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ABSTRACT

Water-related regulative and provisioning ecosys-
tem services (ES) were examined, aiming at runoff 
regime and groundwater recharge in the Palati-
nate Forest Biosphere Reserve in south-western 
Germany with hydrological modelling using the 
Soil and Water Assessment Tool (SWAT+). A 
holistic approach was included with indicators 
of functional and structural ecological processes 
assigned to intermediate components of ES. As 
potential risk factors for the degradation of wa-
ter-related ES in the forest, soil compaction due 
to driving with heavy machinery in the course of 
harvest operations, disrupted areas with rejuve-
nation, as a result of either silvicultural manage-
ment practices, or due to windthrow, pests and 
calamities in the course of climate change, as well 
as climate change itself as a major stressor for 
forest ecosystems were analyzed with regard to 
their impact on hydrological processes. For each 
of those influencing factors, separate SWAT+ 
model scenarios were created, and compared to 
the calibrated baseline model, which represented 
the current watershed conditions based on field 
data. 
The simulations confirmed the favorable site 
conditions of the Palatinate Forest for ground-
water formation. Related to the high infiltration 
capacity of the Red Sandstone soil substrates in 
the catchment area, as well as to the retarding 
and buffering influence of forest canopy cover 
on precipitation water, the Palatinate Forest was 
simulated to exhibit a significant mitigation effect 
on runoff generation, and a pronounced retention 
potential concerning spatial and temporal water 
distribution in the catchment. Nevertheless, el-
evated amounts of precipitation, exceeding the 
infiltration capacity of the sandy soils, were found 
to result in a short circuit drain reaction with 
pronounced surface runoff peaks. The simulations 
depicted the sensitive character of forest-water-
cycle-interactions, as well as the hydrological 
impact of age-patterns related to differences in 
canopy expression, climate change, and deterio-
rated soil functions. 

 Future climate projections, simulated using 
BIAS-adjusted REKLIES and EURO-CORDEX re-
gional climate models (RCM), forecasted a higher 
evaporative demand, an extension of the vegeta-
tion period, and at the same time drought periods 
to occur more frequently, which was found to 
shorten the period of groundwater replenish-
ment, resulting in a projected decline in the provi-
sioning ES groundwater formation by the middle 
of the century. Being strongly correlated to pre-
cipitation inputs, all uncertainties in their forecast 
given, surface runoff generation was projected to 
be promoted with elevated intensity and duration 
of precipitation events by the end of the century. 
Soil compaction from using heavy forestry ma-
chineries was simulated adjusting soil bulk den-
sity, and the SCS Curve Number in SWAT+, both 
derived from driving test data collected in the 
area. The favorable infiltration conditions, and the 
relatively low susceptibility for soil compaction of 
the coarse-textured Red Sandstone were found to 
dominate the magnitude of impact on watershed 
level, resulting in moderate signs of deterioration. 
The simulations furthermore revealed a clear in-
fluence of soil type on hydrological responses to 
soil compaction on skid trails, and thus support 
the assumption that the vulnerability of soils to 
compaction increases with the percentage of silt 
and clay soil particles. The pathway system was 
found effective in the contribution to elevated 
amounts of surface runoff at high precipitation 
inputs.
Disrupted areas with rejuvenation were simu-
lated based on an artificial model within a 
sub-catchment area, assuming 3 years old tree 
saplings with a simulation period of 10 years, and 
compared to mature stocks (30 to 80 years) with 
regard to selected water balance components. 
Rejuvenations with undeveloped canopy cover 
suffer losses in their retarding effect on the water 
flow regime, which favors the generation of over-
land flow, and slightly promotes higher leaching 
in quantitative terms. The hydrological differen-
tiation between closed canopy stands and close 
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to open field stand conditions was found to be 
governed by the dominant factors atmospheric 
evaporative impetus, precipitation amounts, and 
canopy expression, indicating that with higher 
evaporative demand, but scarce water inputs to 
the system, the hydrological impact of disrupted 
forest areas compared to mature stocking struc-
tures was the most pronounced the less devel-
oped the regrown rejuvenation canopy cover.  
The results suggest that in the evaluation of 
enhancement measures for decentralized flood 
control, critical source areas (CSA) for runoff gen-

eration in the forest are recommended to move 
into focus of forest management. The sensitivity, 
and thus susceptibility for deterioration of forests 
to ecosystem conditions allow for the conclusion, 
that maintenance of the complex structure and 
intactness of its interrelations, especially with the 
given challenge climate change, urges for care-
fully adapted measures of conservation, efforts in 
the identification of CSA, as well as preservation 
and reestablishment of the hydrological continu-
ity in forest stands. 
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ZUSAMMENFASSUNG

Wasserbezogene regulierende und versorgende 
Ökosystemdienstleistungen (ÖSDL) wurden im 
Hinblick auf das Abflussregime und die Grund-
wasserneubildung im Biosphärenreservat Pfäl-
zerwald im Südwesten Deutschlands anhand 
hydrologischer Modellierung unter Verwendung 
des Soil and Water Assessment Tool (SWAT+) 
untersucht. Dabei wurde ein holistischer Ansatz 
verfolgt, wonach den ÖSDL Indikatoren für funk-
tionale und strukturelle ökologische Prozesse 
zugeordnet werden. Potenzielle Risikofaktoren 
für die Verschlechterung von wasserbedingten 
ÖSDL des Waldes, wie Bodenverdichtung durch 
Befahren mit schweren Maschinen im Zuge von 
Holzerntearbeiten, Schadflächen mit Verjüngung, 
entweder durch waldbauliche Bewirtschaftungs-
praktiken oder durch Windwurf, Schädlinge und 
Kalamitäten im Zuge des Klimawandels, sowie 
der Klimawandel selbst als wesentlicher Stressor 
für Waldökosysteme wurden hinsichtlich ihrer 
Auswirkungen auf hydrologische Prozesse ana-
lysiert. Für jeden dieser Einflussfaktoren wurden 
separate SWAT+-Modellszenarien erstellt und 
mit dem kalibrierten Basismodell verglichen, das 
die aktuellen Wassereinzugsgebietsbedingungen 
basierend auf Felddaten repräsentierte. Die Si-
mulationen bestätigten günstige Bedingungen 
für die Grundwasserneubildung im Pfälzerwald. 
Im Zusammenhang mit der hohen Versicke-
rungskapazität der Bodensubstrate der Buntsand-
steinverwitterung, sowie dem verzögernden und 
puffernden Einfluss der Baumkronen auf das Nie-
derschlagswasser, wurde eine signifikante Minde-
rungswirkung auf die Oberflächenabflussbildung 
und ein ausgeprägtes räumliches und zeitliches 
Rückhaltepotential im Einzugsgebiet simuliert. 
Dabei wurde festgestellt, dass erhöhte Nieder-
schlagsmengen, die die Versickerungskapazität 
der sandigen Böden übersteigen, zu einer kurz 
geschlossenen Abflussreaktion mit ausgeprägten 
Oberflächenabflussspitzen führen. Die Simulati-
onen zeigten Wechselwirkungen zwischen Wald 
und Wasserkreislauf sowie die hydrologische 
Wirksamkeit des Klimawandels, verschlechterter 
Bodenfunktionen und altersbezogener Bestandes-

strukturen im Zusammenhang mit Unterschieden 
in der Baumkronenausprägung. Zukunfts-Klima-
projektionen, die mit BIAS-bereinigten REKLIES- 
und EURO-CORDEX-Regionalklimamodellen 
(RCM) simuliert wurden, prognostizierten einen 
höheren Verdunstungsbedarf und eine Verlän-
gerung der Vegetationsperiode bei gleichzeitig 
häufiger auftretenden Dürreperioden innerhalb 
der Vegetationszeit, was eine Verkürzung der Pe-
riode für die Grundwasserneubildung induzierte, 
und folglich zu einem prognostizierten Rückgang 
der Grundwasserneubildungsrate bis zur Mitte 
des Jahrhunderts führte. Aufgrund der starken 
Korrelation mit Niederschlagsintensitäten und 
der Dauer von Niederschlagsereignissen, bei allen 
Unsicherheiten in ihrer Vorhersage, wurde für die 
Oberflächenabflussgenese eine Steigerung bis 
zum Ende des Jahrhunderts prognostiziert.
 Für die Simulation der Bodenverdichtung wur-
den die Trockenrohdichte des Bodens und die 
SCS Curve Number in SWAT+ gemäß Daten aus 
Befahrungsversuchen im Gebiet angepasst. Die 
günstigen Infiltrationsbedingungen und die re-
lativ geringe Anfälligkeit für Bodenverdichtung 
der grob-körnigen Buntsandsteinverwitterung 
dominierten die hydrologischen Auswirkungen 
auf Wassereinzugsgebietsebene, sodass lediglich 
moderate Verschlechterungen wasserbezoge-
ner ÖSDL angezeigt wurden. Die Simulationen 
zeigten weiterhin einen deutlichen Einfluss der 
Bodenart auf die hydrologische Reaktion nach 
Bodenverdichtung auf Rückegassen und stützen 
damit die Annahme, dass die Anfälligkeit von 
Böden gegenüber Verdichtung mit dem Anteil an 
Schluff- und Tonbodenpartikeln zunimmt. Eine 
erhöhte Oberflächenabflussgenese ergab sich 
durch das Wegenetz im Gesamtgebiet.
 Schadflächen mit Bestandesverjüngung wurden 
anhand eines artifiziellen Modells innerhalb eines 
Teileinzugsgebiets unter der Annahme von 3-jäh-
rigen Baumsetzlingen in einem Entwicklungszeit-
raum von 10 Jahren simuliert und hinsichtlich 
spezifischer Wasserhaushaltskomponenten mit 
Altbeständen (30 bis 80 Jahre) verglichen. Die 
Simulation ließ darauf schließen, dass bei feh-
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lender Kronenüberschirmung die hydrologisch 
verzögernde Wirkung der Bestände beeinträchtigt 
wird, was die Entstehung von Oberflächenab-
fluss begünstigt und eine quantitativ geringfügig 
höhere Tiefensickerung fördert. Hydrologische 
Unterschiede zwischen dem geschlossenem 
Kronendach der Altbestände und Jungbeständen 
mit annähernden Freilandniederschlagsbedingun-
gen wurden durch die dominierenden Faktoren 
atmosphärischer Verdunstungsanstoß, Nieder-
schlagsmengen und Kronenüberschirmungsgrad 
bestimmt. Je weniger entwickelt das Kronendach 
von verjüngten Waldbeständen im Vergleich zu 
Altbeständen, je höher der atmosphärische Ver-
dunstungsanstoß und je geringer die eingetrage-
nen Niederschlagsmengen, desto größer war der 
hydrologische Unterschied zwischen den Bestan-
destypen.
 Verbesserungsmaßnahmen für den dezentra-
len Hochwasserschutz sollten folglich kritische 
Bereiche für die Abflussbildung im Wald (CSA) 
berücksichtigen. Die hohe Sensibilität und Anfäl-
ligkeit der Wälder gegenüber Verschlechterungen 

der Ökosystembedingungen legen nahe, dass die 
Erhaltung des komplexen Gefüges und von in-
takten Wechselbeziehungen, insbesondere unter 
der gegebenen Herausforderung des Klimawan-
dels, sorgfältig angepasste Schutzmaßnahmen, 
Anstrengungen bei der Identifizierung von CSA 
sowie die Erhaltung und Wiederherstellung der 
hydrologischen Kontinuität in Waldbeständen 
erfordern.



VI

I TABLE OF CONTENTS

ACKNOWLEDGEMENT ................................................................................................................................ I

ABSTRACT ...................................................................................................................................................... II

I TABLE OF CONTENTS ...................................................................................................................... VI

II LIST OF FIGURES ............................................................................................................................. VIII

III LIST OF TABLES ................................................................................................................................XIV

IV LIST OF ABBREVAIATIONS ...........................................................................................................XVI

V LIST OF FORMULAS ........................................................................................................................XIX

1 INTRODUCTION ................................................................................................................................. 1
1.1 Research relevance, framework and objectives ...................................................................................2
1.2 Methodical approach .................................................................................................................................5

2 FUNDAMENTALS AND DEFINITIONS ............................................................................................6
2.1  Water balance parameters – hydrological, pedological and hydraulic basics   .............................7

2.1.1  Atmosphere – plant interaction .................................................................................................7
2.1.1.1 Evapotranspiration  .......................................................................................................  7
2.1.1.2 Interception ..................................................................................................................... 8
2.1.1.3 Water stress .................................................................................................................... 9

2.1.2 Water in the soil zone ................................................................................................................10
2.1.2.1 Water retention and movement in the vadose zone ........................................... 10
2.1.2.2 Water in the saturated zone ...................................................................................... 13
2.1.2.3  Water in the stream flow ........................................................................................... 15

2.2 The concept of ecosystem services and their operationalization ..................................................16
2.3 Water-related Ecosystem Services of the forest ...............................................................................19

2.3.1  Water-related regulative Ecosystem Services of the forest .............................................. 20
2.3.2 Water-related provisioning ecosystem services of the forest .......................................... 24
2.3.3 Current and future challenges ..................................................................................................27

2.3.3.1 Climate change............................................................................................................  28
2.3.3.2 Forest management ...................................................................................................  29
2.3.3.3 Air pollution .................................................................................................................  36

3 STUDY AREA .......................................................................................................................................37
3.1 Climate  ..................................................................................................................................................... 37
3.2 Geology, Hydrogeology and Pedology ............................................................................................... 38
3.3 Surface waters and water regime ........................................................................................................40
3.4 Vegetation .................................................................................................................................................41

4 MODELLING METHODOLOGY ..................................................................................................... 43
4.1 The hydrologic model SWAT+ ..............................................................................................................44

4.1.1  Surface Runoff ...........................................................................................................................46
4.1.2 Water movement in the soil zone .......................................................................................... 47
4.1.3 Plant growth ................................................................................................................................ 49



VII

4.2 Watershed configuration ........................................................................................................................51
4.2.1  Model implementation ............................................................................................................ 53

4.2.1.1 Climate and climate projection data  .....................................................................  53
4.2.1.2 Land use data ...............................................................................................................  54
4.2.1.3 Soil data ........................................................................................................................  56

4.2.2  Sensitivity analysis ..................................................................................................................... 58
4.2.2.1 Plant parametrization ................................................................................................  58
4.2.2.2 Model parameters ........................................................................................................ 61

4.2.3 Calibration and validation ........................................................................................................ 62
4.2.3.1 The Palatinate Forest catchment ............................................................................  62
4.2.3.2  The Bobenthal2 catchment ......................................................................................  62

4.2.4 Simulation of soil compaction .................................................................................................. 62
4.2.5 Simulation of rejuvenation effects on water balance  ....................................................... 65

5 RESULTS ............................................................................................................................................. 69
5.1 Parameter sensitivity analysis .............................................................................................................. 69

5.1.1 Plant parameters ........................................................................................................................ 69
5.1.2  Sensitive model parameters and manual calibration ......................................................... 76

5.1.2.1 The Palatinate Biosphere Reserve catchment ......................................................  76
5.1.2.2 The Bobenthal2 catchment ......................................................................................  78

5.2 Calibration and validation ..................................................................................................................... 79
5.2.1 The Palatinate Forest Biosphere Reserve catchment ......................................................... 79
5.2.2 The Bobenthal2 catchment ...................................................................................................... 82

5.3 Water balance  .........................................................................................................................................84
5.3.1 The Palatinate Forest Biosphere Reserve catchment .........................................................84
5.3.2 The Bobenthal2 catchment .......................................................................................................91

5.4 Future climate projections .................................................................................................................... 94
5.5 Soil compaction ..................................................................................................................................... 103
5.6 Disrupted areas with rejuvenation .....................................................................................................112

6 DISCUSSION .................................................................................................................................... 121
6.1 Plant parameter modification .............................................................................................................121

6.1.1 SWAT+ ET estimates in forested areas .................................................................................121
6.1.2 SWAT+ biomass performance in forested areas................................................................ 124

6.2 Water balance and water-related ES of the forest......................................................................... 125
6.3 Climate projections ............................................................................................................................... 128
6.4 Soil Compaction .................................................................................................................................... 133
6.5 Disrupted areas with rejuvenation ...................................................................................................... 138

7 CONCLUSIONS ...............................................................................................................................142

VI BIBLIOGRAPHY ................................................................................................................................147

VII APPENDIX  |  TABLES ......................................................................................................................175

VII  APPENDIX  |  FIGURES .....................................................................................................................178

CURRICULUM VITAE ...............................................................................................................................182



VIII

II LIST OF FIGURES

Figure 1: German part of the Biosphere Reserve Palatinate Forest/Northern Vosges .......................... 3

Figure 2: The global water cycle and its components and the fluxes ....................................................... 6

Figure 3:  A classification of process mechanisms in the response of hillslopes to rainfalls ............... 12

Figure 4:  Subsurface outflow ........................................................................................................................... 14

Figure 5:  Groundwater system showing generalized flow paths of groundwater 
movement and the relative age of the water since the time of recharge ............................. 14

Figure 6: The Total Economic Value and ES value categories ...................................................................  17

Figure 7: A dynamic system capturing the complex interactions needed to 
produce ecosystem services at the regional scale, driven by the flows of 
energy, matter, and information through the system ............................................................... 18

Figure 8: Water-related ES of the forest ......................................................................................................  20

Figure 9: Highlighted water-related regulative and provisioning ES of the forest  .............................. 27

Figure 10: Projection of the future development of mean average temperature .................................  28

Figure 11: Pressure bulb depending on wheel load and soil depth ...........................................................  34

Figure 12: Hydrological processes simulated by SWAT+ ............................................................................  45

Figure 13: Conceptual flow paths of water between the most important  
spatial objects in SWAT+ ................................................................................................................  46

Figure 14: Delineated entire SWAT+ watershed, its sub-catchments Bobenthal, 
Neustadt, Thaleischweiler, Hardenburg with their sub-basins, and the 
Biosphere Reserve it is embedded in ............................................................................................  52

Figure 15: Land use types generated for the SWAT+ model and their distribution 
in the Palatinate Biosphere Reserve watershed. ........................................................................  55

Figure 16: Soil classes generated for the SWAT+ model and their distribution in 
the Palatinate Biosphere Reserve watershed.  ...........................................................................  56

Figure 17:  Spatial distribution of the pathway system within the catchment area, 
covering 11 % area extent of the Palatinate Forest Biosphere Reserve catchment ...........  63

Figure 18: LAI curves for mature and juvenile oak stands for the baseline period 
2009 to 2020 after applying age-related plant database adaptions ....................................  67

Figure 19: Growth performance for juvenile and mature stocks simulated with 
SWAT+, for the period 2010 to 2020. .........................................................................................  68

Figure 20: Simulated differences in actual ET (aET) performance for default and 
modified plant setups for the time period 2000 to 2010,  
based on yearly values. ...................................................................................................................  69



IX

Figure 21: Simulated differences in aET for the tree species oak, beech, pine,  
and douglas fir for default and modified plant setups for the time 
period 2000 to 2010, based on yearly values. ...........................................................................  70

Figure 22: LAI curves for the dominant tree species in the study area, default and 
modified model setup, for the time period 2000 to 2010. ......................................................  71

Figure 23: ET performance for coniferous and deciduous tree species within 
the dormant period 2000 to 2001, default and modified simulations, 
compared to potential ET, indicating the evaporative demand. ............................................ 72

Figure 24: ET performance for deciduous tree species within the vegetation 
period 2003 for default and modified model setups, compared to 
potential ET and soil wetness as indicators for plant water stress, 
based on monthly values. ...............................................................................................................  73

Figure 25:  ET performance of coniferous tree species within the vegetation period 
2003 for default and modified model setups, compared to potential 
ET and soil wetness as indicators for plant water stress, based on  
monthly values. ................................................................................................................................. 75

Figure 26: Performance of potential ET, and actual ET for both, modified and 
default settings, as well as average soil wetness on watershed level. ..................................  76

Figure 27: Effective model parameters that influence the efficiency  
of the model performance under increasing/decreasing  
values for the Bobenthal catchment ............................................................................................. 77

Figure 28: Effective model parameters that influence the efficiency of  
the model performance under increasing/decreasing values  
for the Neustadt catchment ..........................................................................................................  78

Figure 29: Dotty plots showing the influence of parameters on the efficiency of 
the model under increasing/decreasing parameter values for the  
Bobenthal2 catchment ....................................................................................................................  79

Figure 30: Daily time series hydrographs of simulated and observed streamflow of 
the sub-catchment Bobenthal for calibration and validation period ..................................... 81

Figure 31: Daily time series hydrographs of simulated and observed streamflow of 
the sub-catchment Neustadt for calibration and validation period .....................................  82

Figure 32: Hydrographs and flow duration curves for Bodenthal2 catchment for 
calibration and validation periods ................................................................................................  83

Figure 33: SWAT+ performance of seasonal variability in potential ET and actual 
ET, exemplified for the timeline 2004 to 2008. .......................................................................  85

Figure 34: Response in surface runoff and streamflow to elevated precipitation 
amounts in the Palatinate Biosphere Reserve catchment in January 2017 .........................  85



X

Figure 35: Runoff drain reaction in the Palatinate Biosphere Reserve catchment 
from 2000 to 2020. .........................................................................................................................  86

Figure 36: Flow dynamics of groundwater and precipitation, including percolation, 
shallow aquifer recharge, baseflow, and deep groundwater recharge 
based on annual values in the Palatinate Biosphere Reserve  
from 2000 to 2020 ..........................................................................................................................  86

Figure 37: Seasonal variability of groundwater recharge in the catchment area 
based on monthly values from 2000 to 2020 ...........................................................................  87

Figure 38: Selected water balance components simulated with SWAT+ in the 
Palatinate Biosphere Reserve from 2000 to 2020 based on yearly values .........................  88

Figure 39: Development of soil wetness and percolation within the time  
period 2000 to 2020 .......................................................................................................................  88

Figure 40: Interplay of water inputs, soil water content, potential ET, and 
actual ET in soil water dynamics in 2014 with sufficient plant water 
availability throughout the vegetation period ...........................................................................  89

Figure 41: Interplay of water inputs, soil water conten, potential ET, and 
actual ET  in soil water dynamics in 2018, with scarce precipitation 
throughout the vegetation period ................................................................................................  90

Figure 42: Interplay of water inputs, soil water content, potential ET, and actual 
ET in soil water dynamics in 2020, with even less precipitation 
throughout the vegetation period compared to 2018. ............................................................  90

Figure 43: Temporal dynamics of major hydrologic processes in the  
Bodenthal2 catchment..................................................................................................................... 91

Figure 44: Long-term trends of selected water balance components in the 
Bodenthal2 catchment from 1999 to 2019 ................................................................................  92

Figure 45: Groundwater recharge of the shallow aquifer, and the deep aquifer 
from 1999 to 2019 in the Bobenthal2 catchment ....................................................................  93

Figure 46: Interaction between streamflow, surface runoff and precipitation in the 
Bobenthal2 catchment from 1999-2019 ....................................................................................  93

Figure 47: Comparison of water balance dynamics of the timelines 1961-1990 
(baseline period), and the near past (2000 to 2020) ...............................................................  94

Figure 48: Projected development of precipitation for both scenarios, RCP2.6 and 
RCP8.5, within the timeline 2031 to 2050 .................................................................................  97

Figure 49: Projected development of precipitation for both scenarios, RCP2.6 and 
RCP8.5, within the timeline 2071 to 2099 .................................................................................  97

Figure 50: Projected development of deep groundwater recharge for RCP2.6 and 
RCP8.5 within the timeline 2031 to 2050  .................................................................................  98



XI

Figure 51: Projected development of groundwater recharge for RCP2.6 and 
RCP8.5 within the timeline 2071 to 2099 ..................................................................................  99

Figure 52: Projected development of average soil wetness for RCP8.5 within the 
timeline 2097-2099. ......................................................................................................................  100

Figure 53: Projected development of surface runoff for RCP2.6 and RCP8.5 within 
the timeline 2031 to 2050 ............................................................................................................ 101

Figure 54: Projected development of surface runoff for RCP2.6 and RCP8.5 within 
the timeline 2071 to 2099............................................................................................................  102

Figure 55: Projected development of surface runoff combined with precipitation 
for RCP2.6 and RCP8.5 within the timeline 2031 to 2034. ..................................................  102

Figure 56: Projected development of surface runoff combined with precipitation 
for RCP2.6 and RCP8.5 within the timeline 2097 to 2099 ...................................................  103

Figure 57: Surface runoff for uncompacted and compacted conditions due to the 
pathway system in daily resolution from 2001 to 2010 ........................................................  104

Figure 58: Streamflow for the scenarios (C0) and (C1) depicting the impact 
of compaction due to the pathway system on discharge, and the 
interrelation with precipitation patterns in daily resolution  
from 2001 to 2010 .........................................................................................................................  105

Figure 59: Location of selected sub-basins in the Palatinate Biosphere Reserve 
watershed, and cutout of highly compaction affected HRU, with high 
spatial coverage of skid trails and preloaded areas for the soil classes  
SS, LS, SU, and L. .............................................................................................................................  107

Figure 60: Comparison of uncompacted surface runoff, and compacted surface 
runoff according to the compaction scenarios (C0 uncompacted) and 
(C2 harvest compaction) for soil class LS on single HRU level  
from 2001-2010. ............................................................................................................................  108

Figure 61: Comparison of uncompacted water yield, and compacted water yield 
according to the compaction scenarios (C0 - uncompacted) and 
(C2 – harvest compaction) for soil classes LS on single HRU level  
from 2001-2010. ............................................................................................................................  108

Figure 62: Comparison of uncompacted surface runoff, and compacted surface 
runoff according to the compaction scenarios (C0 - uncompacted) and 
(C2 – harvest compaction) for soil class SU on single HRU level  
from 2001-2010. ............................................................................................................................  109

Figure 63: Comparison of uncompacted water yield, and compacted water yield  
according to the compaction scenarios (C0 - uncompacted) and  
(C2 – harvest compaction) for soil classes SU on single HRU level in 
daily resolution from 2001-2010. ................................................................................................ 110



XII

Figure 64: Comparison of uncompacted surface runoff, and compacted surface 
runoff according to the compaction scenarios (C0 - uncompacted) and  
(C2 – harvest compaction) for soil class L on single HRU level in daily 
resolution from 2001-2010. ..........................................................................................................  111

Figure 65: Comparison of uncompacted water yield, and compacted water yield 
according to the compaction scenarios (C0 - uncompacted) and  
(C2 – harvest compaction) for soil classes L on single HRU level  
in daily resolution from 2001-2010 ............................................................................................  111

Figure 66: Actual ET performance on watershed level after age-related plant 
modification for scenario MAT (mature) and JUV (juvenile) for the 
baseline period from 2010 to 2020 based on monthly values ..............................................  112

Figure 67: Soil evaporation performance of juvenile (JUV) and mature (MAT) 
stocks within the simulation period 2010-2020 based on monthly values ....................... 113

Figure 68: Soil evaporation dynamics on juvenile (JUV) and mature (MAT) 
stocks and their interrelation with precipitation, indicating soil water 
variability, for the timeline 10/2017 to 2020 ............................................................................ 114

Figure 69: Percolation performance on watershed level after age-related plant 
modification for scenario JUV (juvenile) and MAT (mature), combined 
with precipitation for the period 2010 to 2020 based on monthly values ......................... 114

Figure 70: Average soil wetness performance on watershed level after age-related 
plant modification for scenario MAT (mature) and JUV (juvenile), 
compared with precipitation for the period 2010 to 2020 ....................................................  115

Figure 71: Surface runoff performance on watershed level for age-scenario  
MAT (mature) and JUV (juvenile), compared with precipitation for  
the period 2010 to 2020 ................................................................................................................ 116

Figure 72: Groundwater recharge for shallow aquifer, and deeper aquifer on 
watershed level after age-related plant modification for scenario  
MAT (mature) and JUV (juvenile) for the baseline period  
from 2010 to 2020 ......................................................................................................................... 116

Figure 73: Interplay of surface runoff, streamflow, and precipitation on watershed 
level after age-related plant adaption for scenario MAT (mature) and 
JUV (juvenile) for the period 2017 to 2020 ...............................................................................  117

Figure 74: Water balance components of the Bobenthal2 catchment within the 
period 1961 to 1971 ......................................................................................................................... 118

Figure 75: Baseflow dynamics for JUV and MAT scenario for the timelines 2010 to 
2020 and 1961 to 1971, depicting a higher dynamic reaction in case of 
juvenile stocks in 2010 to 2020. .................................................................................................  120

Figure 76: Species-specific response to decreasing soil water content .................................................  123



XIII

Figure 77: Development of mean precipitation from 1910 to 2100 in the study area .......................  126

Figure 78: Projection of the future average number of heavy rain events in summer .......................  130

Figure 79:  Projection of the mean number of days without precipitation in summer .......................  130

Figure 80: Comparison of deep groundwater recharge between the time periods 
1961 to 1971 and 2010 to 2020, showing a decline in volumes and a 
shortening of the recharge period for 2010 to 2020 compared to  
the farer past .................................................................................................................................... 131

Figure 81: Projection of future change in the growing season ................................................................  132

Figure 82: Distribution of juvenile stocks (age 3-13) in the Biosphere Reserve 
Palatinate Forest in 2019. .............................................................................................................  140

Figure 83:  Long-term tendency for decrease in mean groundwater (GW) levels 
and spring discharges (QS) in the KLIWA region: Rhineland-Palatinate, 
Hesse, Baden-Württemberg and Bavaria ..................................................................................  178

Figure 84: Field of the groundwater resources in Germany ...................................................................... 179

Figure 85: Development of soil moisture conditions in Germany from 1952 
to 2020 according to the UFZ drought monitoring program of the 
Helmholtz Centre of environmental research  ........................................................................  180

Figure 86: Daily discharge hydrograph and flow duration curve for the best 
parameter fit using the Penman-Monteith method for calculating 
evapotranspiration in the sub-catchment Bobenthal ............................................................. 181



XIV

III LIST OF TABLES

Inhalt Tabellen
Table 1: Lithostratigraphic layering and aquifer properties in the Palatinate Forest, 

differentiated for the Triassic ............................................................................................................  40

Table 2: Spatial data and data sources used in the SWAT+ model ..........................................................  53

Table 3: Land use types generated for SWAT+ and their distribution  
in the Palatinate Forest watershed. .................................................................................................  54

Table 4: Land use types generated for SWAT+ and their distribution  
in the Bobenthal2 watershed. ...........................................................................................................  55

Table 5: Soil classes aggregated for SWAT+, their physico-hydrological properties,  
mass percentages, hydrological groups assigned by SWAT+,  
and distribution in the watershed . ................................................................................................... 57

Table 6: Basic biomass and age settings for both simulations, default and  
modified plant parameters, as basis for comparison of growth 
performances, used for sensitivity analysis. ...................................................................................  60

Table 7: Soil parameter modification for compaction scenarios in layer  
depth 0-40 cm for bulk density ........................................................................................................  65

Table 8: Plant database modifications for juvenile (scenario JUV) and  
mature (scenario MAT) tree species.  ..............................................................................................  66

Table  9: Averaged actual ET (aET) and soil evaporation (Esoil) for juvenile and 
mature stocks before plant database configuration for the period 2010 to 
2020 based on the calibrated SWAT+ model for Bobenthal2 ...................................................  67

Table 10: LAI settings for default (def) and modified (mod) model performances. .................................  71

Table 11: Simulated evapotranspiration in 2003 for summer months with fully 
developed canopy at maximum LAI. ...............................................................................................  74

Table 12: Aquifer model parameter identified sensitive through manual calibration 
procedures, fitted for the first and second aquifer layer. ............................................................. 77

Table 13: List of sensitive aquifer parameters for the Bobenthal2 catchment, and 
their minimum and maximum ranges and manually calibrated values ...................................  78

Table 14: List of sensitive parameters and their minimum and maximum ranges  
and calibrated values ..........................................................................................................................  80

Table 15: Calibrated and validated model performances with respect to statistical 
indices values based on simulated and measured streamflow time 
series data for the best calibration outputs for Bobenthal and Neustadt 
transferred to the other sub-catchments, and best model parameters 
combination for each catchment independently ........................................................................... 81



XV

Table 16: List of sensitive parameters and their minimum and maximum ranges  
and calibrated values ..........................................................................................................................  83

Table 17: Efficiency of the SWAT+ model as evaluated for calibration, validation 
and entire simulation periods ............................................................................................................  84

Table 18: Change signals in water balance components of climate scenario  
RCP2.6 and RCP8.5 for the timelines 2000-2020, 2031-2050 and  
2071-2099 compared to the baseline period 1961-1990, as well as 
change in % between the future projection timelines, based on  
annual average values. ........................................................................................................................  95

Table 19: Impact of soil compaction due to the pathway system (C1) and  
skid trails and preloaded areas in the course of harvest operations (C2) 
on water balance parameters in % of uncompacted conditions (C0) on 
watershed level, based on average annual values within the simulation 
period 2001 to 2010. .........................................................................................................................  104

Table 20: Impact of soil compaction due to harvest operations (C2), differentiated 
for soil classes of the SWAT+ setup in change in % of uncompacted 
conditions (C0) for selected water balance components. ........................................................  106

Table 21: Change signal in % of differences between JUV and MAT for the periods  
1961 - 1971 and 2010 - 2020, as well as the difference in change signal  
between the two contrasting periods. ............................................................................................ 119

Table 22: Soil compaction for selected substrates, and their derived pF-curves  
based on monitoring data of forest sites in the Palatinate  
Biosphere Reserve in the 1990ies  ..................................................................................................  136

Table 23: New curve number (CN) values calculated for the different hydrologic 
soil groups based the degree of compaction, the soil physical properties, 
and different land use classes used in SWAT+ .............................................................................. 175

Table 24: Key parameters for SWAT+ plant growth, their default and used values,  
and reference for adaption ............................................................................................................... 176

Table 25: Comparison between statistical indices for the Hargreaves-Samani 
method and the Penman-Monteith method, indicating a better model 
performance in case of Hargreaves-Samani with respect to the  
objective target issue. ........................................................................................................................ 177



XVI

IV LIST OF ABBREVAIATIONS

a annual

aa annual average

aET Actual evapotranspiration

AEUV Vertrag über die Arbeitsweise der  
Europäischen Union

AFD Annual falling debris

Al Aluminium

app. Appendix

approx. approximately

ArcGIS Geo information system 
softwarefrom ESRI

ATKIS Official Topographic Cartographic 
Information System

av. average

AWC Plant available water capacity

BMU Federal ministry for the environment

BMVI-ExpN Expert network of the Federal 
Ministry for Digital and Transport

BNatSchG Federal act for the protection of 
nature

C Elementary carbon

°C Degree Celsius

CBD Convention on Biological Diversity

CCLM COSMO - CLM simulations

CEC Cation Exchange Capacity

cf. compare

CICES Common International Classification 
of Ecosystem Services

CLM Climate Limited-area Modeling 
Community

cm centimeters

CO2 Carbondioxyd

CSA Critical source areas

CVM Contingent Valuation Method 

DBG Deutsche Bodenkundliche 
Gesellschaft

DIN Deutsches Institut für Normung

DWD German Meteorolocal Service

ET Evapotranspiration

et al. et alii (und andere)

EPIC Erosion-Productivity Impact  
Calculator

ES Ecosystem Services

EU Europian Union

EURO-
CORDEX

Coordinated Downscaling Experiment 
for Europe

FAWF Research Institute of Forest Ecology 
and Forestry 

FC Field capacity

Fe Elementary iron

Fig. Figure

GCM Global climate model

GG Grundgesetz

GemO Gemeindeordnung

ha hectar

HI Harvest Index

hPa Hecto pascal

HRU Hydrological response unit

HYRAS Hydrometeorological grid datasets



XVII

ibid. In the same place

i.e. id est (that is)

InterMet Interpolation of meteorological 
parameters

IPBES Intergovernmental Platform on 
Biodiversity and Ecosystem Services

IPCC Intergovernmental Panel on Climate 
Change

JUV Juvenile stock scenario

kf Hydraulic conductivity

kg kilogram

km kilometers

kPa Kilo pascal

L Sandy loam soils

LAI Leaf area index

LfW State office for Water Management 
RLP

LiDAR Light Detection and Ranging 

LGB RLP State office of geology and mining of 
Rhineland-Palatinate

LfU RLP State office of the environment 
Rhineland-Palatinate

LSU Landscape unit

LVermGeo 
RLP

State Office for Surveying and 
Geospatial Information

LWG Landeswassergesetz

m meters

m2 Square meters

MAT Mature stock scenario

mm millimeters

MEA Millennium Ecosystem Assessment

mamsl. Meters above mean sea level

MJ Mega Joule

MPa Mega Pascal

MPI-CSC-
REMO2009

EURO CORDEX 11 regional climate 
model

N Elementary nitrogen

NPP Net Primary Production

NRCS Natural Resource Conservation 
Service

NSG Naturschutzgebiet

NSE Nash-Sutcliffe efficiency

NST Nährstoffe

O2 Oxygen

P Elementary Phosphorus

PBIAS Percent bias

pET Potential evapotranspiration

pH pondus hydrogenii (weight of 
hydrogen)

PTF Pedo Transfer Function

RACMO KNMI regional atmospheric climate 
model

RCA4 Rossby Centre regional atmospheric 
model

RCP Representative Concentration 
Pathways 

RCM Regional climate model

REKLIES Regional climate projections 
ensemble for Germany

RSR Root mean square error

RUE Radiation Use Efficiency

s seconds



XVIII

SCS-CN Soil Conservation Service Curve 
Number

SL Loamy sand soils

SOM Soil organic matter

SPAC Soil-plant-atmosphere continuum

SRU Sachverständigenrat für 
Umweltfragen

SS Pure sand soils

SU Silty sand soils

SWAT Soil and Water Assessment Tool

Tab. Table

TEEB The Economics of Ecosystems and 
Biodiversity

TEV Total Economic Value

U Silt soils

UHOH-
WRF361H

REKLIES-DE regional climate model

UBA Federal Environment Agency

UN United Nations

UNESCO United Nations Educational, Scientific 
and Cultural Organization

UNO United Nations Organisation

U.S. United States

USDA Agricultural Research Service of the 
U.S. Department of Agriculture

VPD Vapor pressure deficit

WaldIS Geographic information system of the 
FOREST INVENTORY

WP Permanent wilting point

WUE Water use efficiency



XIX

V LIST OF FORMULAS

Formula 2.1.1: Evaporation process after Dalton (1802) ................................................................................  7

Formula 2.1.2: Potential evapotranspiration calculation based on the energy 
balance method after Penman-Monteith (Monteith, 1985) ............................................... 8

Formula 2.1.3: The Darcy´s law (1856) ..............................................................................................................  11

Formula 2.1.4: Water balance equation for groundwater formation .......................................................... 15

Formula 2.1.5: Equation of continuity ................................................................................................................ 15

Formula 2.1.6: Hydrological balance of the soil zone ..................................................................................... 15

Formula 4.1.1: Water balance equation for unoff generation calculation in SWAT+ .............................  46

Formula 4.1.2: Yearly accumulated biomass (bioannual) in SWAT+ ..............................................................  50

Formula 4.2.1: LAI for a given day after the potential heat unit concept ................................................  59

Formula 4.2.2: Calculation of canopy height in SWAT+ ...............................................................................  59

Formula 4.2.3: Daily growth rate calculated in SWAT+ ................................................................................. 61

Formula 4.2.4: Yearly increase in biomass calculated in SWAT+ ................................................................. 61

Formula 5.1.1: Potential water uptake for the layer adjusted for initial soil water content .................  73

Formula 5.1.2: Maximum transpiration calculated in SWAT+  ....................................................................  73



XX



1

1 INTRODUCTION

Water is the prerequisite for all life on earth. 
Its utilization has always formed the basis of 
human habitat. Its systemic interconnectedness 
with other spheres, such as soil and vegetation, 
forms the basis of natural spaces (cf. Wohlrab 
et al. 1992:18). Forests have a decisive influence 
on runoff and thus on water supply and mate-
rial balance of rivers and groundwater in terms 
of quantitative and temporal dimensions. Due to 
the storage and retention of precipitation in the 
canopy, and favorable soil conditions for infiltra-
tion and soil water storage, forests have a large 
water retention capacity and thus contribute to 
decentralized flood protection (Peck & Mayer 
1996; Schüler 2006; Engler 1919, Günther 1979, 
Schwarz 1985, Hegg et al. 2004 in Nordmann 
2011; EEA 2015; Bott 2002). Water retention also 
ensures a high quantity, and, due to the water-
purifying processes in the soil passage, high qual-
ity of groundwater formation (Schüler 2006). By 
reducing surface runoff-erosion the transport of 
substances into surface waters, and thus the risk 
of eutrophication, is counteracted (Neary et al. 
2009; Wagenbrenner et al. 2010). The underly-
ing processes, functions and structures (in this 
context referred to as intermediate components) 
are part of a complex, multi-organismic network 
of relationships, in which the processes, functions 
and structures of one bring benefit and depen-
dencies for the other life forms involved (Matys-
sek & Herppich 2019). Being part of the natural 
systems and essentially dependent on the usabil-
ity of natural resources, humans are sensitively 
linked to ecosystems and their functionality. 
Their diverse forms of naturally provided mate-
rial, energetic, spatial, aesthetic and functional 
resources are the basis for human well-being. The 
idea of Ecosystem Services (ES) is a recognition 
of the dependence of humans on nature and their 
responsibility for preserving its functionality, for 
their own survival and for maintaining the com-
plex framework in which they live. By deriving the 
services that the ecosystems provide for human 
well-being, underlying intermediate components 
of the natural balance are identified, the conser-

vation requirements of which show necessities 
for human action. The services derived from the 
respective abiotic and biotic intermediate com-
ponents can be differentiated into provisioning, 
regulating, cultural and supporting services, which 
are utility-related (use values) or not (non-use 
values) (MEA 2005). Regulative ES can be con-
sidered a prerequisite to other ES, as they basally 
regulate and control biotic and abiotic factors in 
natural processes, such as the flow of informa-
tion, energy and substances and thus the complex 
interactions of ecosystem elements other ES are 
based upon (Chicharo et al. 2015; Mace et al. 
2011, Puydarieux & Beyou 2017 in Brockerhoff 
et al. 2017). In connection with water-balance-re-
lated ES of the forest, the regulative services must 
be emphasized, as they correlate closely with the 
regulation of the water and nutrient cycle. The 
related intermediate components range from the 
basic filter, buffer and transformer functions of 
the soil, and its pronounced biological activity in 
topsoil and humus layer, to the associated water 
retention and purification processes, which bring 
about clean drinking water supply, stabilization of 
the nutrient cycle, erosion protection, retention 
potential and regulation of the global climate via 
carbon sequestration (Keesstra et al. 2012; Dixon 
et al. 1994; Mueller et al. 2012; Fabiánek et al. 
2009; EASAC 2017). With reference to water, the 
latter is important for the harmonization of the 
water cycle against the background of changing 
precipitation patterns associated with climate 
warming and increased evaporation values due 
to rising air temperatures. In addition to essential 
biological dependencies that humans have to rec-
ognize in their relationship with nature, monetary 
aspects of ES of the forest do unfold in a reduced 
financial outlay concerning flood events or drink-
ing water treatment (Munich RE 2000). Based 
on the maintenance of intact soil functions as a 
prerequisite for the processes of water retention 
and water purification, the protection of water 
resources in the forest is inextricably linked with 
soil protection (Schüler et al. 2002; Nordmann 
2011; Leuschner 1998, Schäfer et al. 2002). 
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1.1 Research relevance, framework and 
objectives

Freshwater resources are not evenly distributed 
around the world. Its shortage contributes to the 
emergence of armed conflicts in many parts of 
the world (UNESCO 2019). Although the trouble 
spots about the availability of the life-giving re-
source are predominantly in developing countries 
and far away parts of the world, a gradual process 
of deterioration of the water resource is emerging 
in European countries, too, including Germany. 
In quantitative terms, the problem is based on 
increasing water consumption worldwide, associ-
ated with population growth, changes in lifestyles 
and increasing agro-industrial use (UNESCO 
2015, 2019). Since the groundwater is integrated 
into the hydrological cycle in a sensitively respon-
sive manner, climate change has a direct effect on 
the rate of its new formation (cf. Rosenzweig et 
al. 2007:90): Climate change induced increases in 
air temperature lead to higher evaporation rates, 
and thus might, in combination with altered pre-
cipitation patterns and an extended vegetation 
period, lower the groundwater formation rate. 
The trend of falling groundwater levels is already 
documented for areas in Germany through vari-
ous measurements (cf. HLUG 2015; LfU Bavaria 
2008; fig. 83 app., KLIWA 2017). In addition to 
quantitative changes, the qualitative pollution 
of groundwater and drinking water supplies is 
increasingly moving into the focus of science. 
The pollution with environmental chemicals from 
industry, agriculture and households is already 
causing a shortage of water of good quality in 
some regions of Germany (Rust 2009; BMU 
2008; UBA 2017a). Since around 75% of the 
drinking water in Germany is fed by groundwater, 
and its contamination with pollutants cannot be 
remedied in reasonable time, the protection of 
this valuable asset is a major social responsibility 
(BMU 2006, SRU 1998, 2008). Although since 
the Water Framework Directive (WFD) came 
into force in 2000, significant improvements in 
the reduction of pollutant and nutrient inputs 
from point sources were achieved, diffuse inputs 

continue to represent a major burden on the 
water quality benefit. As groundwater also fulfills 
essential ecological functions in the landscape 
hydrology for numerous groundwater-dependent 
biotopes, its importance for biodiversity is no 
less important (cf. SRU 1998:13), especially with 
respect to the complexity of interrelationships in 
the global network of life humans depend upon. 
With heavy storm events predicted to occur more 
frequently as climate change advances (Butzen 
et al. 2014; Reiter et al. 2018), flood events may 
become a more frequent threat to urban spaces 
along rivers as well, with aggravating expenditure 
regarding flood protection and damage manage-
ment (EU 2014; BMI 2013). In the generation of 
flood disasters along major rivers, forested areas 
smaller tributary rivers origin from contribute 
significantly to the overall water volume of flood 
generation (Schüler 2006). The assessment of 
surface runoff generating processes in forests is 
therefore crucial to improvements of effective 
water-retention and runoff-delaying measures 
(Moltschanov 1966, Hibbert 1967, Voronkov et 
al. 1976, Rosemann 1988, Moeschke 1998, Men-
del 2000 in Schüler 2006). 
As humans influence the bio-geo-chemical ma-
terial cycles and thereby bring about changes in 
the biosphere with complex pathways, pressures 
from human activities have led to forest loss and 
degradation (FAO 2015). In the provision of ES 
of the forest, the anthropogenic degradation of 
forest ecosystems has long-term effects in the 
form of reduced resilience to disturbances. Cli-
mate extremes or pests and pathogens impair 
the intermediate components ES are based upon. 
It is important to gain a better understanding of 
the complex relationships between intermedi-
ate components and ES of the forest in order to 
enhance quantification and knowledge of nature 
process interactions linked to human well-being. 
The goal pursued by visualizing the services for-
ests provide to human society is to challenge 
conventional notions of value assignments with 
a still dominating orientation towards economic 
growth with a more prosperity and well-being 
oriented economic conceptualization. This is con-
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sidered a contribution for a better implementa-
tion of the UN Sustainable Development Goals 
into human societies and actions (Costanza et al. 
2017). 

In order to achieve both, to comprehend the 
complex interrelations between intermediate 
components and ES of the forest, as well as vi-
sualizing their value in the context of human 
society, the European INTERREG project Ecoserv 
this work was embedded in aimed the detection 
of water-related ES of the forest, the derivation 
of strategies and concrete recommendations 
for action for cross-border forest management, 
and knowledge transfer related to the detected 
ecological components in the educational sec-
tor in the area of the Palatinate Forest/Northern 
Vosges Biosphere Reserve (fig.1). 

The project “Ecoserv - cross-border improve-
ment of the quality of ecosystem services in 
protected areas and adjacent regions: recording, 
instruments, strategies”, conducted from 2018 to 
2021, was a cooperation between the University 
of Landau, the Black Forest Biosphere Reserve, 
the Palatinate Forest Nature Park, the Research 
Institute for Forest Ecology and Forestry (FAWF), 
the Hunsrück-Hochwald National Park, the École 
Nationale du Géinie de l´Eau et de l´Environment 
de Strasbourg, the Parc naturel régional des 
Vosges du Nord, the Université de Strasbourg, 
the Féderation du Bas-Rhin pour la Pêche et la 
Protection du Milieu and the Center National de 
la Recherche Scientifique. 
This work is dedicated to the contribution that 
the forest ecosystem can make to water protec-
tion, with focus on quantitative water fluxes. 

Figure 1: German part of the Biosphere Reserve Palatinate Forest/Northern Vosges (Google Maps-For-Free 
SRTM3 Webserver, modified by T. Groan (2008)

http://www.maps-for-free.com/
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Therefore, the study aims an impact assessment 
of human activities on water-related ES of the 
forest, with special regard to disturbing factors 
on water retention and water fluxes of surface 
waters and groundwater in the Palatinate Forest. 
It therefore aims on regulative (water and nutri-
ent cycle regulation), and provisioning ES (clean 
drinking water, decentralized flood control) in the 
area.
In order to meet the challenges facing water 
protection in the 21st century, integrative overall 
concepts of environmental protection planning in 
all areas of society that account for the systemic 
interrelationships of natural environments appear 
to be necessary. In this manner, the work aims 
recommendations for forest management strate-
gies and their medium-term operational planning 
to support regulative and provisioning ES of the 
forest. Therefore, the assessment of changes or 
losses to water related ES that are linked to cli-
mate change and human activities is inevitable. 
Next to fundamental changes in basic environ-
mental conditions induced by climate change, 
human activities in the course of forest manage-
ment operations, such as driving on forest soils 
with heavy machines, or disrupted areas with 
regrowing rejuvenation, were identified to show 
effects on water-related ES. 

The associated forest functions were analyzed re-
garding their functional integrity with respect to 
the elucidated influencing factors via hydrological 
modelling, using the model SWAT+. 

The approach taken here assessed the following 
aspects:

 y  Water balance regulation: quantitative 
groundwater formation in a forested area, and 
components of the water cycle related to it 
(flow regimes, loss factors) 

 y  Effects of compaction due to harvest machin-
ery on soil functions, water balance regulation 
and quantitative groundwater formation in a 
forested area 

 y  Effects of disrupted areas with rejuvenation, 
either in the course of management treat-
ments or as climate change related phenom-
ena (windthrow, calamities, drought induced 
forest die-off, wild fires) on water balance 
components in a forested area 

 y  Effects of climate change on the development 
of water balance regulation and groundwater 
formation in the future 

Section 2 is devoted to the fundamental physical 
processes of groundwater recharge and their in-
fluencing factors in the forest. The conditions and 
special characteristics of the study area are speci-
fied in section 3. Input and evaluation of data as 
well as the results, and the analysis of the model 
sequence are reflected in section 4 and 5. The 
results are discussed with regard to water-related 
ES of the forest in section 6. Section 7 concludes 
potential contributions forest can make to decen-
tralized flood control and water protection. Deriv-
able recommendations for actions in the field of 
forest management and politics are discussed.
Aiming the focus on ES of the forest is rare in 
hydrological modeling. Although the number of 
studies published on the topic of modelling ES 
has increased rapidly in the past decades (Fisher 
et al. 2009), SWAT studies conducted in for-
est ecosystems are still scarce. Also, the effects 
of soil compaction due to heavy machinery in 
the course of harvest operations, have not been 
investigated on macro-scale watershed level by 
hydrological modeling in Germany so far. To in-
vestigate hydrological effects of disrupted areas 
with regrowing rejuvenation compared to perma-
nent forests, model applications were tested and 
modified for the purpose of depicting age-related 
differences in water balance. This, to the best of 
the author´s knowledge, has never been done 
before using SWAT+. Furthermore, the SWAT+ 
model has been analyzed and tested on the pur-
pose of adapting it to the specific conditions of 
the local tree species. Therefore, the plant param-
etrization was modified based on monitoring data 
in the field, the findings of which point to possible 
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model developing potentials with regard to the 
simulation of forest-specific transpiration factors 
and growth performance.

1.2 Methodical approach

Hydrological modelling allows for an estimation 
of quantitative groundwater formation, fluxes 
of surface waters as well as related disturbances 
It is a useful tool to assess possible influences of 
anthropogenic pressures (silvicultural operations, 
climate change) on the groundwater resource 
and runoff behavior. It furthermore provides the 
projection of future developments, and thus can 
be used to derive recommendations for actions 
to adapt the forest of the future to the essential 
issue water. 
In this thesis, the model Soil and Water Assess-
ment Tools+ (SWAT+) was used to simulate the 
water balance of the study area. For the require-
ments of modeling in the specific area, a collabo-
ration with the department of hydrology of the 
University of Kiel was carried out and executed by 
Dr. T. Tigabu and Dr. P. Wagner under the direc-
tion of Prof. Dr. N. Fohrer. 
The physically based model SWAT+ was de-
veloped to predict the influence of agricultural 
processes on water, sediment and chemical loads 
in long time series in the meso and macroscale 
range (Arnold et al. 1998). It is therefore primar-
ily used in large catchment areas with differ-
ent soil types, uses and cultivation methods to 
forecast how certain interventions in nature will 
affect the water balance, and to predict water 
and nutrient fluxes in a watershed under differ-
ent land use/cover classes. In order to depict the 
groundwater flow more detailed, the groundwa-
ter section of SWAT+ was modified. Although 
modelling cannot be understood as an empirical 
foundation, it can be used as a diagnose, control, 
forecast and decision-making instrument, as it 
provides the comprehension of selected attri-
butes of complex physical, biological, economic, 
or social systems (EPA 2009). Watershed model-
ling provides the quantification of potential shifts 
in ES and a better understanding of dynamics, 

non-linear, spatially explicit contributions of na-
ture to the social-ecological system (cf. Kubisze-
wski et al. 2017 in Costanza et al. 2017).
To feed the model system, an extensive data 
set of spatial and time-related data on climate, 
runoff, exposure/terrain, land use and soil/geol-
ogy is required. The data was provided by various 
sources (LGB RLP, LFU RLP, FAWF, Forest Inven-
tory), processed for application, parameterized, 
calibrated and validated using measured refer-
ence values. Based on the hydrological model, 
relevant influencing variables on groundwater 
recharge and water fluxes were then considered. 
Important aspects of the soil functions and pos-
sible impairments were highlighted. In addi-
tion to differentiated stand types for the main 
tree species (oak, beech, pine, spruce, douglas 
fir and mixed stands), a simulation of different 
age patterns and their effect on water balance 
components was performed. Also, a traffic map 
representing pathways, skid trails and preloaded 
areas was incorporated for the assessment of 
potential soil compaction. In order to visualize 
the influences of climate change on water-related 
ES, the simulation of long-term climate scenarios 
was performed. To determine the potential quan-
titative effects of climate changes on dynamics 
in the water balance, high-resolution statistical 
and dynamic regional models were used based on 
the BIAS-adjusted REKLIES and EURO-CORDEX 
simulations RCP2.6 and RCP8.5 over the HYRAS 
area using downscaling methods (CCLM4.8.17, 
RACMO22E, RCA4, CLM, UHOH-WRF361H, MPI-
CSC-REMO2009).
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2 FUNDAMENTALS AND  

DEFINITIONS

Due to its dipole character water is a very good 
solvent, which allows the uptake and transport of 
nutrients vital to plants (Davie 2002). Its natural 
occurrence in all three phases is a major driver 
of energy around the globe. The water cycle is 
closely linked to the energy cycle through the 
atmospheric circulation by influencing the heat 
budgets (Anderson & McDonnell 2005; Bauer 
2019). When the groundwater reflects the long-
term climatological situation due to its long 
residence times, soil water influences the energy 
balance at the land surface, partitioning the 
amount of precipitation into percolation and run-
off (Anderson & McDonnell 2005). Evaporation 
as latent heat flux from the surface to the atmo-
sphere is highly dependent on solar radiation as 
well as on soil moisture, which makes the actual 
evapotranspiration driven both atmospherically 
and hydrologically. This becomes particularly 
evident in the relation of stomatal closure bound 

either to the water vapor pressure deficit with 
increase in temperature or to dryness of soil 
moisture. The vegetation also influences the sur-
face energy and water balance not only by the 
transfer of water through their roots from soil to 
atmosphere, but also in terms of surface albedo, 
and by intercepting precipitation (ibid.). Figure 2 
shows the global water cycle with its components 
and fluxes. 

A major impact on the formation of precipita-
tion is anthropogenic global warming due to the 
atmospheric greenhouse effect. It is responsible 
for alternating precipitation patterns with respect 
to location, type, amount, frequency, intensity 
and duration. It enhances evaporation and thus 
cloud formation, and at the same time acceler-
ates land-surface drying (IPCC 2007; Trenberth 
2005). As the water balance remains the same 
in total amounts, the evaporated moisture gath-

Figure 2: The global water cycle and its components and the fluxes (Anderson & McDonnell 2005:398)
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ers and increases the occurrence of heavy storm 
events, while duration and frequency of precipi-
tation are reduced (cf. Trenberth 2005:2). The 
IPCC prognoses for Central and Eastern Europe 
the summer precipitation to decrease, causing 
higher drought-stress (cf. IPCC 2007:14). Espe-
cially within the early vegetation period, drought 
stress inhibits the development and growth of 
trees, whereas heavy storm events evoke soil ero-
sion (IPCC 2007:18). Raindrop impact and flow 
traction promote the detachment of grains of 
soil and small aggregates. Their deposition on the 
soil surface contributes to crust formation, which 
impedes infiltration and increases infiltration 
excess overland flow (cf. Anderson & McDon-
nell 2005:55). Globally, deforestation, biomass 
burning and other changes in land-use practices 
release CO2, CH4, and N2O into the atmosphere 
and thus enhance radiative forcing (IPCC 1990). 
Although nitrogen must be considered a limiting 
factor for plant growth under natural conditions 
(Lehn et al. 1995), human activities, such as the 
intensification of agricultural production, animal 
feedlot operations, biomass burning (including 
forest fires), and fossil fuel combustion in indus-
try and transport (Krupa 2002; Godbold & Hüt-
termann 1994), have increased the proportion of 
reactive nitrogen compounds massively since the 
middle of the 19th century1 . Despite all efforts in 
the reduction of emissions, critical loads, below 
which sustainable, stable environmental develop-
ment is assumed (BnatSchG 2009, BGBL 2004 
II p. 885; Nagel & Gregor 1999), are exceeded 
in many parts of Germany (UBA 2018A,B, UBA 
2013). Both, changes in water fluxes and chemi-
cal composition, are crucial for the sensitive re-
sponse-systems of water-related processes within 
forest ecosystems and the ES derived from them.

2.1  Water balance parameters – hydrolo-
gical, pedological and hydraulic basics  

2.1.1  Atmosphere – plant interaction

Plants are connected to the hydraulic continuum 
via their stomata, roots and the xylem system, 
controlling the water intake and release through 
opening and closing mechanisms. The water flow 
from the soil through the plant to the atmo-
sphere is called hydraulic soil-plant-atmosphere 
continuum - SPAC (Lange et al. 1982). In terms of 
energy, the water follows a gradient in the water 
potential from high to low potential energy, 
which determines the hydraulic conductivity of 
the system (Matyssek & Herppich 2019). Evapo-
transpiration, the total amount of water loss to 
the atmosphere in a plant stand, is composed of 
the direct physical transpiration of plants, being 
referred to as photosynthetically productive 
evaporation (Schrodter 1985, Baumgartner 1990 
in Peck & Mayer 1996), evaporation from soil or 
free water surfaces, and interception evaporation 
from retained rainwater on living and dead plant 
surfaces. 

2.1.1.1 Evapotranspiration 

Evaporation (E) is driven by diffusion, i.e. due to 
different energetic potentials, and is therefore 
temperature-dependent (Baumgartner & Li-
ebscher 1990). The saturation deficit of the air 
(VPD) is decisive for the absorption of water in 
the air: It describes the difference between the 
current vapor pressure of the air (ea) at a given 
temperature and the saturation vapor pressure 
at a given temperature (es), i.e. the partial pres-
sure of water vapor at full saturation. According 
to Dalton (1802) the evaporation process can be 
described as follows, when f(v) is a function of 
wind speed:

E      = (es – ea) · f(v)  

Formula 2.1.1 (Dalton 1802)

1 In the 1970s, attention was drawn to the phenomenon of “acid rain”, which was linked to emissions of sulfur and nitrogen 
compounds from fuel combustion that are oxidized in the atmosphere to form sulfuric acid (H2SO4) and nitric acid (HNO3), 
which were associated with the reduction of biodiversity through acidification of surface waters (Levin 2000).
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As a result of the metabolic processes in the 
plant, O2 and CO2 are exchanged with the ambi-
ent air through photosynthesis and respiration. 
While absorbing CO2, plants release water vapor 
through transpiration. The amount of energy 
required for the process of transpiration is with-
drawn from the radiant energy and the plant 
itself, so that at high temperatures a cooling ef-
fect sets which counteracts an overheating of the 
plant (Matyssek & Herppich 2019). 

It is important to understand the difference be-
tween actual and potential evapo¬trans¬piration: 
Potential evapotranspiration is the maximum 
possible evaporation under the given climatic 
conditions. It can only be achieved in real terms 
if the soil can constantly supply sufficient water, 
and therefore it rarely occurs in real life. It can 
be calculated using the energy balance method 
that Penman developed in 1956, which was later 
expanded by Monteith to the Penman-Monteith 
model (Monteith, 1985):

ET0 = 0,408 ⋅ ∆ ⋅ (Rn − G) + γ ⋅
900

⋅ u2 ⋅ (es − ea)T + 273 
∆  + γ ⋅ (1 + 0,34 ⋅ u2)

Eto = Potential gas reference evapotranspiration [mm/d]
∆ = slope of the saturation vapor pressure curve
Rn = Net radiation (radiation balance) [MJ/(m2 • d)]
T = Air temperature [°C]
G = Ground heat flow [MJ/(m2 • d)]
u2 = Wind speed at a height of 2 m [m/s]
ᵞ = Psychrometer constant [kPa/°C]
es - ea  = Saturation deficit, depending on air temperature and 

vapor pressure [kPa]

Formula 2.1.2

Actual evapotranspiration (ET) is understood as 
real evaporation under climatic and local condi-
tions. If there are deficits in the soil water bal-
ance, actual evaporation can be significantly 
lower than potential evaporation. Furthermore, 
it depends on physiological properties of the leaf 
permeance, and is driven by photosynthetic fac-
tors such as energy balance, so that is varies with 
daytime and season (Monteith 1965; cf. Lieb-
scher & Baumgartner 1990:362; Koch 1957). To 
determine it, current groundwater levels as well 
as soil and plant properties are required. It can be 
measured using a lysimeter and calculated using 

hydrological methods. In comparison to other 
water balance parameters, such as runoff and 
precipitation, measuring evaporation encounters 
difficulties, because it depends on so many fac-
tors. A direct metrological determination of the 
evapotranspiration of an entire catchment area 
is almost impossible and therefore usually per-
formed using hydrological models.
Due to a high radiation balance, and the verti-
cal stand structure promoting a high surface for 
evaporation and interception, forests show the 
highest specific evaporation rate in comparison 
to other forms of land use (Kirchner 1986; cf. 
Peck & Mayer 1996:1). Consequently, next to the 
climatic factors, the total amount of actual ET 
also depends on stand structural, as well as on 
soil physical factors, the latter being involved in 
the extent and distribution of plant available soil 
water (Baumgartner 1990; Wohlrab et al. 1992; 
Brechtel 1990). Tree species related differences 
in ET predominantly occur between deciduous 
and coniferous species, which is related to the 
fact that coniferous trees also transpire in winter, 
when deciduous trees fall dormant (Peck & Mayer 
1996).  

2.1.1.2 Interception

Interception is understood as the precipitation 
held back by the plant surfaces, some of which 
evaporates or sublimates directly from there, 
drips or flows off, and thus reaches the ground 
with a delay (Baumgartner & Liebscher 1990; 
Helvey 1964). Settling and intercepting the pre-
cipitation promotes the processes of condensa-
tion and sublimation, which in the form of dew 
formation and fog precipitation can lead to an 
increase in the water supply inside forest stands 
(Brechtl 1970, Baumgartner 1967 in Baumgart-
ner & Liebscher 1990). In connection with air 
pollution, however, this circumstance causes a 
higher load on the forest for air pollutants and 
deposits compared to other land forms, since 
the additional precipitation gained through the 
interception increases the amount of substances 
carried into the forest soil (ibid.). The interception 
of the trees, however, outweighs that of the other 
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plants in the forest, as the proportion of their leaf 
surface is much larger (Peck & Mayer 1996, Pome-
roy & Schmidt 1993). In forest stands without 
ground vegetation and with an insulating thick 
soil litter, the transpiration of the trees would be 
the main loss in net precipitation (Baumgartner 
& Liebscher 1990). The morphological character 
of a stand also influences the level of intercep-
tion evaporation. Structure, mixture and density 
of the stand, degree of coverage of the soil and 
parameters of the growth creditworthiness such 
as degree of canopy coverage, number and size of 
leaf areas, density of branching and depth of the 
canopy are decisive (Mitscherlich 1971; Leyton 
et al. 1967, Weihe 1968). An average of 30 - 40% 
of the outdoor precipitation is lost through inter-
ception evaporation, whereas in tree species with 
high stemflow, such as the beech, only 20 - 30%. 
Outside the vegetation period, the proportion of 
interception evaporation in deciduous, bare win-
ter trees is only 10 - 20%, whereas it is constant 
in conifers (Balazs 1983). These values illustrate 
that interception evaporation is an essential part 
of total evaporation. Due to the larger plant sur-
face volume, interception increases with higher 
stand density and, associated with this, and also 
with stand age. (Peck & Mayer 1996; Baumgart-
ner & Liebscher 1990). In addition to these struc-
tural components, the interception performance 
also depends on the amount, duration and dis-
tribution of precipitation. When the proportion 
of interception is given as 20 to 21% of outdoor 
precipitation for deciduous trees and 28 to 42% 
for conifers (Peck & Mayer 1996), decreasing the 
amount of stand precipitation, this changes with 
increasing total volumes of outdoor precipitation 
(cf. Baumgartner & Liebscher 1990:319). 

2.1.1.3 Water stress

As for water vapor in transpiration, the diffusion 
laws also drive photosynthesis, when CO2 flows 
from the ambient air into the intercellular leaves 
following the concentration gradients (Brodribb 
1996; Ehleringer & Cerling 1993). The net CO2 
uptake can be limited by water availability, as the 
gain of carbon, and therefore photosynthesis and 

plant growth, occurs only with the cost of water. 
In order to express the relationship between 
carbon gain and transpired water loss, the term 
water use efficiency (WUE) was found. WUE was 
originally defined as CO2-uptake per transpira-
tion rate or photosynthetic rate per transpiration 
rate (Tang et al. 2006), but it can also refer to the 
ratio of produced biomass to the rate of transpi-
ration (Baumgartner et al. 2019). The ability of a 
plant to fix as much carbon as possible in a short 
period of time in order to lose as little water as 
possible, makes it less vulnerable to periods of 
poor water availability and is therefore an indica-
tion to its drought resilience. In case that the feed 
of water through the root-shoot system cannot 
match the transpiration rate due to hydraulic 
limitation of water transport from the roots to 
the leaves (Tyree & Sperry 1988; Ewers et al. 
2001), the stomatal closure prevents the tran-
spiration to exceed its maximum. In this state of 
dynamic stress, actual transpiration, carbon up-
take and plant growth become limited (Matyssek 
& Herppich 2019; Brunold et al. 1996; Köstner 
& Clausnitzer 2011; Hesse et al. 2018). Tree spe-
cies show different strategies to cope with water 
stress: The mechanism of stomatal regulation is 
either isohydric, as a reaction of stomatal clo-
sure ahead of water stress, or anisohydric, which 
goes along with a rather slow and more toler-
ant to water stress reaction of stomatal closure 
(Nguyen 2016). Isohydric species suffer shortage 
of assimilates and subsequent losses in growth 
rate as consequence to stomatal closure, while 
anisodydric species take the loss of water in order 
to maintain photosynthetic activity (McDowell 
2011; Rukh et al. 2020). For beech trees, how-
ever, the drought response is observed to vary 
between isodydric and anisodydric stomatal be-
havior (Nguyen 2016). Drought induced reactions 
are related to the water storage capacity of the 
soil, as well as with factors of the stand structure 
that influence the microclimate, such as crown 
cover. Water stress is predicted to become more 
frequent with climate change. Besides hydraulic 
failure, carbon starvation is another critical effect 
of drought within plants (Tomasella et al. 2017). 
Both gain in importance for soil conditions with 
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low water-holding capacity, which are therefore 
more prone to soil water deficits. 

2.1.2 Water in the soil zone

In the complex process of soil formation, and 
within highly differentiated spatial patterns, the 
soil pedon provides three-dimensional, preferen-
tial flow paths through its matrix. This allowes 
solute movement, solvent movement and there-
fore a life below and above the ground (cf. An-
derson & McDonnell 2005:33). The soil zone is 
to be distinguished into an upper part, the vadose 
zone, in which the pore spaces are only temporar-
ily filled with seeping precipitation water, and a 
lower part, the phreatic zone, in which the pores 
are filled continuously with water and which is 
therefore considered to be saturated.

2.1.2.1 Water retention and movement in the 
vadose zone

The soil´s part in the hydrological cycle is based 
on its functions of regulation, storage and dis-
tribution. The distribution of soil water is tied 
to saturation-dependent changes in water 
conductivity, which is the crucial principle to 
water infiltration and movement within the soil 
(Baumgartner & Liebscher 1990). As long as the 
soil´s absorption capacity is not exceeded, the 
impinging water will infiltrate the soil zone, fol-
lowing the force of gravitation. Infiltration takes 
place as soon as the amount of water seeping in 
exceeds the retention capacity of the soil at field 
capacity (FC)2 . The infiltration rate depends on 
the initial amount of water, the conductivity of 
the soil surface as well as on the grain and pore 
size of the soil particles. The disperse soil system 
determines the soil´s bulk density ρ, water reten-
tion, preferential water movement and aeration 
(ibid.; Marshall et al. 2001; Buscot & Varma 
2005). The conductivity of the pore space pre-
dominantly depends on the amount of macro 
pores (> 50 µm), for they allow the water to flow 

in the first place (Glaser 2017; Frossard et al. 
2006; Scheffer & Schachtschabel 1998). 
The distribution of macro pores, however, is not 
only determined by the physical soil structure, 
but also by the edaphic: In case of the megafauna, 
earthworm burrows directly influence preferential 
flow paths, and therefore the solute transport. 
Furthermore, the burrow walls inhibit highly 
microbiological reactive sorption sites, which 
increases the biological degradation capacity (cf. 
Keesstra et al. 2012:510). Earthworm burrows are 
crucial for macro pore formation and therefore 
play an important role not only in diffuse infiltra-
tion into the top soil, but also in the enhance-
ment of water movement into deeper soil layers 
(cf. ibid). With decreasing size of grains, the ab-
sorbing surface of soil particles increases, and so 
does the intermolecular bonding strength due to 
adhesion, which counteracts gravitation (matrix 
potential (Ѱm)), whereas gravitation (gravita-
tional potential (Ѱg)) counteracts the unimpeded 
rise of the water column (Stahr et al. 2008). The 
lower the percentage water content is the higher 
is the suction tension. In order to adsorb water 
via the plant roots, the energy of the matrix po-
tential must be expended (Pott & Hüppe 2007). 
The substrate-specific relationship between  ̶ Ѱm 
and the soil water content in the unsaturated 
zone is known as the water retention curve, or pF 
curve (Fiedler 2001). When the soil water content 
drains to a value of pF > 4.2, the remaining water 
adhesively bound to the medium pores with a 
tension of > 15 000 hPa is no longer utilizable for 
plants (permanent wilting point, WP). The plant 
available water (AW) is defined as the difference 
between field capacity and wilting point:  
AW = FC  ̶  WP (Kirkham 2005:107). The linear 
movement of water within the soil follows the 
driving potential gradient in the direction of the 
lower potential (hydraulic potential Ѱp). In static 
equilibrium the matrix potential corresponds 
to the distance between soil and groundwater 
surface, with Ѱp = Ѱm + Ѱg (Stahr et al. 2008). 
If the matrix potential is lowered, for example 

2 Field capacity is given, when the macropores in the soil are fully drained due to gravitation and the only water left is being 
hold adhesively by medium and fine pores (Fohrer et al. 2016).
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through plant demand, the water rises from near-
surface groundwater or backwater into the root 
zone and an upward hydraulic gradient is formed 
depending on the distance from the groundwater 
to the surface and the type of soil (Baumgartner 
& Liebscher 1990). 
The flow rate Q that flows laminarly through 
the matrix of a porous medium (A), was found 
by Darcy to be directly proportional by the fac-
tor Kf  to the hydraulic gradient i. The Darcy´s 
law (1856) formulates for Q/A being the flux, (or 
Darcy velocity) q:

   

The proportionality factor can be considered 
as the coefficient for permeability or hydraulic 
conductivity [m/d], which depends on the pore 
geometry, such as cracks, root or wormholes and 
stability of soil crumbs, as well as on density ρ 
and dynamic viscosity of the fluid (Kirkham 2005; 
Höll 2002). It differs within the main soil types: 
The lower the hydraulic conductivity, the lower 
the permeability of the soil type. As the hydraulic 
conductivity depends on the pore geometry, the 
flow rate, and thus the flow character, is con-
trolled by the presence of large pores, which do 
not take capillary forces into effect (Singh 2002). 
The flow character in structural pores is predomi-
nantly driven by the force of gravity, and can 
therefore be considered kinematic in case of high 
rainfall intensities, though becoming diffusive at 
low flow intensities (ibid.). 

Next to one-dimensional, vertical flow, there is 
also horizontal flow that occurs, when water that 
penetrated the soil follows the force of gravity 
mostly parallelly to the slope until it is accumu-
lated at a less permeable geological layer (see fig. 
3, d). Provided this interflow does not seep into 
deeper layers and is fed to groundwater forma-
tion, it may escape the ground again, with a time 
delay, at a penetrable point. It finally finds its 
way into the surface drainage system as return 
flow, or baseflow, either diffusing through the 

q = −Kf ⋅ i

Formula 2.1.3 (Baumgartner & Liebscher 1990)

substrate (see fig. 3, c) or flowing out as source 
outlet (cf. Beven 2012:10; Fohrer et al. 2016:147). 
Though kinematic in flow character, the near-sur-
face flow of water within the soil profile generally 
contributes to the hydrograph with dilatation, 
and thus mitigates the shock wave. Except for 
conditions with steep hydraulic or slope gradients 
and high soil hydraulic conductivities, either due 
to soil specific properties or to structural or biotic 
macropores, promoting either saturated or unsat-
urated subsurface stormflows with heavy storm 
events (Dunne 1978 in Singh 2002), subsurface 
response times are too long to be considered as 
stormflows (Beven 1982). The magnitude and 
timing of subsurface flow response will depend 
on the depth and hydraulic conditions of the un-
saturated zone at the time of the storm (Beven 
1981:1419).

If the amount of precipitation exceeds the in-
filtration capacity of the soil, the excess water 
flows, according to the local gradient, away as 
surface runoff, called Hortonian overland flow, 
which is defined as infiltration excess minus water 
that collects in terrain depressions (Horton 1933; 
cf. Fohrer et al. 2016:147/478; Baumgartner & 
Liebscher 1990). Since the infiltration capacity 
decreases with increasing soil moisture, the water 
runs off from saturation excess after Dunn, if the 
soil is already completely saturated and cannot 
absorb any further water (see fig. 3, a, b) (Beven 
2012). 
In the case of Hortonian precipitation-runoff 
events, however, the water flowing directly over 
land as effective precipitation, or storm runoff, 
reaches the receiving water body with a short 
flow time and a pronounced runoff peak. Over-
land runoff in most cases, especially over a slope 
plane and with high amounts of precipitation, 
is kinematic in character, and thus its motion is 
dominated by a kinematic wave (Singh 2002). 
Consequently, this leads to a sudden rise in flux 
and concentration with subsequent shock wave 
formation, showing a fast and significant con-
tribution to the hydrograph (ibid.; Lighthill & 
Whitham 1955).
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The generation of overland flow, and thus losses 
to infiltration in forested areas, is predominantly 
driven by the factors strength and duration of 
precipitation, vegetation cover, soil specific 
parameters, such as the physical conditions (in-
hibited infiltration capacity due to compaction 
or soil texture) and the hydrological conditions 
(water repellency due to soil desiccation). There-

fore, different parts of the area are involved in 
feeding the surface runoff to different degrees 
(partial area concept after Betson 1964 in Beven 
2012:12; Schüler 2006, Bott 2002; Butzen et 
al. 2014). If the retention capacity is exceeded 
in the event of high rainfall intensity, the water 
from runoff generating areas will concentrate 
into preferred flow paths, which is accompanied 

Figure 3:  A classification of process mechanisms in the response of hillslopes to rainfalls   
(Weyman, 1970 in Beven 2012:11) 
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by erosion processes of soil particles due to the 
kinetic energy of the raindrops and flowing water 
with subsequent superficial and rill erosion evolv-
ing (Roth 1996). The volume of runoff is directly 
proportional to the slope gradient and the com-
paction of the soil (Danacova et al. 2017). Ero-
sion-induced nutrient export from overland flow, 
and thus soil and soil fertility loss (Oldemann et 
al. 1991), is to a significant degree provoked by 
only a few heavy storm events per year (Auers-
wald et al. 2009), which are expected to happen 
more frequently in the course of climate change 
(Butzen et al. 2014; Reiter et al. 2018). The effect 
on overland flow generation is expected to even 
aggravate, when dry periods in late spring and 
summer are to happen more frequently (Solo-
mon et al. 2007), and promote soil hydropho-
bicity (Butzen et al. 2014). The water repellant 
reaction and subsequent increase in runoff coef-
ficient is observed to be particularly severe on 
coniferous sites, as generally associated with the 
chemical composition of organic compounds re-
leased from decomposing plant litter (ibid.; Doerr 
et al. 2000). When undisturbed forest floors 
provide low erosion rates (Auerswald et al. 2009; 
Butzen et al. 2014), harvester tracks and forest 
roads show a severe increase in erosion rate due 
to disturbed hydraulic conductivity conditions. 
Therefore, they contribute profoundly to overland 
flow generation, sediment and nutrient delivery 
to the river network (Arnáez et al. 2004; Butzen 
et al. 2014; Eastaugh et al. 2007; Wagenbrenner 
et al. 2010; Croke & Hairsine 2006). This erosive 
potential is even enhanced on cut-slopes (Arnáez 
et al. 2004; Butzen et al. 2014), and also on sites 
with low vegetation cover such as afforestation 
sites or clear-cuts, as well as with decomposition 
regimes showing hydrophobic compounds due 
to plant litter species characteristics (Doerr et al. 
2000; Greiffenhagen 2005).

2.1.2.2 Water in the saturated zone

From the water stored within the soil zone, the 
major part is eventually returned to the atmo-
sphere through actual evapotranspiration. The 
part that eventually becomes groundwater re-
charge depends on many factors, such as the 
depth of the water table, the soil and aquifer 
properties (Todd & Mays 2004). Once the per-
colating water reaches the saturated zone, it fills 
the interconnected cavity systems. It can stay 
there for geological periods of time in which it is 
not involved in the water cycle anymore, as so-
called connate water. The long residence time 
favors the establishment of chemical equilibria 
for certain processes, such as sulphate reduc-
tion (cf. Baumgartner & Liebscher 1990:406). 
Vadose water on the other hand is geologically 
young groundwater that can take long flow paths 
in secular periods of time, but still takes part in 
the general water cycle (Höll 2002). The vadose 
groundwater may become spring flow or dis-
charge into streams and leave the watershed as 
output again after its underground or interflow 
travel (see fig. 4; Fohrer et al. 2016). A so-called 
capillary zone forms between the unsaturated 
soil zone and the freely swaying near-surface 
groundwater, which is, in case the groundwater 
level is high enough, in contact with the plant 
roots and the atmosphere and is therefore char-
acterized by rapid circulation. This can lead to 
seasonal fluctua tions in pollutants introduced 
to the groundwater body, such as nitrogen com-
pounds. A shallow depth to the water table can 
also promote waterlogging of the ground in 
periods of wet weather (cf. Heath 1983:10). The 
capillary zone forms a transition to the saturated 
zone, whereas its degree of saturation decreases 
from bottom to top (cf. Kolymbas 2019:45). The 
water within the saturated zone is rather confined 
instead of free, and prevented from capillary as-
cent as a result of the separation by a low-perme-
ability intermediate layer, the confining bed (cf. 
ibid.:407; cf. Heath 1983:6). 



14

In contrast to free groundwater, the groundwater 
in the saturated zone has a higher hydrostatic 
pressure and is dominated by laminar water 
movement, determined by the slope of the 
groundwater pressure surface and the hydraulic 
potential field within the aquifer (Fohrer et al. 
2016). It therefore depends on the conductivity 

properties of the rock layers (Höll 2002; Heath 
1983). Depending on the hydraulic conductiv-
ity of the rock, more or less conductive aquifers, 
aquitardes or aquicludes form, which can occur in 
alternating storeys, forming the groundwater-sys-
tem (see fig. 5; Anderson & McDonnell 2005). 

Figure 4:  Subsurface outflow (Source: Todd & Mays 2004:125)

Figure 5:  Groundwater system showing generalized flow paths of groundwater movement and the relative age 
of the water since the time of recharge (source: Anderson & McDonnell 2005:2218, modified from 
Heath, 1983 and Winter et al., 1998).
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It stores water in the extent of its porosity and 
transmits water from recharge areas to discharge 
areas (Heath 1983:14). The volume of water sup-
plied to the saturated zone of a certain area per 
unit of time is called groundwater recharge rate, 
or groundwater formation G (cf. Baumgartner & 
Liebscher 1990:411). Its water balance equation 
applies as follows (cf. Fohrer et al. 2016:103):

G  =  P  ̶  (I + E + T)   ̶   Rs + Rsub)   ̶   ∆S = QB  

P = Precipitation Rs = Surface runoff
I = Interception Rsub = Subsurface runoff
E = Evaporation ∆S = Storage change 
T = Transpiration QB = Base flow

For the climate of temperate forests, continuous 
rainfalls usually occurring in the period without 
vegetation effectively produce groundwater for-
mation, whereas within the vegetation period, 
most of the infiltrating precipitation water is 
evaporated or flows as interflow directly to re-
ceiving water bodies (Baumgartner & Liebscher 
1990).

The concentration of solvents in the groundwater, 
and therefore its quality, depends on the chemi-
cal composition of precipitation, the integrity of 
soil filter functions, the mineral composition of 
the aquifer itself, and finally the solubility, toxic-
ity and density of the respective pollutant (cf. 
Heath 1983:66). The distribution of pollutants 
is governed by the distance between the point 
of entry and a discharge area, the penetration 
depth into the groundwater body, and their resi-
dence time (cf. ibid.:67). Groundwater purifica-
tion requires either extended periods of time or 
high expenses, both making the protection of the 
health-beneficial resource imperative against the 
background of an emerging global water crisis 
and the deterioration of ground water quality 
(Heath 1983; Höll 2002; BMU 2008).

Formula 2.1.5
Fohrer et al. 2016

Assuming the equation of continuity,

dq
=

 ̶  dθ
dz dt

q = Volume flow [m2/s] θ = Water content [Vol.-%]
z = Depth [cm] t = Time [d]

which says that inflow and outflow over an area A 
are one-dimensional, so that the flow of water re-
sults in an equivalent change in the water content 
in the soil (mass conversation, input = output), 
the following becomes apparent for the hydro-
logical balance of the soil zone (Baumgartner & 
Liebscher 1990:396):

        P    =  I + E + T + Rs + Rsub + G + ∆S 

P = Precipitation [mm] 
I = Interception [mm]
E = Evaporation [mm]
T = Transpiration [mm]
Rs = Surface runoff [mm]
Rsub = Subsurface runoff [mm]
G = Ground Water Recharge [mm] 
∆S = Change in soil water content [mm]

 
2.1.2.3  Water in the stream flow

Once overland flow, emerging lateral and base-
flow has collected in small channels and finally 
merged into streams, its flow is determined by 
gravity. Its volume, as well as the discharge hy-
drograph, follows the temporal, seasonal dynamic 
patterns of the flow regime (Fohrer et al. 2016; 
Malcherek 2019). The flow rate depends on the 
respective water volume of the runoff, the slope 
gradient, the channel dimensions and the river 
bed structures (Jürging & Patt 2004). Depending 
on the depth of the water, the flow velocity is the 
more unevenly distributed across the cross-sec-
tion of the water, the more irregular the profile of 
the river bed is formed (Baumgartner & Liebscher 
1990; Jürging & Patt 2004). The differences in 
the flow velocity promote the formation of sec-
ondary flows (Jürging & Patt 2004) and channel 
retention (Fohrer et al. 2016). The latter leads to 
the fact that discharge extremes, such as flood 
waves, are softened in their peaks (ibid.). In case 

Formula 2.1.4

Formula 2.1.6
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of storm runoff generation with hillslope forces 
involved, however, the stream hydrograph re-
sponses with rapidly increasing stream discharge 
(Singh 2002).  The movement of a flood wave in 
a river is governed by the friction of the bottom 
and the slope gradient, or gravity powering down-
stream and parallel to the free surface (Lighthill 
& Whitham 1955; Singh 2002). An increased 
runoff thus leads to higher flow velocities in the 
river bed (Jürging & Patt 2004), so that natural 
stream networks are fluctuating in their shape 
depending on transport and deposition of sedi-
ments within the given flow magnitudes (Fohrer 
et al. 2016). Both, the morphology of rivers and 
the sediment transported within them, are ex-
posed to these dynamic forces, which all together 
determine the erosive or accumulative potential. 
In the event of a flood runoff, natural rivers flow 
out into the floodplain, so that the flow rate de-
creases and the aboveground and underground 
water and sediment retention increases. Alluvial 
areas therefore fulfill important functions of 
water and nutrient retention (cf. Jürging & Patt 
2004:9). These dynamic processes promote a 
varied relief and increase the structural diversity 
and quality of living space. With high turbulences, 
high oxygen saturation and almost stenothermic 
temperatures in smaller channels, this habitat is 
also a vital thermal retreat for many organisms 
(ibid.). 
Straightened and paved riverbanks show strong 
deep erosion, which causes the profile to deepen. 
In that case, the floodplain is increasingly de-
coupled from the flooding dynamics of the body 
of water, so that it can no longer fully fulfill its 
ecological functions (BMU & BFN 2021), with 
negative effects such as flood generation and eu-
trophication of water bodies. 

2.2 The concept of ecosystem services 
and their operationalization

Structures, processes and functions of eco-
systems that are associated with benefits for 
humans and therefore cover human usage re-
quirements are understood as ecosystem services 
(Costanza et al 1997; MEA 2005; TEEB 2010). 

The concept of ES combines socially traditional 
values, such as provision of services with ecologi-
cal functions, in order to create a communicative 
vehicle that visualizes the value of services pro-
vided gratuitously by nature, and to raise social 
awareness for the need to maintain sustainable 
usability of the natural balance (TEEB 2010). The 
benefits that nature provides can thus be as-
signed to certain value categories: They can be 
consumed directly or indirectly, and they can be 
associated with utility-dependent (use-value) or 
utility-independent (non-use-value) use values. 
They therefore also cover non-material levels 
such as recreational, spiritual, aesthetic or psy-
chological values (see fig. 6). In contrast to the 
goods of economy, the value of which must be 
measured against criteria of the market, natural 
resources rather correspond to a public good. 
They therefore are in the risk of undervaluation 
and overuse. The consequences of such over-
use in the form of anthropogenic impairments 
and overexploitation of ecosystems have been 
discussed internationally since the beginning of 
the concept of sustainability in the 1970s, and 
recorded in numerous statements under inter-
national and national law (UN 1992; EU 2011; 
Article 191 of the TFEU 2012; §§ 31 ff. BnatSchG 
2009; TEEB 2010). With the idea of sustainability, 
preservation and improvement of ES play a key 
role, as ES are essential to the basic, supply and 
regulatory services of the natural balance for now 
adays and future generations. Embedded in this 
historical context, the term ES was coined in the 
1990ies by Costanza et al. (1997), Daily (1997), 
Ehrlich & Mooney (1983) and others, and more 
recently by the Millennium Ecosystem Assess-
ment (MEA 2005) and the TEEB-Study (The Eco-
nomics of Ecosystems and Biodiversity, 2010). 
The approach is considered systemic, because it 
reflects the complex, dynamic character of multi-
organismic ecological relationships, as changes 
or impairments of the individual members con-
sequently lead to a change in the overall system 
(cf. Mainzer 1999:11). The complexity of this 
causal network requires that statements about 
future developments of the ecosystems are inevi-
tably associated with great uncertainties, since 
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a large number of often as yet unknown effects 
and factors shape the processes in a chaotically 
dynamic way (cf. Mitchell 2008:123). This gives 
the precautionary character as well as the value 
categories option and existence value special im-
portance against the background of intergenera-
tional justice. Against this background, improving 
knowledge of ecosystems and the complex ser-
vices that they provide for mankind are crucial 
for science in order to understand how to protect 
them and how to deal responsibly with them. 
Although there is broad consensus on the need 
to advance efforts in this field, the approaches to 
assessing ES are characterized by great hetero-
geneity, since the assignment of values is a priori 
normative and historically embedded. The respec-
tive selective interest, which is inevitably a purely 
human connotation of what is considered a refer-
ence state of ecosystem functioning, therefore 
determines whether the code of values is more 
ecologically, economically, socially or ethically 
justified (Ott et al. 2016). Until now, there is no 
systematic classification of ecosystem processes 
or well-being (including the contribution of na-
ture) on global scale that allows a systemized 
measurement of linkages between intermediate 

components and ES. At the European level, the 
CICES project uses a Cascade Model developed 
by Potschin & Haines-Young (2011, 2016), which 
does not cover interacting and overlapping eco-
logical functions and underpinning structures 
and processes, as their classification would over-
simplify biophysical complexity (cf. Potschin & 
Haines-Young  2011:580). As final ES are consid-
ered to be derived from living structures and pro-
cesses, the question inevitably arises how to deal 
with abiotic ecosystem outputs. The model is, 
however, in the critic to be too linear of a concep-
tualization, as it limits its definition of value only 
on elements that people perceive to have direct 
benefits and are willing to pay for (Costanza et al. 
2017:5). 

Based on the complex fact that several ecosys-
tem services can arise from one ecosystem func-
tion, while at the same time several ecosystem 
functions can be required to create a single eco-
system service (cf. Costanza 1997:256 in Eser et 
al. 2014:70), the economic value followed in the 
TEEB concept (fig. 6) is questioned to be suit-
able to capture the value of nature as a whole. 

Figure 6: The Total Economic Value and ES value categories (after TEEB 2010).
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It therefore rather ought to be understood as a 
minimum value to indicate the necessity of politi-
cal action (Eser 2014, Bateman et al. 2011, Mace 
et al. 2011). This illustrates the difficulty in iden-
tifying and evaluating ES, and consequently the 
wide range of different approaches: Services of an 
intrinsic, altruistic or subjective nature that can-
not be described as productive in themselves but 
can be assigned to human well-being, are difficult 
to quantify or generalize. In order to translate the 
heterogeneity of the approaches and definitions 
into a practically applicable general usability of 
the term and to make it operational, a transdis-
ciplinary, holistic view of ES is to be aimed. This 
includes the development of indicators for the 
standardization of assessment parameters (cf. 
Ibisch et al. 2012:139; Albert et al. 2015, Potschin 
& Haines-Young 2011, Bordt & Saner 2018). 
Hence, to derive water-related ES of the forest, 
and their operationalization, this work empha-
sizes a holistic perspective to describe how the 
ecological intermediate components of the forest 

are linked to service outputs and how sensitive 
these outputs are to anthropogenic pressure, 
without the selective consideration of certain in-
dividual interests or an economic valuation. In the 
frame of the holistic view, a stepwise disaggrega-
tion of ES and linked benefits is pursued, since the 
complex interdependencies exclude an isolated 
view (cf. Bortd & Saner 2018). As the regulative 
processes are basal in character, they overlap in 
their benefit with provisioning and other levels 
of ES, so that some of the underlying processes 
could be considered to be in the risk of double 
counting. 
Regarding this topic it must be noted that the 
derivation of ES is multifactorial due to the high 
level of interactions, and therefore double count-
ing effects must be considered against the back-
ground of ecological complexity. In this sense, 
they could rather be considered as alternative 
proxy to measuring some direct services, not in 
addition to them (Costanza et al. 2017:6; fig. 7). 
In terms of a gradual valuation, processes that 

Figure 7: A dynamic system capturing the complex interactions needed to produce ecosystem services at the 
regional scale, driven by the flows of energy, matter, and information through the system. (source: 
Costanza et al. 2017)
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are multiply involved and requisite in character 
might even be rated as a priority in the decision-
making process of necessary measures of action. 
Furthermore, the exploration of how intermedi-
ate components are correlated with ecosystem 
services provides a simplification for quantitative 
assessments (cf. ibid). Based on the ideas stated 
so far, the classification approach of Schröder et 
al. (2012) is followed, which combines a broad 
applicability (ES of the forest in general) with the 
local case-specificity (place-based) of the study 
area from both a biophysical and a societal point 
of view (cf. Schröder et al. in Ibisch et al. 2012). 
Based on the primary values of intermediate 
components, which cannot be substituted or de-
termined through human preferences and there-
fore cannot be economized (cf. Eser 204:69), 
indicators are defined that depict their function-
ality (specified for water-related ES of the forest, 
see fig. 8). The production chain implemented 
from Boyd & Banzhaf (2007) derives a benefit 
specificity, which flows into the final services that 
are related to well-being factors of the stake-
holders connected to them. The different levels 
serve to clearly distinguish between ecosystem 
function, ecosystem service and benefit, show 
relevant interactions and can be expanded with 
qualitative values. The selection of the indicators 
should reflect the study area and depict the data 
material. It must also be suitable for assessing the 
integrity of the structural components in terms 
of healthy interactions, because this is the pre-
requisite for them to fulfill the human demand 
for natural products and processes (cf. Müller et 
al. in Chicharo et al. 2015:11). The parameters 
influencing the indicators, and possible conse-
quences of their changes should be part of further 
analysis and continuous specification, and there-
fore should be appliable in long-term scenarios to 
fulfill the temporal demands (Hansjürgens et al. 
2012; cf. Müller et al. in Chicharo et al. 2015:12). 
Furthermore, the indicators should reflect an in-
tersubjective perspective on human action linked 
to environmental pressure and be transferrable to 
different value dimensions (qualitative, monetary, 
preference-based) in order to allow transparency 
of the decision process and mediate between dif-
ferent preference parties.  

This study, however, primarily focuses on the 
services provided by forests with regard to the 
underlying water-balance-related intermediate 
components and the possible consequences of 
human activities on them. In line with the sus-
tainability principle, their indicators are nature-
oriented, theory-based and interdisciplinary in 
character (Wiggering & Müller 2003). Qualita-
tive indicators, such as cultural significance, rec-
reational function, the intrinsic value of nature, 
as well as monetary derivations in the form of 
willingness to pay to maintain the same, must 
be evaluated with a socio-economical-based ap-
proach and are only recorded schematically here. 
As part of a holistically based approach, the as-
sessed intermediate components interact on all 
levels of derivable services. They are embedded 
in the multidimensional context of the totality of 
ES of the forest, which will be discussed in section 
6 with respect to possible recommendations of 
actions.

2.3 Water-related Ecosystem Services of 
the forest

Temperate forests are determined by the cli-
matic factor air temperature, characterized as 
moderately humid, with sufficient summer rain 
and markedly cool or cold winters (Whittaker 
1975). Seasonal variations in air temperature and 
precipitation patterns dominate catchment hy-
drological conditions, such as evapotranspiration, 
soil wetness, groundwater level and discharge, 
and thus influence the biogeochemical dynam-
ics of the ecosystem, plant physiology and soil 
microbe activity (cf. Delphis et al. 2011:262). Due 
to this complexity and the highly dynamic flow 
variation, temperate forests are a research object 
of high interest, not only for researchers but also 
for governments in terms of practical importance 
regarding flood management or the provision 
of drinking water in high quality and quantity. 
Hydrological studies of temperate forests were 
therefore not only conducted for biogeochemical 
and ecological investigation purposes, but have 
implemented those practical issues alongside.
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Forests are based on complex networked pro-
cesses, functions and structures with a vast 
variety of known and unknown relationships. It 
is important to understand the complex relation-
ships between the components in order to be 
able to quantify and describe the interactions be-
tween natural processes associated with human 
well-being and include them in decision-making 
processes. As in the context of this study forest 
functions are analyzed that build the basis for the 
provision of water-balance-related ES, the focus 
is on regulative and provisioning ES and their 
intermediate components. Regulative ES unfold 
their benefits to human well-being through the 
regulation and control of biotic and abiotic fac-
tors of natural processes. The latter are defined as 
the complex interactions of ecosystem elements 
regulating the fluxes of information, energy and 
matter, and supporting the intactness of the 
ecosystem (cf. Chicharo et al. 2015:18; cf. Mace 
et al. 2012, Puydarieux & Beyou 2017 in Brocker-
hoff et al. 2017:3009). Regulative ES thus form 
the basic precondition for all services that can be 
derived from an ecosystem, but are at the same 
time not well pronounced in social awareness and 
consequently under-evaluated in public recogni-

tion. Provisioning ES are directly attributable to 
the antecedent regulative ES. Their focus is, how-
ever, more on human beneficial aspects arising 
from the natural functions and processes. They 
unfold their benefits on a rather socially anchored 
level and are consequently more pronounced in 
public recognition, especially due to the fact, that 
monetary values can be assigned to them. As the 
challenges that go alongside climate change in-
tensify the public awareness about the necessity 
of flood control and water supply, they gain rel-
evance within the political and public debate. An 
overview of the water-related ES forests provide 
is given in figure 8. 
 
2.3.1  Water-related regulative Ecosystem  

Services of the forest

Water-related ES of the forest are predominantly 
correlated with the regulation of the water cycle, 
soil protection and habitat functions. In the fol-
lowing, water-related ES of the forest and their 
intermediate components are described as well as 
the parameters that reflect them. Furthermore, 
the forest-specific contribution to those ES is 
highlighted. 

Figure 8: Water-related ES of the forest (modified after TEEB 2010)  
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 y  Water and nutrient cycle regulation  
function:  
Forests have a crucial impact on the hydrolog-
ical cycle regarding the flow regime and runoff 
behavior, and therefore water delivery to 
streams and groundwater in terms of magni-
tude and timing. Through buffering and re-
tarding the precipitation water, the forest 
counteracts runoff peaks, and promotes seep-
age and deep groundwater formation (Schüler 
2006; Engler 1919, Günther 1979, Schwarz 
1985, Hegg et al. 2004 in Nordmann 2011; 
EEA 2015; Bott 2002). This water retention 
function goes back to elementary physical-
chemical, biological and structural compo-
nents: A significant amount of precipitation 
water is retained by the forest canopy (canopy 
storage) through interception, and from there 
either drips down (canopy drip), flows down 
the stem, or eventually evaporates back into 
the atmosphere. Consequently, a large 
amount of water is lost to soil moisturization, 
subsequent groundwater formation or runoff 
(Peck & Mayer 1996; EEA 2015). Next to the 
water pressure deficit of the air, which drives 
evaporation processes, the species-specific 
phenological architecture (canopy, stem, leave 
roughness) and the phytomass value of the 
stand (determined by stand age, height, site 
quality class and stand density) influence the 
amount of water loss to leaf surface areas. 
Structural stand components therefore affect 
the quantity of groundwater formation at a 
given precipitation intensity significantly 
(Müller 2011; Klimenko et al. 2020). As a re-
sult, forests develop a negative water balance 
during the vegetation period, which is com-
pensated for in the rainy winter months when 
the transpiration rate is lower and the canopy 
of deciduous trees is bare of leaves (Nord-

mann 2011)3 . Through the canopy, the precip-
itation is distributed irregularly within the 
stock and the impact energy of rain droplets is 
softened. This causes a reduction of the ero-
sive potential (Nordmann 2011), and results in 
reduced surface erosion with consequently 
low sediment and nutrient yields to water 
bodies (Neary et al. 2009). The larger and the 
denser the canopy of a stand is, the more 
water is held back and the more pronounced 
the retarding effect on the runoff is. Addition-
ally, the litter layer dissipates the raindrop en-
ergy and prolongs infiltration (ibid.). Also, by 
forming a deep root system, trees are able to 
withdraw water from deeper soil layers 
through transpiration and make these soil lay-
ers available for water storage again (cf. 
Nord mann 2011:35).  
 
Runoff generation depends on the intensity 
(amount per unit time) of precipitation, on 
physical soil properties with respect to humus 
characteristics, hydraulic properties of the soil 
horizons (being related to soil texture, bulk 
density, pore system and preferential flow 
paths associated with root growth and biologi-
cal activity), as well as on the bedrock under-
neath (Schüler et al. 2002; Nordmann 2011). 
The humus fraction contributes to water stor-
age through its adhesive, water-binding prop-
erties, and due to the fact that decomposition 
and humus formation increase the pore space 
significantly (Hammel & Kennel 2001)4 . A pre-
requisite to humus formation is given through 
proper living conditions for biological activity. 
The soil biota drive the metabolization and 
transformation of organic matter, shapes the 
pore space and thus preferential flow paths, 
and therefore significantly contribute to faster 
percolation towards the gravitational poten-

3 Delfs et al. (1958) quantify the interception storage of coniferous stands (spruce) to be around 4 mm/ha of precipitation, 
Benecke & v.d. Ploeg (1978) verify 2.6 mm for beech trees (cf. Nordmann 2011:36), and Gerrits et al. (2010) state 18 % of 
average canopy interception in leaf-on beech stands (5 % in leaf-off period) (Butzen et al. 2014). Klimenko et al. (2020) cite 
5-8 mm/ha of rainfall interception in forested areas, depending on stand characteristics.

4 The organic layer can store up to 1.5 - 4.5 times more water per gram of soil substance than mineral soil (Leuschner 1998; 
Schäfer et al. 2002; cf. Nordmann 2011:35).
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tial. The large void capacity of the organic soil 
layer also provides a higher gas exchange and 
therefore increases evaporation, which subse-
quently gives free water storage space in turn. 
The higher the infiltration capacity and hy-
draulic conductivity of the soil is, the higher 
the retention capacity of the site. Deep, per-
meable soils show the best peak-flow-delaying 
performance (cf. Schüler 2006:100). As the 
permeability is also correlated to the soil´s 
clay content, clayey soils drain slower and 
therefore are in the risk of generating runoff 
with given rainfall intensity (ibid.). Forest soils 
formed under humid climate conditions gen-
erally show a rather low bulk density and 
therefore drain sufficiently enough to mitigate 
runoff, as long as their water storage capacity 
is not exceeded and the infiltration capacity 
isn´t inhibited by compaction due to the use 
of heavy harvesting machinery (ibid). Accord-
ing to Bott (2002) and verified by the study of 
Reichardt (2002), the void capacity of a soil is 
directly correlated to runoff, as speed and in-
tensity of the latter increase with lower void 
capacity.  
 
Next to the soil hydraulic conditions and cli-
matic factors the structural and phytocoenotic 
components of the vegetation layers (overall 
forest cover area, leaf area index, density of 
tree individuals, age, height and diameter, tree 
species composition) are a major influence on 
the retention potential, and therefore forest-
management operations play a key role for re-
tention capacity.  Changes in water yield 
within a watershed can be observed to be im-
mediately responsive to forest-management 
activities (Zhang et al. 2001; Riekerk 1989 in 
EEA 2015). The impact of forestry practices is, 
however, very site-specific, as the runoff-pro-
cesses are highly site-dependent. Also, a dis-
tinction has to be made between areas where 
discharge develops as a contributory factor 
due to water saturation, and areas considered 
as runoff-generating, corresponding precipita-
tion and site conditions provided (Schüler 
2006). Decreasing runoff-generating areas and 

transforming them into contributing areas are 
therefore an essential task of precautionary 
forestry management to improve the benefi-
cial effect of the water regulative ES of flood 
control and protection forests can provide 
(ibid.). The effect of clear-cutting on acceler-
ated overland flow due to decreasing plant 
water use is reported in many studies 
(Moltschanov 1966, Hibbert 1967, Voronkov 
et al. 1976, Hoffmann 1982, Rosemann 1988, 
Bennecke 1992, Moeschke 1998, Mendel 2000 
in Schüler 2006; Peck & Mayer 1996).   
 
Forests also unfold essential water purifying 
services based on the filter function of the soil 
by adsorbing nutrients and pollutants, and 
thus lower their concentration in seepage 
water (Keestra et al. 2012). The underlying 
processes of water purification are closely 
linked to the carbon and nutrient cycles. They 
are highly dependent on biogeochemical fac-
tors that influence lithogenic and organic soil 
constituents (cf. Mueller et al. 2012:602). 
Chemical properties of the plant litter that in-
fluence the pH, mineral dissolution, cation ex-
change capacity, and concentrations of Al and 
Fe within the soil solution, affect the microbial 
community composition and exoenzymatic 
activity, and thus the retention of soil organic 
C and N (cf. Mueller et al. 2012:602). Tree 
species influence the intrinsic characteristics 
of soil organic matter, soil acidification and 
availability of hydrolyzing cations such as Al 
and Fe (Gruba & Mulder 2015), as well as nu-
trient concentrations and nutrient storage in 
wood and roots (Mueller et al. 2012). Their 
composition plays a key role in the effectivity 
of water purifying processes in the forests. The 
so formed chemical soil environment influ-
ences the biotic species diversity, which deter-
mines the decomposition rate and effectivity. 
Pure coniferous forest stands form an acidic 
litter that intensifies the processes of soil acid-
ification (Mueller et al. 2012; Gruba & Mul-
der 2015; Bredemeier et al. 2011). The 
chemical soil environment, however, is also 
sensitively affected by the entry of potential 
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acid formers, and so are chemical exchange 
processes, cation exchange capacity and nutri-
ent supply of the stocks. Due to persistent N 
accumulation in the soil, many forest areas in 
Europe have already reached nitrogen satura-
tion, which subsequently leads to a progres-
sive increase in nitrate leaching into the 
groundwater and spring water (Bredemeier et 
al. 2011:103). The retention of precipitation in 
the canopy must be considered to significantly 
increase the concentration of dissolved nitro-
gen compounds in the stand precipitation 
(Eugster & Haeni 2013; Bredemeier et al. 
2011). Also, many sites are “contaminated” in 
the form of stored sulphate from the high sul-
fur inputs of the last century, so that in con-
nection with the base removal from wood 
harvest and the leaching of basic cations as a 
result of soil acidifying effects, no adequate 
buffering of the acid load can be expected.

 y  Soil protection function:  
Functioning as well as productivity of forest 
ecosystems is strongly interrelated to soil 
properties, form of humus and carbon cycling 
manifestation (Dixon et al. 1994). Under natu-
ral, undeteriorated conditions forest floors 
provide the fundamental functions of soil 
formation by decomposition of accumulated 
organic material and the subsequent release 
of nutrients into the soil environment (Fa-
biánek et al. 2009). They contribute to erosion 
prevention predominantly through control of 
overland flow generation (vegetation and lit-
ter cover, soil specific parameters such as soil 
moisture and compaction due to heavy ma-
chinery) (cf. Butzen et al. 2014:202).  
 
In the process of decomposition, mineraliza-
tion and humification different levels of de-
composition regime bring about a structural 
heterogenous pore system with an accordingly 
high variety of macro- and medium-pores 
(Neary et al. 2009). Especially against the 
background that forest floors usually tend to 
be low in clay content and pH level, the soil 
organic matter (SOM) becomes important 

for maintaining the cation exchange capac-
ity (CEC), by retaining essential cations, and 
thus supporting forest productivity (Grigal & 
Vance 2000). The dynamics of decomposi-
tion are driven by the quantity and the frac-
tional composition of annual falling debris 
(AFD), and therefore by the phytocoenosic 
composition, the pedo-ecological conditions 
influencing the decomposition rate (biological 
activity of the edaphon, C:N ratios, base satu-
ration stage), soil chemistry as well as climatic 
and microclimatic conditions (Kõlli 2017). 
Quantity and fractional composition of AFD 
depend on the tree species composition on 
the stand: The litter of deciduous trees is rich 
in basic cations and promotes decomposition 
and alkaline rich humus formation. Decidu-
ous tree stands open up the canopy to direct 
throughfall in winter by shedding their leaves 
and thus enhance AFD quantity and quality. 
Coniferous trees on the other hand produce 
a rather acidic litter (Nilgård 1971; Gruba & 
Mulder 2014; Lelong et al. 1990 in Bredemeier 
et al. 2011) due to slow decomposition rates 
of their needles (Kõlli 2017). Monocultural 
spruce stands show lower pH values and base-
exchange compared to beech stands, as well 
as a lower C:N ratio, which is associated with 
enhanced nitrogen wash-out from the ecosys-
tem (Emmer 1998, Emmer et al. 2000, Emmett 
et al. 1998 in Fabiánek et al. 2009; Ulrich 
1983). Both, chemical soil properties, implying 
the composition of the organo-mineral hori-
zon, stand trophy and biodiversity, as well as 
physical soil conditions, implying the perme-
ability for air and water, are a prerequisite to 
the soil habitat function for biological diversity 
and thus activity. At the same time the soil 
pore system formation is reciprocally being 
shaped by edaphic biota, so that the vitality of 
the latter is an essential part of the soil func-
tion integrity and water-conducting proper-
ties. The soil biota therefore must be included 
in the conceptualization of indicators linked 
to regulative intermediate components of 
water-related ES. Being incorporated into the 
chemical flows of the saturated soil zone, and 
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as a major driver of soil acidification enhance-
ment, nutrient inputs from air deposition 
are involved in the control, metabolization, 
recycling and storage. They therefore indicate 
nutrient regulation and water purification ser-
vices. 

 y  Habitat function: 
Soil organisms, and therefore the prerequisite 
to their living conditions, play a vital role in 
the decomposition process, release of plant-
available nutrients (mineralization), and en-
hancement of soil structural characteristics 
linked to the soil water and air continuum 
(Grigal & Vance 2000). They must therefore 
be considered a major driver in the fluxes of 
water and nutrients (Canessa et al. 2020). As 
soil biota are involved in the process of ag-
gregate formation (Jastrow & Miller 1990)5, 
they stabilize the soil against rainfall droplet 
energy. This prevents soil crusting and detach-
ment, and contributes to a higher infiltration 
rate (Neary et al. 2009). The ecological distri-
bution patterns in plant and animal communi-
ties are sensitive to microclimatic conditions 
(temperature, moisture, wind, and light), and 
thus determined by structural features in 
the course of silviculture (stocking density, 
overstorey coverage, and species composi-
tion). They are therefore highly site-specific 
(Chen et al. 1999; Canessa et al. 2020). Dry 
conditions, especially with soil water contents 
below field capacity, inhibit decomposition 
rates (Canessa et al. 2020), which might be-
come crucial for forest site nutrition supply 
throughout drought periods within the vege-
tation period. Next to abiotic factors, the litter 
composition and its chemical traits determine 
litter decomposability, chemical-enzymatic 
splitting and thus nutrient accessibility for 
decomposers (Canessa et al. 2020). Therefore, 
silvicultural factors such as tree species com-
position, and stand structural aspects affecting 

soil moisture also influence decent living con-
ditions for and productivity of soil organisms. 
Linked to the flowing regime quantitatively 
through aggregate formation, and qualita-
tively through plant nutrition and nutrient 
cycling, adequately intact habitat functions 
are indispensable for water-related ES such as 
water retention, soil formation, erosion pro-
tection and eutrophication prevention. 

2.3.2 Water-related provisioning ecosystem  
services of the forest

As a direct consequence of water regulating 
processes related to forest ecosystem functions, 
forests provide the benefit of water storage and 
the primary good of clean drinking water. The lat-
ter has gained attention in the drought summer 
periods of 2018, 2019 and 2020, when public rec-
ommendations restricted water consumption be-
yond essential needs (NLWKN 2020). In summer 
2021, drought was washed away by heavy storm 
events, and the disastrous flooding in western 
Germany. When researching the causes of this ca-
tastrophe of the century, the decentralized flood 
protection forests can provide gained attention. 
In both cases, provisioning ES are involved, that 
do unfold monetary dimensions. In the following, 
those services and their benefits are described.

 y  Drinking water supply 
Delayed discharge processes, enhanced infil-
tration, and chemically intact exchange pro-
cesses based on vital soil functions, including 
the diversity of pedocenoses, enable forest 
soils to convert the water they take in and 
pass on to the best drinking water quality.  
In Germany, around 70 % of the water supply 
is covered by groundwater (BMU 2008; StatLa 
RLP 2016; UBA 20226 ). The water resource is 
used as drinking water, industrial process and 
cooling water or for agricultural irrigation. 
The situation is similar throughout European 

5 Through metabolizing nutrients in the soil, saprobic fungi interlink and glue soil particles due to their excretion products and 
growth habit (Lehmann & Rilling 2015).

6 https://www.umweltbundesamt.de/daten/wasser/wasserwirtschaft/oeffentliche-wasserversorgung#grundwasser-ist-wich-
tigste-trinkwasserressource (21.4.2022)

https://www.umweltbundesamt.de/daten/wasser/wasserwirtschaft/oeffentliche-wasserversorgung#grundwasser-ist-wichtigste-trinkwasserressource
https://www.umweltbundesamt.de/daten/wasser/wasserwirtschaft/oeffentliche-wasserversorgung#grundwasser-ist-wichtigste-trinkwasserressource
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countries – one third of the total water sup-
ply is sourced from groundwater (OECD 2018 
in Riedel & Weber 2020). With respect to the 
density of population, decreasing groundwater 
tables have a large socio-economic impact on 
European societies.  
 
According to the technical implementation of 
Article 5 of the Water Framework Directive 
(WFD) and Directive 2006/118 / EC (protec-
tion of groundwater against pollution and 
deterioration) by the Groundwater Ordinance 
(GrwV) (Federal Law Gazette I p.1044), a 
nationwide uniform assessment of the quan-
titative and qualitative status of groundwater 
bodies is checked regularly (every 6 years) 
(LAWA 2019). Current measurements (from 
2016) show that only 4.2 % of the groundwa-
ter bodies in Germany fail the “good quantita-
tive State “ (LAWA 2016). The groundwater 
resources regarding the yield are, however, 
irregularly distributed throughout Germany 
(see fig. 84, app). There are areas with a lower 
resource yield, which are therefore more prone 
to supply shortfall: In the dry years of 2018 
and 2019, for example, the pressure of use 
and climate change led to a lowering of the 
groundwater measurement levels in the state 
of Lower Saxony (NLWKN 2020). The trend 
with below-average climatic water balance 
and falling groundwater levels, which has been 
ongoing since the early 2000s, is a result of 
increasing annual mean air temperatures and 
increasing evaporation values due to climate 
change (MU/DWD 2018 in NLWKN 2020). 
Extreme events such as droughts and floods 
are to be expected more frequently, so that 
the changes observed so far in the trend are 
likely to continue (MU/DWD 2018, Scheihing 
2019 in NLWKN 2020). But, also in areas with 
more efficient yield of groundwater, falling 
groundwater levels are observed since the past 
decades (KLIWA 2017). The groundwater re-
charge in Rhineland-Palatinate has decreased 

by 21 % in 2010-2015 compared to the period 
1951- 2010 (KLIWA 2021)7. Numerous mea-
suring points in Rhineland-Palatinate show 
falling groundwater levels (see fig. 83 app.).  
 
According to the UBA (2017b), the detected 
pressure of use, however, does not exceed 
the groundwater reserve capacities. Enhanced 
plant demand due to the extension of the 
vegetation period (Reiter et al. 2018; see fig. 
81), and the associated increased losses via 
evapotranspiration are discussed as causes 
(Kampf 2021; KLIWA 2017). Additionally, in 
the drought years 2018, 2019 and 2020, the 
soil water content dropped persistently (see 
fig. 85 app.). As a result, the replenishment of 
the soil water supply to field capacity, which is 
the prerequisites for deep seepage, was post-
poned later in the year (Hermann et al. 2014). 
This shortened the period of groundwater 
formation and promoted increasing deficits 
for groundwater recharge due to the negative 
trend in the climatic water balance (MUVF 
2007; Kopp et al. 2018). Though records of 
the past decades show a significant increase 
in winter rainfall (Reiter et al. 2018; Anders 
et al. 2014 in Riedel & Weber 2020), regional 
divergences that report a decrease in winter 
rainfall support discussions of an additional 
recharge loss factor (KLIWA 2017). A couple 
of drought years in a row may not endanger 
the good quantitative status of groundwater 
bodies, but with predictions of changed pat-
terns of frequency and intensity of climate ex-
tremes, supply shortfall and disappearance of 
ecosystems may become more likely – and so 
does the loss of ecosystem services connected 
to them (Aquilina et al. 2012, McMahon et al. 
2006, Jasechko et al. 2016, Havril et al. 2018, 
Devitt et al. 2019, Qui et al. 2019, Tran et al. 
2019 in Riedel & Weber 2020). This affects not 
only the public supply situation with drink-
ing water, but also groundwater-dependent 
terrestrial ecosystems such as beech forests, 

7 For the period 2010 - 2020 an even higher decrease of - 25 % in Rhineland-Palatinate compared to 1952 - 2010 is discussed 
(Kampf 2021).
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wet meadows and moors. A lowering of the 
groundwater level leads to a reduction in the 
capillary rise of the groundwater and thus, 
depending on the depth to the groundwater 
table, to supply shortfall in the water demand 
of the vegetation.  
Against this background, provisioning services 
from forested catchment areas for drinking 
water supply are of high importance due to fa-
vorable conditions for groundwater formation. 
Furthermore, by reducing surface runoff, and 
thus erosion and transport of substances into 
surface waters (Neary et al. 2009; Wagen-
brenner et al. 2010), the financial expenditure 
for drinking water treatment can be reduced 
(Munich Re 2000), as well as for nature con-
servation measures (UBA 2017a). Intact eco-
system functions are, however, a prerequisite 
for maintaining a sustainable supply. For this 
purpose, not only must the establishment and 
maintenance of intact soil functions in the for-
est be achieved, but efforts to reduce nitrogen 
inputs from agriculture must also be intensi-
fied. Maintaining soil functionality and the 
associated water-related processes through 
forest management includes all factors that 
have a profound effect on the chemical and 
physical conditions of the soil: tree species 
composition, stand structure and age, harvest-
ing methods, harvest intensity and rotation 
(Mueller et al. 2012; Gruba & Mulder 2015; 
Bredemeier et al. 2011; Keesstra et al. 2012; 
Schüler et al. 2002; Nordmann 2011; Leu sch-
ner 1998, Schäfer et al. 2002).

 y  Decentralized flood control 
Regarding past and current flood disasters, 
the high financial expense that arises from 
insufficient use of natural retention potentials 
is evident. According to the “Study on Eco-
nomic and Social Benefits of Environ¬mental 
Protection and Ressource Efficiency Related 
to the European Semester”, which deals with 
questions of the social and monetary effects 
of flood events in the EU since 2002, the Euro-
pean Commission estimates the cost of flood 
damage within the European Union in the 

years 2002 to 2013 at 72 billion €, of which 
19 billion € account for Germany (EU 2014). 
According to the Federal Government of Ger-
many, the cost of the flood disaster in 2013 
was 2 billion € and the Elbe flood in 2002 was 
1.7 billion €, with damage reports from the 
individual federal states totaling 6.7 billion € 
(BMI 2013).  
In the generation of flood disasters along 
major rivers, the contribution from smaller 
tributaries to their water volume is consider-
ably significant (Schüler 2006). With this 
respect, forested areas play an important role 
in the spatial distribution, types and intensi-
ties of surface runoff, as they inhibit runoff 
generation (Moltschanov 1966, Hibbert 
1967, Voronkov et al. 1976, Rosemann 1988, 
Moeschke 1998, Mendel 2000 in Schüler 
2006). The mitigation and retarding of runoff 
peaks in these areas can be achieved by ef-
fective water-retention and runoff-delaying 
measures according to the given geological 
and soil factors, which need to be differenti-
ated hydraulically (Schüler 2006). Therefore, 
flood-generating forest areas, or critical source 
areas (CSA) must be identified. Since the run-
off behavior in forest ecosystems correlates 
with the near-surface intermediate runoff 
and deep seepage (Ernstberger 2000), runoff 
quantity and rate are largely dependent on 
the properties of the respective forest location 
(Bennecke 1992; Hoffmann 1980; Hoffmann 
1982; Peck & Mayer 1996; Müller & Schüler 
2021). In forests on soils with geogenically or 
pedogenically dense subsoil, or anthropogeni-
cally compacted topsoil, a significantly higher 
proportion of water flows off near the surface 
(Schenk et al. 2001), the smaller the pore ca-
pacity, the less thick the water-absorbing top-
soil and the greater its water storage capacity 
is exhausted, the faster and more intensely 
(Müller & Schüler 2021). Since, in addition 
to the basic hydraulic equipment and climatic 
factors, the structural and phytocoenotic 
components of the vegetation layers also have 
a major influence on the retention potential, 
forest management (silviculture, felling, har-
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vesting methods) plays a location-specific key 
role for establishing water-retention efficiency 
(Zhang et al. 2001; Riekerk 1989 in EEA 2015). 
 
Even if retention measures in the forest only 
have a limited impact on large flood events 
on the mesoscale level (Grant 2005), every 
additional flood prevention measure in the 
microscale area leads to a reduction of harm-
ful flood peaks, because the limited effect of 
a large number of individual measures adds 
up to a clearly noticeable reduction of the 
retention volume. The threshold of the lat-
ter depends on the size of the climatic event 
as well as on the location, soil, geology, land 
use and landscape features. The aim of spatial 
flood protection planning should be to predict 
the respective risk threshold depending on the 
damage potential in catchment areas. Flood 
prevention cannot be limited to forestry con-
cepts alone. It requires the intersectoral coop-
eration of and integration of eco-hydrological 

concepts in water management, agriculture, 
viticulture, spatial planning and domestic poli-
tics (Müller & Schüler 2021). 
 
Figure 9 highlights water-related ES of the 
forest after the holistic approach described in 
section 2.2.

 
2.3.3 Current and future challenges

Forest ecosystems are under anthropogenic pres-
sure with wide-spread influences: Climate change 
induced drought periods lead to an extensive tree 
mortality, known as New Forest Die-off (Huang 
et al. 2019; Goulden & Bales 2019; Margalef-
Marrase et al. 2020). Air pollution brings about 
altered soil conditions, severely disturbed nutri-
ent cycles and plant nutrition, tissue damage and 
growth inhibition. Sinking groundwater levels and 
habitat fragmentation intensify the negative ef-
fects (BfN 2020b). The so promoted deficits in 
vitality make forest stands more vulnerable to 

Figure 9: Highlighted water-related regulative and provisioning ES of the forest developed after the holistic 
approach from Schröder et al. (2012).
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pathogens and pests. Exclusively growth-oriented 
management pratiques that alter the microcli-
matic conditions of the forest climate, the hy-
drological stand characteristics or the conditions 
of nutrient availability in a negative way, have a 
large impact on all interlocking forest functions. 
In the following, the challenges that go along 
these pressures are highlighted. 

2.3.3.1 Climate change

The rapidly advancing, anthropogenically caused 
change in the global climate is accompanied by 
ecological, social and economic cuts, as well as 
the degradation of forest ecosystems effective 
worldwide. In connection with water-related 
ES of the forest, this can be traced back to the 
basic functions in the complex structure of the 
forest that are involved in the harmonization 
of the water cycle. Changes in the water bal-
ance, as forecasted by climate projections, affect 
both ecological and material-physical processes. 
Impairments to the water retention capacity 

(retention potential) and changes in the soil 
water balance are of particular interest in con-
nection with water-related ES of the forest. With 
drought periods and heavy storm events in late 
spring and summer to happen more frequently 
(fig. 10; Reiter et al. 2020; Solomon et al. 2007), 
water repellency of the soil, losses to tree vital-
ity, enhanced tree mortality. Consequently, the 
occurrence of bare fallen sites as consequence of 
calamities and windthrow are likely to increase 
surface runoff. Contributions to flood generation, 
nutrient export from the ecosystem and eutro-
phication risks in adjacent water bodies are pos-
sible consequences. Plant-physiological drought 
stress (Schröck 2020) and forest fires are also 
expected to happen more frequently (Bolte & 
Ibisch 2014).
Due to the longevity (production periods of 100 
to 200 years) and the local ligation of forest 
ecosystems, they are tied to the environmental 
conditions and location factors of the respective 
forest stand. With a polar shift in temperature 
limits of 40 km/decade (Hansen et al. 2006), a 

Figure 10: Projection of the future development of mean average temperature (Reiter et al. 2020).  
Blue area: RCP2.6 corridor (“strong climate protection”), red area = RCP8.5 corridor (“no climate 
protection”), pink area: overlap of both corridors. 
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global area shift of the habitats of certain species 
of 6.1 km per decade establishes alongside (Par-
mesan et al. 2003). The rapidly changing living 
conditions force long-lived species such as trees 
to perform evolutionary processes of adaptation 
beyond their abilities (Bolte & Ibisch 2014). The 
main drivers of the hydrological cycle in a for-
est ecosystem, precipitation, temperature and 
evaporation, are recorded to have changed and 
are predicted to continue so in the future. When 
precipitation has not changed so much in total 
amounts (up to 2.8 mm per decade in the pe-
riod from 1946 to 1999, Klein Trank et al. 2002; 
Scherrer et al. 2016 in Riedel & Weber 2020), 
changed patterns alter the distribution and water 
budgets on regional scale.
With rising temperatures, the vapor pressure defi-
cit of the air increases, and so does evaporation 
as well as interception, as reported from many 
sites throughout Europe (Duethmann & Blöschl 
2018, Stanhill & Möller 2008, Trnka et al. 2015, 
Zhang et al. 2016, Ukkola & Prentice 2013, Teu-
ling et al. 2019, Vince-Serrano et al. 2019 in 
Riedel & Weber 2020). Over-heating of the sun 
leaves has been reported at an increase of 3K in 
deciduous forests (cf. Hohnwald et al. 2020:12). 
Extreme heat waves in summer are observed to 
increase the susceptibility to tissue damage on 
old trees and the mortality of young plants. At 
temperature levels near 40 °C, the photosyn-
thetic electron transport and CO2 assimilation of 
beech are found to be inhibited (Hohnwald et al. 
2020).

This indicates alterations in the localization of 
xeric limits of beech distribution in Central and 
western Europe (Hohnwald et al. 2020; Garam-
szegi & Kern 2014; Stojanovic et al. 2013). With 
higher temperatures within the stands, higher 
evapotranspiration and shrinking soil water con-
tent, trees also struggle increased interspecific 
competition for water (del Rio et al. 2014). The 
consequences of drought stress caused by climate 
change, such as a decline in vitality, are recorded 

not only for drought-sensitive species such as 
spruce, but also for beech, which is dominant in 
the Palatinate Forest (MUEEF 2019)8 . But not 
only the tree species are endangered in their resil-
ience. Higher annual mean air temperatures bring 
about biotic effects such as a higher occurrence 
of insect pests. But also the extinction of species 
of important individual members in the biotic 
species network (pollinators, symbionts) weakens 
the stand health (Bolte & Ibisch 2014). Warm 
winters, on the other hand, promote the mobili-
zation of reserve materials and, in combination 
with late frosts in spring, lead to insufficient 
frost hardness and consequently to frost damage 
(Müller & Schüler 2021). All factors weakening 
stand stability bring about a higher susceptibility 
for windthrow and calamities, and, as a conse-
quence to it, stands are falling bare, as recorded 
for many forest sites in Germany in 2019 (BT-
Drucks. 19/11093 in BfN 2020b). 
Regarding Climate Change, phenological effects 
are observed that show the beginning of the veg-
etation period about two weeks ahead of time in 
early spring9. Increasing deterioration of crown 
conditions is observed as an indicator for drought 
stress in all main tree species, particularly in the 
past 3 years (2018-2020), accompanied by an in-
creased occurrence of harmful insects with weak-
ening effects on the populations (MUEEF 2020). 

All those conditions are inextricably connected 
to forest management in terms of tree species 
composition, harvest operations affecting soil 
function, stand structure and stock hydrologi-
cal continuity, which are thus to be considered 
against this background. 

2.3.3.2 Forest management

Anthropogenic pollution and the significant 
influence of human activities on water-related 
forest functions make the examination and re-
view of silvicultural treatment indispensable for 
forestry practice with regard to the protection 

8 The proportion of trees without visible damage in 2019 was 18 % (MUEEF 2019).
9 https://www.kwis-rlp.de/daten-und-fakten/phaenologie/ (8.4.2021)

https://www.kwis-rlp.de/daten-und-fakten/phaenologie/
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and maintenance water-related ES of the for-
est. The modification of hydrological conditions 
through forest management do, however, remain 
with uncertainty regarding predictions about the 
influence they have in an insufficiently predict-
able future (cf. Riedel & Weber  2020). Forestry 
is characterized by long production times, which 
make it difficult to predict the production condi-
tions over the entire production period and the 
risks that arise during this period. Errors in man-
agement usually show negative effects only after 
a considerable delay and can then often no longer 
be effectively corrected (Müller & Schüler 2021).  
It is, though, evident that alterations of land use 
have a large impact on watershed hydrology, 
and thus groundwater resources (Riedel & Weber  
2020). Forest management therefore is facing the 
challenge to fundamentally reorientate, account-
ing for the aspects of unpredictability and the 
diversity of today´s and future ecosystem services 
by leaving as broad as possible options for ac-
tion and development (Jenssen 2007, Lawler et 
al. 2010, Ogden & Innes 2009, Puettmann et al. 
2008 in BfN 2020b). 
As with climate change, droughts and heavy 
storm events are prognosed to become more 
frequent, future forest management faces a se-
vere challenge in promoted tree mortality and 
growth reduction (Ryan 2011; Stovall et al. 2019; 
Rukh et al. 2020), as well as water losses due 
to increased runoff generation in the course of 
heavy storm events (Schüler 2006). Managing 
the water cycle, and therefore maintaining the 
range of functions and ES in terms of preserving 
and improving the hydrological continuity within 
a stand, must therefore focus on both, increasing 
the retention potential and stabilize stand growth 
conditions. Against the background of predic-
tion uncertainty and gap of knowledge, measures 
must be based on the precautionary principle. In 
accordance to this model, targeting conditions 
for maintaining a positive climatic water balance 
seem to be of major interest. In this manner, for-
est management must emphasize  

 ¾  climate and species-appropriate selection of 
tree species complying with the xeric distribu-
tion and chemism (humus form), 

 ¾  harvesting methods to maintain soil protec-
tion, high infiltration rates and protection 
against erosion and nutrient deprivation (type 
of cut, traffic, harvest intensity),

 ¾  preservation of stand and crown structures 
to improve thermal conditions and to control 
crown transmissivity (forest interior climate), 

 ¾  control of runoff by identifying and reducing 
forest areas that contribute to runoff genera-
tion (increase of retention potential) and res-
toration, 

 ¾ maintenance and protection of balanced nu-
trient balances (nutrient-sustainable extrac-
tion, liming). 

The following components of forest management 
are inextricably linked to this:

 y Silvicultural and stand structural components

As the composition of tree species shapes the cli-
mate resilience of a stand, the effects of climate 
change on tree species that are vulnerable to 
drought and heat, such as spruce, is observed na-
tionwide in the past drought years (2018 - 2020): 
the bark beetle pests in stands dominated by 
spruce resulted in large bare areas (MUEEF (eds.) 
2020; BfN 2020b). The hydrothermal and bio-
coenotic consequences of such deforestation pro-
cesses are serious. The tree species composition 
also influences the chemical soil properties as 
well as the biological activity with consequences 
for litter degradation, mineralization rate, and 
the development of the secondary pore system, 
which is also crucial regarding the vulnerability 
to compaction. The role of forest management 
in maintaining the soil’s functionality and the as-
sociated water-purifying processes is extensive: 
next to tree species composition, stand structure 
and age, harvesting methods, intensity and rota-
tion also have a profound effect on the chemical 
and physical conditions of the soil (Mueller et al. 
2012; Gruba & Mulder 2015; Bredemeier et al. 
2011; Keesstra et al. 2012).
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Since the thermal and hydrological stand condi-
tions correlate strongly with the stand structure, 
leaf area and canopy transmissivity, forestry prac-
tice influences the severity and speed of the ef-
fects of hydrothermal changes caused by climate 
change, and therefore also the stand resilience 
against anthropogenic and pathogenic stressors 
(Hohnwald et al. 2020; Scheffer & Schachtscha-
bel 1998:329, Ulrich 1983). Sukachev & Dylis 
(1964) discusses tipping points at low levels of 
forest cover in the transpiration of beech stands. 
The shade tree species beech naturally grows 
closed canopies with higher leaf area indices, 
reduced air turbulences and low radiation trans-
missivity to the ground, and thus a relatively cool 
and humid site-specific microclimate (Leuschner 
& Ellenberg 2017; Tüxen 1986; Korpel 1995; Bru-
net et al. 2010). Changes in the canopy structure 
related to an enhanced heat flux therefore show 
negative impacts on the beech stand´s water 
balance. Schabel (2020) confirmed area losses 
of beech in southwest Germany´s planar and 
colline locations, which most likely is connected 
to the occurrence of drought-induced cavita-
tion in the xylem carrying vessels (Tomasella 
et al. 2017; Bréda et al. 2006; Ryan et al. 2006; 
Choat et al. 2012; Strasburger 1967; Czihak et 
al. 1996). Stand structural factors are discussed 
in this context: Due to thinning in beech stands, 
exposed beech trees receive more radiation and 
are therefore more stressed by heat due to their 
anisohydric strategy (Leuschner 2009, Roetzer et 
al. 2017). The drought sensitivity, however, is spe-
cies specific and correlates with stand properties 
and mixing effects (Rukh et al. 2020). 

Under drought conditions, the altered overall for-
est stand dynamics and energy balance (Stovall 
et al. 2019) lead to inhibited growth and carbon 
fixation (Rukh et al. 2020; Huang et al. 2019). 
Both factors put the forests´ contribution to the 
ES carbon storage and climate change mitiga-
tion at risk. Also, mixing effects with other spe-
cies that promote interspecific facilitation under 
drought stress are discussed to potentially miti-
gate growth loss and mortality increase (Rukh et 
al. 2020). 

There is, though, more research needed in the 
field of site acclimation and tree species morpho-
logical plasticity to comprehend adaption capa-
bilities to climate change (Rukh et al. 2020).

 y Retention potential 

Runoff-inhibiting effects of the forest are site-
specific and must therefore be assessed in a dif-
ferentiated manner depending on the respective 
local hydraulic properties (Schüler 2003). Forest 
management influences the site-specific reten-
tion potential, and the associated water-related 
ES, through all actions that effect the physical 
and chemical properties of the soil: silviculture, 
felling and harvesting methods (Zhang et al. 
2001; Riekerk 1989 in EEA 2015; Mueller et al. 
2012; Gruba & Mulder 2015; Bredemeier et al. 
2011; Keesstra et al. 2012). The hydro-ecological 
effectiveness of the forests can be improved 
through near-natural multidimensional struc-
tures, when small-scale vertical and temporal 
horizontal structures with serving and regrowing 
trees in the lower and middle storeys, are estab-
lished (Müller 1996; BfN 2020b). 

Another important contributor to runoff genera-
tion in a forest is the path system, as practically 
100 % of the precipitation runs off due to high 
compaction (Grunert & König 2000). Path den-
sity and type of path drainage can, however, con-
trol the runoff behavior (Bott 2002). The runoff 
water must be diverted away from the paths in 
order to infiltrated into the adjacent forest area. 
Runoff generating and flood contributing areas 
need to be identified and measures for re-draining 
the water back into the stock need to be empha-
sized (Peichl 1998; Gaumitz 1991). 

With storm events to happen more frequently, 
all measures that help inhibit runoff generation 
need to be accounted for in order to improve 
decentralized flood control and stabilize the hy-
drological continuity of forest stands. This also 
includes near-natural retention areas, into which 
excess surface water can be discharged wherever 
the surface profile of the landscape allows (Ass-
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mann & Gündra 1999). Floodplains have a very 
important hydroecological and socio-economic 
(Oppermann et al. 2009; BUMB 2015) function, 
as they allow the stream to expand in the event 
of rising water levels, and therefore prevent flood 
generation (Müller & Schüler 2021; BfN 2020a). 
By establishing morphologically natural condi-
tions along floodplains, an increase in the flow 
velocity is counteracted and the retention capac-
ity is increased (Koehler 1998; Schaich 2009). 
The retention potential (water and nutrient) of 
floodplains is highest when the dynamics of the 
water levels in the floodplain can adapt to the 
respective water supply, and their ecologically 
important habitat function can develop (Penka 
et al. 1985; Müller & Schüler 2021). With the 
linear straightening of river beds, a decreased 
width/depth and the associated increase in flow 
ve locity, bank, sediment and nutrient erosion, 
scouring and sandbanks arise (Wagenschein 
2006). The climatic function of floodplain forests 
is also very important, as they affect the microcli-
matic cooling effect (Penka et al. 1985).

All in all, a large number of individual measures in 
smaller catchment areas increase the effective re-
tention volume for larger catchment areas. If this 
retention volume is exceeded, engineering mea-
sures for flood protection are indicated (Schüler 
2006). 

 y Operating methods

Next to stand structure and tree species com-
position, the type of operating methods used in 
forest management influences the hydrological 
continuity. Clear cutting has, in particular, nega-
tive pedological and hydrological effects: On clear 
cutting areas of 1 ha and more, both the continu-
ous supply of litter fall and the interception per-
formance of the stand are interrupted (Keenan & 
Kimmis 1993; Vestin et al. 2020). This increases 
the amount and intensity of precipitation on the 
ground, while simultaneously the vegetation 
demand for water is lowered drastically. Since 
the soil is exposed to solar radiation, it heats up, 
which causes the mineralization rate to increase 

sharply (Vestin et al. 2020; Hedwall et al. 2013). 
This goes along with the consumption of humus 
and changes in the material and energy cycles. 
Nutrients bound in humus are released, and since 
the nutrient element storage decreases consider-
ably due to the lack of vegetation, they will wash 
out or gas out into the atmosphere (Hedwall et 
al. 2013). Nutrient and carbon losses are the re-
sult. In the adjacent surface waters, the nutrient 
loads lead to eutrophication (Lee & Samuel 1976 
in Keenan & Kimmis 1993). Forms of permanent 
forest, on the other hand, support the steady 
state of biomass, the distribution of tree species 
and numbers of stems, and therefore have a sta-
bilizing effect on internal factors to the ecosys-
tem (Burschel & Huss 1997; Hildebrand 1996; 
Rehfuess 1990). Since the majority of European 
forests shows an incipient or advanced nitrogen 
saturation, measures that bring about exposed 
soil or high concentration of felling residues in-
crease the humus turnover and thus the release 
of nitrate and other nutrients (above all Potas-
sium, Calcium and Magnesium) with subsequent 
release to the seepage water (Block et al. 2016). 

On clear cut or bare fallen areas, rejuvenation 
establishes, either in the form of natural succes-
sion, or as an operational measure. Rejuvenation 
generally is a natural phenomenon of the forest 
development phases, which allows the phase 
cycle to start again after the age and decay phase 
and thus initiates the generational change (Wil-
helm & Rieger 2013). In natural primeval forests, 
the alternation between the decay and the reju-
venation phase can be found in rather small-scale 
mosaic structures, with the ‘climax forest’ on 
small parts of the area showing different develop-
ment phases within the climax forest community, 
and different stages of forest succession at the 
same time (Leibundgut 1984). Besides this natu-
ral cycle, rejuvenation can occur through various 
factors, such as extreme weather events caused 
by climate change, wild fires, and the massive 
occurrence of calamities. It can also be part of 
silvicultural measures, either to convert the forest 
in a targeted manner towards climatic plasticity 
(Landesforsten RLP 2020) or due to economi-
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cally oriented cut forms. Each of these cases are 
considered to be a direct consequence of human 
activities, and are forecasted to occur more fre-
quently as climate change advances, as do their 
effects on the water balance alongside.

Juvenile stocks differ from mature ones in terms 
of canopy cover, rooting depth, LAI, and therefore 
show poorer nutrient and water consumption, 
and thus smaller transpiration rates until they 
reach full development (cf. Pretzsch 2019:294). 
Also, the unclosed canopy cover enhances soil 
evaporation, and does not allow for microclimatic 
cooling, so that next to precipitation also the 
heat fluxes correspond rather to an open field but 
to the forest (cf. Hiege 1985:128; Mitscherlich 
& Moll 1970; Peck & Mayer 1996). Due to the 
poor cover, the droplet energy of rainfall unfolds 
higher forces on the soil particles (Neary et al. 
2009), which makes juvenile stocks favorable to 
enhanced surface runoff and erosion processes. 
Under natural conditions, ground vegetation de-
velops quite rapidly to form a shrub or herb layer, 
which contributes significantly to total tran-
spiration rates of the stand (Gobin et al. 2015; 
Schmaltz 1969; Hager 1988).  

Another serious factor in forest management is 
nutrient loss due to export with timber harvest. 
Through nutrient export, that is not site-adapted, 
soil fertility is endangered and nutrient-storing 
clay minerals are destroyed in the long term 
(Block et al. 2016). With respect to nutrient sus-
tainability, nutrient balances must be accounted 
for (ibid.). If the comparison with the respective 
soil reserves show intolerable deficits due to ex-
cessive harvest extraction, the extent of extracted 
biomass is recommended to be reduced by suit-
able measures (ibid.). 

 y  Compaction

Ecological impairments associated with the use of 
heavy forest machines in the long term must be 
weighed against the economic advantages in the 
short term, as they endanger the sustainable us-
ability (Schönauer et al. 2021). Negative changes 

in ecological soil functions, losses in growth per-
formance (Schönauer et al. 2021; Zenner et al. 
2007) and water-related ecosystem functions of 
regulatory and supplying nature are unsustainable 
on an ecological, economic and social level.

The mechanical stress caused by the contact 
surface pressure of heavy forest machines intro-
duces changes in the soil structure. Thereby soil 
physical parameters such as bulk density, pore 
volume, water and air conductivity, infiltration 
rate and penetration resistance are impaired 
and have negative consequences for the edaphic 
biological activity and the water and the nutri-
ent balance of the forest stands (Bottinelli et al. 
2014; Schönauer et al. 2021; Zenner et al. 2007; 
Schjønning et al. 2016). If the soil is loaded 
beyond its inherent stability, the soil particles 
and soil aggregates are pushed together and 
consequently the proportion of solids increases 
until an equilibrium with the pressure establishes 
(Terzaghi 1943; Osipov 2015). Soil water even 
promotes this process, since it acts as a lubricat-
ing film for particle movement, which is why wet 
soils are more sensitive to compaction (Zenner 
et al. 2007; Terzaghi et al. 1996; McNabb et al. 
2001; Reichardt 2002). In the course of increase 
in bulk density the inter-aggregate pores are de-
stroyed, which consequently leads to a reduction 
of soil hydraulic conductivity and air permeabil-
ity (Horn et al. 1995; Dehner et al. 2015), and 
inhibits exchange processes in the soil (Fründ & 
Averdiek 2016). Macro pores, especially > 50 µm, 
are affected significantly more by soil compac-
tion than micropores due to the decrease in pore 
volume (Page-Dumroese et al. 2006; Bottinelli 
et al. 2014; Dehner et al. 2015). As a result, the 
transfer of water and nutrients is limited, which 
leads to water stagnation and hypoxic condi-
tions, promotes denitrification, and reduces 
living conditions for soil macro- and microorgan-
isms. Consequently, the processes of bioturba-
tion, mineralization, mycorrhizal activity, and 
also water purification are restricted. Especially 
the deficiency in aeration has a severe impact 
on soil ecology, which depends on gas diffusiv-
ity through the pore system of the soil matrix. 
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CO2 levels in soils disturbed by vehicle driving 
is observed to increase, resulting from impaired 
diffusivity (Fründ & Averdiek 2016). Alterations 
in soil water content affect temperature flux, 
and therefore subsequently change the microcli-
matic conditions being decisive for root growth 
and causing the site being more susceptible to 
losses in stand productivity (Page-Dumroese et 
al. 2006; Grigal & Vance 2000). For bulk density, 
deteriorating effects are more severe with fine-
textured soils. The increase in initial bulk density 
in coarse-textured soils is observed to be less pro-
nounced (Page-Dumroese et al. 2006; Reichardt 
2002; Schneider 2015). In the case of sands, pore 
redistributions appear to be primarily at the ex-
pense of air capacity, so that more densely stored 
sands have even higher field capacities (Dehner 
et al. 2015:4).) Increase in bulk density to a depth 
of 30 cm, with at the same time poor recovery 
exhibited in subsoils is confirmed by many stud-
ies (Labelle & Jaeger 2011; Cambi et al. 2015 in 
Fründ & Averdiek 2016; Schneider 2015; Page-
Dumroese et al. 2006). But overall, the spatial 
distribution of increase in bulk density shows a 
large variability and must be regarded as multi-
factorial. 

Figure 11 shows the interaction of the wheel load 
and the contact surface pressure, and their com-
bined effect on ground pressure. The severity of 
damage depends on the area which is impacted 
by driving, the depth of impact and the duration 
in exposure or irreversibility of structural dam-
ages (cf. Fründ & Averdiek 2016:225). The im-
pairment of soil properties increases non-linearly 
with the number of passes, but is observed to be 
the most detrimental to soil quality during the 
first pass (Reichardt 2002; Zenner et al. 2007). 

Regarding natural recovery, macro-porosity is 
observed to evolve in coarse-textured soil within 
several years at 0-7 cm depth, associated with 
higher exposure to variations in temperature and 
water content and rooting of understory vegeta-
tion (cf. ibid.:15), whereas the recovery is less in 
the subsoil (Page-Dumroese et al. 2006; Reich-
ardt 2002). Climatic conditions that promote 
drying shrinkage and freeze-thaw cycles, as well 
as macrofauna activities, depending on the occur-
rence of earthworms and enchytraeidae, support 
macropore regeneration. Residual effects regard-
ing physical soil properties, however, endure in 
the long term: For forest sites, the regeneration 

Figure 11: Pressure bulb depending on wheel load and soil depth (source: Reichardt 2002; BMVL 2001).
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of bulk density is shown to take several years to 
decades, depending on soil characteristics, sever-
ity of the impairment, climatic conditions and 
biological activity (Brais 2001, Croke et al. 2001, 
Goutal et al. 2012, Greacen & Sands 1980, La-
belle & Jaeger 2011, Page-Dumroese et al. 2006, 
Rab 2004 in Bottinelli et al. 2014; Reichardt 
2002; Zenner et al. 2007), as well as on site spe-
cific differences in water regime and clay content 
(Fründ & Averdiek 2016; Terzaghi et al. 1996).

The soil pore system is directly linked to the 
performance of soil functions and hence to the 
ecosystem services derived from them. The key 
functions impaired by compaction can be catego-
rized as follows:

 ¾ Inhibition of biomass production: With an 
increase in packing density and soil strength, 
root growth becomes restricted (Shierlaw & 
Alston 1984; Page-Dumroese et al. 2006). 
This results in inhibited nutrient and water 
uptake (cf. Shierlaw & Alston 1984:25), 
reduces the respiratory activity of the roots 
(Zenner et al. 2007; Fründ & Averdiek 
2016), and promotes inhibition of biomass 
production (Schjønning et al. 2016). Root 
distribution is therefore critical to under-
standing the susceptibility of a stand to 
losses in productivity due to compaction (cf. 
ibid.:562). The reduction in tree growth due 
to physiological stress or interspecific com-
petition can persist for several decades (cf. 
McNabb et al. 2001:1238). Also, low aera-
tion and high bulk density promote late ger-
mination and low germination rates, as well 
as a higher mortality (Nawaz et al. 2012), 
and thus deteriorates the seed bed func-
tion (Hartge 1976, Ehlers 1982, Hildebrand 
1983 in Reichardt 2002).

 ¾ Storage, filtering, buffering and transforma-
tion: Since infiltration is inhibited, surface 
runoff is promoted, and therefore the 
discharge of nutrients being transported 
overland, which increases the potential of 
erosion induced eutrophication of water-
bodies (McNabb et al. 2001; Page-Dumroese 

et al. 2006). For the portion of water that 
does infiltrate the soil zone, altered hydrau-
lic conductivity conditions inhibit diffusive, 
and alongside filtering processes. They also 
increase the risk of preferential flow, which 
supports leaching of nutrients, pesticides, 
pathogens, and soil colloids to deeper zones 
(cf. Schjønning et al. 2016:76; Iversen et al. 
2011). Linear structures free from tillering, 
as they occur with machine paths, skid trails 
and rope routes, contribute to higher surface 
runoff, particularly on slopes with higher 
incline.

 ¾ Losses to biodiversity: Soil compaction de-
creases soil biodiversity by deteriorating the 
living-conditions of soil biota, which goes 
along with decreased microbial biomass, en-
zymatic and mycorrhizal activity (cf. Nawaz 
et al. 2012:291). 

 ¾ Emissions of greenhouse gases: Changes in 
physicochemical soil properties have an im-
pact on nitrogen and carbon cycles (Nawaz 
et al. 2012). The compaction-induced reduc-
tion of aeration of the soil matrix promotes 
anaerobic conditions, and therefore denitri-
fication with subsequent release of green-
house gases (N2O, CH4) to the atmosphere 
is promoted (Schjønning et al. 2016). This 
ultimately turns forest soils from a sink to a 
source of climate-relevant gases (Ruser et 
al. 1998, Teepe et al. 2004 in Schjønning et 
al. 2016). 

The impairing consequences of compaction on 
the sustainable usability and productivity of for-
ests and losses with regard to their ES have led to 
the enforcement of permanent skidding trails by 
certification agencies (FSC: Forest Stewardship 
Council, PEFC: Program for the Endorsement of 
Forest Certification Schemes) and forest manag-
ers (in Germany e.g. Landesforsten Rheinland-
Pfalz 2018). These regulations provide threshold 
values as damage indicators to cease harvesting 
activities in case of unacceptable soil damage, 
and spatial skid trail restrictions as a compro-
mise between economic demands and ecological 
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conservation of soil functions (Landesforsten 
Rheinland-Pfalz 2018; Fründ & Averdiek 2016). 
Nevertheless, further investigation on multidisci-
plinary levels addressing diverse effects in differ-
ent soil compartments, long-term measurements 
of relevant parameters with improved data treat-
ment, progress in sensors in soil physics and soil 
chemistry, and developments in the field of mod-
elling soil compaction regarding heterogenous 
types of soils and different types of climates, as 
well as more dynamic approaches relating stress 
rate and strain rate are required (Nawaz et al. 
2012). 

2.3.3.3 Air pollution

Due to persistently high inputs, many areas 
in Europe have reached nitrogen saturation 
(Bredemeier et al. 2011; Block et al. 2016). The 
multitude of damage symptoms, which are sum-
marized as “new types of forest damage”, have 
complex causes, are not spatially related to pol-
lutant sources, and are still not fully understood 
(Ulrich 1991 in Mohr et al. 2005). Ecological 
changes and losses to biodiversity induced by N 
deposition especially occur in naturally low-N 
systems, such as forests, with species adapted 
to N deficiency. Nitrogen eutrophication of such 
systems leads to proliferation of rather N-affine 
species who subsequently out-compete species 
with lower demand (Krupa 2002). Cumulative 
effects between changes in hydrothermal condi-
tions, induced by climate change, and anthro-
pogenic nitrate saturation in forest ecosystems 
have already been demonstrated in experimental 
studies: In dry periods, the increased biomass 
production (due to enhanced N supply in the 
leaves) can lead to elevated water consumption, 
which changes the area’s water balance and even 

reduces the groundwater recharge rate (Van der 
Eerden et al. 1990a, Van der Eerden & Pérez-
Soba 1992 in Krupa 2002)10. Although oversatura-
tion is associated with increased growth rates in 
the short term, the buffer system of the forest 
soil becomes severely impaired and consequently 
the ecosystem balance does, too, due to altered 
habitat conditions (Eugster & Haeni 2013; Krupa 
2002; Ulrich 1983). Acidic soil conditions inhibit 
the development of mycorrhiza with all the nega-
tive consequences for symbiosis partners. The 
initial increase in growth opposes harmful effects 
in the event of long-term exposure, which is inev-
itable to forest stands due to their longevity and 
a semi-closed substance balance, which collects, 
converts and releases pollutants and nutrients 
in the long term (Ellenberg 1996). The original 
function of the forest as a substance sink and pol-
lutant filter can even be reversed by an exhausted 
absorption capacity due to N-saturation, and lead 
to the release of dissolved (NO3-) and gaseous 
(NO, N2O) N-compounds. The impairment of 
forests increases with weakly buffered soils and 
N-sensitive tree species (conifers), high fragmen-
tation with the associated edge effects and the 
spatial proximity to emitters (Mohr et al. 2005). 
The N-excess induced nutrition imbalance makes 
trees less drought- and frost-resistant and more 
susceptible to insects and pests (ibid.; Meeseburg 
et al. in Brumme & Khanna 2009). Anthropogenic 
soil acidification leads to serious changes in the 
material cycle, the vitality and the composition 
of the entire forest community (Veerhoff et al. 
1996 in FAWF 2012).

10 Evaporation rates are even enhanced by an increase in shoot growth induced by shoot uptake of NHx, while root growth 
is rather inhibited, leading to higher shoot: root ratios. Consequently, the water supply for the larger canopy can hardly be 
covered by the roots during periods of drought (cf. Krupa 2002:202).
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3 STUDY AREA

The Palatinate Forest (Pfälzerwald) is a diverse, 
rocky red sandstone landscape with a high pro-
portion of forest (76 %, with close to 90 % in the 
central area) of predominantly acidic beech and 
pine stands in an area of 178,497 ha in the south 
of the German state of Rhineland-Palatinate 
(StatLa RLP 2016; Weiss 1993; Geiger 1987).  
The Nature Park Palatinate Forest originally was 
founded in 1958, and transferred to the Palati-
nate Forest Northern Vosges Biosphere Reserve 
with recognition by UNESCO in 1992. In 2020, 
the nature park ordinance was replaced by the 
state ordinance on the Palatinate Forest Bio-
sphere Reserve as the German part of the cross-
border Biosphere Reserve between Germany 
and France (Biosphärenreservat Pfälzerwald-
Nordvogesen 2021; JM 2021). It extends from 
north to south for around 60 km, from west to 
east 30 - 40 km. In the South it continues in 
the Northern Vosges on the French side (Weiss 
1993). The nature park essentially comprises the 
Palatinate Forest itself, which borders in the north 
on the North Palatinate Uplands with the Kai-
serslauter Senke. To the east the low mountain 
range Haardtrand adjoins, with the highest eleva-
tion being the Kalmit (673 mamsl.), which drops 
off to the Upper Rhine lowlands (Deutsche Wein-
strasse) to the east, with prevailing viticulture. To 
the west, a sparsely populated low mountain area 
(Zweibrücker Westrich) adjoins, with around 430 
mamsl., and to the south, the so-called Wasgau, 
which is separated from the rest of the Palatinate 
Forest by the Queichtal with 576 mamsl. at the 
top (Rehberg), with more pronounced agricultural 
use (ibid.). On the whole, the elevation ranges 
from approx. 100 mamsl. on the eastern edge to 
over 600 mamsl. in the center or in the northeast 
of the area. It is characterized by the Variskan 
mountain formation, and represents the eastern 
branch of the Southwest German Cuesta (Erd-
mann 1995; Koehler et al. 2010). The Palatinate 
Forest area is Germany’s largest contiguous for-
est area with 134,000 ha, which is characterized 
by a relatively low population density and small 
settlement sizes (Weiss 1993). 

3.1 Climate 

The Palatinate Forest Biosphere Reserve is lo-
cated in the temperate climate zone between the 
Atlantic and Continental climate types, and is 
characterized by the topographical north-south 
barrier of the mountains on the left bank of the 
Rhine, primarily by front systems approach-
ing from the west with Atlantic influence and 
relatively high wind speeds (Fass 1995; DWD 
2021; MWKEL-RLP 2021; Geiger 1987). As it is 
assigned to the colline, and in large parts also 
the submontane altitude level, the area can be 
considered as a transition area between land and 
sea climate with oceanic influence dominating 
in higher altitudes (Weiss 1993). As a result, 
luff effects come into play in the western part of 
the Palatinate Forest, which cause the Atlantic 
air masses to rise and rain to a greater extent on 
the edge of the Haardtrand (DWD 1957; Geiger 
1987). In this area, precipitation of 800-1000 
mm/a is recorded, whereas on the eastern side 
of the mountains under leeward influence only 
500 to 600 mm/a are effective (ibid.). To the 
Deutsche Weinstrasse the climatic conditions 
change into the basin climate of the Palatinate 
Rhine Plain, which is considered a naturally 
caused bioclimatic stress zone with foehn-like up-
lift, local slope updrafts (Hahn-Herse et al. 1980 
in Weiss 1993). For the south-western part of 
the Palatinate Forest, precipitation values aver-
age 850 mm/a. The effect of the mountains also 
effects the frequency and intensity with heavy 
precipitation (> 20 mm/m2) being more frequent 
in the most elevated areas to less frequent in the 
Deutsche Weinstrasse (ibid.).
The low mountain range is in the moderately 
cool temperature range with relatively low an-
nual fluctuations in air temperature due to the 
oceanic character (Reiter et al. 2018), following 
an altitude gradient of mean annual 6 °C at the 
highest altitudes up 10 °C in the valleys and the 
Haardtrand and Deutsche Weinstrasse region 
(MWKEL-RLP 2021; Geiger 1987). The snow cover 
only reaches small amounts and short durations 
(40 - 60 days/a) (Weiss 1993). The vegetation 
period covers 200-220 days (verbal information 
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from M. Greve, May 2019; www.kwis-rlp.de ; Gei-
ger 1987). Due to high precipitation in connection 
with a high geohydrological storage capacity, low 
thermal loads and a comparatively high level of 
air purity, the forested catchment shows favor-
able conditions for high quantitative and quali-
tative new groundwater formation in principle 
(Geiger 1987). 
The degree of pollution is reflected in the values 
of the critical loads for air pollutant deposition 
(Nagel & Gregor 1999): The inputs of poten-
tial acids in the study area are above the values 
considered harmless for the maintenance of the 
self-regulation of forest ecosystems and their nu-
trient cycles (FAWF 2012). According to the UBA 
(2004), an average of 6.6 kg/(ha*a) is deposited 
at the Deuselbach measuring station close by 
the catchment area (UBA 2004). Adding up the 
load of the dry deposition results in a base load of 
13.5 kg/(ha*a) total deposition of nitrate (ibid.). 
Climate Change shows already clear effects: 
The mean annual temperature in the state of 
Rhineland-Palatinate has risen by 1.5 °C since the 
end of the 19th century, in winter even by 1.6 °C, 
which is also reflected in the increase in the long-
term average temperature from 1988 to 2017 to 
9.6 °C (Reiter et al. 2018). The number of frost 
days has declined, especially at high altitudes, 
with a simultaneous increase in the number of 
summer days in the average mean by 20 days per 
year since 1951, which is accompanied by an in-
creasing number of heat waves and heavy storm 
events in the summer (ibid.). 

3.2 Geology, Hydrogeology and Pedology

The Palatinate Forest consists predominantly of 
sandstones stocking on the Variscan basement, 
which is covered by layers and conglomerates of 
the Rotliegend and the Zechstein (Spuhler 1957). 
At the beginning of the Mesozoic the Saar-Nahe 
Basin sank, and formed a depression between 
the North Palatinate Uplands and the Vosges, in 
which up to the Lower Permian (Lower Rotlieg-
end, 270 million years) around 400 m thick, vari-
ous sedimentary of red to yellowish-white sands 
of the sandstone were deposited, which practi-

cally included the entire area of the Palatinate 
Forest and created the Palatinate Saddle in the 
northwest and the Palatinate Mulde in the south-
east (Haneke & Weidenfeller 2010). As a result 
of rise and fall processes in the Lower and Upper 
Permian and desertification in the Lower and 
Middle Triassic, a geological sequence of layers 
with higher and lower rock strength was formed 
through deposits of different characteristics 
(ibid.). Its lithostratigraphy, differentiated begin-
ning with the Zechstein of the Upper Carbonifer-
ous, is shown in table 1. 
The massive Red Sandstone block is topographi-
cally characterized by a moving relief, with the 
towering Haardtrand forming the highest eleva-
tions. It is divided geologically into the lower, 
middle and upper red sandstone, with the middle 
red sandstone forming the thickest layer of up to 
400 m (main red sandstone). To the north, the 
Palatinate Forest is bordered by the permocar-
boniferous North Palatinate Uplands, to the east 
by the Rheingraben, to the west by the layered 
limestone of the Westricher Hochfläche, reaching 
into the Paris Basin, and to the South it merges 
into the northern Vosges without geomorpho-
logical delimitation (Geiger 1987; Spuhler 1957). 
The North and East of the area is characterized by 
distinct strata and fracture stages: To the north, 
the Staufer, Rehberg and Karlstal layers form 40 
to 200 m thick strata, to the east the mountain 
edge forms a 300 to 400 meter high fracture 
step made of rocks from the lower and Middle 
Red Sandstone with narrow notched valleys 
(Geiger 1987; Beeger et al. 1989). The prevailing 
rock sequences in each case produce a variety of 
different mountain shapes, depending on weath-
erability and erosion. In the central Palatinate 
Forest, the rock of the Lower and Middle Red 
Sandstone is characterized by deep and narrow 
notched valleys with narrow valley bottoms and 
steep side slopes. In the south and north, on the 
other hand, box valleys with a wider valley floor 
dominate (Geiger 1987; Meynen & Schmithüsen 
1960). 

The stratigraphic structure is closely based on 
the petrographic differentiation of the Red 

https://www.kwis-rlp.de/start/
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Sandstone: Layers of the Lower and Upper Red 
Sandstone have clay-bound sandstones to clay-
stones, whereas the Trifels, Rehberg and Karlstal 
layers, due to their widespread distribution in the 
Palatinate Forest are also referred to as Main Red 
Sandstone, are rather poor in clay (Spuhler 1957). 
Although both form sequences of aquifers with 
varying hydrological conductivity, the fluvially 
formed Zechstein, made of clay-rich layers, rather 
form damming spring horizons, whereas the tri-
assic Middle and Upper Red Sandstone show a 
higher permeability due to higher proportions of 
coarse-grained conglomerates (Haneke & Wei-
denfeller 2010). The Rotliegend is characterized 
by low-conductive rocks. In the north-western 
part of the area, fractured aquifers of the Upper 
Carbon dominate, in the south and south-west-
ern part the Red Sandstone is covered by low-
permeability dolomite and Sandstone banks of 
the Shell Limestone. The Annweiler strata in the 
southern Palatinate Forest consist of an alternat-
ing sequence of silty-clayey fine Sandstones with 
layers of siltstones to clay stones, the so-called 
Leberschiefern. In the northern Palatinate For-
est, the Lower Red Sandstone is represented by 
the Stauf layers. These are characterized by an 
alternation of coarse to medium-grained, but 
also fine-grained, partly scree-bearing and weakly 
consolidated sandstones (Heitele 1993). The 
Trifels strata in the Lower Red Sandstone, which 
lie above the Annweiler and Stauf strata, consist 
predominantly of coarse-grained sandstones and, 
due to their thickness and good water permeabil-
ity, form the most important aquifers in the area 
(Heitele et al. 1987 in Geiger 1987). The Stauf lay-
ers often form a retention horizon for the ground-
water flowing in from hanging Trifels layers. They 
cannot be clearly demarcated from one another 
hydrologically and form an almost homogeneous 
groundwater body with mostly a free ground-
water table. The Rehberg strata belonging to the 
Middle Red Sandstone represent an alternation of 
strong rock banks of the Karlstal type that come 
to light at the base of these strata, provided they 
are not below valley level (LGB & LfW 2004).
On top of this, the Karlstal Rockzone form an 
abundant aquifer, which is covered by a lower 

conductive aquifer of the Upper Karlstal layers, 
and thus by the overlying Upper Rockzone, the 
Hauptkonglomerat and the rocks of the Upper 
Red Sandstone and Shell Sandstone, which show 
alternating conductivities. The permeability val-
ues result in a wide spread between 5 x 10-4 to 
1 x 10-6 m/s, with the sequence of the Rehberg 
and Trifels layers showing the highest permeabil-
ity values with maxima at 5 x 10-3 m/s (ibid.).  

From the fine-grained to medium- and coarse-
grained pebbly sandstone layers of the Middle 
Red Sandstone, rock poor in base and clay 
form, which bring about acidic, nutrient-poor, 
sandy Ranker and Brown Soils with a weak to 
medium layer of humus, form, tending to pod-
solate (Mainberger 1987 in Geiger 1987). Low 
pH values, relatively high moisture penetration, 
unfavorable forms of cultivation in the past such 
as forest pasture, litter use and the cultivation 
of coniferous wood on deciduous-suitable loca-
tions, as well as persistent inputs of acid formers 
from the air deposition promote acid bleaching of 
the soil and raw humus formation (Weiss 1993; 
Geiger 1987).  Although petrographically homog-
enous, the soils vary regarding depth and water 
supply tremendously (Geiger 1987). Especially 
on south-facing slopes and on mountain ridges 
shallow soils with a low water supply dominate, 
that significantly limit tree growth (ibid.). In some 
places under the influence of dust and loess loam 
deposits, Brown Soils are formed from loamy 
sands and sandy loams of low to medium satura-
tion (Geiger 1987; Weiss 1993). More clayey raw 
material from the sandy shale clays of the Lower 
Red Sandstone and the Oberrotligend produce 
medium to heavy soils of the Ranker, Brown Soils 
and Pelosols in the Wasgau (Weiss 1993). Due to 
the sandy soils that emerged from the weathering 
of the red sandstone, the sites of the Palatinate 
Forest pedologically have good aeration and root-
ability, which means that the nutrient supply, al-
though sparse, is evenly distributed (Mainberger 
1987 in Geiger 1987). 
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In the valley floors of streams and rivers with 
fine, medium-grain sands and adjacent ground-
water, predominantly alluvial Gley Soils form. At 
the source horizons of steep slopes, slope gleyes 
merge into podsolized forms of the steep slopes 
(ibid.).

3.3 Surface waters and water regime

Streams have shaped the deep valleys of the 
Palatinate Forest (Hahn et al. 2000). They drain 
in a radial network of water towards the Rhine 
and Moselle. The headwaters of numerous spring 
streams cut through steep notch valleys, their 
central reaches flow through box valleys, carry 
fine granular debris and mix with large amounts 
of taut, oxygen-rich groundwater (ibid.; Geiger 
1987). 

11 Wieslauter, Queich, Speyerbach, Isenach, Eckbach, Eiswoog, Moosalbe, Schwarzbach and Rodalbe.

Table 1:

Lithostratigraphic layering and aquifer properties in 
the Palatinate Forest, differentiated for the Triassic 
(modified after LGB & LFW 2004; AG Geologie 2021; 
Spuhler 1957; Geiger 1987)

Sequence of layers Hydraulic conductivity of the 
aquifer

Shell Limestone Shell Sandstone

alternating lower an high conductive

Upper Red 
Sandstone

Voltziensandstein

Zwischenschichten

Middel Red 
Sandstone

Violette Grenzzone

Hauptkonkonglomerat

Upper Rockzone

Upper Karlstal Low conductive

Karlstal Rockzone alternating lower and high conductive

Lower Red 
Sandstone

Schlossberg Low conductive

Rehberg

alternating lower and high conductive
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North 
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A watershed of the 1st order crosses the Palatinate 
Forest from north to south and separates the riv-
ers in an easterly direction with a tributary to the 
Rhine from those in a western direction with a 
tributary to the Saar catchment area. The larger 
rivers11 have a relatively balanced water flow. The 
water quality of the Red Sandstone streams lies 
in the range between “moderately polluted” and 
“unpolluted to slightly polluted” and can be sum-
marized as good (Weiss 1993:21). 
The water runoff is very low due to high evapora-
tion values in the predominantly wooded area 
and the favorable infiltration, storage and reten-
tion properties of the Red Sandstone (Heitele et 
al. 1987 in Geiger 1987), so that both high water 
peaks and low water levels in dry periods are 
mitigated. The high infiltration rates (1/4 of the 
mean annual precipitation) also feed the continu-
ous groundwater inflows from numerous springs, 
which counteract water shortages in summer 
dry periods. Floods generally occur as a result of 
snowmelt in March, but also in connection with 
heavy summer rain in June/July (Weiss 1993). 
Nevertheless, most of the streams were used 
for water management at the beginning of the 
19th century and canalized for the wood drift, so 
that until today they do not have natural brooks, 
which enhances the risk of flooding in local urban 
areas (Hahn et al. 2000; Weiss 1993).
A large number (approx. 80%) of the region-spe-
cific springs is anthropogenically influenced today 
(Fiedler-Weidmann & Hahn 1996 in Hahn et al. 
2000). Spring tapping, acidification as a result of 
spruce plantings and high pressure of use have 
impaired both the quality and the quantity of the 
springs. The level of pollution at the Haardtrand 
is particularly high due to nutrient and pollutant 
inputs from viticulture (cf. ibid.:13). 
The pore and fissured aquifers of the Red Sand-
stone have a large storage capacity and high 
groundwater recharge rates (Heitele et al. 1987 
in Geiger 1987). A distinction is made between 
loose rock aquifers in the box valleys and clearly 
stratified aquifers in the rock zone, the former 
being characterized by very good groundwater 
quality (Hahn et al. 2000). The shallow aquifers 
of the rock zone, on the other hand, are often 

affected by acidification (Trilling 1996, Hahn, 
Preuss & Friedrich 1998 in Hahn et al. 2000:11). 
The main direction of groundwater run-off runs 
along the layers of the Red Sandstone slab, which 
are inclined to the west. Leachate flows along 
the fault zones of the geological structure to-
wards the western edge of the mountain, so that 
the west benefits more from the water supply 
than the east (cf. Weiss 1993:22). Parts of the 
groundwater of the loose rock aquifers feed the 
groundwater resources of the Haardtrand and 
supply the Upper Rhine Plain (Heitele et al. 1987 
in Geiger 1987). The eastern communities along 
the Haardtrand cover their drinking water supply 
completely with groundwater of the forest val-
leys, so that the groundwater reserves are under 
high usage pressure (Müller & Theobald 1996 
in Hahn et al. 2000; Weiss 1993). 10 to 12% of 
the groundwater formed annually in the Palati-
nate Forest is used as drinking water (Hahn et al. 
2000: 11).

3.4 Vegetation

The potential natural plant community in the 
Palatinate Forest corresponds to the plant-geo-
graphical natural characteristics of rather species-
poor oak-beech forests (Luzulo-Fagetum) (Hailer 
1971, Mainberger 1987 in Geiger 1987; Ellenberg 
& Leuschner 2010:85), with a close to natural 
tree species composition of dense beech sites 
with oak, mountain ash and birch in moderately 
steep areas to the southeast (Weiss 1993). 
The actual tree species composition in the area 
varies depending on the topographical charac-
teristics of the terrain, and the associated growth 
conditions: Spruce (picea abies) dominates on 
fresh, shady lower slopes, pine (pinus sylvestris) 
on south to south-west exposed locations, beech 
(fagus sylvatica) on more humid and nutrient-
richer areas, whereas moderately moist and nu-
trient-supplied plateau areas and eastern slopes 
predominate Sessile oak (quercus petraea). Beech, 
oak and pine are considered to be autochthonous 
in the area (Hailer 1971, Mainberger 1987 in Gei-
ger 1987). The European larch (larix decidua) can 
also be found mixed in with beech stands, as well 
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as Sweet chestnut (castanea sativa) and Douglas 
fir (pseudotsuga menziesii), mostly in the pure 
stand (Weiss 1993; Mainberger 1987 in Geiger 
1987). In the Wasgau there are also fir forests as 
the northern branches of the closed natural fir 
occurrence in the Vosges (Hailer 1981 in Geiger 
1987). In shallow, less precipitation and more 
acidic locations of the Haardtrand, more warmth-
adapted species displace the beech. Today the 
pine is predominantly settled there, with poor 
sessile oak and birch forests (Quercetum me-
dioeuropaeum) forming the real natural form 
of vegetation (Hailer 1981, Mainberger 1987 
in Geiger 1987). The cultivation of the pine was 
promoted at the beginning of the 19th century as 
part of replanting activities by the Bavarian forest 
administration. As a result of large-scale defor-
estation in order to meet the wood requirements 
of industrialization, the original mixed stands of 
beech and oak were replaced by fast-growing tree 
species such as spruce and pine in the course of 
these reforestation activities (Leonhardt 2003). 
Even after the two world wars, renewed refor-
estation efforts were required (ibid.), so that 
between 1970 and 1995 mostly deciduous tree 
areas were driven over with heavy machinery 
in the course of planting (LWF aktuell 2003). 

Based on the concept of near-natural silviculture 
in accordance with natural and anthropogenic 
factors, which is at the center of the basic instruc-
tion on forest regeneration 2020 for Rhineland-
Palatinate, today’s tree species composition in 
Rhineland-Palatinate is dominated by mixed 
deciduous forests (Landesforsten Rheinland-Pfalz 
2020), with a tree species composition of pine 
47 %, beech 27 %, spruce 6 %, oak 9.8 %, doug-
las fir 6 %, and mixed forest of other tree species 
about 4 % (Forest Inventory data 2021). In older 
stands (> 160 - 120 years) there is a balanced 
relationship between deciduous and coniferous 
trees, whereas in younger stands (120 - 40 years) 
the conifers predominate due to historical cul-
tivation preferences. These imbalances have re-
cently been compensated for in silvicultural terms 
by an increasing focus on mixed forests with an 
expanded range of tree species (Mainberger 1987 
in Geiger 1987). The ownership shares of the for-
est areas are distributed differently in Rhineland-
Palatinate: the state forest owns 25.6 %, federal 
forest 1.6 %, corporate forest 46.1 % and private 
forest accounts for 26.7 %. In the Palatinate For-
est, the distribution is 55 % state forest, 25 % 
federal forest, and up to 20 % private and corpo-
rate ownership (Forest Inventory data 2021).
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4 MODELLING METHODOLOGY

Based on the water input (precipitation, snow-
melt), water balance models mathematically 
determine the water output (discharge) in the 
catchment area using evaporation components 
(interception, evapotranspiration), storage com-
ponents (leaf, soil, groundwater) and runoff 
components (interflow, runoff). The objective of 
this thesis includes the assessment of soil water 
balance and evapotranspiration, the recording 
of runoff formation and concentration as well as 
calculations of current and future groundwater, 
channels and watercourses in a meso- to mac-
roscale catchment. Basic requirements for model-
ing to meet the objective can be formulated as 
follows: 

 y  Hydrologically relevant sub-processes of the 
water cycle such as precipitation, interception, 
evapotranspiration, soil water storage, runoff 
concentration, seepage and retention must be 
specifically recorded and calculated using the 
most precise methods possible.

 y  Determination of the soil water flows in the 
rooted and non-rooted soil to determine the 
infiltration and mass transfer rates, soil water 
balance and deep seepage to groundwater.

 y  Determination of the water supply for vegeta-
tion. In this context, the procedural recording 
of forest growth dynamics is necessary. 

 y  Determination of conditions of excess water 
supply as well as water scarcity. 

 y  Mapping of management impacts on the 
water balance, such as compaction in the 
course of heavy harvest machinery usage and 
rejuvenation. 

 y  The temporal dynamics and spatial variabil-
ity of water cycle components in the forest 
require an adequate resolution of temporal 
processes based on daily values, as well as the 
simulation over long periods of time and into 
the future.

 y  The model should be well documented and 
tested in use. 

The monolithic, semi-distributed, physically 
based continuous eco-hydrological SWAT+ model 
was found to meet with these requirements. In 
addition to the spatially differentiated simulation 
of hydrology, it also processes water quality (nu-
trients and pesticides), erosion and agricultural 
management practices of different plants and 
crops (Arnold et al. 1998; Lam et al. 2010 in Hör-
mann et al. 2014), and is also suitable for examin-
ing the effects of global change (Hörmann et al. 
2014; Beven 2012). It is also found and modified 
to successfully represent the hydrological and 
ecological processes within forested watersheds 
(Watson et al. 2005, 2008; Wattenbach et al. 
2005; Kirby & Durrans 2007; McKeown et al. 
2005). SWAT+ provides preset parameterization 
sets for various agricultural systems, includ-
ing commercial forests. Forest ecosystems in a 
protected area differ from commercial forest 
plantations in terms of plant growth and biomass 
as well as in terms of management intensity and 
techniques. The parameter set of SWAT+ allows 
the adjustment of variables related to those is-
sues. Growth-specific (e.g. leaf area index LAI, 
radiation use efficiency) as well as management 
related (e.g. harvest intensities) variables were 
adaptable, the data of which was provided by a 
very extensive data set from the Research Insti-
tute for Forest Ecology and Forestry (FAWF). The 
data is based in-situ measured data from perma-
nent observation areas in addition to forest spe-
cific literature. Although SWAT is widely used and 
tested in the agricultural field, studies examining 
its performance in forest ecosystems are rarely 
conducted. This makes the contribution of forest-
related model examinations to future directions 
for model improvement an important issue to the 
scientific community, especially against the back-
ground of the important role of forests in carbon, 
water, and nutrient cycling and their complex 
interactions on regional and global scale (Yang 
& Zhang 2016). By estimating specific output 
values related to ES, SWAT+ allows for the com-
parison of relative differences between different 
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scenarios (Norman et al. 2012 in Francesconi et 
al. 2016), and provides the option to analyze deg-
radation impacts, so that it is a capable tool of 
examining water-related ES, even in the sense of 
continuous monitoring (Francesconi et al. 2016). 

4.1 The hydrologic model SWAT+

SWAT+ is a physically based, continuous-time, 
dynamic catchment model that operates on 
a daily time step and is capable of long time 
period simulations of weather, hydrology, soil 
temperature and properties, plant growth, nu-
trients, pesticides, bacteria, pathogens and land 
management (Gassman et al. 2007). Its prede-
cessor SWAT was originally developed by the 
Agricultural Research Service of the U.S. Depart-
ment of Agriculture (USDA) to map and forecast 
sediment and chemical loads as well as effects 
on the water balance in longer time series in 
the meso and macroscale range (Gassman et al. 
2007; Arnold et al. 1998). It is also widely used 
around the world, published in many papers 
and journals, and well documented in different 
languages12 . Its relevant application categories 
are summarized as streamflow calibration and 
related hydrologic analyses (e.g. Leta et al. 2015; 
Faramarzi et al. 2015), climate change impacts 
on hydrology, pollutant and nutrient load assess-
ments (e.g. El-Khoury et al., 2015; Baffaut et al., 
2015; Holvoet et al., 2008), as well as intrinsic 
modelling aspects, such as sensitivity analysis 
and calibration techniques (Gassman et al. 2007). 
Its open source code provides the adaption to 
specific environments and application needs, and 
is continuously improved and developed further 
by the developer team since it was created in 
the 1990ies (Arnold et al. 2012; Gassman et al. 
2007). Multiple modifications finally resulted in 
the development of SWAT+, a completely revised 
version of the model, developed to enhance the 
spatial discretization of elements and processes 
within a watershed, and to foster configuration 

related processes, but based on the same algo-
rithms of process calculation (Bieger et al. 2016). 
It incorporates several interface tools and other 
software supporting the pre- and postprocess-
ing of data and model construction, such as the 
QGIS interface for setting up the watershed, the 
in-process database engine SQLite13, as well as 
the R environment for statistical computing and 
graphics14. Since its official release by the SWAT 
group in 2018, the number of publications is in-
creasing steadily, but only a fraction compared 
to its predecessor SWAT. For both, SWAT and 
SWAT+, only a few studies have so far examined 
the performance in forest ecosystems (e.g. Yang 
& Zhang 2016; Bieger et al. 2016; Müller & 
Schüler 2021, Schüler et al. 2016). 

SWAT+ directly simulates evapotranspiration 
(optionally by the equations of Penman-Monte-
ith, Monteith 1965, Priestley-Taylor, Priestley 
& Taylor 1972 or Hargreaves, Hargreaves et al. 
1985), surface runoff, percolation, lateral flow 
and base flow based on the water balance equa-
tion (see fig. 12). Actual evapotranspiration is 
calculated equivalent to Ritchie (1972), intercep-
tion is computed by a canopy storage model, 
surface runoff is either simulated using the SCS 
curve number method (USDA-SCS 1972) or the 
Green & Amp (1911) infiltration equation, and lat-
eral flow is computed using the kinematic storage 
model of Sloan & Moore (1984). For percolation, 
a storage routing technique allows the water to 
flow from one soil layer of the parametrized soil 
profile to the subjacent at field capacity, provided 
the subjacent layer is not saturated (cf. Watson 
et al. 2008:147). Water that flows from the va-
dose zone to the shallow aquifer as baseflow may 
contribute to streamflow, whereas water that 
enters the deep aquifer is considered lost to the 
water cycle of the watershed (ibid.). The chan-
nel network routing is computed either by the 
method of Williams (1969), or the Muskingum 
method (Chow 1959).

12 https://www.card.iastate.edu/swat_articles/ (30.11.2021).
13 https://www.sqlite.org/about.html (11.10.2021).
14 https://www.r-project.org/about.html (11.10.2021).

https://www.card.iastate.edu/swat_articles/
https://www.sqlite.org/about.html
https://www.r-project.org/about.html
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related processes, but based on the same algo-
rithms of process calculation (Bieger et al. 2016). 
It incorporates several interface tools and other 
software supporting the pre- and postprocess-
ing of data and model construction, such as the 
QGIS interface for setting up the watershed, the 
in-process database engine SQLite13, as well as 
the R environment for statistical computing and 
graphics14. Since its official release by the SWAT 
group in 2018, the number of publications is in-
creasing steadily, but only a fraction compared 
to its predecessor SWAT. For both, SWAT and 
SWAT+, only a few studies have so far examined 
the performance in forest ecosystems (e.g. Yang 
& Zhang 2016; Bieger et al. 2016; Müller & 
Schüler 2021, Schüler et al. 2016). 

SWAT+ directly simulates evapotranspiration 
(optionally by the equations of Penman-Monte-
ith, Monteith 1965, Priestley-Taylor, Priestley 
& Taylor 1972 or Hargreaves, Hargreaves et al. 
1985), surface runoff, percolation, lateral flow 
and base flow based on the water balance equa-
tion (see fig. 12). Actual evapotranspiration is 
calculated equivalent to Ritchie (1972), intercep-
tion is computed by a canopy storage model, 
surface runoff is either simulated using the SCS 
curve number method (USDA-SCS 1972) or the 
Green & Amp (1911) infiltration equation, and lat-
eral flow is computed using the kinematic storage 
model of Sloan & Moore (1984). For percolation, 
a storage routing technique allows the water to 
flow from one soil layer of the parametrized soil 
profile to the subjacent at field capacity, provided 
the subjacent layer is not saturated (cf. Watson 
et al. 2008:147). Water that flows from the va-
dose zone to the shallow aquifer as baseflow may 
contribute to streamflow, whereas water that 
enters the deep aquifer is considered lost to the 
water cycle of the watershed (ibid.). The chan-
nel network routing is computed either by the 
method of Williams (1969), or the Muskingum 
method (Chow 1959).

Figure 12: Hydrological processes simulated by SWAT+ (source: Watson et al. 2008:148, adapted from  
Neitsch et al. 2005).

SWAT+ divides a watershed into multiple sub-
basins, which are subdivided into areas of ho-
mogenous land use, management, soil and slope 
characteristics, so-called hydrological response 
units (HRUs) (Neitsch et al. 2011). Though show-
ing a high efficiency in computation, the HRU 
approach hinders the identification of so-called 
critical source areas (CSAs): Lumping areas of 
similar characteristics leads to the summation of 
water and pollutant yields at subbasin level, add-
ing them directly to the stream, which does not 
allow a differentiation of transport and deposition 
processes in the landscape (Arnold & Fohrer 
2005; Gassman et al. 2007). Figure 13 shows a 
conceptualization of flow paths of water between 
the most important spatial objects in SWAT+.

A clear advantage of the modified HRU approach 
in SWAT+ is, however, that aquifers, channels, 
reservoirs, ponds, and point sources are operated 
as separate spatial objects, whose hydrologic in-
teraction can be defined by the user to meet the 
physical environment of a watershed (Bieger et 
al. 2016). Although still divided into subbasins, 

the subdivision now follows into water areas 
and one or more landscape units (LSUs) of topo-
graphic characteristics necessary to calculate the 
time of concentrations. This approach allows a 
differentiation between uplands and floodplains, 
and furthermore allows the floodplain as a sepa-
rate LSU to saturate in the event of a flooding, 
which accounts for saturation excess overland 
flow. The actual HRU in SWAT+ is thus applied as 
a contiguous, user-defined field, aggregated on 
LSU level (ibid.). 
To meet the specific requirements of simulating 
a forested area with SWAT+, a research funding 
was assigned to, and carried out by Dr. T. Tigabu 
and Dr. P. Wagner under the direction of Prof. 
Dr. N. Fohrer, department of hydrology, Univer-
sity of Kiel, aiming the assessment of relevant 
hydrological processes in the forest, supporting 
the research objective and developing SWAT+ 
further with regard to an appropriate application 
in forested areas. In the following, the most rel-
evant hydrological processes with respect to the 
research objective are highlighted with regard to 
their model application.
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4.1.1  Surface Runoff

SWAT+ defines runoff generation to be part of 
the hydrological processes of the land phase, 
based on the water balance equation (see Neitsch 
et al. 2011:9):

SWt = Final soil water content *
SW0 = Initial soil water content on day i
t = Time (days)]
Rday = precipitation on day i *
Qsurf = surface runoff on day i
Ea = evapotranspiration on day i *
wseep = Water entering the vadose zone on day i *  
Qgw = Return to flow on day i * 

                                                                       *= [mm H2O]

The algorithm used in SWAT+ lets surface runoff 
emerge, once all topographic depressions have 
filled due to persistent excess in water applica-
tion surpassing the infiltration capacity, known 

SWt =
t

SW0 + å (Rday – Qsurf – Ea – wseep – Qgw)
i=1

Formula 4.1.1

Figure 13: Conceptual flow paths of water between the most important spatial objects in SWAT+. AQU, aquifer; 
CHA, channel; HRU, hydrologic response unit; LSU, landscape unit; PND, pond; RES, reservoir; LAT, 
lateral flow; OVB, overbank flow; RHG, recharge; SUR, surface runoff; TOT, total flow (source: BIEGER 
et al. 2016:3).

as Hortonian overland flow generation. This 
supports the assumption that runoff is more pro-
nounced on steeper slopes with higher surface 
gradient due to less storage capacity in surface 
depressions (Bieger et al. 2015). Following the U.S 
Natural Resource Conservation Service (NRCS), 
SWAT+ incorporates four classes of soils vary-
ing in infiltration characteristics and thus runoff 
potential (A = high infiltration rate and transmis-
sivity, B = moderate infiltration rate and trans-
missivity, C = slow and transmissivity rate, D = 
very slow infiltration and transmissivity rate), 
with higher runoff potential being exhibited on 
areas with less transmissivity (respectively hy-
draulic conductivity).
Based on the concept of HRUs, SWAT+ calculates 
different runoff volumes according to different 
land uses, soil and slope classes, being lumped 
on HUR level and transmitted to the main chan-
nel on subbasin level (Bieger et al. 2015). In this 
study, the SWAT+ modification of the SCS curve 
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number method by USDA (1972) was used for 
computing surface runoff, which accounts for 
the runoff producing key characteristics in a 
watershed such as soil type, land use and treat-
ment, surface condition, and antecedent moisture 
condition, multiply revised and extended to dif-
ferent environments including forests (Mishra et 
al. 2018). With CN being a function of the soil´s 
permeability, the highest possible value of CN is 
equivalent to an impermeable watershed with 
no retention potential at all, whereas the lowest 
CN value represents the opposite respectively: 
An infinitely withdrawing watershed (Mishra 
et al. 2018; Neitsch et al. 2011). As Broughton 
(1989) remarks, the SCS-CN method resembles 
the spatially varied saturation overland flow 
model, with CN indicating the variation in surface 
storage capacity (Boughton  1987 in Boughton 
1989). The CN calculation furthermore accounts 
for initial abstractions to the runoff volume from 
interception of the canopy storage, depending 
on the actual LAI (referred to as CANMX in the 
SWAT input variables). Following the SCS-CN 
approach, that defines the antecedent moisture 
conditions based on the rainfall of the preceding 
five days (Boughton 1989), SWAT+ categorizes 
three antecedent moisture condition: dry (wilting 
point), moderately wetted and wet (field capac-
ity) (Neitsch et al. 2011). 

SWAT+ also uses a modified rational method to 
calculate the peak runoff rate for a given storm 
event, depending on the time of concentra-
tion, and therefore on rainfall intensity and size 
of the watershed. The time of concentration is 
composed by the overland flow time and the 
channel flow time, both contributing to the flow 
at the outlet of the watershed (Neitsch et al. 
2011), accounting for the Manning´s roughness 
coefficient (Engman 1983) for the surface, is an 
indicator for the erosive potential of a storm 
event to predict sediment losses. The equivalent 
goes with the channel flow time of concentra-
tion, being related to the average channel flow 
rate, the average channel velocity, the channel 
slope and the Manning´s roughness coefficient for 
the channel (Chow 1959). For large watersheds, 

whose time of concentration exceeds one day, 
SWAT+ calculates a lag for a portion of surface 
runoff to discharge to the main channel (SUR-
LAG). The amount of water stored from the previ-
ous day is higher, the smaller the SURLAG value 
is, which consequently mitigates the flood wave, 
and therefore the discharge hydrograph (Neitsch 
et al. 2011). Erosion is computed as a function of 
rainfall energy allocating a runoff factor based 
on the Modified Universal Soil Loss Equation 
(MUSLE) (Williams 1975 in Neitsch et al. 2011). 
For ephemeral channels, that can occur either 
in semiarid/arid regions, or in small channels of 
temperate forests, which run dry periodically in 
warm summers, SWAT+ accounts for transmis-
sion losses that lead to a reduction in runoff vol-
ume, as the water is assumed to contribute to the 
shallow aquifer (ibid.). 

In order to assess the effect of management 
practices on surface runoff generation, such as 
soil compaction due to heavy harvesting ma-
chinery, an evaluation on watershed level with 
one or more gauges for streamflow may not be 
expedient regarding spatial variation in geomor-
phologically heterogenous environments, such 
as mountainous forest areas (Bieger et al. 2015). 
An analysis on HUR level may capture more 
adequately areas more sensitive to driving with 
heavy machinery, and environmental variables 
related to it (e.g. slope inclination, soil type, soil 
moisture content). As shown by Bieger et al. 
(2015), SWAT sufficiently depicts the dependency 
of surface runoff on the moisture content of the 
soil, being related to the depth of the soil layer, 
the soil texture and soil parameters, such as bulk 
density, saturated hydraulic conductivity and 
available water capacity. Runoff simulation on 
HRU level therefore is expected to detect spatial 
variations related to soil type. 

4.1.2 Water movement in the soil zone

Water that enters the soil zone by infiltration fills 
the soil´s pores shaped by the three-phase sys-
tem (solid, liquid and gaseous) of the respective 
soil type either completely or partially. The pore 
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space is calculated based on the soil´s bulk den-
sity, being the relation of the mass of solids and 
the total volume of air, water and solids together 
(Neitsch et al. 2011). The soil porosity, expressed 
as a fraction of the total soil volume, depends on 
the particle density and therefore on the mineral 
composition of the soil matrix. Clay soils con-
tain more meso and micro pores, whereas sand 
soils predominantly contain macropores, so that 
consequently the latter have a higher magnitude 
of hydraulic conductivity. Regarding soil water 
content, two conditions are differentiated: Field 
capacity (FC) as the water content of a wetted 
soil after two days drainage (defined as a tension 
of 0.033 MPa), and permanent wilting point (WP) 
as the stage when there is no further soil water 
available for plant uptake (defined as a tension 
of 1.5 MPa). The margin between those tensions 
is considered the plant available water content 
(AWC = FC  ̶  WP), defined for each soil type 
based on the texture15. Due to their lower particle 
density, sandy soils drain more easily and conse-
quently do not remain at field capacity for long, 
whereas clayey soils have a more pronounced 
water holding capacity due to their net negative 
charge, and therefore show a higher water reten-
tion.   

SWAT+ simulates saturated flow only, follow-
ing the force of gravity downwards, whenever 
field capacity is surpassed in a given soil layer, 
and given that the soil´s temperature is > 0 °C 
(Neitsch et al. 2011). SWAT+ records the water 
content of each soil layer, considering it to be 
evenly distributed within the respective layer. 
Horizontal flow is indirectly simulated by the 
amount of water taken up by plants via evapo-
transpiration. Percolation therefore occurs from 
one soil layer to the subjacent, if the overlaying 
soil layer is saturated and the subjacent is un-
saturated, given the soil is not frozen (ibid.). The 
amount of percolating water is defined by the 
drainable amount of water in the soil layer on 

a given day within an hourly time step with the 
texture-related travel time of the soil layer, using 
storage routing methodology (ibid.). Reaching 
the undermost soil layer, water surpassing the 
layer specific field capacity directly flows into the 
vadose zone between the bottom of the soil layer 
and the top of the aquifer (ibid.). Percolation is 
inhibited in case the subjacent layer is saturated, 
or in the case of seasonally highly drained HRUs 
with constant water contents close to saturation. 
Saturation is reached once the water content of 
the layer surpasses field capacity (ibid.). In this 
case, the water will be stored in ponds in the 
upper layer, causing waterlogging. Waterlogging 
also occurs on subjacent impermeable layers, 
when the storage capacity of the bottom layer 
is exceeded and the water subsequently fills the 
overlying layer, forming a saturated zone that 
drains into lateral flow as soon as the storage 
capacity is surpassed (ibid.). Lateral flow is cal-
culated based on the mass continuity equation, 
using the kinematic storage model for subsur-
face flow proposed by Sloan & Moore (1984), 
which predicts macropore flow responsible for 
stormflow response of steeply sloping forested 
watersheds, as well as soil matrix flow contribut-
ing to the delayed response of base flow (Sloan 
& Moore 1984). Subsurface flow is most likely on 
soils with high hydraulic conductivity in addition 
to an impermeable or semipermeable layer, that 
supports waterlogging, which preferably occurs 
in humid forested watersheds, showing high per-
colation rates in the uppermost layers promoted 
by organic litter in addition to a pronounced 
rooting system (Sloan & Moore 1984). Beven 
(1981, 1982) has shown that both, saturated 
Darcian flow on hillslopes, and unsaturated flow 
can sufficiently be depicted using the simplified 
model of kinematic theory as approximation to 
the theoretically more correct extended Dupuit-
Forchheimer equation, assuming that the hy-
draulic gradient is equal to the slope of the water 
table throughout the depth of the saturated zone 

15 Giving the volumetric water content, the AWC of sand = 0.04, of loam = 0.24, of clay = 0.21.
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(Beven 1981). As before with overland flow, a lag 
in contribution to the main channel is assumed 
for subsurface flow in large watersheds, so that 
the amount stored from the previous day is ac-
counted for within the calculation of lateral flow 
discharge on a given day. The travel time for lat-
eral flow can be defined by the user, so that the 
mitigation of streamflow contribution for lateral 
flow is modifiable.

Regarding groundwater, SWAT+ simulates an un-
confined shallow aquifer for each subbasin, inte-
grated in the catchment-internal water cycle, and 
a confined deeper aquifer, contributing to water 
bodies outside the catchment (Arnold et al. 
1993 in Neitsch et al. 2011), with the innovation 
compared to the precursor version SWAT, that 
the spatial connectivity is HRU-independently 
user-definable (Bieger et al. 2016), and thus 
groundwater can be passed from one aquifer to 
another within the same subbasin, transmitted by 
simple passing of flow rates rather than driven by 
hydraulic gradients  (cf. Bailey et al. 2020:3). The 
aquifer of a given HRU is, however, considered 
homogenous in hydraulic conductivity and spe-
cific yield. 
For calculating the water storage in the shal-
low aquifer on a given day, SWAT+ accounts for 
the additive recharge entering that day to the 
amount of water storage of the preceding day, 
with the determination of losses due to ground-
water/base flow into the main channel, water 
movement into water-deficiencies in the soil due 
to plant demands (termed REVAP) and water 
withdrawal. The abstraction of water from the 
aquifer via plant demand is the only realization 
of water motion in an upward direction against 
gravity in SWAT+, accounting for environments 
where deep rooting occurs, and implying a user-
defined threshold value for the water level in the 
aquifer for REVAP to occur at all (Neitsch et al. 
2011). The time delay for the recharge water to 
enter the shallow aquifer from the soil profile is 
estimated using an exponential decay weighting 
function (Venetis 1969; Sangrey et al. 1984), em-
bedded in a precipitation/ groundwater response 
model. Only a fraction of the daily recharge is 

partitioned from the shallow aquifer to contrib-
ute to the deeper one, calculated with an aquifer 
percolation coefficient. The equations for ground-
water flow imply a linear relation between the 
flow and the rate of change in water table height, 
which does not account for nonlinear flow within 
unconfined aquifers (Bailey et al. 2020).
 For the connectivity between the shallow aqui-
fer and the main channel, SWAT+ assumes the 
amount of baseflow discharging to the reach to 
depend on the hydraulic conductivity of the aqui-
fer, its specific yield as well as distance from the 
aquifer ridge to the main channel, the water table 
height and the amount of recharge to the shal-
low aquifer on a given day, considering a baseflow 
recession constant as a direct index of groundwa-
ter flow response to recharge (after Hooghoudt 
1940 and Smedema & Rycroft 1983 in Neitsch et 
al. 2011). SWAT+ implies the assumption of the 
general establishment of steady-state responses 
of groundwater flow to recharge with fluctuations 
in water table occurring periodically (Neitsch 
et al. 2011; Bailey et al. 2020). It also assumes a 
storage threshold to be exceeded as prerequisite 
for groundwater flow to streams instead of an el-
evation-driven, reciprocal flow gradient between 
the aquifer water table and the stream (Bailey et 
al. 2020).

4.1.3 Plant growth

Plant growth is simulated in SWAT+ using a sim-
plified version of the EPIC plant growth model 
(Erosion-Productivity Impact Calculator) (Neitsch 
et al. 2011), which was originally developed to 
determine the effects of soil erosion on soil pro-
ductivity by the USDA (Williams et al. 1989). 
It contains physically based components to 
simulate daily erosion, plant growth, and related 
processes, based on unique parameter values 
for each crop, with the exclusion of detailed 
root growth, micronutrient cycling and toxicity 
response in the case of SWAT+ (Neitsch et al. 
2011). Growth is simulated based on the heat 
unit concept (Boswell 1926; Magoon & Culpep-
per 1932; Barnard 1948), which assumes linear 
plant-growth-temperature relationships, with 
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plant growth only to occur, if the daily average 
temperature exceeds a species-specific threshold 
(base temperature), indicating the thermal dis-
tribution limits (Brown 2013). Within the grow-
ing period, plants accumulate heat units, one 
unit per rising degree in temperature, until their 
species-specific total in heat units is reached, 
representing the plants maturity (Neitsch et al. 
2011). As the EPIC plant growth model computes 
the allocation of assimilated carbon to vegeta-
tion biomass as a linear function of heat units 
throughout the growing season (Neitsch et al. 
2009; Yang & Zhang 2016; Williams et al. 1989), 
the Net Primary Production (NPP), considered as 
a direct indicator for plant growth, is calculated 
as a function of solar radiation, and the capability 
of a plant to convert it into biomass (Neitsch et 
al. 2011). In SWAT, carbon uptake through photo-
synthesis is limited by multiple factors, including 
radiation use efficiency (RUE), N, P, water, and 
temperature (Yang & Zhang 2016:3). Next to 
RUE, the key parameters related to carbon fixa-
tion are: maximum LAI (BLAI), optimum and base 
temperature as well as the leaf to biomass frac-
tion, all modifiable in the plant database. 
 SWAT+ accounts for plant specific optimum 
growing conditions, which include a state of 
stress related to daily average temperatures 
above the growing optimum envelope. In the 
context of heat-induced shifting of distribu-
tion boundaries in the course of climate change, 
limitation to growth is furthermore captured in 
the model in terms of plant response to water 
deficiency. Water stress is calculated based on 
the relationship between actual and potential 
plant transpiration. The actual plant transpira-
tion equals the actual water uptake of a plant on 
a given day, so that growth-limiting water stress 
occurs once the potential plant transpiration ex-
ceeds the actual water uptake due to soil water 
deficiency (Neitsch et al. 2011). Together with 
potential nitrogen/phosphorous stress, SWAT+ 
accounts for water, temperature and nutrient 
dependent constraints for actual plant growth 
influencing the plant growth factor for a species 
on a given day. 

Tree growth is partitioned between leaves/
needles and wood, and varies with age relative 
to the years of the tree species to reach full de-
velopment (years to maturity, yrfulldev). Until the 
trees on a stand (considered to be of the same 
age) have reached full development (biofulldev), 
the yearly accumulated biomass (bioannual) is re-
stricted by the current age (yrcur):

A similar assumption is made for daily height 
growth of forest trees, being related to the 
maximum canopy height for the tree species, the 
current age and the years to maturity. Both as-
sumptions result in linear yearly growing curves 
for height and diameter growth of trees.
For tree rooting, SWAT+ assumes the maximum 
rooting depth to meet the plant and soil speci-
fication. The EPIC plant growth model considers 
soil strength determined by bulk density, texture, 
and water content, as influencing factors for root 
growth (cf. Williams et al. 1989:503), and there-
fore potentially depicts root growth deterioration 
as consequence of soil compaction. 

For the application to old, protected forest com-
munities, modifiable parameters of the plant´s 
database can be used in order to approximate the 
model setup closer to the given forest conditions, 
within the given limitations of the EPIC plant 
growth model. Plant growth related parameters, 
as well as water consumption related structural 
components of the forest cover, such as ET, 
are considered to affect hydrological as well as 
biogeochemical dynamics (Yang & Zhang 2016; 
Bosch & Hewlett 1982). Therefore, adapting the 
plant growth model performance closer to the 
addressed field conditions appears to be neces-
sary for an adequate investigation of water fluxes, 
including the key performance indicator quan-
titative groundwater recharge. Consequently, 
variables representing age, stand and canopy 

bioannual = 1000 ⋅ ( yrcur ) ⋅ biofulldevyrfulldev

Formula 4.1.2
(Neitsch et al 2011:320)
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structure as well as plant growth should be ana-
lyzed and tested, depending on data availability 
and reliability. 

4.2 Watershed configuration

In the following, the work steps implementation, 
parameterization, sensitivity analysis, calibration 
and validation are described in detail. All relevant 
input data was covered by hard data collected 
in the area. Soft data on evapotranspiration and 
results for groundwater recharge simulated by 
other studies were used as a formal check on 
reasonableness and consistency of the model per-
formance (Arnold et al. 2015). The working steps 
watershed delineation, calibration and validation 
were supported and executed by the Department 
of Hydrology and Water Resources Management 
of the Kiel University, namely Dr. T. Tigabu,  
Dr. P. Wagner and Prof. Dr. N. Fohrer from Octo-
ber 2019 to January 2022.
As a whole, four different SWAT+ models were 
built based on digital elevation model data 
(DEM), and 7 river gauging stations (Hardenburg, 
Neustadt, Siebeldingen, Hirschtal, Thaleisch-
weiler, Steinalben, and Moosalbtal) along the 
Biosphere Reserve area border as outlet points 
with long-term streamflow records provided by 
the State Office for the Environment Rhineland-
Palatinate (LFU RLP) from 1955-2019: Bobenthal, 
Thaleischweiler, Neustadt, and Hardenburg. They 
were constructed with the QSWAT+ version 2.1.6, 
and the long-term release of QGIS version 3.18.2 
to delineate the watersheds, and processed for 
implementation using the SWAT+ editor version 
2.0.4 (Tigabu et al. 2022). The catchments were 
first calibrated separately, and then treated as 
sub-catchments for regionalization of the entire 
Palatinate Biosphere Reserve catchment (shown 
in fig. 14). In each case, no thresholds for land 
use/soil/slope were used in HRU definition, in 
order to account for all possible combinations 
(Her et al. 2015 in Tigabu et al. 2022). The sub-
basins were subdivided into upland and floodplain 
areas. In order to achieve the best possible model 
performance with regard to hydrograph and flow 
duration curves, as well as statistical indices, 

the Hargreaves method was preferred to the 
Penman-Monteith method for calculating evapo-
transpiration (see section 5.1.1). Furthermore, the 
variable storage method was used for channel 
routing, and the soil moisture function for calcu-
lating the average daily curve number (CN) values 
(Tigabu et al. 2022). 
Regarding the representation of groundwater-
processes, SWAT is in the critique to perform 
poorly in groundwater-driven watersheds due to 
simplified flow equations (Bailey et al. 2020). In 
order to improve the representation of fast and 
slow groundwater responses and the connectiv-
ity between surface and sub-surface hydrological 
processes, a second aquifer layer was created 
with an equivalent number of spatial objects 
and extent as the first groundwater layer, and 
the respective groundwater files (´aquifer.aqu´, 
´aquifer.con´, ´aqu_catunit.ele´, and ´object.cnt´) 
were modified accordingly (Bailey et al. 2020; 
Tigabu et al. 2021, 2022). The final catchment 
construction resulted in 99 subbasins, 405 chan-
nels, 795 routing units, 49705 HRUs, and 197 
aquifers. 

The constructed Palatinate Forest catchment was 
128,537.75 ha of size, with 89 % upslope, and 11 
% floodplain area, and an elevation range from 
92 to 662 meters. For slope band classification, 
a terrain analysis was executed with QGIS, based 
on which 5 slope categories were built, represent-
ing the local conditions for inclination and reflect-
ing an applicability for the evaluation of slope 
effects with soil compaction in the course of 
harvest operations with heavy machinery: 0-2 %, 
2-10 %, 10-15 %, 15-20 % and >20 %. The ma-
jority of the area (62.6 %) was identified as above 
20 % slope, followed by 14.5 % with 2-10 %, 
11.2 % with 10-15 %, 10.5 % with 15-20 %, and 
1.2  % with 0-2 % incline. The land use types 
(fig. 3) included all main tree species (oak, beech, 
spruce, douglas fir, pine, and mixed forest stands), 
the soil types were classified into 5 different soil 
groups, representing pure sands (SS), loamy sands 
(LS), silty sands (SU), sandy loam (L), and silt (U).
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Figure 14: Delineated entire SWAT+ watershed, its sub-catchments Bobenthal, Neustadt, Thaleischweiler, 
Hardenburg with their sub-basins, and the Biosphere Reserve it is embedded in. 

Bobenthal2 catchment

For investigating the effects of disrupted areas 
with rejuvenation, the Bobenthal2 catchment was 
chosen for an experimental model setup of two 
general plant parametrizations: mature and juve-
nile stocks, described in section 4.2.5. The model 
was built, calibrated and validated independently 
ahead of the regionalization process. The inputs 
data, as well as the model implementation and 
delineation procedures were analoguous to the 
Palatinate Biosphere Reserve catchement. The 
Bobenthal2 catchment was 22,336.9 ha of size, 

included 16 subbasins, 52 channels, 101 routing 
units, 5332 HRUs, and 32 aquifer objects for the 
first groundwater layer, and the exact same num-
ber of aquifers and spatial extents for a second 
aquifer layer (cf. Tigabu et al. 2021:4). The main 
tree species oak, beech, pine, spruce, and mixed 
forest are represented, also 4 of 5 soil types (SS, 
LS, SU and L). From the stated slope bands, 70 % 
are in the range of 20 % incline and above, al-
most 20 % are in the range of 10 to 15 % incline, 
and another 10 % are assigned to floodplains.  



53

4.2.1  Model implementation

The model feeding requires gridded spatial data 
including a digital elevation model (DEM), land 
use/land cover and soil maps. The DEM was pro-
vided by the dataset of the State Office for Sur-
veying and Geospatial Information (LVermGeo 
RLP) in a 10 m x 10 m resolution. For calibration 
and validation, long-term streamflow records are 

necessary, which were available from the State 
Office for the Environment Rhineland Palati-
nate (LFU) for different timelines for each gauge 
station, ranging from 1955 to 2019. Table 2 
shows an overview of available input data and the 
respective data source.

Table 2:

Spatial data and data sources used in the SWAT+ 
model

Dataset Spatial resolution Time resolution Source

Topography 10 x 10 m 1 dataset LVermGeo RLP

Climate 1000 x 1000 m 1951-2020 Climate Competence Centre, DWD 

Land use 10 x 10 m 1 dataset University of Trier; ATKIS 

Soil 1: 50,000 1 dataset LGB 2020

Streamflow Five gauge-stations 1955-2019 LfU 2020

4.2.1.1 Climate and climate projection data 

As input data for climate, SWAT+ requires a con-
sistent timeseries of daily values for precipitation, 
maximum and minimum temperature, relative 
humidity, sunshine duration (solar radiation) and 
wind speed. The data was provided and inter-
polated by the Climate Competence Centre of 
Rhineland-Palatinate, based on data by the DWD 
(German Meteorolocal Service), in a 1000 m by 
1000 m resolution for the timeline from 1952 to 
2020. The data sets were based on the InterMet 
program package (interpolation of meteorological 
parameters), which includes error correction and 
interpolation techniques (Dobler et al. 2004).  

For simulating climate change, high-resolution 
statistical and dynamic regional models were 
used based on the BIAS-adjusted REKLIES and 
EURO-CORDEX simulations RCP2.6 and RCP8.5 
over the HYRAS area using downscaling meth-
ods16. The global climate model (GCM) projec-
tions from the EURO-CORDEX project have 
already been brought to the local level in advance 
by means of regional climate models (RCMs) and 
then bias-adjusted once again by the DWD as 
part of the BMVI-ExpN project and interpolated 
over 5 km (the HYRAS grid). The processed 6 
climate projections for each RCP2.6 and RCP8.5 
were then combined with the water balance 
model SWAT+. 

16 CCLM4.8.17, RACMO22E, RCA4, CLM, WRF361H
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4.2.1.2 Land use data

The required gridded spatial data on land use for 
forested areas was taken from remote sensing 
based on LiDAR technology by the university of 
Trier. Integrated into the forest management sys-
tem for the federal state of Rhineland-Palatinate, 
and based on operational forest survey methods, 
satellite-derived forest information layers were 
built in order to generate accurate and up-to-date 
information on the spatial distribution of forest 
type, forest cover, and tree species composition 
within the optimum phenological time-windows 
(Stoffels et al. 2015). The sentinel-2-dataset 
provides a differentiation between the dominant 
tree species, as well as for mixed stocks. The data 
on forested areas was intersected with data from 
the official topographic-cartographic information 
system (ATKIS) dataset of the State Office for 
Surveying and Geospatial Information RLP in Arc-
GIS to cover all other land use types. The derived 
types of land use for the Palatinate Biosphere 

Reserve catchment are shown in table 3, and 
table 4 for the Bobenthal2 catchment respec-
tively. 
The current SWAT+ model provides a plant pa-
rametrization for four key forest types (decidu-
ous, mixed, evergreen forests and temperate 
evergreen forests) based on their phenology. 
Sierra et al. (2009) and Yang & Zhang (2016) 
suggest, however, that this aggregation may lead 
to an oversimplification in terms of controlling 
factors for plant growth (e.g. carbon fixation). In 
order to meet structural differences among dif-
ferent forest types, the plant parametrization was 
adjusted according to data from the monitoring 
program of the FAWF and related literature, that 
covers area-specific characteristics of the classi-
fied forest types. Parameter modification, default 
settings and applicated changes of selected plant 
parameters used for the model setup are de-
scribed in section 4.3.2. Figure 15 shows a map 
of used land use types and their distribution in 
the Palatinate Biosphere Reserve watershed.
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Table 3:

Land use types generated for SWAT+ and their distri-
bution in the Palatinate Forest watershed.

Land use type SWAT code Description Distribution

Area [ha] % of watershed
oak oak Oak forest 14913.5 11.6
beech frsd Beech forest 36049 28
spruce frse_tems Spruce forest 16691.8 13
douglas frse Douglas forest 8270.6 6.4
pine pine Pine forest 27372.2 21.3
mixed frst Mixed forest 6811.3 5.3
agrc agrc Agricultural land 11030.3 8.6
watr watr Water 128.5 0.1
urbn urbn Urban area 5112.8 4
urbn_ind uidu Urban industrial area 484.2 0.4
urbn_inst uins Urban institutional area 154.5 0.1
urbn_transp utrn Urban area for transport 525.2 0.4
grass migs Grassland 993.9 0.7
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Reserve catchment are shown in table 3, and 
table 4 for the Bobenthal2 catchment respec-
tively. 
The current SWAT+ model provides a plant pa-
rametrization for four key forest types (decidu-
ous, mixed, evergreen forests and temperate 
evergreen forests) based on their phenology. 
Sierra et al. (2009) and Yang & Zhang (2016) 
suggest, however, that this aggregation may lead 
to an oversimplification in terms of controlling 
factors for plant growth (e.g. carbon fixation). In 
order to meet structural differences among dif-
ferent forest types, the plant parametrization was 
adjusted according to data from the monitoring 
program of the FAWF and related literature, that 
covers area-specific characteristics of the classi-
fied forest types. Parameter modification, default 
settings and applicated changes of selected plant 
parameters used for the model setup are de-
scribed in section 4.3.2. Figure 15 shows a map 
of used land use types and their distribution in 
the Palatinate Biosphere Reserve watershed.
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Table 4:

Land use types generated for SWAT+ and their distri-
bution in the Bobenthal2 watershed.

Land use type SWAT code Description Distribution

Area [ha] % of watershed

oak oak Oak forest 1704 7.6
beech frsd Beech forest 4961 22.2
spruce frse_tems Spruce forest 3462 15.5
pine pine Pine forest 5259 23.7
mixed frst Mixed forest 1944 8.7
agrc agrc Agricultural land 2042 9.1
watr watr Water 2644 0.1
urbn urbn Urban area 714 3.2
urbn_ind uidu Urban industrial area 107 0.5
urbn_inst uins Urban institutional area 21 0.1
urbn_transp utrn Urban area for transport 62 0.3
grass migs Grassland 173 0.7

Figure 15: Land use types generated for the SWAT+ model and their distribution in the Palatinate Biosphere 
Reserve watershed.



56

based on the Forest Site Survey (2016, p. 91). 
Since SWAT+ requires values for moist bulk den-
sity, and the available data only provided dry bulk 
density, an excel template was used, which calcu-
lates SWAT soil parameters using the Pedo Trans-
fer Function (PTF) developed by Saxton & Rawls 
(2006). The template was also used to derive 
SWAT-conform values for available water capac-
ity (AWC). The derived soil classification data was 
transferred into a vector data set, and converted 
into grid with ArcGIS. Tab. 5 shows all generated 
soil classes used in the SWAT+ model, and their 
hydrological properties used as basis for clas-
sification. Fig. 16 shows a map of all soil classes 
represented in the Palatinate Biosphere Reserve 
watershed.
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Figure 16: Soil classes generated for the SWAT+ model and their distribution in the Palatinate Biosphere Reserve 
watershed. 

4.2.1.3 Soil data

The soil data was provided by the State Office for 
Geology and Mining (LGB) of Rhineland Palati-
nate in a scale of 1:50000 (BFD 50) in vector data 
format with detailed information on the required 
soil parameters based on pedological mapping in-
structions. All soil profiles have been analysed for 
layer depth, texture, bulk density, available water 
capacity, saturated hydraulic conductivity, or-
ganic carbon content as well as clay-, silt-, sand- 
and rock fragment content. The layering of the 
original dataset was classified, which goes along 
with a simplification, in order to generate 5 soil 
types (soil classes), aggregated according to pore 
size and their respective hydrological properties, 
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Table 5:

Soil classes aggregated for SWAT+, their physico-
hydrological properties, mass percentages, hydrolo-
gical groups assigned by SWAT+, and distribution in 
the watershed (kf = hydraulic conductivity, AWC = 
available water capacity). The soil class serves only 
for name-asignment in SWAT+.

Soil 
class

Definition Hydrological properties Distribution

 
 

Hydrol. 
Group

 
 
 

layer

Moist 
bulk

density
[g/cm3]

kf 
[mm/

hr]

AWC 
[mm 
H20/
mm 
soil]

Clay 
[%]

Silt 
[%]

Sand 
[%]

% of 
waters 

hed

SS Pure sands 1 1.54 169 0.04 2.5 5 92

2 1.59 101 0.06 4 14.8 81

A 3 1.61 98 0.06 4 13.6 79.8 82.4

4 1.57 151 0.04 2.7 5.5 89.3

5 1.56 133 0.04 3.4 6.7 89.8

LS Loamy sands 1 1.62 58 0.08 6.9 22 71

2 1.62 57 0.08 7 21.5 71

B 3 1.62 60 0.07 7 20 73 11

4 1.61 63 0.07 7 18 75

5 1.61 52 0.05 11 5 84

SU Silty sands 1 1.65 23 0.13 9 45 46

2 1.65 29 0.12 8 42 50

B 3 1.65 29 0.12 8 42 50 2

4 1.64 16 0.13 13 41.4 45.6

5 1.61 70 0.05 8 5 84.8

L Sandy loam 1 1.65 7 0.13 19.2 37.5 37

2 1.60 6 0.14 20 45 35

C 3 1.60 7 0.13 20 41.6 38.4 4.6

4 1.61 9 0.13 19 38 41.8

5 1.63 15 0.11 15.8 32.5 50.5

U Silt 1 1.68 8 0.16 12 55 26.5

2 1.64 9 0.18 10.6 64 25.4

C 3 1.65 38 0.12 6 41 53 0.02

4 1.54 171 0.04 2.5 5 92.5

5 1.61 86 0.05 5.6 8.6 82.6

57
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4.2.2  Sensitivity analysis

4.2.2.1 Plant parametrization

The extent of forest cover, and thus plant growth 
and canopy expression, are reported to influence 
the hydrological and nutrient dynamics of for-
est ecosystems (Yang & Zhang 2016; Bosch & 
Hewlett 1982; Hewlett et al. 1969; Hibbert 1967). 
Since the interlink between plant growth, and 
water consumption through evapotranspiration 
is essential to understanding ecosystems dynam-
ics and responses to environmental changes (cf. 
Yang & Zhang 2016:2), accuracy in the repre-
sentation of the catchment conditions is vital 
to hydrologic modelling, that aims practical 
management recommendations. It is therefore 
recommended to approximate the model as close 
to reality as possible to ensure model robustness 
(Francesconi et al. 2016). In order to evaluate 
SWAT+ simulations of water fluxes, and analyze 
possible improvements for a locally-adapted 
model parametrization, plant specific parameters 
have been applied based on long-term in-situ 
measurements at site scale, and literature, tested 
on watershed level, addressing plant growth and 
water consumption performance. The collected 
field data included phenology (LAI), biomass, and 
harvest operational information. Table 24 in the 
appendix shows an overview of all modified pa-
rameter values, their default configuration, and 
references for adaption.
Plant parameters such as stomatal conductance, 
maximum plant height and rooting depth, and 
LAI were found to be sensitive to water balance 
parameters (Lenhart et al. 2002). For adapting 
the SWAT+ model to the conditions of local per-
manent, protected forest communities, a simple 
manual sensitivity analysis was carried out, vary-
ing one plant parameter at a time, and evaluating 
the effect on growth performance and ET. To 
define the parameter variation, the parameter 
values derived from measured field observation 
data and literature reviews based on comparable 
forest conditions was used. The effect of change 
was analyzed based on the default settings, using 
the Penman-Monteith method for ET calcula-
tion in order to analyze all parameters presumed 

to be potentially sensitive. In the following, the 
identified sensitive plant growth and ET related 
plant parameters and their modification are high-
lighted:

 y  Radiation use efficiency (RUE): SWAT cal-
culates the plant growth as product of the 
amount of dry biomass produced per unit 
intercepted solar radiation, expressed in RUE 
[kg/ha*(MJ/m2)-1], and the amount of inter-
cepted photosynthetically active radiation 
on a given day [MJ m-2]. It also accounts for 
climate change induced changes of CO2 con-
centration sin the atmosphere (cf. Neitsch et 
al. 2011:318). Being a decisive factor for plant 
growth, and found to perform unsatisfactory 
in terms of forest dynamics in the default 
SWAT setting (Yang & Zhang 2016), reviewed 
studies were analyzed to determine plau-
sible values for the given forest conditions. 
Based on the findings of Gower et al. (1999), 
Garbulsky et al. (2010), and Bartelink et al. 
(1997), the absolute value for RUE was set to 
18 instead of 15 [kg/ha*(MJ/m2)-1] for all clas-
sified tree species.  

 y  Harvest index (HI): The HI is defined as the 
fraction of the above-ground plant dry bio-
mass removed as dry economic yield (Neitsch 
et al. 2001:338). Since the HI consequently 
expresses the performance-related growth 
rate of the stands, which varies among tree 
species and is also flattened by the age de-
gression that occurs in older stands. The 
values were adapted based on Matyssek et al. 
(2010) according to tree species.  

 y  Potential LAI and minimum LAI: In accor-
dance with the Global Terrestrial Observing 
System (GTOS 2009), the leaf area index is 
defined as the vertically projected horizontal 
leaf area per unit horizontal ground area [m2/
m2]. It thus influences the transpiration rate, 
the canopy water storage, canopy resistance 
as well as biomass production (Neitsch et al. 
2011). In the SWAT plant database there is no 
differentiation between tree species. Tree spe-
cies do, however, differ in LAI. The values used 
in the model setup were derived from mea-
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surements of the FAWF monitoring program 
using direct harvesting methods. Standardiza-
tion and cross-validation between methodolo-
gies with other studies has been carried out 
(oral information Dr. Greve, FAWF). SWAT+ 
calculates the LAI for a given day according to 
the potential heat unit concept, and in relation 
to the current age and the years to reach full 
maturity: 

Formula 4.2.1 (Neitsch et al. 2011)

LAI = Leaf area index [dimensionless]
yrcur = Current age [years]
LAImax = Maximum LAI [dimensionless]
yrfulldev = Years to maturity [years]
frPHU = Fraction of potential heat units on a given day 

[dimensionless]
frPHU,sen = Fraction of potential heat units at which se-

nescence becomes dominant [dimensionless]

Consequently, at the beginning of a default 
simulation, SWAT+ assumes the trees to be 
juvenile and homogenous in age, and there-
fore not to have reached the maximum poten-
tial LAI yet, until they reach the age (years) 
of maturity. Regarding the LAI, however, the 
majority of stocks in the study area show a 
heterogenous age pattern with fully devel-
oped LAI performance (as estimated based on 
field data), which is why the initial age needs 
to be adjusted according to the study area 
conditions at full development. The modifica-
tion of the LAI contained both, absolute val-
ues on minimum and maximum LAI for each 
tree species, as well as the adaption of the LAI 
development curve (`lai_max1´, `lai_max2´, 
`hu_lai_decl´, `dlai_rate´), which requires de-
tailed phenological information provided by 
the FAWF monitoring program for the study 
area. 

 y  Canopy height: The canopy height [m] is used 
in SWAT+ to calculate wind speed as part of 
the estimation of ET after Penman-Monteith 
(Monteith 1985). The development of canopy 

cover height for trees is controlled by the 
maximum possible canopy height for the tree 
species, the current age of the tree, and the 
years to reach full maturity. The parameter 
was found to be sensitive regarding biomass 
production, and also governs the droplet 
energy of rainfall in connection with erosive 
forces (Neitsch et al. 2011). 

hc = Current canopy height [m]
yrcur = Current age [years]
hc,max = Maximum canopy height [m]
yrfulldev = Years to maturity [years]

hc = hc, mx ⋅ ( yrcur )yrfulldev

Formula 4.2.2 (Neitsch et al. 2011)

The values were adapted based on Eder & 
Dong (2003), accounting for the conditions of 
fully developed, permanent tree communities. 

 y  Stomatal conductance: In the calculation of 
ET after Penman-Monteith, the canopy resis-
tance is considered as a function of stomatal 
conductance and LAI. For actual ET, stomatal 
conductance is considered connected to the 
vapor pressure deficit (Neitsch et al. 2011): 
SWAT+ assigns a threshold for the vapor pres-
sure deficit, triggering stomatal conductance 
to drop, which can be considered as a repre-
sentation of stomatal closure, preventing the 
plant from desiccation at low soil water avail-
ability.  
 
The default value for leaf conductance is set 
to 0.002 [m•s-1]. The modification was derived 
from Hayes & Bangor (2017, p. 35), used with 
a conversion equation by Matyssek & Herrpich 
(2019). The calculations resulted in values for 
oak to be 0.01 [m•s-1], for beech 0.009 [m•s-1], 
for spruce 0.005 [m•s-1], and for douglas fir 
and for pine to be 0.01 [m•s-1]. The mixed 
stands were calculated as average values of 
the other species, resulting in 0.008. 

 y Vapor pressure deficit (VPD): In the calcula-
tion of actual ET with the Penman-Monteith 
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method, SWAT assumes the VPD to affect 
leaf conductance (Stockle et al. 1992 in 
Neitsch et al. 2011). Therefore, a plant-specific 
threshold for VPD is defined that induces a 
drop of leaf conductance per increase in VPD 
(ibid.). Furthermore, according to literature 
(stated in Neitsch et al. 2011), SWAT assumes 
a linear relationship between RUE and VPD, 
with RUE decreasing with increasing VPD. To 
match both, higher RUE values, as described 
above, and the values on VPD for forest com-
munities found in related literature (Mills et 
al. 2017:35), the VPD value was modified to 
be 3.1 [kPa] for deciduous, and 3.0 [kPa] for 
coniferous tree species, instead of the default 
4 [kPa]. 

 y  Root:shoot ratio: This unitless ratio describes 
the relation between aboveground (shoot) and 
belowground (root) biomass, and is crucial in 
the allocation and storage of carbon (Cairn 
et al. 1997 in Mokany et al. 2006), and thus 
important for plant growth. The default values 
range from 0 for deciduous trees to 0.4 for 
conifers, and have been modified based on 
Mokany et al. (2006), who state 0.29 for oak, 
0.24 for beech, and 0.2 for the coniferous spe-
cies.  

Both simulations, the default and the modified 
plant configurations, were ran with the same 
basic model setup. Since within the calibration 
process, the Hargreaves method for calculat-
ing ET was found to result in the most sufficient 
model performance (see section 5.1.1), using the 
Penman-Monteith method was dismissed ac-
counting for the objective targets groundwater 
recharge and runoff behavior. Therefore, the iden-
tified sensitive plant parameters stomatal con-
ductance, VPD with respect to ET calculation, 
and canopy height were disabled in the simula-
tions. In both scenarios, however, the simulation 
was started with fully developed mature stocks. 
Therefore, the years to maturity, as well as the 
initial age were set to 30 (Peck & Mayer 1996; 
Hiege 1985). The maximum biomass on a stand 
for both cases was set to values derived from 
Bartsch & Röhrig (2016, p. 264) based on similar 
field conditions. The initial biomass was derived 
from yield tables provided by Block et al. (2016) 
equivalent to the given initial age, in order to 
generate a corridor for plant growth as basis for 
comparison of growth performance (Tab. 6). The 
simulations were executed within the same time 
period from 2000 to 2010. 

Parameter Tree species

oak beech spruce douglas fir pine mixed

Years to maturity [years] 10 10 10 10 10 10

Maximum biomass on a stand 
[t/ha] *

185 289 215 215 113 150

Initial biomass [t/ha] 65 85 56 78 85 70

Initial age [years] 50 35 30 25 30 30

Table 6:

Basic biomass and age settings for both simulations, 
default and modified plant parameters, as basis for 
comparison of growth performances, used for sensiti-
vity analysis.

60

* = derived from Bartsch & Röhrig (2016)
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To evaluate the differences in growth perfor-
mance, a growth rate was calculated for each tree 
species, based on formula 4.2.3. The formula used 
for calculation was tested with and confirmed 
valid by data of reference tables for Forestry of 
the FAWF (Block et al. 2016). It applies as fol-
lows, with Rgrowth being the growth rate, Biomsy 
being the biomass of the second simulation year, 
and Biomsx being the biomass of the first simula-
tion year,

So that the yearly increase in biomass (Gyr) 
for a given year is calculated as follows, with 
Bioms1styr being the initial biomass in the first 
year, and Bioms prev yr being the biomass of the 
years ahead:

The calculation was used to determine growth 
rates simulated by SWAT+, as basis for compari-
son with the growth rates found valid for the data 
provided by Block et al. (2016), which is based 
on in-situ field data from the study area. For 
evaluating differences in tree specific growth per-
formance, the HRUs were intersected with forest 
inventory data on site specific yield classes, in 
order to match with site-dependent growth con-
ditions, and to generate propriate growth rates 
for the selected HRUs overlapping with the re-
spective site. The chosen HRUs for each tree spe-
cies (land use class) were allocated to yield class 
III, which was calculated to have a yearly growth 
rate of 0.015 kg/ha in case of oak, 0.009 kg/ha for 
beech, 0.05 kg/ha for spruce and for douglas fir, 
0.006 kg/ha for pine. As the calculations of the 
field data were generated with the forest growth 
model SILVA, which uses algorithms different to 
SWAT+ and which assumes an unimodal growth 
curve (Pretzsch 2019), the attempt is not suitable 

Rgrowth =
(Biomsy –Biomsx)

Biomsx
Formula 4.2.3

Formula 4.2.4

Gyr = Bioms prev yr    + (Bioms1styr ⋅ Rgrowth)

for a direct comparison of absolute values, but 
considered as an orientation whether the modifi-
cations point to an indication of model improve-
ment regarding plant growth in local forests, or 
not. 
Regarding evapotranspiration, a hard-data 
based comparison could not be followed due to 
lacking field measurement data. In this case, a 
comparison of change in values was pursued, in 
order to detect the model sensitivity to the ap-
plied parameter changes, and compare the ET 
performances with stated literature information, 
provided by Peck & Meier (1996) on tree specific 
annual average ET values. 

4.2.2.2 Model parameters

As preparation of the calibration process general 
model parameters, as well as specified aquifer-
related parameters were tested manually by 
checking the effect of value decrease/increase 
on hydrological processes, such as streamflow 
hydrographs and basin water balance compo-
nents. The analysis was based on discharge data, 
as streamflow was the only continuous hard data 
available covering the required time-resolution 
for proper calibration. The daily measured 
streamflow data covered the period 1991 to 
2020.

In case of aquifer-related parameters, the effects 
of groundwater discharge to the streamflow were 
thoroughly checked, and subsequently reasonable 
values, providing minimal changes in the hydro-
logic process, were identified ahead of calibration 
(Tigabu et al. 2022). 
Analyzing the effect of decrease/increase of other 
model parameters on streamflow and basin water 
balance components, resulted in 16 parameters 
identified to be sensitive, for which reasonable 
value ranges could be determined. 
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4.2.3 Calibration and validation

4.2.3.1 The Palatinate Forest catchment

With the results of manual calibration as a basis, 
automatic calibration was conducted, again 
following the multiple flow segment calibra-
tion approach based on performance metrics 
and signature metrics after Pfannerstill et al. 
(2014a, 2014b) and Haas et al. (2016). Based on 
discharge data of all gauged streams, five years 
warm-up (from 1985 to 1990) were considered 
for the model performance to level at equilibrium 
and define proper initial conditions (Tigabu et 
al. 2022). In order to evaluate the model perfor-
mance, the R packages FME (Soetaert & Petzoldt 
2010) and hydroGOF (Zambrano-Bigiarini 2014) 
were used, the latter for parameter calculation 
based on the Latin hypercube algorithm. 
In a first step, the sub-catchments Bobenthal, 
Neustadt, and Thaleischweiler were evaluated 
with regard to model efficiency and parameter 
settings based on 250 runs each. The best results 
on parameter ranges of these runs were then 
transferred to another 3000 model runs. Fol-
lowing Moriasi et al. (2007), the best parameter 
combination depicting the discharge hydrograph 
was then chosen with respect to quantitative 
statistics, Nash-Sutcliffe efficiency (NSE), percent 
bias (PBIAS), Kling-Gupta efficiency (KGE) and 
ratio of the root mean square error to the stan-
dard deviation of measured data (RSR). Due to 
data-gaps in the discharge timelines of the catch-
ments Thaleischweiler and Hardenburg, the best 
parameter combinations found within the calibra-
tion process for Bobenthal and Neustadt were 
transferred to the whole catchment and then 
used for validation (Tigabu et al. 2022). 

4.2.3.2  The Bobenthal2 catchment

Model parameters influencing the hydrologic pro-
cesses were identified, and calibrated to improve 
the performance of the default model based on 
streamflow data. The calibration period was 2009 
to 2019, the validation period 1994 to 2003, 
with three years warm-up ahead of simulation 

to maintain equilibrium conditions of the model. 
The multiple flow segment calibration approach 
(Pfannerstill et al. 2014a, Pfannerstill et al. 
2014b, Haas et al. 2016) and the SWATplusR 
package (Schürz 2019) were used for calibration 
processing and performance metrics and signa-
ture metrics evaluation. Sensitive parameters 
were identified by applying change methods on 
parameter values manually, one parameter at 
a time, and then included into 2000 iterations 
for narrowing down the parameter ranges, and 
another 5000 iterations for calibration. Follow-
ing Guse et al. (2020), parameters which showed 
clear trends in improving the model performance 
were continued with for another 1500 iterations 
(Tigabu et al. 2021). The selection of the final 
calibration parameters was based on optimiz-
ing Kling Gupa Effieciency Coefficient (KGE) for 
streamflow (ibid.). 

4.2.4 Simulation of soil compaction

In order to simulate the effect of soil compaction 
on the water balance in the area, georeferenced 
data, provided by the department for strategic 
planning and service of the Landesforsten RLP on 
road network, pathway system, machine routes, 
and skid trails, the latter generated with tracking 
technology (as part of the geographic informa-
tion system WaldIS of the Forest Inventory), 
was used to create compaction layers in ArcGIS. 
According to the spatial exploitation guideline 
from “Landesforsten Rheinland-Pfalz”, roads are 
specified to be of 5 meters width, skid trails of 4 
meters (Landesforsten Rheinland-Pfalz 2018:15, 
45). The respective line features for paths/
machine roads and skid trails were buffered ac-
cordingly, and intersected with the SWAT+ soil 
map, using a raster overlay function in ArcGIS in 
order to define the spatial coverage of compacted 
areas, and the respective soil properties. The soil 
parameters were adjusted according to data from 
driving tests carried out on areas in the Palatinate 
forest in 1989, 2002 and 2015 (Reichardt 2002; 
Schneider 2015). Figure 17 shows the spatial 
distribution of the pathway system, within the 
catchment area, covering the Palatinate Forest 
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Biosphere Reserve, plus a cutout with a higher 
resolution of the buffered line structures, cover-
ing approximately 11 % in total of the watershed 
area. 

According to the guidelines of Landesforsten 
Rheinland-Pfalz (2018) on skid trail specifica-
tion, the upper limit for the area used on skid 
trails is supposed to be 13.5 % of the cultivated 
forest area. Formerly used skid trails, going back 
to regulations of past times, must, though, be 
considered to be still effective with regard to soil 
compaction, when accounting for the poor re-
generation capacity of deteriorated soils, so that 
13.5 % of the area can be concluded as the un-
dermost limit, or minimum dimension of skid trail 

Figure 17:  Spatial distribution of the pathway system within the catchment area, covering 11 % area extent of the 
Palatinate Forest Biosphere Reserve catchment

compaction in the study area. Additionally, areas 
of 30 to 50 years old oak trees, which were driven 
on extensively in the course of afforestation ac-
tivities from 1970 to 1990 (LWF AKTUELL 2003), 
must be assumed to also show soil deterioration 
from driving with heavy machinery. The pre-
loaded area sums up to 2678 ha, the cultivated 
forest area of the SWAT+ Palatinate Biosphere 
Reserve watershed, from which the core pro-
tected zone (5,400 ha)17 was subtracted, results 
in 104,708.6 ha. From this cultivated forest area 
in the watershed, 13.5 % account 14,135.6 ha, 
which adds up with the preloaded stocks to 
16,813.8, equivalent to 13 % of the SWAT+ Pa-
latinate Biosphere Reserve watershed considered 
to be affected by harvest compaction. Therefore, 

17 https://www.pfaelzerwald.de/blog/kernzonen-im-biosphaerenreservat-pfaelzerwald/

https://www.pfaelzerwald.de/blog/kernzonen-im-biosphaerenreservat-pfaelzerwald/
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the simulation results on (C2), which are based 
on the spatial extent of the current progress on 
skid trail tracking carried out by Landesforsten 
RLP in 2021, accounting for 4.1 % of the water-
shed in total, are multiplied by the factor 3.1 in 
order to calculate reasonable estimates for 13 % 
compacted area of the entire watershed due to 
harvest operations.
The following compaction scenarios were as-
sessed separately, each with a newly constructed 
SWAT+ model:

(C0) Uncompacted model

(C1) Existing forest road and path network, in-
cluding machine routes.

(C2) Skid trail network plus additional areas of 
30 to 50 years old oak trees, which were 
driven on extensively in the course of af-
forestation activities from 1970 to 1990 
(LWF AKTUELL 2003).

In case of (C1) the number of HRUs increased to 
be 80773 based on the new soil information, (C2) 
resulted in 58494 HRUs accordingly. 
For the path and road network, extreme compres-
sion was assumed based on studies on ecological 
damaging compaction: Following Ampoorter 
(2012), Zemke et al. (2019) and LUNG MV (n.d.), 
bulk density was increased by 0.2 g/m3 in the 
uppermost 50-60 cm. Since AWC and kf were 
included in the calibration parameter set, there 
were not considered for alterations of soil prop-
erties in the compaction models in order to pre-
vent interferences. Consequently, also for skid 
trails and preloaded areas, only bulk density was 
adjusted according to the studies of Reichardt 
(2002) and Schneider (2015): Within the affected 
layer depth (0-50 cm), the change signal for bulk 
density before and after compaction was calcu-
lated for each compaction scenario, and applied 
to the SWAT+ soil dataset. Table 7 shows an 
overview of the applied changes on bulk density 
for the respective compaction scenarios. For both 
scenarios, new ´usersoil´ input files were created 
for the SWAT+ model. 

Based on the concept of HRUs, SWAT+ calculates 
different runoff volumes according to different 
land uses, soil and slope classes, being lumped 
on HUR level and transmitted to the main chan-
nel on sub-basin level (Bieger et al. 2015). For 
computing surface runoff, the SCS curve number 
method by USDA (1972) was used. In order to 
simulate the effect of compaction with respect 
to overland runoff generation, SCS curve number 
(CN) values were modified. As the CN governs 
the infiltration process, the measured field data 
regarding the influences of compaction on the 
infiltration rate by Reichardt (2002) was used as 
a basis for value adaptation in case of skid trails 
and preloaded areas. According to Reichardt 
(2002), the infiltration rate decreased by -26 % 
after the first crossing with heavy machinery, and 
by -58 % after five passes. Since for skrid trails 
and preloaded areas more than five crosses must 
be assumed, 58 % decrease was applied to the 
CN values. This resulted in a change in case of 
soil class SS (pure sands) from 45 to 71, in case 
of soil class LS (loamy sands) and SU (silty sands) 
from 66 to 104, and in case of L (loam) and U 
(silt) from 77 to 121. The threshold limit for CN in 
wooded areas is 95, which therefore defines the 
maximum limit for CN values for each soil class.  
L and U were therefore set to 95. Since sand soils 
in general show a coarse texture, and are there-
fore not as susceptible to compression as fine 
textured soils (Reichardt 2002; Schneider 2015), 
they still allow for infiltration, even though to 
a lesser extent under compacted conditions. In 
order to account for this, the infiltration capacity 
reflected in CN values for sand soils (LS, SU) was 
not assumed to reach the maximum level of in-
hibition. LS and SU were set to 83 instead, which 
is equivalent to a decrease in infiltration rate of 
-26 %, which matches with hydrologic Group D, 
but still allows for infiltration. Table 23 in the ap-
pendix gives an overview of the applied changes 
to CN values for the respective land use classes. 
In case of the pathway system, which consists 
of a different material than the forest soils, the 
gravel and road metal it is constructed with is not 
equivalent to urban sealing, but inhibits infiltra-
tion almost completely. The maximum value for 
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Soil class Uncompacted Compaction scenarios

(C0) (C1) Pathway systems (C2) Skid trails, preloaded stocks

BD BD BD

0-20 cm

SS 1.54 1.74 1.69
LS 1.61 1.82 1.78
SL 1.64 1.85 1.82
L 1.64 1.85 1.82
U 1.67 1.88 1.85
20-50 cm
SS 1.58 1.79 1.75
LS 1.62 1.82 1.69
SL 1.64 1.85 1.82
L 1.59 1.80 1.67
U 1.64 1.84 1.71

Table 7:

Soil parameter modification for compaction scena-
rios in layer depth 0-40 cm for bulk density (BD [g/
cm3]), calculated based on Reichardt (2002) and 
Schneider (2015).

CN (95) is therefore assumed for all soil classes. 
The respective files (´cntable.lum´, ´lu_mgt´, 
`hru-data.hru´, ´CN2´ column of ´landuse.lum´) 
were modified accordingly (Tigabu et al. 2022).

The calibration setup based on the Hargreaves 
method for ET was used for all scenario models. 
As baseline the uncompacted scenario (C0) was 
used for the evaluation of impact of the respec-
tive compaction scenarios (C1-C2) on water bal-
ance components.

4.2.5 Simulation of rejuvenation effects on 
water balance 

In order to depict the impact of human activi-
ties in case of disrupted areas with rejuvenation, 
two different artificial extreme scenarios were 
assumed: scenario MAT representing a near-
natural development towards a permanent forest 
society without further human intervention (ma-
ture stocks), and scenario JUV representing high 

level of human intervention with rejuvenation 
on the entire catchment area (juvenile stocks), 
be it through intensification of felling measures, 
climate change-related windthrow, pests or the 
death of tree communities due to drought stress. 
The artificial scenarios were carried out in the 
catchment area Bobenthal2, that was generated 
ahead of regionalization, which can be considered 
representative for the Palatinate Forest, and in 
which the main tree species (oak, beech, spruce, 
pine, mixed stands) occur. A time series from 
2010-2020 was used to assess the performance 
differences between juvenile and mature stocks 
regarding water balance parameters.  
To simulate the scenarios JUV and MAT, two 
plant parametrization setups were created, that 
account for age-related modifications. This pri-
marily refers to the parameters maximum canopy 
height, maximum rooting depth, initial age and 
biomass at the beginning of the simulation, as 
well as years to reach maturity. Regarding the 
latter, the juvenile setup is supposed to represent 
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the growing up phase analogous to the yearly 
increase in LAI before reaching full development. 
According to Peck & Mayer (1996), the great-
est water consumption occurs in the phase of 
strongest growth, or in case of pine, the strongest 
formation of needle mass. For oak and spruce, the 
years to maturity were therefore set to 70 years, 
for beech, which shows a high plasticity and sus-
tained crown development even into old age (cf. 
Hiege 1985:128), the value was set to 80, whereas 
for pine, based on Peck & Mayer (1996) and Hiege 
(1985), 30 years were assumed. Since forest 
stands reach the transition between open-field 
and closed stand conditions between the ages of 
5 and 13 (cf. Hiege 1985:128), the development 
span from 3-10 years age was simulated in case 
of juvenile stocks in order to depict the greatest 
differences in water balance compared to mature 
stocks. The initial biomass and age are set to 0, 
with 3 years model warm-up ahead of the simu-
lation for the water balance to level. Furthermore, 
in case of juvenile stocks, which have not reached 
full root development, the rooting depth was 
limited to 1 m in case of oak (Collet et al. 2005), 

which shoes a rapid taproot development (Lyr & 
Hoffmann 1967), and 0.5 m in case of all other 
species (cf. Gilman 1990:217). 
For simulating mature stocks on the other hand, 
years to maturity was set to 3 for all tree spe-
cies in order to start the simulation after 3 years 
warm-up period with fully developed LAI and 
growth performances. Table 8 shows an over-
view of plant database modifications for juvenile 
and mature stocks. The simulation was executed 
based on the time period 2010 to 2020.
In order to evaluate the plausibility of juvenile 
and mature model simulation, literature values 
stated by Peck & Mayer (1996, p.8) regarding 
age-related differences in yearly actual ET were 
used as an orientation. Though smaller leaf areas 
have a limiting effect on evaporation, the reduc-
tion in canopy expression does not automatically 
lead to a proportional decrease in total stand 
evapotranspiration, since soil evaporation can in-
crease significantly (Schmaltz 1969; Hager 1988; 
Peck & Mayer 1996), in case the soil has no plant 
cover. The level of coverage of a soil is decisive 
for the process of soil evaporation.

File Parameter Plant configuration

mature juvenile

oa be sp pn mx oa be sp n mx

plant.ini initial LAI [m2/m2] 0.01 0.01 5 2.9 2.5 0.01 0.01 4 2 2

initial biomass on the stand [t/ha] * 185 289 215 113 150 0 0 0 0 0

initial age [years] 70 80 70 40 50 0 0 0 0 0

plants.plt maximum canopy height [m] 34 33 40 32 35 5 5 5 5 5

maximum rooting depth [m] 2 2 2 2 2 1 0.5 0.5 0.5 0.5

years to maturity [years] 5 5 5 5 5 70 80 70 30 50

Bartsch & Röhrig p. 264

Table 8:

Plant database modifications for juvenile (scenario 
JUV) and mature (scenario MAT) tree species. 
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As SWAT+ does not assume the development 
of ground vegetation on forested stocks, the 
amount of total ET fed by soil evaporation rises 
in case of bare, uncovered soils on stocks that 
have not yet developed a closed canopy. Thus, 
higher amount of soil evaporation is expected on 
juvenile stocks, with at the same lower total aET 
values, reflecting undeveloped canopy cover with 
lower LAI values. When comparing the calibrated 
model setup for juvenile and mature stocks, 
both aspects meet the expectation, as shown in 
table 9.

SWAT+ provides the option to compile multi-
layered vegetation types on one stock, which 
potentially allows for simulating a shrub layer, 
but as in the context of this study the effect of 
herbal vegetation on the water balance is not the 
subject, multi-layered vegetation stands are dis-
pensed for this setup. 
Applying the modifications to the plant database 
resulted in LAI performances for both age sce-
narios that depict the growing up period before 
full LAI development in case of juvenile, as well 

Parameter
Juvenile plant 

setup
Mature plant 

setup

aET [mm] 472 545

Esoil [mm] 97 80

Table  9:

Averaged actual ET (aET) and soil evaporation (Esoil) 
for juvenile and mature stocks before plant database 
configuration for the period 2010 to 2020 based on 
the calibrated SWAT+ model for Bobenthal2

Figure 18: LAI curves for mature and juvenile oak stands for the baseline period 2009 to 2020 after applying  
age-related plant database adaptions. 

as fully developed LAI performance in case of 
mature stocks, as shown in fig. 18, exemplified 
for oak (for other trees species see fig. 22). 

The growth performance was also analyzed based 
on biomass development. As shown in figure 19, 
the growth performance for juvenile stocks de-
velops linearly, as given by the model internal 
equation for plant growth (formula 4.1.2), while 
mature stocks show a growth stagnation (exem-
plified by oak).
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Figure 19: Growth performance for juvenile and mature stocks simulated with SWAT+, for the period  
2010 to 2020.
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In order to identify basal hydrological controlling 
factors, a comparison with contrasting climatic 
conditions was evaluated, which were found 
between 1971 and 1981. Compared to the last 
decade (2010-2020) the farer past showed higher 
precipitation inputs, lower air temperatures and 
a consequently less pronounced atmospherical 
evaporative demand. 
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5 RESULTS

5.1 Parameter sensitivity analysis

5.1.1 Plant parameters

In order to evaluate differences between the 
default plant settings and the applied modifica-
tions of the plant parametrization with regard to 
plant growth and ET, both setups were executed 
with the same basic settings, except for the plant 
parameters in table 24, app. (described in sec-
tion 4.2.3.1). The simulation was executed for the 
time period 2000 to 2010. In both cases, mature 
stocks were assumed at the beginning of the sim-
ulation, with equal maximum biomass on a stand, 
specified for each tree species, and with equal 
initial biomass and age. Both model simulations 
where then evaluated based on actual ET and bio-
mass performance.
Regarding actual ET, the plant parameter modi-
fication resulted in a small decrease of -4.6 % 
based on average annual values on watershed 
level (see fig. 20). 
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The situation became more distinct, when evalu-
ating on HRU level for each tree species. The 
comparison showed a decrease by -15.7 % in case 
of oak, and -13 % for beech, whereas conifer-
ous trees showed a negligible change of 0.5 % 
increase in case of spruce, 1.4 % increase in case 
of douglas fir and 3 % for pine. For mixed stands, 
which lacked measured data, and were therefore 
predominantly derived by averaging the other 
tree species, an increase by 3.6 % was shown for 
aET. Due to the lack in accurate data, they are 
considered to be less conclusive, and must be 
parametrized more carefully for future setups, 
which urges for specified data survey. Figure 21 
shows the differences in aET for selected tree 
species in the given time period.
 

Figure 20: Simulated differences in actual ET (aET) performance for default and modified plant setups for the  
time period 2000 to 2010, based on yearly values.
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Figure 21: Simulated differences in aET for the tree species oak, beech, pine, and douglas fir for default (def) and 
modified (mod) plant setups for the time period 2000 to 2010, based on yearly values.

Based on average annual values, the default plant 
setup accounted 722 mm/aa aET in case of oak, 
whereas the modifications calculated 609 mm/
aa. In case of beech, 659 mm/aa was the default 
value, and 573 mm/aa the modified. For spruce, 
the default simulations showed 782 mm/aa, and 
a very small increase to 782 mm/aa, douglas fir 
was 730 mm/aa with the default setup, and 740 
mm/aa after modification. Pine resulted in 624 
mm/aa for default, and 643 mm/aa after modi-
fication. Mixed stands showed 722 mm/aa in the 
default case, and 748 mm/aa with the modified 
plant parametrization. 
The decrease in aET for deciduous tree species 
suggests an improvement for the model plant 
parametrization compared to referenced litera-
ture values, stating 561 mm/aa for beech, and 
450 mm/aa for oak (Peck & Mayer 1996). Values 
for spruce, stated with 609 mm/aa, and pine 
(576 mm/aa) exceeded the expectation in the 
default setup, and even more so after the modi-
fication, as the values rose. For douglas fir, the 
average annual aET is stated with 752 mm, which 
was almost matched by the modification, so that 

the increase here appeared conclusive. The in-
crease in aET performance for coniferous species 
after modification most probably was caused by 
higher LAI values, especially within the dormant 
period. Tab. 10 gives an overview of default and 
modified LAI settings for each tree species, the 
LAI performance curves for the tree species in 
both simulations are shown in Fig. 22. 

The modification undercut default minimum 
LAI values in the dormant period for deciduous 
species, and exceeded default maximum LAI val-
ues for all species except for oak and pine. Pine 
showed lower LAI within the vegetation period, 
and a significantly higher one within the dormant 
period. Especially the differences in minimum LAI 
are presumed to cause the increase in aET, since 
except for spruce, all coniferous species were set 
to 0.75 in the default setting, allowing less tran-
spiration within the dormant period compared 
to the modified setting. The minimum LAI was 
therefore identified to be the major influence in 
modified aET performances.
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the increase here appeared conclusive. The in-
crease in aET performance for coniferous species 
after modification most probably was caused by 
higher LAI values, especially within the dormant 
period. Tab. 10 gives an overview of default and 
modified LAI settings for each tree species, the 
LAI performance curves for the tree species in 
both simulations are shown in Fig. 22. 

The modification undercut default minimum 
LAI values in the dormant period for deciduous 
species, and exceeded default maximum LAI val-
ues for all species except for oak and pine. Pine 
showed lower LAI within the vegetation period, 
and a significantly higher one within the dormant 
period. Especially the differences in minimum LAI 
are presumed to cause the increase in aET, since 
except for spruce, all coniferous species were set 
to 0.75 in the default setting, allowing less tran-
spiration within the dormant period compared 
to the modified setting. The minimum LAI was 
therefore identified to be the major influence in 
modified aET performances.
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Figure 22: LAI curves for the dominant tree species in the study area, default and modified model setup, for the 
time period 2000 to 2010.

Parameter Tree species

oak beech spruce douglas fir pine mixed

def mod def   mod def mod def mod def mod def mod

Minimum LAI [m2/m2] 0.75 0.01 0.75 0.01 4 5 0.75 7 0.75 2.9 0.75 2.5

Maximum LAI [m2/m2] 5 5.2 5 6.7 5 6 5 8 5 3.5 5 6.1

Table 10:

LAI settings for default (def) and modified (mod) 
model performances.
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In order to determine the plausibility of dormant 
aET performances of coniferous and deciduous 
trees, the data was analyzed on monthly basis, 
considering potential ET as indicator for evapo-
rative demand. Since in winter, the atmosphere 
lacks the impetus for evaporation, aET and pET 
are expected to be close together in case of co-
niferous trees, as they still transpire. As can be 
seen from figure 23, the modification showed an 
expectedly small interval between aET and pET, 
whereas in the case of the default setting it was 
implausibly large. 

Furthermore, for deciduous tree species, which 
stop transpiration within the dormant period, 
very small aET values are expected, which was 
valid only in case of the plant database modifica-
tion, but not so in the default setup. The plots 
show, that with increase in pET, and thus evapo-
rative demand, deciduous aET rose ahead of bud 
burst due to triggered interception. The modified 
aET curves were thus found to be very plausible 
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for both, coniferous and deciduous tree species 
throughout the dormant state.

For evaluating the plausibility of aET perfor-
mances within the vegetation period, a dry year 
(2003) was chosen, in order to depict evapora-
tive demand in addition to water stress, reflected 
through the soil water storage, and to conclude 
an indication of transpiration controlling factors 
in tree specific aET. 

Regarding deciduous trees, a clear response to 
pronounced soil water depletion showed off 
in the aET development curve of the selected 
HRU for beech, expressed by a decline in aET, 
as shown in figure 24. As SWAT+ equals actual 
transpiration and actual water uptake, the driving 
factor in the restriction of aET is the soil water 
content falling below the range to meet the evap-
orative demand. SWAT+ considers plant available 
soil water (AWC) to range between field capacity 
(FC = 0.0033 MPa) and the soil water content at 
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Figure 23: ET performance for coniferous and deciduous tree species within the dormant period 2000 to 2001, 
default (def) and modified (mod) simulations, compared to potential ET, indicating the evaporative 
demand.
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for both, coniferous and deciduous tree species 
throughout the dormant state.

For evaluating the plausibility of aET perfor-
mances within the vegetation period, a dry year 
(2003) was chosen, in order to depict evapora-
tive demand in addition to water stress, reflected 
through the soil water storage, and to conclude 
an indication of transpiration controlling factors 
in tree specific aET. 

Regarding deciduous trees, a clear response to 
pronounced soil water depletion showed off 
in the aET development curve of the selected 
HRU for beech, expressed by a decline in aET, 
as shown in figure 24. As SWAT+ equals actual 
transpiration and actual water uptake, the driving 
factor in the restriction of aET is the soil water 
content falling below the range to meet the evap-
orative demand. SWAT+ considers plant available 
soil water (AWC) to range between field capacity 
(FC = 0.0033 MPa) and the soil water content at 
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permanent wilting point (WP = 1.5 MPa) (Neitsch 
et al. 2011). Within this range, plants are allowed 
to extract water from deeper soil layers in case 
a layer does not meet the given demand, to the 
extent defined by the plant uptake compensa-
tion factor epco (0 – 1, in case of this model setup 
0.67). The potential water uptake for a layer is 
limited in case the soil water content undercuts a 
threshold in AWC:

w”up,ly = w´up,ly · exp [ 5 · (
SWly - 1 )](25 · AWCly)

when SWly < (25 • AWCly)

w”up,ly = Potential water uptake for the layer adjusted for 
initial soil water content [mm H2O]

w´up,ly = Adjusted potential water uptake for the layer,  
taking epco into account [mm H2O]

SWly = Soil water content of the layer at the given day 
[mm H2O]

AWCly = Available water capacity for the layer [mm H2O]

Formula 5.1.1 (Neitsch et al. 2011:328)

Figure 24: ET performance for deciduous tree species within the vegetation period 2003 for default (def) and 
modified (mod) model setups, compared to potential ET and soil wetness as indicators for plant water 
stress, based on monthly values.

The actual water uptake for a day (wactualup) is 
the sum of potential water uptake of all plant 
accessible layers, taking epco and the minimum 

of available plant water into account. The respec-
tive constraints in soil water content inducing a 
decline in transpiration evoke water stress (0 – 1) 
to occur, which is considered as the ratio between 
actual plant transpiration (= wactualup) and the 
maximum plant transpiration. The beech site was 
very much affected by a rapid decrease in soil 
water in 2003, which entailed an equivalent drop 
in aET, for both, default and modified settings. 
SWAT+ equals the maximum transpiration (Et) 
and E´o, the latter being the potential evapo-
transpiration minus evaporated water from the 
interception storage (E´o = pET – Ecan), when 
LAI > 3:

Et = E´o LAI > 3.0 Formula 5.1.2 
(Neitsch et al. 2011:135)

Consequently, in case of sufficient soil water con-
tent, but no free water in the canopy due to lack-
ing precipitation (Ecan = 0), with at the same time 
high evaporative demand, as valid in the drought 
period in summer 2003, pET and aET correspond 
at fully developed LAI, as can be seen in figure 
24 for oak, when the HRU-specific soil water 
dropped moderately. Table 11 summarizes simu-
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lated evapotranspiration throughout the vegeta-
tion period for the dominant tree species. 
The drop in aET at the end of the vegetation 
period is rather induced by falling LAI values, 
adapted from phenology data, and thus improved 
with regard to phenological accuracy compared 
to the default setting. As for oak, the modi-
fied LAI curve in case of beech also matched 
an adequate development towards the end of 
the growing season, whereas the default setting 
simulated an implausible rebound. In case of co-
niferous tree species, figure 25 (as well as table 
11) suggest that SWAT+ did not detect any water 
stress, and therefore simulated no constraints 
in transpiration, resulting in corresponding aET 
and pET, given that LAI > 3, Ecan = 0, and soil 

evaporation = 0. The drop of default aET for pine 
and douglas fir at the end of the growing season 
resulted from lower LAI values considered for de-
fault minimum LAI of these species.
It must be emphazised, that the model simu-
lations were executed using the Hargreaves 
method for calculating evapotranspiration, as it 
showed the best model performance with respect 
to the target objective (see tab. 25, and fig. 86, 
app.). The Hargreaves method is purely empirical 
and temperature based, accounting only for mini-
mum, maximum temperature and solar radiation 
(Hargreaves et al. 1985, Amatya et al. 1995). 
Nevertheless, numerous studies also achieved the 
best model performance in the forest using this 
method (e.g. Amatya et al. 2016).
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Parameter

Month Tree species
pET 

 [mm]
aET  

[mm]
Soil evaporation 

[mm]
average Soil wetness 

[mm]
water stress factor 

[0-1]

06/2003 oak 154.9 154.9 0 299.4 0

beech 157.8 157.8 0 82.8 0

spruce 156.6 156.6 0 281.7 0

douglas fir 157.8 157.8 0 241.9 0

pine 157.8 157.8 0 244.1 0

07/2003 oak 146.7 146.7 0 184.6 0

beech 150.4 71.2 0 6.43 0.5

spruce 150 150 0 171 0

douglas fir 150.4 150.4 0 149.3 0

pine 150.4 150.4 0 149.7 0

08/2003 oak 143.6 143.6 0 89.8 0

beech 146.2 19.3 0 2.2 0.8

spruce 145.4 145.4 0 82.7 0

douglas fir 146.2 146.2 0 47.36 0

pine 146.2 146.2 0 68.4 0

Table 11:

Simulated evapotranspiration in 2003 for summer 
months with fully developed canopy at maximum 
LAI.
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evaporation = 0. The drop of default aET for pine 
and douglas fir at the end of the growing season 
resulted from lower LAI values considered for de-
fault minimum LAI of these species.
It must be emphazised, that the model simu-
lations were executed using the Hargreaves 
method for calculating evapotranspiration, as it 
showed the best model performance with respect 
to the target objective (see tab. 25, and fig. 86, 
app.). The Hargreaves method is purely empirical 
and temperature based, accounting only for mini-
mum, maximum temperature and solar radiation 
(Hargreaves et al. 1985, Amatya et al. 1995). 
Nevertheless, numerous studies also achieved the 
best model performance in the forest using this 
method (e.g. Amatya et al. 2016).
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The results on HRU level support the conclusion, 
that the LAI is the major factor in aET develop-
ment for both, dormant and growing season, suf-
ficient plant water supply given. 
When evaluating the ET performance on wa-
tershed level, however, a plausible deviation 
between pET and aET became evident for the 
simulation period 2000 to 2020: The reaction of 
aET to soil water depletion indicated, that be-
sides the influence of interception storage, an ad-
equate number of HRUs showed drought induced 
decline in transpiration on the whole, which 
proofed the model to be effective on the larger 
scale (fig. 26).

Regarding plant growth, the data was compared 
to growth rates for each tree species, derived 
from Block et al. (2016), as described in section 
4.2.3.1, all based on yield class III. 

Figure 25:  ET performance of coniferous tree species within the vegetation period 2003 for default (def) and 
modified (mod) model setups, compared to potential ET and soil wetness as indicators for plant water 
stress, based on monthly values.

The SWAT+ simulations showed a growth 
rate of 0.00073 kg/ha/a for the default setup, 
and an increase by 1.25 % for the modified 
setup in case of oak, resulting in a growth rate 
of 0.00074 kg/ha/a. Beech showed a growth 
rate of 0.00061 kg/ha/a in the default, and 
0.00062 kg/ha/a in case of the modified 
setup, increased by 3.8 %. In case of spruce, 
the default setup resulted in a growth rate of 
0.00134 kg/ha/a, whereas the modified was 
increased by 1.7 % (0.00135 kg/ha/a). Douglas 
fir increase by 0.17 % from 0.00131 kg/ha/a to 
0.00134 kg/ha/a after modification. Pine in-
creased by 0.82 % from 0.00129 kg/ha/a in the 
default to 0.00133 kg/ha/a in the modified simu-
lation. Only in case of mixed stands, which are 
poorly depicted due to lacking data, a total de-
crease by -0.76 % was shown after modification. 
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The absolute changes in plant growth were very 
small, but point into the right direction compared 
to the yield table data, suggesting an increasing 
trend. The large deviation between the stated 
yield table growth rates, and the simulated is 
most probably related to differences in growth 
performance, and growth influencing factors 
between the plant growth models EPIC used in 
SWAT+, and SILVA used for the generation of the 
yield table data. For instance, the model SILVA, 
does account for neighboring effects such as 
growth compensation in case of timber extraction 
(Pretzsch 2019). 

Figure 26: Performance of potential ET (pET), and actual ET (aET) for both, modified and default settings, as well 
as average soil wetness (SW_av) on watershed level, depicting an accurate reaction of aET decline 
according to soil water content, as well as an overall plausible deviation between aET and pET.

5.1.2  Sensitive model parameters and manual 
calibration

5.1.2.1 The Palatinate Biosphere Reserve catch-
ment

The manual sensitivity analysis resulted in the 
conclusion that aquifer parameters were the 
dominant governing factor of low flows of the 
hydrograph (Tigabu et al. 2022). Parameters iden-
tified to be effective with regard to significant 
influence on simulated streamflow performance 
were baseflow alpha factor (alpha_bf), deep 
aquifer percolation fraction (rchg_dp), revap 
(reavp_co), minimum aquifer storage to allow 
return flow (flo_min), threshold depth of water in 
the shallow aquifer (revap_min), depth-mid-slope 
surface to water table (dep_wt), and flow dis-
tance (dep_bot). The parameter values fitted for 
the first and second aquifer layers were different. 
Identified best fitted values for aquifer param-
eters are listed in table 12.
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Parameters identified to be sensitive throughout 
the automatic calibration process are shown in 

Table 12:

Aquifer model parameter identified sensitive through 
manual calibration procedures, fitted for the first and 
second aquifer layer.

Aquifer parameter Type of change Fitted value

First layer Second layer

alpha_bf absolute value 0.8884 0.44585

rchg_dp absolute value 0.3 0.01

revap_co absolute value 0.2 0.08528

flo_min absolute value 0.35378 9.41929

revap_min absolute value 2.13279 7.96882

dep_wt absolute value 1.23045 10.61029

dep_bot absolute value 4 10

figure 27 (for the Bobenthal catchment) and fig-
ure 28 (for the Neustadt catchment).

Figure 27: Effective model parameters that influence the efficiency of the model performance under increasing/
decreasing values for the Bobenthal catchment. Horizontal and vertical axes represent parameter and 
model efficiency, respectively (Tigabu et al. 2022:9)
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Figure 28: Effective model parameters that influence the efficiency of the model performance under increasing/
decreasing values for the Neustadt catchment. Horizontal and vertical axes represent parameter and 
model efficiency, respectively (Tigabu et al. 2022:10).

5.1.2.2 The Bobenthal2 catchment

Sensitive model parameters were identified man-
ually following appropriate change methods on 
the parameter values, by testing one parameter 
at a time (cf. Tigabu et al. 2021:4). Regarding the 
aquifer section, the parameters listed in table 13 
were found sensitive

After their identification, the sensitive param-
eters were included in the automatic calibration 
procedure, described in section 5.2.2. Figure 29 
shows the influence of parameters on the model 
efficiency under increasing/decreasing parameter 
values. 

Parameter Change type Min Max Fitted value Parameter description

alpha_bf absolute value 0 1 0.47000 Baseflow alpha factor [1/days]

rchg_dp absolute value 0 1 0.20000 Deep aquifer percolation fraction

Table 13:

List of sensitive aquifer parameters for the Boben-
thal2 catchment, and their minimum and maximum 
ranges and manually calibrated values (Tigabu et al. 
2021).
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After their identification, the sensitive param-
eters were included in the automatic calibration 
procedure, described in section 5.2.2. Figure 29 
shows the influence of parameters on the model 
efficiency under increasing/decreasing parameter 
values. 

Figure 29: Dotty plots showing the influence of parameters on the efficiency of the model under increasing/
decreasing parameter values for the Bobenthal2 catchment. Horizontal and vertical axes represent 
parameter and model efficiency, respectively (Tigabu et al. 2021:5).

5.2 Calibration and validation

5.2.1 The Palatinate Forest Biosphere Reserve 
catchment

The automatic calibration procedure for the re-
gionalized model included the parameters listed 
in table 14. The catchments Bobenthal and 
Neustadt were calibrated independently. In order 
to further improve persisting disparities in the 
observed and simulated hydrographs, the manu-
ally identified best fitting aquifer parameters 
were included in the calibration process (Tigabu 
et al. 2022). Figure 30 shows the improved hy-
drograph after aquifer parameter adaption for 
the sub-catchment Bobenthal, and figure 31 
the equivalent for the sub-catchment Neus-
tadt. Furthermore, the applied plant parameter 
modification described in section 4.3.2 resulted 
in an improvement of model performance with 
respect to statistical indices KGE, NSE, PBIAS and 
RSR. For instance, the default plant parameter 

settings showed a best model fit with the KGE 
value being 0.70, whereas the modified plant pa-
rametrization resulted in KGE being 0.74 for the 
Bobenthal catchment (ibid.). The final best fitting 
parameters for both, Neustadt and Bobenthal 
catchment, were transferred to the other sub-
catchments in the Palatinate Biosphere Reserve 
catchment (ibid). Table 15 shows the model 
performances with respect to statistical indices 
values based on simulated and measured stream-
flow time series data for (1) the best calibration 
outputs for Bobenthal and Neustadt transferred 
to the other sub-catchments, and (2) best model 
parameters combination for each catchment 
independently. As can be inferred from it, the 
best fitted calibrated model parameter setup for 
Bobenthal was more sufficient in depicting the 
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hydrological processes than the individually cali-
brated catchments. With 3000 simulation runs, 
the best KGE value for the Bobenthal catchment 
corresponded to the second best of Neustadt, so 
that the calibrated Bobenthal parameter set was 
chosen to be used for regionalization to the entire 
Palatinate Biosphere Reserve catchment (ibid). 
When this attempt worked sufficiently good for 
the gauges of Neustadt and Siebeldingen, the 
rather poor performance regarding NSE of Tha-
leischweiler, Haderburg, and Moosalbtal indicated 
that a local calibration would have been recom-

mended to represent local dynamics in these sub-
catchments. Anyway, the PBIAS ranging within 
the threshold limit of -25 % to 25 % confirmed 
that the long-term mean water balance was 
reasonably approximated (except for the valida-
tion period at Moosalbtal). But since the data 
availability was limited with regard to these sub-
catchments, using the derived parameter set from 
the Bobenthal sub-catchment for regionalization 
was considered a good first model approximation 
for the entire study area (ibid.).

Parameter Change type Min Max Fitted value Parameter description

CN2 abschg -20 20 -5.55181 Condition II Curve Number

CN3_SWF absval 0 1 0.56684 Soil water factor for condition III CN

esco absval 0 1 0.1 Soil evaporation compensation factor

epco absval 0.01 1 0.85191 Plant uptake compensation factor

z pctchg -30 30 2.82143 Depth of soil-zone layer from surface [mm]

lat_ttime absval 0 120 90 Lateral flow travel time [d]

snomelt_tmp absval -5 5 4.89693 Temperature of snowmelt [°C]

snowfall_tmp absval -5 5 1.17065 Temperature of falling snow [°C]

lat_len absval 0 150 80 Slope length for lateral subsurface flow [m]

surlag absval 0 15 7.41828 Surface runoff lag coefficient

slope_len absval 10 70 22.68735 Average slope length for erosion [m]

perco absval 0 1 0.87406 Percolation coefficient

canmx pctchg -20 20 -4.04053 Maximum canopy storage [mmH2O]

latq_co absval 0 1 0.63586 plant ET curve number coefficient

k pctchg -50 50 -13.85028 Saturated hydraulic conductivity [mm/hr]

awc abschg 0 0.5 0.07107 Available water capacity [mmH2O/mm soil]

Table 14:

List of sensitive parameters and their minimum and 
maximum ranges and calibrated values. absval = 
absolute value, abschg = absolute change, pctchg = 
change in % (Tigabu et al. 2021)
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Table 15:

Calibrated (cal) and validated (val) model performan-
ces with respect to statistical indices values based on 
simulated and measured streamflow time series data 
for (1) the best calibration outputs for Bobenthal and 
Neustadt transferred to the other sub-catchments, 
and (2) best model parameters combination for each 
catchment independently (source: Tigabu 2022).

Objective  
Function

Sub-catchments

Bobenthal Neustadt Thaleischweiler Moosalbtal Hardenburg Siebeldingen

(1) cal val cal val cal val cal val cal val cal val

KGE 0.86 0.74 0.74 0.57 0.64 0.57 0.21 -0.65 0.33 0.19 0.72 0.6

NSE 0.73 .049 0.49 0.1 0.25 0.1 -0.51 -3.07 0.03 0.001 0.61 0.38

PBIAS -0.3 -3.6 16.8 15.4 4.5 -0.9 17.1 -55.9 0.3 13 9.5 2

RSR 0.51 0.71 0.71 0.95 0.86 0.95 1.22 2.02 0.98 0.99 0.62 0.79

(2)

KGE 0.86 0.74 0.48 0.19 0.25

NSE 0.73 0.47 -0.09 0.03 -0.37

PBIAS -0.3 6.7 -5.4 -12.6 -16.6

RSR 0.51 0.72 1.05 0.99 1.17

Figure 30: Daily time series hydrographs of simulated and observed streamflow of the sub-catchment Bobenthal 
for calibration and validation period (source: Tigabu et al. 2022).
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Figure 31: Daily time series hydrographs of simulated and observed streamflow of the sub-catchment Neustadt 
for calibration and validation period (source: Tigabu et al. 2022).

5.2.2 The Bobenthal2 catchment

For calibration analysis, simulation outputs of rel-
evant water balance components such as lateral 
flow, surface runoff, actual ET and groundwater 
recharge were considered (Tigabu et al. 2021). 
Sufficient model performances with respect to 
satisfactory model performance indices were only 
found with the Hargreave´s method for calculat-
ing aET. The so found optimal calibration param-
eters are listed in table 16. 

Applying those parameter changes to the model 
resulted in the hydrographs and flow duration 
curves shown in figure 32, which was found rea-
sonable also with regard to model performance 
indices (shown in table 17). The SWAT+ model 
reproduced the measured daily streamflow suf-
ficiently and was found capable of depicting the 
hydrological processes and flow dynamics in the 
catchment in all seasons. Following Moriasi et al. 

(2007) the model performance indices are above 
satisfactory for both, calibration and validation 
period, although less satisfactory for the entire 
simulation. There was a data gap for precipitation 
between 2004 and 2008, which was compen-
sated with the SWAT+ internal weather genera-
tor based on monthly statistics, which does not 
allow for a precise depiction of precipitation and 
streamflow on daily resolution, and thus resulted 
in a less satisfactory model performance. 

Remaining deviations between observed and 
simulated streamflow might be related to the 
small catchment size, since the gridded precipita-
tion input data was downscaled for the catch-
ment from the input data generated for the entire 
Palatinate Forest Biosphere Reserve area (Tigabu 
et al. 2021).
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Table 16:

List of sensitive parameters and their minimum and 
maximum ranges and calibrated values. absval = 
absolute value, abschg = absolute change, pctchg = 
change in % (Tigabu et al. 2021).

Parameter Change type Min Max Fitted value Parameter description

CN2 abschg -20 20 -16.58715 Condition II Curve Number
CN3_SWF absval 0 1 0.13143 Soil water factor for condition III CN
esco absval 0 1 0.64612 Soil evaporation compensation factor
epco absval 0.01 1 0.6876 Plant uptake compensation factor
z pctchg -30 30 23.16295 Depth of soil-zone layer from surface [mm]
lat_ttime absval 0 120 74.49358 Lateral flow travel time [d]
lat_len absval 0 150 140.75675 Slope length for lateral subsurface flow [m]
surlag absval 0 15 0.11945 Surface runoff lag coefficient
slope_len absval 10 70 55.56029 Average slope length for erosion [m]
perco absval 0 1 0.85713 Percolation coefficient
canmx pctchg -20 20 2.23619 Maximum canopy storage [mmH2O]
latq_co absval 0 1 0.51856 plant ET curve number coefficient
k pctchg -50 50 -44.03878 Saturated hydraulic conductivity [mm/hr]
AWC abschg 0 0.5 0.06213 Available water capacity [mmH2O/mm soil]

Figure 32: Hydrographs and flow duration curves for Bodenthal2 catchment for calibration and validation  
periods (source: Tigabu et al. 2021).
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5.3 Water balance 

5.3.1 The Palatinate Forest Biosphere Reserve 
catchment

After regionalization, the entire catchment of 
the Palatinate Biosphere Reserve was analyzed 
regarding water balance components and flow 
dynamics in order to calculate the available water 
budgets and their distribution in the watershed. 
The time period used for analysis was 2000 to 
2020. Within this period, the long-term annual 
average water inputs through precipitation was 
821 mm. A major part of precipitation (77 %) 
was shown to be evaporated back into the at-
mosphere as actual ET, amounting 635 mm/aa. 
SWAT+ captured the seasonal variability in ET 
throughout the years properly, as exemplified 
for the period 2004 to 2008 on monthly basis in 
figure 33.

Regarding surface runoff, only a small part of 
1.5 % was transported as overland flow on aver-
age annual level (12.5 mm/aa). For the depic-
tion of the temporal-quantitative distribution of 
overland flow, the finest possible resolution is re-
quired, which in case of SWAT+ is a daily resolu-
tion. There was a quick drain reaction detected in 

Table 17:

Efficiency of the SWAT+ model as evaluated for cali-
bration, validation and entire simulation periods. The 
quantitative statistics are computed based on a daily 
observed and simulated streamflow data  
(Tigabu et al. 2021).

Objective  
function

Warm up period (1991-1993)

Calibration 
(2009-2019)

Validation 
(1994-2003)

Full simulation 
(1994-2019)

KGE 0.82 0.83 0.76

NSE 0.64 0.65 0.53

PBIAS -1.0 -8.1 9.4

RSR 0.60 0.60 0.68

surface runoff responding to elevated precipita-
tion values as response to higher amounts of pre-
cipitation, which lead to a distinct peak in surface 
runoff, as can be concluded from figure 34. 
 
A similar short circuit drain reaction was observed 
regarding the contribution to streamflow, as 
shown in figure 35 based on monthly values. 

A dominant factor in water yield (93 %), and 
therefore contribution to the stream, was lateral 
flow, accounting for 169 mm/aa, which was 20 % 
of the long-term average annual precipitation. 
Consequently, surface runoff and lateral flow 
added up to 181.7 mm/aa water yield, feeding the 
discharge at the outlet point.

The second dominant factor in water distribution 
dynamics was found to be groundwater recharge 
(fig. 36). 
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added up to 181.7 mm/aa water yield, feeding the 
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The second dominant factor in water distribution 
dynamics was found to be groundwater recharge 
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Figure 33: SWAT+ performance of seasonal variability in potential ET (pET) and actual ET (aET), exemplified for 
the timeline 2004 to 2008, based on monthly values.

Figure 34: Response in surface runoff [right ordinate mm] and streamflow [m3] to elevated precipitation [left 
ordinate mm] amounts in the Palatinate Biosphere Reserve catchment in January 2017, based on daily 
values. 
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Figure 35: Runoff drain reaction in the Palatinate Biosphere Reserve catchment from 2000 to 2020, based on 
monthly values for streamflow [m3/s], Water yield (wateryld) [mm], surface runoff (Surq) [mm], and 
lateral flow (latq) [mm].

Figure 36: Flow dynamics of groundwater and precipitation, including percolation (perc), shallow aquifer recharge 
(rchrg), baseflow (flo_cha), and deep groundwater recharge (deep rchrg) based on annual values in the 
Palatinate Biosphere Reserve from 2000 to 2020, with trend lines indicating decreasing values.



87

With high amounts of the precipitation inputs 
percolating to the vadose zone (122 mm/aa), the 
shallow aquifer was fed by 340 mm/aa, from 
which 162 mm/aa discharged back to streams as 
baseflow. The deep aquifer recharge therefore ac-
counted for 21.6 % in total of the average annual 
precipitation, which was 177 mm/aa. The model 
results roughly corresponded to the model results 
of LGB & LfW RLP (2004) after Wundt, Kille and 
the MNQ method, according to which 11 – 30 % 
of the annual precipitation (244 mm/a) were de-
termined for the deeper, large-scale groundwater 
aquifer. The groundwater recharge rate in the en-
tire area can therefore be classified as high, which 
reflects the seepage and flow properties de-
scribed in section 3.2. The groundwater recharge 
of the shallow and deep aquifer took place with 
one to two months delay after autumn and win-

ter months precipitation, with a minimum in Sep-
tember till November (fig. 37). Corresponding to 
a decreasing trend in precipitation for the period 
from 2000 to 2020, the groundwater recharge 
also showed falling trends since the beginning of 
the century. 

Figure 38 shows selected water balance com-
ponents for the time period. The falling trends 
in precipitation and recharge were opposed by 
an increase in potential ET, which is considered 
a direct consequence of elevated mean air tem-
perature in the course of climate change. The 
decreasing trend in actual ET, however, can be 
explained by progressive scarcity in soil water, 
which was found evident for the simulation 
(fig. 39). 

Figure 37: Seasonal variability of groundwater recharge in the catchment area based on monthly values from 
2000 to 2020, depicting minima and maxima of shallow aquifer recharge (rchrg) and deep groundwater 
recharge (deep rchrg) correlating with precipitation inputs, plant extraction outputs (aET).
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Figure 38: Selected water balance components simulated with SWAT+ in the Palatinate Biosphere Reserve 
from 2000 to 2020 based on yearly values, showing decreasing trends in precipitation (precip, right 
ordinate), and actual ET (aET, left ordinate), and an increasing trend in potential ET (pET, left ordinate). 
Also, average soil wetness (SW av, left ordinate) and lateral flow (latq, left ordinate) depict the patterns 
in precipitation.

Figure 39: Development of soil wetness and percolation within the time period 2000 to 2020, simulated with 
SWAT+, showing decreasing trends due to a decrease in water input. 
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Soil water showed a general dynamic of replen-
ishment in the dormant period, and depletion 
throughout the vegetation period, so that SWAT+ 
can be considered to capture the seasonal vari-
ability of plant water consumption and canopy 
cover expression sufficiently. The soil water 
dynamics were found to correlate strongly with 
water availability through precipitation inputs 
and plant extraction, the latter being governed by 
the atmospheric evaporative demand (potential 
ET). When in years with sufficient water inputs 
throughout the vegetation period, represented by 
2014 in figure 40, the deviation between actual 

and potential ET, as well as soil water depletion 
from plant water consumption, were not distinc-
tively pronounced, drought periods, as recorded 
in 2018 (represented in fig. 41), 2019 and 2020 
(see fig. 42), showed a large deviation between 
pET and aET.

As can be interfered from figure 41 and 42, soil 
water depletion with at the same time rising 
evaporative demand, resulted in a higher devia-
tion between aET and pET, indicating a simu-
lated decline in transpiration due to scarce water 
availability.

Figure 40: Interplay of water inputs, soil water content, potential ET, and actual ET in soil water dynamics in  
2014 with sufficient plant water availability throughout the vegetation period, simulated with  
SWAT+. SW_av = average soil water content (left ordinate), precip = precipitation (right ordinate), 
pET = potential ET (left ordinate), aET = actual ET (left ordinate).
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Figure 41: Interplay of water inputs, soil water content (SW av, left ordinate), potential ET (pET, left ordinate), 
and actual ET (aET, left ordinate) in soil water dynamics in 2018, with scarce precipitation (precip, right 
ordinate) throughout the vegetation period simulated with SWAT+. 

Figure 42: Interplay of water inputs, soil water content (SW av, left ordinate), potential ET (pET, left ordinate), 
and actual ET (aET, left ordinate) in soil water dynamics in 2020, with even less precipitation (precip, 
right ordinate) throughout the vegetation period compared to 2018.
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5.3.2 The Bobenthal2 catchment

Based on the calibrated model, the water bal-
ance components of the Bobenthal2 catchment 
were analyzed regarding hydrological dynamics 
relevant for the objective of the study within the 
time period from 1999 to 2019. The Bobenthal2 
catchment area was used as an artificial attempt 
to carry out the simulation of age-related stock-
ing patterns, differentiated in juvenile and mature 
stocking types, the results of which are presented 
in section 5.5. In this section, however, the gen-
eral model results regarding the water balance of 
the calibrated base model are presented, in order 
to confirm its plausibility.
As expected for forested areas, the results for 
the Bobenthal2 catchment also confirmed the 
high proportion of water loss to actual evapo-
transpiration. With an annual average share of 
51 % of precipitation (880 mm/aa), aET was 
shown the dominant loss factor in water balance 
(450 mm/a), influencing soil water contents, 
as well as heat fluxes between land surface and 
atmosphere. A second dominant factor was 
identified to be water yield, contributing to the 
streamflow at the outlet point, accounting for 
31 % of the mean annual precipitation, which is 
equivalent to 274 mm/aa. The main contribu-
tor (96 %) to water yield was lateral flow with 
264 mm/aa, whereas surface runoff showed a 
negligible share of 4 % of water yield, and 1.2 % 
of the annual average precipitation (10.8 mm/aa). 
This emphasizes the mitigating effect of forested 

watersheds on runoff volumes, which was also re-
flected in very low annual average flow volumes 
of the main channel of 2.94 m3/s. The model 
results indicated that the majority of the seep-
age water volume contributes to the recharge 
of the deeper, large-scale coherent aquifer, ac-
counting for 26 % of annual average precipitation 
(231 mm/aa), again coinciding with the results of 
LGB & LFW (2004), accounting 11 – 30 % of the 
annual precipitation (244 mm/a). The shallow 
aquifer accounted for 603 mm/aa, from which 
372 mm/aa discharged back into the channels as 
baseflow. The temporarily stored shallow aquifer 
was shown to be primarily effective in flow delay. 
The groundwater formation rate in the Boben-
thal2 area can therefore also be classified as 
high, which, again, can be attributed to the ideal 
seepage and flow properties of the geological 
subsurface. The groundwater recharge in the 
shallow aquifer occured with a delay of one to 
two months after the precipitation events of the 
autumn and winter months, with a minimum in 
September and October.

Figure 43 shows the hydrographs with temporal 
dynamics of simulated and observed discharge 
and precipitation from 2009 to 2018. 

Figure 43: Temporal dynamics of major hydrologic processes in the Bodenthal2 catchment  
(source: Tigabu et al. 2021).
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Figure 44: Long-term trends of selected water balance components in the Bodenthal2 catchment from 1999 to 
2019, based on annual values: pET = potential ET, aET = actual ET, perc = percolation, wateryld = water 
yield, SW = average soil wetness, Precip = precipitation.

Figure 44 shows long-term trends of major hy-
drologic processes in the Bodenthal2 catchment 
from 1999 to 2019, and figure 45 depicts the 
groundwater flow dynamics. As figure 44 reveals 
based on yearly values, there was a slide decreas-
ing trend for water yield and actual ET from 1999 
to 2019, resulting from a decrease in precipitation 
and a slight increase in evaporative demand (po-
tential ET) during that period. Also, for ground-
water recharge, there was a clear falling trend for 
the shallow aquifer, which interacted dynamically 
with baseflow discharge, whereas the deep aqui-
fer, reacting less dynamic, only showed a slight 

decreasing trend throughout the time period.
Regarding runoff dynamics, figure 46 shows the 
interplay of precipitation, streamflow and surface 
runoff, and depicts the immediate drain dynam-
ics, reacting with higher peaks to elevated precipi-
tation volumes. Although the total runoff volume 
must be considered low due to the strongly miti-
gating effect of forest vegetation cover, elevated 
peaks might contribute to the generation of flash 
floods in receiving water bodies in the event of a 
heavy storm.
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Figure 45: Groundwater recharge of the shallow aquifer (rchg), and the deep aquifer (deep_rchg) from 1999 to 
2019 in the Bobenthal2 catchment, showing decreasing trends especially for the shallow aquifer, which 
shows a higher dynamic corresponding to baseflow interactions (flo_cha), based on monthly values.

Figure 46: Interaction between streamflow (stream), surface runoff (surq) and precipitation (precip) in the 
Bobenthal2 catchment from 1999-2019, based on monthly values.
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5.4 Future climate projections

The analysis of the climate scenarios was based 
on the reference period 1961 to 1990 and evalu-
ated with main focus on possible future develop-
ments of water balance parameters reflecting 
the objective: Surface runoff and groundwater 
recharge. Other variables, that served as an indi-
cation for hydrologically functional processes of 
forest ecosystems, were also investigated. The 
baseline period was compared to an ensemble 
of 6 different climate scenarios, each for RCP2.6 
(strong climate protection) and RCP8.5 (no cli-
mate protection), within the projection periods 
2031 to 2050 and 2071 to 2099. For all climate 
projections, minimum, and maximum values were 
calculated in order depict a corridor of possible 
developments. The change signals of relevant 
water balance components were then calculated 

for the projections, and compared to the base-
line period. Table 18 provides an overview of 
the change signals of all analyzed water balance 
components for both future timelines, the long-
term mean annual values of the baseline as basis 
of calculation, and the change in % of the period 
2071 to 2099 compared to the period 2031 to 
2050. It also includes the period from 2000 to 
2020 as an overview of nowadays impact of 
climate change compared to the baseline. Both 
periods differ strongly regarding water balance 
dynamics: When the baseline period was char-
acterized by quite stable conditions, the period 
2000 to 2020 showed a more dynamic develop-
ment with a pronounced heterogeneity of cli-
matic conditions, as depicted in figure 47. 

Figure 47: Comparison of water balance dynamics of the timelines 1961-1990 (baseline period), and the near 
past (2000 to 2020) simulated with SWAT+, showing significant differences in dynamic character of 
climatic conditions. With precip = precipitation, pET = potential ET, aET = actual ET, deep rchrg = deep 
groundwater recharge, watryld = water yield, perc = percolation, SW av = average soil wetness. 
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Change % of baseline Change  
between  
future 
periods

RCP2.6

timeline
1961- 
1990

2000-2020 2031-2050 (a) 2071-2099 (b)

baseline
Absolute 

values
% of  

baseline
MIN MAX MIN MAX

% (b)  
of (a)

Precipitation [mm] 1184.56 821.38 -30.66 -32.34 -3.77 -36.01 -7.08 -3.46

Potential ET [mm] 768.29 787.32 2.48 1.66 17.18 0.53 19.68 0.71

Actual ET [mm] 707.13 635.7 -10.10 -14.91 3.48 -17.43 4.11 -1.20

Soil Evaporation [mm] 115.40 110.26 -4.45 -17.91 -0.89 -22.71 9.67 0.83

Lateral flow [mm] 404.90 169.26 -58.2 -56.95 -4.26 -67.77 -16.63 -14.67

Soil wetness [mm] 246.08 164.17 -33.29 -32.48 -8.55 -38.50 -9.10 -2.55

Percolation [mm] 309.28 122.24 -60.48 -60.86 -12.69 -70.82 -19.67 -7.4

GW recharge [mm] 285.7 177.6 -37.8 -39.45 -9.23 -41.18 -7.92 0.07

Surface runoff [mm] 30 12.47 -58.43 -62.18 -13.30 -63.13 -6.07 -0.18

Water yield [mm] 434.9 181.73 -58.21 -58.47 -9.98 -67.50 -17.03 -9.92

Streamflow [m3/s] 3.65 2.3 -36.99 -55.41 -13.69 -59.64 -12.79 -2.36

RCP8.5

Year
1961- 
1990

2000-2020 2031-2050 (a) 2071-2099 (b)

baseline
Absolute 

values
% of  

baseline
MIN MAX MIN MAX

% (b)  
of (a)

Precipitation [mm] 1184.56 821.38 -30.66 -36.37 -4.12 -30.22 2.02 5.40

Potential ET [mm] 768.29 787.32 2.48 0.24 16.76 2.34 23.74 3.76

Actual ET [mm] 707.13 635.7 -10.10 -15.07 3.76 -14.47 4.28 -0.48

Soil Evaporation [mm] 115.40 110.26 -4.45 -18.84 6.75 -16.33 7.53 1.64

Lateral flow [mm] 404.90 169.26 -58.2 -59.47 -14.67 -55.67 2.68 7.90

Soil wetness [mm] 246.08 164.17 -33.29 -34.52 -7.52 -31.70 -6.90 0.60

Percolation [mm] 309.28 122.24 -60.48 -61.23 -16.14 -38.52 -34.27 2.62

GW recharge [mm] 285.7 177.6 -37.8 -37.96 -9.47 -35.89 2.07 5.5

Surface runoff [mm] 30 12.47 -58.43 -59.00 -13.79 -59.80 28.90 17.49

Water yield [mm] 434.9 181.73 -58.21 -59.04 -15.17 -55.66 4.06 8.23

Streamflow [m3/s] 3.65 2.3 -36.99 -53.84 -16.36 -41.38 0.12 6.64

Table 18:

Change signals in water balance components of 
climate scenario RCP2.6 and RCP8.5 for the timelines 
2000-2020, 2031-2050 and 2071-2099 compared to 
the baseline period 1961-1990, as well as change in 
% between the future projection timelines, based on 
annual average values.
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For the middle of the century, both RCP scenarios 
predicted a decrease in precipitation compared to 
the baseline period. RCP2.6 ranged from -32 % 
to -3.7 %, while the decrease for RCP8.5 was 
even slightly higher, with a minimum of -36 % 
to a maximum of -4 %. Under RCP2.6, the de-
crease even aggravated by -3.5 % until the end 
of the century, with a minimum of -36 % to a 
maximum of -7 %. Only in case of RCP8.5, an 
increase by 2 % in precipitation was projected 
in maximum values for the end of the century 
compared to the baseline period, though the 
minimum still showed a decrease by -30 %. Fig-
ures 48 and 49 provide a more detailed insight 
in the development of precipitation throughout 
the future timelines for both scenarios, based on 
yearly values. The trendlines indicated a decline 
in precipitation for RCP2.6 in 2031 to 2050, but 
a very slight increase for 2071 to 2099, as well 
as an increasing trend for RCP8.5 within both 
future periods, which matched the precipitation 
projections of the Competence Centre of Climate 
Change Impacts RLP in general18. Despite the in-
creasing trend within the far future timeline, an 
overall mean decreasing trend for RCP2.6 for the 
timeline 2071 to 2099 compared to the middle of 
the century can also be inferred by fig. 49. Except 
for a few peaks in maximum values, the climate 
projections undercut, however, the precipitation 
amounts of the baseline period, although an ap-
proximation can be inferred for the end of the 
century, as well as a slight convergence of the 
scenarios RCP2.6 and RCP8.5. With a change of 
-30 % compared to the baseline, the past two 
decades (2000-2020) already approximated pro-
jected minimum values for the future. 
The lower water inputs to the system were pro-
jected to be counteracted by clear increasing 
trends in evaporative demand, resulting from 
higher air temperatures, as in line with predictions 
of the Competence Centre of Climate Change Im-
pacts RLP until the end of the century (see fig. 10 
in section 2.3.3.1). RCP2.6 indicated an increase 
in potential ET ranging from 1.6 % (minimum) to 
17 % (maximum) for the middle of the century, 

0.24 % to 16.7 % for RCP8.5 respectively, and at 
least 0.5 % to maximal 19 % until the end of the 
century, 2.3 % to 23.7 % for RCP8.5 respectively. 

The approximately 2.5 % gain in potential ET 
observed throughout the past two decades 
(2000  -2020), however, already matched the 
minimum value projected for the worst case sce-
nario (RCP8.5) by the end of the century. The cur-
rent development thus indicated an accelerated 
progression of climate change, exceeding the ex-
pectations suggested by the climate projections.
 At the same time, actual ET was projected to de-
crease in minima through all future timelines and 
scenarios, whereas maximum values indicated 
a slight increase: RCP2.6 ranged from -14 % by 
the middle of the century, and -17 % to 4 % by 
the end of the century compared to the baseline. 
RCP8.5 showed a range for actual ET from -15 % 
decrease to 3.7 % increase by the middle, and 
approximately analogous values (-14 % to 4 %) 
until the end of the century. The smaller decrease 
in minima for RCP8.5 by the end of the century 
can be explained by increasing precipitation, 
which mitigated soil water deficiencies in plant 
water availability. In 2000 to 2020 on the other 
hand, decline in plant transpiration due to scarce 
soil water availability was found reflected in a de-
crease in aET by -10 %.

This was also found reflected in values for soil 
wetness, when the soil water content depleted 
by -33 % in mean values in 2000 to 2020. For 
the near future minima were found to match 
the current development with -32 %, but aggra-
vated for the farer future with -38 % soil wetness 
compared to the baseline, whereas the maxima 
ranged from -8 % to -9 % respectively. 
RCP8.5 showed a slight recovery of soil water in 
minimum values from -34 % in the middle, to 
-31 % by the end of the century, when more pre-
cipitation inputs replenished the storage. Maxima 
remained quite constant in that case, with -7.5 % 
to -7 %. 

18 See www.kwis-rlp.de

https://www.kwis-rlp.de/start/
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Figure 48: Projected development of precipitation (precip) for both scenarios, RCP2.6 and RCP8.5, within the 
timeline 2031 to 2050, based on yearly values, with minimum and maximum corridors for both 
scenarios, and compared to the baseline period 1961 to 1990.

Figure 49: Projected development of precipitation (precip) for both scenarios, RCP2.6 and RCP8.5, within the 
timeline 2071 to 2099, based on yearly values, with minimum and maximum corridors for both 
scenarios, and compared to the baseline period 1961 to 1990.
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 The overall lower water inputs reflected in fu-
ture projections compared to the baseline period 
also caused a clear trend of loss in groundwater 
recharge, due to significantly pronounced de-
creases in percolation, ranging from -60 % in 
minima by the middle, to -70 % by the end of 
the century for RCP2.6, and from -61 % to -38 % 
for RCP8.5 respectively. Maxima still showed a 
decrease by -12 % in the near future, to -19 % 
by the end of the century for RCP2.6, and -38 % 
to -2 % for RCP8.5 respectively. Again, the pro-
jected gain in precipitation in the farer future was 
found effective in mitigating losses in percola-
tion. As groundwater recharge is fed by percola-
tion water entering the vadose zone, previously 
stored percolation water at the bottom layer, 
and bypass flows (cf. Neitsch et al. 2011:172), 
all entering the aquifer in a given timestep, the 
recharge is directly affected by lower inputs of 
percolation, which resulted in a decline in minima 
of -39 % (2031-2050) to -41 % (2071-2099) 

for RCP2.6, with maxima ranging from -9 % to 
-7 % respectively, and -38 % (2031-2050) to 
-36 % (2071-2099)  for RCP8.5, with maxima 
for the middle of the century of -9 % of the 
baseline. Only in case of RCP8.5 by the end of 
the century, maximum values were predicted to 
match, and even slightly exceed past times (2 % 
gain compared to the baseline), so that ground-
water storage depletion was assumed to recover 
again due to elevated precipitation inputs. With 
approximately -38 % decrease in groundwater 
recharge compared to the baseline, the current 
development (2000 to 2020) already resembled 
future projection minima. Figure 50 shows the 
predicted development of deep groundwater 
recharge for both scenarios until the middle of 
the century in average annual values, plus mini-
mum and maximum corridors. For both scenarios, 
maximum values reached the baseline recharge 
volumes in peaks, but cannot be considered sus-
tainable in replenishment.

Figure 50: Projected development of deep groundwater recharge (rchrg) for RCP2.6 and RCP8.5 within the 
timeline 2031 to 2050, based on annual values, and compared to the baseline period 1961 to 1990, 
showing a decreasing trend for RCP2.6, and an increasing trend for RCP8.5. 
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Figure 51 gives the projection of deep ground-
water recharge for RCP2.6 and RCP8.5 within 
the timeline 2071 to 2099. The yearly resolution 
allows for further conclusions: Throughout the 
period 2071 to 2099, RCP2.6 showed a slight 
increasing trendline, which also matched the pre-
cipitation patterns adequately, although decreas-
ing in overall mean values (-25 % in mean values 
compared to the baseline). The time resolution 
also allowed for a more detailed perspective on 
possible developments with respect to maximum 
values: RCP8.5 exceeded the baseline period in 
more frequent peaks, and even constantly close 
to the end of the century, when even for RCP2.6 
a conjunction with the baseline period can be 
inferred regarding maximum peaks. When in the 
middle of the century, the maximum for RCP8.5 
was around -9 % compared to the baseline, the 
steep rise within only half a century indicated a 
very accelerated change in climatic conditions 
for this worstcase scenario, potentially bringing 
about a chaotic progression. This incidence can 
be considered a potential tipping point regarding 

the recovery of groundwater formation. But, as 
soil water depletion was still effective within the 
vegetation period, as can be inferred from fig-
ure 52 for RCP8.5 at the end of the century, this 
cannot be considered an easing signal for future 
living conditions of tree communities: Forest eco-
systems are tightly bound in their vitality to func-
tional hydrological continuity, and are therefore 
vulnerable to extrem weather conditions, such 
as progressive drought periods throughout the 
vegetation period. Figure 52 also supports the as-
sumption that the low peak of soil water content 
was reached far earlier in the year: when in the 
baseline period, the lowest values in soil wetness 
were reached by the middle of September, the 
farer future development suggested soil water to 
be depleted in August already. 

The overall lower water inputs to the system for 
future scenarios also resulted in lower amounts 
of runoff water, may it be lateral flow, overland 
flow, or streamflow. The overall water yield 
decreased by -58 % in minimum values by the 

Figure 51: Projected development of groundwater recharge (rchrg) for RCP2.6 and RCP8.5 within the timeline 
2071 to 2099, based on annual values, and compared to the baseline period 1961 to 1990, showing an 
increasing trend for both scenarios, though undercutting the baseline recharge amounts. 
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middle of the century in case of RCP2.6, -67 % 
for RCP8.5 respectively, and almost -59 % until 
the end of the century, -55 % in case of RCP8.5 
compared to the baseline. Maximum values 
ranged from approximately -10 % decline for 
RCP2.6 by the middle of the century (-15 % in 
case of RCP8.5), to -17 % in the farer future. Only 
in case of maximum values, RCP8.5 indicated a 
gain in water yield by 4 % at the end of the cen-
tury compared to the baseline. The relative rise in 
water yield for RCP8.5 at the end of the century, 
again, correlated with the rise in precipitation, 
and was found to be also reflected in stream-
flow, with a small gain of 0.1 % of the baseline in 
maximum values (-41 % decrease in minima). The 
most significant decrease was found for RCP2.6 in 
minima by the end of the century, with approxi-
mately -60 % in streamflow with corresponding 
decline in precipitation (-36 % in that case). With 
also scarce precipitation inputs for both scenarios 
by the middle of the century, minima remained 
quite constant around -55 %, whereas maxima 

Figure 52: Projected development of average soil wetness (sw) for RCP8.5 within the timeline 2097-2099, based 
on monthly values, and compared to the baseline period 1961-1963, with minima and maxima building 
the corridor for mean values.

reached -13 % (RCP2.6) to -16 % (RCP8.5). With 
about -37 % streamflow compared to the base-
line, the current situation (2000 to 2020) already 
reflects the effect of decrease in precipitation 
inputs on streamflow volumes.

The strong correlation with precipitation inputs 
was also found valid for surface runoff, ranging 
from a decrease by around -63 % in minimum 
values for both future timelines in case of RCP2.6, 
to -59 % in case of RCP8.5. For the latter, how-
ever, maximum values reached an increase by 
almost 29 % compared to the baseline with el-
evated precipitation by the end of the century. In 
this case, the contribution to the streamflow was 
projected to be negligible (4 % increase in water 
yield compared to the baseline), but the spatial 
and temporal distribution patterns play a major 
role in potential flash flood generation, thus not 
well depicted in climate projections. Figure 53 
and 54 give an impression of the development 
of surface runoff based on yearly values for both 
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climate scenarios, suggesting an increasing trend 
for RCP8.5 in both timelines, and also in case of 
RCP2.6 for the period 2071 to 2099, again in line 
with predicted precipitation amounts, considering 
mean values. With increasing trends in precipita-
tion, as projected for RCP8.5 within the timeline 
2071 to 2099, the maximum runoff peaks be-
came, however, much more pronounced.

In order to depict a higher time resolution, figure 
55 and 56 zoom in to monthly values for a time-
line of 3 years for each period, with 2031 to 2033 
representing the middle of the century, and 2097 
to 2099 the end. 

The patterns depict the correlation between the 
peaks in rainfall and surface runoff, and give a 
clear impression of the hydrological response 
system to higher amounts of precipitation: With 
high peaks in precipitation, also the surface run-

off rose significantly with a slight lag, especially 
with respect to maximum projection values. Fur-
thermore, for the years 2032 and 2034, RCP8.5 
showed very scarce rainfall inputs compared to 
RCP2.6 throughout the growing season, indicat-
ing possible drought. 
The strong drain reaction to high amounts of 
input water became even more pronounced in 
2097 to 2099. Compared to the middle of the 
century, a stronger dynamic in precipitation pat-
terns was found to intensify the amplitudes in 
surface runoff, again especially with respect to 
possible values of the maximum range. The peaks 
in rainfall were, however, projected to be pre-
dominantly concentrated in the winter and early 
spring months, so that with the soil water storage 
being refilled and with longer duration of rainfall, 
more runoff appeared to be generated until early 
summer as response to hydraulic saturation.
 

Figure 53: Projected development of surface runoff (surq) for RCP2.6 and RCP8.5 within the timeline 2031 to 
2050, based on annual values, and compared to the baseline period 1961 to 1990, showing a decreasing 
trend for RCP2.6, and an increasing trend for RCP8.5, aligned with the development for precipitation.
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Figure 54: Projected development of surface runoff (surq) for RCP2.6 and RCP8.5 within the timeline 2071 
to 2099, based on annual values, and compared to the baseline period 1961 to 1990, showing an 
increasing trend for both scenarios, aligned with the development for precipitation.

Figure 55: Projected development of surface runoff (surq) combined with precipitation (precip) for RCP2.6 and 
RCP8.5 within the timeline 2031 to 2034, based on monthly values.
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Figure 56: Projected development of surface runoff (surq) combined with precipitation (precip) for RCP2.6 and 
RCP8.5 within the timeline 2097 to 2099, based on monthly values.

5.5 Soil compaction

For both compaction model setups, a timeline 
from 1990 to 2000 was chosen as basis for evalu-
ation. The respective uncompacted model was 
used as reference for the analysis of changes on 
water balance components affected by soil com-
paction. 

Regarding the pathway system, the compac-
tion resulted in an increase in surface runoff on 
watershed level by 36.2 %. Since infiltration was 
inhibited, lateral flow and percolation decreased 
by -2 %, and -2.6 % respectively, resulting in an 
overall increase in water yield by 12.3 % contrib-
uting to the receiving waters in the catchment. 
The groundwater recharge decreased by 2 % on 
watershed level due to the limited spatial extent 
the line structured compacted pathway system 
covered. Table 19 gives an overview of changes in 
water balance components due to both compac-
tion scenarios. 

As figure 57 shows in a daily resolution, the 
increase in surface runoff is mostly effective in 
higher peaks as response to elevated precipita-
tion inputs. This emphasizes that the informative 
value of averaged values as basis for evalua-
tion is limited with regard to significant single 
events. The change signal of surface runoff due 
to soil compaction along the pathway system 
accounted 242 % change in peaks compared to 
uncompacted conditions on 30th of December 
2001, with a single event of 28 mm daily precipi-
tation prior to it, 197 % on 9th of March 2006, 
with 15 mm precipitation, and 133 % on February 
2nd 2010 with 13 mm daily precipitation prior to 
it. The equivalent pattern was also found re-
flected in the response of streamflow to elevated 
precipitation in daily resolution.
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Parameter (C1) Pathway system (C2) harvest compaction

Change in % Change in %

Surface runoff 36.2 0.8

Lateral flow -2 0.4

Water yield 12.3 0.5

Percolation -2.6 -0.18

Soil evaporation -0.04 -0.02

Shallow groundwater recharge -2 -0.1

Deep groundwater recharge -1.7 -0.2

Table 19:

Impact of soil compaction due to the pathway sys-
tem (C1) and skid trails and preloaded areas in the 
course of harvest operations (C2) on water balance 
parameters in % of uncompacted conditions (C0) 
on watershed level, based on average annual values 
within the simulation period 2001 to 2010.

Figure 57: Surface runoff (surq) for uncompacted (uncomp) and compacted (comp) conditions due to the 
pathway system in daily resolution from 2001 to 2010, combined with precipitation (precip) patterns, 
highlighting high peaks as response to elevated precipitation inputs. 
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Figure 58 gives the impression of steep rises 
in streamflow peaks under the scenario (C1). 
Analogous to surface runoff, which contributes to 
streamflow in the already identified short circuit 
drain reaction, streamflow showed a 110 % higher 
peak at the end of December 2001 for (C1) com-
pared to (C0), 95 % higher discharge on 9th of 
March 2006, and 80 % at the beginning of Febru-
ary 2010.

For skid trails and preloaded areas, the overall 
increase in surface runoff due to compaction was 
found to be approximately 1 % on watershed 
level. Within the timeline 1990 to 2000, lateral 
flow showed a small increase of 0.4 % compared 
to uncompacted conditions, which consequently 
increased water yield by 0.5 %. The increase in 
lateral flow can be explained by the fact that 
sandy soils, which dominate the area, still allow 
for infiltration, though to a smaller extent, so that 
water still enters the soil. There it was found to 
be inhibited to percolate by -0.2 % in averaged 

annual values on watershed level. Consequently, 
groundwater recharge decreased negligibly by 
-0.2 %. 

The situation became more distinct, when evalu-
ating the water balance components for different 
soil classes on a daily time resolution. The (C2) 
model setup was evaluated in this regard, based 
on the area of the soil classes given through the 
available tracking data on skid trails and pre-
loaded areas on HRU level, to which the results 
shown in table 20 need to be put in relation. The 
soil class U (silt) did not occur in the affected 
area, because of its small percentage of 0.02 % 
in total of the watershed. Since the CN values, 
as well as the gravel construction material, was 
considered unitary for all soil classes in case of 
(C1), the evaluation with regard to differences in 
soil types was not considered conclusive for this 
scenario. 
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Figure 58: Streamflow for the scenarios (C0) (uncomp) and (C1) (comp) depicting the impact of compaction due 
to the pathway system on discharge, and the interrelation with precipitation (precip) patterns in daily 
resolution from 2001 to 2010, highlighting high peaks as response to elevated precipitation inputs. 



106

The results shown in table 20 suggest, that the 
higher the proportion of larger pore sizes, as for 
sand dominated soils, the less susceptible to 
compaction the soil matrix was. This was found 
reflected in only small changes on water balance 
components for the soil classes SS (pure sands) 
and LS (loamy sands): 9 % increase in surface 
runoff for SS, 11 % for LS respectively, an increase 
of 0.8 % in lateral flow for pure sands, 0.3 % for 
loamy sands, 1.4 % gain in water yield for SS, 
1.7 % in case of LS, small losses to percolation 
of -1 % for both, and also for soil evaporation, 
with -0.05 % for SS, and -0.07 % for LS. With a 
high proportion of fine and medium sands with 
coarse pores (Ø > 50 µm) and therefore low clay 
content, the air and water conductivity of the 
sandy soil was simulated to be still given, so that 
the flow of macropores in the sandy soil could 
be considered maintained. Since the soils in the 
study area are dominated by sandy substrates 
(82 % SS, 11 % LS, 2 % SU, 4 % L, and 0.02 % U), 
the small impact of soil compaction due to har-
vest operations on watershed level seemed rea-
sonable.

With a higher proportion of loam (L), on the other 
hand, which is characterized by a high percentage 
of micro pores, the reduction in percolation was 
most pronounced (-5.5 %). The lacking seepage 
water was partitioned into increasing surface run-

Change in % for water balance components Area [km2]*

Soil 
class

Surface runoff Lateral flow Water yield Percolation Soil evaporation

SS 9.00 0.88 1.40 -0.98 -0.05 4,896.49

LS 11.18 0.37 1.68 -1.00 -0.07 293.49

SU 126.10 -17.74 -9.04 -1.43 2.71 71.39

L 46.03 -2.21 8.86 -5.48 -0.07 68.79

Table 20:

Impact of soil compaction due to harvest operations 
(C2), differentiated for soil classes of the SWAT+ se-
tup in change in % of uncompacted conditions (C0) 
for selected water balance components.

off (46 % gain), and lateral flow, which decreased 
only to a small extent of -2 %, so that both to-
gether added up in an increase by almost 9 % in 
water yield contributing to the channels. Also, soil 
evaporation became limited by approximately 
-0.1 %, indicating small losses to soil aeration.  
With a higher proportion of silt (SU), the infiltra-
tion decreased most significantly in mean values, 
so that surface runoff was increased by 126 %, 
whereas lateral flow, and consequently water 
yield, decreased by -18 %, and -9 % respectively. 
Percolation became inhibited by -1.4 %, whereas 
soil evaporation increased by 2.7 %. This gives 
incidence that due to the decrease in pore size, 
secondary water logging became promoted due 
to losses in hydraulically conductive macro and 
meso pores, resulting in enhanced evaporation. 
 In order to evaluate on single HRU, or forest site 
level, a representative HRU for each soil class was 
selected, that contained both, skid trails and a 
preloaded area of sessile oak, to a high percent-
age of cover. Figure 59 shows the location of the 
sub-basins, and HRUs embedded in, overlayed by 
the harvest compaction layer, and also provides a 
cutout for a closer impression of the compacted 
area on HRU level.
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Figure 59: Location of selected sub-basins in the Palatinate Biosphere Reserve watershed, and cutout of highly 
compaction affected HRU, with high spatial coverage of skid trails and preloaded areas for the soil 
classes SS, LS, SU, and L.

For the HRU with soil class SS, the following 
changes in water balance components were simu-
lated based on average annual values: Surface 
runoff was zero under (C0) and (C2), lateral flow 
and water yield were increased by 3 %, which ap-
peared conclusive on pure sand soils with infiltra-
tion still occurring under compacted conditions. 
Soil evaporation, considered as indicator for air 
capacity, was reduced by -0.03 %, soil wetness by 
-1.3 %, and percolation by -10 %. 
The simulated changes on water balance com-
ponents on the selected HRU for soil class LS 
indicated small increases in surface runoff under 
compacted conditions due to a slightly higher 
percentage of silt and clay components compared 
to SS, but confirmed less pronounced susceptibil-
ity for soil compaction, as percolation, soil wet-
ness, and aeration (soil evaporation) remained 

unchanged. A negligible rise in water yield by 
0.2 % due to higher surface runoff and 0.2 % 
higher lateral flow in case of (C2) was calculated.  
Figure 60 gives the daily resolution of changes 
in surface runoff between scenario (C0), and (C2) 
within the given time period, which confirms the 
small impact of compaction on sand dominated 
soils.
 
The resulting increase in water yield on daily basis 
for (C2) was up to 1.5 % compared to (C0), which 
is equivalent to 0.04 mm, with 28 mm precipita-
tion on 21st March 2002, which demonstrated 
again (see fig. 61) the very high, and even under 
compacted conditions still maintained hydrologi-
cal conductivity of sand dominated soils, absorb-
ing precipitation amounts to a large extent.
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Figure 60: Comparison of uncompacted surface runoff (surq_uncomp), and compacted surface runoff  
(surq_comp) according to the compaction scenarios (C0 uncompacted) and (C2 harvest compaction) 
for soil class LS on single HRU level from 2001-2010.

Figure 61: Comparison of uncompacted water yield (Watryld_uncomp), and compacted water 
yield (Watryld_comp) according to the compaction scenarios (C0 - uncompacted) and 
(C2 – harvest compaction) for soil classes LS on single HRU level in daily resolution from 2001-2010.
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Soil class SU resulted in an increase from 
1.3 mm/aa under undisturbed conditions to 
27 mm/aa under (C2) on the selected HRU 
(2618 %), which contributed to a rise in water 
yield by 116 %, whereas lateral flow, soil wetness, 
soil evaporation, and percolation decreased by 
-6 %, -5.4 %, -0.06 %, and -36 % respectively. 
Figure 62 gives the daily resolution of surface 
runoff on this HRU in the given time period for 
the scenarios (C0) and (C2). This specific HRU 
showed very small surface runoff volumes under 
undisturbed soil conditions with an initial CN 
value of 66, but increased significantly under 
compacted conditions, with CN 83. Conse-
quently, elevated precipitation amounts that in-
duced no surface runoff under (C0), as on 16th of 
July 2002 with 45 mm precipitation inputs, lead 
to overland flow generation of 8.4 mm in that 
case. As result, also for water yield significantly 

higher peaks were simulated to contribute to 
channels from the specific HRU: In the given ex-
ample, water yield rose from 0.3 mm to 8.7 mm, 
as can be inferred from figure 63. 

Soil class L was simulated on HRU level with an 
increase of 32 mm/aa from 5.7 mm/aa for (C0) 
to 32.6 mm/aa under compacted conditions, an 
equivalent increase in water yield of 40 mm/
aa, with at the same time reduced lateral flow 
(-11 %), percolation (-15 %), soil wetness (-1.7 %), 
and soil evaporation (-0.03 %). Figure 64 shows 
the surface runoff for both scenarios in the given 
time period based on daily values. This specific 
HRU already showed a higher surface runoff 
volume under uncompacted conditions than the 
HRU examined for the other soil classes. This is 
plausible considering the lower hydraulic con-
ductivity and thus limited infiltration capacity of 

Figure 62: Comparison of uncompacted surface runoff (surq_uncomp), and compacted surface runoff (surq_
comp) according to the compaction scenarios (C0 - uncompacted) and (C2 – harvest compaction) for 
soil class SU on single HRU level from 2001-2010.
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Figure 63: Comparison of uncompacted water yield (Watryld_uncomp), and compacted water yield  
(Watryld_comp) according to the compaction scenarios (C0 - uncompacted) and  
(C2 – harvest compaction) for soil classes SU on single HRU level in daily resolution from 2001-2010.

more clayey soils, also reflected in default and 
adapted CN values: Under default, uncompacted 
conditions, soil class L was classified to have a CN 
value of 77 for the selected HRU. The applied CN 
value after compaction was 95. The high initial 
CN of 77 explained the already higher amounts 
of simulated overland flow even under undis-
turbed conditions. The altered flow dynamics re-
sulted in equivalent peaks in water yield (fig. 65) 
contributing to streamflow from this HRU, as 
found on 29th of December 2001, when 28 mm 
precipitation inputs evoked a rise in water yield 
from 2.9 mm to 19.3 mm, with an equivalent rise 

in surface runoff prior to it. Soil class L showed 
the smallest share of lateral flow on water yield 
(64 % of water yield under uncompacted condi-
tions, compared to 96 % in case of SU, 97 % in 
case of LS, and 100 % in case of SS), and thus a 
more pronounced share of surface runoff than 
the other soil classes. With the most pronounced 
surface runoff even under scenario (C0), also the 
water yield contributions to the channel for soil 
class L were already fed by inflows kinematic in 
character to a larger degree than for the other 
soil classes.
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Figure 64: Comparison of uncompacted surface runoff (surq_uncomp), and compacted surface runoff  
(surq_comp) according to the compaction scenarios (C0 - uncompacted) and  
(C2 – harvest compaction) for soil class L on single HRU level in daily resolution from 2001-2010.

Figure 65: Comparison of uncompacted water yield (Watryld_uncomp), and compacted water yield (Watryld_
comp) according to the compaction scenarios (C0 - uncompacted) and (C2 – harvest compaction) for 
soil classes L on single HRU level in daily resolution from 2001-2010.
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5.6 Disrupted areas with rejuvenation

The tested performances for juvenile tree species 
on HRU level resulted in simulated lower overall 
ET performance on watershed level compared to 
the mature scenario (fig. 66). The annual mean 
aET for the time period 2010 to 2020 showed 
474 mm/aa for scenario JUV, compared to 
548 mm/a for scenario MAT, which is equivalent 
to 13.4 % deviation in average between the age-
scenarios. The overall decreasing trend in actual 
ET for both scenarios can be explained with rising 
temperatures, and thus rising values for potential 
ET, promoting exhausted soil water contents due 
to increased water consumption in the course of 
climate change, and thus inducing a decline in 
transpiration throughout the vegetation period. 
With 42 % higher soil evaporation on juvenile 
stocks compared to mature, soil evaporation was 
simulated to be the dominant factor in ET differ-
ences between the scenarios, primarily concen-
trated on the vegetation period, with atmospheric 

evaporative demand given. As evaporation from 
the soil is calculated in SWAT+ as a function of 
soil cover (see Neitsch et al. 2011, p.135), the 
lower above ground biomass and canopy storage 
promote elevated evaporation from the soil is 
case of juvenile stocks. 

Figure 67 shows the dynamics in soil evaporation 
for both age scenarios based on monthly values, 
depicting higher soil evaporation at younger age 
stages with less canopy cover, as well as a pro-
gressing decline in soil evaporation on juvenile 
stocks, as the saplings grew up, converging with 
mature conditions at the end of the simulation 
period, when canopy closure is approximated.
Furthermore, figure 68 shows the dependency 
of soil evaporation patterns on precipitation, 
when sufficient soil water availability with at the 
same time high atmospheric evaporative demand 
throughout the growing season enhance soil 

Figure 66: Actual ET performance on watershed level after age-related plant modification for scenario MAT 
(mature) and JUV (juvenile) for the baseline period from 2010 to 2020 based on monthly values.
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evaporation on juvenile stocks, whereas mature 
stocks exhibit more balanced conditions due to 
the closed crown cover. With low evaporative 
impetus in winter months, the deviation between 
JUV and MAT leveled out. 
The lower water consumption on juvenile stocks 
compared to mature ones lead to changes in 
water dynamics on watershed level such as a 
mean of 27.5 % higher percolation in case of 
scenario JUV, which is equivalent to 62 mm/aa 
(287 mm/aa compared to 225 mm/aa in case of 
scenario MAT). In combination with precipitation 
inputs based on monthly values, figure 69 reveals 
that although mean values suggested a significant 
difference, the deviation between the scenarios 
predominantly appeared only in peaks, being 
mostly concentrated on winter months, except 
for the case of higher water inputs throughout 
the vegetation period, as in 2014.  

Also, 32.7 % increase in average soil wetness was 
shown for juvenile stocks (140 mm/aa for sce-
nario JUV, compared to 105 mm/aa for scenario 
MAT, see fig. 70). There was a very constant 
trend of significantly higher soil water content 
in case of JUV throughout the vegetation period, 
whereas the situation leveled out in the winter 
months as the soil water content replenished. 
The overall decreasing trend in soil wetness due 
to rising evaporative demand caused by higher 
air temperatures was also reflected here, being 
more pronounced in case of mature stocks due to 
higher water consumption into deeper soil layers. 
In the upper soil layer (up to 300 mm depth) on 
the other hand, juvenile stocks showed a small 
decrease by -1.2 % compared to mature within 
the first 5 years, which leveled off as the trees 
grew up by the end of the simulation.

Figure 67: Soil evaporation (eSoil) performance of juvenile (JUV) and mature (MAT) stocks within the simulation 
period 2010-2020 based on monthly values, with linear trends indicating a progressive decline in soil 
evaporation for JUV due to the gradual transition to canopy closure as trees grow up.



114

Figure 68: Soil evaporation (eSoil) dynamics on juvenile (JUV) and mature (MAT) stocks and their interrelation 
with precipitation, depicting seasonal soil water variability, for the timeline 10/2017 to 2020, based on 
monthly values.

Figure 69: Percolation (perc) performance on watershed level after age-related plant modification for scenario 
JUV (juvenile) and MAT (mature), combined with precipitation (precip) for the period 2010 to 2020 
based on monthly values.
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Regarding the effects on water-related ES with 
respect to runoff generation and quantitative 
groundwater formation, both water balance com-
ponents increased only slightly under scenario 
JUV (fig. 71 and 72). The average annual deep 
groundwater formation for scenario MAT for 
the period 2010 to 2020 was 194 mm, whereas 
under scenario JUV, it was 217 mm, which is a 
marginal increase of 12 % under juvenile grow-
ing conditions. The shallow aquifer accounted for 
444 mm/a in case of MAT, and 528 mm/a in case 
of JUV. The trendlines for the time period sug-
gested, that groundwater depletion in the course 
of climate change can be expected to aggravate 
slightly more pronounced in case of the shallow 
aquifer on mature stocks due to higher extrac-
tions for plant water consumption. 

Nevertheless, both scenarios showed a decline 
in shallow groundwater recharge throughout 
the time period. A rather slight decrease, and 
a less pronounced difference between the age-

Figure 70: Average soil wetness (SW) performance on watershed level after age-related plant modification for 
scenario MAT (mature) and JUV (juvenile), compared with precipitation (precip) for the period 2010 to 
2020, based on monthly values.

scenarios, was shown for the deep aquifer. But 
still a more pronounced dynamic reaction to pre-
cipitation inputs can be determined for the JUV 
scenario in both aquifers. This can be explained by 
the lacking balancing and flow retarding function 
of the crown cover. 

The mean annual surface runoff increased slightly 
under scenario JUV from 8 mm (MAT) to 8.3 mm 
(3.2 % increase in case of JUV). In this case, the 
temporal distribution in the event of storms 
needs to be accounted for. As can be inferred 
from fig. 73, scenario JUV contributed to a rise 
in distinct runoff peaks with higher amounts of 
precipitation: In the dormant period 2017/2018 
relative high precipitation values (118 to 157 mm) 
were detected three months in a row, which lead 
to more pronounced runoff peaks, and an in-
crease in streamflow by up to 167 % (December 
2017) for JUV compared to MAT due to the short 
circuit drain reaction to increased amounts and 
duration of input water. 
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Figure 71: Surface runoff (Surq) performance on watershed level for age-scenario MAT (mature) and JUV 
(juvenile), compared with precipitation (Precip) for the period 2010 to 2020, based on monthly values.

Figure 72: Groundwater recharge for shallow aquifer (rchrg), and deeper aquifer (deep rchrg) on watershed level 
after age-related plant modification for scenario MAT (mature) and JUV (juvenile) for the baseline 
period from 2010 to 2020, based on monthly values.
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Figure 73: Interplay of surface runoff (surq) [mm], streamflow (stream) [m3/s], and precipitation (precip) [mm] on 
watershed level after age-related plant adaption for scenario MAT (mature) and JUV (juvenile) for the 
period 2017 to 2020, based on daily values.

In case of scenario MAT, the average annual lat-
eral flow was 167 mm, whereas for JUV it was 
209 mm (25 % increase in case of JUV). Both, 
surface runoff and lateral flow, contributed to 
a rise in water yield of averaged annual 24 % in 
the case of scenario JUV (217 mm/aa) compared 
to MAT (175 mm/aa). The resulting increase in 
streamflow in case of scenario JUV of averaged 
27 % can be considered effective for flood gen-
eration as a potential cumulative factor in single 
peaks, when considering the temporal patterns of 
precipitation and the short circuit drain reaction. 
Nevertheless, in the evaluation of these results, it 
must be considered that the scenario setup is ar-
tificial. Under real conditions, only a small spatial 
extent of areas with juvenile stocking level exists, 
so that their contribution to rising water yield, as 
well as to rising groundwater recharge, must be 
presumed very small. 

In order to assess possible causal relations in 
the differences between JUV and MAT with re-
gard to water balance components, the period 

from 2010 to 2020, which was characterized 
by relatively low precipitation inputs (816 mm/
aa) with at the same time rising atmospheric 
evaporative demand (825 mm/aa), was compared 
to a period with relatively high precipitation 
inputs, and lower evaporation impetus. These 
conditions were found in 1961 to 1971, with 
1195 mm/aa precipitation, and 774 mm/aa pET. 
Figure 74 shows selected water balance compo-
nents for that period. Regarding the differences in 
water balance components, the period from 1961 
to 1971 showed the following: 14 % higher soil 
water content in average annual values for sce-
nario JUV compared to MAT (32 % from 2010 to 
2020), approximately 6.2 % rise in surface runoff 
(3.2 % from 2010 to 2020), 14 % higher recharge 
for both, the shallow and deep aquifer (compared 
to 23 % for the shallow, and 12 % higher recharge 
for the deep aquifer for JUV from 2010 to 2020), 
and 15 % increase in lateral flow (25 % in 2010 to 
2020). The flow dynamics lead to 14 % increase 
in streamflow for JUV compared to MAT (27 % 
from 2010 to 2020). For soil evaporation, juvenile 
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stocks showed 8 % higher values than mature 
(42 % in 2010 to 2020). For actual ET the aver-
age annual within the period 1961 to 1971 on 
juvenile stocks was -10.9 % lower than in mature 
(-13.4 % from 2010 to 2020).

With higher precipitation inputs to the system 
but at the same time lower evaporative demand, 
as given in 1961 to 1971, the differences between 
JUV and MAT tended to level off, which can be 
explained by a lower interception storage with 
rising precipitation intensity, as well as with a 
lower saturation capacity of the air, as the rela-
tive humidity rises (Baumgartner & Liebscher 
1990; Rakei et al. 1992). Hence, more input water 
is provided to the system to meet the water 
consumption in both cases. Lower inputs of pre-
cipitation water on the other hand lead to rela-
tively higher infiltration with poor canopy cover 
given. Surface runoff on the other hand showed 
an incline in the deviation between the scenarios 

with higher precipitation amounts. When the 
average annual value was 14 mm/aa in case of 
MAT in 1961 to 1971 (15 % for JUV), it was only 
8 % in 2010 to 2020 (8.3 % for JUV). A  higher 
deviation between the age-scenarios (6.5 %) was 
thus found with higher amounts of precipitation 
as in the farer past (3 %), since the softening of 
the crown cover is less effective in case of more 
intense rainfall.
Equivalent to the increase in plant demand from 
rising potential ET, being most effective regard-
ing soil evaporation with poor canopy cover, 
the deviation between MAT and JUV was higher 
in 2010 to 2020, with 42 %, compared to only 
8 % in 1961 to 1971. But due to the decrease 
in total water input, the absolute values de-
clined from 100 mm/aa for MAT in 1961 to 1971 
(108 mm/aa for JUV) to 62 mm/aa in 2010 to 
2020 (88 mm/aa for JUV). As table 21 shows, 
when comparing the timelines, the relative de-
cline on juvenile stocks was smaller compared to 

Figure 74: Water balance components of the Bobenthal2 catchment within the period 1961 to 1971, based 
on average annual values. precip = precipitation, watryld = water yield, SW = soil wetness, perc = 
percolation, Deep rchrg = deep groundwater formation, esoil = soil evaporation, mat = MAT scenario 
(mature), juv = JUV scenario (juvenile), based on average annual values.
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mature, due to an elevated overall impetus for 
soil evaporation with close to open field condi-
tions given. Also, with scarcer soil water avail-
ability, relatively more soil water is consumed by 
plant demand, leaving less water for evaporation 
from the soil, the more pronounced, the higher 
the consumption, as on mature stocks. This ex-
plains the deviation between JUV and MAT to rise 
with depleted soil water storage, whereas with 
sufficient water availability given to meet evapo-
rative and plant demand, the conditions on both 
stocking types converged more closely, and the 
differences leveled out to some extent.
Accordingly, the higher water inputs due to 
increased precipitation and less evaporative de-
mand also promoted an increase in soil wetness, 
and thus decreased the deviation between JUV 
and MAT in 1961 to 1971 (14 % difference be-
tween the scenarios) compared to 2010 to 2020 
(32 % difference) based on absolute mean values. 

Regarding groundwater recharge, there was an 
overall pronounced decrease in 2010 to 2020 
compared to the farer past. When the mean 
annual value of shallow aquifer recharge was 
691 mm/aa in 1961 to 1971 in case of MAT 
(788 mm/aa for JUV), it declined to 444 mm/aa 
in 2010 to 2020 (528 mm/aa for JUV). Regard-
ing deep groundwater formation, the farer past 
showed 256 mm/a for MAT, and 292 mm/a for 
JUV. Regarding the change in % of JUV compared 
to MAT, the deviation between the scenarios was 
found slightly bigger with more scarce inputs 
to the system with respect to shallow aquifer 
recharge. This was also reflected in a higher dif-
ference between the timelines in case of sce-
nario MAT with -35 % decline in 2010 to 2020 
compared to 1961 to 1971, when JUV showed 33 
%. Regarding deep groundwater formation, the 
deviation between the scenarios decreased from 
14 % in 1961 to 1971 to 12 % in 2010-2020.  

Change % JUV of MAT Change % 2010-2020 of 1961-1971

Period 1961-1971 2010-2020 Scenario JUV MAT

Actual ET -11 -13 -21 -23

Soil ET 8 42 -18 -38

Soil wetness 14 32 -18 -30

Shallow GW recharge 14 18 -33 -35

Deep GW recharge 14 12 -25 -24

Percolation 15 27 -40 -45

Surface runoff 6.5 3 -45 -43

Lateral flow 15 25 -39 -43

Water yield 15 24 -39 -43

Streamflow 14 27 -40 -46

Table 21:

Change signal in % of differences between JUV and 
MAT for the periods 1961 - 1971 and 2010 - 2020, as 
well as the difference in change signal between the 
two contrasting periods.
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A possible explanation could be that the differ-
ence in baseflow between JUV and MAT was 
higher (24 % higher baseflow in case of JUV) 
in 2010-2020 than in 1961-1971 (14 % higher 
baseflow for JUV compared to MAT), as shown in 
figure 75. As consequence of the higher baseflow 
dynamics under juvenile stocks in the period with 
scarcer precipitation inputs, more losses to deep 
recharge occurred, which softened the deviation 
of JUV and MAT deep groundwater formation in 
that period compared to the farer past.

Equivalent to the groundwater situation, percola-
tion was 45 % higher in 1961 to 1971 compared 
to 2010 to 2020 for MAT, (40 % in case of JUV), 
with a smoothed deviation between the age-
scenarios of only 15 % compared to 27 % from 
2010 to 2020. This indicated, that with less water 
inputs, the characteristics of stand precipitation 
versus close to open field conditions slightly pro-
moted deep leeching in case of JUV.  

For streamflow, as for lateral flow and water 
yield, the differences between JUV and MAT 
also seemed to level off as precipitation rose. All 
three parameters showed a deviation of 15 % 
between JUV and MAT for the period 1961 to 
1971, whereas 27 % difference was simulated 
for streamflow (25 % for lateral flow) in 2010 to 
2020. Water yield showed a deviation of 24 % 
between the scenarios, considering the relatively 
smaller amounts of surface runoff in 2010 to 
2020. A relatively higher infiltration with poorer 
precipitation on juvenile stocks presumably 
caused juvenile stocks to be more effective in 
leachate, and thus to generate relatively higher 
amounts of yields in lateral flow and base flow, 
contributing to a rise in streamflow. Whereas 
with high precipitation amounts, stand precipita-
tion and open field precipitation leveled out.

Figure 75: Baseflow dynamics for JUV and MAT scenario for the timelines 2010 to 2020 and 1961 to 1971, 
depicting a higher dynamic reaction in case of juvenile stocks in 2010 to 2020.
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6 DISCUSSION

6.1 Plant parameter modification

In this model setup, the plant parameters were 
modified in order to approximate the model 
simulation to the field conditions of protected, 
permanent forests in the Palatinate Biosphere 
Reserve. The attempt pursued here was to meet 
the plant parameters as close to measured, and 
literature-based field data, analyze the model 
simulation with regard to plant growth and 
evapotranspiration performance, and detect pos-
sible improvements compared to the default 
model settings. Although the results showed only 
small enhancements for both quantities, SWAT+ 
was proven to be sensitive to the plant-water-cy-
cle-interactions in the forest, with respect to LAI 
development and response to water stress at soil 
water contents with critical AWC. In the simula-
tion of forest communities, whose phenological 
properties are tightly bound to the water cycle, 
the approximation to an adequate depiction of 
those interactions is of importance for the further 
use of SWAT+ in the forest.

6.1.1 SWAT+ ET estimates in forested areas

The default plant setup was found to show an 
overestimation of ET performance compared 
to literature values (Peck & Meier 1996), which 
is also suggested by Yang & Zhang (2016) in 
forested watersheds. Nevertheless, it must be 
noticed, that the literature values are based on 
the Penman-Monteith method. Neither are they 
suitable for a direct comparison, as they do not 
reflect hard data estimations in the specific area, 
nor did the model calibration aim for the target 
ET performance. In the context of the evalua-
tion of plant parameter modification effects, they 
must be considered as a rough orientation to-
wards improvement. Furthermore, it must be em-
phasized that when using a model run optimized 
for Penman-Monteith the overestimation was 
reduced significantly, and the values rather ap-
proximated stated values (modified oak resulted 
in 564 mm/aa, beech resulted in 552 mm/aa). But 

as the flow duration and statistical indices deteri-
orated, using the Hargreaves method was clearly 
recommended with regard to the objective tar-
gets (see tab. 25, fig. 86, app.). Consequently, 
three parameters identified to be sensitive with 
respect to ET, such as stomatal conductance, 
VPD, as well as canopy height were enabled, and 
their influence on performance improvement was 
not covered by the evaluation.
The modification resulted in a slight decrease 
of aET performance on watershed level by ap-
proximately -5 % based on yearly values, which 
indicated an improvement, considering stated lit-
erature values. In case of deciduous tree species, 
the overestimation was reduced to an accept-
able extent after the plant database modifica-
tion, showing a deviation of -113.4 mm/a in case 
of oak, and -85.6 mm/a in case of beech after 
modification, presumably caused by lower LAI 
in the dormant state. When analyzing the data 
on monthly basis, it was shown that the perfor-
mance of actual ET within the dormant period 
was enhanced for both, coniferous and deciduous 
trees, taking leaf shedding in case of deciduous 
trees into account. 
In case of coniferous tree species, the modifi-
cation approximated stated values in case of 
douglas fir. Values for pine even exceeded the 
overestimation of the default settings by 3 % 
after modification, with significantly higher 
modified dormant LAI, and at the same time 
much lower modified LAI throughout the vegeta-
tion period, though still ranging above LAI 3.0. 
Spruce showed an overestimation in the default 
setup with only slight changes after modifica-
tion, since the absolute change in LAI was small, 
and exceeded LAI 3.0 in any case. The minimum 
LAI settings were found to play the major role 
in changed aET performance, as maxima in LAI 
above 3.0 have no significance for aET based on 
formula 5.1.2. Thus, SWAT+ does not account 
for tree specific differentiations of fully devel-
oped LAI throughout the vegetation period with 
regard to aET performance. Regarding the LAI 
development curves at the beginning and end of 
the growing season, the modifications showed 
improvements compared to the default setup 
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with respect to rise and decline, mature stocks 
and phenology data taken as a basis, so that the 
modifications resulted in enhanced aET perfor-
mance with respect to LAI development.
Besides the rough orientation towards stated aET 
values, overestimated aET performances simu-
lated by SWAT+ in forested areas is supported by 
two aspects, one of which is related to using the 
Hargreaves method instead of Penman-Monte-
ith, and the other diagnosed to not be reflected 
in SWAT+ at all. The first aspect points to the 
lacking species-specific distinction in transpiration 
resistance factors, such as atmospherically driven 
stomatal closure and the general resistance of 
leaf conductance. In tree physiology, transpira-
tion resistance is related to water supply, energy 
balance, daytime and seasonal variation (Monte-
ith 1965; cf. Liebscher & Baumgartner 1990:362; 
Koch 1957), which cause aET to never meet pET 
in reality, and furthermore to be tree specific: The 
cuticle thickness and structure in the leaf surface 
and within the stomatal pore are found to differ 
significantly between species, which effects sur-
face contact and transport processes across the 
cuticle (cf. Fernandéz et al. 2017: 5294). Consid-
ering the characteristics of the needle structure in 
conifers with a higher thickness of the epidermis, 
conifers show a lower cuticular permeance, and 
therefore request a higher driving force in transpi-
ration impetus (Kertiens 1996; Riederer & Mül-
ler 2006; Riederer & Schreiber 2001), resulting 
in a generally larger deviation between pET and 
aET compared to deciduous trees. When using 
the Hargreaves method for ET calculation, the 
underlying formula for the calculation of transpi-
ration (formula 5.1.2) promotes aET overestima-
tions due to equaled maximum transpiration and 
pET (when E´o = pET - Ecan, and Ecan = 0) above 
LAI 3.0 in case of dry conditions, as atmospheri-
cally driven stomatal closure is not accounted for. 
Furthermore, a lacking representation of tree 
specific hydraulically-induced stomatal closure 
affects the simulation of responses to soil water 
deficiency: Tree species exhibit individual strate-
gies to cope with water stress by stomatal closure 
prior to critical soil water contents in order to 
prevent xylem carvitation (Matyssek & Herppich 

2019; Brunold & Rüegesegger 1996; Köstner & 
Clausnitzer 2011; Hesse et al. 2018; Rukh et al. 
2020; Tomasella 2017; Cochard et al. 1996; Nar-
dini et al. 2015; McDowell et al. 2008; Maherali 
et al. 2004). Spruce, for instance, is observed to 
be very susceptible to short water supply, and 
therefore copes soil water scarcity with an isohy-
dric strategy, showing early stomatal closure as 
response to drought (Lyr et al. 1992 in Pretzsch 
et al. 2014). Pine, on the other hand, is observed 
to show a wide range of distribution patterns 
(Kindel 1995), and is generally considered to fol-
low an isohydric strategy, avoiding water stress 
by strict stomatal closure (Irvine et al. 1998, 
Leo et al. 2014, Salmon et al. 2015 in Martinez-
Sancho et al. 2017). But, despite its high cuticula 
transpiration rate, pine was also shown to be 
varying between isohydric and anisohydric behav-
ior depending on different pine species and their 
specific stress-acclimation (Poulos et al. 2012). 
Beech is also considered to vary between the an-
isohydric and isohydric strategy (Nguyen 2016), 
but is found to be very susceptible to drought, as 
it transpires considerably even with induced hy-
drostatic failure, which rather indicates anisohy-
dric stomatal behavior (Walther et al. 2021). Oak 
trees on the other hand are considered isohydric, 
as they are less sensitive to higher stand tempera-
tures, and show a higher PAR canopy transmis-
sivity (about 10 % of incident radiation), higher 
VPD (20 % - 34 % compared to beech) and thus 
a more xeric distribution envelope (Hohnwald 
et al. 2020). Numerous studies suggest that tree 
species react with decline in transpiration prior 
to critical soil water contents, following the re-
spective species-specific strategy (Walther et 
al. 2021; Irvine et al. 1998; Ewers et al. 2001; 
Grassi & Magnani 2005). Duursma et al. (2008) 
simulated the decline in relative daily maximum 
transpiration rate as a function of soil water con-
tent to start at 0.25 m3m-3 and progress rapidly 
with further drop in soil water content. Figure 76 
visualizes species-specific starts in transpiration 
decline induced by stomatal closure as response 
to decreasing soil water content way ahead of 
SWAT+ estimates: Underlying formula 5.1.2, and 
the results shown in table 11, SWAT+ calculated 
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a steep decline in aET for soil water contents of 
0.11 Vol.-% (2.2 mm), and 0.32 Vol.-% (6.3 mm), 
whereas 2.3 Vol.-% (47.3 mm) or 4.5 Vol.-% 
(89.8 mm) showed no drop in aET19 . The general 
assumption for water stress to occur once the 
evaporative demand exceeds the plant available 
soil water, expressed by the ratio between aET 
and pET, is supported by other model applica-
tion, e.g. the forest growth model BALANCE. It is, 
though, enhanced in that case by implementing 
a threshold, which determines drought stress for 
photosynthesis based on a species-specific water 
deficiency coefficient (Rötzer et al. 2017). Eder 
(1984) assumes the lower limit of FC for sand 
soils in the Palatinate Forest (pore size 50 µ) at 
pF 1.7 (0.004 MPa), below which he concludes 
a rapid decrease in the flow rate with increas-
ing suction tension, since the conductivity of 
the sandy soil decreases sharply with prolonged 

19 The estimates of Vol.-% soil water content are calculated based on a converted equation by Hartge & Horn (1992), 
SWAT+ outputs for average soil wetness, and the used total soil layer depth of 2000 mm given.

drought. The decreasing suction tension at 
0.004 MPa is presumed to hydraulically induce 
the stomatal closure, as also supported by Ir-
vine et al. (1998), who found a linear decline in 
stomatal conduction for pine between 12 % and 
5 % volumetric water content. Tree species, that 
follow a rather isohydric strategy, such as oak 
and spruce, are even shown to induce stomatal 
closure earlier: Ewers et al. (2001) state spruce 
to decline in stomatal conductance linearly from 
0.3 m3m-3 soil water content downwards, which 
is also supported by Clausnitzer et al. (2011), 
stating the critical threshold value (tipping point) 
to be 9.5 Vol.-% soil water content in the upper 
40 cm for transpiration to fall linearly with fur-
ther decrease in soil water content. Grassi & 
Magnani (2005) found oak trees to exhibit lim-
ited photosynthetic activity below 30 % of soil 
water content.

Figure 76: Species-specific response to decreasing soil water content. Modified after Scheffer & Schachtschabel 
(2010:228), Walther et al. (2021), Irvine et al. (1998), Ewers et al. (2001), Grassi & Magnani (2005), 
and Neitsch et al. (2011).
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Besides the hydrological driver soil moisture, the 
expression of stomatal opening and closure, de-
scribed by stomatal conductivity, is also driven 
atmospherically by the vapor pressure deficit of 
the air surrounding the leaves, and therefore di-
rectly responds to increases in temperature, trig-
gering the evaporative demand (pET) (Anderson 
& McDonnell 2005), so that with incline in air 
temperature, the deviation between aET and pET 
is supposed to increase. Although VPD, as well as 
stomatal conductance are modifiable in SWAT+, 
these transpiration-relevant parameters were 
disabled using the Hargreave´s method. From the 
unsatisfactory depiction of the relation between 
simulated aET and pET, the conclusion must be 
drawn, that using the Penman-Monteith method 
might be more expedient for simulating tree spe-
cific stomatal permeance with SWAT+, and thus 
improve model aET overestimations alongside. 
It must nevertheless be noticed, that using the 
Penman-Monteith method lead to a loss in flow 
duration accuracy, which was found in this model 
setup to cause unplausible soil water contents, 
and was therefore considered unsuitable to de-
pict stress indication to drought, either. Since the 
target objective determines the calibration focus, 
the current study was limited in evaluating tran-
spiration-related factors inducing stomatal clo-
sure in SWAT+, as it was calibrated with respect 
to groundwater recharge and runoff behavior, and 
did not aim the assessment of stress indication 
to drought in forests. For such interest, it is found 
to be suggested, to calibrate the model with re-
gard to the target issues related to transpiration 
factors, using the Penman-Monteith method, in 
order to enhance tree specific aET, and derive 
adequate, model specific values for leaf conduc-
tance.

6.1.2 SWAT+ biomass performance in forested 
areas

The very small improvements regarding plant 
growth of 0.17 % to 3.8 % with the modi-
fied plant setup indicate that the changes in 
parameters governing plant growth in SWAT+ 

were too cautiously estimated, relying on lit-
erature-based field data. Regarding RUE, Yang 
& Zhang (2016) identified an average of 17 to 
28.2 kg/biomass/ha/(MJ/m2), which exceeds the 
values used here, and stated in literature for the 
tree species. This gives incidence, that the identi-
fication of model specific parameter values must 
be pursued in order to enhance the coupling be-
tween forest growth and water cycling within the 
given limitations of the EPIC growth model. 

Trees show an age-related decline in diameter 
growth associated with the relationship between 
assimilation (anabolism) and respiration (catabo-
lism), since the maintenance costs increase with 
increasing tree size (Pretzsch 2003; Rubner 1931 
in Pretzsch 2003; Mitscherlich 1948). Also, age-
related constraints due to hydraulic resistance, 
reduced allocation of resources to stem growth, 
photosynthesis-respiration imbalance, and the 
degradation of suppression-release response are 
important factors (Smith & Long 2001; Weiner 
& Thomas 2001, Binley 2004 in Matsushita et 
al. 2015). Next to the growth degressive effect 
of age, size is another driver in forest growth, as 
with increase in size, more biomass is produced, 
and advantages for resources, such as light, arise 
(Pretzsch 2003; Matsushita et al. 2015; Matys-
sek et al. 2010). Fundamental processes in forest 
growth, such as the intrinsic factors of individual 
variation, and genetic configuration, as well as 
the extrinsic factors of intra- and interspecific 
competition, stand density, crowding and mixing 
effects (social status, compensation, substitution, 
strengthening) are not accounted for in SWAT+. 
Nor are heterogenous age patterns, as they usu-
ally occur in forests in which natural succession is 
established, and which significantly affect actual 
growth due to the dominant effect of age for 
tree growth development (Pretzsch 2003). By 
underlying stressors, with the growth limiting 
factors being water, nitrogen, phosphorus, tem-
perature and aeration (Williams et al. 1989), the 
EPIC plant growth model does, though, reflect 
extrinsic growth factors such as resources and 
stand conditions, which matches with the dose-
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response-principle suggested by Mitscherlich 
(1948)20 . The limits the EPIC plant growth model 
shows towards forest growth were emphasized 
in the comparison to yield tables, based on the 
forest growth model SILVA. Since plant growth 
is tightly linked to the water cycle of forest eco-
systems, further efforts might include the imple-
mentation of an unimodal, multifactorial tree 
growth concept into SWAT+, accounting for e.g. 
compensation effects. The new option SWAT+ 
provides regarding stand compilation does, 
though, allow for age and species differentiation 
on stand level, which should be pursued in future 
attempts following from this study, again tailored 
to the respective objective by targeted calibra-
tion. Nevertheless, it must be noticed, that the 
strengths of SWAT+ are clearly focused on hydro-
logical modelling, so that addressing provisioning 
ES with regard to biomass appears limited, and 
model improvements regarding timber produc-
tion/quantification or carbon sequestration would 
be mandatory for such interest. 

The results underline the capability of SWAT+ to 
reflect the interlink between water cycling and 
plant growth in forested areas, which confirms 
it to be considered reliable for further investiga-
tions in forest hydrology modelling. Although 
the differences in plant growth and ET between 
the default and the modified simulations were 
small in total values, the results indicate a slight 
improvement, but also point to future chal-
lenges in further model development considering 
plant parameter adaption/calibration aiming the 
improvement of forest growth and aET perfor-
mance. Sticking to accuracy in field-data-based 
values as basis for parametrization was shown 
successful with regard to LAI development curves 
based on phenology data. For plant growth, how-
ever, the approach was not confirmed expedient. 
Other studies showed more significant impacts, 
when calibrating the model to this specific inter-

20 According to Mitscherlich (1948), the change in growth, which is bound to the supply with a certain growth factor (e.g. nu-
trients, water), is proportional to the difference between the actual growth and the potential maximum growth, and there-
fore decreases exponentially (cf. Pretzsch 2003: 147).

est (e.g. Yang & Zhang 2016). Regarding aET 
performance, improvements were identified to 
be related to enhanced LAI performance, but the 
approach was limited with regard to atmospheri-
cally driven transpiration factors, which are re-
stricted to the Penman-Monteith method, so that 
the corresponding parameter adjustments could 
not be tested. Since in this study, the objective 
criterion was groundwater recharge and the water 
flow regime, the calibration was consequently 
focused on these targets. In order to enhance 
forest performance in SWAT+, future efforts are 
needed to carry on the search for model internal 
optimizations with regard to a better depiction of 
forest-growth-water-cycle-interactions. 

6.2 Water balance and water-related ES 
of the forest

The SWAT+ simulations for both watersheds, Pa-
latinate Biosphere Reserve and Bobenthal2, were 
shown to capture the hydrologic dynamics in the 
forested area sufficiently. 

Regarding actual evapotranspiration, SWAT+ es-
timated a long-term average annual of 635.7 mm 
in the Palatinate Biosphere Reserve catchment, 
which is 77.4 % of the average annual precipita-
tion. Overestimations by SWAT regarding aET in 
forested watersheds were reported by other stud-
ies (e. g. Yang & Zhang 2016). For Bobenthal2 on 
the other hand, only 51 % of the average annual 
precipitation was calculated to be lost through 
evapotranspiration. Reasonable estimations for 
aET can hardly be judged based on model calcu-
lations, as they require hard data, which is rarely 
available. In comparison to other water balance 
components, measuring evapotranspiration en-
counters difficulties, because it depends on so 
many factors. A direct metrological determina-
tion of aET of an entire catchment area is almost 
impossible and therefore usually performed using 
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hydrological models. As this model setup was 
calibrated based on discharge, and aimed on the 
evaluation of runoff behavior and groundwater 
recharge, the total climatic water balance must 
be used as indicator for propriate aET estima-
tions with respect to the specific interest. As 
models always simplify natural processes, the 
best possible accurate depiction of the target 
of interest is achieved with the cost of accuracy 
regrading other estimates, not aimed through 
calibration.
Nevertheless, the modifications in plant param-
eters were shown to slightly improve the SWAT+ 
performance regarding aET, as they reduced the 
overestimation by almost -5 % on watershed 
level, and by 13 - 15 % in case of deciduous tree 
species. SWAT+ was further proofed capable of 
depicting the seasonal variability in evapotranspi-
ration patterns, as well as general plant response 
to soil water scarcity on watershed level, and thus 
the response to climate change. It was shown 
that with increasing evaporative demand due to 
rising mean air temperatures (see Fig. 10, section 

2.3.3.1), in addition to more frequent drought 
periods due to decreasing rainfall (Fig. 77), as ob-
served in the dry years 2018, 2019, 2020, the in-
terval between increased potential ET, and actual 
ET enlarged due to plant water stress induced by 
scarce soil water contents.
The lower water volume might result in dried 
out soils less capable of water absorption dur-
ing heavy rain events, so that increased surface 
runoff and the risk of erosion must be concluded 
to occur more frequently in the course of such 
development. This is, however, not depicted in 
the model, since SWAT+ does not account for 
water repellency as a consequence of dried out 
soils, and the rainfall data has a daily resolu-
tion, whereas heavy storm events occur hourly 
(Neitsch et al 2011). 
Regarding surface runoff, the simulation ac-
counted 1.5 % (12.5 mm/aa) of the average 
annual precipitation leaving the Palatinate Bio-
sphere Reserve watershed as overland flow (1.2 % 
in case of the Bobenthal2 catchment). The results 
reflected the very good retarding and softening 

Figure 77: Development of mean precipitation from 1910 to 2100 in the study area (source: Competence 
center for climate change impacts, www.kwis-rlp.de). Blue area = RCP2.6 corridor (“strong climate 
protection”), red = RCP8.5 corridor (“no climate protection”), pink = overlap area of both corridors.

https://www.kwis-rlp.de/start/
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effect of the forested watershed on overland flow 
generation, and therefore indicated the good re-
tention potential of forested land cover on Red 
Sandstone, whose soil and geological proper-
ties favor infiltration processes. The short circuit 
drain reaction as a response to occasional peaks 
in precipitation was, however, shown to be effec-
tive in a rise in total water yield and streamflow. 
Therefore the identification of critical source 
areas (CSA) for surface runoff generation should 
be put into focus of forest management in order 
to maintain and improve the good retention po-
tential with respect to future developments with 
heavy storm events to happen more frequently, 
and increase in intensity and duration. In this con-
text it must be emphazised that for an accurate 
simulation of overland flow generating processes 
at the space and time scale relevant for each 
process, fully distributed hydrological models are 
required, that provide a high resolution of tempo-
ral and spatial variability. As the results discussed 
here are founded in a semi-distributed model 
simulation on macroscale level, they lack the 
depiction of complex interactions on single event 
level and their small-scale variability necessary to 
identify CSAs. In the runoff behavior of the water-
shed, lateral flow, however, was shown to be the 
dominant factor, accounting for 93 % of water 
yield (96 % in case of Bobenthal2). The lateral 
flow from the aquifer was found to contribute the 
largest amount, whereas lateral flow from the soil 
was relatively lower (Tigabu et al. 2021). These 
results reflect a sufficient depiction of ground-
water-related geological properties of the catch-
ment area subsoils, with high permeability values, 
and a mainly retarding layer sequence of lower 
conductors in the shallow aquifer, as investigated 
by LGB & LFW (2004), albeit strongly simplified 
in SWAT+. The simulation provided the infor-
mation that the majority of the seepage water 
contributes to the enrichment of the deep, exten-
sively connected aquifer, with 177 mm/aa deep 
groundwater recharge in the Palatinate Biosphere 
Reserve catchment, and 231 mm/aa in the Bo-
benthal2 catchment, which is equivalent to 21 % 
of the average annual precipitation, 26 % for Bo-
benthal2 respectively. Since the modelled values 

match very well with other studies (LGB & LFU 
2004), SWAT+ were shown capable of depict-
ing the groundwater situation in the study area. 
For groundwater-driven watersheds, the applied 
equations used in the SWAT+ groundwater mod-
ule were, though, reported to yield poor results 
due to their simplification, especially in the as-
sessment of nutrient management or ecosystem 
services, as addressed with this study (Peterson & 
Hamlet 1998, Spruill et al. 2000, Srivastava et al. 
2006, Gassman et al. 2007, Deb et al. 2019a in 
Bailey et al. 2020), which was not confirmed here 
in terms of quantities. The approach to imple-
ment a second groundwater layer, as well as ex-
tensive calibration of groundwater-related model 
variables, appeared expedient in achieving model 
improvements compared to the default setup (Ti-
gabu et al. 2022). In accordance with the negative 
trend in the climatic water balance, aggravating 
since 2010, the SWAT+ simulation also indicated 
decreasing trends in groundwater formation, as 
reported by MUVF (2007), and Kopp et al. (2018).
These decreasing trends also proved valid for 
the simulation of soil moisture conditions. Even 
though the average soil water storage was found 
to replenish in autumn and winter months, a 
pronounced depletion throughout the vegeta-
tion period was simulated for the dry years 2018, 
2019 and 2020, associated with poor water in-
puts due to a decrease in precipitation in addition 
to higher air temperatures, and thus high plant 
water demand, at the same time. This becomes 
particularly evident in the model simulation, 
when comparing the development of pET, aET 
and soil moisture content in years with sufficient 
water supply throughout the vegetation period 
to drought dominated years: With sufficient 
water inputs, as in 2014, the deviation between 
pET and aET remained constantly small, but in-
creased significantly in dry years, as the soil water 
content depleted from lacking precipitation with 
at the same time high evaporative demand, which 
ultimately provokes transpiration decline due to 
scarce plant water availability of the soil zone, in-
dicating plant water stress (Tyree & Sperry 1988; 
Sperry et al. 1998 in Ewers et al. 2005; Rakei 
1991). The general assumption, that drought 
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periods throughout the growing season induce 
severe plant water stress the more pronounced, 
the lower the soil water content with at the same 
time high plant water demand, was found well 
captured by the model on watershed level, al-
though the implemented algorithms suggested 
limitations in the depiction of tree response to 
drought, as shown in section 5.1.1 on HRU level. 
Especially with coarse textured, highly water per-
meable soils, showing a low water holding capac-
ity, as given in the study area, the results suggest 
that trees will progressively be affected by water 
stress, as drought periods happen to occur more 
frequently in the future. Consequences in the 
form of drought stress, a decline in vitality and 
increased susceptibility to pathogenic pathogens, 
are already recorded for drought-sensitive species 
such as spruce and beech, the latter being domi-
nant in the Palatinate Forest (MUEEF 2019). The 
proportion of trees showing no drought stress 
signals was 18 % in 2019 (ibid.). Further research 
on the impacts resulting from disturbances in the 
climatic water balance of forested watersheds is 
vital to understanding the basic requirements for 
the preservation of intact forest ecosystems, and 
in order to trace down tipping points in forest 
ecology, as climate change advances. 
The provisioning and regulative ES forest provide 
regarding water flux regulation, and thus quan-
titative groundwater formation, and overland 
runoff control, bringing about benefits for human 
society in the form of drinking water supply, and 
flood control, were shown to be highly effective 
in the study area. Nevertheless, current and fu-
ture decreasing trends in groundwater recharge, 
as well as a short circuit drain reaction resulting in 
peaks in water yield as a consequence of elevated 
precipitation amounts underline the importance 
of preserving functional processes related to in-
termediate components in the provision of those 
ES of the forest.
To also cover the qualitative aspect of ground-
water formation, a nitrate calibration of the built 
model should be executed in a next step. This 
is required to also depict ES regarding nutrient 
cycling and water purification. To highlight the 
consequences for other levels of ES, such as e.g. 

health and recreation, or monetary values related 
to forest hydrology, a socio-economic evaluation 
would be necessary to pick up the topic.

6.3 Climate projections

According to the IPPC 5th Assessment Report 
(2014), an increase in surface temperature is 
projected by 2100 for all emission scenarios. For 
RCP8.5 (“no climate protection”), an increase in 
global earth temperature of more than 2 °C is 
predicted compared to the period 1850-1900. 
Under this scenario, an increase in the annual 
mean temperature of between 2.5 and 4.5 °C 
compared to the reference period 1971-2000 is 
assumed for Rhineland-Palatinate (Reiter et al. 
2020). For the RCP2.6 scenario (“strong climate 
protection”), on the other hand, the forecasts 
predict an increase of 1.0 to 1.5 °C compared 
to the reference period. Both scenarios show a 
higher occurrence of heat waves per year (ibid.). 
There are, however, uncertainties in forecast-
ing precipitation for Rhineland-Palatinate: The 
majority of climate projections show an increase 
in precipitation levels by the end of the century, 
with decreasing trends evident for the summer 
months. Under the conditions of "strong climate 
protection", the number of heavy storm events 
remains the same, whereas with RCP8.5, an in-
crease in number from currently 2 - 3 to 3 - 4 
heavy storm events per summer half-year is 
predicted. First indications of newly developed 
high-resolution climate projections, with a grid 
spacing of < 3 km, point to a rise in intensity of 
these events with a duration of even a few hours 
(ibid.). Additionally, to the ecological, social and 
economic dimensions of the global impact of 
the rapidly progressing, anthropogenic climate 
change, the potential degradation of forest eco-
systems associated with it results in the deterio-
ration of water-related ES, as the harmonization 
of the water cycle is interlinked with complex 
functional structures of the forest. 
To determine potential effects of climatic 
changes on dynamics in the water cycle of the 
forest, high-resolution statistical and dynamic 
regional models were used on the basis of the 
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BIAS-adjusted REKLIES and EURO-CORDEX simu-
lations RCP2.6 and RCP8.5 over the HYRAS area 
using downscaling methods (CCLM4.8.17, RAC-
MO22E, RCA4, CLM, WRF361H). The processed 6 
climate projections for RCP2.6 and RCP8.5 were 
then combined with the water balance model 
SWAT+, compared to the baseline period from 
1961 to 1990, and analyzed with respect to hy-
drological quantities of interest: Evapotranspira-
tion, flow dynamics (lateral flow, surface runoff, 
water yield), soil water content, and groundwater 
recharge, in order to conclude inherent functional 
processes relevant for water-related ES, and their 
development. The baseline period was character-
ized by a pronounced homogeneity of water bal-
ance dynamics, as can be inferred from fig. 47, 
whereas the current development is strongly af-
fected by hydrological conditions of high dynamic 
character. The more balanced conditions of the 
far past are therefore very well suited as a refer-
ence for changes in the climatic system, which 
already prevail in current developments.
Regarding the water-cycle regulating ES of the 
forest, the future climate projections gave inci-
dence, that the overall input in precipitation to 
the hydrological system will decrease in the fu-
ture, with respect to streamflow quite constantly 
by mean values of -37 % in case of RCP2.6, and 
-30 % for RCP8.5 until the end of the century, 
with the most decrease predicted for RCP2.6 in 
minimum values (-59 %). Only RCP8.5 showed a 
slight increase in maximum values of 0.12 % for 
this period, correlated with elevated precipita-
tion. For the middle of the century, minima and 
maxima for both scenarios ranged between ap-
proximately -14 % to -55 %. The decline in water 
yield was equivalent, with the most pronounced 
loss (-67.5 %) also for minimum values of RCP2.6 
from 2071 to 2099, and a slight increase of 4 % 
for RCP8.5 in the same period, increasing pre-
cipitation given in that case. For surface runoff, 
the minima range around -60 % in all cases, 
and the maxima showed a decrease by -13.5 % 
for RCP2.6, but an increase of almost 29 % for 
RCP8.5, which is equivalent to 38.7 mm/aa in 
absolute values compared to 30 mm/aa within 
the baseline period. In the context of surface run-
off being relevant for flash flood generation, two 

aspects are of high interest: processes that affect 
the infiltration capacity, and the spatial/temporal 
distribution of rainfall, especially in the event of 
heavy storms. With extreme rainfall intensity, 
the large volumes of water cannot be completely 
absorbed by the ground within given time inter-
vals (Baumgartner & Liebscher 1990), so that 
critical source areas of overland flow generation 
are very likely to contribute to the generation of 
kinematic waves. According to Reiter et al. 2020, 
heavy storm events are predicted to occur more 
frequently in Rhineland-Palatinate in the future, 
especially for RCP8.5 by the end of the century 
(see fig. 78), so that with the higher water inputs 
in that case, the contribution of surface runoff to 
flash flood generation is relevant for water man-
agement. With respect to infiltration capacity, 
degraded soils, be it due to compaction or drying 
out, show reduced infiltration rates. In the con-
text of climate change, drought periods promote 
soil desiccation, with the described consequences 
of water repellency. The impaired absorption ca-
pacity of desiccated, hydrophobic soils can lead 
to significant runoff peaks in response to flash 
flood generation (Schüler 2006). With scarce 
precipitation during the vegetation period, as 
predicted in the course of climate change (see fig. 
79), in addition to higher mean air temperatures 
(see fig. 10, p. 41), and consequently droughts to 
happen more frequently, water repellency is very 
likely to aggravate overland flow generation as a 
result of heavy storms within the growing season.

Regarding deep groundwater recharge, both 
RCP2.6 and RCP8.5 projected minima and max-
ima to range between around -39 % (173 mm/aa) 
and 2 % (291 mm/aa). Until the end of the cen-
tury, the scenario “no climate protection” showed 
change signals between still -35 % (183 mm/aa) 
to 2 % (291 mm/aa), equivalent to the increase 
in precipitation forecasted within this period. For 
RCP2.6, the decreasing trend even continued until 
the end of the century with minima and maxima 
raging between -41 % (168 mm/aa) and approx. 
-8 % (263 mm/aa), as precipitation was projected 
to further decrease by 3.5 % in mean values com-
pared to the middle of the century.
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Figure 78: Projection of the future average number of heavy rain events in summer (Reiter et al. 2020).  
Blue area = RCP2.6 corridor (“strong climate protection”), red = RCP8.5 corridor (“no climate 
protection”), pink = overlap area of both corridors. 

Figure 79:  rojection of the mean number of days without precipitation in summer (Reiter et al. 2020).  
Blue area = RCP2.6 corridor (“strong climate protection”), red = RCP8.5 corridor (“no climate 
protection”), pink = overlap area of both corridors.
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In this context it must be emphasized, that the 
current development aggravates more rapidly 
than captured by climate projections: As can 
be seen in figure 77 and 10, the present day 
developments for precipitation and mean air 
temperature partly almost outpace the climate 
projections already, which was also reflected in 
absolute values of simulated current and pro-
jected groundwater recharge: When in 1961 to 
1990 the long-term deep groundwater forma-
tion was 285 mm/aa, it was simulated to be 
177 mm/aa in 2000 to 2020. But neither RCP2.6 
nor RCP8.5 reached such low mean average 
values in any timeline. Only minimum values 
under RCP2.6, with the highest projected loss 
of recharge until the end of the century, with 
173 mm/aa by the middle, and 168 mm/aa by 
the end of the century, undercut todays recharge 
amounts. Only RCP8.5, with increased precipita-

tion by the end of the century, was projected 
to match the baseline amounts of groundwater 
formation. An extension of the vegetation period, 
as already diagnosed for the last decade, which 
shortens the phase of groundwater replenish-
ment, can also be concluded from the SWAT+ 
simulations, when comparing the deep ground-
water formation of 2010 to 2020 with the past: 
As figure 80 reveals, the replenishment tended to 
start later in the year compared to 1961 to 1971, 
when the depleted soil water storage first refilled 
to field capacity before deep percolation was pro-
moted. Also the seasonal decline in groundwater 
formation started earlier in the year due to the 
accelerated growing season21.

Although the broad corridor ranges of climate 
projections emphasize the high degree of uncer-
tainty related with future scenario forecasts, the 

Figure 80: Comparison of deep groundwater recharge between the time periods 1961 to 1971 and 2010 to 2020, 
showing a decline in volumes and a shortening of the recharge period for 2010 to 2020 compared to 
the farer past.

21 https://www.kwis-rlp.de/daten-und-fakten/phaenologie/

https://www.kwis-rlp.de/daten-und-fakten/phaenologie/
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SWAT+ simulations depict an overall decreasing 
trend for groundwater recharge for current and 
future times compared to past times. Maximum 
values under the scenario “no climate protection” 
that indicate a possible tipping point regarding 
groundwater storage recovery, must not be con-
sidered an easing for ecosystem pressure, as deep 
groundwater recharge predominantly occurs in 
winter months. Soil water depletion throughout 
the growing season was still indicated by the pro-
jections.
Aggravating factors are also the lengthening of 
the growing season, as shown in figure 81, and 
the projected increase in heat waves within the 
vegetation period (Reiter et al. 2020). Both pro-
mote extended soil water depletion and a short-
ened period of replenishment, as percolation into 
deeper soil layers only occurs, when the soil water 
storage has filled again (Hermann et al 2014, see 
section 2.3.2).

According to IPCC studies, climate models do not 
adequately reflect the sensitivity of extreme pre-
cipitation events to global temperature changes 
(IPCC 2013). Consequently, with assumed uni-
form distribution patterns of precipitation, pe-
riods of drought or heavy rain events that occur 
with decadal variability are underestimated in 
the model projections. In this context, the com-
bination of periods of drought and heavy storm 
events promote higher surface runoff, since dried 
out soils have a reduced infiltration capacity for 
water. If the vegetation period extends at the 
same time, the overall losses can have a negative 
effect on groundwater recharge. Such develop-
ments have already been observed in the dry 
years of 2018 and 2019 in regions of Germany 
with rather low groundwater yields: pressure 
of use and severe summer drought led to an 
extreme lowering of the groundwater level in 
Lower Saxony in 2018 and 2019 (NLWKN 2020). 

Figure 81: Projection of future change in the growing season (Reiter et al. 2020). Blue area = RCP2.6 corridor 
(“strong climate protection”), red = RCP8.5 corridor (“no climate protection”), pink = overlap area of 
both corridors.
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The mean annual lows in 2018 were 0.23 me-
ters below the record lows measured up to then 
(1988-2017). 
Nevertheless, the broad minima and maxima cor-
ridors, ranging from -41 % to 2 % give an ambigu-
ous picture for the projection of groundwater, 
which corresponds to other studies (KLIWA 2012; 
Hermann et al. 2014). With current limitations of 
climate models with regard to cloud formation 
and precipitation distribution patterns given, the 
hydrological modeling of groundwater recharge, 
strongly correlated to precipitation, is only lim-
ited in significance up to the end of the century 
(Bates et al. 2008 in Riedel & Weber 2020). Pos-
sible tipping points, as identified for deep ground-
water recharge for RCP8.5 by the end of the 
century, most probably promote climatic condi-
tions of more and more chaotic character, which 
are therefore even less predictable. 
 
Furthermore, it must be pointed out that the 
future projections are based on constant soil and 
vegetation conditions. Changes in the vegeta-
tion cover, as consequence of increasing forest 
dieback due to a limited adaption capability, are 
not accounted for, nor are changes in the soil that 
can be brought about by a changed vegetation 
cover. However, predicted increase in winter pre-
cipitation (Reiter et al. 2020) may compensate 
for the effects of a lengthening of the vegetation 
period (water loss due to higher evaporation ca-
pacity), summer drought, and the resulting soil 
water depletion on the long-term average. Loss 
of vitality within the forest stocks, for example as 
a result of climatic or biotic catastrophes, such as 
storm events or damage by bark beetles, cannot 
be ruled out in the future and are associated with 
changes in material and energy flows. The release 
of humus-bound nutrients can lead to a deterio-
ration in groundwater quality through leaching 
into deeper soil layers and deep seepage. Against 
the background that almost 50 % of the ground-
water bodies in Germany are already considered 
polluted (UBA 2017b), this is of great water man-
agement relevance for the security of supply, and 
ought to be the matter of a future survey with a 
nitrate-calibrated SWAT+ model.  

When dealing with climate projections, it must 
be assumed that they depict a framework of 
mean frequencies of weather conditions and their 
probability of occurrence (Kraus et al. 2013). 
Consequently, events with high temporal and 
spatial resolution, such as increased surface run-
off subsequent to heavy storm events, are poorly 
captured. Basic insufficiencies in modelling of 
lumped landscape characteristics with assumed 
homogeneity, that can hardly predict flow vol-
umes realistically, in addition to the uncertainty 
in climate models regarding precipitation distri-
bution patterns as a result of the relationship be-
tween atmosphere and ocean circulation (Beven 
2005 in Anderson & McDonnell 2005), makes 
the prediction of both, surface runoff and ground-
water recharge still remain vague. Furthermore, 
SWAT+ assumes constant land use conditions, 
and thus does not simulate loss in forest cover 
due to climatic changes. To comprehend forest 
die-off in the course of climate change, changes 
in land use cover need to be applied to the model. 
Since there is scarce knowledge about tipping 
points in forest resilience to climatic stress, the 
development of land use changes in the future is 
hardly predictable. Further efforts on the assess-
ment of such tipping points is needed, in order 
to gain input data for modelling drought induced 
forest die-off and its effect on future water bal-
ance developments.

6.4 Soil Compaction

For the SWAT+ simulation of impacts of soil 
compaction due to the forest pathway system 
and driving with heavy machinery in the course of 
harvest operations on water balance components, 
the followed approach included the alteration of 
soil properties with regard to bulk density, and 
the adaption of SCS Curve Number values rep-
resenting infiltration rates. Both were modified 
according to driving test data collected in the 
study area by Reichardt (2002) and Schneider 
(2015). The SWAT+ model was shown to suf-
ficiently depict expected impacts of changed soil 
conditions due to compaction on watershed level, 
and furthermore allowed for a differentiation of 
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individual effects on different soil classes on HRU 
level. 

Water flow regulation function/ flood protection

The results indicated, that the pathway system 
(C1) contributed to an average rise in surface run-
off of 36 % compared to uncompacted conditions 
(C0) on watershed level, which consequently 
increased the water yield by averaged 12 %. With 
a share of approximately 11 % in total of the 
watershed´s spatial area, the impact of the path-
way system on the water flow regulative function 
of the forested area, and thus on water-related 
ES related to it, seemed moderat when consid-
ering annual average values. The evaluation on 
daily basis, however, resulted in a significant rise 
in surface runoff in distinct peaks of up to 242 % 
(7.5 mm) of the undisturbed scenario (3.1 mm) as 
response to elevated single precipitation events, 
indicating a more pronounced effect on the water 
flow regulation function than suggested by aver-
age annual values. The elevated surface runoff 
from compacted soil conditions consequently 
lead to equivalent peaks in streamflow of up to 
110 % on daily event level due to the short circuit 
drain reaction in the catchment. Such rises are in 
the risk of contributing significantly to the gener-
ation of flash floods, especially with heavy storm 
events with very high amounts of precipitation 
in a single hourly event to occur more frequently 
in the course of climate change, and furthermore 
considering the line structure of paths and way-
side ditches, generating high flow velocities. The 
daily resolution of simulated effects of pathway 
compaction on the water-related ES water flow 
regulation therefore calls for actions with regard 
to improvements in the retention potential of the 
forest area. Forest roads have little or no reten-
tion capacity for water (Grunert & König 2000). 
According to Bott (2002), the water runoff can 
be decisively controlled via the path density 
and the type of path drainage. In order to direct 
the surface runoff water away from the paths, 
rounded cross profiles can be created, which drain 
into lateral ditches and from there over a wide 
area back into the adjacent forest areas (Peichl 

1998). Infiltration drains of coarse crushed rocks 
in the substructure of forest roads, instead of 
throughs and culverts, let lateral water flow seep 
through the deeper road bodies (Backes et al. 
2007).
For soil compaction from harvest operations 
(C2) the magnitude of impacts reflected the ap-
plied changes in bulk density and CN values: 
With SS being the dominant soil class in the area 
(82.4 %), which still allowed for infiltration after 
compaction due to the applied CN values (CN 
57/71) reflecting its coarse texture, (C2) showed 
significantly lower impacts due to soil compac-
tion than (C1). With 13 % share of the spatial 
catchment area, skid trails and preloaded areas 
were thus simulated to increase surface runoff by 
approximately 1 %. This reflects, that the reten-
tion capacity of the sandy soils was simulated 
to be still maintained after compaction, which 
is plausible, considering the high proportion of 
hydraulically conductive macro- and meso-pores, 
the number of which decreases, though, under 
compaction, but still a sufficient amount is pre-
served to maintain hydraulic conductivity. Water 
yield, contributing to streamflow, was increased 
by a small percentage of 0.5 %, lateral flow by 
0.4 % in averaged annual values on watershed 
level. 
It must be emphasized that the values for (C2) 
on catchment level are arithmetic in character, 
as they were derived from calculating the 4.1 % 
area cover of tracking data on skid trails to 13 % 
coverage according to the instructions of the for-
estry development plan, and the area extent of 
cultivated forest in the area. This neither depicts 
a realistic distribution of skid trails in the area, 
nor accounts for a realistic depiction of the dis-
tribution of site-specific soil conditions. In order 
to reflect the impacts of soil compaction due to 
harvest operations on HRU level, a more detailed 
evaluation was conducted, which also included 
the differentiation on soil classes. The results im-
plied a clear interrelation between the magnitude 
of impact and the soil class: When for sand domi-
nated soils (SS, LS) the retention potential was 
shown to be disturbed to a small extent, and also 
showed to maintain aeration, soils with higher 
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clay and silt content, as for soil class L and SU, in-
filtration, percolation and aeration became inhib-
ited more profoundly. The latter primarily for the 
soil class SU, with an increase in soil evaporation 
by approx. 3 %, which is considered an indication 
of potential water-logging. An increase in surface 
runoff by 46 % in mean values for all HRUs with 
soil class L in the catchment, covered by track-
ing data, was indicated (126 % for SU), as well as 
losses to percolation of -5.5 % (-1.4 % for SU). 
With a decrease of -2 % in lateral flow (-17 % for 
SU), it must be assumed that a part of the pre-
cipitation water still infiltrated, but was limited 
in percolating into deeper layers, and thus con-
tributed to a rise in water yield by approx. 9 % for 
both, L and SU. These results need to be put into 
relation to the area extent of the respective HRUs 
for each soil class given through tracking data.
On forest site level, examining one HRU with a 
high percentage of tracked skid trails and pre-
loaded area, pure sands (SS) were found to gener-
ally maintain their hydrological conductive pore 
size distribution providing retention capacity, 
though decreased to an extent: Although there 
was no surface runoff simulated in the selected 
HRU for the given time period, decreases in per-
colation by 10 %, in soil wetness by 1.3 %, and 
small increases in water yield by 3 % indicated 
some deterioration of the soil retention func-
tion, which was similar for more clayey sand 
dominated soils (LS). Soil classes with higher pro-
portions of meso- and micropores, as SU and L, 
showed a very pronounced response to compac-
tion, reflected in significant peaks in surface run-
off after compaction. When soil class SU showed 
1.3 mm/aa surface runoff for undisturbed condi-
tions, 27 mm/aa were simulated after compac-
tion. For soil class L, surface runoff increased from 
5.7 mm/aa to 32 mm/aa. These results confirm 
the attempt to compute inhibition of infiltration 
by appropriate adaption of CN values in SWAT+, 
especially when considering soil physics with re-
gard to pore size distribution of the respective soil 
classes: Soils with great heterogeneity in terms of 
grain size distribution are considered more vul-
nerable to compaction due to their higher num-
ber of grain contact points (Terzaghi 1943). Due 

to the higher proportion of meso- and micropores 
in silt and loam dominated soils, their relative 
proportion of conductive meso- and macropores 
is reduced to a larger extent than in sand domi-
nated soils, so that the hydraulic conductivity is 
limited more severely, resulting in lower infiltra-
tion capacity, and lower seepage, with at the 
same time higher surface runoff, and subsequent 
contribution to water yield. The retention func-
tion is therefore disturbed more sensitively on 
such soils. Internal FAWF monitoring data (un-
published) on pore degradation also confirms the 
general assumptions found reflected in the simu-
lations, as shown in table 22. Furthermore, vul-
nerability of the soil with regard to compaction 
also increases with increasing soil water content, 
since the water film between the micropore soil 
particles is accompanied by a reduction in fric-
tional resistance, which causes plastic flow under 
mechanical action and leads to kneading and de-
struction of the soil structure (Bolling 1986, Hil-
debrand & Wiebel 1986, Seifert & Seufert 1986, 
Terzaghi & Peck 1961 in Reichhardt 2002; Ze-
nner et al. 2007; Terzaghi et al. 1996; McNabb et 
al. 2001). The simulated increasing impact of soil 
compaction with increasing proportion of micro-
pores in the soil class is therefore considered to 
sufficiently depict specific soil class vulnerability 
in accordance with soil physics. It must, though, 
be noticed, that soil class L already showed the 
lowest hydraulic conductivity under undisturbed 
conditions due to the highest percentage of initial 
micropores. This was also reflected in the simu-
lated highest amount of surface runoff for the 
uncompacted scenario, and an equivalent lowest 
share of lateral flow on water yield, which was 
both found distinctively increased after compac-
tion. The effect of reduced macropores in the 
course of soil compaction from heavy machinery 
was simulated to be most pronounced, however, 
for soil class SU, resulting in distinct runoff peaks 
after compaction, when undisturbed conditions 
did not induce overland flow at all.
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For the entire catchment area, showing only 
a small percentage of L (4.6 %) and SU (2 %), 
this may not have a large impact. But it can be 
concluded from the simulation results, that in 
catchments with higher amounts of clay and silt 
dominated soils, infiltration inhibition with all 
negative consequences of elevated surface runoff, 
lower soil aeration and losses to percolation, in-
tensifies in the course driving with heavy machin-
ery. Therefore, the development and provision of 
vulnerability maps with regard to soil properties 
for the forest practice is recommended, that also 
include soil moisture conditions. Although there 
are only slight signs of deterioration to the water 
flow regulation function as consequence of soil 
compaction from harvest operations in mean val-
ues on catchment level, even the sand dominated 
soil classes showed changes in the distribution 
of input water. With view on the high priority 
of maintaining the hydrologic continuity of for-
est stands in order to enhance their resilience to 
future challenges, traffic intensities should be 
reduced to a minimum. Where possible, soil-con-
serving harvesting methods should be given pref-
erence. Machine movements should therefore be 

Table 22:

Soil compaction for selected substrates, and their 
derived pF-curves based on monitoring data of 
forest sites in the Palatinate Biosphere Reserve in the 
1990ies, evaluated by the soil physics laboratory of 
the FAWF (unpublished). 

Change (absolute values) in bulk density

 From <1,45 g/cm3 to >1,65 g/cm3 From <1,45 g/cm3 to >1,65 g/cm3

Soil type
Hydraulically conductive meso/macro pores (%) 

> 50 µm to > 0,2 µm (pF 0,8 to 4,2)
Micro pores (%) < 0,2 µm

(pF > 4,2)

S 38 % to 28 % 7 % to 5 %

LS 37 % to 26 % 9 % to 7 %

SU 32 % to 24 % 15 % to 12 %

L 21 % to 12 % 28 % to 23 %

spatially concentrated, which means that a higher 
driving intensity is accepted for a concentrated 
area, but the number of deformed areas can be 
limited (Müller & Schüler 2021). 

Habitat function

The silt dominated soil class SU furthermore 
showed a rise in soil evaporation by approxi-
mately 3 %, which gives incidence of secondary 
waterlogging from which evaporation ascends. 
The indicated potential waterlogging also allows 
for the conclusion, that soil aeration becomes 
inhibited, which affects soil biota negatively. Re-
garding the habitat function, changes in soil prop-
erties affecting aeration and water supply result 
in a degradation of habitat conditions for edaphic 
organisms. This not only goes along with a loss 
in biodiversity, but also reduces soil functions re-
lated to regulative ES with respect to water purifi-
cation, as the filter function becomes inhibited as 
a consequence of loss in aggregate stability, and 
exchangeable charged surfaces. This also includes 
the development of the secondary pore system 
(Bayer & Schrader 1997; Kaiser et al. 1994; Lar-
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ink et al. 1994): Higher resistance to penetration 
and poor oxygen supply has a particularly nega-
tive effect on the macro and mesofauna. In the 
study area, however, due to the predominantly 
acidic soil environment (pH Ø 4.3), there is hardly 
any macrofauna, which is largely involved in the 
formation of the secondary pore system (Weber 
1996; Kolk 1994; Fass 1995). As a result, the 
regeneration capacity of the soil with regard to 
dynamic pore formation is limited to the devel-
opment of the root system as a result of natural 
succession. Since root growth strengthens the 
soil's natural regeneration capacity through 
loosening, ground vegetation and succession on 
compacted areas contribute to the recovery of 
soil properties. However, the germination bed 
function for tree seedlings is also impaired by a 
reduced air capacity due to the reduced coarse 
pore volume and the decrease in pore continuity 
(Hildebrand 1983). Fine root growth in particular 
is impaired by high bulk densities. Furthermore, 
Hildebrand (1983) gives 11 % by volume of air 
capacity as the limit value for undisturbed root 
growth. Another aspect of the limited air capac-
ity of compacted soils is the reduction in gas 
exchange capacity. A lower gas exchange capac-
ity of the soil results in a changed CO2 disposal 
rate and a shortage of oxygen in the lower soil 
horizons. Due to the latter, the root area shifts to 
higher horizon layers (ibid.). 

Groundwater recharge

The infiltration process along the line-structured 
pathways was simulated to be marginally in-
hibited considering average annual values on 
watershed level: Lateral flow and percolation 
were decreased by around 2 %.  The impact on 
groundwater recharge in the watershed was cal-
culated to be negligible, with a decrease of -2 % 
for the shallow, and -1.7 % for the deeper aquifer. 
Thus, regarding the water related ES groundwater 
recharge, there were no significant impacts com-
puted by the model, neither for the simulation of 
the pathway system (C1), nor for skid trails and 
preloaded areas (C2). The latter even showed 
less impact, with negligible 0.2 % decrease of 
recharge for both aquifers. Also, the subsoil pro-

cesses related to seepage water volumes changed 
only in small degrees in case of (C2): percolation 
was found inhibited by -0.2 %, so that conse-
quently, also groundwater recharge was reduced 
by negligible -0.2 % on watershed level. The 
impact of soil compaction on the forest-specific 
ES groundwater recharge in the study area can 
therefore be considered marginal due to the infil-
tration favorable conditions, and low susceptibil-
ity to compaction of dominating Red Sandstone 
in the area. Furthermore, the spatial extent of 
pathway compaction of 11 % compacted area of 
the watershed predominantly forms line struc-
tures (as do skid trails, accounting for a similar 
spatial extent), which limit the spatial area with 
effective inhibition of infiltration relevant for 
areal seepage to small degrees. 

It must be emphasized that the results are 
founded in model simulation, and furthermore, 
that both, average values as well as model simu-
lations, lack the depiction of complex interactions 
on single event level in terms of small-scale vari-
ability. Bieger et al. (2016) conclude, that SWAT+ 
still shows weaknesses in representing runoff 
generating areas within a watershed sufficiently 
enough in terms of temporal variability in loca-
tion and size (cf. Bieger et al. 2016:13). The pa-
rameter for estimating direct runoff depth from 
storm rainfall depth, Curve Number (CN), does, 
for instance, not account for spatial and temporal 
variabilities in infiltration into, but calculates the 
total depth loss of infiltration through aggrega-
tion (Ponce et al. 1996). The fact that a lumped 
model for infiltration is calculating an averaged 
infiltration rate that disregards the variability of 
real nature phenomena must be considered as 
both, an advantage in terms of simplicity and 
stability, as well as a disadvantage when it comes 
to variability and accuracy for geomorphological 
heterogenous environments (ibid.). In watershed 
modelling on meso or macro scale level, lumping 
becomes, however, necessary due to the exten-
sive volume of spatial data. Furthermore, for the 
impact of slope on surface runoff, the model is 
reported to have further weaknesses: The SWAT+ 
internal algorithms account for increasing lat-
eral flow with increasing slope, which leads to 
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underestimations of surface runoff due to the 
interlink between lateral flow and soil water 
content (Bieger et al. 2015). If the identification 
of surface runoff generating areas and the deriva-
tion of related recommendations of action in the 
field of management practices is the predominant 
interest, catchments with high differentiation in 
slope are therefore suggested to be modified in 
key algorithms and parameters with regard to 
this requirement (ibid.). From this the conclu-
sion is drawn, that the simulation of compaction 
effects on the water flow regulation function of 
forested areas should be developed further in fu-
ture attempts, with a sufficient spatial coverage 
of tracking data on skid trail distribution provided. 
Also, it must be pointed out, that accelerative 
effects of flow rates on line-structured flow 
paths (pathway network and skid trails) increase 
the kinematic wave character of overland flow 
processes, which is not accounted for in SWAT+ 
either. Therefore, as suggested by Bieger et al. 
(2016), in the routing of water between differ-
ent HRUs, the implementation of algorithms to 
adequately differentiate runoff processes, such 
as sheet flow and canalized flow, would improve 
the model´s representation of management op-
eration effects, such as soil compaction in the 
course of driving with heavy machinery in more 
detail (cf. Bieger et al. 2016). With heavy storm 
events to be expected more frequently in the 
course of climate change, the most significant 
disadvantage of the SCS-CN approach might be 
the lack of expression of time, impact of rainfall 
intensity and its temporal distribution (ibid.). This 
inevitably leads to an insufficient performance in 
the context of runoff generation in the event of 
heavy storms coupled with very dry, hydrophobic 
soil conditions. The effect of water repellency 
is not accounted for in SWAT+ at all, it is rather 
assumed, that the dryer a soil, the higher the 
infiltration rate according to the respective soil 
characteristics, and the wetter the soil becomes, 
the more the infiltration rate decreases (Neitsch 
et al. 2011). Since the objective of this study was 
to assess the impact of anthropogenic pressure 
on water-related ES of the forest on catchment 
level, a lumped approach on macroscale level is 

legitimate. Also, the results were shown to be in 
accordance with soil physics. Nevertheless, for 
a precise forecast of flood waves with temporal, 
spatial and quantitative accuracy, the small-scale 
variablility of the geomorphilogically heterogenu-
ous landscape must be captured. This can rather 
be accomplished by using a fully distributed 
model for selected parts of the catchment area.

6.5 Disrupted areas with rejuvenation

The assessment of influences of forest cover and 
canopy expression on the hydrologic cycle is 
subject of many studies, going back to the first 
catchment experiments initiated at the begin-
ning of the last century (Hewlett et al. 1969). The 
general assumption, that reduced canopy cover in 
the course of bare fallen sites or as consequence 
of forest establishment, leads to increase in water 
yield (Hibbert 1967; Bosch & Hewlett 1982), was 
tested here through hydrological modelling based 
on an artificial catchment approach. The model 
simulation of rejuvenated stocks in comparison 
to mature, permanent stocks indicated that age-
related stocking patterns affect the water bal-
ance of forested areas with respect to the targets 
of interest, water-related ES of the forest, to a 
small extent. The results showed that the SWAT+ 
model is capable of simulating age-related dif-
ferences in forest stocks under the used model 
settings. 

Regarding the soil water content, the overall 
simulated increase of 32 % on juvenile stocks 
compared to mature, primarily concentrated on 
the vegetation period, did not apply to the upper 
soil layer throughout the early age stages. This 
can be explained by the concentration of root 
penetration, and thus water extraction, in the 
upper 0.5 m (1 m in case of oak), as set for plant 
parametrization based on literature, and addition-
ally by enhanced soil evaporation under juvenile 
growing conditions. Soil evaporation, accounting 
42 % difference between JUV and MAT, was the 
most significant change signal between the two 
age-scenarios. As SWAT+ assumes no ground 
vegetation, the bare soil between saplings was ex-
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posed to incident light, which increased not only 
the stand temperature, but also soil evaporation 
(Vestin et al. 2020; Hedwall et al. 2013; Cermak 
et al. 1993). Furthermore, uncovered soils are 
more susceptible to soil erosion, as well as to en-
hanced mineralization of the humus layer. With 
increase in soil temperature enhanced N mobili-
zation occurs, while at the same time the nutrient 
uptake by the young trees is lower, which can 
lead to N seepage into deeper soil layers, or, de-
pending on the intensity of precipitation and the 
corresponding overland runoff processes, to dis-
charge into adjacent surface waters (Block 2006; 
Block et al. 2016; Lee & Samuel 1976 in Keenan 
& Kimmis 1993). Considering a higher droplet en-
ergy from precipitation water on the soil surface, 
detachment of soil particles might also result in 
a higher erosive potential under juvenile growing 
conditions, affecting stand nutrient supply and 
water bodies qualitatively. 
With 23 % higher groundwater recharge in aver-
age, juvenile stands were found to slightly pro-
mote groundwater formation quantitatively. In 
the provision of the benefit “clean drinking water” 
forest ecosystems provide, the qualitative aspect 
cannot be neglected, though, which in turn is in 
the risk of deterioration due to higher loads of 
mobilized nitrate as a result of enhanced miner-
alization processes on juvenile stocks. To assess 
differences in qualitative groundwater formation 
between the stocking types, a nutrient cycle fo-
cused evaluation of the area should be conducted 
based on the built SWAT+ model. Building on 
this study, a nitrate calibration of the catchment 
could therefore be carried out in a next step. 
With regard to the provisioning ES quantitative 
groundwater recharge, the data suggested that 
the evaporative demand was the ruling factor in 
differences between juvenile and mature stocks: 
The higher the demand, the more pronounced 
was the deviation between the stocking types, 
due to the higher stand transpiration under ma-
ture conditions, when in total more water was 
extracted from deeper soil layers. 
With close to open field conditions, less precipita-
tion is held back and stored for interception by 
the canopy (Rakei et al. 1992). By buffering and 

retarding the precipitation water, fully developed 
canopies soften the flow regime, and thus water 
contribution to streams and groundwater in 
magnitude and time. The simulation showed the 
contrary effect with poorly developed canopies 
in case of very young tree ages: The contribu-
tion to streamflow slightly increased under the 
JUV scenario. With regard to the regulative ES 
water regulation, bringing about the benefit of 
flood protection, the differences in surface runoff 
remained quite constant between the scenarios 
in annual mean values. Although the absolute 
change in surface runoff is not considerably high 
in average, the short circuit of response to drain-
age indicated the potential of promoted over-
land flow generation from juvenile areas. Due to 
the detected short circuit drain reaction in the 
instance of elevated precipitation intensity and 
duration, and the kinematic wave character of 
overland flow, the spatial and temporal distribu-
tion patterns of the water inputs were found to 
rather rule the deviation here. The simulation 
suggests that with heavy storm events to occur 
more frequently in the future, the stocking type 
might make a difference in the generation of criti-
cal source areas for overland flow generation, 
contributing to a rise in the hydrograph of receiv-
ing waters to a certain degree. This particularly 
applies in case of additional soil compaction on 
juvenile stocks, considering the results shown in 
section 5.4, which is expected to result in a cu-
mulative increase in surface runoff peaks.

In combination with the period from 1961 to 
1971, the simulation revealed basic hydrological 
and climatic controlling factors, governing the 
magnitude of hydrological differences between 
juvenile and mature forest stocks. The interval 
between JUV and MAT was found to be the most 
pronounced with high evaporative demand due 
to rising air temperature, and at the same time 
less water inputs due to decreasing precipitation, 
as in 2010 to 2020. Interrelations between these 
drivers and the water balance parameters of non-
linear character are presumed. Generally, more 
precipitation levels out the retarding and storage 
effect of the canopy cover, and so does the gain 
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in infiltration of uncovered soil, as stand precipi-
tation and outdoor precipitation approximate 
(Baumgartner & Liebscher 1990). With poor 
evaporative demand, as in case of the period from 
1961 to 1971, softening the driver of hydrological 
circulation due to low temperatures, the sce-
narios converged. Besides the hydrological drivers 
precipitation and air temperature, the plant phys-
iological factors canopy and root expression were 
found effective: The differences in water balance 
between both scenarios appeared to be the most 
significant, the younger the juvenile stock, the 

less dense the canopy cover has grown, and the 
less pronounced the roots have developed.
The artificial attempt is, though, not directly 
transferable to the given field conditions, since 
the proportion of juvenile stand areas in the total 
area is negligibly small (112 ha in total, compared 
to 22336.9 ha size of the entire Bobenthal2 
catchment), and their distribution is irregularly 
embedded in permanent stocking areas (see fig. 
82), so that cumulative effects of surface runoff 
volumes are less effective. 

Figure 82: Distribution of juvenile stocks (age 3-13) in the Biosphere Reserve Palatinate Forest in 2019.
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Furthermore, in reality, the growing ground 
vegetation rapidly competes with tree saplings 
for water, nutrients, and light (Urban Nilsson 
& Hällgren 1996; Craine & Dypzinski 2013; 
Kompa 2004), and also leads to quick closure of 
soil cover, as well as enhanced total stand ET 
(Pretzsch 2019; Schmaltz 1969 in Peck & Mayer 
1969). During drought episodes, the understorey 
vegetation is even reported to be a main source 
of water depletion, while tree transpiration de-
clines due to occasional stomatal closure (Gobin 
et al. 2015). Modeling the effects of rejuvenation 
under realistic conditions must therefore include 
the simulation of ground vegetation. This attempt 
can be pursued with SWAT+, using the incorpo-
rated plant community compilation application 
(Bieger et al. 2016), which allows for different 
plant types growing on the same stock, param-
etrized separately, so that a herb layer could be 
included, required plant data for parametriza-
tion given. Still, proofing the model sufficiency 
in simulating age-related differences in water 
balance lays the foundation, not only for further 
assessments of rejuvenation effects on a more re-
alistic level in areas with a significant percentage 
of bare fallen sites. Also, an adaption aiming the 
evaluation of water-related effects of other for-
est management measures associated with gaps 
in canopy cover, such as thinning, can potentially 
be conceptualized. Although the approach fol-
lowed here was artificial, the probability of bare 
falling areas with developing natural succession 
equivalent to the juvenile scenario is more likely 
to increase in number and spatial extent with 
aggravating conditions for pest and calamity 
development, windthrow, wild fires, and die off 
due to drought stress in the course of climate 
change. Changing climatic conditions, that affect 
the hydrological drivers described above, also 
influence the magnitude of differences between 
the stocking types: For a developing future with 
high expression in evaporative demand due to 
increasing air temperature, combined with scarce 
water availability and promoted drought phases 
throughout the vegetation period, as projected in 
the climate scenarios for RCP8.5 in the middle of 
the century (section 5.3), the hydrological effect, 

or change signal, juvenile conditions show com-
pared to mature is suggested to be most distinct. 
With both factors given, high precipitation and 
high evaporative demand, as predicted in the cli-
mate scenarios for the end of the century (section 
5.3), the leveling out effect is presumed to be 
counteracted by a rise in soil evaporation on juve-
nile stocks. With more water available for evapo-
rative extraction at high demand, the deviation 
between the scenarios JUV and MAT is expected 
to increase again. 

Besides reinforcing anthropogenic factors, reju-
venation is a viable natural phenomenon, which 
brings about evolutionary dynamics, such as 
genetic plasticity and adaptation, which also 
potentially enhance the response to changing 
climatic conditions and geographical distribu-
tion limits (Fady et al. 2016; Parmesan et al. 
2003), and the progression of reorganization 
and renewal (Gunderson & Holling 2001). Due 
to the longevity of tree species, and the result-
ing disequilibrium with the rapid progression of 
climate change, maladaptation endangers not 
only the preservation of the forest itself, but 
also the provision of ES related to it. The strong 
selection during early life stages in the establish-
ing phase is found to promote quicker genetic 
adaptation (Jump et al 2006; Muffler et al. 2021). 
In this regard, the catalyzing effects of rejuvena-
tion on in-situ adaptation of forest composition 
to climate change can reduce the disequilibrium 
between tree species composition and changing 
climatic factors (Thom et al. 2018). The mitiga-
tion of negative consequence on water regulation 
of juvenile stand conditions in terms of increased 
runoff peaks with heavy storm events, especially 
when increasing in spatial extent, must be dis-
cussed with respect to silvicultural measures to 
enhance the retention potential of forest areas. 
The assessment of critical source areas (CSA) of 
overland flow generation must therefore move 
into focus to implement appropriate measures.
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7 CONCLUSIONS

This study strived to assess water-related regula-
tive and provisioning ES related to runoff regime 
and groundwater recharge in the Palatinate For-
est Biosphere Reserve in south-west Germany 
using hydrological modelling with SWAT+. In 
order to depict the conditions of the study area, 
the SWAT+ model was modified regarding per-
manent forest specific plant parameters, cali-
brated and validated targeting the runoff regime 
(discharge), and adapted to the respective objec-
tives.
The model setup for the meso-scale watershed 
confirmed SWAT+ capable of simulating the tar-
get issues of regulative and provisioning ES of the 
forest, based on their intermediate components 
related to water flow regulation, though develop-
ment potential was identified pointing to future 
tasks in model adaption. 
 As indicators for the respective intermediate 
components, model internal parameters regard-
ing water storage and buffer (retention), soil 
functions and stand structure were adjusted 
according to the given catchment conditions, 
and with regard to impacts of anthropogenic 
factors related to forest management, and cli-
mate change. SWAT+ was shown sensitive to the 
applied changes of the respective indicators, so 
that its capability to assess possible inductors of 
ES degradation is confirmed through the study. 
According to Ives & Messerli (1989), meso-scale 
watersheds are particularly vulnerable to anthro-
pogenically induced ecosystem degradation. In 
this study, soil compaction due to driving with 
heavy machinery in the course of harvest opera-
tions, disrupted areas with rejuvenation as a re-
sult of either silvicultural management practices, 
or due to windthrow, pests and calamities in the 
course of climate change (also considered an-
thropogenic), as well as climate change itself as 
a major stressor for forest ecosystems were con-
sidered as potential risk factors for the degrada-
tion of water-related ES in the forest. For each of 
those influencing factors, separate scenarios were 
created and compared to the calibrated baseline 
model, representing current conditions based on 

field data (soil condition survey, forest inventory). 
All three influencing factors were found effective 
on the water balance of the forest, and thus on 
derived water-related ES. 
The simulations revealed the sensitive character 
of forest-water-cycle-interactions, with regard 
to age-patterns related to differences in canopy 
expression, climate change, as well as deterio-
rated soil functions to a certain extent and spatial 
distribution. The sensitivity, and thus susceptibil-
ity for deterioration, of forests to the ecosystem 
conditions allows for the conclusion, that mainte-
nance of the complex structure and intactness of 
its interrelations, especially with the given chal-
lenge climate change, urges for carefully adapted 
measures of conservation, efforts in the identifi-
cation of CSA and their disposal, as well as pres-
ervation and reestablishment of the hydrological 
continuity in forest stands.  
Overall, the simulation confirmed the favorable 
conditions forest provide for deep groundwater 
formation, and thus the provision with clean 
drinking water. With 177 mm/aa deep ground-
water recharge (21.6 % of the average annual 
precipitation), the Palatinate Forest contributes 
significantly to the supply with drinking water 
for surrounding municipalities. Besides the favor-
able conditions of forests regarding water reten-
tion, water flow regulation, and undisturbed soil 
functions, the geological conditions of the Red 
Sandstone in the area favor rapid deep seepage of 
infiltration water, contributing to new groundwa-
ter formation.
Related to the high infiltration capacity of the 
pedological and geological properties of the Red 
Sandstone, as well as to the retarding and buffer-
ing influence of forest canopy cover on precipita-
tion water, the forest was simulated to exhibit a 
significant mitigation effect on runoff generation: 
With 12.5 mm/aa (1.5 % of the average annual 
precipitation being transported overland), the 
forest has a strongly pronounced softening ef-
fect on area runoff volumes of kinematic char-
acter. As lateral flow accounts for 169 mm/aa, 
which is 20.6 % of the long-term average annual 
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precipitation, the flow regime is dominated by 
a retarded discharge, and thus exhibits a pro-
found contribution to decentral flood protection 
in magnitude and time. Nevertheless, elevated 
amounts of precipitation, exceeding the infiltra-
tion capacity of the sandy soils, were found to 
result in pronounced peaks in surface runoff in a 
short circuit drain reaction. Consequently, in the 
evaluation of enhancement measures for decen-
tralized flood control, critical source areas for 
runoff generation in the forest are recommended 
to move into focus of forest management. It 
must be noticed, that this study did not cover 
chemical aspects of water-related ES, assessing 
the intactness of related intermediate compo-
nents such as water purification, and nutrient 
regulation. In order to gain the complete picture 
of qualitative water-related ES of the forest, the 
indicators control of chemical compounds, their 
recycling, metabolization and storage, as well as 
absorption and filtering should be addressed in 
further attempts. Especially the fact of persisting 
inputs of excess nitrogen via air deposition in for-
est ecosystems urges for the assessment of con-
sequences for related regulative and provisioning 
ES in qualitative terms.

Future climate projections

The international group of experts of the United 
Nations on climate change (Intergovernmental 
Panel on Climate Change, IPCC 2013, 2018), 
leaves no doubt about the influence of human ac-
tivity on global climate development. In order to 
assess changes in the climate and their impact on 
human societies in the future, predictions about 
the future development of climate are sought 
through climate models, but their predictions 
are subject to uncertainties (Becker et al. 2008; 
Krähenmann 2019). In order to take account of 
the uncertainties, global climate models (GCMs) 
are combined with parametrized regional climate 
models (RCMs), but still important processes 

relevant to the climate, such as the formation of 
showers and thunderstorms (extensive convec-
tion with rapid vertical transport of heat and 
water vapor) or convective exchange processes 
between the atmosphere and the ocean pose 
challenges22 . Furthermore, the SWAT+ model 
setup does not account for changes in the veg-
etation, as consequence of forest dieback due to 
changed climatic conditions, nor for changes in 
the soil properties that can be brought about by a 
changed vegetation cover. 
Against this background of uncertainties, the 
results of hydrological modelling in the area 
must be considered limited in the representa-
tion of future developments. Nevertheless, basal 
hydrological interrelations and their effects on 
water-related ES of the forest can be concluded 
from the climate scenarios. They give incidence 
of potential fields of action for nowadays forest 
management, aiming the adaption of silviculture 
to the challenges the longevity of forest ecosys-
tems brings about.

With forecasted higher evaporative demand and 
an extension of the vegetation period, resulting 
in elevated vegetation water consumption, and 
at the same time drought periods to occur more 
frequently, a negative water balance is reached 
far earlier in the year, and thus soil water deple-
tion is expected to aggravate throughout the 
growing season. This does not only affect a short-
ening in water supply for trees, struggling with 
promoted drought stress and potential vitality 
decline alongside, but also shortens the period of 
groundwater replenishment, resulting in a decline 
in the provisioning ES groundwater formation, 
as forecasted for the middle of the century in 
both, RCP2.6 and RCP8.5 scenarios. With a rise 
in precipitation, as projected in case of RCP8.5 
by the end of the century, groundwater storage 
depletion is predicted to recover, but still approxi-
mately equals groundwater formation volumes of 
the past only when considering maximum values. 

22 Efforts are intensified on statistical correction methods to minimize model errors using suitable, high-quality data sets 
Hyras; e.g. Rauthe et al., 2013; https://rcccm.dwd.de/DE/leistungen/hyras/hyras.html

https://rcccm.dwd.de/DE/leistungen/hyras/hyras.html
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Regarding the provisioning ES decentralized flood 
protection, the future scenarios simulated surface 
runoff to correlate with precipitation amounts, 
so that with a decreasing trend in precipitation, 
less surface runoff occurred, and with elevated 
rainfall by the end of the century (RCP8.5), a 
gain in surface runoff was predicted again. With 
heavy storm events to occur more frequently, 
and desiccated soils, exhibiting water repellency 
in drought periods, the contribution of overland 
flow to sudden rises in the hydrograph of receiv-
ing water bodies is expected to increase along-
side. Considering the additional gain in surface 
runoff from current soil compaction, showing a 
slow regeneration potential, measures to increase 
the retention potential are indicated in order to 
maintain the high quality of water flow regulation 
in the forest.
Ultimately, a limited adaption capability of forest 
ecosystems to the rapidly progressing changes 
in global climate brings about the risk of forest 
die-back, with tremendous consequences for 
water-related ES. Consequently, in order to adapt 
silviculture to future challenges, forestry efforts 
must focus on strengthening the stand resilience 
(Landesforsten Rheinland-Pfalz 2020), as well 
as the hydrological continuity. Diversification in 
the form of a mixture of tree species tailored to 
the location and built upon the natural forest 
community, cushions the risks caused by climate 
change as broadly as possible (Cavers & Cottrell 
2015, Hussendörfer 1996, Roloff & Grundmann 
2008 in BfN 2020b). In accordance with current 
basic instructions (Landesforsten Rheinland-
Pfalz 2020), natural succession should be 
complemented by point-effective plantings on 
damaged or bare areas, when natural regenera-
tion does not perform sufficiently. Variability is 
an indispensable feature of the dynamics of bio-
logical systems that lead to adaptive change (cf. 
Mitchell 2008:55).
Despite all measures that are realized in current 
guideline, efforts for the improvement of the hy-
drological continuity with focus on maintaining 
the internal forest climate need to be intensified, 
in order to mitigate drought impacts (Müller & 
Schüler 2021).

Soil compaction

Modelling soil compaction with SWAT+ in a for-
ested watershed was found to match the general 
expectations with regard to the magnitude of im-
pacts on water balance components, water flow 
regulation, and derivable water-related ES, espe-
cially with respect to soil class differentiation in 
accordance with soil physics. The attempt to ad-
just soil bulk density in addition to the SCS Curve 
Number, which governs the infiltration process 
in SWAT+, was found expedient for a proper de-
piction of changed soil water flow response to 
compacted conditions. The favorable infiltration 
conditions of Red Sandstone given in the entire 
area were found to dominate the magnitude of 
impact on watershed level, resulting in moderate 
signs of deterioration for water-related ES as con-
sequence of soil compaction. 

Nevertheless, daily resolutions of contributions 
to streamflow from elevated amounts of surface 
runoff due to high precipitation inputs from path-
ways, as well as from skid trails and preloaded 
areas with clay and silt dominated soils, suggest 
actions to improve the retention potential. This 
can be achieved by directing the surface water 
away from the paths in order for it to reinfiltrate 
into the adjacent forest stands. Re-draining mea-
sures that help the runoff water from compacted 
areas to flow back into stocks are indicated for 
the skid trail system, as well as alternative, more 
soil-conserving harvesting methods such as cable 
crane routes, particularly on vulnerable areas 
(Gaumitz 1991; Gallus et al. 2007). Further flood 
contributing processes, such as direct runoff from 
water-bearing skid trails promoted by heavy ma-
chinery, need to be avoided and redraining mea-
sures, that help direct the excess water back into 
the adjacent forest stock, should be initialized 
(Landesforsten Rheinland-Pfalz 2018). Since 
ruts show a strong relationship with decreased 
forest productivity, their formation ought to be 
kept at a minimum (Schönauer et al. 2021). Also, 
felling practices that support residues to remain 
in the stock, help maintaining the basic habitat 
requirements of the soil biota, and the protection 
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of the mineral soil and organic matter.
This analysis supports the assumption that the 
vulnerability of soils to compaction increases 
with the percentage of silt and clay soil particles, 
which must be reflected in suitability maps for 
traffic. The use of forest machines should account 
for the pedological vulnerabilities in order to keep 
the traffic below an ecologically degenerative 
threshold. In addition to the substrate and previ-
ous load, this also includes the water content of 
the soil. From a hydrological, pedological and 
ecological point of view, priority must be given 
to concentrating on as few skid trails as possible. 
The accurate prediction of trafficability based on 
actual operating conditions, taking preloads and 
soil vulnerability into account, can minimize the 
negative impacts. It can be concluded, that driv-
ing with heavy harvest machinery should strictly 
follow the guidelines from the forest develop-
ment handbook with respect to sandy substrates 
from weathered Red Sandstone. With increasing 
micro pores, as given in loamy and silty sub-
strates, the use of heavy machinery must be re-
stricted to the lowest possible level to no driving 
at all, especially in the case of high moisture soil 
conditions. In order to obtain predictability in the 
operational process and to keep the traffic below 
an ecologically degenerative threshold, traffic-
ability maps that include cartographic knowledge 
of moist and therefore sensitive areas can be 
a supporting tool (Schönauer et al. 2021), and 
should be developed further. Substrate, pre-load 
and slope incline should also be implemented in 
a decision support system, as is currently being 
developed in an ongoing dissertation project at 
the FAWF23 .

Disrupted areas with rejuvenation

The simulation allowed for the assumption that 
with undeveloped canopy cover, stand conditions 
suffer losses in their retarding effect on water 
flow regimes, which favors the generation of 
overland flow, and promotes higher leaching in 
quantitative terms. The latter is potentially coun-

teracted by a deterioration of leachate in quali-
tative terms, as on unshaded forest floors the 
mobilization of excessive nutrients and their wash 
out enhances with direct exposure to sunlight. As 
an indication for rising soil temperatures on re-
juvenated stocks, soil evaporation was shown to 
increase, the more profound, the less developed 
the crown cover, and the higher the evaporative 
demand of the atmosphere. The hydrological dif-
ferentiation between closed canopy stands and 
close to open field conditions was found to be 
governed by the dominant factors atmospheric 
evaporative impetus and precipitation amounts, 
so that the following interrelations were identi-
fied: The higher the evaporative demand, the 
more scarce the water inputs to the system, and 
the less covered the canopy cover, the more 
pronounced is the hydrological impact of rejuve-
nated forest stands compared to mature stocking 
structures.
Though persistently dense areas that lead to a 
decoupling of the spreading rate are unfavorable 
(Block et al. 2016), closed stands and the mainte-
nance of an intact inner forest climate are hydro-
logically of high priority, especially in stands with 
shade tree species such as beeches. Furthermore, 
growing herb layers increase the total stock tran-
spiration. The additional water consumption can 
lead to a reduction of available soil water in dry 
periods within the vegetation period. At the same 
time, incident light on the forest floor increases 
not only the stand temperature, but also the 
water losses through soil evaporation (Müller & 
Schüler 2021). Especially in the course of climate 
change, species-specific demands on atmospheric 
moisture conditions need to be accounted for. In 
order to maintain a favorable water balance for 
beech stands, Hohnwald et al. (2020) suggest 
that they should be excluded from sites with cur-
rent oak dominance, and conditions of shaded, 
closed canopies should be respected. When re-
juvenating light tree species, such as oak, areas 
that meet the light-ecological requirements of 
these tree species should be limited to a sufficient 
extent. 

23 Contact person: I. Siebert
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Additionally, for a future development with ag-
gravating windthrow, pests and calamity pres-
sure, bare falling areas may grow in number and 
extent, which urges for measures to increase the 
retention potential in the area. 
In rejuvenation, the establishment of small-scale 
vertical structures, as well as temporal horizontal 
structures, with a high proportion of serving, re-
growing trees (under and middle class) increases 
the hydrological effectiveness (Müller & Schüler 
2021). 
(Pre-) rejuvenation and mixed stands rich in de-
ciduous trees fulfill their water protection func-
tions over the long term, since the natural soil 
fertility, soil structure and biological activity (es-
pecially the macro pore promoting macrofauna) 
are preserved, and thus infiltration and retention 
capacity are enhanced (ibid.). 

Due to their high genetic diversity, it is assumed 
that natural regeneration offers better conditions 
for the establishment of adapted tree individu-
als than artificial regeneration processes (Cavers 
& Cottrell 2015, Hussendörfer 1996, Roloff & 
Grundmann 2008 in BfN 2020b).

In all silvicultural interventions, special attention 
must be paid to maintaining or improving the for-
est interior climate and the soil water supply in 
order to buffer temperature extremes and reduce 
competition for water (Bolte & Ibisch 2007; Elli-
son et al. 2017, Vose et al. 2016 in BfN 2020b).
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VII APPENDIX  |  TABLES

Table 23:

New curve number (CN) values calculated for the 
different hydrologic soil groups based the degree of 
compaction, the soil physical properties, and different 
land use classes used in SWAT+. For (C2) soil class SS 
was increased by 58%, SL and SU by 26%, and L by 
58%. For (C1) the maximum possible value for the 
respective land uses and hydrologic soil groups was 
assumed.

Scenario (C2) Hydrological soil group

A B C D

Land use class default new default new default new default new

wood_f 36 57 60 76 73 95 79 95

rc_strow_g 67/ 95 78 95 85 95 89 95

urban 98 98 98 98 98 98 98 98

wood_p 45/ 71 66 83 77 95 83 95

sg_strow_g 63 95 75 95 83 95 87 95

Scenario (C1) 

wood_f 36 95 60 95 73 95 79 95

rc_strow_g 67 95 78 95 85 95 79 95

urban 98 98 98 98 98 98 98 98

wood_p 45 95 66 95 77 95 87 95

sg_strow 63 95 75 95 83 95 87 95
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Parameter Adapted value Reference

Default oa be spru doug pine mixed*

Radiation use efficiency
[Kg biomass/
ha/(MJ/m2)]

15 18 18 18 18 18 18
Gower et al. 1999; 

Garbulsky et al. 2010; 
Bartelink et al. 1997

Fraction of biomass 
removed in harvest 
[unitless]

0.76 0.75 0.75 0.7 0.71 0.61 0.75
Matyssek et al. 

(2010:283)

Maximum potential leaf 
area index
[m2/m2]

5 5.2 6.7 6 8 3.5 6.1
FAWF monitoring data 

(2020)

Maximum canopy 
height
[m]

6-10 34 38 40 44 32 37.6 Dong Yield charts

Maximum stomatal 
conductance
[m*s-1]

0.002 0.01 0.009 0.005 0.01 0.01 0.008

Hayes & Bangor 2017, 
p.35, transformation 
formular: Matyssek & 
Herrpich 2019, p. 202 

(9)

Vapor pressure deficit 
[kPa]

4 3.1 3.1 3 3 3 3
Hayes & Bangor 2017: 

35

Minimum leaf area 
index 
[m2/m2]

0.75 0 0 5 7 2.5 2.9
FAWF monitoring data 

(Dr. Greve)

Fraction of biomass 
converted to residue 
[unitless]

0.3 0.05 0.05 0.05 0.05 0.05 0.05
Estimation by Dr. Greve 
from FAWF monitoring 

data (2020)

Maximum biomass on 
a stand 
[tons/ha]

10 185 289 215 215** 113 150
Bartsch & Röhrig 2016, 

p. 264

Initial root to shoot 
ration 
[unitless]

0-0.4 0.29 0.24 0.2 0.2 0.2 0.22
Mokany et al. 2006, 

p. 91

Table 24:

Key parameters for SWAT+ plant growth, their  
default and used values, and reference for adaption
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Table 25:

Comparison between statistical indices for the 
Hargreaves-Samani method and the Penman-Mon-
teith method, indicating a better model performance 
in case of Hargreaves-Samani with respect to the 
objective target issue.

Objective 
function

Sub-catchment Bobenthal

Hargreaves- 
Samani

Penman- 
Monteith

Optimum  
value

Description

KGE 0.86 0.7 1
Goodness of fit measure index, that the bias and  

variability ratios are not cross-correlated

NSE 0.73 0.51 > 0.8 Goodness of fit between observed and simulated data

PBIAS -0.3 22.8 0
Average tendency of the simulated values to be larger or 

smaller than their observed ones

RSR 0.51 0.69 0
Ratio between simulated and observed values to the  

standard deviation of the observation
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VII  APPENDIX  |  FIGURES

Figure 83: Long-term tendency for decrease in mean groundwater (GW) levels and spring discharges (QS) in the 
KLIWA region: Rhineland-Palatinate, Hesse, Baden-Württemberg and Bavaria (modified after  
www.kliwa.de).

State borders
KLIWA region No trend (18) 

Increase (35)
Decrease (111)

Global t-test

www.kliwa.de
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Figure 84: Field of the groundwater resources in Germany.

(Source: BGR1, Topography: BKG)

1 https://www.bgr.bund.de/DE/Themen/Wasser/grundwasser_deutschland.html 

https://www.bgr.bund.de/DE/Themen/Wasser/grundwasser_deutschland.html
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Figure 85: Development of soil moisture conditions in Germany from 1952 to 2020 according to the UFZ drought 
monitoring program of the Helmholtz Centre of environmental research (Source:, https://www.ufz.de/
index.php?de=37937).

https://www.ufz.de/index.php?de=37937
https://www.ufz.de/index.php?de=37937
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Figure 86: Daily discharge hydrograph (right) and flow duration curve (left) for the best parameter fit using 
the Penman-Monteith method for calculating evapotranspiration in the sub-catchment Bobenthal. 
Observed values (obs, blue/black), and simulated values (sim, red) do not match sufficiently enough 
compared to the Hargreaves method.
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