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SUMMARY 

Mountain regions often show high rates of sediment transfer which can lead to 

geomorphological hazards and risk where population and infrastructure have 

developed. To prevent harm obstruction measures along the natural sediment 

transport paths are established. Further, future climatic changes could lead to 

intensified sediment availability and transport. As mountain regions are highly 

sensitive to such disturbances the critical evaluation of the current sediment 

dynamics are fundamental for the future sediment management. 

This study investigates the sediment dynamics in the Johnsbach Valley where 

extensive anthropogenic and environmental change occurred in the past. Therefore, 

this cumulative dissertation addresses questions concerning: the sediment 

connectivity between different morphological compartments, the sediment budget 

and its internal sediment dynamics, the consequences of anthropogenic impact and 

climate change on sediment dynamics, and appropriate sediment management 

strategies for future sediment flux scenarios. 

A semi-quantitative modeling approach was applied and combined with maps of 

erodible sediment sources to display and quantify connectivity parameters. Further, 

several tributary trenches of the Johnsbach River were investigated using 

terrestrial laser scans to clarify the sediment dynamics and the degree of coupling 

to the main river system. A comprehensive analysis of sediment relocation was 

achieved by means of airborne laser scans and an integrative bedload monitoring 

system at the outlet. 

The anthropogenic impact led to disturbed sediment fluxes, followed by severe 

geomorphological and ecological consequences. Today's management strategies 

partially support the idea of restoring a natural sediment flow. Currently, effects of 

climate change and anthropogenic impact are not easily separated, especially when 

internal sediment dynamics are adapting to restoration strategies and reacting to 

external forcing at the same time. 
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ZUSAMMENFASSUNG 

Gebirgsregionen we1sen oft hohe Sedimenttransportraten auf, was zu 

geomorphologischen Gefahren und Risiken für die Bevölkerung und Infrastruktur 

führen kann. Zum Schutz wurden Verbauungsmaßnahmen entlang der natürlichen 

Sedimenttransportwege errichtet. Eine erhöhte Verfügbarkeit und verstärkter 

Sedimenttransport kann zudem durch zukünftige Klimaveränderungen erfolgen. Da 

Gebirgsregionen besonders auf solche Störungen reagieren, ist eine kritische 

Bewertung der aktuellen Sedimentdynamik von grundlegender Bedeutung für das 

zukünftige Sedimentmanagement 

Diese Arbeit untersucht die Sedimentdynamik des Johnsbachtals, mit semen 

umfangreichen Veränderungen in der Vergangenheit. Diese Dissertation adressiert 

daher folgende Themen: die Sedimentkonnektivität zwischen verschiedenen 

morphologischen Einheiten, das Sedimentbudget und die interne Sedimentdynamik, 

die Folgen anthropogener Einflüsse und des Klimawandels auf die 

Sedimentdynamik sow1e geeigneten Strategien zum zukünftigen 

Sedimentmanagement 

Ein semi-quantitativer Modellierungsansatz wurde angewandt und mit potentiellen 

Sedimentquellen kombiniert, um Konnektivitätsparameter zu bestimmen. Mehrere 

Seitengräben des Johnsbachs wurden mittels terrestrischer Laserscans 

untersucht, um Sedimentdynamiken und Kopplungsgrade zum Hauptgerinne zu 

beschreiben. Es erfolgten eme flächendeckende Analyse der 

Sedimentverlagerungen mittels luftgestützter Laserscans sowie die Messung des 

Geschiebetra nsportes. 

Die Eingriffe des Menschen führten zu emem gestörten Sedimenttransport mit 

schwerwiegenden geomorphologischen und ökologischen Folgen. Die angewandten 

Managementstrategien zielen auf die Wiederherstellung emes natürlichen 

Sedimentflusses ab. Gegenwärtig sind die Auswirkungen klimatischer 

Veränderungen und des anthropogenen Einflusses auf die Sedimentdynamik schwer 

zu trennen, vor allem wenn sich die interne Sedimentdynamik an die 

Sanierungsstrategien anpasst und gleichzeitig auf äußere Einflüsse reagiert. 
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1. GENERAL INTRODUCTION 

1.1. M ot ivat i o n  a n d  Ba c kgro u n d  

The Alps, as a mountain range, have been subject to constant change for several 

million years. Starting with the collision of the Adriatic and the European plate, plate 

tectonic processes and the resulting orogeny have formed the alpine area ever 

since. The recent shape of the alpine environment is mainly the result of coupled 

geomorphological processes [e.g. gravitational, glacial, fluvial! affecting the relief 

especially since the last glacial maximum. Today most of these processes are still 

involved in modeling the landscape to its present image. In this context, weathering 

and erosion play a decisive role in preparing and forcing many of these current 

geomorphological processes. As a product of weathering and down wearing of 

bedrock, the sediment is the important driver for the current alpine landscape 

formation. Sediment is present in every part of the alpine environment, whether on 

the slopes or in the valleys. The availability and structure of its deposits is a crucial 

factor for surface processes. Besides, climate forces are an important agent 

controlling further sediment transport in the fluvial system and to its final 

deposition. However, nature was recently distressed noticeably. The Alps have been 

stressed jointly by human pressure and variations in climate forcing over the last 

decades. This led to environmental changes which are inevitably driven by natural 

processes reacting to changes in the cycles of energy and matter. 

Human settlements and urban areas, in further consequence, have spread and 

captured almost every flat part inside the alpine valleys. Land use management has 

changed from traditional agriculture and alpine farming to an economy which 

supplies [even in alpine landscapes] nearly every good needed. Infrastructure 

design [installation as well as expansion] has reached a whole new level, making 

everything available and accessible at any time. For that reason nature and its 

natural development needed to be obstructed. For decades, it was tried to restrict 

sediment transport by means of barriers, sills and other river training structures. 

Slope processes were dammed and redirected to protect the human dispersion and 

resources [e.g. sediment and wood] were mined and used to press this expansion 

ahead. Especially in fluvial systems the following lack of sediment and the resulting 

morphological changes have led to certain disruption. Sediment transport and self

forming processes are crucial for a sustainable river management. Thus, the 
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downstream cont inuum of sediment is essential to  replenish hydromorphological 

un its, including the ir  ecological funct ions as spawn ing ,  refuge and adu lt habitats. 

For a long t ime the mounta in topography of the Alps has changed as a result of the 

balance between tectonic u p lift, subsidence by deposit ion of sed iments and 

m ountain erosion wi th  i ts  associated surface processes. H owever, the  current and 

future evolution of  the a lp ine  landscape, and especia lly of  the  surface sedimentary 

processes, seems to be i m posed by changed envi ronmental condit ions.  The g lobal  

hyd rolog ical cycle became m ore i ntense during the recent past and is  expected to 

further intens ify in the future in  the context of g lobal  warm ing  [ I PCC, 2014 ] .  The 

uncerta in  future intensif icat ion  carries the potential of enhanced probabi l ity of 

heavy precip itat ion events as  well as  an  increase in  thawing processes [especially in 

the cryosphere] and raises concerns about h igher frequencies of geomorphological 

and hydrolog ica l  hazards [ I PCC, 2014 ] .  Therefore, the avai lab i lity of sediment and 

the structure of  its deposits in  the landscape become m ore and m ore prom inent, as  

sediment ,  next to water, is one of  the r is ing  r isk  agents. Once i n  motion sediment is  

the  most i m portant factor concern ing monetary damage and protect ion  measures in  

a lp ine  torrents. 

The previously descri bed considerat ions lead to the following d iscrepancies: [ 1 ]  the 

human i m pact and the effects of climate change on earth system processes a re 

often inseparable [G lade et a l . ,  2 0 1 4] .  The processes and i nteract ions on  the earth 's 

surface are decisively changed and influenced through the spatial and tem poral 

appeara nce and actions of humans in the ir  enviro n ment. As a result, it is no  longer 

possible to differentiate exactly between ca use and effect. [2 ]  There is no  doubt that 

g lobal  warming leads to  a sig n if icant g lac ier retreat and that thawing  permafrost 

destabi l izes rock walls both eventually be ing followed by considerable,  hazardous 

consequences [ I  PCC, 20 1 4] .  H owever, ung laciated alp ine catchments often appear 

less i m portant when focusing on  the i m pact of climate change on slope and fluvial 

system processes even though they have by fa r a larger areal extension than 

g lac iated and permafrost-dominated areas. [3] There is an appearing conflict of 

i nterest between the anthropogen ica lly restricted sediment transport in  the past 

and the probably increasing sed iment transport in the future result i ng  from a h igher 

chance of  extreme events. Th is  cr it ical management  situation has made nver 

restorat ion a major issue in the Alps trying to ensu re that rivers atta in  a good 

ecological status,  reinforced by the E u ropean Water Framework D i rective [EWFD] ,  

and that  flood management  and resil ience of  the river system wi l l  be i m proved 

[Habersack and Piegay, 2008]. 
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Out of former river eng ineer ing research projects and from previous experiences 

and debates in  the scientif ic commu nity (e .g .  Bravard et al . ,  1 999b;  Habersack, 2000;  

Brierley and Fryirs, 2005 ; Ha bersack and Piegay, 2008) the following conclusions 

can be drawn:  

i n  the Alps, a lmost every nver and mounta in torrent is  a nthropogen ically 

i nfluenced, 

many nvers have a lready reached a crit ical state of morphodynamic  

development where "natural" river restoration will be almost impossible, 

sediment transport and river morphodynamics play a centra l  role in  river 

restoration and need to be incorporated,  

a l ink m ust be drawn between the past and the future with respect to 

restoration actions, 

i m plement ing the EWFD will promote river restorat ion ,  the goal being to reach 

good ecolog ical status of runn ing  waters, 

beside ecolog i ca l  parameters, hydromorpholog ical variables should be a lso 

i ncluded in the mon itoring programs of the EWFD to eva luate the development 

of rivers and to prom ptly react to crit ical trends, which themselves negat ively 

i nfluence the ecolog ical status,  

a sca le-oriented approach has to be developed to practica lly implement river 

restoration, 

future restoration measures should invo lve major ind iv idual  measures but 

also day-to-day management act ions,  and 

a bridge between natural, technical ,  and social  sciences is  crucial  for 

successful river restorat ion ,  taking a cross discipl inary approach rang ing  from 

river eng ineer ing ,  landscape, and areal p la n n i ng to b io logy. 

Today, the maJor challenge in nver restoration in  alp ine environ ments is that 

processes and key parameters have to be identified with which both 

geomorphological and ecolog ical  condit ions ca n be improved. Therefore, successful 

restoration projects in  h ig h-energy and bed load transport dominated systems must 

include the full spectrum of scales. Across many discipl ines restorat ion experiences 

from the Alps a re currently evaluated focusing on a variety of activities. N ow it is 

necessary to d iscuss the basic a rg uments behind such actions, the i r  l imitations and 

research challenges. 
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1.2. Resea rch i n  t h e  fra m ewo rk of  t h e  p roject : 

.. SEDYN-X- I nt e rd isci p l i n a ry sed i m e n t  flux 

resea rch in  the Jo h nsba ch Va lley" 

Effective sediment management requ1res profound knowledge on the sediment 

cascade in the headwaters. In most cases, the sources and [temporary] sinks of 

sediments are unknown and the river system is treated as a "black box". To address 

this issue the FWF-founded research project "SEDYN-X [SEdiment DYNamics - Xeis] 

- Interdisciplinary sediment flux research in the Johnsbach Valley" was developed. 

The project ran from the beginning of October 2012 to the end of April 2017 with a 

regional focus on the Johnsbach Valley, a part of the Gesause region [colloquially 

referred to as Xeis] in Upper Styria [Austria]. lt was carried out by the Department of 

Geography and Regional Science at the University of Graz and the Institute of Water 

Management, Hydrology and Hydraulic Engineering at the University of Natural 

Resources and Life Sciences in Vienna. The primary intention of the project was to 

develop a conceptual model of coupled and decoupled sediment routing to quantify 

the most prominent sediment fluxes and sediment sinks [Figure 1.1]. Finally, the 

detailed understanding of the sediment cascade within the catchment would allow 

assessing the impact of climate change on sediment yields [even if this is reckoned 

to be less significant than anthropogenic influences]. A short insight into the project 

is given by Rindler and Rascher [2015] [see appendix]. 

The National Park Gesause [NPG] has a particular interest in the investigation of 

these sediment fluxes. The NPG initiated the EU funded LIFE-project [L'Instrument 

Financier pour l'Environnement] "Conservation strategies for woodlands and rivers 

in the Gesause Mountains". One of its objectives was to restore the northern part of 

the Johnsbach Valley, the so-called "Zwischenmauerstrecke" [ZMSI. thereby 

fulfilling the EWFD and accordingly, to ensure the possibility of passing for the 

aquatic fauna throughout the whole river system. Currently renaturation is in the 

process, but the lack of sediment in the river turned out to be a new problem. Most 

of the openings beneath the bridges of the road into the valley are too small and 

thus, high annual costs for sediment excavation are incurring to ensure the safety of 

the local infrastructure. As one of the objectives of the project these costs of road 

maintenance should be weighed against the costs of innovative measures to finally 

find out which measures are appropriate to ensure the permeability of the river 
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General Introduction 

WP1 
Understanding the 
sediment-cascade 

a) Geomorphological mapping 
from orthophotos & personal 
inspection ,- --------------, 

• GIS-data (digitized , 'mapping results, ... ) • 
'---------------

b) GPU (Geomorphic Process 
Units) 

� GPU��;p-a�d ;edlm��t -: 
: !_r�n_:;r:o_rt _r�t�s

-
_____ � 

c) Areal photographs and 
repeated ALS 

I �;p -of �cti;e -z��e� ("hot : :_ s�c:t�·� __________ : 

d) Evaluating historical areal 
photographs 

---------------, 

: �����aps of e.g. recent : 
---------------' 

,---------- - -----------� 
• Geomorphological map > , 

: identifying main source : 
: areas, buffers, blankets, : ' slugs, ... , _____________________ } 

Legend: 
I I , _______ , Data-output 

� Partner project 

a) Possible consequences of 
artificial barriers being altered or 
removed 

b) Quantification of erosion and 
debris flow processes by yearly 

tl TLS-surveys of hot spots 
a. 
Vl 
0 
.<::; 
"0 
QJ 

"" 

,-quantified values fo-r- - -: erosion, debris flow & ,_s!?�c�a� e_v:n�s
-
_____ _ 

� c) Measure transport areas 
32 with painted stone lines 

r--------------
1 maps and calculated ' 
' values fo r the transpo rt : 
� a_r�a- __________ _ 

d) Thickness and structure of 
important sediment bodies 
using geophysical techniques 

e) Estimating sediment transport 
capacity of rare low-frequency/ 
high magnitude events from 
measured runoff/bedload-transport 

; s�di;;,;nt tr;n�port -
---

: 
, capacity of extreme ' 
��=��----------J 

f) Analysis of the Johnsbach 
webcam-data 

r--------------, 

, estimation of the , � :_e�i���t !r�n_s��rt ____ , 

r------------------

•QUantifying sediment: 
:volumes and transfer: 
:_------ ��t!!�------- � 

Sediment Budget 

WP4 
Managing future 

behaviour 

b) Changing sediment fluxes in 
response to climate change? 

a) Direct bedload measurements 
using bedload basket sampler 

�information abourtransported-; 
• bedload material & grain size ' 
; �i�trib�!!_o!l ___________ : 

b) Geophone installation 

:-t;�p-;,;al ;arl;biii�.-i�itiati;n -of: 
'bedload motion, grain size of , ' the transported gra vel stones • 
'-----------------1 

c) Combination of bedload
(bedload measuring station) 
and discharge-measurements 
(autom. gauging of the river 
stage) 

' bedload yield 1 
l-----------------' 

: Bedload transport : 
& bedload yield 

c) Expert interviews & 
workshops with stakeholders 

, ------------------------------------------------------------------------, 
:The Sedyn-X project aims at finding alternative measures, satisfying all• 
: stake-holders and providing improved guidelines for similar renaturation measures : 
- ------------------------ - ----------------------------------------------- -' 

Figure 1.1: Organization chart of the SEDYN-X project. 
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General Introduction 

To accomplish the central a1m of this thesis the following questions will be 

addressed: 

{ 1) Can we infer patterns of sediment connectivity and [sedimentary] coupling 

effects between different morphological compartments? 

{2) What can the sediment budget tell us about the internal sediment dynamics 

and the spatial and temporal variations? 

{3) Can we observe the consequences of anthropogenic impact and climate 

change on the sediment budget and how can both be separated? 

{4) What are appropriate sediment management strategies concerning the future 

sediment flux and the related landscape development? 

The Johnsbach Valley, a remote, unglaciated alpine catchment, represents an ideal 

environment for this investigation and the study. Two main geological units are 

colliding inside the valley with one of them having a high weathering potential. This 

leads to an enormous amount of sediment being available for transport. During the 

last 70 years, extensive interventions [e.g. obstructions inside the fluvial system, 

gravel mining, river restoration] have taken place with a sustainable impact on the 

sediment flux inside the catchment and further downstream. Further, the extensive 

amount of sediment could lead to hazards and risks resulting in a need for 

protection for the local community and the infrastructure [access road into the 

valley and extensive forest road network]. 

1.4. Gu i d e  t h ro ugh t h e  t h es is  

Part A, which includes the chapters 1 to 3, is introducing into this thesis as well as 

giving an overview on the current state of the art in environmental sedimentology 

and characterizing the study area. 

Chapter 1 is an introductory part and is providing a brief overview of the thesis. lt 

describes its motivation and shows how the thesis is embedded in a framing project 

which deals with the research in sediment fluxes in the particular area. From this 

background the major objectives are identified and the key contributions are 

summarized. 
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Chapter 2 is provid ing a state of the art overview on environmental sedimentology of 

mounta in regions. The chapter specifies the i m portant characteristics of 

mounta inous terra i n  in  detail .  General models of a lp ine environments [slope and 

stream channel] are  described and a re l inked to the mou ntain sediment cascade. 

Different stages in sediment source-to-si n k  relat ionsh ips are h i gh lighted.  The 

concept of sediment budgets is presented as well as  the ma in  controls having an 

i m pact on  sedi ment fluxes. 

Chapter 3 is presenting a particular overview of the study a rea. lt describes the 

environmental characteristics of the whole catchment and further focuses on 

anthropogenic distu rbances and landscape recovery in the ZMS s ince the second 

half of the 20th century. 

Part B com bines three emp irical studies [cha pter 4 to 6 1 ,  wh ich a re pu blished as 

journal a rt ic les or book chapters. Each study is presented in  an  i nd iv idual chapter 

and addresses a part icular topic associated with a lp ine sediment dynamics [e .g .  

connectivity, cou pli ng ,  sediment f lux ,  sediment budget ) .  

I n  Chapter 4 a semi-qua ntitative model ing approach [ index of  connectivity] was 

appl ied and comb ined with maps of erod ib le sediment sou rces. The a im was to 

d isplay and quant ify connectivity parameters of the catchment as a basel ine for 

further research on quant itative sediment budgets. 

Chapter 5 is an emp irical study on the l inkage of landscape un its by sediment 

transport and its degree of coupl ing .  Several tr ibutary trenches of the Johnsbach 

River were i nvest i gated by m u lti-temporal TLS surveys to clarify the seasonal 

sed i ment dynamics ins ide the trenches and the deg ree of coupl ing to the ma in  river 

system. 

Chapter 6 discusses the consequences of h istorical g ravel mining in  the two ma in  

s ide cha nnels on the sediment s u pply. By us ing  a sedi ment budget model  it is  

demonstrated how these min ing activities affect the  overall sediment dynamics in  

the ZMS and how recent renaturat ion measures, especially in  the fluvial system,  are 

having an impact on the cu rrent and the future sed iment  dynamics. 
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General Introduction 

In the last Part Can overall synthesis is provided in Chapter 7, which highlights the 

main outcomes of the thesis. Therefore, the methodological approaches presented 

will be discussed and evaluated and the research questions will be answered by 

focusing on the results of the three empirical studies. Finally, Chapter 8 provides 

the conclusions drawn in this study and closes with an outlook on future research 

objectives. 

1.5. Ove rview of publ i cat i o ns a n d  a u t h o r  cont ribu t i o ns 

The empirical studies [Publication I - Ill] presented within the framework of this 

thesis are published in international peer-reviewed journals and books and are 

presented in Part B, chapters 4 - 6. The further contributions [publication IV - VI] are 

more of the science-to-public type and were presented in regional journals. They 

deliver insights into the project SEDYN-X itself and address smaller-scaled 

investigations. Publications IV - VI are attached in the appendix. 

Publication I I Chapter 4: 

Comparative analysis of sediment routing in two different alpine catchments 

Citation: 

Stangl, J., Rascher, E., Sass, 0., 2016. Comparative analysis of sediment routing in 

two different alpine catchments. In: Beylich, A.A., Dixon, J.C., Zwolinski, Z. [Hg.l, 

Source-to-sink-fluxes in undisturbed cold environments. Cambridge University 

Press, Cam bridge, 364-377, doi.org/1 0.1 017 /CB097811 07705791.026. 

Contribution: [own share is about 50%] 

All three authors [J.S., E.R. and O.S.] jointly developed the structure and objectives 

of the study. J.S. and E.R. designed the basic requirements [DEM transformation] 

for the models and interpreted the modeling results. E.R. performed the 

computations and created figures and diagrams focusing on the Johnsbach Valley 

whereas J.S. dealt with the Schottelbach Valley. E.R. [introduction and discussion] 

and J.S. [methods] wrote the main part of the paper and split the writing on the 

results chapter; O.S. contributed to all chapters. 
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Publication 11 I Chapter 5: 

Evaluat i ng  sediment dynam ics 1n  tr ibutary trenches i n  an  a lp ine catchment 

[Johnsbach Valley, Austria] us ing m u lt i -tem poral terrestr ial  laser sca n n i ng 

Citation: 

Rascher, E . ,  Sass, 0 . ,  201 7. Evaluat ing sediment dynamics in tr ibuta ry trenches in  

an  a lp ine  catchment [Joh nsbachtal, Austria] us ing  m u lt i-tem poral terrestrial laser 

scann ing .  I n :  Zeitschrift fur Geomorpholog ie ,  Supplementary Issues 6 1 [ 1 ] . 27-52, 

doi .org/1 0 . 1 1 27 /zfg_su ppl/20 1 6/0358. 

Contribution: [own share is about 90 %) 

Both authors (E .R .  and O.S. ]  jointly developed the structure and objectives of the 

study. E.R. d id the f ield work and the analysis of the data, created all f ig u res and 

d iagrams and interpreted the results. E .R .  wrote the paper;  O .S .  contributed to a l l  

chapters. 

Publication Ill I Chapter 6: 

I m pacts of gravel min ing  and renaturation measures on the sediment flux and 

budget i n  an  a lp ine  catchment (Johnsbach Valley, Austria) 

Citation: 

Rascher, E . ,  Rindler, R . ,  Ha bersack, H . ,  Sass, 0 . ,  2 0 1 8 .  I m pacts of g ravel min ing and 

renaturation measures on the sediment flux and budget in  a n  a lp ine  catchment 

[Johnsbach Valley, Austria). I n :  Geomorphology 3 1 8 ,  4.04.-4.20, doi.org/1 0 . 1  0 1 6/j. 

geomorph.201 8.07.009. 

Contribution: [own share is about 75 %] 

Two authors [E .R .  and O .S . ]  jointly developed the structure a n d  objectives of the 

study; the other two authors ( H . H .  and R.R.)  agreed. E.R. d id the analysis of the data, 

created all f igu res and d iagrams and i nterpreted the results. E.R. wrote the paper; 

H . H .  and R.R. provided the texts and d iagrams associated with the integrative 

bedload monitor ing system, O.S.  contributed to a l l  cha pters. 
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Publication IV I Appendix I: 

Sediment DYNamik Xeis: Eine interdiszipl inare Untersuchung zum 

Sed imenthaushalt im Johnsbachta l 

Citation: 

R ind ler, R . ,  Rascher, E . ,  201 5.  Sed i ment DYN a m i k  - Xeis:  E ine interdiszipl inare 

U ntersuchung zum Sedimenthaushalt i m  J o hnsbachtal. I n :  l m  Gseis 24, 1 7. 

Contribution: [own share is  a bout 50 %] 

Both a u thors [R .R .  and E .R . ]  jointly developed the structure and objectives of the 

article. R .R .  and E .R .  shared the writ ing and the selection of  p ict u res equally. 

Publication V I Appendix 11: 

Johnsbach in  Bewegung 

Citation: 

Sass, 0 . ,  Rascher, E . ,  Rode, M . ,  Kreiner, D . ,  2 0 1 6 .  Johnsbach i n  Beweg u n g .  I n :  Da 

Schau Her. D ie Ku lturzeitschrift aus Osterreichs M itte 37[2] .  8-1 1 .  

Contribution: [own share is  a bout 25 %] 

All authors (0.5., E .R . ,  M .R .  and D .K . ]  jo int ly developed the structure and objectives 

of th is contri but ion .  They all equally shared the amount of writ i ng  and the selection 

of pictures and g raph ics. 

Publication VI I Appendix Ill: 

Der La ngg riesgraben - E i n  dynamischer Raum i m  Gesause und Gegenstand 

i ntensiver Forschung 

Citation: 

Schottl, S . ,  Rascher, E . ,  Sass, 0 . ,  2018 .  Der Langgriesgraben - E in  dynamischer 

Raum im Gesause und Gegenstand intensiver Forschung .  I n :  lm Gseis 30, 4-7. 

Contribution: [own share is  a bout 40 %] 

All three authors [S.S., E.R. and O.S.] j o i ntly developed the structure and objectives 

of the study. S .S .  d i d  most of the wri t i ng ;  E .R .  decided on pictu res and f igures. E .R .  

and 0 .5. contributed to the writ ing .  

1 4  



 

 



 

State of the art - Environmental sedimentology of mountain regions 

agricultural niches) for the everyday life which makes it important to understand the 

environmental sedimentology of these regions. Then again mountain areas are also 

heavily affected by socio-economic changes, increased recreation and traffic, and 

changing land-use [Warburton, 2007) . These types of environmental degradation are 

also associated with changes in sedimentary processes. Therefore, as Warburton 

[2007, p. 32) stated, " " [to understand] the environmental sedimentology of mountain 

areas provides a useful framework for studying the effects of humans and 

environmental change on active surface sedimentary systems". 

2.2. M o u nta i n  e nvi ro n m e nts a n d  ge o m o rp h o logica lly 

s ign i f i ca nt  c h a ra cte rist i cs 

Mountains are an important feature in defining the world's landscape. They account 

for one-fifth of the earth's surface [Ives, 1992) and belong to the most complex 

landforms on Earth, due to the interplay between tectonic and structural influences 

and the work of denudation processes. McGregor [1990, p. 245) describes mountains 

as ' "extreme, high-energy geomorphological systems, characterized by intense 

physical weathering, rapid and varied mass movements, the imprint of past and 

present glaciations and distinctive associations and patterns of hydrological events". 

Yet the problem of finding a general definition for mountains has been approached 

many times in the past [e.g., Penck, 1894; Troll, 1941, 1972; Ives and Barry, 1974; 

Price, 1981; Gerrard, 1990 ) so that Messerli and Ives [1997, p. 8 )  came to the 

conclusion that . . . . .  the world ' s  mountains do not lend themselves to unifying 

definition that goes beyond the simple combination of ' steepness of slope ' and 

' altitude ' . . .  lt follows that several definitions, which are region-specific, are 

needed". However, as Barsch and Caine [1984) argued, at least four characteristics 

of mountains are important to describe the landform and the processes acting upon 

it: [1) elevation [often in absolute terms); [2) steep gradients; [3) rocky terrain; and 

[4) the presence of snow and ice. In general, these are the most popular features 

throughout the literature. These mountain characteristics are also useful for 

differentiating between mountain systems in a semi-quantitative manner [Table 2.1) 

where the change in elevation or relative relief is used to classify successively more 

mountainous environments [Barsch and Caine, 1984). 
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Besides the  four main characteristics from above, there are  others that need to be 

ment ioned to complete a geomorphic understa nd ing  of mou ntains. Barsch and 

Ca ine 1 1 984) refer to :  ( 1 )  the i nternal diversity and va riabi lity [derived from elevat ion ,  

relief, exposu re) of  mounta in a reas; [2 1  a c lear evidence of  late-Pleistocene 

g laciation of most mountain system; [31 a tectonic act ivity of many mountain areas, 

and especially the h i g hest of them;  and (4] the existence in  a metastable state of 

many mounta in environments lead ing  to a particular vulnera bil ity to disturbance.  

Other characteristics that are s ig nif icant for defi n ing  the mountain environment 

involve the vert ical  different iat ion of climate and vegetation cover (Barry, 1 9921 or 

climatic-vegetative belts [Troll, 1 941 , 1 972, 1 9731.  Of a l l  these characteristic 

elements especia lly the relative relief, the vegetation cover, and the climate a re 

h i g hly i m portant in  terms of the environmental sedimentology of mounta in reg ions. 

This results from their potential impact on erosion and sediment transport as the 

climatic control on  weathering affects sediment product ion ,  the high energy of steep 

slopes is  inevitably linked to the transport and removal of sediment and the 

d i m i n ished vegetation decreases the resistance to erosional processes. 

Table 2. 1:  Relief contrast in different types of mountain systems {after Barsch and 
Caine, 1 984]. 

Type 

H i g h  mounta in system 

Mou ntain system 

Mou ntainous terrain 

H i lly terra i n  

Altitudinal difference Relative relief 

[over 5 km distance) 

[m] 

> 1 000 

500 - 1 000 

1 00 - 500 

50 - 1 00 

[m km·2] 

500 

200 

1 00 

50 

Ca ine [ 1 974] d ist ingu ishes between physical (e .g .  geologic,  phys iograph ic ,  cl imat ic ,  

and hydrologic factors). b iot ic ,  and h istorical characteristics. Therein l ithology and 

structure a re perhaps the most important geologic factors as  they control the 

response of a landform to stress- induced processes (e .g .  the erosional  resistance of 

the surface material) .  The tecton ic  instability of alp ine areas associated with 

earthquakes and possibly triggered landslides is another im portant geologic factor 

having an  active influence. In a lp ine environments the most im portant physiogra phic 

factor are the steep slopes characterized by a h igh rate of  energy tra nsfer. Cl imat ic 

factors a re usually a im ing  at the effects of a lt i tud inal  change of precipitat ion and 
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State of the art - Environmental sedimentology of mountain regions 

temperature,  but a lso  e .g .  the spat ia l  va riat ion  in  rad iat ion due to topography and 

vegetation and its seasonal influence on snow coverage.  I n  further conseq uence the 

hyd rolog ic  factors are condit ioned by the cl imat ic ones as e.g. the runoff responses 

to snowmelt and seasonal rainstorm events. Therefore "the t ime of greatest 

d ischarge is [ .  .. ] l ikely to be the occas ion of g reatest fluvial geomorph ic  activity in  

a lp ine river chan nels" [Ca ine ,  1 974, p. 724). Other important characteristics include 

b iot ic [e .g .  vegetation type and cover and i ts vertical d ifferent iat ion ,  as well  as  the 

existence of so i l  layers and there stabilityl and h istorical features [e .g .  glacial 

effects and their s ign if icance on presently acting processes]. 

Generally, · ·many environmental influences of potential importance to geomorph ic  

processes [ .  . . ] or ig inate from the physical and b iot ic  m i lieu of  alp ine mou ntains or 

from the ir  h istorical development" [Ca ine ,  1 974, p. 722] .  They produce a geomorphic 

environ ment of su bstantial diversity in  both t ime and space which is  considered to 

be the "s ing le most sign if icant characterist ic of the alp ine zone" [Ca ine ,  1 974, p. 

722). 

H owever, the characteristics of mounta in environments that are most relevant to 

environmental sedimentology [after Warburton, 20071 ca n be summarized as 

follows: 

1 8  

Mounta ins a re generally regions of abu ndant sediment supply and h igh  

erosion potent ial [ M  i l l i  man and Syvits k i ,  1 992) .  

H i g h  rates of sediment production translate into elevated rates of sed iment 

transfer and increased sediment deposit ion (Maruta n i  et a l . ,  200 1 ) .  

The importance o f  steep slopes is  fundamental t o  many processes operat ing  

in  mountain environment [Jones, 1 9921 .  

There is considerable variabi lity in  the spat ia l  and temporal rates of sed iment 

transfer [Butler et a l . ,  20031. 

Mounta i n  environments are sensit ive to disturbance both from climate change 

and anthropogenic impacts [Ives and Messerli, 1 9891 .  

The incidence of geomorphological hazards tends to be h igh in m ounta inous ,  

h i g h-energy environments where narrow valley floors are juxtaposed with 

steep unstable s ide slopes [Gerrard, 1 9901 .  

Mountain sediment systems a re often o n ly a part of a larger drainage basin 

structure. The degree of coupl ing needs to  be establ ished [Brizga and 

F inlayson, 1 994; Piegay et al . ,  2004). 



 

 



 



Table 2.2: Typical terrain features of a high-mountain environment (after Fookes et al. , 1 985}. 

Mountain Description Materials Denudation processes Slope forms 

Zone 

H i g h  Snow and ice, g lac ial  deposits M echanical weathering Landforms of g lac ial  eros ion  
alt itude (al l  g ra i n  sizes] .  bare rock especia lly processes related to [e .g .  U -shaped valley forms, (f) ..... 

!lJ 
g lac ia l  and exposu res [ma in ly i ntrusive frost and freeze I thaw cycles, c irques, angular  rock r idges and ..... 

rt> 

periglacial ig neous and metamorphic rock g lac ial  erosion ,  instabi lity in rock peaks]. and glacial deposition 0 -
..... 

types at the center of mou ntain and snow masses, solifluct ion.  [e .g .  mora ine r idges,  t i ll sheets). � 
CD 

chains) .  coarse weather ing a n g u la r  rock walls, glaciers, !lJ 
::l 

products (boulder, cobble and snow and ice  f ields, i ce  sheets, 
g ravel size). per iglacial depos its h i gh-ang le debris slopes, 

m 
=> 
< 

around marg i n  of former or  solifluct ion forms (e .g .  sand :::; 
0 

present-day ice masses flows, coarse debris forms, d rift => 
3 

i nc lud ing  ang u la r  weathered sheets). CD 
=> 

rock fragments and debris 
..... 
!lJ 

rubble of mixed g ra i n  sizes. (j) 
CD 
o_ 

2 Free rock Bare rock exposu res, coarse M echanical and chemical  Rock walls and cliffs, moderate 3 

faces and debris products from weather ing weather ing ,  instabi lity in  rock h i gh-ang le ,  coa rse debris-
CD 
=> ..... 

debris  of  rock faces, bou lder  f ields, masses, i nstab i lity in soil  ma ntled slopes, bou lder f ields, 0 
0 

slopes scree or ta lus, taluvi u m (debris]  masses, sub-surface scree slopes, rock fa i lure forms (!::) 
'< 

(transported soi ls compris ing water erosion (near-surface (e .g .  fresh rock scars, conical  0 -

mixed sand ,  g ravel and cobbles through flow]. talus creep and a ccu  m u  lat ions of  weathered 3 
0 

with some f ines) .  soi l  creep, possible frost and rock debris). c: 
=> ..... 

freeze I thaw activity. !lJ 
=> 
• 
rt> 

(!::) 
0 

N I => 
(j) 



N (f) 
N 3 Degraded Ancient river terrace and fan Chem ical weathering ,  soi l  creep, Low-angle or  flat remnants of ...... 

!l) ...... 
m iddle deposits i n -situ res idual  so i l  unconcentrated and erosion surfaces, post-degraded CD 

0 
slopes and mantles [ma i nly on  low-angle concentrated surface water low-moderate ang le valley s ide 

__,., 
...... 
� 

a ncient valley s ide slopes] ,  colluvium erOS IOn .  slopes, a ncient terrace levels, CD 
!l) 

valley floors (transported so i l  compris ing  a anc ient fans, anc ient so i l  and ::l 

mixture of coarse g ra ins  in  a rock fai lure forms (e .g .  degraded rn 
clayey matrix] .  rock scars, s u bdued and � 

< 

vegetated accumulat ions of ..., 
0 
:::l 

landsl ide debris]. 3 
CD 

4 Active lower Ta luvi u m  and colluvium I nstab i lity in rock masses, H ig h-angle debris-mantled 
:::l ...... 
!l) 

slopes overlaying in-situ weathered i nsta bil ity in  so i l  masses, slopes [usually stra ight ] ,  small (J) 
CD 
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INTERFLUVE: Mass wasting 

FREE-FACE: Rockfall; avalanche 
erosion; gully and 
chute erosion 

TALUS: Rolling and settling; 
avalanche and mudflow 
erosion and deposition 

- - - - - - - - - - - - - -
- -

TALUS FOOT: Rock glacier flow; 
protalus deposition 

� - - - - - - - -
/VALLEY FLOOR: Mass wasting; 

overland flow 

STREAM CHANNEL 

Figure 2.2: Hypothetical alpine slope profile outlining the alpine sediment cascade 
process system {after Caine, 1 974}. 

System boundary of segment n - · - · - · - · - · - · - · - · - - - · - · - · - · -

Mantle 
thickness 

_......... Sediment transfer 

Boundary condition 
controls 

- - - -+ Feedback controls 

A Material added from 
upslope 

W Waste input by 
weathering 

R Material removed by 
downslope movement 

Figure 2.3: The hills/ope waste budget model (after Cain e. 1 974]. 
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2.3. 1 .2 .  The stream channel model 

H eadwater mou ntain catchments can be considered as sediment product ion zones 

feed ing  bedload and suspended sed iment downstream.  Accompa nying the fluvial 

forms along a river profile vary from the steep channel  dom inated headwaters 

through the meandering lowlands to the coastal zone [F ig u re 2.4] .  This sequence of 

channel  form patterns and a systematical decrease in g ra in-s ize downstream are 

generally common in  fluvial systems if there are no  relevant va riations in  d ifferent 

sediment source rock types and in the a bsence of sig n if icant tributaries [Rice and 

C h u rch,  1 998]. Therefore sediment load i n  the headwaters is generally domi nated by 

coarse bedload whereas downstream the f ine suspended load usually exceeds 80-

90 % of the total load [Warburton, 2007]. 

Figure 2.4: Schematic diagram showing transitions in the fluvial system along a 
river profile [modified from Mosley and Schumm, 2001 ). 

" " [ . . .] the stream channel may be considered a parallel to the valley wall subsystem 

for it, too, involves a l inear sequence of sediment transfer" [Ca ine ,  1 974, p .727] .  The 

interaction of a cha nnel segment with its adjacent u pstream and downstream 

seg ments along a stream channel  can be i llustrated in F igure 2 .5 .  The model can be 

expanded by external controls (e .g .  climatic, hydrologic, and geologic) as well as 

internal feedback links due to the basic ass u m ption of the relatively s imple cou pling 

effect of stream d ischarge and sediment movement. 
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mobi l ized, routed, stored, remobilized and deposited through different su bsystems. 

Sediment storages a re b u i lt up by a variety of d ifferent geomorphological processes 

and depleted by another [Burt and All ison, 201  O ] .  In a mou ntain environment the 

f inal o utput is transferred to the next low-order valley (e.g.  ma in  stream channel) 

from which it is transported to the outlet. An example of a mounta in sediment 

cascade for the ZMS in  the Johnsbach Valley, Austria is  dep icted in  F igure 2 .6 .  Four 

d ifferent, but dynam ically l inked, su bsystems have been ident if ied,  each of them 

conta i n i ng  its own set of sed iment transport processes and storage landforms. The 

former three su bsystems [rockwall, slope, and valley bottom] represent the slope 

model as earlier characterized in chapter 2.3 . 1 . 1  whereas the latter descri bes the 

stream channel  model [see chapter 2 .3 . 1 .2 ] .  

I n  general, the a lp ine drainage basin consist of  at least two dynamic  subsystems 

[the slope and the stream channel) .  as exemplif ied in Fig u re 2 .6 .  These are overla in  

by  four  sediment subsystems [a valley g lac ier sediment system, a coarse debris 

system,  a f ine sediment system,  and a geochemical system) as  described in  deta i l  

by Caine [ 1 974] and Barsch and Caine [ 1 984] [Table 2 .3 1 .  Each of these su bsystems 

is defined by the nature of the sediment involved and is characterized by d ifferent 

controls, responses and rates of activity. However, as they overlap in both t ime and 

space they i nteract and transfer material between the different systems. 

Figure 2.6: (Next page] Conceptual model of the sediment cascade in the ZMS, 
Johnsbach Valley, Austria, using the example of the Gseng side catchment 
(following the illustration and concept of Schrott et al., 2002]. 
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Table 2.3: Examples of mountain geomorphological process subsystems and typical 
geomorphological units (adopted from Warburton, 2007}. 

Sediment Morphological Transfer Typical Case study 

system units processes mountain 

environments 

Glacial Glacierized Glacial Icelandic Spedding 
valleys and Transport glaciers [2000] 
terrain; Ggjkull and 

mora1ne Kvrjkull 

Coarse Steep bedrock Rock fall, Randa rock Gi::itz and 
debris slopes and avalanches; slide, Valais, Zimmermann 

talus debris flows; Switzerland [1993] 
rock slides; 
talus creep 

Fine Waste mantled Solifluction; Colorade Benedict 

sediment slopes soil creep; Front Range, [1970] 
slopewash USA 

Fluvial and Stream Fluvial Karkevagge, Rapp 
geochemical channels; transport; northern [1960] 

valley floors; solute Sweden 

fans and lakes transport; lake 

sedimentation 

2.4. Se d i m e n t  fluxes i n  m o u nta i n  e nvi ro n m e nts : 

s o u rce-to-s i n k  re lat i o ns h i ps i n  a l p i n e  catc h m e nts 

. .  A catchment is a single fluvial system that is linked internally by a network of 

channels .. [Fryirs and Brierley, 2013, p. 29]. The catchment body is typically 

demarcated by a ridge line and separates the surface flow from one hydrologic 

system to another. In general catchments are divided into steep, rugged 

headwaters, moderate-slope mid-catchments and low-lying plains. Relating these 

landscape compartments to sediment transport relationships, three zones [Figure 

2.7AI can be differentiated: zones of sediment erosion [sediment production m 

source areas).  zones of sediment transfer [sediment transport) and zones of 

sediment deposition [sediment storage in sinks]. These three subdivisions are 

artificial because sediments are obviously eroded, transported and stored 

throughout the drainage basin; nevertheless, within each zone one process 1s 

usually dominant [Schumm, 1977; Knighton, 1998]. This longitudinal process 
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being major hazards [Gerrard, 1 990] .  However, such transformat ions and 

catastrophic events a re in itiated by the weaken ing and breakdown of  bedrock. This 

is generally referred to as  weathering a nd/or erosion .  If either terms can actua lly be 

used identical or a sharp l ine should be drawn between them was d iscussed by 

several authors [e .g .  G i lbert, 1 877;  Kennedy, 2000;  D ixon and Thorn, 2005; G regory, 

201  0 ] .  There is clearly some overlap between both terms as a cont i nuum of types of 

processes exists between them, yet definit ional u ncerta int ies need to be 

a cknowledged.  

Weather ing refers to a g roup of processes that provide the basic input  to a 

geomorphic system and a re the primary sou rce of waste product ion .  l t  is 

understood as the a lteration and reduction of rock and m i nerals [ i n  situ, at or near 

the earth ' s  surface] in  f iner particles caused by the preva i l i ng  environmental 

condit ions which usually d iffer from those under which most rock materials were 

formed [Yatsu, 1 988; D ixon ,  2004] . In general, weather ing is divided i nto a ra nge of 

processes following three ma in  categories: physical or mecha nical  weathering ,  

chemical weathering and b iolog ical  weather ing .  An  attem pt to conceptualize the 

major components of weather ing was made by Viles [20 1 3a ] .  As shown in F igu re 2.8 

the entity of weather ing includes many d ifferent effects, agents, processes and 

mechanisms which produce sed iment ,  contribute to so i l  development, release 

elements for further cycl ing effects, and in itiate and contribute to relief 

development at va rious scales. Even though the conceptual d i agram of weather ing 

ca n be categorized clearly many different mechanism are usually i nvolved at  certa in  

processes often lead ing to a m ixture of  weathering categories. 

Weather ing processes in mounta in systems, ma i nly focusing on  physical and 

chem ical weather ing ,  have been reviewed by Ca ine  ( 1 974]. Gerrard [ 1 990] ,  and 

Janke and Price [20 1 3] .  However, most of  the attent ion ,  wh i le focusing on  

weather ing i n  h igh  mounta in  systems, is g iven to the two following agents: 

tem perature and water. By do ing  so the effects of freeze-thaw cycles [e .g .  

Matsuoka, 1 994; Matsuoka and M u rton,  2008;  Messenzehl and Dikau 201 7 ;  

Schnepfleitner et al . ,  201 7] a n d  a changing rock m oisture content [e .g .  S a  ss, 2005a ; 

Rode et al . ,  201 6] seem to be the ma in  d rivers of bedrock weathering especially i n  

permafrost affected areas [e .g .  Krautblatter et al . ,  20 1 3 ;  Draebing e t  a l . ,  2014] .  The 

i m porta nce of chemica l  processes for rock weathering was already disting uished by 

Rapp [ 1 960) and Caine [ 1 976] .  Pa rt icula rly in carbonate rich bedrock recent 

i nvestigations have shown [e .g .  Sass, 1 998; Sass, 2005b ;  Kra utblatter et a l . ,  201 2) .  
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that d i ssolut ion processes can cause micro-scale fractur ing ,  possi bly lead ing  to 

larger jo i nts and  eventually to h i gh -magn i tude rock-slope fa i lures. 

Weathering 1s l i nked in a complex manner to the  e rosion and  evolut ion of rock 

slopes. Therefore, rock slope i n sta b i lity in a lp ine  geomorph ic  systems IM esse nzehl ,  

20 1 7] is of major s ign if icance for long -term erosion rates, landform evolut ion ,  

sedi ment product ion a nd the overall efficiency of  catchment sed iment  flu xes. As 

both the strength of rock slopes and the stresses that act upon them a re inf luenced 

by weather ing the a lterat ion  of bedrock a n d  the rockfall supply cha in  consist of 

m u lt i ple processes, act ing over d ifferent spat i a l  a n d  tem poral scales, with many 

complex  mter-l i n kag es. The l i nks between rock weather ing ,  rockwall i nsta b i lity and 

sed iment supply have been recent ly d iscussed by Viles [20 1 3b]  and M essenzehl et  

al .  120 1 81 .  

Linkages 

Effects 

Categories 

Agents 

Processes 

Mechanisms 

Relief generation Biogeochemical cycling 

Weathering 
rinds 

/ l 
Physical Biological 

Regolith and 
soil production 

Chemical 

/ l I \ l � 
Temperature 
cycles 

Salts Exudates Organisms Dissolved Water 

� l I \  ions / 1  
Freeze-thaw Salt 

weathering 

I � \ 
Bio

physical 
Bio

chemical 

I \ 
Hydro- Hydration 

lysis 

Crystal- Hydration Thermal Chelation Dissolution 
lization expansion 

� Controls . . . .,. Feedbacks/synergies I 
Figure 2.8: Conceptual diagram showing the linkages, effects, categories, agents, 
processes and mechanisms involved in weathering {after Viles, 20 13a}. 
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Rockfall talus sheet Rockfall tal us cone Coalescing tal us cones 

Avalanche-modified tal us Avalanche cone Avalanche boulder tongues 

Debris cone Hills lope debris cone Protalus rampart 

Protalus rock glacier 

"f?{t Rockwall 

<>·' Fall-sorting 

� Debris flows 

B 

Figure 2. 9: Tal us slopes and related landforms and processes. (A} Classification of 
talus slopes {after Ballantyne and Harris, 1 994}. (8} Talus cones along a rockwall in 

the Johnsbach Valley [Langgries, April, 30th 20 1 5) and (C} coalescing talus cones 

being reworked by secondary processes and supplying ma terial for subsequent 
mass movements {Gseng, April Jrd 20 14]. 

Rockwalls provide the waste, mostly d e posited on talus slopes, which is needed for 

f u rther down h i l l  processes to h a p p e n .  The movement of weathered material, 

i n c l u d i n g  so i l ,  loose stones a n d  rocks, u n d e r  the force of g ravity is termed a mass 

movement IWa u g h ,  1 990). Genera l ly, t h i s  excludes move m ents, where ice, water or 

wind is the d riving force. However, if ice, snow or water is released on a slope it wi l l  

i m m ed iately b e g i n  to flow IPierso n ,  1 988] and will  ra p i d ly entra i n  f u rther materia l 

a long its way. The behavior of such a flowi ng mass depends o n  the mater ial  type a n d  

the ra tio o f  s e d i m ent to water. Th is  leads to a n other im portant parameter for 

classifying mass m ovements,  the type a n d  speed of the m ovement itself. C o m m on ly 

the movement of waste material is e i ther defined as ' fast'  o r  ' s low' ISharpe, 1 938; 

Va rnes, 1 958] .  With this the periodi city of the process ca n often be d e d u ced,  as fast 

processes usua lly tend to have a long ret u r n  per iod and result in catastro p h i c  

events whereas processes defined as slow g e nerally a c t  m o re cont inuously through 

both space and t ime [Ca ine ,  1 974.]. I f  th is  actually is the case a n d  how a d i fferent 

m a g n i t u d e  and freq uency of geomorphic processes is responsible for the evolut ion 

of specif ic  features of  the landscape was d i scussed by Wolman a n d  M i l ler [ 1 960) .  
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Classifying mass movements and landslides has been a challeng ing task over 

several decades and st i l l  is [Cruden,  1 99 1 ] .  The classical approach [F igure 2 . 1  OA] 

us ing the speed of movement [between fast and slow] and the amount of mo ist u re 

present [ between wet and dry]. as a basis to d isting u ish  between the va r ious types, 

was made by Carson and Kirkby [ 1 972] .  A more recent scheme on mass movements 

[F igure 2 . 1  OB) that operates in  mou ntain environ ments was proposed by Coussot 

and Meun ier  [ 1 996] .  They comb ined the material type [from f ine,  cohesive clays to 

coarse, cohesionless g ranu lar  materia ls] and the proport ion of solid in  the moving 

mass [from water flow, to hyperconcentrated flows, to debris flows and la ndsl ides! .  

Other descript ions and classifications of slope movement types o r  landsl ide types 

have been made e .g .  by Varnes [ 1 978);  Cruden and Varnes [ 1 996) and H u n g r  et al .  

[20 1 4) as  shown in  Fig u re 2 . 1 0C.  They d ifferentiate between the type of movement 

[falls, topples, sl ides,  spreads, flows or com plex types] and the material type [rock, 

debr is ,  earth] to account for a landslide class ificat ion .  

Based on the variety of  classifications for  sediment transfer processes and storage 

types on h i llslopes in  alp ine catch ments a lot of i nvestigat ion took place d u ring  the 

last decades. A general overview on a lpine slope processes and related landforms 

combined with a s u m mary of work on those topics has been done by Caine [ 1 974]; 

Gerrard [ 1 990] ;  Ballantyne and Harris [ 1 994] ; and Janke and Price [20 1 3] .  Fina lly, 

after a sequence of different processes, the sediment usua lly atta ins  the fluvial  

system.  

Figure 2.10: [Next page} Classification of mass movements. (A] The classical 
approach {modified from Carson and Kirkby, 1972]. (B] Steep slopes as a function of 
solid debris fraction and material type [after Coussot and Meunier, 1996}. (C) 
Classification of landslides divided into types of movement and material type [after 
Varnes, 1 978 and Cruden and Varnes, 1 996]. 
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2.4.2.2. The compone nts of the fluvial system 

" M o u ntains may be worn down primar i ly by frost action and mass wast ing ,  but if 

strea ms d id  not transport [ . . . ] the material away, the valleys would [ . . .  ] be buried by 

the weathered material" (Jan ke and Price, 2 0 1 3 ,  p. 1 52) .  Rivers play a n  important 

role in  the denudat ion of mounta in environ ments. Most of the material transported 

in streams is  obtained from h i llslopes in  the headwaters of d ra inage basins. 

Depending on the d ischarge of the stream sediment transport is an  episod ic process 

that can be characterized as a jerky conveyor belt [Kondolf, 1 994]. 

Sed i ment transport in fluvial systems or rather the motion of a sediment g ra i n  in  a 

mounta in stream is basica lly depend ing on the size of the g ra i n ,  the forces act ing 

upon it , the amount of water or the discharge available and the i ncl inat ion of the 

surface. The energy of  the flowing  water is a ble to perform geomorph ic  work wh ich 

means transporting sediment and deforming  channel  bou nda ries. Hj u lstrom [ 1 935] ,  

as one of the first, describes the relationsh ip  between grain s ize and flow velocity 

and shows the transit ion between the phases of sediment entra inment ,  transport 

and deposit ion. By trend a g ra i n  spends more t ime in  storage than in actual 

transport. The transport of the d ifferent grain-size fract ions actua lly happens via 

d ifferent mechanisms.  A deta i led overview on the mechanics of flow and fluvial 

sediment transfer is  given by Leopold et al. [ 1 964], Schumm [ 1 977] ,  and Knig hton 

[ 1 998). 

The behavior of water and sediment and the associated open channel processes of 

rivers in  alp ine reg ions  do not markedly differ from those in  the lower alt itudes. 

N evertheless, some characteristics of the mountainous environment may have an 

i nfluence on the factors involved in  the hydraulic geometry of a channel.  In F igure 

2 . 1 1 the interactions between the cha nnel, the d ischarge and the sed iment load are 

combined in  different sets. These sets a re i nterdependent which shows the 

connect ion  between the various components of the fluvial system.  In  th is  structure 

the a lpine footprint may be primar i ly found in  the drainage behavior [e .g .  h i g hly 

va riable discharge) and the sediment composit ion [e .g .  size and type), wh ich 

together form the boundary condit ions for further hydraulic interact ion eventua lly 

lead ing  to sediment eros ion ,  transfer and deposit ion.  
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Boundary 
condition set 

. . .  - - . - - . - - . . .  - - .  � . . . .  - - . - . ..  
- - - - - - - - - - - - - - - - - - - - ' 

Hydraulic - - - - - - Process set 
geometry set 

Response set 

Figure 2. 1 1 : General relationships between the factors involved in the hydraulic 
geometry of a channel (after Chorley, 1 96 9). Note: arrows suggest the direction of 
influence. 

In the fluvia l  syste m  stream c h a n n e l  processes can a lso be t reated in terms of a 

s o u rce-to -s i n k  m o d e l  at a s m a ller scale [ F i g u re 2 . 1 2 ) .  Appa re nt ly ,  t h e  o u t puts from 

the h i l lslopes become the i n p uts  t o  the c h a n nels such that a c o n t i n u a t i o n  of t h e  

s e d i m e n t  t ra n sfer  is  assu red [ F i g u re 2 . 1 , 2 . 6 ) .  The mater ia l  b e i n g  d e livered f r o m  t h e  

va lley s i des ca n be s u b d iv ided  accord i n g  to i ts  s i z e  a n d  t h e refore i m p l i e s  t h e  

d iffere nt i a t i o n  betwe en s u rface a n d  s u bs u rface processes. F u rth er, s e d i m ent  i n p ut 

is provi ded via t h e  tra n sit  of s e d i m e n t  from cha n n e l  seg m e nts u p stre a m  a n d  t h e  

e ros i o n  o f  t h e  c h a n n e l  b o u n d a ri e s  i tself [ F i g u re 2 .5 1 .  H oweve r, bed a n d  b a n k  e rosi o n  

is  not  rest r icted to t h e  c h a n n e l  i tself b u t  c o u ld a lso affect t h e  va lley f l o o r  a s  t h e  

strea m breaks o u t  of i t s  c h a n n e l  d u e  to h i g her d ischarges.  Bes ides t h e  c o m p os i t i o n  

o f  t h e  s e d i m e n t  i tself severa l hyd ra u l i c  para m eters a re res pons i ble f o r  f luvial  

t ra nsportat i o n  [ F i g u re 2 . 1 1 ] . The load ca rri ed  by st rea m s  c a n  be separated i nto bed

material  loa d ,  s u s p e n d e d  loa d a n d  d issolved loa d ,  d e p e n d i n g  o n  the type of  

tra nsport .  Thou g h ,  t h is d i st inct ion  is a rb i t ra ry to a certa i n  extent a s  t h e re is  an 

interc h a n g e  of part i c les betwee n  the f i rst two modes of  tra n sport .  The compos i t ion  

of  t h e  tota l load and  t h e  s i g n if ica n ce of t h e  t h ree types t h e re i n  may vary f o r  e a c h  
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State of the art - Environmental sedimentology of mountain reg ions  

Estimat ing the  geomorpholog ical activity or the sediment output ,  respect ively, from 

a particular mounta in  environment, can be ach ieved by measur ing the sed iment 

y ield of  a catchment dra in ing such an area.  "The sediment y ield is def ined as the 

total  sed iment outflow from a bas in over a specif ied t ime period [ . . .  r IKnig hton, 

1 998, p .  88]. However there is considera ble spatial and tem poral variat ion  in  g lobal 

patterns of fluvial sediment yield (e.g.  Wa ll ing and Web, 1 983 ;  M i ll iman and Syvitski ,  

1 992] .  The main factors control l ing that va riat ion a re climate (especially 

precipitat ion ]  and runoff characteristics, relief and tectonics, so i l  erod ib i lity and 

plant cover IKn ig hton, 1 998; Warburton, 2007] .  To evaluate the sediment output 

three main approaches exist:  d i rect measurements of the fluvial sed iment transport 

at the out let, measurements of erosion at the sou rce a rea and lake or reservoir  

su rveys. For the fi rst approach concurrent measurements of  the fluvial sedi ment 

transport components and the d ischarge are req u i red. S i nce both a re h i g hly 

variable in t ime survey periods need to be long enough to ensure a relia ble 

relat ionship .  The second method uses the concept of sediment del ivery or the 

sediment del ivery rat io  being defined as the rat io  between sediment del ivered at the 

outlet and g ross erosion within the catchment I Roehl ,  1 962 ;  Wa ll ing ,  1 983; R ichards,  

1 993] .  Erosion ca n be est i mated e ither by measuring erosion rates or by us ing 

eros ion models, e .g .  USLE (Wisch meier  and Smith ,  1 978]. F ina lly the sed iment yield 

can be predicted by connect ing  the g ross erosion and the sedi ment del ivery rat io ,  

wh ich  can be determined in  dependence of  the  bas in  area (Knighton,  1 998]. The 

th i rd a p proach ,  sampl ing sedi ment from lakes or other reservoirs, has the potential 

to provide long-term records of variations in  sed iment yield. Therefore, a chang ing 

character in  sediment sources or chang ing environmental cond i t ions can be 

exposed. All three of  these approaches, to estimate the sediment yield of  a d ra inage 

basin,  are  often su pplemented by sedi ment routing models to  describe the transport 

of sediment from sou rce to sink.  
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State of the art - Environmental sedimentology of mountain reg ions  

The concept of connectivity or rather "con nectivity th ink ing"  has a long h istory in  

geographical research. The concepts of  system analysis [Chorley and Kennedy, 

1 9 7 1 ]  and sensitivity and coupl ing [Brunsden and Thornes, 1 979] were among the 

fi rst systematic considerations, in a geomorpholog ical context.  in  which con nectivity 

is documented a n d  used to expla in  geomorphic change.  Since then,  connectivity has 

been widely used in various d iscipl i nes and contexts. Extensive summaries on 

conceptual connectivity frameworks and specifically on  sediment connectivity have 

been compi led by Bracken et al . ,  201 5 ;  Poeppl et a l . ,  20 1 7 ; and Heckman n  et al . ,  

2018 .  

Sediment con nectivity emerges at  various spatial scales mak ing it relevant to 

determine the spat ial  and funct ional  elementary entit ies of the observed landscape. 

Therefore, sedi ment connectivity is divided into structural and funct ional 

connectivity [Wainwright et al . ,  201 1 )  but  is based on the i nterplay between them 

both [F ig u re 2 . 1 4) .  Whi le the first describes the spat ial  a rrangement of la ndscape 

u n its, the latter is establ ished through the actual transfer of sediment between 

m u lt i ple structural characteristics of the system .  Thus,  sediment connectivity is  

dependent on  a l l  aspects of  the  geomorphic system that  control sed iment f lux  as  

well as on characteristics of  sediment deposit ion and residence t imes [Sandercock 

and Hooke, 201 1 ) .  This is  in close re lationsh ip to the sediment connectivity 

framework, published by Bracken et al. [20 1 5 ] .  which expla ins  the connected 

transfer of sediment from source to s ink in  a system via sediment detachment and 

sediment transport. With in  th is framework three interrelated key elements of 

sed iment detachment and transport are i ncluded:  ( i )  the i r  frequency-mag nitude 

d istribut ions ;  [ i i )  the ir  spat ia l  and temporal  feedbacks; and [ i i i )  their mechanisms. 

All  three characteristics have formed the basis for prior geomorpholog ical 

research, but Bracken et al .  [201 5]  em phasize the eo-dependency (relationships and 

feedbacksl of each of the three. By doing so they st i m u late a continuum based 

approach in  sediment transfer [understa nd ing pathways, routes and scales of 

movement) rather than the stop-and-go type of transport between different 

sed i ment storages provid ing  a better understa nding of system complexity [Poeppl et 

al . , 201 7) .  
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{each-scale 

Process-form 
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Figure 2.15: Conceptualization of controls upon sediment flux at-a-catchment scale 

{after Fryirs and Brierley, 20 13]. 

The first control is the imprint of the landscape setting on source-to-sink 

relationships.  Boundary conditions, such as tectonics and lithology, are i m portant 

drivers for erosivity/erodib i lity of the landscape and mainly contribute to the amount 

of  sed iment that is  made available. In relation to the hydrologic reg ime this 

determines whether the Landscape is supply-limited o r  transport-l im ited [ G i lbert, 

1 877;  Carson and Kirkby, 1 9721 which further results in different reach patterns 

[bedrock-controlled or alluvial) [M ontgomery et al., 1 996; Turowski, 201 2) .  The slope 

and the valley morphology itself are i m portant determ i n i n g  areas at which sediment 

can be stored and/or rewo rked. Therefore, this is a major influence for the 

distribution of sediment sources, transfer paths and accum u lation zones.  The 

second regulator is the i m pact of landscape connectivity [F ig ure 2. 1 6] on source-to

sink relat ionships with lateral, Lo n g itudinal  and vertical l inkages. The s u m m a ry of 

all three types determines the degree of connectivity and shows how effective 
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va r ious parts of a catchment contribute to the sed iment cascade. With in  and 

between the la ndscapes compa rtments various la ndforms restrain the  sediment 

transfer. These blockages can be genera lized as buffers llandforms that affect 

sediment transfer from h i llslopes to the cha nnel network], barriers [ landforms that 

i m pede downstream conveyance of sediment within the channel network] and 

blankets [features that d isrupt vertical l i nkages) [Fryirs et al . ,  2007; Fryirs, 201 3) .  

The th i rd control on  sediment fluxes is represented by the sensitivity of the river 

reach.  Whether certa in  reach acts as a transfer zone or an accu m u lat ion zone is 

strong ly dependent on  the different river type [e .g .  confined or a lluvial) resu lt ing in  a 

va rying sensit ivity and capacity for sediment fluxes [ Fryirs and Brierley, 201 O) .  

Natu rally, these condit ions are not stationary and can change over t ime depending 

on  the types and severity of  disturbance. As a result former sedi ment accum u lat ion 

zones can be remobi lized i nto sediment sou rce a reas potentially releas ing 

sig n if icant amou nts of  sed iment into  the cascade. I n  contrast the formation of 

blockages can d isconnect certa in  reaches by transforming its geomorphic 

structure.  At the smallest sca le, the fourth  control is  the process-form associat ion.  

Th is means that the recurrence interval and the residence t ime of geomorph ic  un its 

determ ines the extent to wh ich sediments are stored and transported. The different 

[ i m pell ing and resist ing)  forces act ing on a s ingle g ra i n  [R ickenmann and Reeking,  

201 1 1 . the roug h ness of various surfaces [ Buff ington and M ontgomery, 1 999] and the 

degree of sediment orga nizat ion [packing or  a rmor ing of r iver beds) can have 

sig n if icant impact on the flows of various magn itude and frequency and its work on 

sediment transfer [Wilcock and DeTemple, 2005 ;  Wa ng and L iu ,  2009). The role of 

vegetation, on slopes as well as in river channels, can be extremely important as 

well [Osterka m p  et al . ,  201 2) .  Healthy vegetation and reforested areas a re rather 

steady resistance elements whereas missing vegetat ion [e .g .  due to forest 

clearance or burn ing )  can speed up erosion and sedi ment transport [Sass et al . ,  

20 1 2 ;  Harden,  20 1 3 1 .  Deadwood ca n cause blockages and log jams which could lead 

to catastroph ic  sediment releases and transfer once they are breached [Comit i  et 

a l . ,  2006).  
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connected 

• Efficient flow and longitudinal 
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• Transfer zone 
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• Accumulation zone 
Hillslopes and channels 
decoupled 

• Tributaries may be trapped 
or disconnected from the 
trunk system 

. 
Significant sediment storage 
Inefficient longitudinal 
sediment transfer 

• Channel - flood plain 
connectivity is high 

• Strong vertical connectivity 

c;::::::=::> Longitudinal _____. Vertical -·-·-·,.. Lateral l inkages ............ ,.. Lateral linkages 
linkages linkages (hillslope - channel) (channel - floodplain) 

Buffers CD landslide @ tributary confluence @ fan @) backswamp @ flood plain 

Barriers ® sediment slug @ dam 

Blan kets ® flood plain sand sheets @ fines in interstices of gravels 

Figure 2. 16: Spatial dimensions of landscape connectivity in an idealized catchment. 
Patterns of longitudinal, lateral and vertical linkages have different strength in 
headwater, mid-catchment and lowland plain settings. This is largely dependent on 
the configuration of each process zone and the location of blockages in the system 
{modified from Brierley and Fryirs, 2005). 
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2.4.6.2.  Climatic controls 

Besides the conf iguration of the catchment itself other factors m i g ht be sig n if icant 

when it comes to d iscussing the controls on sediment fluxes. Probably one of the 

most im portant d riving forces in  sediment dynamics is the cl imate with its d iverse 

parameters, both globally and regionally. S i nce cl imate change occurs [ I PCC,  2007] 

and is a topic of g reat importance it seems com prehensible to h ig hlig ht the 

consequences on the sediment dynamics in  a lp ine  catch ments. "Cl i mate change 

defines a statistica lly s ig nif icant va riation e i ther in  the mean state of  the cl imate [ . . .  ] 

or in  its variabi lity, persist i ng  for an  extended period" [Borgatti and Soldat i ,  2 0 1 3 ,  p. 

306]. As far as  recent and present cl imate is concerned the I ntergovernmental 

Panel on  Cl i mate Change [ I PCC] unequivocally states that the g lobal  and regional 

cl imate system is warming [ I PCC,  2007] .  Considering the influence that cl imate 

exerts on  the development of sedimentary environments, cu rrent and future 

cl imat ic and environmental changes are potentially s ign if icant for the funct ion ing of 

most sediment systems [Perry and Taylor, 2007].  

The two cl imatic a gents most s ig nif icant for the alpine sediment systems and 

therefore for  h i llslope processes [Borgatti and Soldat i ,  201 3) and catchment 

hydrology (Hudson-Edwards, 2007] are preci pitation and tem perature [F ig u re 2 . 1 7] .  

First of all ,  r is ing tem peratures are the un ique  d river for g lac ial  retreat, melt ing 

icecaps, permafrost reduction and related phenomena and a chang ing  cryosphere in  

general [Fischer et  al . ,  2006; Haeberli e t  al . ,  2 0 1 6 ;  Avian et  al . ,  2018 ] .  As a resu lt the 

hydrolog ical cycle and the sedi mentolog ical budget pr imarily in  the proglacial area 

are react ing to those cha nges [Koboltschnig and Schoner, 201 1 ;  Carrivick et a l . ,  

2013 ;  Fischer et  a l . ,  2 0 1 5 ;  Heckmann et  al . ,  20 1 6 ;  Carrivick et  al . ,  2018 ] .  Especia lly 

at h igh  energy events, such as outburst floods [Cenderell i  and Wohl, 200 1 ;  Harrison 

et al. , 2006). the increased sediment supply and transport wi l l  be apparent. Further, 

tem perature changes can have an im portant influence on weathering reg imes such 

that  rockwalls wi l l  provide more material for  intensified surf ic ial  sediment fluxes 

[Ravanel and Del ine,  201 1 ;  Kellerer-Pirklbauer  et al . ,  201 2] .  

Secondly, most sed iment transport, and therefore the majority of morphological 

changes that occur in sedimentary environ ments, is a resu lt of low-frequency but 

h ig h-magn itude events. Usua lly these a re associated with storms or h igh [seasonal] 

ra i nfa ll ep isodes which cont inuative lead to h igher stages and runoff in the fluvial 

system.  Although sediment can be mobil ized and transported during normal flow 

condit ions,  floods play a major role i n  erod ing  and deposit ing fluvial sediment ,  and 
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modify ing  river chan nels and  flood pla ins (Kn ighton 1 9981.  Goodbred (2003]  reports 

from the  Ganges river system that a round 80 % of fluv ial  d ischarge and  95 % of 

sed 1ment load a re d elivered over the 4 month summer monsoon period. A s i mi la r  

relat ionsh ip ,  were a n n u a l  sediment yield o f  a basin i s  strong ly related t o  the 

prec ip i tat ion ,  was a lready verified by La ngbe in  and  Schumm [ 1 958] .  This sym bolizes 

a stro ng seasonal  control of the sed iment l inkages from the sou rce a reas through 

the catchment basins to the f ina l  depots in  the  sea .  R ivers are part icularly sensit ive 

to changes i n  cl imate and  s ign ifica ntly show a relat ionsh ip  between th ese changes 

and sed i m entat ion  in  the  fluvial  system.  I nteract ions between cl imate cond i t ions 

a n d  the sed iment  cascade i n  genera l  were h ighl ig hted by Lane et al .  [2007] and 

Ra inato et al .  [20 1 8] and i n  relat ion to extreme events by Ra inato et al .  [20 1 7 ] .  

Ad d ressi ng the fact of c l imate change aga in  to the issue of  preci pitat ion,  future 

scenarios show on the one hand a n  i ncreasing sh ift towards the winter season 

[Gob iet  et al . ,  20 1 4] .  On the other hand ,  however, the i ntens ity of the storms d u ring 

the sum mer season is expected to r ise [Sch roeer and Kirchengast,  20 1 81 .  Assuming  

that  the tem porary sed i m e nt storages ins ide  the sediment cascade a re replenished 

i ntens if ied summer rai nfalls cou ld lead to a h i g h e r  sediment d ischarge both on the 

h i llslopes and i n  the river channel .  
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Figure 2. 1 7: Dependency between climate variables, components of the hillslope 
cryosphere and biosphere, and geomorphological processes {after Borgatti and 
Soldati, 2013}. 

M a i n ly depended on cl imat ic va ria bles and thus especia lly affected by the 

consequences of climate change is the vegetat ion cover. Vegetat ion  plays a n  

im portant  role when i t  comes t o  sed iment supply, transfer a n d  stora ge  (Sa ndercock 

a n d  Hooke,  201 1 ;  Osterka m p  et a l . ,  20 1 2] .  H owever, specif ica lly in mounta inous 
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2 0 1 3 ] .  a n d  livestock fa rming [ B u t ler, 2 0 1 3] .  These activities resulted i n  i n creased 

soil eros i o n ,  soil creep and la nds lide events as well as a rise in flood ing and flood 

peaks, which in turn result in h i g h e r  rates of sed iment  input  to rivers a n d  of valley

floor alluvi at ion  [ Evans et a l . ,  2000;  Knox, 200 1 ; G lade,  2003].  A clear l i n k  between 

anthropogenic  activity a n d  sed i m e ntary system response can be assessed in a reas 

where construction works ! i nfrastructure. river reg u lation and channel iza t i o n .  dams 

and reservo i rs) !S u rian and R i n a l d i ,  2003;  M a g i ll igan et a l . ,  2 0 1 3 ;  Overeem et a l . ,  

2 0 1 3 ;  Petts a n d  G u rnell ,  201 31 o r  reso urce extraction activities !especially m i n i n g  of 

aggregates) ! M ossa a n d  J a m es, 2 0 1 31 result in downstream sediment sta rvat ion.  

The reduced sediment s u p p ly has resulted i n  rema rkable changes i n  the be havior 

and geomorph ology of fluvial systems. In the Alps sediment deficits have been 

recorded in m a ny rivers over the past 30-40 years. The resu lt ,  on many u p la nd 

rivers, has been widespread eros ion and entre nchment  !Descroix and Gaut ier, 

2002] .  To cou nteract t h i s  evolutionary trend i n  river ine syst e m s  river management 

has seen i n crea s i n g  g rowth s ince the 1 980s ! G ore, 1 9851 .  Restorat ion p lans i n clude 

creat ing sustaina ble geomorp h ological feat u res, mana g i n g  riparian zones, restoring 

the hydrolog ical stability and ensur ing a suff ic ient  sed i m e nt flow to keep the river i n  

bala n ce in t e r m s  of sediment yield a n d  to faci l itate re naturation measures ! H udson

Edwards, 20071 .  

Human activities 

! 

Figure 2.18: System diagram for interrelationships between human activities and 
landform response {after James et al., 20 13/. 
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The Johnsbach Valley and the "Zwischenmauerstrecke" 

The Johnsbach Valley is a non-g laciated,  longitudinal  a lp ine  valley belong ing  to the 

Gesause a rea.  The Gesause (see the outl i ne  of the N PG in F igure 3 . 1 1  i s  the area 

a long the Enns Valley, sta rt i n g  to the E of Admont unt i l  H iefla u ,  w1th its su rrou nd ing  

m ountains and  s ide  valleys. The  thu nder ing a n d  swooshing no ises [ German 

translation: sausenJ of the  River Enns gave the  whole reg ion  its name '' Gesause·· 

(Sterl and Krein er, 201 01 .  Topograph ica lly the  Jo hnsbach Valley is part of the 

En nstaler Alps which is a m o u nta i n  ra nge of the N o rthern Ca lcareous Alps I N CA] 

a n d  the E isenerzer Alps which can be attr ibuted to the Greywacke Zone [GWZ).  The 

h ig hest ma in  mounta in  peaks in those ranges a re Grof3er Odste i n  [2335 m a.s . L . I ,  

Hochtor [2370 m a .s . L . ]  and  Gsu chmauer  12 1 1 6  m a .s . l . J  1 n  the NIN E,  Leobner [2036 

m a.s.l . J  and Blaseneck [ 1 969 m a .s . l . J  i n  the 5 and Admonter Re ichenste i n  [2251 m 

a .s . L . I  i n  the W. 

Figure 3.2: A erial image (eastward direction} of the ZMS (picture by NPG, 1 0/2004). 
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the disharmon ic  tecton ics theory. Addressing the evolut ion of the Gesause area 

since the ice ages va n H usen ( 1 987] focused on the g lac ier extends dur ing  the 

d ifferent stages on a larger scale and described how the Enns Valley bottom evolved 

d u ring  the quaternary (van H usen,  1 968]. 

The location of the Gesause gorge, in a geolog ical perspective, is described by 

Am pferer ( 1 935) as ·· . . . recht merkwu rd ig "  (english translation: quite strange]. The 

course of the Enns Valley, starting at the Ad monter Basin,  seems untypical in that 

case for it leaves the border between the consol idated N CA and the more 

straticulate GWZ which it has been following before. The reason for that is a 

geological fa u lt (Gesause Storung]  parallel to the Gesause g o rge approximately 1 

km to the N [Ampferer, 1 935 ) .  This fault is a s in istra l str ike s l ip  fa u lt and is part of 

the Salzach-Ennsta l-Mariazell- Puchberg [SEMP] fa u lt system.  The S E M P  is one of 

the g reat, and still act ive [ Pla n et al . ,  201  O l .  l ines of motion i n  the Alps and extends 

over 400 km from I nnsbruck to the Vienna Basin. The Gesause Stbrung was 

considered to be a break in the E descend ing ant icl ine of the Gesause Mounta ins  at 

which the a rea to the S was lowered com pared to the area to the N by up to 1 ,500 m 

(Buchner, 1 970).  Furthermore the Gesause Mounta ins  a re showing d isharmonic 

tectonics due to  the d ifferent mechanical  properties of  the rocks be ing i nvolved in  

deformation processes (Buchner, 1 970 ;  Bauer, 1 998) .  

The Johnsbach Valley is geologically d ivided into two main nappes the NCA to which 

the Gesause Mountains belong and the GWZ [Fig u re 3.3] [Ampferer, 1 935 ;  Tollmann ,  

1 967 ;  Buchner, 1 970] .  The struct u re of  the  Gesa use Mountains is widely determined 

by Triassic ca rbonate rocks ma in ly l imestone and dolomite.  Most s ig nif icant for that 

structure is an approximately 2000 m th ick carbonate plate start ing  with Werfener 

Formation and reaching to the Dachstein  L imestone (F igure 3 .4) .  The lower most 

Prab ichl  Formation is Perm ian wh i le the u pper Gosau is Cretaceous [Buchner, 

1 970] .  

The summit regions of the central Gesa use Mou ntains are a lmost exclusively bu i lt 

from Dachstein Limestone. The th ick bedded rock can reach a th ickness of u p  to 700 

m. Due to  the strength of the rock, it typically breaks in large blocks and usua lly 

forms rugged rock faces. The underlying Dachste i n  Dolom ite has a lower 

stratif ication and a h igher brittleness than the Dachstein  L imestone. The Ra ibl  

Formation is a 20-30 m na rrow band separating the Dachstein Dolomite and the 

Wetterstein Dolomite .  Their occu rrences l ie between 1 1 00- 1 600 m a.s . l .  The 

Wetterstein Dolom ite (or Ramsau Dolom ite] is the predominant geological basis of 

the montane level. The rock has a f ine crystalline structure which is characterized 
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by its l ight b rittleness due to the fine jo i nts. l t  is part icularly p rone to weather ing ,  

form ing  a n  erosional  landscape with steep slopes and  provid ing  large amou nts of 

sharp-edged debns.  Heavy ra i nfall events erode la rge qua nt i t ies of this debris which 

is being transported furt h e r  on  i n  troughs  and d itches to the valley bottom.  The 

lowest part of the carbonate p late is the Werfener  Formation which is present at the 

surface only to a small  extent. A deta i led map on the di stri but ion of the  carbonate 

rocks i n  the ZMS [F igure 6 .3A] is presented in  Chapter 6.  [Am pferer, 1 935 ;  Buchner, 

1 9 70 ;  Bauer,  1 998] 

Rocks I Bedrock Geologic time 

Alluvial sediments Quarternary } Cenozoic 
Unconsolidated rock Quarternary 

{ 
.. Limestone (Dachstein) Late Triassic 

} 
<( .. Dolomite (Wetterstein) 0 Middle Triassic Mesozoic 
z .. Schist (Werfener), Quartzite Early Triassic 

N 

{ .. Limestone (ore bearing) Devonian } � .. Paleozoic 
<.9 Schist, Porphyroid, Conglomerate Ordovician - Silurian 

Figure 3.3: Simplified geological map of the Gesause Mountains and the Johnsbach 
Valley [modified from Hasitschka and Lieb, 20 12). 
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Figure 3.4: Stratigraphic scheme of the Gesause Mountains [after Buchner, 1 970, 
p. 9]. 

Rem nants of t h e  ice a g es can still  be fo u n d  i n  isolated posit ions.  I nterglacial  B reccia 

which is more o r  less calcif ied talus is located e . g .  in the ZMS at the slopes to the E 

of t h e  Ad m o nter Reichst e i n  a n d  to t h e  W of t h e  G rofler O d st e i n .  The extents of the 

g la c i e rs d u ri n g  the d ifferent stages a r e  rat h e r  h a rd to ident ify i n  t h e  J o h n sbach 

Valley. M o ra i n i c  remains from local g lac iers a re present e . g .  in  the ZMS in the 

Ka inzenalbl  s ide ca t c h m e nt. Widespread a l luvial dep osits form the valley bottoms i n  

the Gesause reg ion a n d  i n  the Jo hnsbach Valley. These dep osits a re usua lly f ine 

s a n dy sed i ments w h i c h  can be overla i d  by h i lls ide de b ris fro m t h e  s u rro u n d i n g  

slopes. IAmpferer, 1 93 5 ;  B u ch n er, 1 970 ;  va n H u sen 1 968] 
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The S-adjacent GWZ belongs to the sa me reg i onal  tectonic un i t I "Oberosta lp in" ]  as 

the  NCA and is split i nto a southern Veitscher nappe and a n  overlaying northern 

N orische nappe.  The N o rische nappe is border ing the  NCA to the N .  I ts strat igrap hy 

ra nges from Ordov ic ian to Devon ian  [F ig u re 3.3]  and is m ostly characterized by 

crystall i ne  rocks (porphyroids and schists/phyllites] a n d  part ia lly by ore-bearing 

carbonate rocks. !Ampfere r, 1 93 5 ;  Ruc ker, 1 982] 

GWZ ....... I--r--l .... NCA 
Admonter 

Relchensteln 

Figure 3.5: View to the WNW from the inner Johnsbach Valley to the Admonter 
Reichenstein {adopted from Lieb and Premm, 2008]. 

I n  the Joh nsbach Valley a prom i nent  contrast evolves between the surface shapes of 

the NCA and the GWZ which is due to  the geological  sett i ng  and the 

geomorpholog ical  processes. In the N C A  the surface is sparsely vegetated and 

m ostly shaped by rugged rock walls, steep fu rrows and deeply i n cised chan nels 

whereas i n  the  GWZ a more flattened ,  ma inly forested landscape prevails [ F i g u re 

3 . 5 ] .  The steepness of the terra in results from the  resista nce of the rocks to 

weather ing which is why the ZMS is showing a g reater distr ibut ion of h igher  slope 

g radi ents compared to the rest of the J o hnsbach Valley !F i gure 3 . 6A] . The st eeper 
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the relief [F igure 3 .68)  [with elevat ion  differences of up to 1 700 m between the 

valley bottom in the ZMS and the G rorler Odste in l .  the more processes appear that 

are caused solely or mainly by g ravity. Usually these fa l l ing processes i nclude a 

wide range of rockfalls depend ing on  the volume of the event. An extensive 

compi lat ion of the g ravitat ional processes in the Gesause a rea was made by Sta ng l  

[2009). The  sediment is  be ing  transported downslope from the  upwardly branch ing  

g u lly system and is  f ina lly accu m u lated in  talus cones and sheets. The debris is  

be ing reworked by debris flows and avalanches in to  the channels of  the  side 

catchments, especia lly dur ing  severe summer ra instorm events. F ina lly, this results 

in h i g h  sediment input  rates i nto the Johnsbach River [Rascher and Sass, 201 7) 

where it is an essent ial  component in river dynamics. The sediment transport 

processes and storage types in  the ZMS were mapped by Krenn [201 6) i n  more 

detail. The sed iment yield of the J ohnsbach River is be ing determ ined almost 

exclusively by the relocated sediments in the ZMS. The inner part of the valley has 

been dammed by a huge debris flow fan (F i gure 3.5) lead ing  to a valley step of about 

1 00 m [L ieb and Pre m m ,  2008) and forming the valley bottom of the inner 

Johnsbach Valley. Due to the extensive forest cover in  the GWZ the m orphodynamic  

activity is rather low com pared to the  ZMS.  Occasionally, slow mass wasting 

processes [e .g .  sagg ing )  occur where slopes a re steepened by former g lac ial  

eros ion result ing in  a loss of stab i lity. This f ina lly leads to  a deformation of  the rocks 

d u e  to the i m pact of gravity. If the relevant sl ip planes a re present in the 

underground even faster processes [e.g.  la ndsl ides] form the landscape at steeper 

slopes. 

Figure 3.6: (Next page] {A} Distribution of the slope gradient for the Johnsbach 
Valley. {B} Distribution of the relative relief for the Johnsbach Valley. Note: due to 
the medium sized catchment the reference distance (for the relative relief] is 500 m 
in contrast to 1 km which is generally used throughout the literature {e.g. Barsch 
and Caine, 1 984}. 
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The Johnsbach Valley and the "Zwischenmauerstrecke" 

3 . 1 . 3 .  C l i m ate 

The Johnsbach Valley can be assigned to the winter-cold valley-climate type 

[Wakonigg, 1978] with lower temperatures during the winter season and a longer 

snow cover, especially in altitudes ranging from 600-1000 m a.s.l., compared to the 

Gesause Gorge I Enns Valley region. Generally, Wakonigg [1978] is characterizing 

this climate type as winter-strong, summer-cold, and extremely rich in precipitation 

[both fluid and solid]. The Gesause area is located at the weather side of the NCA 

with typical orographic rainfall events occurring during air currents from the W-NE 

[Wakonigg, 1978]. If air currents occur from the S the region will be influenced by 

typical foehn effects. In addition, the continuity of the Northern Alps leads to a good 

exchange of air masses, whereby a frequent weather change is possible [Wakonigg, 

1970]. The high altitude and relief intensity seem to be two of the most important 

climatic parameters in the Gesause area which lead to the development of a 

"Schluchtenklima" lenglish translation: gorge-climate] in the Gesause and 

especially in the ZMS [Amt der Steiermarkischen Landesregierung, 2018]. lt is 

characterized by balanced temperature conditions and a sharp contrast in insolation 

which is heavily affecting the duration of the snow cover. Since the inner Johnsbach 

Valley is almost enclosed with mountain ranges a "Beckenklima" [e nglish 

translation: basin-climate] type is present with less wind, lower night and winter 

temperatures and fog occurring more frequently. 

The climate diagrams presented in Figure 3.7 correspond to the two stations in the 

Johnsbach Valley [Oberkainz and Weidendom] and a station close to the Gesause 

reg1on [Admontl. Oberkainz and Weidendom show data from a short observation 

period [2012-2017] which reflects the conditions during the work of this thesis 

whereas Admont illustrates the comparable current climate period [1991-2017]. 

The distribution of the annual precipitation amount [Figure 3.7] is showing at all 

stations a primary maximum during the summer period and a secondary maximum 

in the winter season. The minimum can be associated with the late fall and early 

spring season. The predominant factors for these climatic conditions are the strong 

precipitation effects of the weather conditions [NW, N, Vb] with its associated long

lasting and orographic rainfall events. The influence of the storm events during the 

summer is according to Wakonigg [1978] proportionally low in the Gesause area but 

can be perceived on a local scale when looking at short time intervals [compare 

Figures 3.7]. The annual average amounts of precipitation range from 1041 mm yr- 1 
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Figure 3.9: Distribution of  land cover classes for the Johnsbach Valley in 20 1 3  

{modified from HA BIT A L P  mapping by Wecht and Drain, 20 1 6}. 

I ns i d e  t h e  ZMS a lmo st 50 % of t h e  surface is d o m inated by rockwalls a n d  t h e  

associated u n consol idated material  d u e  t o  weat hering processes which i s  

t ra n sported in  the active s i d e  chan n e ls. Exc l u d i n g  t h e  river a n d  t h e  street, t h e  o t h e r  

h a lf 1s  m a d e  u p  b y  d ifferent forest a n d  s h r u b  types. At t h e  banks a n d  i n  t h e  

f loodpla i n s  p ioneer s pecies [ e . g .  butterb u rs l .  g rey alder  s h r u b ,  hoary w i l low and 

sp ruce [due to afforesta t i o n ]  preva i l  [ Petutsch n i g ,  1 998] . Further u p h i ll a cl imat ic  

g raduat ion  of t h e  veg etat ion  can be explored [K i l ian  et al . ,  1 994]. H owever, d u e  to 

t h e  geolog ical  sett i n g  i n  t h e  N CA and the huge d i fferences in  relief inten sity, a sharp 

d e m a rcat ion of  t h e  in d ivi d u a l  zones is  not always possi b le [Scharfett er, 1 9 54]. The 

m o ntane zone [ a p p rox. 1 400 m a . s . l . )  is c h a racterized by a mixed forest with beech,  

f i r  and s p ruce.  Further u ph i ll ,  i n  the s u ba lp i n e  zone [ a p p rox.  1 900 m a . s . l . l . m a 1 n ly 

dwarf [ p i n e )  shrub p reva i ls ,  with larch a n d  Swiss stone p i n e  i n  isolated p la ces.  I n  the 

a l p i n e  zone,  with its extrem e  condit ions 1n  t e m pera t u re ,  wind,  and insolat i o n ,  o n ly a 

few specia lized vegetation types l ike a lp i n e  g rass heath or small  p rostrate 

everg reen shrubs a re present. ( G re i m le r, 1 997]  
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the river was shortened by cut offs [F ig u re 3 . 1 0A) and reg u lat ion intervent ions 

[F igu re 3.1  OB )  wh ich lead to  an  i ncrease in  the bed slope and therefore a rise in  

tractive power. To protect these measures gab ion  g roins were installed over several 

hu ndred meters [F ig u res 3 . 1  OC ,D ) .  Over the years the scour ing below those g roins 

lead to sagg ing which stab i lized the course of  the river even m ore. The debris cones 

from the side channels had to be removed as they could push the river out of its new 

cou rse. In the m uddy valley floors along the river, the accretion zones were 

attem pted to be sta bil ized by reforestat ion [F ig ure 3 . 1  OEl .  Especia lly the s ide 

chan nels on the western s ide of the ZMS continued to be very harmful as  they had 

d i rect con nection to the road .  Therefore many of them were obstructed as well 

[F i gure 3 . 1 0F)  to  redirect the sediment transport. Dur ing the 1 960s and 70s the 

i nsta llat ion of further measures was pushed forward as new infrastructure [road 

and bridges) had to  be protected [F igu res 3 . 1  OG ,H l .  All these measures have 

m i n i m ized the risk of outbreaks of the stream.  Thus, certain areas of the valley floor 

have been cut off the natural dynamics of the river system.  An increase in  the 

tractive power of the river was responsible for an  increased bed load transport rate. 

On the one hand the Johnsbach River could now remove the excessive amounts of 

g ravel rather easy and on the other hand the road was la rgely secured. 

Petutschn ig  et al. [ 1 998) u n dertook a control s u rvey and revealed a lot of ecological 

d isturbances along the Joh nsbach River at the end of the 1 990s. The dynamics of the 

fluvial system were decreased especially in  former areas of b ifurcation due to  the 

many protection measures i nstalled in the ZMS. Furthermore,  there is a loss of 

ecolog ically i m portant areas of relocat ion ,  a loss in  structural diversity, a decline in 

characterist ic  vegetat ion types with a r is ing monoculture in  forest cover [due to  the 

reforestat ion  with spruce) and a l im ited possibi lity of m i g ration for aquat ic 

organisms. Many of the control structures showed sig n if icant damage and some of 

them were even destroyed com pletely. Thus, the effect of protection was very much 

l im ited and several ideas for restorat ion  act ions arose. The ZMS was now located in  

the  IUCN 1 1  a rea [ I nternat ional  Un ion  for  Conservat ion  of  Nature and Natural  

Resources, category 1 1 ,  Nat ional  Parks) as well as  in  the Natura 2000 area AT 

221 000 [Haseke, 2006].  This meant that a renewed assig nment on  control structures 

for the Johnsbach River should also be i nterpreted in  the sense of an  ecological 

regenerat ion .  
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Kreiner (2 0 1 6 ) describes that i n  the 1 960s a compa ny started to m i n e  g rave l i n  t h e  

lower parts o f  the Gseng a n d  processed i t  i m m e d iately i n  a n  a s p h a lt recycling p la n t  

nea rby ( Fig u re 3 . 1 1 Al .  Th is  i nt e rvent ion  i n  the n a t u r a l  ba la n ce o f  the s i d e  catc hment 

had a s i g n if icant  i m pact.  O ri g i n a lly, the lower pa rt of the tre n c h  was mostly covered 

with p ine relict forest, which had to give way to t h e  technical  faci l i t ies.  The m i ned 

g ravel a n d  processed asphalt were used for roadworks that took place i n  the 

J o h nsbach Valley and a l o n g  the R iver Enns.  But t h e  a m o u nts of g ravel needed to 

precede the works were i nsuff ic i ent such that the m i n ing a rea had to be i n cre ased.  

Therefore, mining activit ies ins ide t h e  Gseng trench had to move u pward to where 

la rger g ravel terraces were loca ted.  This area was made accessi ble by bu ilding a n  

almost 1 k m  long asphalted road u p h i ll ( Fig u re 3 . 1 1 A) [ Ka m m erer, 2006al .  After the 

nat ura l g ravel formation and t h e  accu m u lated rese rves were no longer sufficient in  

Gseng,  g ravel was a lso m i ned from the n e i g h b oring La n g g ries s ide catch ment  

( F i g u re 3 . 1 1 B )  start i n g  i n  t h e  1 970s ( Ka m m e rer, 2006b).  

Figure 3. 1 1 : Gravel mining a ctivity in the ZMS. (A} Gseng side catchment in 2006, 

including the form er mining factory; (B} Langgries side catchment in 2005. Pictures 

by NPG. 
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im portant fea t u res in the N P G  even though they o n ly m a ke up 1 % of the total area. 

A wide area [approx. 45 %] is covered with forest in which the most common types 

are spruce [ 1 5  %) and subalpine coniferous forests, natural montane coniferous 

forests and beech forests [ 1  0 %). 15 % of the total a rea is covered by dwarf pine 

scrub.  Almost a quarter  of the total a rea is made up of bou lders a n d  scree with little 

or no vegetation. Treeless alp ine grasslands, mountain pastures and avalanche 

chutes are covering about 1 1  % of the total area. [Sterl and Kreiner, 201 0] 

.. Core zone 

c=J Land-use zone 

.... 
Grabneralm 

.... 
\UdlingerhOill 

Spielkogel 
1731 Rolkogel 

1182 

Figure 3.12: The location of the NPG with its distribution into core zone and 

managed land-use zone. 

The area of the N PG is made up of two zones: a core zone (86 % of the area] where 

the protection of the natural habitats is paramount a n d  a managed la n d - u se zone 

1 1 4  %) which mainly serves to mainta in  the cultural landscape. In the managed 

land-use zone especia lly t h e  h i g h  mount a i n  past u res enrich both scenery and 

b iod iversity and demonstrate the positive interaction of nature and culture,  man and 

environment. In the core zone the long-term objective for natura l  processes is to 

take the ir  course without h u m a n  intervention.  I n it ia lly, however, regulating 

interve ntions were necessary. (Sterl and Kreiner, 2 0 1 01 
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In 2005 the EU funded river-ecolog ical LI FE-project " L I FE05 NAT/A/000078 

Conservation strategies for woodlands and rivers in  the Gesause Mountains" (-2.4 

M io .  E u ro, 50 % eo-financed by EU) was started and run until 201 1 .  The main 

objective of  the L IFE-project was to i m prove and enhance the hab itats for target 

species along the River Enns and Johnsbach River, in the mounta in forests adjacent 

to the floodpla i ns  and in  the alp ine pastures ( Kreiner et al. , 201 2) .  Furthermore,  a 

main focus was to dismantle and widely remove extensive engineer ing measures i n  

t h e  Johnsbach River [F igure 3. 1 3A] a n d  a t  t h e  j u n ct ions to  the side channels to 

improve the natural river dynamics [Haseke, 20 1 1 ] . This was meant to ensure that 

sed iment ca n reach the river from the slopes and f ina lly the River Enns in  suff ic ient 

quantit ies [H olz inger et al . ,  201 2 ) .  where it creates valuable hab itats and ensures 

fish migrat ion (F igures 3 . 1 3C ,D ) .  Fina lly, both former min ing  a reas [ i nside the Gseng 

and La nggries side catchments) in  the Johnsbach Valley had to be restored [F ig u re 

3 . 1 38 ]  as  i ndustr ial  activit ies are not compatible with the reg ulations of the NPG.  

The Gesause L I FE-project created and improved ha bitats a long the River Enns and 

Johnsbach River, but  also the forest, as  a large-scale ha bitat, and the hab itats of 

certa in target species [Haseke, 201 1 ] . I n  order for th is to be poss ib le and to rema i n  

in  t h e  future, va r ious approaches were chosen. The strategic orientations o f  nature 

conservation in  the NPG formed the basis for the creation of several general 

management plans from which actions during and after the Ll FE-project were 

arranged.  These plans include the following topics:  g u idel i nes for the River Enns 

[ Hohens inner  et  a l . ,  2008]  and the torrential Johnsbach River [Haseke, 2006] ,  forest 

[ Holz inger et al . ,  2009).  pastures [Egger and Kreiner, 2009) .  and tou rism and visitor 

control [Zechner, 2009). In addit ion, a plan for gravel management [Holz inger et al . ,  

201 2) and i nvasive plant species [ Haseke and Remschak, 201  0)  were establ ished.  
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Figure 3.13: Interventions into the landscape within the framework of the LIFE

project. {A} Implementation of measures at the Johnsbach River to eliminate 
obstructions and construct semi-natural structures. (8/ Restoration of the former 
mining areas e.g. dismantling the paved roads. Examples of {Cl an old "technica l "  

groundsill and {D) a new, more ecological concept. Pictures by NPG. 
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 4.  COMPARATIVE ANALYSIS OF SEDIMENT 

ROUTING IN TWO DIFFERENT ALPINE 

CATCH MENTS 

Abstract 

Sediment routing and sediment connectivity are key features to explain and predict 

sediment yields of arctic and alpine catchments. We applied a semi-quantitative 

modelling approach which relates upslope contributing areas to a gradient

weighted downslope flow length, and combined the model with maps of erodible 

sediment sources. The aim was to display and quantify connectivity parameters of 

the catchments as a baseline for further research on quantitative sediment budgets. 

The areas of investigation are two typical, non-glaciated alpine catchments in the 

eastern Austrian Alps [Schbttlbach, crystalline bedrock and Johnsbach, calcareous 

bedrock] with an area of approximately 70 km2 each. 

Numerous anthropogenic features, mainly forestry roads, led to unrealistic 

flowpaths when the original airborne laser scan [ALS]-derived digital elevation 

models [DEMs] were used. To achieve a more realistic model, a 'near-natural DEM' 

was first created by masking out anthropogenic features and in a next step, a ·valley 

DEM" was designed in which the forestry roads were supplemented by simulated 

stormwater infrastructure to ensure water and sediment flow at the junctions of 

roads and channels. 

The results show that the 'valley DEM' mirrors the actual conditions quite well and 

is necessary to calculate realistic flowpaths. The elongated Schbttlbach catchment 

exhibits larger areas of low or very low connectivity to the outlet than the Johnsbach 

catchment. At the Johnsbach, more areas of active erosion are present [6 % of the 

area compared to 3 % at the Schbttlbach]. The erodible sediments in the remote 

high-alpine areas are poorly coupled to the catchment outlet in both areas. Coupling 

of erodible sediments to the main creeks is mainly achieved close to the thalweg, by 

means of loose glacigenic sediments in the lower reaches of the Schbttlbach and 

large lobes of dolomite debris along the Johnsbach. In the future, simulations of 

sediment transport along the channel will be implemented to find out which 

sediment sources contribute to the yield at the catchment outlets during events of 

different magnitudes. 
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4.1. I nt rod u ct i o n  

Understanding and analyzing sediment dynamics within a river catchment have 

been widely discussed during the last decades [Slaymaker, 2003; Slaymaker, 2008; 

Walling and Collins, 2008; Brown et al., 2009; Hinderer, 2012; Wohl, 2014]. Thereby 

fluvial systems play a major role in shaping the earth's surface by transporting 

fluxes of water and sediment from different sources to the outlet of the catchment. 

However, there are a lot of impediments [natural and/or anthropogenic] in between 

a basin which restrain sediment from moving downhill and downstream. This 

inefficiency results in a discrepancy between eroded sediment and sediment yield at 

the outlet and is termed the 'sediment delivery ratio' [Roehl, 1962; Richards, 1993]. 

A so-called 'sediment delivery problem· was introduced by Walling [1983] and has 

stimulated a lot of geomorphologists since to examine sediment supply, transport 

and storage in different settings. 

In this context connectivity describes the linkage between limiting factors and the 

efficiency of sediment transfer relationships in a catchment [Fryirs et al., 2007]. 

Analyzing connectivity patterns on the spatial scale allows a classification of certain 

parts of a catchment to be identified as sediment sources and sediment transfer 

paths to a given sink. Especially in alpine headwaters both a complex morphology 

and heterogeneity in these sediment sources and transfer paths cause a variety of 

different sediment processes in size and effectiveness [e.g. Warburton, 1993; 

Mueller, 1999; Mao et al., 2009]. These mobilized sediments can be of significant 

importance for infrastructures and inhabited areas in the valleys of the catchment 

as well as on the hillslopes. In this context a critical consideration of sediment 

transfer and delivery needs to be achieved to assess the coupling of different areas 

in terms of sediment movement and thus the connectivity of sediment sources to 

sinks. 

The concept of connectivity has recently been widely used in research. Croke et al. 

[2005] divided connectivity into two types: direct connectivity via channels and gullies 

and diffuse connectivity via overland flow. Since this classification focuses on a 

combined movement of water and sediment Bracken and Croke [2007] chose 

different types of connectivity to separate: [1] landscape connectivity [e.g. Harvey, 

1996; Brierley et al., 2006]. [2] hydrological connectivity [e.g. Ambroise, 2004; 

Bracken et al., 2013] and [3] sedimentological connectivity [e.g. Harvey, 2001; Hooke, 

2003] and identified key factors affecting the linkage between water and sediment. 
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Com parative analysis of sedi ment rout ing in  two different a lp ine catchments 

Research on connectivity focuses on a variety of different topics and methods. Croke 

et al. (201 3) used an extreme flood event to examine the spatial and tem poral 

dynamics of hydrolog ical and sedimentolog ical connectivity between channels and 

floodpla ins.  Beel  et  al .  (201 1 ]  evaluated connectivity patterns i n  a slope-to-channel 

coupling scenario by focusing on f ine sedi ments in a largely ice-free valley. By 

increas ing the scale of the i nvest igated area to a catchment s ize it  could be proven 

that connectivity is a crucial determinant in landscape morphology (Faulkner, 2008]. 

Baartman et al. (2013 ]  have shown that sediment connectivity decreases with a 

landscape's increasing morpholog ical complexity. [D is ]Connectivity at-a-catchment 

scale was described in  deta i l  by Fryirs et a l .  (2007] and Fryirs (20 1 3 )  who have 

shown that different k inds of buffers, barriers and blankets slow down or even stop 

material from moving downstream. As a result, sediment cascades are decou pled 

and sediment is be ing prevented from moving to the outlet. Vegetation a lso has a 

major im pact on  sediment con nectivity as it decreases the supply of sed iment 

towards the channel through an increased resistance to erosion as well as  an 

imped ing  of moving sediments (Sandercock and Hooke, 201 1 ;  Poeppl et al. ,  201 2] .  

Vegetat ion is therefore an important top ic concern ing land use scenarios ( Lopez

Vicente et al. ,  20 13 )  with soil erosion and agr icult u ra l  studies. Furthermore, Croke 

et a l .  [2005] and Callow and Smettem (2009) have shown that especially i n  

anthropogen ic  disturbed areas hydrological a n d  sedimentolog ical  con nectivity are 

profoundly affected by road networks and d i rt tracks, as well as by fa rm dams and 

constructed ban ks. For  th is  purpose, different kinds of  barriers have been 

imp lemented in  geographic informat ion  systems [GIS] to ens u re accu rate flow paths 

in  hydrology and hence in  sediment transport [Duke et al. ,  2003; D u ke et al. ,  2006;  

Schauble et al . ,  2008; Cho i  et al . ,  201 1 ;  Choi ,  201 2] .  

To get an  i m press ion  of how d ifferent areas are coupled to each other DEMs have 

been used to model connectivity patterns at-a-catchment scale. Borselli et al. (2008] 

derived an index of connectivity [ IC ]  which relates u pslope contribut ing  a reas to a 

g rad ient-weig hted downslope flow length. Cavalli et a l .  [20 1 3 ]  implemented th is  

model  and adj u sted it to a lp ine  catchments. S i nce the orig ina l  model  focuses on 

agr icu ltural a n d  vegetated landscapes they used a roughness index as a weight i ng  

factor which is  more representative for h igh  mounta in environments. A different 

approach towards quantif ication of con nectivity is presented by H eckmann and 

Schwanghart [20 1 3] who use g raph theory to del i neate sediment contr ibut ing areas 

especially in  h i g h  mounta in catchments. The spatial interact ion of sediment 
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pat hways and the corres pond ing p rocess domains is the ma in  focus to ana lyze 

sed i m e nt cascades.  

I n  th is chapter we focus on a semi-quant itative a pproach model ing sediment 

connectivity i n  two alp ine catchments. The model  i s  adopted f ro m  B o rsell i  et a l .  

12008] i nc lud ing the add i t ional  specif icat ions proposed by Cavalli et al .  120 1 3 ] .  S i nce 

both catch ments a re h i gh ly affected by infrastructure, the f irst goal  is to ensure 

correct flow d irect ions in the  used DEMs.  Modeled flow paths often follow road 

d itches and s im i la r  tracks a n d  fa i l  to use road passages, if exist ing .  The refore a n  

u n real ist ic  pattern o f  accu m u lated flow arises which h a s  t o  be adjusted .  Second ly 

we eva luate the sediment connectivity i n  both catc hm ents rega rd m g  different types 

of targets, at which sed i m ent t ra nsfer would usually be p revented. F ina lly we focus 

on  a reas of eros ion  by connect ing them to the dete rmi ned ind ices of connectivity. 

Thus we can assess if sed iment erosion hot spots a re well connected to the chosen 

targets l i .e .  valley floor and catc h ment ou tlet] or not. The i nvest igat ions p rovi de a 

baseli ne for further resea rch a n d a im to h igh l ight to what extent sed iment rout ing in  

two catch m ents of  a p p roximately the same s ize can d iffer, and which consequen ces 

can be d rawn for haza rd assessment and  ecolog ical  restoration pu rposes. 

Summit 
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• �jor�ties 
• Study�nM Salzburg 
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Figure 4. 1:  Regional setting and detailed maps of the two study areas (background: 
hillshade of 1 0  m DEM]. 
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Both study a reas a located in  U pper Styria, Austria (F i gure 4. 1 ) .  The Schottlbach 

Valley covers an area of about 7 1  km2 reach ing  from 81 5 m to 2375 m a .s . l .  The 

Joh nsbach River d ra ins  a catchment of approx. 65 km2 reach ing from 584 m to 2370 

m a .s . l .  Environmental characteristics of the two catchments a re summarized in  

Table 4. 1 .  

Table .4. 1: Main properties of the two study areas, climate data for the towns of 
Oberwolz and Johnsbach are provided by Zentralanstalt fur Meteorologie und 
Geodynamik (ZAMG] {20 14] for the period 1 971 -2000. 

Oberwolz VaLLey Johnsbach VaLLey 

Geographical coordinates [outlet] 47° 1 2' N ,  1 4° 1 7'E 47°35 'N ,  1 4°35'E 

Bas in a rea [km2] 7 1 . 1  65.3 

M i n i m u m  elevat ion  [m a .s.l .] 8 1 5 584 

Mean elevat ion [m a .s.l .] 1 6 1 0  1 348 

Max imum elevat ion [m a .s.l .] 2375 2370 

Elevat ion range [m] 1 560 1 786 

Mean basin g radient [%] 54.4 73.3 

Length of the main channel  [km] 1 6 .7  1 3. 5  

Mean g rad ient o f  t h e  ma in  channel [%] 5 .9 6 . 1  

Lithology M ica Sch ists, L imestone, 
Gneiss, Dolomite, 

L imestone, Porphyroids, 
Dolomite Schists 

Mean annual  temperature [oC] 6.4 6 .5  

Mean annual  precip i tat ion [mm yr-1] 737 1 4 1 8  

The geolog ical sett i ng  i n  the Johnsbach Valley i s  characterized by carbonate rocks 

and crysta ll ine rocks belong ing  to both nappes, the N CA and the GWZ [e .g .  

H iessleitner, 1 935,  1 958; FLUgel  and Neubauer,  1 984] . The NCA i n  the north and the 

GWZ i n  the south a re separated by a WNW-ESE str ik ing tectonic contact zone. 

Typical lithology un its a re carbonate rocks, mainly l imestone and dolomite ( N CA].  as 

well as  porphyroids, sch ists/phyllites and partia lly karstif ied reg ions  with ore

bearing carbonate rocks [GWZ]. The geological i n it ial  posit ions together with the 

climatic condit ions result in  an  extremely h i g h  morphodynamic  activity [Strasser et 

al . ,  2013 ] .  The ZMS,  as part of the NCA, is barely vegetated and mostly shaped by 

steep furrows and channels runn ing  into the Joh nsbach Valley from the east and 

west de liver ing the majority of  the  involved sediment.  Further south,  a rolling ,  
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mainly forested landscape prevails ! GWZ]. also covering the town of Johnsbach and 

an extensive forest road network. The Johnsbach River often reacts to heavy rainfall 

situations, especially in the ZMS. That is why the course of the river has been 

technically armed almost 60 years ago. During the last 10 years, the river has been 

restored in the framework of a LIFE project controlled by the NPG, to which the 

northern part of the Johnsbach Valley belongs. In the currently ongoing project 

Sedyn-X [interdisciplinary sediment flux research in the Johnsbach Valley) a 

sediment budget will be investigated for the Johnsbach Valley with regard to future 

sediment management strategies. 

In contrary to the Johnsbach Valley, the Schottlbach catchment is within one main 

alpine range, the Central Eastern Alps [subrange Lower Tauernl dominated by 

mica-schist and gneiss with some small amphibolite, limestone and dolomites 

enclosures. The highest peak in the catchment is the Hochweberspitze. In this upper 

part of the catchment [>  1600 m a.s.l.l steep rock walls and mountain pastures 

prevail. Despite this high alpine topography, the main sediment sources lie in the 

lower part of the catchment close to the Schottlbach, where the creek cuts a north

south facing gorge in a postglacial sediment body. Because of this, a check dam and 

a sediment retention basin were installed in the lower part of the Schottlbach River. 

Nevertheless, on the 7th of July 2011, a three hour heavy rainfall event caused 

catastrophic flooding in this catchment with massive damage in the village of 

Oberwolz. Beside this high alpine area and the steep lateral valleys, the study area 

is characterized by forested areas and cultural landscapes. 

4.2. M et h ods 

Connectivity analyses of large areas, as we performed in the two catchments, need 

a computer based modeling approach to secure data continuity in all parts of the 

study area. Since this modeling is part of larger sediment budget calculations it is 

the first step to work out a conceptual model to understand the interlinkage and 

sediment transmissivity of the sub-catchments and the entire valley as a baseline 

for any further research. 
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4.2.1. The Connectivity model by Borselli et al. (2008) adapted 

by Cavalli et al. (2013) 

Landscape development is primarily the result of sediment transport from sources

through channel networks - to sinks or receiving waters. The degree of connectivity 

in this network is an indicator for the probability that e.g. an unstable slope, a debris 

flow or channel erosion reaches downslope areas like the main channel or a lake. In 

this case the model treats the catchment from the view of a sediment grain, 

respectively from the view of a 1 x 1 m raster cell of a Digital Elevation Model IDEM]. 

Therefore the IC after Borselli et al. [2008] was computed considering the upslope 

!Dup] and downslope component !Ddn] for every m2 of the catchment area [Figure 4.21. 

di length of the i-th cell along the downslope 
path (in m) 

W; weight of the i-th cell (dimension less) 

S; slope gradient of the i-th cell (m/m) 

W average weighting factor of the upslope 
contributing area (dimensionless) 

S average slope gradient of the ups lope 
contributing area (m/m) 

A upslope contributing area (m2) 

(A,W,.i') 

Reference element (point or cell) 

Permanent drainage line or local sink 
(river-road - lake -urban area) 

Figure 4.2: (Left} equa tion based defin ition of the index of connectivity after Borsel l i  
e t  a l .  [2008], (right} simplified  sketch of the connectivity m odel in cluding the 
different  ca lcula tion fa ctors [Borsel l i  e t  a l . ,  2008]. 

Almost all variables [d, 5, AI of the above mentioned formula can be derived from a 

DEM, except for the weighting factor [W]. Borselli et al. [2008] generate the 

weighting factor from the surface characteristics that influence runoff and sediment 

fluxes in a catchment area. Therefore the W used by Borselli et al. [2008] [after 

Wischmeier and Smith, 1978; Renard et al., 1997] summarizes the properties of 

vegetation, soil and land use management. Cavalli et al. [2013] in turn adapted the 

approach for mountain catchments. The first model adjustment concerns the slope 

gradient. In the original formula the So was set to 0.005 m m-1 to avoid zeros and 
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infinities in the equation. In addition to that an upper limit of 1 m m-1 [= 45°] was set 

for the mountain approach. In these steep terrains sediment storage is unlikely and 

the sediment mobilization happens in terms of rockfall in contrary to Borselli et al. 

[2008]. where the main processes at this slope inclination are e.g. debris flow and 

bedload transport. The second modification was the use of a different GIS 

calculation method for the hydrological flow direction. The multiple flow 0-infinity 

approach [Tarboton, 1997] shows a more natural flow path of the channels than the 

former used single-flow algorithm [O'Callaghan and Mark, 1984]. The third and final 

adaption, using a different weighting factor. affected the model most. Cavalli et al. 

[2013] point out that inverse to Borselli et al. (2008] the W should be derived only 

from the surface characteristics which have a great influence on the runoff 

processes and sediment fluxes within a catchment. The roughness index (RI] was 

applied as the weighting factor. lt is defined as the standard deviation of the residual 

topography [Cavalli et al., 20081, which was computed as the difference between the 

original DEM and the smoothed version calculated by averaging DEM values on a 5 x 

5 cell moving window (Figure 4.3]. The method computes a grid where the value at 

each location is a function of the input cells within a specified neighborhood . 

E -
... 

···········•·· ···
· 

.•.. . 
······ ... 

............... 

LiDAR DTM 

·· ........ ............................... ..................................... 
�EAN DTM 

� RESIDUAL TOPOGRAPHY 

downstream distance (m) 

Figure 1..3: One-dimensional example of the residual topography calculation. The 

dotted line is the profile of the mean DEM calculated over the LiDAR DEM 

[continuous line} with a neighborhood analysis approach. Residual topography is 

calculated as the difference between LiDAR DEM and mean DEM [Cavalli et al., 

2008}. 

84 



 

 



 



 



 

Comparative analysis of sediment routing in two different alpine catchments 

indices when different sinks are considered, and 131 an analysis of the connectivity 

indices for the mapped erosion surfaces with regard to the different sinks. 

4.3.1. DEM results 

As a first result of our DEM adaption we derived two new DEMs, the Near-Natural 

DEM and the Valley DEM. The differences in the flow-accumulation compared to the 

original ALS DEM are shown in Figure 4.6 lcenter-right]. The flow paths are partly 

similar and partly divergent. In some cases the forestry roads have a major effect on 

the flow direction but mostly the water and the sediment, respectively, follow the 

depression line. 

Considering the flow accumulation and the flow direction created earlier, we located 

permanent sinks like lakes or geomorphological depressions and mapped them as 

disconnected areas. These regions have not been considered for the following IC 

calculations. 

Figure 4.6 provides a comparison of the eight different IC results of a detail of the 

Schottlbach catchment. The eight corresponding scenarios of the Johnsbach Valley 

are showing the same properties regarding the input DEM. The three results in the 

first row were derived from the unmodified ALS DEM. lt is characterized by partly 

unrealistic flow paths as mentioned above. The Near-Natural DEM !disregarding the 

different sinks] in turn is unrealistic too, because of the complete disregard of all 

forestry roads and streets. Therefore it could be an example of the connectivity 

without human interventions. Nonetheless it is only an intermediate step towards 

the compromise of the Valley DEM which conveys a mixture of the two earlier DEMs. 

The main channels are continuous, but in some reaches the roads influence the flow 

paths like they do in reality. 

The distribution of the IC classes between the different input DEMs !Figure 4.7] 

looks quite similar, but the absolute change in ha is quite recognizable, especially 

for the Oberwolz area. The differences can reach up to 300 ha, which can have a 

major effect on the whole sediment routing model. For example, a much smaller 

area is disconnected from the main creek when the bridge openings etc. are 

considered. This factor is less important in the Johnsbach Valley. The IC class 

values for the ALS and the Valley scenario !sinks: waterbodies] are obviously very 

similar in this area !Figure 4.7, left]. However, this fact only says something about 

the size of the IC class areas, but nothing about their allocation. lt can be assumed 
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that i n  the ALS scenario ,  a h i gh -connected area could fall outside the eros ion area 

and for the Valley scenario the area could lie i ns ide .  On the whole it can be stated 

that the  valley DEM reflects the real s i tuat ion  in m ost cases and is t herefore the 

p referable elevat ion  model .  

Figure 4.6: Clip [ 1  x 1 km} of the Oberwolz catchment showing the connectivity 
routing (from low [blue} to high {red}} for the eight different scenarios. Sinks are 
colored in black (wa ter and anthropogenic; outlet is not visible in this extend]. 
(Center-Right}: differences in channel-shape depending on the input DEM. The 
channel shapes were generated by the Flow-Accumulation Tool of ArcGIS 10. 1 .  
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are compared to the total catchment area and classifies them usmg the index of 

connectivity. 

Comparing the valleys of Johnsbach and Oberwblz by focusing on the connectivity of 

erosional areas reveals distinctive features. First of all the size of the area of 

erosion is significantly higher in the Johnsbach Valley by a factor of 2. The 

disconnected erosional areas are almost equal in size [in the order of about 20 %) 

for both catchments and all scenarios. In the Johnsbach valley the size of those 

areas with a very low and low connectivity to their particular sink decreases from 

the anthropogenic target to the outlet target. By implication, this means that there 

are more areas of erosion with medium to very high connectivity if the final sink gets 

pushed out further to the ··end'' of the catchment. The amount of these areas almost 

doubles up focusing from anthropogenic sinks to the outlet. In Oberwolz a different 

situation occurs. In all three scenarios about 50 % of the erosional surfaces have 

very low to low connectivity to the particular sink. Areas with very low connectivity 

are almost missing in the scenario using the anthropogenic sink. Only 30 % of the 

erosional areas show a medium to high connectivity for all three scenarios with the 

exception that areas with very high connectivity are almost lacking. 

100% 100% 
Johnsbach Oberwolz 

30% 
20% 
"'" 

it_val_ant c;_val_wat 

Scenario 
c;_vill_out 

•very high 

•high 

•medium 
•low 

every low 

CJ disconnected 

30% 
20% 
10% 

0% 

•very high 

•hish 

•medium 

•low 

every low 
+---'------'--�------'---'-----�---'-----'------1 Cl disconnected 

ic_vill_ant c_val_wat 

Scenario 
c_val_out 

Figure .4.9: Distribution of connectivity indices concerning areas of erosion for 
Johnsbach {left} and Oberwolz (right}. The graph shows three scenarios using the 
Valley DEM in combination with one of the particular targets: anthropogenic 
{ic_val_ant); water {ic_val_wat); outlet {ic_val_out). The pie chart {inlet) shows the 
portion of the area of erosion within the total catchment area. 

Areas of erosion are very scattered throughout both catchments [Figure 4.1 0). They 

are typically located in the higher altitudes which are especially the northern 

regions in Johnsbach and Oberwolz. Further areas storing erodible sediment can be 

found near the main creeks draining both catchments. Specifically in the Johnsbach 
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Valley there are a lot of steep furrows and channels, transporting most of the 

sediment. These are located in the Zwischenmauer reach [northern parts of the 

catchment) in great quantities, which is due to the brittle dolomite lithology. 

Approximately one- fifth of the area of erosion is disconnected and is therefore not 

contributing sediment further downhill. These areas are smaller catchments of 

lakes or depressions in the landscape. In the case of the Johnsbach Valley the large 

disconnected area in the north-east of the catchment was formed through karst 

processes. Areas with available sediment and medium to high connectivity are 

typically located close to the main channel which follows the classical picture of 

hillslope-channel coupling. 

Thus, erodible sediments at higher altitudes of the Johnsbach Valley are less 

connected and are therefore way less essential for significant sediment transport. 

This applies for the Schottlbach catchment as well. However, the reason for 

disconnection lies in the mountain cirques in the northern Schottlbach region, 

where small lakes and glacially-formed reverse gradients serve as sinks in terms of 

connectivity. Some other cirques are not entirely disconnected but very poorly 

connected. Thus, areas of erosion are often situated in disconnected parts of the 

catchment. There is, however, one important exception. In the southern half of the 

watershed the Schottlbach River incised several tens of meters in the postglacial 

sediment body. Due to retrogressive erosion in the close side channels and lateral 

erosion, the river can (and did during the flood of 2011] take on an almost indefinite 

amount of erodible material on this short stretch. This also applies to the major 

tributary of the catchment, the Krumeggerbach River in the West. All this goes well 

together with the calculated IC values, because the few very highly and highly 

connected areas in erosive regions arise mainly from this small area relatively close 

to the main channel. 

93 



 

Com parative analysis of sed iment ro ut ing  in two d ifferent alp ine  catchments 

N 

0 

"0 Q) 
u Q) 

- c: c: 0 0 c: 

� -� � � m m :a m 

N 

0 

Figure 4.10: Modeled connectivity indices {from low {blue] to high {red]] for the 
catchments of Johnsbach (bottom} and Oberwolz (top} using the Valley DEM and the 
water target in both cases. The disconnected areas and the areas of erosion are 
presented as well. 
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4.4. D iscuss i o n  a n d  Conclus i o ns 

The intention of this chapter is to introduce the index-of-connectivity model for 

comparative analysis of large alpine catchments. A detailed connectivity routing 

compiled by field mapping for areas greater than a couple of square kilometers is 

difficult to apply, therefore, the used methodology proved to be a valuable tool. 

Nonetheless the IC model itself is strongly dependent on the input DEM. Forestry 

roads with small or even unregistered bridge openings or underground stormwater 

infrastructures are the major problem in deriving a realistic sediment routing result 

out of airborne laserscan data. Our way to a slightly but significantly modified DEM 

is a convenient technique to use the model even in catchments with a pronounced 

anthropogenic character, such as the Johnsbach and the Schottlbach valleys. Of the 

derived eight different scenarios for both study areas, we found the scenario with 

the Valley DEM as input and the running/standing water as sinks to be the most 

realistic one. Overall the presented results show that the semi-quantitative 

approach used in this study is a good compromise between size of the study area 

and accuracy, although the real amount of mobilized sediments will always depend 

on event intensity and characteristics. 

In terms of their topographic and geological features, the valleys are characteristic 

of many non-glaciated valleys in the Eastern Alps. In both areas, the superposition 

of erodible sediments and connectivity to the water course is mainly achieved for 

some sediment sources near the valley bottoms, while erodible sediments in the 

higher parts of the catchments are poorly coupled to the valley floors. Similar 

preconditions were observed e.g. by Schrott et al. [2002, 2003] or Otto and Dikau 

[2004]. The results clearly show that anthropogenic modifications of the landscape 

are highly important for sediment routing [see e.g. Croke et al., 2005; Callow and 

Smettem, 2009; Poeppl et al., 20121. 

Regarding sediment budgeting and natural hazard assessment, it is important to 

know that most of the sediments at the catchment outlet derive from the few source 

areas mentioned above. The results will provide a baseline to analyze if additional 

sediment sources could be coupled to the river system during high magnitude 

events [e.g. Fryirs et al., 2007; Morche et al., 2007; Croke et al., 2013]. In a next step, 

transport along the main fluvial channels will be implemented into the models in 

order to assess which areas in fact deliver sediments to the outlet of the 

catchments. 
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 5. EVALUATING SEDIMENT DYNAMICS IN TRIBU

TARY TRENCHES IN AN ALPINE CATCHMENT 

(JOHNSBACH VALLEY, AUSTRIA) USING MULTI 

TEMPORAL TERRESTRIAL LASER SCANNING 

Abstract 

The linkage of landscape units by sediment transport and its degree is among the 

most important factors during smaller time scales [several years to decades] 

determining the sediment yield of a catchment. In our study area (Johnsbach Valley, 

Styria, Austria]. huge amounts of sediments are available due to surrounding brittle 

dolomite bedrock which is a challenge for river management. In the context of a 

renaturation project, it is important to understand where the sediments derive from 

and how they move through the system. In our study, we investigated several 

tributary trenches of the Johnsbach River to clarify the sediment dynamics and the 

degree of coupling to the main creek. Terrestrial Laser Scans [TLS] from several 

points were carried out half-yearly for approximately two years between summer 

2013 and autumn 2015. 

The results show that if only the first and last survey in each sub-area are 

considered, the amounts of erosion and accumulation are underestimated at least 

by a factor of two compared to the full dataset of 4-5 scans, because erosion and 

deposition in different periods may be cancelled out. This applies for both erosion 

and deposition. Accordingly, the calculated surface changes are minimum amounts 

because more surveys would have yielded higher rates. 

According to the 2 year period, -7400 m3yr-1 were eroded in the surveyed areas and 

-9900 m3 yr-1 were deposited. Only a minor portion of -650 m3 yr-1 was delivered to 

the Johnsbach River. At two sub-sites [Unnamed V and Langgries]. coupling to the 

river was evident while at one site [Gseng] there was no coupling to the main creek 

at all. At Langgries, erosion occurred in the upper area of a long gravel field and 

transport and deposition prevailed lower down; the transport into the Johnsbach 

River obviously occurred discontinuously in batches. In the areas Langgries and 

Gseng there is strong evidence that the rates of erosion and deposition are still 

governed by gravel mining 1-2 decades ago. 

97 



 

Evaluating sediment dynamics in tributary trenches in an alpine catchment... 

5.1. I nt rod u ct i o n  

Sediment transport in alpine torrential systems lies in the field of tension between 

ecological goals [usually aiming at the removal of artificial barriers]. the protection 

of infrastructure against natural hazards, and the demands of hydropower plants 

[Habersack and Piegay, 2008]. Understanding physical processes in sediment 

mobility, the connection between upslope contributing areas and downslope travel 

paths and finally the associated changes in channel morphology, is of crucial 

importance for defining river restoration strategies and finally to ensure a 

sustainable sediment management [Piegay et al., 2005; Liebault et al., 2008; Rinaldi 

et al., 2009]. 

In this context the geomorphological concepts of connectivity and coupling [Fryirs et 

al., 2007] are important to understand sediment dynamics in a catchment. These 

two approaches have been widely discussed during the last decades. Since there 

still seem to be ambiguities in the definition of both terms and how they are used 

within the context [Bracken et al., 2013]. Bracken et al. [2015] defined coupling to be 

based on the morphological system at certain locations, which means the linkage of 

distinct landforms or landscape units by sediment transport [Harvey, 2001] while 

[sediment] connectivity relates to the continuum of a cascading system. Therefore, 

connectivity is understood as the degree of coupling between system components 

with effects of lateral [e.g. hillslope to channel], longitudinal [e.g. between river 

reaches] or vertical [e.g. surface to subsurface] linkages or a combination of them 

[e.g. Brierley et al., 2006; Bracken et al., 2015]. Bracken and Croke [2007] identified 

three major types of connectivity that are used in hydrology and geomorphology: [1] 

landscape connectivity, which is describing the linkage between landforms [e.g. 

Brierley et al., 2006]. [2] hydrological connectivity, which is relating to the passage of 

water from one part of the landscape to another [e.g. Bracken et al., 2013] and [3] 

sedimentological connectivity, which refers to the transport of sediments through 

the system. The latter determines the sediment yield of a catchment in which two 

aspects are of primary importance for this study: along-channel connectivity [e.g. 

Hooke, 2003] to determine the effects of sediment routing in tributary trenches of 

the investigated catchment and hillslope-channel connectivity [e.g. Harvey, 2001] to 

investigate if sediment is being supplied to the main channel system. 

98 



Evaluating sediment dynamics in tributary trenches in an alpine catchment ... 

The connection between hillslopes and the channel network is of fundamental 

importance to understand the development of mountain landscapes particularly 

during smaller time scales [several years to decades]. However, the connectivity 

between them depends on magnitude and frequency of sediment producing events 

and the internal coupling characteristics of the system. Over the years different 

methods evolved to observe and quantify this coupling behavior. Caine and Swanson 

[1989] used "erosional boxes" and measured the geomorphic work of different 

processes in the field to assess the degree of coupling over a 5-6 year period. Other 

approaches focus on the interpretation of geomorphological maps and aerial 

photography [Schrott et al., 2002]. tracing sediment from their source areas via 

radionuclides (Smith and Dragovich, 2008]. measuring the transport of fine 

sediments over a hillslope into the channel (Beel et al., 2011] or using 

dendrogeomorphic methods (Savi et al., 2012] to assess the hillslope-channel 

relationship and the sediment transfer dynamics. Especially during the last couple 

of years the generation of multi-temporal DEMs by differential GPS (Fuller and 

Marden, 2011] and Terrestrial Laser Scanning (TLS) (Bimbose et al., 201 0] were 

increasingly used to quantify surface changes in slope to channel coupling or along 

a river reach [Wheaton et al., 2013]. TLS has become a common tool for change 

detection surveys over different spatial and temporal scales (e.g. Milan et al., 2007; 

SchUrch et al., 2011]. Several authors focused their work on surface changes in 

alpine environments or other mountainous landscapes (e.g. Bremer and Sass, 2012; 

Carrivick et al., 2013: Picco et al., 2013; Baewert and Morche, 2014; Vericat et al., 

2014; Bassi et al., 2015].  All these surveys attempt to relate surface changes to 

sediment sources and sinks, and to infer rates of sediment transport and possible 

controls on intermittent storage and residence times. 

Our study area in the eastern Austrian Alps is part of the National Park Gesause and 

the Johnsbach River, one of the main torrents, was restored in the cost-intensive EU 

funded LIFE-project "Conservation strategies for woodland and wild waters in the 

Gesause·· from 2005 to 2011. The main focus of this project was to dismantle and 

widely remove extensive engineering measures in the river and at the junctions to 

the side channels which have been implemented approximately 60 years ago. 

Furthermore, the aim was to improve the self-organization of the river as well as 

specific habitats of target species. This raised the question if the amounts of 

transported sediments would be sufficient to provide certain aqua fauna habitats, 

and if intensified bedload transport might affect hazard protection and the efficiency 

of hydropower stations downstream. A research project was launched in 2013 to 
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Evaluating sediment dynamics in tributary trenches in an alpine catchment ... 

The climate is characterized by annual mean temperatures of around 8 oc in the 

lower elevations of the valley and below 0 oc in the summit regions. Annual 

precipitation amounts to approximately 1500-1800 mm [Wakonigg, 2012a,bl. Storm 

precipitation occurs almost exclusively in the summer months and can reach 

several tens of mm per hour. Thus, runoff at the Johnsbach River peaks in spring 

[snow melt) and summer while the tributary trenches show surface runoff and 

sediment transport only during episodic rainstorms. 
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Figure 5.1: Location of the Johnsbach Valley {with inset map of Austria], hillshade 
map of a LiOAR derived DEM {Bureau of the Styrian Government, 2010] of the ZMS 
showing the distribution of the study sites {note: black rectangles with dashed lines 
mark the investigated areas]: {A/ Gseng, {8/ Langgries outlet, {Cl Langgries long, 
(D) Unnamed V. 

The geological situation together with the climatic conditions results in a high 

morphodynamic activity, primarily in the ZMS [Strasser et al., 2013). The 

characteristics of carbonate rocks, mainly the brittle Wettersteindolomit which is 

especially prone to weathering, invoke that large amounts of sharp-edged debris 

1 01 



 



Evaluat i ng  sediment dynam 1cs i n  tr ibutary trenches i n  an alp ine  catchment... 

River] where the h i llslo pes are contr ibut ing sediment into the s ide channel forming  

a sed i ment body, wh ich  is m oving slowly down to where the former min ing  factory 

[F ig u re 5.1] was set up. The factory has been d ismantled i n  2008 but the area around  

is st i l l  too flat to  allow sed i m ent movement across the  site ,  o bv iously decoupl ing the 

active part of the  Gseng trench from the main river system. Lan gg ries is  a very Long 

sediment body moving slowly downhi ll. I n  th is  sub-catchment, two study sites were 

surveyed: the immed iate conflue nce with the Joh nsbach River below the road bridge 

and several 100 m long, i nc li ned gravel field u pstream to the br idge. This allowed 

stu dying coupl ing effects at the out let of the  system,  sed i ment dynam ics inside the 

trenches and sed iment sup ply from the lateral slopes. 

Figure 5.2: Photographs of the study sites in the Johnsbach Valley: (A} Gseng in an 
eastward direction {26th July 2013] with inset {side-inverted] of the middle part { 1 7th 

July 2014] during a severe thunder storm [photo by 0. Gulas]; [BJ Langgries Outlet 
recorded from the road bridge on the west: top { 1 7th September 201 3], bottom {26th 
August 2015]; (CJ looking west into Langgries long {28th July 2013], note: the road 
bridge in the front and the Admonter Reichenstein in the back, the white rectangle 
locates the site of Langgries outlet; [DJ the outlet of Unnamed V from the west: left 
{ 18th March 201 4], right {26th August 201 5]. Note: red lines showing the areas of 
investigation, numbers are indicating the subsections as defined in Table 5. 1 ,  blue 
arrows indicate the flow direction of the Johnsbach River. 
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Table 5.1: Catchment characteristics for the three subcatchments as well as the 
study areas in between. 

Sub- Sub- Sub-

catchment area section 

Gseng total 

study total 
site top (I] 

middle (11] 

bottom (Ill] 

Langgries total 
study total 
site 
outlet 

study total 
site top (I] 
long middle-top (11] 

middle-bottom 
[Ill] 

Unnamed V total 
study 
site 

bottom (IV] 

total 

top (I] 

bottom [11] 

Area Slope Altitude 

[ha] [m] 

mean min max range 

113.78 45 619 1623 1004 

2.34 

0.98 

0.86 

0.50 

330.15 
0.21 

3.01 
0.88 

0.79 

0.85 

0.49 

15.75 
0.16 

0.12 

0.04 

29 710 868 

30 786 851 

30 749 868 

26 710 758 

158 

65 

119 

48 

45 650 2251 1601 

16 650 666 16 

16 663 769 
22 720 769 

16 695 728 

13 677 701 

12 663 680 

60 682 
21 682 

22 685 

17 682 

1358 
708 

708 

688 

106 
49 

33 

24 

17 

676 
26 

23 

6 

Relief 

energy 

[m ha-1] 

9 

68 

66 

138 

96 

5 

76 

35 
56 

42 

28 

35 

43 
163 

192 

150 

The weather conditions and the river discharge during the observation period are 

depicted in Figure 5.3. The location of the weather and the gauging station are 

shown in Figure 5.1. Air temperatures ranged from -11 oc to 34 oc in the 

observation period with a mean of 8.4 oc and rainfall was almost evenly distributed 

during summer and winter seasons with an annual amount of -930 mm. The river 

discharge of the Johnsbach River had a base flow of -1 m3 s-1, a mean of-3 m3 s-1, 

and peaks of -6-10 m3 s-1. Missing discharge values in September and October 2013 

as well as data gaps in the temperature record in December 2013 are due to failures 

of the recording instruments. 
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Table 5.2: Information on the scan properties as well as results for alignment procedures for all study sites and survey periods. 

Survey site Survey date Positions Distance Angular Pointsb SORe Points AQid Point Cell SDEe rn 
< 

Resolutiona density size ll> 
� 

c 
[m] [m] [in M io] [cm] [in M io] [%] [pts m-2] [cm] [cm] ll> ,..... 

mean mean total mean total mean :::J 
(D 

Gseng 22.09.2013 3 270 0.15 31.3 1.0 17.2 55 733 20 0.8 (fl 
CD 

03.04.2014 3 270 0.15 29.4 0.7 16.4 56 698 20 0.7 
0.. 

3 
09.10.2014 3 280 0.15 30.7 0.9 13.7 45  582 20 0.8 CD 

:::J 
29.04.2015 4 225 0.16 23.1 0.6 15.5  67 659 20 0.4 

'"""' 
0.. 

12.10.2015 4 240 0.16 42.0 0.7 18.9 45  807 20 0.6 
'< 
:::J 
ll> 

La ng ries outlet 21.09.2013 3 40 0.03 16.1 0.6 8.9  55 4339 5 0.5 
3 
r; 

03.07.2014 3 70 0.05 18.3 0.5 10.9 60 5321 5 0.5 
(fl 
3 

07.05.2015 3 70 0.05 21.7 0.8 12.5 58 6074 5 0.5 ,..... 
::J. 

12.10.2015 3 70 0.05 17.4 0.6 9.6 55 4667 5 0.5 o-
c ,..... 
ll> 

Langries long 21.09.2013 2 350 0.20 17.4 0.7 7.8 45  261 20 1.2 > 
'< 

04.07.2014 2 375 0.20 17.8 1. 1 8.0 45  268 20 1.4 
,..... 
> 
CD 

30.04.2015 4 300 0.19 25.9 0.8 15.3 59 511 20 0.8 :::J 
n 

13.10.2015 4 300 0.17 39.3 0.9 18.0 46 5 9 9  20 0.6 
:::;-
CD 
(fl 

Unnamed V 20.10.2013 4 70 0.05 21.2 0.8 7.4 35 4558 5 0.8 3 
ll> 

14.08.2014 4 70 0.05 19.5 0.6 6.3 32 3848 5 1 .1 :::J 
ll> 

11.05.2015 4 70 0.05 21.3 0.6 6.6 31 4064 5 0.7 "0 

28.08.2015 4 70 0.05 31.2 0.6 7.3 23 4512 5 0.8 :::J 
CD 

27.10.2015 4 70 0.05 24.8 0.6 6.3 25 3858 5 0.8 n 
ll> ,..... 

a: Mean angular resolution refers to the mean distance I b: Total amount of points recorded from all scan positions I c: Standard n 
:::;-

deviation after registration of all scan positions Id: Total amount of points inside the AOI after eliminating the vegetation, percentages 3 
CD 

are in terms of total amount of points recorded I •: Standard deviation of error. :::J 
C) ,..... 
-..-J 
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Evaluating sediment dynamics in tributary trenches in an alpine catchment ... 

moved within each system. The term 
.. 

active area·· is assigned to the parts of the 

investigated region in which surface change between two surveys is above the range 

of+/- LoO. 

Table 5.3: Summary of uncertainty range values of each raster cell. 

Study site Period Raster Count LoO 

(of AOI) [m] 

m in max mean 

Gseng Sep. 2013- April 2014 586,669 0 2.88 0.02 

April 2014- Oct. 2014 586,669 0 2.75 0.02 

Oct. 2014- April 2015 586,669 0 5.38 0.02 

April 2015- Oct. 2015 586,670 0 5.38 0.02 

Sep. 2013- Oct. 2015 586,669 0 2.43 0.02 

Langgries Sep. 2013- July 2014 821,043 0 1.20 0.02 
Outlet July 2014- May 2015 821,046 0 1.96 0.02 

May 2015- Oct. 2015 821,046 0 1.97 0.02 

Sep. 2013- Oct. 2015 821,043 0 1.22 0.02 

Langgries long Sep. 2013- July 2014 751,710 0 6.11 0.04 
July 2014- April 2015 751,710 0 6.11 0.04 

April 2015- Oct. 2015 751 '709 0 7.27 0.02 

Sep. 2013 - Oct. 2015 751 '709 0 7.27 0.03 

Unnamed V Oct. 2013- Aug. 2014 650,625 0 1 .16 0.03 
Aug. 2014- May 2015 650,623 0 1.16 0.03 

May 2015- Aug. 2015 650,623 0 1.02 0.03 

Aug. 201 5- Oct. 2015 650,625 0 0.99 0.03 

Oct. 2013- Oct. 2015 650,626 0 1.06 0.03 
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Table 5.4: Sediment balancing [only values outside the LoO} for the AOI at all four study sites between successive survey periods. I� c: 

ll> '"""' 
Study site Section Period Volume change Areab Yieldedc :::l 

[m3] [t]a [m2] [%] [kg m-2] 
<.0 

IJ) 

erosion deposition balance balance 
rt> 
c.. 

Gseng Sep. 2013- April 2014 total -290 337 47 66 11 ,464 49  3 3 
rt> 

top - 90 107 17 24 4851 49  2 
:::l '"""' 
c.. 

middle - 9 5  106 11 16 3895  45  2 '< 
:::l 

bottom -105 124 19 26 2718 54 5 ll> 
3 

April 2014- Oct. 2014 total -1713 1772 5 9  83 14,460 62 4 n 
IJ) 

top -379 305 -74 -104 5587 57 -11 -· 

:::l 
middle -341 776 435 609 5080 5 9  71 ...... 

..., 

bottom -993  691 - 302 -423 3793 7 5  -84 
rr 
c: ...... 

Oct. 2014- April 2015 total -1438 1035 -402 - 563 13,847 5 9  -24 ll> 
..., 

'< 
top -183 118 -65 - 91 4998 51 - 9  ...... 

..., 
middle -856 107 -750 -1049 4664 54 -122 

CD 
:::l 
n 

bottom -399  811 412 577 4186 83 -114 ::r 
CD 

April 2015- Oct. 2015 total -818 1152 335 469 14,561 62 20 IJ) 
-· 

-315 89 -227 -318 6025 61 -32 
:::l 

top ll> 

middle -321 434 113 158 5032 5 9  18 
:::l 
ll> � 

bottom -181 630 449 629 3505 70 125 "0 
:::l 
rt> 

Langgries Outlet Sep. 2013- July 2014 total -155 47 -108 -151 1535 75 -73 n 
ll> ...... 

July 2014- May 2015 total - 51 54 3 5 1382 67 2 n 
::r 

May 2015- Oct. 2015 total -63 466 404 565 1583 77 275 3 
rt> 
:::l ...... 

Langgries long Sep. 2013- July 2014 total -1530 3919 2389 3345 24,058 80 119 I: 
top -1189 933 -255 -357 7779 88 -40 
middle top -132 1390 1257 1760 5954 76 223 



middle bottom -115 1204 1089 1524 6214 73 180 
bottom - 9 3  391 298 417 4111 84 85  

July 2014- April 2015 total -5160 4042 -1118 -1565 26,668 89  - 56 
-1760 1805 45  62 8051 91 7 

rn 
top < 

ll> 
middle top -1714 986 -727 -1018 7077 90 -128 

� 

c 
ll> 

middle bottom -1127 1052 -7 5 -105 7603 90 -12 ,..... 
:::J 

bottom - 5 5 9  199  -360 - 504 3937 81 -103 (D 
(fl 

April 2015- Oct. 2015 total -3662 7326 3664 5129 27,178 90 183 CD 
o._ 

top -2301 1287 -1014 -1420 7405 84 -161 3 
CD 

middle top -657 2720 2063 2888 7465 95  366 :::J ..... 

middle bottom - 537 2076 1539  2154 8011 95  254 o._ 
'< 

bottom -167 1244 1076 1507 4297 88 309 
:::J 
ll> 
3 

Oct. 2013- Aug. 2014 -134 -23 - 32 1049 -20 
r; 

Unnamed V total 111 64 (fl 

top -81 24 -56 -79 675 56 -65 3 
,..... 

bottom - 53 86 33 47 374 90 112 ::J. 
0"" 

Aug. 2014- May 2015 total - 54 22 -31 -44 846 52 -27 
c ,..... 
ll> 

top -22 12 -1 0 -14 558 46 -12 
> 

'< 
,..... 

bottom - 32 11 -21 -29 288 69 -70 > 
CD 

May 2015- Aug. 201 5 total -61 77 15 22 989 61 13 
:::J 
n 
:::;-

top -47 24 -23 -33 694 57 -27 CD 
(fl 

bottom -14 53 39 54 295  71 131 3 

Aug. 2015- Oct. 2015 total -23 12 -11 -16 636 39  -1 0 
ll> 
:::J 

top -1 0 7 -3 -4 447 37 - 3  
ll> 

"0 
bottom -13 4 -8 -12 189 46 -28 :::J 

CD 
": Tonnage based on dry bulk density of 1400 kg m-3 I b: Active area {erosion and deposition}, percentages are in terms of total area in n 

ll> 
that section I c: lt refers to the total area in that section. This is a Lower-bound estimate for it takes no account of throughput or yield of 

,..... 
n 
:::;-

fines in suspension. 3 
CD 
:::J ,..... 
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5.4.1. Unnamed V 

20.10.2013-27.10.2015 
0 10 

mean LoO:+/- 0.026 

20.10.2013-14.08.2014 14.08.2014-11.05.2015 

mean LoO:+/- 0.032 mean LoO:+/- 0.031 

11.05.2015 -28.08.2015 28.08.2015 -27.10.2015 
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Elevation change [m] Volume 
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- 0.51 to 1.00 

- 1.01 to 1.50 

- >1.51 
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Legend of map 
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8 Reflector points 

D Study area 

- Johnsbach River 

Figure 5.4: Spa tia l dis tribu tion and tempora l  in tensity of surface e leva tion changes 
in the Unnamed V side channel .  (Top left} DaD of the tota l  time in terva l and graphs 
of the vo lumetric changes normal ized by area of  the respective part; {top right} 
DaDs of the sing le periods; {bottom left} Aeria l pho tograph [Burea u of the Styrian 
Government, 201 0} showing the study site and the TLS survey loca tions. 

Patterns of erosion and deposition are mostly limited to the bottom part [next to the 

river] as well as the lower parts of the top section [Figure 5.41. This is also reflected 

in the size of the active area throughout all time steps which is around 50% for the 
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Figure 5.5: Spatial distribution and temporal intensity of surface elevation changes 
in the Langgries side channel. (Top} DoD for the total time interval as well as for the 
three periods for the study sites Langgries long (left} and Langgries outlet (right}, 

included are graphs of the volumetric changes normalized by area of the respective 
pa rt, (bottom} Aerial photograph (Bureau of the Styrian Government, 20 1 0) showing 
the study sites and the TLS survey locations. 
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Evaluat i ng  sediment dynam 1cs i n  tr ibutary trenches i n  an alp ine  catchment... 

sed iment that have entered the areas of observat ion fro m above and have passed 

through the  system without Leaving a trace in the  Laser scans are st i l l  u n known. 

Thus,  the ment ioned quant it ies are the m i n i m u m  amount  of debris which has been 

delivered to the  river. A detailed descr ipt ion of the sed iment y ield for each survey 

per iod and study s i te is g iven in F igure 5.7. 
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Figure 5.6: Spatial distribution and temporal intensity of surface elevation changes 
in the Gseng side channel. (Top/ DaD of the total time interval and graphs of the 
volumetric changes normalized by area of the respective part, (middle right/ Aerial 
photograph {Bureau of the Styrian Governm ent, 201 0} showing the study site and the 
TLS survey locations, (bottom/ DaDs of the single periods. 
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Figure 5.7: Temporal development of the sediment yield distributed by subsections 
for each study site; I-IV refer to the subsections as defined in Figure 5.2 and Table 
5. 1; black vertical solid lines separate the total from the single intervals; black 
vertical dashed lines separate the stepwise approach. Precipitation parameters are 
given for the respective interval in the order from top to bottom: total precipitation 
in mm [recorded at Weidendom]; number of days with 20-30 mm d·1; number of days 
with >30 mm d-1; maximal daily intensity. 
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Comparison of volume changes and active areas 

considering different time intervals 

The spatial distribution of surface elevation changes are depicted in Figures 5.4 to 

5.6 for the different single survey intervals ["stepwise"]  and the total investigation 

period ["total"]  considering only the first and last survey for each study site. The 

time frame of the total investigation covers approximately two years at each study 

site [September/October 2013 to October 2015]. In the stepwise investigation, shifts 

in erosional and depositional patterns are cancelled out to some extent when only 

the total interval is considered [Table 5.51. Therefore, the amount of relocated 

sediment for the stepwise investigation is nearly twice as high as for the total time 

frame [Figure 5.8 left]. This applies for all study sites and for both erosion and 

deposition. 

Areas of active change are slightly smaller when the total interval is taken into 

account compared to the stepwise approach [Figure 5.8 right]. This means that if a 

certain spot apparently was not affected by surface change during the two years of 

observation, a shorter survey interval may reveal that this spot has in fact 

experienced surface change. 

Cl) 
Cl 
r::: 
10 

.s::. 
u 
Cl) 
E 
:I 

;g 

-20,000 -1 0,000 

1
0 

-1 0,000 

Deposition 

1 0,000 20,000 

y = 1 .84x · 351 .95 
R' = 0.97 

n = 26 

Volume change [m3] (tota l )  

Cl) 
U) 

'i 
Q. 
Cl) 20,000 
� 
� 

.§. 
10 
e 
10 1 0,000 
Cl) 
> 

:;:: 
u 

<( y = 1 .09x + 371 .57 
R' = 0.98 

n = 13 

o ��--�--�=T==�� 
0 1 0,000 20,000 30,000 

Active area [m2] (tota l)  

Figure 5.8: Comparing vo lume changes (left}, in cluding erosion and deposition, and 

devia tions in  active areas (right} considering a s tepwise and a to ta l  approach for a l l  
sections a t  a l l  four study sites. Note: the black l ine  refers to  the  1 :1 l ine .  

119 



N Table 5.5: Sediment balancing {only values outside the LoO] for the AOI at all four study sites for the overall investigation period 

I �  0 
(comparing the first to the last survey]. Values in italics also consider all surveys made in between. 

ll> ""' 
:::l 

<.0 
Study site Period Section Volume change Areab Yieldedc IJ) 

[ml] [t]a [m2] [%] [kg m-2] 
rt> 
c.. 

erosion deposition balance balance 3 
rt> 

Gseng Sep. 20 1 3- Oct. 20 1 5  total - 1 937 2066 129 180 16,695 71 8 
:::l ""' 
c.. 

top -600 246 - 3 5 5  -496 6424 65 - 50 '< 
:::l 
ll> 

middle -788 5 9 1  -198 -277 6 1 62 72 - 32 3 

bottom - 549  1229 681 9 5 3  4 1 09 82 189 n 
IJ) 
-· 

Sep. 20 13 - Oct. 20 15 total -4258 4297 39 55 2 1 , 763 93 2 :::l 
""'" 

top - 96 7  6 18 -349 -489 9034 92 -50 
--, 
rr 
c 

middle - 1 6 14 1423 - 1 90 -266 7836 9 1  -31  ""'" 
ll> 
--, 

bottom - 16 77 2255 578 809 4893 97 1 6 1  '< 
""'" 
--, 
rt> 

Langgries Se p. 2 0 1 3  - 0 et. 2 0 1 5 total -72 373 302 423 1709 83 206 

I �  Outlet Sep. 20 13 - Oct. 20 15 total -268 567 300 4 1 9  1886 92 204 IJ) 
-· 

Langgries long Sep. 20 1 3- Oct. 20 1 5  total -4 109  9125 5016 7022 28,147 94 234 
:::l 
ll> 

top -2695 1469 - 1 226 - 17 16 8 1 86 93  -194 
:::l 
ll> 
� 

middle top -726 3393 263 1 3684 7524 9 5  467 -o 
:::l 

middle bottom - 506 3097 2592 3628 794 1  94 428 rt> 
n 

bottom -147 1166 1 0 1 9  1426 4494 92 292 
ll> ""'" 
n 

Sep. 20 13 - Oct. 20 15 total - 1 0,352 1 5,287 4935 6909 29,484 98 230 
:::;-
3 

top -5250 4025 - 1225 - 1 715 8566 97 - 1 94 rt> 
:::l ....... 

middle top -2503 5096 2593 3630 778 1 99 460 : 

middle bottom - 1 779 4332 2553 3574 834 1 98 422 

bottom -820 1834 1 0 14 1420 4796 98 291 



N 

Unnamed V Oct. 2013- Oct. 2015 total -195  144 -51 -71 1206 74 -44 

top -123 30 -94 -131 812 67 -108 

bottom -72 115 42 5 9  394 95  143 

Oct. 20 13 - Oct. 20 1 5  total -272 222 -50 -70 1476 9 1  -43 

top - 160 6 7  -93 - 130 1066 88 - 107 

bottom - 1 1 1  1 54 43 60 4 1 1  99 144 

a: Tonnage based on dry bulk density of 1400 kg m-3 I b: Active area [erosion and deposition}, percentages are in terms of total area in 
that section I c: it refers to the total area in that section. This is a lower-bound estimate for it takes no account of throughput or yield of 
fines in suspension. 
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5.5. D iscuss i o n  

5.5.1. Total sediment in motion, seasonal patterns and 

missing data 

Evaluating and quantifying sediment transport is highly dependent on the temporal 

and spatial scale of interest and the seasonal climatic influences triggering various 

processes, which can be different in magnitude and frequency. Many authors !e.g. 

Lane et al., 2003; Fuller and Marden, 2011; Blasone et al., 2014; Vericat et al., 20141 

have used multi-temporal topographic surveys to derive patterns of topographic 

change in different environments. Lane et al. 120031 investigated a 1 km times 3.3 

km gravel-bed, braided river system in New Zealand using a methodology for 

channel change detection coupled to the use of synoptic remote sensing. They 

applied digital photogrammetry, laser altimetry and image processing to gain DEMs. 

For the 1 year observation period they present a similar reach averaged net rate of 

0.013 m3 m·2 with zonal variations from -0.523 m3 m·2 ldry to wetl to 0.513 m3 m·2 lwet 

to dryl depending on how the surface has changed between surveys. More recent 

studies using GPS and TLS were finding net rates with comparable magnitudes over 

different spatial and temporal scales. Over a 3.5 year period Fuller and Marden 

12011 I were investigating a 21 ha wide gully system at the northern island of New 

Zealand. The acquired volumes of erosion and deposition for nine survey periods 

showed a high fluctuation resulting in an averaged net rate of approximately +0.07 

m3 m-2 yr-1 l-0.12 m3 m-2 yr-1 of area-wide erosion and +0.19 m3 m-2 yr-1 of area-wide 

sedimentation!. Blasone et al. 120141 investigated a debris flow affected tributary 

catchment in northern Italy. Their study sites cover an upper part of an alluvial fan 

11.3 hal.  an active landslide 12.2 hal and the sediment source area of the basin 120 

hal. The resulting averaged yearly erosion/deposition thicknesses for the three sites 

were -0.11 m, -0.14 m and -0.23 m, respectively. In a sub-humid badland area in 

northern Spain Vericat et al. 120141 investigated a very small hillslope area 136 m2l 

over different temporal scales ranging from 8 to almost 500 days. They reported a 

mean erosion/deposition balance for a one year investigation of -0.062 m with high 

variation when focusing on shorter time periods. 

The magnitude and frequency of rainstorm events and their spatial distribution are 

of major importance for triggering sediment transport IHarvey, 2001 I. Spatially 

confined rainstorms occurred a few times during the observation period !Figures 
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5.3, 5.7) resulting in highly variable sediment dynamics throughout all study sites. 

We divided the rainstorm events in our study area into two classes: 20-30 mm d-1 

and >30 mm d-1. There is a high variability in the total amount of precipitation, the 

number of rainstorm events and the maximum precipitation intensity in each period 

[Figure 5.3). The two winter seasons are comparable in terms of amount and 

intensity of precipitation whereas the two summer seasons are different. During the 

summer of 2014 two major rainstorm events occurred [-40 mm d-1 and 90 mm d-1) in 

addition to several rainstorms of lower magnitude resulting in a higher sum of 

precipitation during that season than in the summer of 2015. At Gseng, seasonal 

patterns of sediment mobility can be identified [Figures 5.6, 5.7). The highest 

amount of sediment relocation takes place during the summer seasons while in the 

winter periods, sediment mobility is rather low. Nonetheless, the highest rainstorm 

event [late October 2014] and the resulting changes in sediment storage took place 

in the winter period [survey in the beginning of October 2014). The total amount of 

shifted sediment significantly correlates with the total amount of precipitation 

[Figure 5.7] recorded during the respective period. Moreover, area-wide patterns of 

sediment movement can also be allocated to the different seasons [Figure 5.6] as 

the central trench shows the biggest changes, both during summer and winter while 

the contributing hillslopes [especially in the top and the middle section] are reacting 

substantially only during the summer season. Seasonal patterns in sediment 

relocation cannot be identified in the other three observed sites [Figures 5.4, 5.5]  as 

the boundaries of surveys and seasons are inconsistent. The highest amounts in 

sediment yield are detected during the last survey interval at Langgries and during 

the summer months in 2015 at Unnamed V [Figure 5.7] without having clear 

evidence in the weather record [lower amount of precipitation than during other 

investigation periods as well as a small number of rainstorm events). These 

circumstances suggest that the dynamics in sediment relocation are not always 

reflected in the recorded weather conditions and storm events. Similar findings that 

a significant relationship between sediment transfer and precipitation could not be 

detected or remains complex were stated by Fuller and Marden (201 0, 2011) 

describing a conceptual model of slope-channel coupling in a gully system over a 

3.5 year survey period, by Vericat et al. [20141 investigating topographic change on 

different event scales in badlands and also by Loye et al. [2016] who focused on 

sediment dynamics in a debris flow catchment over a 16 month period. Due to the 

only 2 years of investigation and heterogeneous survey intervals, no general concept 

of seasonal patterns can be drawn. Still, most sediment throughout all side 

123 



Evaluating sediment dynamics in tributary trenches in an alpine catchment. .. 

channels is being moved during the summer seasons which can be related to 

triggering rainstorm events. Remarkably, the frequency and intensity of storms in 

the summer of 2014 is significantly higher than in 2015 [Figures 5.3, 5.7], but 

besides Gseng all investigated sites show a contrary behavior in having more 

sediment relocated in the summer of 2015 than in 2014. This could be due to the 

facts that the survey interval is inconsistent between the study sites assigning 

relocated sediment to different seasons as well as the possibility of single rainstorm 

events acting only locally and therefore being recorded at the nearby Weidendom 

station without triggering any geomorphic activity in the study areas or vice versa. 

The established relocation rates are a minimum amount as the sums of erosion and 

deposition over the entire time interval are lower than the cumulated sums of the 

shorter intervals [Figure 5.8]. Thus, if the number of surveys would have been 

higher, the volume of transported sediments would probably increase further. Lane 

et al. (1994, Fig. 9] stated that a spatial point density of approx. 3- 4 pts m-2 is 

necessary to avoid missing information and that higher densities do not further 

improve the results. We assume that a similar approach is valid for the temporal 

density of surveys, since the time dimension is of major importance in studying 

mass movements [Flageollet, 1996] and coupling behavior (Harvey, 2002]. This 

means that above a critical amount of surveys a higher sampling frequency would 

not necessarily improve the results. We could show that an approximately 4- fold 

higher frequency of surveys ('stepwise' approach) results in roughly two times 

higher volumes of erosion and deposition [both affected almost to the same degree] 

with effects on the net change being less significant [Figure 5.7]. This inter-event 

effect was also determined by Vericat et al. [2014) showing that a reduction of 

survey frequency results in topographic changes in opposite directions being 

cancelled out. Comparing surface changes of each survey interval with the total 

interval (Figures 5_4 to 5.6] reveals different patterns. During longer monitoring 

periods multiple topographic changes occurring at the event-scale are followed by 

further topographic changes in an opposite direction. Thus, an event-scale based 

monitoring should be aspired to avoid "missing" sediment. This "ideal" survey 

density to capture the [reasonably complete) amount of mobilized sediments (not 

taking into account if there is sediment transported without leaving a trace in the 

landscape] depends on the interval between significant, geomorphologically 

effective rainstorm events. As no defined precipitation or runoff threshold for an 

"effective" rainstorm can be derived from the precipitation data [Figure 5.3] and no 
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continuous observation [e.g. webcam] is available this task remains for further 

investigations. 

5.5.2. Current sediment dynamics of the trenches 

Over the entire 2 year period, debris at Langgries is eroded in the top position of the 

gravel stream and deposited in the middle and lower reaches [Figure 5.5]. We 

assign this effect to an ongoing reaction on the former gravel mining which has 

lowered the entire trench [as far as it could be reached by caterpillars] and thus, 

over-steepened the upper parts. If this process continues, sediment output into the 

river will increase in the future as the reach upstream of the road bridge currently 

increases in elevation. The deposited amounts in the lower three quarters over

balance the erosion in the uppermost quarter. This can also be due to the bridge 

opening, which is the lower end of the study site Langgries long, narrowing the 

channel and therefore impeding the sediment from moving further. As there are 

lateral [slopes-channel] and longitudinal linkages [between the four sections of 

Langgries long and continuing to Langgries outlet] sedimentological connectivity 

can be implied. This means that sediment from upper parts as well as from the 

contributing slopes entered the study site and was transported through the 

segments. By now it is still not clear how fast sediment transport occurs and if 

eroded material from one sector can be located as deposited material in another 

one. Furthermore, this along-channel connectivity, especially from the bottom 

section to the outlet, can be impeded by the road bridge as a barrier [Fryirs et al., 

2007]. However this barrier is not a permanent situation as the ongoing surface 

elevation upstream of the sill will facilitate the sediment transport in the future. 

At Gseng, erosion occurs mainly linearly along the bottom of the deep gravel trench 

[Figure 5.6]. Like at Langgries, this is still a response to gravel excavation in the 

lower reaches which are now gradually "filled up" again. The cut-and-fill activity in 

the shorter time windows clearly shows that this process takes place in batches of 

refilling from the side slopes and dissection during single rainstorm events. Major 

surface changes occurred more often during the summer months [Figures 5.6, 5.7]. 

Alternating patterns of erosion and deposition can be found along the gravel trench 

throughout the whole investigation period. Since most of the sediment movement is 

limited to the central flow path the intensity of the longitudinal linkage exceeds the 

lateral one by far [Figure 5.6]. Therefore, sedimentological connectivity can be 
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In two large trenches, Gseng and Langgries, the relocation of sediment 1s 

probably still a reaction to the gravel mining until the establishment of the 

National Park Gesause. A change in sediment storage can be traced along the 

side channels implying sediment transport and longitudinal connectivity. A 

third tributary [Unnamed V] shows relocation of sediment only in the lower 

parts with no recharge of sediment from the upper catchment. 

The amount of sediment that actually reached the main torrent was very low 

at Langgries and nil at Gseng for this side channel is decoupled [due to mining 

history] to the main river system. The third side channel [Unnamed V] had no 

measurable sediment supply from its adjacent rock faces during the 

investigation period, but did react to rainstorms and was therefore able to 

provide pulsed sediment input to the Johnsbach River. 

The sums of erosion and deposition over the total time interval [2 year period] 

are lower than the cumulated sums of the shorter intervals [stepwise 

approach] by a factor of around two. This applies for all study sites and for 

both erosion and deposition. Even with the roughly half- yearly survey interval, 

information on surface changes was probably lost and the amounts of 

transported sediments were underestimated. The ideal survey interval should 

consider the mean time span between two significant relocation events. 

Ongoing work is to transfer the results to other trenches in the catchment, to set up 

a quantitative sediment budget of the valley and to compare the amounts of 

mobilized sediments to the catchment output measured at the new bedload station 

at the outlet. Future TLS campaigns will focus on smaller time intervals in order to 

derive an optimal frequency of surveys. Furthermore, the development in the 

anthropogenically disturbed side channels will be further monitored in the future to 

observe if the current transient behavior will lead to an equilibrium stage at Gseng 

or Langgries when the balancing effect of filling up missing sediment is complete. 

This process will also influence the coupling behavior of those side channels to the 

Johnsbach River involving an increasing sediment input into the main stream. If 

these additional amounts of sediment will be positive for habitats from an ecological 

viewpoint or if a higher concentration of fine material e.g. would cause pore spaces 

to be filled and thus destroying fish spawning habitats will remain for further 

investigations. As sediment supply is concentrated to certain points and the river 

becomes partly clogged, intermittent pulses of sediment transport are to be 

expected during flood events. 
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 6 .  IMPACTS O F  GRAVEL MINING AND 

RENATURATION MEASURES ON THE 

SEDIMENT FLUX AND BUDGET IN AN ALPINE 

CATCHMENT (JOHNSBACH VALLEY, AUSTRIA) 

Abstract 

In the Johnsbach Valley [Austria) .  a medium size non-glaciated torrent catchment, 

enormous amounts of sediment have been made available due to the brittle 

dolomite bedrock. This occurs mainly in the Zwischenmauerstrecke [ Z M S ]  [ english 

transla tion :  "reach be tween the wa l ls "] and presents a major challenge to local 

river management. Within a renaturation project, which followed several decades of 

disturbance [flood protection and gravel mining] in the Z M S ,  it is of particular 

importance to understand where the sediments come from and the transport 

pathways through the system to prepare future forecasts. 

In the present study, we investigate the recent sediment cascade in a 

comprehensive analysis of the Z M S  that was achieved by means of airborne laser 

scanning campaigns in 2010 and 2015. The current bed load yield at the outlet was 

measured using an integrative bedload monitoring system. Historical data from 

1954 was used to illustrate the effects of the mining period on the former sediment 

routing. Finally, we evaluated the expected sediment transport rates in the near 

future. 

The results show that from the hillslopes sediments are mainly transported via the 

active side trenches to the main channel [-7000 m3 yr·1 ]. The sediment transport in 

the Johnsbach River consists mainly in relocating the periodically occurring 

sediment entries of the side trenches. The bedload transport rates at the outlet sum 

up to annual bedload yields of 2000 m3 yr·1 to almost 12,000 m3 yr·1 during the 

observation period. Especially those areas inside the side trenches that were heavily 

affected by gravel mining [excavated amount of sediment during the mining period: 

-25 ,000 m3 yr· l ]  are now accumulating sediment since the end of this period [-8000 

m3 yr·1 ]. 

Future scenarios will depend heavily on the progress in the mining affected side 

channels. The impacts of this period are continuously being reworked and a natural 
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sediment flow will adjust in the near future. The sediment input into the Johnsbach 

River will rise significantly and could lead to a doubling in the annual sediment yield 

at the outlet compared to now. In particular, the reaches along the Johnsbach River 

following the confluences with the mining affected side trenches are already 

showing morphological changes due to the recently imported sediments. 

6.1. I nt rod u ct i o n  

Over the last decades alluvial rivers, all over the world and especially in Europe, 

have been significantly affected by human disturbances [Petts, 1989]. The most 

common forms of intervention in fluvial systems are due to land-use changes, 

urbanization, dams and reservoirs constructed to generate hydroelectric power, 

flow diversions, and gravel and sand mining. Several studies [e.g., Marston et al., 

1995; Bravard et al., 1997; Liebault and Piegay, 2001, 2002; Surian and Rinaldi, 2003; 

Liebault et al., 2005; Rinaldi et al., 2005; Rivora et al., 2005; Spink et al., 2009; Surian 

et al., 2009a,b] have shown that these disturbances cause remarkable channel 

changes with substantial effects on flow and sediment regimes. Induced by a loss of 

sediment supply and recharge, a range of environmental and social effects result 

from channel incision and narrowing, such as undermining of structures, loss of 

groundwater storage or loss of habitat diversity [Bravard et al., 1999a]. Especially in 

the Alps, this has led to the fact that only a minor portion of all rivers are still in a 

natural or near-natural condition [Martinet and Dubost, 1992; Ward et al., 1999]. To 

overcome this problem, a need for sustainable sediment management arises by 

defining river restoration strategies [Piegay et al., 2005; Habersack and Piegay, 

2008; Liebault et al., 2008; Rinaldi et al., 2009]. 

From historical times alluvial rivers have been attractive sources for sediment 

exploitation. Notably, ' in-stream mining· ,  which involves the removal of sediment 

from the river bed, directly affects the channel geometry resulting in an imbalance 

of sediment supply and transport capacity [Sandecki, 1989]. By changing the 

geomorphic setting many different environmental and economic impacts can be 

expected [Bravard et al., 1999a]. which are summarized by Rinaldi et al. [2005] and 

Rivora et al. [2005]. Throughout the literature it has been widely discussed what 

consequences can arise from mining the active river channel. Certainly it is not only 

the actions involving the river itself that cause a disturbed sediment management 
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but also interventions (mining gravel in pits] affecting the contributing side channels 

and catchments that are connected to specific river reaches. 

Several different human disturbances have heavily affected the alluvial channel in 

the Johnsbach catchment since the middle of the past century. These include works 

for flood and bank protection, gravel mining in sediment supplying side catchments 

to the main river system, and in recent years river restoration that includes an 

explicit sediment management. After a major flood event in 1949, which destroyed 

the only access into the Johnsbach Valley, the course of the river was armed with 

longitudinal barriers and check dams along the ZMS between 1950 and 1974 

[Thonhauser, 2007; Kammerer, 2008). The goal was to compress the course of the 

river and to force the stream into a man-made river bed (Haseke, 2006]. Former 

gravel mining in two of the biggest side catchments [in Gseng and Langgries since 

1984 and 19 91, respectively] was interrupting the sediment flux in those channels as 

huge amounts of sediment were excavated and used industrially. The annual 

amount of sediment being removed from those side catchments is reported to be 

15,000-20,000 m3 yr-1 (Haseke, 2011]. With the establishment of the NPG in 2002, the 

excavation of sediment had to be abandoned but was not terminated before 2008 

because of still ongoing contracts. Finally, both former mining areas were restored 

from 2009 to 2010. Meanwhile, the Johnsbach River was restored in the cost

intensive European Union funded river-ecological LI FE- project "Conservation 

strategies for woodland and wild waters in the Gesause" controlled by the NPG from 

2006 to 2009. The main focus of this project was to dismantle and widely remove 

extensive engineering measures in the river and at the junctions to the side 

channels [Haseke, 2011]. This was meant to ensure that sediment can reach the 

Johnsbach River and finally the River Enns in sufficient quantities according to its 

natural dynamics [Holzinger et al., 2012]. During the LIFE-project the new concept 

involved several interventions: adjusting the slope of the river and avoiding high 

steps effectuated by building broad, but flat ground sills, expanding the obstructed 

banks and releasing the Johnsbach River between the sills (Haseke, 2011]. In this 

way the Johnsbach River is now able to rebuild its original gravel banks and 

furcations, ballasts the new sills and therefore creates valuable habitats and 

ensures fish migration. Furthermore, an increase in coarse material prevents the 

progress of river-bed sealing through fine-grained material during the last decades 

and thus prevents groundwater subsidence as well as the reduction of micro 

habitats (Holzinger et al., 2012]. 
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Fischlschweiger (2004) investigated the aftermath of the mining activities in the 

lower Langgries side catchment, concluding that 10,000 m3 yr-1 needed to be 

excavated lin the reference period of 1993-2002] to maintain the current state. 

Several authors (Kammerer, 2006a,b; Zulka, 2013] were focusing on changes in the 

evolution of habitats due to mining and its resulting effects. They all could prove that 

mining activities disrupt the fragile balancing system of scree slopes, which in turn 

affects the habitats of certain fauna and flora. In 2013, the FWF-funded Sedyn-X 

project was launched to investigate sediment transport in the ensuing field of 

tension between nature conservation (e.g., aqua fauna habitats]. hazard protection 

and the efficiency of hydropower stations downstream. By now, Stangl et al. (2016] 

have applied a sediment connectivity analysis combining upslope contributing area 

and downslope flow length. According to their analysis, sediment storages close to 

the main river are highly coupled to the outlet, whereas erodible sediments in the 

remote high-alpine areas are not. Rascher and Sass (2017] quantified surface 

changes using multi- temporal terrestrial laser scanning at the interface between 

the main torrent and selected tributary channels. They could show that the 

sediment output of tributaries is currently limited (seasonal and event based] as 

sediment is "missing" due to the mining history. The objective of this study is to set 

up a sediment budget, enabling the analysis of the impacts of gravel mining and 

renaturation on the sediment flux in the ZMS of the Johnsbach Valley. To this end, 

we investigated the recent sediment cascade focusing on several aspects. First, how 

much sediment is provided from rock walls to the side-catchments (quantifying the 

input parameter for the sediment budget]. Second, where and to which extent is 

sediment relocation currently taking place (evaluating transport and storage in the 

system]. Third, how much sediment is exported out of the Johnsbach Valley 

(quantifying and comparing the fluvial sediment transport to the sediment output]. 

Fourth, we show the effects of the mining period on the former sediment routing by 

reconstructing the sediment cascade in the relevant areas. Finally, we predict the 

sediment transport rates in the near future once decoupled side catchments are 

reconnected to evaluate the overall consequences of the recent renaturation 

measures. Coupled investigations of sediment cascades and bedload transport have 

rarely been carried out. Therefore, our approach could be a showcase example 

describing the spatial sediment dynamics on the one hand and verifying the 

predicted sediment yield on the other hand, in an area that underwent significant 

anthropogenic modifications in the past. 
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Zone i n  the S !e .g . ,  Am pferer, 1935; H i essleit ner, 1935 ;  Flugel and N e u bau e r, 19841. 

O u r  area of i nvest igat ion,  the ZMS,  is situated in Triassic carbonate rocks, ma in ly 

l imestone !Dachste i n kalkl and dolomite [Wetterste indolom it l  [F ig ures 6.2 8 ,  6.3Al. 

The ZMS is a 4.5 km river reach with a catchment of around  13 km2 in s ize that is 

sparsely vegetated ! Figure 6.3CI by f i r  forests and p ine shrub  lands, a n d  is shaped 

by steep furrows and deeply i ncised chann els !F igure 6 .38] on  both s ide s. The 

majority of the sediment that is relocated and transported in the Joh nsbach Valley is 

stored in the  ZMS .  

Figure 6.2: Photographs from the Johnsbach Valley: (A] Gseng side catchment in 
eastward direction with the former mining factory in the front {picture by NPG, 
07/2006]; (B] aerial image {eastward direction} of the ZMS {red outline] with I - Ill 

indicating the three river segments: white rectangles and arrows indicate the 
location and direction of sight of pictures 6.2A and 6.2C, respectively; point features 
{location of the bedload monitoring system and the form er mining factory] 
correspond to Fig ure 1 {picture by NPG, 10/2004}; (CJ Langgries side catchment 
{07/2013] in westward direction with the road bridge in the front and the Admonter 
Reichenstein in the back. 

The cl imate is characterized by annu al mean temp eratures of around 8 oc in the 

lower elevat ions of the valley and below 0 oc i n  the  s u m m i t  reg ions. Annual  

preci pitat ion  amou nts to ap proximately 1 500-1800 m m  !Wakon igg ,  2012a,b l .  Storm 

preci pitat ion  occurs alm ost exclus ively in  the summer months and can reach 

several tens of mm per hour. Thus,  ru noff at  the Johnsbach River peaks in spr ing 

!snow melt] and  summer while the tr ibutaries show surface runoff and sediment 

transport o n ly dur ing ep isod ic  ra instorms. 
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Figure 6.3: Characteristic maps of the ZMS: {A) geology [modified from Ampferer, 
1 935}; (B} geomorphology I sediment storage types [modified from Krenn, 201 6]; {C) 

vegetation cover [derived from HAPITALP mapping by NPG}; (DJ subdivision [as 
defined in section 6.2.2], I A to Ill B are the three segments and their sub-reaches; 
hillshade map of a LiOAR derived DEM [Bureau of the Styrian Government, 201 5}. 
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Methodolog i ca l  fra m ewo rk 

Reconstructing the sediment cascade 

ZMS Seg ment ( I )  

Sed iment propagation 
l:N [SL,.J : (V. - V.)....,, + ( wRWI_., ) 
/J.V [SL_.J > 0 "' SL,,POS = further transport 
llV [SL,.J < 0 "' SL,.,NEG # funher transpon 
AV[CH_.J • (V. - V,)._, + ( Sl,..,POS -+ SL..,POS + CH,,POS) 
l:N [ASJ "'  (V. - V.J •• + ( CH_.,POS + CH0,POS + AS.POS ) 

Figure 6.4: Flow chart of the reconstructed sedim ent  cascade and workflows for 
determining change detection a t  each stage in the sediment  budget. Note: Erosion 
!Vel and deposition {Vd} estimates, weighted rockwal l  input  {wRWI}, s lope ca tchment  
{SL}, channe l  section {CH}, a l luvia l section {AS}; * :  simplified from Verica t e t  a l . ,  
201 7. 

To evaluate the sediment output of the ZMS, the sediment cascade was assembled 

[Figure 6.4 right]. Side catchments [e.g., A in Figure 6.4] inside the ZMS were 

outlined in which slope catchments [e.g., SLA1 in Figure 6.41. each including its 

spatial bedrock extent [e.g., wRWIA1 in Figure 6.41. and channel sections [e.g., CHA1 in 

Figure. 6.4] were separated. At each side catchment sediment volumes were 

propagated through the system from the SL to the CH and along the CHs down to 

the respective alluvial section [e.g., AS1 in Figure 6.41. Several side catchments can 

contribute to each AS. The same is valid for the fluvial system, where sediment input 

occurs from the side catchments at certain AS and is then routed downstream. 

Sediment propagation [according to the rules defined in Figure 6.4, bottom right] 

was determined as follows: if net erosion occurs in a specific SL, CH, or AS, this 

volume is transported farther down [to the next CH, AS, and so on]. if net deposition 
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Figure 6.5: Arrangement of the integrative bedload monitoring system consisting of 
a bedload trap and a geophone bar (center and lower right} supported by a basket 
sampler (upper right}. Bedload data acquisition and river gauging takes place in a 
m onitoring station (upper left}. Note: views in the center and the upper right are 
looking upstream. 

At the bedload traps the  samp le box is covered by a lid with a long i tud ina l  sampl ing 

slot .  The sampl ing slots are 1 .6  m long and  0.5 m wide .  U pon sta rt of the 

mon itori ng ,  the slot is opened hydra u l ica lly v ia manual control ,  the t ransported bed 

mater ial  gets trapped in  the sam ple box and load cel ls automatically record the 

mass i n crease with i n  the box. Bed load t raps enable meas urements at a l l d ischarge  

stages and  th ereby also the bedload can  be mon itored even d u ring  flood events 

(Habersack et a l . ,  201 7 ;  Kreisler et a l . ,  2017 ] .  Habersack et al. [2017 )  showed that 

both hydra u li c  and sampling eff ic i ency is h igh .  Furthermore, the s imultaneous 

measurement of bedload rates and the  determ i nat ion of bedload text u re is possi ble.  

D isadvantages of the  bedload t ra p  a re its f ixed posit ion i n  the stream bed and the 

h igh main tenance efforts requ ired. 

Geophones are vibration sensors or ig inat ing fro m se ismic  techno logy. To detect 

bedload transport,  the geophone sensors are mou nted on the bottom side of 0.36 m 

long ,  0 .5  m wide and  0.01 5 m thick steel plates [ H a bersack et a l . ,  2017 ] .  These steel 
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-22.6 to +9.0 m ,  with a mean o f  -4.3 m .  I n  the  slope catch ment c loser to the  out let ,  

elevat ion  d iffere nces result from the p repa rat ion of the  surround ing  a rea to  set up 

the former m i n ing  factory as well as the p i l i ng  up of m i ned g ravel [F ig u re 6 . 2A 
bottom) .  I n  contrast ,  the  slope catch ment  a bove talus cones (F ig u re 6 .2A top] reacts 

to the excavat ion of g ravel at  the ir  footslopes. The rem a i n ing channel  sect ions 

[ ra n g e = - 1 0 . 6  to +4.4 m, mean = - 1 . 0 m ]  and s lope cat chments [ra nge = - 1 2 . 1  to +7.6 
m, mean = - 1 .6  m ]  show, on ave rage ,  rather  s m a ll h e i g ht d ifferences besides some 

loca l extremes. 

- � -3.00 D 0 - 0.50 

- -2.99 - -2.50 - 0.51 - 1 .00 

- -2.49 - -2.00 - 1 .01 - 1 .50 

- -1.99 - -1 .50 - 1 .51 - 2.00 

- -1.49 - -1 .00 - 2.01 - 2.50 

- -0.99 - -0.50 - 2.51 - 3.00 

D -0.49 - 0  - > 3.00 

D River segments (11 A I I B) 
D Gseng catchment 

SL / CH 

Former mining area 

:.·.-_-, Observed area (1954) 

Water 

Active debris 

Debris - slightly vegetated 

- Debris - strongly vegetated 

- Forest 

- Check dam 

Figure 6. 7: (Left} DaD maps of the Gseng side catchm ent: (A} 1 954 -20 1 0; (B} 20 1 0-
20 1 5. Calor scale ranges from red {erosion} to blue {deposition}. DoD {1 954 - 20 1 0} 
was computed within a perim eter {dashed line} that in cludes areas featuring 
evidence of gravel m ining and /resulting} geomorphic a ctivity via photo 
interpretation and witness reports. (C} Maps of the Gseng outlet and the adjacent 
downstream river reach in 1 954, 20 1 0  and 20 1 3  (for orientation see Figure 6. 9}. 
Note: the blue arrow is indicating the direction of flow. 

I n  the  La n g g ries s ide ca tchment (F ig u re 6 .8AI . seque nces of e ros ion  a n d  deposit ion 

a lternate a long the c h a n n e l  sect ions .  On average ,  processes of e ros ion/removal 

ca used a mean elevat ion d ifference of -2.9 m [ra n g e = -7.9 to +3.0 m] in the lower 
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small  scale processes are rewo rking de bris or rock fal l  accu m u lates. O n ly a few 

side catch m ents [e .g . ,  Buckletschne i der, Gseng,  Kainzenalbl ,  Ka deralblsch i.itt, and  

La n g g ries] show changes of  larger  extent at  some of the i r  s lope catchm ents. The 

mean he ight change throughout all slope catchments is -0.5 m, but d ifferences 

occur focusing on the th ree segments of the  ZMS. Deposit ion [mean = +0.6 m ]  

prevails in  segment I l l ,  whereas slope catc hm ents belong ing  t o  segments 1 1  a n d  I 

show erosion on average with mean he ight  changes of -0.8 m and -0.7 m,  

respect ively. 

D River segments 
SL / CH I AS 

D Gseng I Langgries 
catchment 

0 

Elevation change [m] 

- � -3.00 
- -2.99 - -2.50 
- -2.49 - -2.00 
- -1.99 - -1.50 
- -1.49 - -1.00 
- -0.99 - -0.50 
D -0.49 - 0  

D 0 - 0.50 
- 0.51 - 1 .00 
- 1.01 - 1 .50 
- 1.51 - 2.00 
- 2.01 - 2.50 
- 2.51 - 3.00 
- > 3.00 

N 

A 
500 1 '000 2, 000 

-----===� .......... m 

Figure 6.9: DaD map of  the ZMS (201 0-201 5}. Calor scale ranges from red (erosion} 
to blue (deposition). Note: dashed rectangles indicate the positions of Figures 6. 7C 

and 6.8C. 

Elevat ion changes in  channel  sect ions have a la rger spat ia l  extent compared to 

slope catchments. Some of these chan nel  systems inside a side catchment clea rly 

show a lternat i ng  patterns of erosi on and deposit ion [e .g . ,  Gseng, Kaderalblschi.i tt, 

La nggries] over longer d ista nces. Predom inant erosion can be detected in channel  

sections ma in ly on the eastern side of segm ents I and I l l  w i th  d i rect access to the 

fluvial system. Channel  sect ions on the  western s ide [ i n  segments I and  I l l ] .  ma in ly 

be ing ba rred by the road ,  show little change i n  elevat ion.  Mean he ight changes 

t h roug hout a ll channel  sect ions add up to -0.1 m. O n  average,  erosion  and 
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be similar to the D a D  of 20 1 0-20 1 5  since we have no observation for these reaches 

before 2010. The same is valid for sediment input into the ZMS from the catchment 

area above [-2500 m3 yr-1]. which is provided almost exclusively by a side catchment 

that is connected directly to the beginning of the ZMS. An estimation of volumetric 

change in the river reaches downstream of the Langgries side catchment [I A to 1 1  B) 

cannot be made. Since no sediment was delivered by Gseng and Langgries, the main 

channel has probably eroded the available sediment in the downstream direction 

leading to a narrowing of the active channel bed that can be seen in Figures 6.7C 

and 6.8C. Accordingly, the final sediment output might be substantially larger than 

the estimated 1 0,350 m3 yr-1. 

Table 6.3: Volumetric rates of change [separated between slope catchments and 
channel sections, values are not propagated and represent the sum of each) and 
output at Gseng and Langgries side catchment only in the observed area of 1 954 
[see Figures 6 .7  and 6.8 for orientation]. Note: time intervals marked {*) present the 
actual mining period with annual volumetric rates being calculated based on the 
period 1 954-20 10. 

Side Catchment Slope catchments Channel sections 

[m3 yr·1] 

Erosion Deposition Erosion Deposition Output 

Gseng 

1954-2010 5330 1014 3550 40 8737 

2010-2015 1913 1922 663 2605 626 

1 984-2008* 12,438 2366 8284 93 1 9,224 

Langgries 

1954-2010 222 3078 2175 1 571 4622 

2010-2015 5662 5218 8169 13,248 629 

1 9 9 1-2008* 733 1 0 , 1 40 7166 5176 5672 
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Figure 6. 1 1 :  Flow charts of annual sediment budget  scenarios along the Johnsbach 
River between the Silberreith Bridge and the confluence with the River Enns {I A to 
Ill B refer to the river segments and reaches as defined in section 6.2.2]: (A] time of 
active gravel mining, (8] 2010-20 1 5, (C) future scenario. Note: solid border of box or 
arrow is for true value/size ratio, dashed border is for un true. 
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yr-1 at Langgries. This will of course take some time since the mining history has 

caused enormous sinks that have to be refilled. Taking into account how much 

sediment has been excavated in the past and how fast the sediment bodies in both 

channel sections are now aggrading, this will take up to 300 years at Gseng and 

about 1 5  years at Langgries [Table 6.4]. Besides that, several side catchments on 

the western side of the Johnsbach River [sections I B to Ill A] could contribute their 

output material (currently -3000 m3 yr-1) to the main fluvial system if access would 

be enabled by means of wider bridge openings. As the sediment input volumes from 

the side catchments of the lower ZMS are changing, the adjacent river reaches will 

certainly react to a currently unknown degree and probably be transformed into a 

gravel-bed braided river system. Additionally, considering the sediment relocation 

from the southern half of the ZMS [assuming similar magnitudes as today] . the total 

sediment output would likely increase to as much as 2 1 ,000 m3 yr-1. 

Table 6.4: Gravel excavation capacities and sediment delivery of the former mining 
areas 1n Gseng and Langgries. Note: *: propagated volume in the former mining 
areas. 

Gseng Langgries 

Mining area [m2] 58,600 16,400 

M ining period (1 984/91 - 2008) 

Total excavated volume [m3] 46 1 ,300 96,400 

Years of excavation 24 1 7  

Annual excavated volume (AEV) [m3 yr-1] 1 9,220 5670 

Excavation rate [m3 m-2 yr-1] 0.33 0.35 

Current situation (20 1 0 - 20 1 5) 

Total deposited volume [m3] 7700 3 1  '700 

Years of observation 5 5 

Annual deposited volume [ADV] [m3 yr-1]* 1 540 6340 

Replenishment rate [m3 m-2 yr-1] 0.03 0.39 

Future scenario 
Recovery ratio [AEV /ADV] 12.5 0.9 

Years to reach a balanced state [300) 1 5  
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6.5.3. Sources of uncertainty 

Constructing a sediment budget is associated with several uncertainties that can 

arise from comparing measured to predicted amounts of sediment or by making 

assumptions for longer time periods than covered by the observations. 

Since sediment input from rock wall retreat was calculated on the basis of 

reference values from the literature, there is the potential for uncertainty and 

spatial inhomogeneity in estimates of rock wall retreat. The latter point is not 

expected to change the budget significantly as local variations in sediment input are 

probably attenuated because of the integration in progressively larger units. 

The current annual sediment yield at the outlet of the Johnsbach Valley can on the 

one hand be predicted to be almost 11,000 m3 yr-1 [201 0-2015 ) by the sediment 

budget model, and on the other hand be measured as -6000 m3 yr-1 [2012-20171 by 

the integrative bedload monitoring system. This deviation can result from the 

different observation periods. 

The predicted amounts of excavated sediment at the formerly mined areas are 

derived from differencing DEMs over a long time period. These volumes are subject 

to qualitative uncertainties as there is no information available on sediment 

distributing processes or events during that time span for the study area. 

Taking into account the actual area on which sediment was excavated, annual 

export rates are similar with 0.33 m3 m-2 yr-1 and 0.35 m3 m-2 yr-1 for Gseng and 

Langgries, respectively [Table 6.41. Since the mining activities ended, both side 

channels are reacting to the sediment supplied from upstream. Therefore, the main 

control on channel response and recovery appears to be the ratio between the 

former sediment extraction rate and the current replenishment rate [Rinaldi et al., 

20051. During the observation period [201 0-20151. sediment was deposited in the 

former mining areas with annual rates of 0.03 m3 m-2 yr-1 and 0.39 m3 m-2 yr-1 for 

Gseng and Langgries, respectively [Table 6.41. Assuming a constant rate of 

recharge, calculated recovery ratios [annual excavated volume divided by annual 

deposited volume) for Gseng [12.51 and Langgries [0.91 indicate that the time to 

reach a balanced state will be approximately 300 years [Gsengl and 15 years 

[Langgriesl .  respectively. However, the current sediment transport direction at 

Gseng does not appear to follow the former channel as it goes around the area of 

the former mining factory [Figure 6.71 to converge with the already existing channel 

158 



 

Impacts of gravel mining and renaturation measures on the sediment flux . . .  

[Figure 6.2A]. Thus, it can be assumed that a full connection to the fluvial system 

will be achieved much sooner than calculated. 

6.5.4. Comparison to other catchment budgets 

Kondolf [1994] described the procedure of sediment transport connecting zones of 

erosion and deposition in an idealized watershed using the term conveyor belt. 

Sediment is being moved in those zones of transport and added and subtracted from 

temporary storage sites in ways commonly not recognized. Similar findings were 

also reported by Calle et al. [2017]. who observed channel changes in a 

Mediterranean river reach over a period of almost 70 years following extensive in

stream gravel mining. They explained in detail the evolution at the interplay between 

gravel excavation and sediment recharge through floods. This trend can be 

observed in the Johnsbach Valley as well, especially in the Langgries area where 

sediment transport is now able to connect the sediment production zone to the 

outlet of the side catchment, thereby re-establishing sediment fluxes that cause 

significant changes in river reach morphology. 

Other sediment budget studies in alpine areas have mainly focused on proglacial 

zones [e.g., Warburton, 1990] or worked on much longer timescales, preferably in 

closed settings without sediment export [Mueller, 1999; Hinderer, 2001; Gotz et al., 

2013] and are, thus, not fully comparable to our approach. Rainato et al. [2017] 

derived their budget of the Rio Cordon catchment from a monitoring station at the 

outlet of the catchment only, without regarding sediment fluxes internal to the 

catchment. Similarly, Hinderer [2001] estimated modern denudation rates from 

river loads and delta surveys and published catchment-wide denudation rates of 30-

360 mm ka-1 . Denudation rates for the Johnsbach catchment are well within the 

range of these values [168 mm ka-1 currently and up to 327 mm ka-1 in the future]. 

However, taking into account that most of the exported sediment is supplied from 

the ZMS, as the sediment budget [Figure 6.11] reflects, denudation rates for the 

ZMS aggregate to 843 mm ka-1 currently and 1641 mm ka-1 in the future, which 

confirms this is a highly morphodynamic system. 
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6.6. Conclus i o n  

During the past 70 years, anthropogenic action in the Johnsbach Valley has 

interfered with natural sediment dynamics. River engineering measures were 

installed to protect the local population and infrastructure from flood disasters. 

Gravel mining in two of the largest side channels was preventing sediment from 

being delivered to the main fluvial system. The resulting sediment deficiency in the 

Johnsbach River was one of the main causes leading to river restoration strategies 

and river management. In the present study sediment dynamics were investigated in 

the Z M S  by use of a sediment budget to characterize the past, present and future 

sediment flows. The main results can be summarized as follows: 

162 

During the mining period the annual amount of sediment retained was -25,000 

m3 yr-1 , which resulted in a deficit of sediment available for refilling in the 

fluvial system. Nevertheless, with the sediment supply from the undisturbed 

side catchments in the Z M S  l-9500 m3 yr-1 ) an annual sediment export can be 

adjusted to -10,000 m3 yr-1 . 

Currently sediment is refilling the sinks resulting from gravel excavation in 

the Gseng and Langgries side catchments at a rate of -8000 m3 yr-1 . 

Furthermore, both side channels are again connected to the fluvial system 

1-1200 m3 yr-1 ], though not yet to its full extent. Adjacent river reaches are now 

responding differently to this changed sediment transport behavior leading to 

a final sediment export of -11 ,000 m3 yr-1 . 

If in the near future all side channels are coupled to the full extent, increased 

sediment availability will probably cause sediment relocations and supply to 

the fluvial system at higher rates. Therefore, sediment transport within the 

Johnsbach River will increase and could lead to a doubling of the annual 

sediment output compared to the current situation. 

In addition to the positive effects of increased sediment availability on nver 

restoration, a higher sediment flux could also be evaluated as critical. River 

managers in the future must be aware of an increased sediment supply to the 

nearby road as well as to the hydroelectric power plant at the River Enns 

downstream. Higher costs for maintenance at both would then have to be 

expected. 
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Synthesis 

enhancements until "SedlnConnect: a stand-alone, free and open source tool for the 

assessment of sediment connectivity" [Crema and Cavalli, 20 18) has been released. 

Cavalli et al. [20 19) summarized many of those studies using the IC in different 

settings as well as at various spatial and temporal scales. In the case of the present 

study [Stangl et al., 2 0 1 6] the IC model helped to understand the sediment pathways 

inside the catchment and to define the main areas of erosion and their connection to 

the fluvial system [Figure 4.1 01. However, since connectivity itself and the way of 

evaluating it qualitatively and [semi-) quantitatively has been of major interest 

during the last years a lot of different indices of sediment connectivity (in terms of 

evaluation and application) appeared for use in geomorphology and related 

disciplines [Heckmann et al., 2018]. 

Figure 7.1: Flow scenario in a side channel in the Johnsbach Valley. (A} Real 
situation with no use of US/; (8/ flow accumulation with no use of US/; (C} real 
situation with use of US/; (DJ flow accumulation with use of US/. Note: US/ = 

underground stormwater infrastructure. 
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Synthesis 

In chapter 5 [ " Evaluat ing sediment dynam ics in  tr ibutary trenches in an  alp ine 

catchment [Johnsbach Valley, Austria] using m u lt i -temporal terrestrial laser 

scann ing " ]  an  i nvestigat ion is  introduced which focuses on linkages of la ndscape 

u n its by sediment transport. M ult i - temporal TLS data was used to produce h igh

resolution DEMs to derive seasonal  patterns of  sedi ment dyna m ics at the  junct ion 

from tr ibutary trenches to the ma in  river system.  Therefore, the degree of  coupl ing 

between both compartments can be assessed. For error est i mat ion of the TLS data, 

and further managing D E M  uncerta int ies,  a m i n i m u m  LoO va lue was derived for 

each raster cell. Using this approach a spat ially d istributed error for each 

invest igat ion period was ach ieved. This well-establ ished work flow (Vericat et al . ,  

2 0 1 7] has been widely appl ied i n  geomorphological change detection [e .g .  M i la n  et 

al . ,  201 1 ;  M i la n ,  20 1 2 ;  Eltner et a l . ,  20 1 5 ; James et al . ,  2017 ;  Pasternack and Wyrick, 

20 17] .  

I n  order  to  recogn ize seasonal va riat ions in  sediment dynamics ,  su itable periods of 

invest igat ion have to be set. H owever, it often is not easy to ensure th is consistency 

in  the surveys due to a variety of circu mstances, e .g .  logistics in  equ i pment and 

manpower ava i lab i l ity, longer travel distances and somet imes in combinat ion with 

that unexpected weather condit ions.  Therefore, s u m mer and winter periods, with a 

u n iform separation, a re not ava i la ble. Another fact that is closely related to that ,  

involves the temporal  development of the sediment yield. Rascher and Sass [20 1 7] 

have a rgued that more su rveys in  between a defined observation period could lead 

to a h igher  amount of sediment be ing noticeably relocated. In turn ,  th is  means 

having a longer t ime period between su rveys could increase the amount  of 

" m issi ng·· sediment (F igure 5.8] .  This is an important and challenging approach 

which has to be taken care of particu larly in  systems where erosion and 

sedimentat ion takes place s imu ltaneously and s ide  by s ide.  

The th i rd survey in  chapter 6 ( " I m pacts of g ravel m i n ing  and renaturation measures 

on the sediment flux and budget in an alp ine catchment [Johnsbach Valley, 

Austria] " " ]  follows a n  interd isc ipl inary and m u lt i -method a pproach. The a im was to 

describe the recent sediment dynamics and budget of the Johnsbach Valley with 

respect to a nthropogenic act ions of the past. To do so a workflow was developed 

[F i gure 6.4] d iv id ing the area of interest [ th is study: ZMS] in  sequent ial sect ions 

(section 6 .2 .2 )  and determin ing change detect ion at each stage of the sediment 

budget.  A sedi ment routing approach was used to evaluate the sediment dyna m ics 

start ing  at the source areas [rock walls) and following the sediment to the "f inal" 
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sink !this study: the outlet of the Johnsbach Valley]. At this point bedload 

measurements were used to evaluate the predicted output. 

In general, methodological sources of uncertainty have already been summarized in 

section 6.5.3. Since all stages of the sediment budget request different methods, 

and therefore different ways in gathering and evaluating data, discrepancies 

between modeled and measured results can occur to some extent. However, the 

applied sediment routing model represents a novel approach in tracing sediments 

through a system. Besides stand-alone sediment routing models !e.g. Rickenmann 

et al., 2006]. with specific input variables, the presented approach is coupling 

various possibilities in collecting information about sediment dynamics and 

morphological change for the whole catchment. Similar studies in sediment routing 

did exclude the slope component and were focused on the fluvial system !Gran and 

Czuba, 2017; Walley et al., 20181 or on specific geomorphological units and 

sequences I Chapuis et al., 2015; Veri cat et al., 20 17]. 

7.2. Resume with regards to research questions 

The overarching goal of this thesis is to describe the recent sediment dynamics in 

unglaciated alpine catchments in which anthropogenic and environmental change 

occurred in the past. Therefore, the Johnsbach Valley !Austria]. in which extensive 

interventions have taken place with a significant impact on the sediment fluxes 

during the last decades, was chosen exemplary to overcome this issue. The 

research questions of this thesis will be discussed in the following by referring to 

the results of the previously presented investigations and manuscripts. 

{1] Can we infer patterns of sediment connectivity and {sedimentary) coupling 

effects between different morphological compartments? 

Stangl et al. 120161 have exemplarily shown in two unglaciated alpine catchments 

how the sediment connectivity routing has changed if anthropogenic structures 

were eliminated from an ALS DEM data base and adapted to the current status, 

respectively, if they are not presented accordingly !Figure 4.6]. Obviously, there is an 

effect on the flow accumulation, and therefore on the implied sediment flux as well, 

if man-made structures are considered or discarded. Some examples of human 

biased changes in the landscape are obstructions, dams and roads that can cause a 
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restricted connectivity and a shift in coupling between different units. In Figure 7.2 

two examples of the IC analysis are extracted for the ZMS showing the impact of 

transportation routes on the sediment transfer. If these barriers are adjusted in a 

suitable way [e.g. road passages] a "nearly natural" sediment flux can still be 

guaranteed. 

Figure 7.2: Scenarios of IC routing in the ZMS, Johnsbach Valley with respect to the 
human impact. The locations of A-D can be specified in the overview [hillshade of 
the ZMS] on the right side. The impact of the main street in sediment routing to the 
Johnsbach River [comparable with Figure 7. 1] is shown in A and B; how forest roads 
are affecting the sediment flow on the slopes is shown in C and D. (A/Cl Routing 
with the original ALS data; (8/D} routing with the near-natural-DEM, as explained in 
chapter 4. 

The IC is though based on a hydrological component using ArcGIS routines and 

implies and displays sediment dynamics on fluvial pathways. However, since most of 

the transported sediment in the investigated catchment is moved as a component of 

the fluvial or semi-fluvial load the IC model is an option to understand the sediment 

fluxes on a catchment scale. Therefore, it is a useful tool to quickly demonstrate 

which areas in a catchment seem to be coupled to others and how connectivity can 

be deflected. To further investigate actual coupling of e.g. slope to channel in situ 
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measurements on sma ller scales are helpful for verif ication com pared to this 

rather theoretical approach ( IC) on sedi ment connectivity. 

In cha pter 5 three locations i ns ide the ZMS were used to demonstrate how the 

sediment flow is connected between different geomorphological u n its. The 

connect ion of the slope to the main river channel is exem plif ied with the s ide 

channel  U n named V (F igure 5.4) .  How sediment is almost exclusively be ing passed 

a long a side channel  can be seen at the Langgries site (F igure 5.5) whereas the 

i m pact of the adjacent slopes to the main transportation route inside the s ide 

channel  is demonstrated at the Gseng site (F igure 5.6) .  The latter two have been 

suffering from extensive sediment m in i ng  dur ing the past decades. However, after 

stopping the m in i ng  activities, they recently show an active sediment transport 

behavior depending on the different seasons. Locat ions of erosion and deposition 

are altering throug hout all sections im plying a certa in  sediment flux in-between the 

i nvestigated a rea. Schottl et al. (20 1 8) have shown scenarios at La nggries where 

overland flow is carving different terrace levels into the deposited sediments which 

are then relocated through t ime (see appendix) .  Li kewise, a connect ion between the 

slope and the main channel can be assumed at U n named V during the invest igation 

period. As the river erodes at the foot-slope of the s ide channel sediment is  being 

passed on downslope replenishing the resultant gaps. 

The Johnsbach Valley clearly shows a sedimentary flow connect ion from the source 

areas to the f inal  conveyor belt (the ma in  river system) and further to the outlet. 

This is especially evident considering shorter t ime periods (up  to a cou ple of years) 

as the calcareous bedrock structures in the ZMS are s u bject to more intense 

weathering than the s i licate bedrocks from the rest of the Johnsbach Valley. I n  

contrast, anthropogenic d isturbances are rather a sign of interruption of the 

sediment flow. Though, th is disturbed sediment flux has recently passed d u e  to 

several act ions and restoration measures concern ing  a more sufficient sed iment 

flow. 

The assessment of sed iment connectivity and coupling effects between d ifferent 

morphological compartments is very essent ial  for evaluat ing sedi ment dyna m ics 

i nside a catchment. These characteristics show the l i nkages between sediment 

source and s i nk  a reas and are of fundamental importance for a qualitative sediment 

management especia lly in  populated alpine areas. 
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(2] What can the sediment budget tell us about the internal sediment dynamics 

and the spatial and temporal variations? 

Sediment budgets describe the input ,  storage ,  transport and output of sed iment in  a 

geomorphic system.  Using the knowledge of connectivity and coupl ing behavior of 

different compartments ins ide a catch ment,  a sed iment budget flow model can be 

ach ieved. Spat ial  and tempora l  changes of the sediment budget are depending on 

the methods of data assessment and its accuracy. In turn ,  th is leads to the 

assumption that small-scale invest igat ions with h ig h-resolution data allow much 

more accu rate pred ict ions i n  sed iment budget ing . H owever, questions concern ing  

budget ing approaches in  a lp ine a reas are usually applicat ion-oriented and a i m  at  

larger scales, typically covering whole river catchments. I n  th is  context, sediment 

budgets play a n  im portant role i llustrat ing sh ifts due to seasonal changes, 

variat ions following extreme precip itat ion events or after (external] perturbations in  

the system itself. Chapter 6 descri bes such an issue in  wh ich  the sediment flux 

ins ide the ZMS ,  Johnsbach Valley, was invest igated following the i m pact of extensive 

g ravel m i n i ng and renaturat ion measures dur ing  the past decades. Knowing the 

h istory of the ZMS [descri bed in deta i l  in  chapter 3]  it seems obvious, that the 

sediment dynamics in  th is part of the Johnsbach Valley were not un iform over a long 

t ime period .  This is, of cou rse, a result of the a nthropogenic d isruptions the ZMS 

was exposed to since the early 1 950s. 

The sediment budget a long the Joh nsbach River [F igure 6 . 1 1 1  has been specif ied for 

three different periods and classif ied spatially in  s ix alluvial sect ions [ lA to I I l B) with 

its adjacent slope areas. This approach a llows d ifferent iat ing the internal sediment 

dynamics in  space and t ime [for s im i lar  approaches see e.g.  Brewer and Passmore, 

2002; Fu ller et a l . ,  2003; Erwin et a l . ,  201 2) com pared to other budget approaches 

which e .g .  quant ify the sediment dynamics of d ifferent geomorphological processes 

to a total flux value in a certain area [e .g .  Roberts and Church,  1 986; Beyl ich ,  2008; 

Beylich and Kneisel, 2009). As previously l ined out ,  the resolution of the sed iment 

budget determi nes the amount  of information one can extract to describe the 

sed iment flow. The current sediment budget of the ZMS (F igure 6 . 1 1 B) clearly 

shows how specif ic areas i n  the whole river reach are contri but ing to the tota l 

sed iment flux. Accord ing ly, the sediment budget d ist inguishes between input  

( throug h  the slope a reas to both s ides of  the main river and from u pstream) .  

transport [ i n  the  Johnsbach River) and storage [at different spots i ns ide the fluvial 

system of the main river and in  side-channel-systems) .  and output [from the 
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Johnsbach River i nto the River Ennsl .  as already del i neated in the beg inn ing  of this 

sect ion .  Using the associated quant i t ies of sed iment for each river reach helps to 

understand how the system [ZMS) works. 

The overall interpretation of the sediment budget has been presented in sect ion 

6.5 .2 .  H owever, us ing th is part icular case as a general example for a lpine 

catchments, this sediment budget shows pr imarily that sedi ment is transported in  

the  fluvial system at different quant i t ies per  reach .  The total sect ion is fed  from 

upstrea m and further transports th is  matter by sim ultaneous input  from adjacent 

slopes. I ns ide the fluvial system sedi ment is eroded and [re]deposited, depending on 

geomorpholog ical structures, lead ing  to an alter ing amount of sed iment in  

transport and in  deposit ion. At  the  s ide cha nnels and slopes sed iment is provided 

from rock walls via weathering and erosion at d ifferent q uantit ies. The sed iment is 

transported downh i ll and f ina lly added to the ma in  river system which leads to 

changing values [of sediment flow] as  well. In contrast, sed iment is stored at some 

side chan nels at relatively large quant ities. Fina lly, a certa in  amount  of sediment is 

exported from the system .  Concern ing the spat ia l  i nterpretation of a sediment 

budget it i nd i rectly d isplays the basic sett ings of the catchment :  e .g .  geolog ic 

structures, storage types and sediment ava i lab i l ity, vegetation cover, local 

meteorolog ical phenomena. The tem poral va riat ions in sediment budgets need to be 

addressed via mult i - tempora l  measurements and information about i nterventions 

and sh ifts inside the catchment and futu re predict ions, respectively. 

At the ZMS two ma in  side cha nnels currently store most of its sed iment in  

anthropogen ica lly induced s i nks as a result of  the  gravel min ing  activities dur ing  the 

past years. Today only a small  amount of sediment is making its way i nto the fluvial 

system.  If ,  at some po int ,  these two side chan nels will be fu lly connected to the rest 

of the system the total amount  of sediment in motion i n  the ZMS will change 

sig n ificantly as the adjacent river reaches will  also be adjusted. 
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(3] Can we observe the consequences of anthropogenic impact and climate 

change on the sediment budget and how can both be separated? 

I n  t imes of intense d iscussions on the effects of cl imate change on landscape 

development it is worth taking a look at the current sediment dynamics in  alp ine 

catchments, where change is happening constantly. An accurate definit ion and 

allocat ion of the triggers to those changes would help to understand the future 

landscape evolut ion .  Taking the Johnsbach Valley as a n  example a change in  

sed iment dynamics d u ring  the last 60 to 70  years is clearly v is ible !chapter 6 ] .  

However, to  d ist ing u ish  whether these changes have been caused solely by effects 

of [constructional) human i m pact on the natural system or by changes in climatic 

condit ions is hardly possible, as the effects of both on earth surface processes are 

almost i nseparable. 

A short d igression into g lobal warm ing and cl imate change should help to 

understand the i m portance of the problem.  The I PCC [20 1 4, p. 2-4] stated: "[that] 

h u m a n  influence on the climate system is clear, and recent anthropogen ic  

emissions o f  green-house gases are the h ighest in  h istory [F igure 7.3]. Recent 

climate changes have had widespread impacts on human and natural systems."" 

They further point out ,  that "warming of the climate system is unequ ivocal, and 

since the 1 950s, many of  the  observed changes are unprecedented over decades to 

mil lennia [. . .J . Anthropogenic greenhouse gas em issions have increased since the 

pre- industr ial era, driven largely by economic and popu lation growth ,  and are now 

h igher than ever. This has led to atmospheric concentrations of carbon d ioxide, 

methane and n itrous oxide that are unprecedented in at least the last 800,000 years. 

The ir  effects, together with those of other a nthropogenic d rivers, have been 

detected throughout the climate system and are extremely l i kely to have been the 

dominant ca use of the observed wa rming s ince the m id -20th century [F igure 7.3]." lt 

is a lso outlined that "in recent decades, changes in cl imate have caused i m pacts on 

natural and human systems on al l  cont i nents and across the oceans. Impacts a re 

due to observed cl imate change,  irrespective of its cause,  i nd icat ing the sensit ivity of 

natural and h u m a n  systems to chang ing cl imate [. . .J. Changes in  many extreme 

weather and cl imate events have been observed s ince a bout 1 950. Some of these 

changes have been linked to human i nfluences, including a decrease in  cold 

tem perature extremes, an increase in warm tem perature extremes, an increase in  

extreme high sea levels and an i ncrease in  the n u m ber of  heavy precip itat ion events 

in a number of reg ions" [ I PCC ,  2014 ,  p. 6-7] .  
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Figure 7.3: Observations and other indicators of a changing global climate system. 
{A} Annually and globally averaged combined land and ocean surface temperature 
anomalies relative to the average over the period 1986 to 2005. Colors indicate 
different data sets. {B) Atmospheric concentration of the greenhouse gases carbon 
dioxide {COz, green}, methane {CH,;, orange} and nitrous oxide {NzO, red} determined 
from ice core data [dots] and from direct atmospheric measurements [lines}. {C} 
Global anthropogenic C02 emissions from forestry and other land use as well as 
from burning of fossil fuel, cement production and flaring. Cumulative emissions of 
C02 from these sources and their uncertainties are shown as bars and whiskers, 
respectively, on the right hand side {after IPCC, 2014}. 
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The arguments presented a bove, with several observations and ind icators for 

chang ing climatic condit ions, mainly since 1 950, can be translated into causes for 

sh ifts in  natural systems. Relat i ng  to the h istory of the Joh nsbach Valley, which has 

been invest i gated for a pproximately the same period, a changed behavior in 

sed iment dynamics could most certa i n ly be related to changes in  cl imatic forces. 

However, cl imate change cannot be the essent ial  reason for the changes in the 

presented sediment budget.  To i nfer cl imate change long-term h igh  resolution 

meteorolog ical  data for the ZMS would be necessary which is not ava ilable. Even in 

shorter t ime periods a clear sig n of cl imate change ca nnot be assessed [F ig u re 7.4] .  

Up to this point the human i m pact in  the ZMS is undeniable and apparently the 

cause of a m odif ied sediment flux. 

I nfrastructure prevents the sediment from being transported natura lly to the fluvial 

system.  Sediment m in ing  in  the side cha nnels leads to new sedi ment s inks, such 

that a su bsta nt ial  amount of sediment is not being transported further and is 

missing in  the total budget.  In  the channel  obstructions ensu red a regu lated and 

d i rect sediment transport w i th  no i nteractions lead ing to  an  ecologically and 

sedimentologica lly d isrupted fluvial system. Al l  of  these causes interrupt the 

connectivity and therefore the interplay of sediment deposit ion and erosion in  a 

natural system.  On the contrary, the restorat ion of the Z M S  [wh ich i n  contrast to its 

goal st i l l  is an  a nthropogenic impact) had an opposite effect on the sediment 

dynamics. As man-made structures had to be removed trapped sediment was f ina lly 

released and natural sediment flow paths were reactivated eventually lead ing  to an  

und isturbed sediment flux in  the  near future.  

Can cl imate change actually be detected and what evidence would apply, so that 

changes in  sediment dyna m ics could be assigned to cl imate change? A separat ion of 

causes s i m u ltaneously affect ing the same process is barely ach ievable and rather a 

problem of system state and theory. Therefore, if one cause can be excluded ,  the 

other one can be i nvestigated mean ing if the la ndscape has "recovered" in  the 

future [Table 6.4) changed sediment dynamics ca n be assigned differently [e .g . to 

cl imate change] .  In that case other changes [next to temperature and preci pitat ion)  

shoud be detectable as  well, e .g .  weather ing and d ischarge behavior, adj u stment of 

sed iment transport and differences in sediment cou pling .  
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Figure 7.1,: Development of temperature and precipitation in the ZMS for the last 
decade for two climate stations: {top] Weidendom, (bottom} Oberkainz {for location 
see Figure 3. 1 }. The black curve represents the mean daily temperatures and the 
red columns represent the amount of daily precipitation. Note: snow is not 
considered in the precipitation amounts. 

180 



 

Synthesis 

(4] What are appropriate sediment management strategies concerning the future 

sediment flux and the related landscape development? 

The impact and the effects of climate change on specif ic catchments or even on 

process-chains in  certain areas in  between are u lt imately not predictable. Besides 

rising temperatures, with result ing consequences on g lac ier melt a n d  permafrost 

degradat ion,  a chang ing behavior in the magnitude and frequency of rainstorm 

events could have a s ign if icant i m pact on sediment connectivity and 

geomorpholog ical  processes ( Figure 7.50]. Different scenarios show an increase in  

precipitat ion dur ing the winter and a decrease dur ing  the summer season IGobiet et 

al . ,  201 4] ,  though ,  Schroeer and Kirchengast 120 1 8] predict a rising intens ity of ra i n  

storms in  t h e  summer. All th is  m i g ht lead t o  more extreme events in  t h e  near 

future.  In add i t ion ,  the sediment ava i la bil ity is  an im portant factor which is  usually 

responsi ble for most of the environmental damage and costs. Ass u m i n g  a l imited 

amount of sed iment a ris ing number of ra i n  storms don"t i nevita bly mean having a 

h i g her frequency of harmful debris flows (F igure 7.5A, B ] .  I n  general, sediment 

storages on the slopes and in  the s ide channels could be eroded more intensely by 

more frequent ra in  storms. Still ,  a system l ike the ZMS in the Johnsbach Valley will  

stay l im ited due to the weathering potent ial of the s u rround ing  rock walls (supply 

l imitat ion] .  Furthermore, there is  no indicat ion suggest ing a greater debris 

production in  th is  area, distant to g lac iers and permafrost, especia lly s ince frost 

events tend to be mi t igated and a clea r tendency for greater mo isture penetration is 

not given [Rode et a l . ,  201 6] .  In the ZMS there is already an enormous amount  of 

sed i ment deposited on the slopes and in the side-channels though being ready for 

transport (F i gure 7 .5C] .  This h i g h  charging stage of the system was ach ieved by 

restra in i ng  the sediment and keep ing  it from be ing washed out dur ing the past 

decades. Catchments with such h igh  sediment availab i lity and strong coupling 

effects between source zones and the fluvial system [ " rotat i ng  conveyor belt" , 

F i gure 2.7] could potentially show a strong response to cl imate change if there is an  

actua l  increase i n  mag nitude and frequency of  local ra in  storm events (F igure 7.50]. 
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Figure 7.5: Conceptual ideas of system adjustment to future sediment dynamics. (A} 
Hypothetical impact of climate change on the release of debris flow events 
assuming finite sediment resources. Events are only triggered if the system is 
sufficiently "charged"; (B) a higher frequency of heavy precipitation events leads to 
more frequent but smaller debris flows. {C) The linkage between sediment 
accumulation and sediment connectivity, and the dependence of the latter on the 
sequence of previous events. Event {1] produces a significant amount of sediment 
connectivity because of the extensive sediment accumulation before its occurrence, 
but event {2), shortly afterwards is limited by the sediment supply. Sediment 
connectivity is subsequently stronger when accumulation has again reached a 
suitable level, as in event [3]. (DJ The effect of infrequent, high-magnitude events on 
sediment connectivity: { 1  J the system may experience a dramatic decrease in 
sediment connectivity when parts of the system become disconnected; {2) the 
system may experience a pulse in sediment connectivity as sediment is mobilized 
and transported during high-energy events, after which sediment connectivity will 
return more or less to baseline conditions; and [3} the system experiences much 
stronger subsequent connectivity. Note: A and B are adopted and modified from 
Zimmermann et al., 1997 and Sass et al. 20 19; C and 0 are adopted from Bracken et 
al., 2015. 
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The area of the ZMS in the Johnsbach Valley has been part of the NPG s ince 2002. 

The L IFE project [section 3 .2 .3 ]  was f in ished in  201 1 and ever since the course of the 

natural development should be ensu red and guara nteed in  the long term. Areas 

with characteristic flora and fa una should be preserved and a nthropogen ica lly 

influenced a reas should be able to develop into a natural la ndscape and be 

promoted where necessary (Holz inger et al . ,  20 12 ] .  The req u i rements and act ions 

for manag ing the future sediment flux have been sum ma rized by H olz inger et al .  

[201 2] on a legal basis. lt also states that the removal of sediment is on ly allowed for 

the pu rpose of ensur ing the protection of settlement areas, traffic routes and 

infrastructure faci l i t ies. Fu rther, measures for protection aga inst natural  hazards 

must be carried out such that it req u i res the least interference with the natural 

landscape. Furthermore,  by ensuring these pr inc iples, there will be an enhanced 

sed iment transport d u ring  the next years [sect ion 6.5.2.3] lead ing  to changes in the 

landscape. On the contrary, more sediment in  transport wil l  i nevitably have an 

i m pact at neura lg ic  spots. These wi l l  be mainly the street into the Johnsbach Valley 

in general  and specifica lly the br idge openings and the underground stormwater 

infrastructure. S ince most of them are technica lly poor constructed [e .g .  too small  

in  size, mou nted too low, sharp bend in  slope or flattening at the roadway passage]  

more sediment wi l l  be accu m u lated there.  This wi l l  potentially lead to more 

damages and an increased clea ring work by the road ma intenance service which 

wi l l  store it tem pora ry and wi l l  su bsequently del ivery it to the river. S im i la r  

procedures will  b e  approached concern ing deadwood as actions will on ly b e  allowed 

at imminent danger.  
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8. CONCLUSION AND OUTLOOK 

Environmental sedimentology has been described by Perry and Taylor [2007) as the 

new sub-discipline of the earth sciences that focuses on the impact of man and 

environmental change upon active surface sedimentary systems. As both kinds of 

implications are often connected to certain extend its effects on earth surface 

processes are usually inseparable as well. To investigate this issue in mountain 

regions the ZM S in the Johnsbach Valley has been chosen exemplarily. The valley 

represents an unglaciated alpine catchment, which often appear less important 

when it comes to analyzing the impact of climate change on slope and fluvial system 

processes. The ZM S, a river reach comprising the lower third of the Johnsbach 

River, is geologically demarcated from the rest of the Johnsbach Valley and 

therefore has its own character in sediment supply and dynamics. Conditioned by 

the historical development of the anthropogenic impact in that area combined with 

future challenges from changing environmental conditions it offers the perfect 

surroundings to study environmental sedimentology. The main results of this thesis 

can be summarized as follows: 

• Human actions in fluvial systems can either promote [e.g. stream restoration) 

or constrain [e.g. stream obstruction) sediment transport and can therefore 

have a major impact on the sediment dynamics in alpine catchments 

[especially the connectivity and the coupling behavior). This can lead to severe 

geomorphological and ecological consequences. 

• Early interventions in the fluvial systems as well as sediment mining near the 

source areas led to disturbed sediment fluxes; today's management 

strategies partially support the idea of restoring a natural sediment flow. 

• Variations in environmental conditions due to climate change, e.g. an increase 

in precipitation anomalies, could lead to tremendous sediment transport if 

weathered material is provided in sufficient quantities. 

• Currently, effects of climate change and anthropogenic impact on the 

sediment flux in alpine areas are not easily separated, especially when 

internal sediment dynamics are adapting to restoration strategies and 

reacting to external forcing at the same time. 

185 



Conclusion and outlook 

In the future it remains to be seen ,  how the whole system will further develop as 

several po ints will have an i m pact on the sediment flux. The (infrastructural] human 

i m pact was red uced as fa r as possible by establ ish ing the N PG i n  an  a rea which has 

been anthropogen ica lly shaped over several decades. By do ing so there is  the 

ambit ion to keep the hands off the system and let the la ndscape develop itself. 

H owever, th is seems to be a challeng ing task as a need for control is essential and 

certa in  i nterventions wi l l  be  inevitable especia lly i f  i nfrastructure and property has 

to be protected. Further, the amount of local extreme ra instorm events could 

potentia lly rise in  the future accord ing to climate change scenarios. This could lead 

to s ign if icant consequences on the sediment flux in th is part i cu lar  area. 

Conclud ing there is a need for continuat ive, long-term mon itoring programs and 

research especially to observe the evolution of the river restoration measures in 

combination with the adapting sedi ment flow. This, in turn, will show, if river 

restoration has improved the critical management s ituat ion on the long term and if 

a good ecolog ical status of the river has been ensured, as reinforced by the EWFD. 

An i ntensif ied monitoring ,  especially of the increased sediment flux, could also be of 

g reat importance for local stakeholders (e .g .  road maintenance service, 

hydroelectric power station operator). They are usually closely related to changes in 

sediment transport and would show a huge interest in  assess ing  upcoming hazard 

poss ib i l i t ies. 

Th is work has been focusing on one specific unglaciated, alpine catchment, 

expla i n i ng  in  detail how sediment dynamics have been evolv ing over the past 70 

years. However, if tem peratures a re rising in  the near future lead ing  to a thawing 

cryosphere (e.g. melt ing  glaciers and permafrost] .  more a n d  more catchments will 

soon reach a s imi la r  status.  Therefore, the following questions emerge: What is the 

current status in  sediment dynam ics in  those areas? H ow are they already reacting 

to certa in  environmental or anthropogenic c i rcumstances? H ow will these different 

i m pact sources affect the futu re sediment transport processes? What a re the 

effects of an  altered sed iment transport behavior? An increased research effort and 

attention should l ie in  already ung lac iated alp ine areas because they a re examples 

for future challenges to this specific target. Further, ins ights into future sedi ment 

flux scenarios lin both currently glaciated und unglaciated catchments] a re of g reat 

i m portance for the everyday life and the maintena nce of i nfrastructure as almost 

every a lpine catchment is populated to some extent. 
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APPENDIX I 

SE d i m e n t  DYNa m i k  - Xe i s :  E i n e i nt e rd isz i p l i na re 

Unters u c h u n g  z u m  Sed i m e nt h a usha lt i m  J o h ns

bac hta l 

Figure A. 1 . 1 :  Die Zwischenmauerstrecke im Johnsbachtal ist gepragt von vielen 
sedimentzuliefernden Seitengraben, wie hier in Hohe des Buckletschneidergrabens. 

Sedimenttransport [Sediment: M ischung aus Kornern unterschiedlicher Grof3e, 

Form und Beschaffenheit] in Flusssystemen stellt ein wiederkehrendes Problem fUr 

geomorphologische Sedimentstrom-Analysen, Naturgefahren-Bewertung, Fluss

okologie und Flussbau dar. Jede dieser Disziplinen hat eigene Werkzeuge und 

M odelle zur Erfassung von Sedimenthaushalten. Dadurch ist fi.ir ein komplexes 

Thema wie dieses eine interdisziplinare Kooperation vonnoten. In dem Projekt 

Sedyn-X versuchen wir, einen integrativen Ansatz umzusetzen. Unser Ziel ist es, in 

enger Zusammenarbeit zwischen Geomorphologie [ l nstitut fi.ir Geographie und 

Raumforschung, Universitat Graz] und Flussbau [ l nstitut fi.ir Wasserwirtschaft, 

Hydrologie und konstruktiver Wasserbau, Universitat fi.ir Bodenkultur, Wienl. 

Sedimentmanagement- Strategien fi.ir das Johnsbachtal und dessen Einzugsgebiet 

zu entwickeln. Ein Teil des Johnsbaches wurde in den letzten Jahren unter 

Aufwendung von hohen Kosten renaturiert. Jedoch sind die gewi.inschten Effekte 

dieser M af3nahmen, wie zum Beispiel ein funktionierender Fischaufstieg, 

moglicherweise durch einen zu niedrigen Sedimenteintrag gefahrdet. Zu Beginn des 
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J o h nsbach i n  Beweg u n g  

Figure A.2. 1 :  Oas Jahnsbachtal van aben: In den Zwischenmauern gepragt van 
machtigen Schuttstromen aus dem DalamitfufJ der Gesauseberge (Fata : ZeppCam). 

Das J o h nsbachtal  

Schotter uberall - das mag der erste Eindruck sein, wenn man sich in der 

.. Zwischenmauerstrecke",  de m von Norden nach Slid en verlaufenden Teil des 

Johnsbachtals, befindet. Die breiten Schuttstrome von Langgries- und Gsenggraben 

und die vielen, teils namenlosen Graben, die zwischen den bizarren Felsturmen von 

Odstein und Reichenstein herabziehen, munden mit Schuttkegeln in den Johnsbach 

- eine Landschaft, der man die dynamische Veranderung formlich ansieht. 

Dennoch war das Johnsbachtal seit jeher eine Landschaft, die den M enschen anzog. 

Waren es zuerst die wichtigen Rohstoffe Kupfer und Eisenerz, so folgten bald auch 

die Holzkohleproduktion und die lebenswichtige Landwirtschaft. Erst sehr spat 

kamen die ersten Touristen, die den Reiz der Landschaft und der Berge zu ihrer 

Erholung nutzten. Der hintere Teil des Johnsbachtals m it der Talweitung, in der sich 

das Siedlungsgebiet zwischen den Kalkwanden im Norden [Hochtorgruppe, 2369 m] 

und den bewaldeten Rucken der Grauwackenzone im Suden ausdehnt, wurde uber 
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Die Forschungsplattform 

Die natUrl ichen Rahmenbedingungen und d ie  Lage im Nat ionalpark machen das 

Johnsbachtal besonders interessant fUr Mon itoring- und Forschungsprojekte. 

Schon in  der Planu ngsphase des Nat ionalparks begann d ie  U n iversiUit  G raz mi t  

D i plomarbeiten und Exkurs ionen i h re wissenschaftlichen Aktivitaten in  d iesem 

Gebiet. Durch die GrUndung des Nat ionalpa rks und die Zusammenarbeit mit der 

Fachabtei lung Naturschutz & Naturraum der Nationa lpark Gesause GmbH wu rde 

d iese Forschu ngstatigkeit noch verstarkt und fUhrte schlief3lich z u r  GrUndung der 

l nterdisz ipl i naren Kooperat ionsp lattform Johnsbachtal im Jahr 2009. 

Wie der Name andeutet, stellt d iese kein begrenztes Forsch ungsprojekt, sondern 

e ine offene I n it iat ive dar, d ie  fUr verschiedene Forschungsaktivitaten einen Rahmen 

schafft. D ies d ient der inter- und transdisz ipl inaren Vernetzung zum Vorte i l  a ller 

beteil igten Partner, von Wissenschaftlern, Studierenden,  lokalen Akteuren und der 

Bevolkerung vor Ort. Der Startschuss wu rde mit l nvest i t ionsm itteln der U n iversitat 

Graz und der  Steiermarkischen La ndesreg ierung gegeben,  m i t  denen d ie  

notwend ige l nfrastruktur  geschaffen wurde. D iese besteht aus einem Netz von 

Klimastat ionen ,  von welchen d ie erste - Z inbdl  - seit 2009 Oaten liefert; d ie  

Stat ionen Oberkainz, Schrocka lm,  Blaseneck und Kolblwiese kamen in  den 

folgenden Jahren h inzu .  Dazu kommen d ie schon seit 2006 bzw. 2008 bestehenden 

Nat iona lpark- Stat ionen Weidendom und Gsche idegg ,  d ie  Stationen am 

Tamischbachturm des Lawinenwarndienstes Steiermark, d ie  ZAM G-Stat ion Admont 

und die Abflussmessstat ionen Gstatterboden [ Hydrogra ph ischer D ienst] und 

Gseng brUcke [Un i  Graz]. D ie  Oaten der  me isten d ieser Stat ionen lassen s ich  seit 

201 5 U ber ein Daten portal in Echtzeit a brufen .  

Das Stat ionsnetzwerk erlaubt d ie  flachenhafte M odellierun g  z .  B .  von Tem peratur ,  

Strah lung ,  Wind und N iederschlagen sowie e in  Versta ndn is von hydrolog ischen 

N iederschlags-Abfluss-Beziehungen .  Karstprozesse stellen e ine hydrologische 

Besonderheit des Geb iets dar - dies lasst sich schon daran festste llen, dass der 

Johnsbach im Yerlauf der Zwischenmauerstrecke nach ersten Stichtagsmessungen 

e inen erhebl ichen Tei l  se ines Abflusses an den Untergrund verliert. E in  

karsthyd rologisches .. GustostUck" ist auch d ie  Etzbach- oder Kolb lquelle. Deren 

SchUttung und Chemismus wird in einem Quellmon itor ing des l nstituts fUr 

Erdwissenschaften der Uni G raz untersucht.  Aber auch i ntegrative Themen 

zwischen Natur- und Gesellschaftswissenschaften werden im Johnsbachtal 

u ntersucht. So wurde am l nstitut fUr Geog ra ph ie  u n d  Raumforschung e in  Mensch

U mwelt-lnterakt ionsmodell der Almwirtschaft erarbeitet, und das Tal ist  e ines der 
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g raz.at/d e/forschu ng/forschu ngsg ru ppen/a la dyn/proj ekte/jo hns ba chta l/uebersicht/ 

Oaten portal 

http ://www. bog ner-lehn er. net/xeis_daten portal. ph p 
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Woher kommt der ganze Schutt? 

Ein lang gestreckter Schutt[Gries-lStrom, das ist der erste Eindruck, wenn man sich 

den Langgries von der Nahe ansieht. Tatsachlich zahlt dieser zu den gro13ten und 

langsten Schuttrinnen im Gesause. Die enormen Schuttmengen sind vor allem auf 

das vorherrschende Dolomitgestein, welches zu starker, kleinstuckiger 

Verwitterung (Vergrusungl neigt, zuruckzufUhren. Das Gestein lost sich durch 

Frostsprengung und andere Verwitterungsprozesse aus den zahlreichen 

Felswanden im Einzugsgebiet und wird in weiterer Folge von Sturzprozessen, 

Kriechprozessen, Murgangen und flier3endem Wasser, der Schwerkraft folgend, 

Figure A.3.2: Der machtige Schutt
strom des Langgriesgrabens mit der 
Reichen-steingruppe im Hintergrund 
{Foto: D. Kreiner]. 

weiter in Richtung Johnsbach transportiert. 

Der Weg des Sediments (Sediment: 

Mischung a us Gestei nsbruchstlicken 

unterschiedlicher Grol3e, Form und 

Beschaffenheit) von den Felswanden des 

Reichsteinmassiv in Richtung Johnsbach 

kann jedoch ein langer sein. Das Sediment 

kommt oft zunachst am Wandfur3 in einer 

Schutthalde fur einige Zeit zum Liegen, in 

der Geomorphologie spricht man von 

Zwischenspeichern. Durch eine Mure kann 

das Sediment dann zum Beispiel in den 

Hauptgraben transportiert werden und von 

dort kann es durch oberflachlich flier3endes 

Wasser erneut mobilisiert werden. Ein 

Prozess greift mit dem nachsten ineinander 

und w1e diese Prozesse miteinander 

wechselwirken kann sich u ber die Zeit auch 

andern. Wasser ist dabei ein sehr effektives 

Transportmedium. Wenn man den 

Langgriesgraben besucht wird man jedoch 

die meiste Zeit des Jahres vergeblich nach flief3endem Wasser suchen. 

O berflachenabfluss kann man nur wahrend der Schneeschmelze [typischerweise im 

Fruhjahr) und nach Starkregenereignissen [gehauft im Sommer) beobachten, es 

handelt sich somit um ein Gerinne mit episodischer Wasserflihrung. Die schi:inen 

Formen, welche durch das Wasser in Verbindung mit Sediment in der 
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Appendix I l l  

Der Schotterabbau und seine weitreichenden Folgen 

Der Langgriesgra ben wurde se it 1 99 1 ,  wie auch weitere Area le 1m Gesause [zum 

Beispiel der Gsenggrabenl zur kommerziellen Schotterentnahme genutzt. Bis zum 

Jahr 2008 wurden im unteren Bereich des Schuttstromes etwa 6000 m3 pro Jahr 

I Rascher et al., 20181 a bgetragen. Durch die Schotterentnahme erreichte zudem 

kaum Sediment den Johnsbach. Dies hatte auch Auswirkungen auf die 

Flussmorphologie im Bach selbst. Ein weiteres Ergebnis dieser menschlichen 

Aktivitat ist, dass die Gelandeoberflache in den Abbaubereichen heute tiefer liegt als 

dies vor der Nutzung der Fall war. Die Boschungen, welche an das Gerinne 

angrenzen, sind U bersteilt und anfallig gegenU ber Erosion. D 1ese erodierte Material 

sowie der Nachschub aus dem hinteren Einzugsgebiet des Grabens sorgen dafi.ir, 

dass die i.i bertieften Bereiche momentan wieder mit Sediment aufgefUllt werden 

IRascher und Sa ss, 201 71. Der Transport von Sediment ist meist saisonal 

verschieden und wird hauptsi:ichlich durch die Schneeschmelze im Fri.ihjahr und die 

starken Regenereignisse im Sommer begi.instigt. In der Zukunft wird dadurch 

vermutlich auch die Menge des in den Johnsbach eingetragenen Sediments wieder 

erhoht werden IRascher et al., 20181 .  Jedoch ist auch heute noch die Konnektivitat 

I= Durchlassigkeit eines Flief3gewassers fUr Sedimente; Hooke, 20031 vermindert 

und die natl.irlichen Verhaltnisse stellen sich erst langsam wieder ein .  Die 

Auswirkungen des Schotterabbaus zeigen sich aber nicht nur im La nggriesgra ben 

selbst, sondern werden auch im Johnsbach sichtbar. lm Bacha bschnitt, nachdem 

der La nggries in den Johnsbach mUndet, ist deutlich eine Abnahme des 

Sedimenteintrags zwischen 1954 und 201 0 sowie eine Zunahme von 2010  bis 2013  

zu erkennen. Die spiegelt sich v.a. in der fU:ichenhaften Ausdehnung des a ktiven 

Schotters wieder. Die g rof3flachig bewachsenen Schotterbanke im Jahr 2 0 1 0  

verdeutlichen, dass bis dahin eine Beeinflussung dieses Bacha bschnittes durch den 

Sedimenteintrag aus dem Langgriesgraben kaum stattgefunden hat. 

Figure A.3.7: Die i.ibersteilte Boschung an der orographisch linken Seite des 
Langgriesgrabens ist massiv van Erosion betroffen {Foto: S. Schottll. 
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Appendix I l l  

IMillionen von Messpunkten mit be kannten Raumkoordinatenl. lm Jahr 201 5 

wurden im Rahmen einer Masterarbeit Luftbilder des Gerinnes von einem 

unbemannten Luftfahrzeug aus aufgenommen. Aus den sich stark u berlappenden 

Bildaufnahmen lassen sich mit Methoden der Photogrammetrie ebenfalls 

Punktwolken ableiten. Aus den Punktwolken werden in beiden Fallen digitale 

Modelle der Gelandeoberflache berechnet. lm Jahr 2015  wurde zudem im Rahmen 

des Projekts eine luftgesti.itzte Laserscan Befliegung beauftragt. Fur das Jahr 201 0 

sind ebenfalls solche Oaten aus einer Steiermark weiten Befliegung vorhanden. Die 

Methode ist dabei dem terrestrischen Laserscannen sehr ahnlich; der Scanner 

befindet sich jedoch hierbei aut einem Hubschrauber oder einem Flugzeug und ist 

im Vergleich zum terrestrischen Scanner in Bewegung. Fur das Jahr 1 954 wurden 

historische, schwarzweif3e Luftbilder herangezogen, aus denen ebenfalls mit 

Methoden der Photogrammetrie Gelandemodelle erstellt wurden. Die luftgesti.itzten 

Laserscan-Gelandemodelle und das Oberfli:ichenmodell aus den historischen 

Luftbildern wurden vor allem dazu verwendet um U3ngerfristige Veranderungen im 

Gerinne festzustellen. 

Figure A.3. 10: Der Terrestrische Laserscanner bei der Arbeit. Der Scanner nimmt 
dabei pro Sekunde bis zu 1 1.000 Punkte aut und operiert im lnfrarotbereich; der 
Laserstrahl ist somit fi..ir das menschliche Auge nicht sichtbar [Foto: 5. Schottl}. 
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Appendix Ill 

Durch den Vergleich der Gelandemodelle von unterschiedlichen Zeitpunkten konnen 

Veranderungen der Gelandeoberflache festgestellt und diese auch quantifiziert 

werden. Dabe1 wird das altere Modell [z. B .  20 1  0] vom jungeren Modell [z .B .  2 0 1 5 ]  

subtrahiert, s o  dass ein Differenzmodell entsteht. In diesem Ergebnis lasst sich 

erkennen, in welchen Bereichen Abtragung [Erosion] und in welchen Bereichen 

Ablagerung [Akkumulation] stattgefunden hat. 

Anderung der Hohe [m] 

D o - 0,50 
- 0,51 - 1 ,00 
- 1,01 - 1 ,50 

- 1,51 - 2,00 
- 2,01 - 2,50 
- 2,51 - 3,00 

- > 3,00 

- Fluss 

= StraBe 

Figure A.3. 1 1: Hohen-Differenzmodelle, berechnet a us luftgestUtzten und 
terrestrischen Laserscandaten. Deutlich erkennbar sind die Veranderungen, iJber 
langere Zeitraume und auch innerhalb eines halben Jahres, im Bereich des 
ehemaligen Schotterabbaus. Blaue Bereiche stehen fur Ablagerung {Akkumulation 
von Sediment], rote Bereiche fUr Abtragung {Erosion von Sediment/. 
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