (Koeniger et al. 2011).
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FIGURE 5.1: Extraction methods taken from Sprenger, Herbstritt & Weiler (2015).
Bottom: Exemplified water retention curves for four different soil textures, the respec-
tive pore diameter described by (Schjonning 1992), and characteristic water potentials
as defined by Blume et al. (2010): VWC = Volumetric water content, FC = Field ca-
pacity (gray area), AWC = plant available water capacity, PWP = permanent wilting
point, Hy. water = hygroscopic water. Top: The most widely used pore water stable
isotope analysis methods and their range of pore water extraction in relation to matrix
potential and pore diameter.

Given this information one would expect differences in isotope composition depending
on the extraction method. Accordingly, isotope composition in pore water after des-
orption is expected to be significantly different from direct equilibration or cryogenic
vacuum extraction. It was shown in this thesis that cryogenic vacuum extraction had a
significantly more depleted isotope composition in comparison to the other two methods.
Considering that cryogenic vacuum extraction was applied on samples, already drained
by desorption, this is not surprising, because pore water after cryogenic extraction con-

tains only water from micro pores.

A major shift between equilibration and desorption was expected in silty soil texture,
because pores still drain under a pressure head of more than 1.7 bar (Blume et al. 2010).

In loamy soils, a small shift was expected. On the other hand, only in sandy soil the
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signatures of both methods are equal, because there are no micro pores in sand that
drain at a higher pressure head. However, the isotope signatures of direct equilibration

and desorption obtained in this thesis were almost identical for all soil textures.

It has to be examined whether the identical results for equilibration and desorption
in this study are effected by the fact that soil material for desorption was frozen and
de-frozen at least two times before the measurement. It is conceivable that there is an
exchange of pore water and air between micro and meso pores during the defreezing
process; thus, the signature of different pore spaces would be lost. Leading to an isotope
signature for desorption which displays not only meso pores but also micro pores. An
attempt to test this hypothesis was made: field-moist samples from Kraichtal were
collected in October 2015 and measured afterwards. Unfortunately, summer 2015 was
very dry and no pore water drained under a pressure head of 1.7 bar. An alternative
idea for future studies is the following: first, cryogenically extract pore water from dry
field moist samples from Kraichtal, then, saturating the original sample with a water of
known isotope composition, applying all three methods again, in the end compare both
results from cryogenic extraction and conclude whether exchange processes occurred or

not.

So, it remains to discuss whether the desorption method is adequate to analyze stable
isotope composition at all. Arising due to the fact that desorption is highly depended
on soil water content, there are some challenges in making the method consistent. Some
samples drain very rapidly, within the first hours, others drip only a few ml and dry
samples do not drain at all. Moreover, acetate membranes used in the desorption method
are only permeable if they are wetted beforehand. The required wetting is one possible
source of error. Another source of error is that sometimes water can be pressed through
the screw thread and not the canula of the desorption apparatus. This occurred during
the measurement for this thesis. The reason for the leakage could not be identified for

certain.

In conclusion, only a few measurements could be performed during this thesis. More
measurements are required to generalize the observed effects. All isotope observation
data used in the modeling were analyzed via direct equilibration, all measurements on
desorption were not considered in the modeling. Hence, this thesis can not provide

new results about the equivalence of the applied extraction methods. Therefore, it is
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assumed, in the following, that direct equilibration adsorbed mobile and tightly bound

pore water from meso and micro pores, because this is the dominating hypothesis.

5.2 Observed isotope data

Soil depth differs a lot between the sampling sites due to different soil structures and
textures: between 30 and almost 300 cm. This restricts the comparability of the the
isotope observations of profiles and sampling sites. However, depletion and enrichment
horizons were detectable in all observed isotope profiles in this thesis. For profile drilled
in 2015, depletion horizons occurred till a depth of 50 cm; moreover, enrichment horizons
occurred till a depth of 100 cm in profiles from 2015, given they reached a depth of
100 cm or more. These layers of fluctuations in pore water stable isotopes can be
associated with annual fluctuations in the isotope signature in precipitation even though
the precipitation signal is smoothed with depth (Sprenger, Volkmann, Blume & Weiler
2015, Stumpp et al. 2009, Gehrels et al. 1998, Brooks et al. 2010). Therefore, enrichment
and depletion horizons found in this thesis give rough ideas of infiltration depth and

climatic conditions of previous winters and summers.

Isotopic depletion is correlated to decreasing temperatures during winter; therefore,
winter precipitation events of 2015 infiltrated into a depth of 50 cm. One would expect
this depth to differ between the sampling sites due to changing soil hydraulic properties.
But only small variations between the sampling sites occurred and major trends towards
deeper infiltration of winter precipitation could neither be detected at SRCs, nor between
the sampling sites. The enrichment horizon between 50 and 100 cm depth is correlated
to summer precipitation in 2014. However, it is less pronounced than the depletion
horizon. On the one hand this smoothing of the isotopic signal with depth occurs due
to dispersion, which leads to a mixing between the layered water reservoirs (Brooks
et al. 2010, Gehrels et al. 1998). On the other hand temperatures were comparably low
and precipitation amounts comparably high in Baden-Wuerttemberg in summer 2014;
therefore, isotopic signature is not as enriched as expected . Smoothed enrichment
horizons were also observed in the profiles of 2014, which is evidence for the second

hypothesis.
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Hollmann (2015) did infiltration experiments at seven of the nine sampling sites of the
BioChance project. The seven sites were: Kupferzell, Marbach, Aulendorf, Welschingen,
Biederbach, Laufen, and Buggingen. He did not detect characteristics in the variations

of infiltration rates between the sampling sites, either.

Generally it has to be considered which soil hydraulic processes were detected and which
were not detected with the drilling method applied in this thesis. Due to feasibility is-
sues, drilling in SRCs was performed between the tree rows and not within the tree rows.
Preferential flowpaths in macropores (Gazis & Feng 2004), originating from tree roots,
are most likely not considered in this approach. Thus, a degree of uncertainty remains
on soil hydraulic properties under a deep well-rooted vegetation cover. In turn, soil com-
paction originating from harvesters might have an influence on the profiles (Lamersdorf
et al. 2010). This is a possible explanation for similar patterns in depletion depths, and

hence in infiltration depth, over all profiles and soil textures.

Some of the profiles taken in 2015 had outliers in isotope signature in the first 10 cm of
depth. It remains unclear whether this is an artifact of the measurement technique via

direct equilibration or has other reasons.

In conclusion, despite these problems isotope depth profiles are still a great tool for the
qualitative understanding of water fluxes within the unsaturated zone. It breaks down
system heterogeneity to a point where comparisons between different locations and soils

are possible.

5.3 Model input data series

As described in section 3.4.1.2, daily data of isotopes in precipitation were required but
not available for the years 2012 to 2015; therefore, ten different approaches to simulate
proper time series of isotopes in precipitation were tested. The results showed that daily
approaches did not achieve better fits than longtime monthly means of isotope values.
It was shown that, mean daily temperatures 2 m above the ground could only explain
a small part of the variations in the isotope signature. This is most likely due to the
fact that isotope signature is characterized not only by near-surface processes but also
by processes in higher atmospheric layers (Gat et al. 2001); furthermore, the signature

during a single heavy precipitation event changes over the duration of the event. So
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far, there is only little research on the variability of the isotope signature during a
single precipitation event. In conclusion, to simulate the actual daily isotope signature
more climate data like the temperature and relative air pressure and moisture of higher
atmospheric layers are required. Therefore, longtime monthly mean is at least a good

approximation of the inner-annual variations, though not of the daily variations.

The results in section 4.2 further showed that the altitude correction factor chosen by
Siegenthaler & Oeschger (1980) did not fit for all cases. The altitude correction factor
by Siegenthaler & Oeschger (1980) is calculated for the Swiss Alps. Factors for the
Black Forest might be even higher according to Gat et al. (2001). As it was shown in
the results, altitude correction did fit less on Schauinsland data than on St. Wilhelmer
Tal data. When altitude correction factor was reduced, simulated data fit better, even
though not better than without altitude correction; thus, altitude correction factor by
Siegenthaler & Oeschger (1980) did not fit for the Black Forest region and an altitude
difference bigger than 700 m. Further, Siegenthaler & Oeschger (1980) stated that
with increasing altitude difference, isotope correction factors decrease, which was shown
by the Schauinsland data. Because altitude differences between GNIP stations and
sampling sites are in almost all sites only a few meters, altitude correction plays a minor

role.

As elaborated in the methods (section 3.4.1.3), interception and transpiration were calcu-
lated from LAI Especially the suitability of the interception equation of von Hoyningen-
Huene (1983) is limited, because it was developed for crops (more information in section
3.4.1.3). As leaf area indices are not measured and literature values are not available for
all species, or species of different age, leaf area indices are fitted using the SWIS model
(see model step I in 3.4.3). From the results it can be concluded that the attempt to
calibrate LAI by using the model SWIS did not achieve the expected results (see section
4.4.1). Only within a few profiles model efficiency was sensitive to LAI, most profiles
were insensitive or showed no clear patterns. Certainly measured LAI would increase
the reliability of the input data series of interception and transpiration, nevertheless,
the uncertainty of the above mentioned equations still persists. However, including the
calculated water fluxes to the water balances yields satisfying results, as exemplarily

shown by the sampling site in Forchheim in section 4.3.

In conclusion, the deviations between the simulations and the observations, which are
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described in the following, can at least partly be reduced to the described uncertainties

in the input data series.

5.4 Simulations and sensitivity analysis

Sensitivity analysis and parameter optimization were done for seven parameters which
were selected and estimated in order to describe soil hydraulic properties: transpiration
and evaporation depth; single or two-layered soil texture; in case of a two-layered soil,

the depth of the bottom soil layer; saturated hydraulic conductivity and porosity.

Evaporation depth was estimated within a certain range via inverse modeling in order
to conclude on differences between reference sites, where bare soil is exposed to wind
and sun between the growing seasons, and SRC sites with well-rooted soils, which are
protected from direct wind and sun radiation by a closed canopy half the year. Thus,
evaporation depth for the reference sites is expected to be higher than for SRCs. Further-
more, transpiration depth was estimated because of missing measurements and literature
values on rooting depths of species and clones sampled in this thesis. It was expected
to be higher for SRCs than for the reference sites in grassland, maize and other crops.
For most profiles, model efficiency was sensitive to changes in either evaporation depth
or transpiration depth or changes in both. However, expected trends were not observed

continuously neither for transpiration nor for evaporation depth.

In some cases model efficiency marginally increases with changes in transpiration depth.
However, the variances of model efficiencies within runs for fixed values of the parameter
was much bigger than the variance of model efficiencies between runs with different
parameter values. When this patterns occurred, transpiration depth is assumed to be
an insensitive parameter for the model. But even though changes in transpiration depth
do not influence the model significantly, it was still set to the value which produced the

maximum efficiency.

In case of a two-layered soil texture the depth of the second soil layer was not a sensitive
parameter for the model for any case. It was concluded that this parameter can be

excluded from the sensitivity analysis.
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No clear trend can be observed concerning an increase in saturated hydraulic conductiv-
ity or porosity at SRCs (section 4.5); thus, an improvement of soil infiltration capacity
at SRCs in comparison to intensively cultivated arable sites found by former studies can
not be observed in this study (Lamersdorf et al. 2010, Lamersdorf & Schulte-Bisping
2010, Petzold et al. 2009, Dimitriou et al. 2009). The questions of whether soil func-
tions vary with a changing vegetation, with a changing vegetation age or in different soil

textures can not be answered because such effects were not observed.

In this thesis the Van-Genuchten parameter n is referred to as porosity, which is not
quite fitting because it is a shape parameter according to the definition of van Genuchten
(1980). It remains to discuss whether a variation of other soil hydraulic parameters might

achieve better results, however doing this implies modifications of the SWIS model.

At profiles with only small variations in isotope signature with increasing depth, model
step V achieved best model efficiencies. The separated simulation of water flux in micro,
meso and macro pores is responsible for an increase in simulated linearity of isotope val-
ues with depth. On a random basis dispersivity was altered. Changes in dispersivity did
not affect model efficiency. A structured estimation of diffusion and exchange between

pore spaces was not conducted.

Quite some time was invested to decide which measurement efficiency index to take.
In the end it was a combination of KGE and KGE (r + «), Pearson’s r, a,  and
residual plots. With this combination variations and shifts between the simulations and

observations could be detected in detail.

Generally, SWIS performed best in the first meter of depth of profiles taken in 2015, in
depths below that, the simulated smoothing was too big and did not mirror the observed
variability. Moreover, SWIS performed better on oxygen-18 values than on deuterium
values. These two effects of the simulations indicate that assumptions made in the model

might have to be adapted.

Observed water content measurements were not as adequate as required for simulation
fitting (see section 3.3 and 4.4). Thus, the adequacy of the simulated water transport
could not be verified rigorously, and the performance of the simulated water flow via the

Richards equation remains unclear.
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In conclusion, an increase in permeability of soils underneath SRCs can not be observed,
although it was described in former studies. This is likely due to the shortcomings of
the available input data and soil heterogeneity. Some improvements are also likely
needed for the parameter selection and a further Monte Carlo analysis might lead to

new assumptions on sensitive parameter values.






Chapter 6

Conclusion

A proper simulation of the effect of vegetation on soil hydraulic properties is complicated
due to the heterogeneity in soils. Qualitative conclusions on soil hydraulic properties
could be drawn from the observed isotope depth profiles. Moreover, quantitative as-
sumptions should be made via inversely model those depth profiles. Major problems in
inverse modeling were to calculate input data like transpiration and interception and

especially isotope values of precipitation.

To improve the applied methodology it would be useful to measure some more model
input data. Some easy and fast to obtain parameters are for instance: (1) the canopy
coverage, which can be determined by a Digital Canopy Imager, to calculate leaf area
index, transpiration and interception; and (2) more information on the examined poplar
and willow clones in short rotation can give insights into the rooting depth and hence

on transpiration depths.

It is much more difficult to obtain a better estimation of the isotopes in precipitation,
because spatial distribution of isotope measurements is not as widespread as climate
stations are. Furthermore, the correlation to other climate parameters is still a challenge

as described in section 5.3.

In summary, the simple method of taking soil drilling cores twice a year and estimating all
other parameters via inverse modeling was not successful. While qualitative conclusions
could be drawn from the isotope depth profiles, quantitative research questions about

differences between SRC and reference sites could not be answered.
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TABLE A.1: Detailed description of sampling sites (Soil type, texture and region are taken from BK 50).

Location Sample Coordinates Drilled Drilled Vegetation Slope Cultivation BK 50 soil type BK 50
depth depth KE
em]  [em]

2014 2015
Aulendorf AUL 1 3548531 5313798 - 67.5 willow flat extensive Niedermoor, Gley-Niedermoor U155
AUL 2 3548537 5313812 - 102 poplar flat extensive Niedermoor, Gley-Niedermoor U155
AUL 3 3548541 5313804 - 63.5 grassland flat - Niedermoor, Gley-Niedermoor U155
Biederbach BIE 1 3429350 5342470 170 205 willow slightly prone extensive Podsol-Gley und Gley-Stagnogley aus blockschuttreicher Talfiillung A215
BIE 2 3429350 5342470 80 103.5 grassland slightly prone - Podsol-Gley und Gley-Stagnogley aus blockschuttreicher Talfiillung A215
BIE 3 3429181 5342466 70 108 willow slightly prone extensive Podsol-Gley und Gley-Stagnogley aus blockschuttreicher Talfiillung A215
BIE 4 3429350 5342470 90 120 grassland slightly prone - Podsol-Gley und Gley-Stagnogley aus blockschuttreicher Talfiillung A215
BIE 5 3430181 5336944 70 72 poplar flat extensive Siedlung 3
BIE 6 3430211 5336945 120 67 grassland flat - Siedlung 3
BIE 8 3428751 5342065 90 63.5 poplar slightly prone extensive Braunerde aus Kristallin-Hangschutt und -gestein A132
BIE 9 3428751 5342065 94 95 grassland slightly prone - Braunerde aus Kristallin-Hangschutt und -gestein A132
Buggingen BUG 1 3397071 5301569 90 88.5 willow flat extensive Kolluvium 796
BUG 2 3397053 5301531 60 56 willow flat extensive Kolluvium 796
BUG 3 3397028 5301471 90 69 willow flat extensive Kolluvium 796
BUG 4 3396760 5301825 56 62 maize flat intensive Parabraunerde und Pseudogley-Parabraunerde 792
Kupferzell KUP 1 3550779 5454426 - 135 willow flat extensive Pelosol, Braunerde-Pelosol J18
KUP 2 3550772 5454431 - 89 grassland flat - Pelosol, Braunerde-Pelosol J18
KUP 3 3550755 5454444 - 94 poplar flat extensive Pelosol, Braunerde-Pelosol J18
Marbach MAR 1 3530787 5361692 - 169 willow flat extensive Rendzina aus Kalk- und Dolomitstein ql4
MAR 2 3530775 5361694 - 92 poplar flat extensive Rendzina aus Kalk- und Dolomitstein qld
MAR 3 3530789 5361707 - 13.5 oat flat intensive Rendzina aus Kalk- und Dolomitstein ql4
Rheinhausen/Forchheim  FOR 1 3451354 5425893 - 164 poplar flat extensive Braunerde, z.T. podsolig w30
FOR 2 3451363 5425916 - 173 willow flat extensive Braunerde, z.T. podsolig w30
FOR 3 3451343 5425872 170 grassland flat - Braunerde, z.T. podsolig w30
FOR 4 3451408 5425875 - 209 willow flat extensive Braunerde, z.T. podsolig w30
FOR 5 3451411 5425900 - 169 poplar flat extensive Braunerde, z.T. podsolig w30
FOR 6 3451494 5426284 - 171 maize flat intensive Braunerde, z.T. podsolig w30
Kraichtal/ Neuenbuerg ~ KRAI'1 3480615 5446363 - 218 poplar slightly prone intensive Pararendzina aus Loss und Sandléss el3
KRAI 2 3480753 5446250 - 273 poplar prone intensive Pararendzina aus Loss und Sandléss el3
KRAI 3 3480768 5446246 - 163 uncultivated prone intensive Pararendzina aus Loss und Sandléss el3
KRAI 4 3480633 5446364 - 207 poplar slightly prone intensive Pararendzina aus Loss und Sandlss el3
Laufen/Sulzburg LAU 1 3402392 5301427 85 85 sida prone extensive Pararendzina 733
LAU 2 3402383 5301417 183 130 paulownia prone extensive Pararendzina 733
LAU 3 3402149 5301354 165 167 paulownia slightly prone extensive Pararendzina 734
LAU 3/2 3402149 5301354 88 paulownia slightly prone extensive Pararendzina 734
LAU 4 3402237 5301482 95 s sida slightly prone extensive Pararendzina 7274
LAU 5 3402238 5301462 93 70 poplar/ paulownia slightly prone extensive Auengley 748
LAU 6 3402228 5301436 82 7 grassland slightly prone - Auengley 748
‘Welschingen WEL 1 3483735 5298203 40 42 poplar flat extensive Auftragsboden aus unterschiedlichen Substraten U164
WEL 2 3483769 5298215 165 169 sudangrass/ maize flat intensive Auftragsboden aus unterschiedlichen Substraten U164
WEL 3 3483776 5298153 40 24 poplar flat extensive Auftragsboden aus unterschiedlichen Substraten Ul64
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F1GURE B.1: Sensitivity analysis of model step I at sampling site Kupferzell.
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FIGURE B.3: Sensitivity analysis of model step I at sampling site Forchheim.
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FIGURE B.5: Sensitivity analysis of model step I at sampling site Buggingen in autumn 2014.
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FI1GURE B.7: Sensitivity analysis of model step I at sampling site Laufen in autumn 2014.
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FI1GURE B.9: Sensitivity analysis of model step I at sampling site Welschingen in autumn 2014.
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FiGURE C.1: Depth profile of observed and modeled §'30, §2H, volumetric water content and deuterium-excess values from best fit run of model
step V for profile 1 at Kupferzell. Within model step V water flow is calculated separately in micro-, meso- and macropores. The black model graph
shows isotope signature resulting from a combination of both pore spaces; moreover, KGE is calculated from these simulations. For oxygen-18 the
output of SWIS is only a combination of pore spaces.
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FiGURE C.3: Depth profile of observed and modeled §'30, §2H, volumetric water content and deuterium-excess values from best fit run of model

step V for profile 3 at Kupferzell. Within model step V water flow is calculated separately in micro-, meso- and macropores. Black model graph

shows isotope signature resulting from a combination of both pore spaces; moreover, KGE is calculated from these simulations. For oxygen-18 the
output of SWIS is only a combination of pore spaces.
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FIGURE C.9: Depth profile of observed (black) and modeled (red) §'80, §°H, volumetric water content and deuterium-excess values from best fit
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FIGURE C.11: Depth profile of observed (black) and modeled (red) 680, §2H, volumetric water content and deuterium-excess values from best fit

—-200 -150 -100 -50
Depth [cm]

-250

-300

-100

&%H [%o]
KGE = 0.25 ; KGE (r+alpha) = 0.31
r= 0.31; beta=0.71; alpha = 0.99

-80 —-60 -40 -20
1 1 1 1

o} °
bl
ot °
ol
o}

Iol °

bl °
led
lol
bl °

lod

-200 -150 -100 -50
Depth [cm]

-250

-300

-50

-100

-150

-200

-250

-300

Water content [cm®/ cm?]
KGE = -1.9 ; KGE (r+alpha) = 0.22
r= 0.35; beta=3.79 ; alpha = 0.58

0.2 0.4 0.6
1 1 1

0.8

run of model step III for profile 4 at Forchheim.

Depth [cm]

-50

-100

-150

-200

-250

-300

deuterium—excess [-]
KGE = -0.36 ; KGE (r+alpha) = -0.21
r= 0.09;beta=1.64;alpha= 0.21

-5 0 5 10 15
1 1 1 1 1

20




133

Appendix C Model step III to V - depth plots

(4

T T T T T
ST 0T S 0 G-

9e0 =eydeigeT=e10q:/90 =.
82'0 = (eydie+1) 393 ' 22’0 = 3I9H
[-] ssaoxa-wnuainap

0T-

0ST- 002- 052- 00g-
[wa] yudag

00T-

0S-

‘wWIeYY2Io e ¢ a[goid 10] AT dojs [opou Jo UNI
35 189 WO} SON[RA SSOOXO-WINLIOINOP PUR JUSIUOD IJeM OLIPWNIOA ‘[ ¢ ‘Og@ (POI) poopout pue (sor[q) poatesqo jo ogord yido g1 ) dUNDI

8'0

©
o o
5 S S o
o | | o
LN N
ol a1
° a a o
° | | o
N N}
o =]
o S S °
R ° . tol
o o
. ° 9 . o
o ° 1S o tl
L = =
. - a2 a . fo
[3)
° ° _M_ ° tol
0 . ° fol
¢ ‘ 1o
° o le B ° o
° & o ° ol
° o o 1ol
o ° o el
° ° °
° ° L & & ° e
° S IS} °
o fol
o ° o tof
o ° ° L]
o o o fof
T T T © o T T T T
90 70 20 00 0c- ov— 09- 08- 00T-

1Z0 =eyde ' ze=118q  Ty0 =1
90°0 = (eydie+s) 39X ' 9y’ T- = 3DM

_mEo \mEou 1UBJU0I JBJBAN

G'T =eydeiggo=m2aq: yT0- =1
GZ'0- = (eydie+l) 39X ' €€°0- = ION

[09%] H,Q

[wo] ydag

00€-

0G¢-

00¢-

0ST-

00T-

0S-

ST-
€T =eydre ig0=2eaq:z00 =1
#0'0- = (eydie+) 39X ' TT°0- =3I

[°%] Og,Q

0c-



Appendix C Model step III to V - depth plots

134

30 [%o]
KGE = 0.61 ; KGE (r+alpha) = 0.61
r= 0.61; beta=0.93; alpha= 1.01

-15 -10 -5
1 1 1

-20

FIGURE C.13: Depth profile of observed (black) and modeled (red) 680, §2H, volumetric water content and deuterium-excess values from best fit
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FIGURE C.17: Depth profile of observed (black) and modeled (red) §'80, 62H, volumetric
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FIGURE C.21: Depth profile of observed (black) and modeled (red) 680, §2H, volumetric water content and deuterium-excess values from best fit
run of model step IV for profile 1 sampled in spring 2015 in Buggingen.
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FIGURE C.23: Depth profile of observed (black) and modeled (red) 680, §2H, volumetric water content and deuterium-excess values from best fit
run of model step IV for profile 2 sampled in spring 2015 in Buggingen.
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FIGURE C.25: Depth profile of observed (black) and modeled (red) 680, §2H, volumetric water content and deuterium-excess values from best fit
run of model step IV for profile 1 sampled in autumn 2014 in Laufen.
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Appendix C Model step III to V - depth plots

30 [%o]
KGE = 0.3 ; KGE (r+alpha) = 0.3
r= 0.54; beta=0.99; alpha= 1.52

&%H [%o]
KGE = 0.42 ; KGE (r+alpha) = 0.43
r= 0.61;beta=0.9;alpha= 1.42

Water content [cm®/ cm?]
KGE = -0.23 ; KGE (r+alpha) = -0.18
r= 0.35; beta=0.67; alpha= 0.01

deuterium—excess [-]
KGE = -9.87 ; KGE (r+alpha) = -0.06
r= 0.11; beta = 11.82 ; alpha = 0.42

-20 -15 -10 -5 -100 -80 -60 -40 -20 0.0 0.2 0.4 0.6 0.8 -10 -5 0 5 10 15 20
1 1 1 o 1 1 1 1 o o 1 1 1 o 1 1 1 ! 1
o o o o o o o o
ool Tod oo o o
toi o o ° ° ° ° °
ol o ol o o o o
fof o o ot o o o oo o o o
red re} rog o
[ i ot o i i o o I o o
i o bl o oo o o
fod B o ° o o °

° bt L ° o o o

° bl 8 b g8 8. ° 8 o °

=1 =1 1 =1

%Goq ] of ] | ° | o °

ol Jol © ° o N o

i _ ol _ ° . _ . °
IS ° £ ° IS °

e o & o o Lo ’ L o ’

o 8 o W 5 S0 ) s 8 T

A= = s S o

2] o ol ° I al ° ° a | ° °
] [ ()

° ot a] %l [a] ¢ [a)] o ¢
° tod o ° N o
° o o o o ° o o

<] S S | o |
. D o S 9 o D o
o o ° o o ° o o
re] re} B | n |
N N N N
° ) ° ) | ° ) °
o o ° o o ° o o
=] S S S
7 T 9 ¢

148

FIGURE C.27: Depth profile of observed (black) and modeled (red) 680, §2H, volumetric water content and deuterium-excess values from best fit
run of model step IV for profile 2 sampled in autumn 2014 in Laufen.
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Appendix C Model step III to V - depth plots
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FIGURE C.29: Depth profile of observed (black) and modeled (red) 680, §2H, volumetric water content and deuterium-excess values from best fit
run of model step IV for profile 3 sampled in autumn 2014 in Laufen.
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Appendix C Model step III to V - depth plots
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FIGURE C.31: Depth profile of observed (black) and modeled (red) 680, §2H, volumetric water content and deuterium-excess values from best fit
run of model step IV for profile 4 sampled in autumn 2014 in Laufen.
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Appendix C Model step III to V - depth plots
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FIGURE C.33: Depth profile of observed (black) and modeled (red) 680, §2H, volumetric water content and deuterium-excess values from best fit
run of model step IV for profile 5 sampled in autumn 2014 in Laufen.
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Appendix C Model step III to V - depth plots
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FIGURE C.35: Depth profile of observed (black) and modeled (red) 680, §2H, volumetric water content and deuterium-excess values from best fit
run of model step IV for profile 6 sampled in autumn 2014 in Laufen.
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Appendix D

Model step Il - IV - selected sensitivity plots

In the following only a selection of sensitivity analysis plots is shown. Patterns of insen-
sitive parameters are exemplified by transpiration depth in figure D.1. At the attached

CD remaining sensitivity analysis plots are stored and can be viewed if necessary.
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