
Reply to interactive comment from JD Jansen 

First, we would like to thank J.D. Jansen for his constructive and very careful review. We incorporated 
his specific comments and technical points without further questioning and changed the manuscript 
accordingly. Apart from these specific comments, the referee’s main request was to restructure the 
manuscript in a way that would allow more specific hypothesis testing on the role of the other possible 
control factors besides lithology (precipitation, uplift, glacial forcing). In this context, the referee 
challenged our qualitative analysis and asked for a more quantitative approach, which we have done. 

We now base our analyses on previous studies where uplift (long- and short-term), glacial inheritance, 
precipitation and erosional resistance of the underlying bedrock have been invoked to explain the 
landscape’s characteristics, expressed through variables including e.g., mean elevation, hypsometry, 
relief, hillslope gradients and convexities of stream profiles. We test these relationships through 
correlation and statistical analyses, and we conclude that among driving parameters, variations in 
erodibility, which we have measured based on the erodibility map of the Swiss Alps by Kühni & Pfiffner 
(2001), explain most of the morphometric variations that we can observe within the Rhône basin.  

In particular, in order to achieve this, we proceeded in three steps: 

1) We quantified erodibility, amount and intensity of precipitation, glacial inheritance and uplift 
for each basin by extracting mean annual precipitation values, the average daily 90th percentile 
of precipitation, LGM ice thickness, recent surface uplift, long-term uplift (based on apatite 
fission-track ages) and erodibility from the dataset of our original manuscript. We extracted 
these values for each basin. 
Instead of lithology, we now use the more specific erodibility, which we based on three 
erodibility classes based on the erodibility map of Kühni & Pfiffner (2001).  

2) We then summarized quantitative values for five topographic variables (mean elevation, 
hypsometry, relief, hillslope gradients, convexity of the river long profiles). We tabulate these 
topographic variables in an additional table for each tributary basin to make our analyses more 
transparent.  

3) For each of the five controlling variables and mechanisms described in 1), we plot all five 
topographic attributes outlined in 2) as boxplots. This allows the reader to see that there are 
significant topographic differences between the three erodibility classes and also within the 
three defined uplift/exhumation classes. For LGM thickness and precipitation, the correlation 
to the landscapes’ metrics is less pronounced. Then, we run a linear discriminant function 
analysis to explore whether the tributary basins are classified correctly on the base of the five 
topographic attributes. We found that erodibility serves best to group the tributary basins 
according to their morphometric variables outlined in 1). 

We hope this summary of quantitative data, and the statistical testing of the relationship between 
observed attributes (topographic measures) and explanatory variables (controlling factors) will 
convince the referee.  
In the following, we will answer to all other comments. The reviewer’s comment is marked in grey with 
a “R:”, while our answer is marked in black with an “A:”. 

R: [1062:11] ‘Lithological architecture’ is not examined in this study; I suggest replacing this phrase 
with ‘lithology’. 
A: Done 
 



R: [1062:21] Specify which perturbations are being referred to here: tectonic, glacial or both? A: 
Both, we have specified that. And is it possible that some perturbations have their origins outside a 
given litho-tectonic unit? A: Yes indeed, we have specified these (e.g., large-scale uplift, but this will 
not change the conclusions of our work). 
 
R: [1063:7-10] ‘Threshold topography’ is a rather theoretical concept that has undergone some 
development over the last 20 y, as has ‘topographic steady state’. It would be useful to clarify the 
meaning of both these terms especially with regards to hillslope morphology and the mechanisms at 
play. This explanation should link forward to [1069:13]. 
A: Done. 
 
R: [1063:11-13] This so-called ‘coupling’ between climate and denudation is complicated to the 
extent that one might question whether it really exists in any direct way. Perhaps refining the example 
would help: e.g. ‘increased orographic precipitation can drive higher river discharges that in turn tend 
to enhance rates of fluvial channel incision’. 
A: Done 
 
R: [1063:22] This binary-style of argument (climate vs tectonics) is not very useful and we all should 
be striving to get beyond it. Climate and tectonics encompass a whole suite of mechanisms that 
operate over different temporal and spatial scales. Writing in these overly general terms doesn’t add 
much.  
A: Indeed, we did not intend to oppose climate and tectonics here. We apologize for the misleading 
term “in contrast” and modified the text accordingly.  
 
R: [1063:24-27] The point that mineral cooling ages record periods of accelerated uplift, which 
coincide with higher sediment flux into the foreland is completely circular. How is this an argument 
for tectonic control on denudation? The cooling history might be equally well explained by the onset 
of a wetter or colder or stormier climate. Please rephrase this point. 
A: We are aware of the controversy concerning this point. However, besides a possible climatic 
driver, there have been studies, which related the 5 Ma increase of uplift (and erosion) to deep-crustal 
processes such as slab unloading. We added four more relevant works for clarification (Lyon-Caen & 
Molnar 1989, Schmid et al. 1996, Pfiffner et al. 1997, Sue et al. 2007) 
 
R: [1064:8] It is fair to say that lithology (or more correctly, rock mass strength as it affects 
erodibility) has received too little attention. It might be useful to state why this is . . . probably 
because substrate erodibility is a difficult property to quantify and it has a complicated relationship to 
lithology. I suggest that the authors acquaint themselves with the key early work: Hack 1957, USGS-
294-B. 
A: That is probably a valid explanation why lithology was not considered in many studies. Especially 
on a sub-basin scale it is indeed a complicated task to do, if one considers soil cover, the strike and 
dip of strata, schistosity, fracture density and so on. But for our scale of investigation we think it is 
rather straightforward to state that there should be a significant difference between the erodibility of 
carbonates and granites. Furthermore, we added the erodibility map published by Kühni & Pfiffner 
(2001), which is valid on a larger scale, and is based on the geological and geotechnical maps of 
Switzerland (Niggli & de Quervain, 1936), and calibrated with a smaller-scale erodibility map by 
Jäckli (1957). We acknowledge that we have not given sufficient credit to these papers and have 
improved the revised text accordingly. 
 
R: [1067:3] Seismic activity recorded over what time interval, 2001-08 as shown in Fig. 
2? Not a big sample, is it? 
A: That is true. Displaying the entire set of available data (250-2008) would just lead to a complete 
overload in this figure, but the main conclusion doesn’t change much. Seismic activity is focused in 
the zones described. However, we will add the entire dataset to the appendix in a separate figure. 
 



R: [1067:22-24] Far more important that the current spatial distribution of ice cover are the 
differences that have occurred over the last several glacial cycles; i.e. the timescale over which the 
valley long profiles and general landscape has been shaped. What can be said about how the 
proportion of ice cover has varied between the litho-tectonic units over this time scale? As discussed 
later [1078:14] the LGM glaciation engulfed the entire Rhône basin with thick ice in every tributary. 
A: We addresses this point by adding the LGM ice thickness (mean values per tributary basin) into the 
statistical test described above. 
 
R: [1068:15-16] Please describe ‘annual 90 
A: It is the 90th percentile of daily precipitation computed over each single year of the data record and 
afterwards averaged over the 52 years record. The terms "annual" and "total daily precipitation" were 
added referring to how values are computed. But we realized it could be confusing, therefore we 
changed it in "90th percentile of daily precipitation on annual basis". 
 
R: [1069:5] ‘Channel reorganisation’ means? 
A: We actually mean ‘reorganization of the channel network’ through migration, abandonment and 
cannibalization of channels like described in Willet et al. (2014). We added this reference here and 
rephrase the text. 
 
R: [1069:7-9] This is not strictly correct and depends upon the spatial pattern of erosion. Please clarify 
this statement and give some reference of support. A: Done. Change ‘adapt’ to ‘adopt’. A: Done 
 
R: [1069:13] Hillslope adjustment is central to the notion of ‘topographic steady state’ and should 
really be acknowledged here (cf. note above). 
A: Done 
 
R: [1069:17] Such Davisian terms as ‘maturity’ and ‘youth’ do not serve any useful function in 
modern quantitative geomorphology. It was fine for Strahler, he was still operating in a largely 
Davisian paradigm (pre-Hack), but not today. A: We modified this part. Replace ‘progressing’ with 
‘progressive’. A: Done 
 
R: [1069:19-23] It’s clear that glacial erosion might be focused at specific elevations reflected in 
hypsometry, but not so concerning tectonic or climatic controls. Please rephrase. Since Strahler there 
have been several important studies of hypsometry that are not acknowledged here. Given that 
hypsometry is rather central to this study I suggest the authors consider studies that have examined, 
for instance, the importance of catchment shape on the H curve, the scale-dependence of HI in 
transient vs steady state settings, the effects of lithology etc., as discussed in Willgoose Hancock 
(1998, ESPL), Hurtrez et al. (1999, ESPL), and Cheng et al. 2012, Geomorphology). 
A: We have improved this section to the extent that it is in line with the major scope of this paper. 
However, we emphasize that hypsometry is only one of five variables that we consider here, therefore 
we decided to address these points/papers only to the extent that they are of relevance for our study.  
 
R: [1069:1] What does ‘topographic state of a catchment’ mean? 
A: We rephrased this part. 
 
R: [1069:3-8] ‘Lithological controls’ occurs in the MS title, yet there seems to be no explicit analysis 
of the well known influence of lithology on hypsometry. I suggest the authors reframe this oblique 
approach in favour of a study setup that tests directly the influence of lithology on topography, 
landscape response etc. 
A: We hope we addressed this point with our new approach, please see first sections. 
 
R: [1069:11] How are these topographic properties actually measured and what are the measurement 
uncertainties? 
A: We now described this more specifically in the methodology chapter.  
 



R: [1070:21-22] Again, what threshold mechanism is being invoked here: internal friction within the 
hillslope? If so, how does a hillslope develop beyond its threshold? An oversteepened slope means? 
Overhang? The use of these terms has developed somewhat since Burbank et al. (1996) and it would 
be useful for the authors to reflect on these developments (see for instance Korup Weidinger 2011, 
GSL). 
A: These relationships has been discussed and addressed by Norton et al. (2010, Geology) who also 
focussed on the Alps. We basically applied their concepts and categorization, and improved the text 
accordingly. 
 
R: [1070:24] The idea of rates of denudation exceeding rock uplift in an orogenic setting is an 
interesting one. How would this happen exactly and at what scale? This is indeed an interesting point  
and has been addressed by previous studies, but apparently no final conclusion has been found. We 
thought that it is beyond the scope of our paper to solve these relationships in a proper way for the 
Rhône basin and have therefore decided not to enter into this discussion. Replace ‘progressing’ with 
‘progressive’.  
A: We have replaced the terms as suggested. 
 
R: [1071:2] The preceding text implies a connection between threshold slopes and rock mass strength, 
but here lithology seems to be standing in as a proxy for the latter. What is the relationship between 
lithology and rock mass strength in the study area and how has this relationship been determined 
beyond simple qualitative generalisations? 
A: We addressed this point mainly by introducing the erodibility map of the Swiss Alps by Kühni & 
Pfiffner (2001, Geomorphology), which is based on an older geo-technical map of Switzerland 
(Niggli & de Quervain, 1936). We clarified that we used their erodibility classes as a base for our 
categorization.  
 
R: [1071:11] How is valley width measured and what are the uncertainties involved? Uncertainties 
associated with the topographic analyses seem to have been ignored. Are they negligible? The 
relevant assumptions folded within the ArcGIS and TopoToolboxdriven analyses could be presented 
in brief supplementary note. 
A: In the light of the new structure of the paper we decided to eliminate the valley width 
measurements, since they could not convince both reviewers. Also, this variable does not offer an 
added value to the revised version of the manuscript.   
 
R: [1072:5-8] The algorithm used to interpolate the precipitation data into a grid-based dataset 
presumably involves a strong topographic component. I suggest some comment on how this might 
affect their analysis of orographic precipitation patterns. 
A: As suggested by the reviewer, the interpolation scheme accounts for the strong relation between 
elevation and precipitation. The spatially distributed product of MeteoSwiss actually reflects the 
altitudinal gradients that characterize precipitation in mountainous regions (Schwarb, 2000). We 
wanted to focus on the fact that it is not possible to identify any specific spatial pattern in the 
precipitation field, but the one related to elevation, which is expected. 
 
R: [1072:9] Precipitation-driven erosion processes sound like rain-splash to me, whereas presumably 
fluvial erosion is meant. Fig. 3 needs to needs to be enlarged.  
A: With "precipitation-driven erosion processes" we intend to consider both the direct effect of rain-
slpash and the indirect effect of increased fluvial erosion due to rainfall events (higher discharge and 
higher transport capacity). 
 
R: [1072:14-21] Some consideration of measurement uncertainties would be welcome here and is 
necessary in order to make such interpretations. 
A: This part has been modified in the revised manuscript. However, we consider important to provide 
the reviewers with an overview of the accuracy of the RhiresD product, used in the present 
analysis.  The accuracy depends both on the accuracy of the underlying local measurements 
(measurement errors) and on the capability of the interpolation algorithm to reproduce precipitation in 



areas that are not covered by measurement stations.  The systematic error in Switzerland, which is 
mainly due to wind-induced gauge under-catch, was estimated to range from about 4% at lower 
elevations during summer to even more than 40% at higher elevations during winter (Sevruk, 1985). 
As indicated by MeteoSwiss in the product's documentation, the error of the interpolation scheme 
depends on the user’s interpretation. If gridpoint values are considered as representative of local point 
estimates, the errors are considerable (standard error equal to a factor of 1.7 and 1.3 respectively for 
light and heavy precipitation). Whereas, if gridpoint values are considered as area-mean values, as in 
the case of the present work, the error is significantly smaller (in the order of 5-30% for mean values 
over 15x15 km2 areas for intense precipitation events). 
 
[1072:18-21] I suggest rephrasing this last sentence. 
A: We modified this part. 
 
R: [1072:23] It’s not clear what is meant here by ‘external perturbations’, but would lithology also be 
expected to play a role in determining long profile shapes etc? Cf. my earlier comment concerning 
testing the role of lithology more explicitly. 
A: These are the driving forces and related variables. We hope we covered this point in the 
restructured version. 
 
R: [1073:1-2] These qualitative descriptions and by-eye assessments are needlessly imprecise when 
there are simple methods available to quantify profile concavity, _, including segments of LPs 
specifically due to lithological controls (see Duvall et al. 2004, JGR). I suggest the authors adopt a 
more quantitative approach. This will enable them to show the relationships more convincingly and 
avoid the vague statements given in 17-24. 
A: We apologize. We used a more quantitative approach in the revised manuscript. 
 
R: [1073:11-13] This seems a very inductive approach. I suggest restructuring into a more hypothesis 
driven setup. 
A: This problem should be solved in our restructured version. 
 
R: [1073:13-14] Recent glaciation means? As I note above, the point is to establish whether the 
proportion of ice cover has varied between the litho-tectonic units over the time scale that is relevant 
to the shaping of topography; i.e. probably since the MPT. 
A: We have solved this by considering the LGM ice thickness. 
 
R: [1074:9-10] Many of these flat reaches are very likely to be sediment fills backed up behind 
overdeepenings. The flatness is therefore probably a function of postglacial sedimentation, not 
glaciers. 
A: see answer below. 
 
R: [1074:16] Are these floodplain sections overdeepenings? Sediment-fills should ideally be excised 
from the hypsometric analysis because in some cases they can be hundreds of metres deep and 
therefore misrepresent or bias the elevation distributions in the hypsometry. 
A: Unfortunately there is not detailed information about the sediment thickness in the tributary basins 
available yet. These data exist for the main Rhône valley, where the maximum thickness ranges 
between ~400 m in the upper part (between Brig and Sion) and up to 900 m in the lower part 
(between Sion and Martigny). We would assume it is less in the tributary basins, because the 
floodplains are smaller than in the main Rhône valley, and the valleys are in general narrower. But 
this would be definitely worth looking at. It is just too much for this paper since this requires 
geophysical surveys or drillings, which we don’t have, unfortunately. However, since we have 
restructured the paper (see introductory comments above), the paper became a shift in the way of how 
we interpret the morphometric properties of the Rhône tributary basins. In context, the point raised by 
the reviewer became obsolete. 
 



R: [1074:23-28] Again, such qualitative descriptions are misplaced and compromise much of the 
interpretations. It is not sufficient to show three ideal examples (Fig. 13) in support of the preferred 
interpretation. Fig. 13a does not look ‘more or less normal’ as described (line 24). 
A: We modified this section accordingly. 
 
R: [1075:9] Is there a theoretical reason for a linear relationship? Some background is required here 
(the scale-related issues with hypsometry that are well studied by previous workers but not 
acknowledged here). 
A: We did not want to state that there is always a linear relationship between the hypsometry and the 
basin-size. In the study area it was just noticeable that (1) there is a scaling dependency, and (2) that it 
seemed almost linear for some of the basins. We included the scaling dependency into the discussion 
now.  
 
R: [1075:14] Why assume a non-linear relationship when there may simply be no scaling 
relationship? 
A: see answer above.  
 
R: [1075:19] Simply deleting the ice masses from the DEM would alleviate this pleading explanation. 
A: Thanks for the advice, we excluded the glaciers from the DEM and updated the slope values 
accordingly.  
 
R: [1076:2-11] Rather than plucking out some ideal examples in support (Fig. 16), I suggest a more 
quantitative treatment of the results would be more effective and more convincing. 
A: We hope we have properly addressed this point in our restructured version.  
 
R: [1076:13] What is presented here is essentially an analysis of digital elevation data, not a 
geomorphological analysis. That would entail exploring the relationships between forms and the 
processes responsible for them and I don’t agree that this MS does that. 
A: We changed this expression accordingly. 
 
R: [1076:15] This is an important point: what are the differences between the main lithotectonic units? 
Perhaps I missed it earlier but I cannot find where the authors explicitly state these. The lithological 
generalisations given in Section 2.1 are not really adequate. One key question might be: is the intra-
unit variation in erodibility less than the inter-unit differences? If so, good, but the authors need to 
somehow demonstrate this to be the case. 
A: See before [1071:2]. We addressed this point mainly by adapting the rock erodibility classes 
defined by Kühni & Pfiffner (2001, Geomorphology), who compiled an erodibility map based on an 
older geo-technical map of Switzerland (Niggli and de Quervain, 1936, and an updated version from 
the Federal Statistical Office). We clarified that we used their erodibility classes as a base for our 
classification.  
 
R: [1076:16-24] This concept of ‘maturity’ is not useful in my view. For instance, how would one 
differentiate low-maturity in strong rocks from high-maturity in weak rocks? One would need 
information on the timing and source of the perturbations, neither of which seem to be available for 
this study area. The two properties obviously correlate; perhaps the authors might reflect on the 
‘relaxation time’ concept instead (sensu Brunsden Thornes 1979, TIBG). 
A: We have rewritten this section for clarification. 
 
R: [1076:24] ‘As shown before, this. . .’. I am unclear what is being said here. 
A: We rephrased this part. 
 
R: [1077:2] The V-shaped valley morphology says more about the absence of glacial erosion than it 
does about the speed or strength of fluvial incision. V-shaped valleys can have incision rates < 2 
m/Myr. 
A: The V- and U-shaped valley form is excluded now from the paper. 



 
R: [1077:13-16] The regional ELA refers to the elevation of the former ice surface, which stood many 
hundreds of metres above the valley floor. Why would knickpoint elevations match the ELA? 
A: This comments is linked with the question of why knickpoints particularly in the tributary basins 
from the south (i.e., the Penninics) are linked with terminal moraines, which in turn coincide with the 
elevation of the LGM ELA (Ivy-Ochs et al., 2008). Our interpretations of these observations have 
originally been inspired by the work of Oliver Korup (Korup and Montgomery, 2008, Nature). 
However, as mentioned above, we have re-structured our paper with the consequence that this 
particular point does not need to be addressed in the revised version. Indeed, a full discussion of this 
yet to be solved problem would require a paper of its own that will be based on geophysical surveys.  
 
R: [1077:20] What is a ‘slope-by-elevation analysis’? 
A: We refer here to the work by Robl et al. (2015), but we acknowledge that reviewer Jansen has not 
been convinced that this concept, although valid for the scale of an entire orogen (Robl et al., 2015), 
can be applied to the Rhône basin. We thus decided not to include these information in our paper. 
 
R: [1077:17-19] I do not see why one would expect any difference to exist. The recent deglaciation 
limit is irrelevant to the long-term topographic development dealt with here. 
A: We excluded the recent glaciation from the paper. 
 
R: [1077:20] Not sure I follow the logic here. Heavy rainstorms might strip regolith from hillslopes 
but I question whether this would be evident in the large-scale hypsometry. Hillslope morphology is 
more a function of susceptibility to bedrock landsliding, which has an indirect relationship to 
precipitation, if any. I wonder whether there might be structural differences between the Helvetic 
nappes and the External massifs, such as fracture density. That’s a term I would like to see in this MS. 
A: We used precipitation as proxy for a climate variable operating on longer term. We fully agree that 
data on structural difference would be really helpful in this context, but this information is not 
available at the level of details required by the reviewer. However, it is, to some extent, contained in 
the erodibility map by Kühni and Pfiffner (2011). 
 
R: [1078:7-10] Recent exhumation (rock uplift) does not necessarily drive surface uplift. Is this 
conflating rock uplift with surface uplift here? 
A: Not necessarily, but for the study area several studies have linked the relatively recent exhumation 
to the development of the current surface topography (e.g., Maurer et al. 1997). However, we try to 
separate these two terms better. 
 
R: [1079:24 to 1080:10] This section goes off in the wrong direction. Linking response/ relaxation 
times to time scale of causation is a flawed approach in my view. Exhumation is not really a ‘forcing 
mechanism’; it is a long-term response measurable over long time spans. Yet bedrock landsliding, 
which is a rapid and short-term process might be the most important driver of exhumation on the 
slopes. Glaciation has also operated over several millions of years. Even though glacial advances span 
just a few tens of thousands of years, subglacial erosion is slow and incremental. Seismicity is short-
term, but it has operated over long periods. This section needs to be thoroughly revisited. 
A: Done. We have rephrased the section for clarification. 
 
R: [1080:11-18] Here the authors finally get around to stating what should have framed the study 
from the outset: the hypothesis of lithological control on topographic development should be opening 
the Discussion, not only closing it. Moreover, the link to Snyder’s (2000) conclusions needs quite a 
bit more bolstering; response time scales depend upon a whole range of climatic, topographic, and 
substrate factors. The authors could expand on this point. 
A: We restructured the discussion accordingly.  
 
R: [1081:1-] ‘Lithological architecture’ is not dealt with here: all the Figures are presenting 
morphometric data. The Conclusions listed are interesting, but forced. Some major revisions are 
necessary to have these lead more naturally from the empirical data. 



A: We hope we addressed this problem with the new approach (see our first paragraphs). 
 
R: [Fig. 12] What is ‘average’ here? Does it include or exclude the full dataset? 
A: This figure is not part of the paper anymore. 
 
R: [Fig. 14] Do these colours denote something? Please state what. Are these leastsquares 
regressions? Some more information would be very helpful. 
A: This figure is not part of the paper anymore. 
 
R: [Fig. 16] Are these examples chosen randomly? 
A: This figure is not part of the paper anymore.  
 
R: [Fig. 17] ‘Large’ and ‘small’ catchment means? 
A: This figure is not part of the paper anymore. 
 
3. Technical points [page:line] 
 
R: [1062:3] Replace ‘term’ with ‘turn’. 
A: Done 
 
R: [1062:6] Replace ‘on’ with ‘to’. 
A: Done 

R: [1062:6] Replace ‘variability’ with ‘variation’. 
A: Done 

R: [1062:10] Delete ‘-large’. 
A: Done 

R: [1062:15-16] ‘analysis . . . shows’, or ‘analyses . . . show’. 
A: Done 

R: [1062:20] ‘and contains some of the highest’ 
A: Done 

R: [1062:23] ‘less steep slopes and’ 
A: Done 

R: [1063:17] ‘sliding rates’. 
A: Done 

R: [1064:13] ‘paid to’. 
A: Done 

R: [1064:15] ‘intensively’. 
A: Done 

R: [1064:21] Better to break up this 5-line sentence. 
A: Done 
 
R: [1066:16] ‘exhumation’. 
A: Done 

R: [1066:18] delete ‘in’. 
A: Done 

R: [1066:18-21] Rephrase to clarify ‘related ages’. 



A: Done 
 
R: [1066:24] Rephrase ‘GPS bedrock measurements’. 
A: Done 
 
R: [1067:16] Replace ‘flew’ with ‘drained’ 
A: Done 

R: [1067:19-26] I suggest you tabulate this information, noting just the ranges here. 
A: Done 
 
R: [1068:4-12] Very long sentences are better broken up. 
A: Done 

R: [1068:24] ‘on an annual’. 
A: Done 

R: [1069:10] Remove ‘a river’, and ‘associated with’ is better. 
A: Done 

R: [1069:15] I suggest this first sentence be deleted. 
A: Done 

R: [1069:20] Replace ‘yielding in’ with ‘reflecting’. 
A: Done 

R: [1077:6] I suggest the term ‘low-slope reaches’ rather than ‘plateau’ here and below. 
A: Done 

R: [1078:4] Replace ‘overpressured’ with ‘pressurised’. 
A: Done 

R: [1080:16] ‘easily’. 
A: Done 

 

 

 

 

 

 

 

 

 

 

 



Reply to interactive comment from S. Brocklehurst 

We would like to thank Simon Brocklehurst for his review of our manuscript. His main critical point 
is that the methods and results are presented in an uneven way and that the results are not convincing 
in the way they are presented. This overlaps partially with the critical points by J.D. Jansen. We hope 
that the incorporation of some statistical analysis and a generally more quantitative approach 
addresses this problem in a sufficient way. 

We now base our analyses on previous studies where uplift (long- and short-term), glacial inheritance, 
precipitation and erosional resistance of the underlying bedrock have been invoked to explain the 
landscape’s characteristics, expressed through variables including e.g., mean elevation, hypsometry, 
relief, hillslope gradients and convexities of stream profiles. We test these relationships through 
correlation and statistical analyses, and we conclude that among driving parameters, variations in 
erodibility, which we have measured based on the erodibility map of the Swiss Alps by Kühni & Pfiffner 
(2001), explain most of the morphometric variations that we can observe within the Rhône basin.  

In particular, in order to achieve this, we proceeded in three steps: 

1) We quantified erodibility, amount and intensity of precipitation, glacial inheritance and uplift 
for each basin by extracting mean annual precipitation values, the average daily 90th percentile 
of precipitation, LGM ice thickness, recent surface uplift, long-term uplift (based on apatite 
fission-track ages) and erodibility from the dataset of our original manuscript. We extracted 
these values for each basin. 
Instead of lithology, we now use the more specific erodibility, which we based on three 
erodibility classes based on the erodibility map of Kühni & Pfiffner (2001).  

2) We then summarized quantitative values for five topographic variables (mean elevation, 
hypsometry, relief, hillslope gradients, convexity of the river long profiles). We tabulate these 
topographic variables in an additional table for each tributary basin to make our analyses more 
transparent.  

3) For each of the five controlling variables and mechanisms described in 1), we plot all five 
topographic attributes outlined in 2) as boxplots. This allows the reader to see that there are 
significant topographic differences between the three erodibility classes and also within the 
three defined uplift/exhumation classes. For LGM thickness and precipitation, the correlation 
to the landscapes’ metrics is less pronounced. Then, we run a linear discriminant function 
analysis to explore whether the tributary basins are classified correctly on the base of the five 
topographic attributes. We found that erodibility serves best to group the tributary basins 
according to their morphometric variables outlined in 1). 

We hope that this new approach, which is less inductive and more quantitative, will convince the 
reviewer. In the following, we will answer to all other comments. The reviewer’s comment is marked 
in grey with a “R:”, and our answer is marked in black with an “A:”. 

R: - Section 2.1. Given the range of variables in play across the study area (e.g., the range in base 
level for each of the catchments, set by the Rhone), could the authors make more of directly 
comparing drainage basins entering the Rhone from opposite sides at similar points along the river? 
A: Thank you for raising this point, which we considered as very valid. We thus tried to apply this 
suggestion, but found out that patterns from streams entering the Rhône River at the same elevation 
are indeed different between streams entering from the South and streams entering from the North. On 
the river profiles plot, in which we now included all profiles, we normalized the elevations.  
 



R: - Section 3.1. The authors make frequent reference to the “annual 90% of total daily precipitation”, 
yet I never felt confident that I understood what this statistic meant (and how it related to the more 
familiar 90th percentile). Please could the authors explain with greater clarity? 
A: It is the 90th percentile of daily precipitation computed over each single year of the data record and 
afterwards averaged over the 52 years record. The terms "annual" and "total daily precipitation" were 
added referring to how values are computed. But we realized it could be confusing, therefore we 
changed it in "90th percentile of daily precipitation on annual basis". 
 
R: - Section 3.2. The section on river longitudinal profile methods is very brief. Yes, numerous 
authors have used similar methods, but the authors should still give a clear account of the methods 
they’re applied here (which links to the comment below, where alternative methods have been 
selected rather than longitudinal profile analysis, and to comments about the results section). 
A: We have expanded this methodology part. 
 
R: - Section 3.3. The account of the hypsometric curve could be clearer, and also doesn’t tell the 
whole story of how hypsometry might be influenced by glacial modification. River-bed hypsometry is 
given the briefest of mentions. Is this a technique that has been used widely elsewhere? To me it 
seems likely to tell a story similar to stream gradient, yet with significantly less resolution, so why 
introduce this new hypsometry approach? It seems confusing to be using hypsometry for both 
drainage basins overall, and just along the thalweg of the stream, and also to eschew established 
longitudinal profile analysis here 
A: We have expanded this methodology part. As the river-bed hypsometry appears not to have 
convinced the reviewers, we excluded it from the paper, and only used the basin hypsometry.  
 
R: - Section 3.4. I found it unclear what tests the authors were proposing to undertake based on the 
hillslope gradients. 
A: We introduced this morphometric variable because it has been used in other studies as one of many 
other variables (e.g., hypsometry, relief etc.) to characterize the morphology of a basin (e.g. Korup et 
al., 2005). It can give information about land siding potential (and thus sediment transfer) and has 
been linked to rock mass strength, glacial and climatic modification and so on. We do see that our text 
was short on explanations and references. We have thus expanded our explanations. 
 
R: - Section 3.5. How robust are measurements of Vfw? Is there any subjectivity here? 
A: We decided not to use Vfw anymore, since it could not convince both reviewers, and for the new 
approach it would not add much.  
 
R: - Section 4.1. Rather confusing comment that spatial precipitation gradients are low, yet 
precipitation varies from <500 mm/yr to >2,500 mm/yr. See comment above on “annual 90%”. 
A: We apologize for the confusion. With spatial variability we here refer to the entire Rhône basin. 
The spatial variability within each basin is high because of the orographic effect, but since this effect 
is occurring everywhere, the difference between different basins is rather small.  
 
R: - Section 4.2. “Oversteepened head scarps” are one of the features omitted from the longitudinal 
profile methods (see above). Please outline in the methods the basis of this approach. Also, I couldn’t 
find a clear illustration of the three groups of river channels; Figure 7 is not presented using this 
framework, so doesn’t match the text here. If the authors are going to argue that each of their three 
geologic domains corresponds more or less uniquely to a different longitudinal profile form, this case 
needs to be much more compelling. If Figure 7 is filled out with more longitudinal profiles, will they 
really disperse into three distinct groups? 
A: We now included all river profiles in the same figure. 
 
R: - Section 4.3. Given the broad overall range of hypsometric integrals, is there really a statistically 
significant distinction between the three litho-tectonic units? 
A: We hope we properly addressed this problem with the boxplots.  
 



R: - Section 4.5. What is meant by “have usually”? 
A: We decided not to use Vfw anymore, since it could not convince both reviewers, and for the new 
approach it would not add much.  
 
R: - Figure 5. Vfw as labelled doesn’t appear to be a specific, readily repeatable measure. How do you 
know exactly where this is? (See comment above) 
A: We decided not to use Vfw anymore, since it could not convince both reviewers, and for the new 
approach it would not add much.  
 
R: - Figure 7. Information about relief/elevation and gradient has been lost when longitudinal profiles 
are plotted normalised like this. Is this a problem? A: Not really if elevations are normalized to the 
point of entry into the Rhône valley, which we have now done. We apologize for the confusion. Also, 
no mention of groups 1, 2 and 3 here (see comment above). A: We modified this section. 
 
R: - Figure 8. As discussed above, more detail on the hypsometry along the river bed would be good. 
Given the impressive resolution of the topographic data, is the river bed always 1 pixel wide? What’s 
the upstream end of the river bed? What differences separate this analysis from longitudinal profile 
analysis (and to what extent is this an improvement)? 
A: We have removed the river bed hypsometry (see above) and used longitudinal stream profiles only. 
As such, the comparison between these variables becomes obsolete. We hope that this clarifies our 
intents and our paper. 
 
R: - Figure 9. Raises the question of how good the topographic data are in this challenging terrain... 
A: These photos really illustrate extreme conditions that we have encountered in the Rhône basin, and 
this appears to have confused reviewer Brocklehurst. We decided to remove it. Indeed, our analyses is 
based on a lidar 2 m-DEM, which offers an unbeatable database, at least for the scale of an entire 
basin. 
 
R: - Figure 14. Is the mean HI the mean of the HI values from the individual basins, or the HI of all of 
the topography within a litho-tectonic unit? A: We consider the HI of each basin now (boxplots).  
Also the torrential catchments labelled are only considered very briefly in the text – how important 
are they? A: They are usually basins of comparatively small size. Sediment transport in these basins is 
accomplished in pulses that transport a lot of material in short time. One could argue that the basins 
are probably controlled rather by short-term events such as earthquakes or exceptional high rainfalls 
and not so much by the longer-term processes we are looking at. However, now we just treat them as 
a “normal” basin and included them into the analysis, without prior interpretation.  
 
R: - Figure 16. More detail and justification on the locations of the cross sections, please. 
A: We decided not to use Vfw anymore, since it could not convince both reviewers, and for the new 
approach it would not add much.  
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Abstract 10 

The development of topography is mainly dependent on the interplay of uplift and erosion, 11 

which are in turn controlled by various factors including climate, glaciers, lithology, seismic 12 

activity and short-term variables such as anthropogenic impact. Many studies in orogens 13 

around the world have analysed how these controlling variables and their spatial and temporal 14 

variations might affect the landscape’s topography. Here, we focus on the upper Rhône basin 15 

situated in the Central Swiss Alps to explore the relation between topography and possible 16 

controlling variables. The Rhône basin has been affected by some of the highest uplift rates, 17 

high orographically driven rainfalls, and traces of multiple glaciations. Furthermore, the 18 

availability of high-resolution geological, climatic and topographic data makes it a suitable 19 

laboratory to study the relationships of these variables.   20 

Elevation, relief, slope and hypsometric data as well as river profile information are extracted 21 

from around 50 tributary basins using digital elevation models to characterize the landscape’s 22 

topography. Additionally, uplift over different time scales, glacial inheritance, mean annual 23 

and intensity of precipitation, as well as erosional resistance of the underlying bedrock are 24 

quantified for each tributary basin. Results show that the chosen topographic and controlling 25 

variables vary substantially between the different tributary basins. We test whether the 26 

observed topographic differences in the Rhône basin can possibly be linked to any of the 27 

possible controlling variables through statistical analyses. Results indicate that the variation of 28 

elevation, slope and relief can be linked to differences in long-term uplift rate, whereas 29 

elevation distributions (hypsometry) and river profile shapes show correlations with the LGM 30 

mean ice thickness. This confirms that the landscape of the Rhône basin has been highly pre-31 

conditioned by (past) uplift and glaciation. However, the results from linear discriminant 32 

analysis (LDA) suggest that the differences in bedrock erodibilities between the basins are 33 

more powerful to explain most of the topographic variations. We therefore conclude that, 34 

although effects related to glacial and uplift pre-conditioning have resulted in measurable 35 

impacts on the landscapes of the Rhône tributary basins, variations in lithology and therefore 36 

erodibility is at least as important a factor to be considered in geomorphological studies, at least 37 

in the European Alps.  38 
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1.  Introduction 39 

1.1 Motivation of this study 40 

The topographies of the world’s mountains have been formed by rock uplift, which wereis 41 

usually initiated by lithospheric processes such as plate convergence, collision and crustal 42 

thickening (England & Molnar, 1990). However, topographic growth on Earth is not indefinite, 43 

but limited by erosional feedback mechanisms. Once threshold topography has been reached, 44 

any further rock uplift (material input) will be balanced by denudation, (material output), and 45 

this concept is known as topographic steady-state (e.g., Adams, 1980; Stüwe et al., 1994; 46 

Willett & Brandon, 2002, and many more). In order to understand this interplay, it is thus 47 

crucial to explore the mechanisms controlling erosion in an area. In this context, several studies 48 

have illustrated that denudation and landscape form is highly variable in space and time, and 49 

that it dependsthe related topographies depend on a large number of variables, such as climate, 50 

glaciation, tectonics, and lithology and topography.. For example, climate and denudation are 51 

coupled in such way that a general wetter climate with high orographic rainfall 52 

increasesincreased precipitation yields higher river discharges, which in turn tend to enhance 53 

rates of fluvial erosion and the related sediment fluxchannel incision (e.g. WilletWillett, 1999; 54 

WilletWillett et al., 2006; Chittenden). Rainfall intensity, paired with the total amount of 55 

precipitation, plays an important role in erosion processes by driving hillslope erosion (e.g. 56 

Wischmeier, 1959) and by contributing to the triggering of mass wasting events that are 57 

responsible for mobilizing large amounts of sediment (e.g. Bennett et al., 20132012). Glacial 58 

erosioncarving was found to be even more efficient than fluvial erosion through, particularly 59 

where glaciers have relatively high slipsliding rates and high basal shear stresses, and also 60 

throughwhere subglacial water pressure gradients are large (e.g. Hallett et al., 1996; 61 

Montgomery, 2002; Norton et al., 2010a;b; Spotila et al., 2004; Shuster et al., 2005; Valla et 62 

al., 2011).; Jansen et al., 2014). This seems to be especially valid for the Quaternary period, 63 

when multiple glacial advances and retreats have formed the mountainous landscapes in many 64 

orogens (e.g. Kelly et al., 2004). In contrastOn an orogen-wide scale, other authors have 65 

reported that the tectonic control on denudation and landscape form has been more pronounced 66 

than a climatic one. For example, periods of accelerated uplift in the Alps around 5 million 67 

years ago, recorded by mineral coolingapatite fission track ages (Michalski & Soom, 1990; 68 

Vernon et al., 2008, Fox et al., 2015), coincide with a generally higher sediment flux into the 69 

foreland basin (Kuhlemann et al., 2002; Schlunegger et al., 2001), consistent with). Besides a 70 

possible climatic driver, deep-crustal processes such as unbending and unloading of the 71 



 

 
2 

 4 

subducting slab have been taken into account to explain this large-scale phenomenon (Sue et 72 

al. 2007; Baran et al. (2014) who compiled data about large-scale patterns of erosion in the 73 

Alps.; Fox et al., 2015). Wittmann et al. (2007) measured Holocene erosion rates in Alpine 74 

river sediments, which correlate very well with measured geodetic-based rock uplift rates, 75 

suggesting. These relationships have been used to suggest that vertical rock movement isof 76 

rock has mainly been caused by isostatic compensation of removed material (Champagnac et 77 

al., 2009). In thematically related studies, several authors concluded that erosion rates directly 78 

correlate with geomorphological variables like slope gradients and local as well as basin-scale 79 

relief that can be extracted from digital elevation models (Granger et al., 1996; Schaller et al., 80 

2001; Montgomery & Brandon, 2002). FurthermoreFinally, lithology is anotherand related 81 

rock-mass strengths have been considered as additional factors controlling factordenudation 82 

and particularly landscape forms, since soft lithologies like marls are eroded much easierfaster 83 

than hard lithologies such as granites or gneisses, and mechanically stronger rocks can sustain 84 

steeper slopes (e.g. Molnar et al., 2007; Korup and Schlunegger, 2006; Kühni & Pfiffner, 85 

20012009; Korup & Weidinger, 2011; Korup, 2008; Morel et al., 2003; Norton et al., 2010b; 86 

Cruz Nunes et al., 2015). However, compared to other driving forces conditioning a landscape 87 

such as rock uplift, glaciations and precipitation, much less attention has been paid on exploring 88 

how the lithological architecture of a landscape in general, and the nature of the bedrock 89 

lithology, drives surface erosion.; Scharf et al., 2013).  90 

The Central European Alps have been intensively studied intensely regarding the coupling 91 

ofabout how surface and crustal-scale processes paired withhave been coupled through time, 92 

and how effects related to these mechanisms have been modulated by glacial conditioning on 93 

erosion and deposition (e.g. Persaud & Pfiffner, 2004; Gudmundsson, 1994; Champagnac et 94 

al., 2007; Schlunegger & Hinderer, 2001; Cederbom et al., 20042011; Norton et al., 2010b; 95 

Schlunegger & Norton, 2013). However, much less attention has been paid to exploring how 96 

the tectonic architecture, and the nature of the bedrock lithology in particular, has driven 97 

surface erosion and has conditioned the shape of the Alpine landscape (Kühni & Pfiffner, 2001; 98 

Norton et al., 2010b), mainly because the spatial and temporal variability of uplift, climate, 99 

glacial cover, lithology and topography throughout the orogen and lithology (Schmid et al., 100 

1996; Kühni & Pfiffner, 2001; Bini et al., 2009) complicates an integrated understanding of 101 

the erosional patterns and the Alpine sediment budget.resulting landscape form in this orogen. 102 

Nevertheless, because of the large variationsobvious spatial variation in bedrock lithology in, 103 

the Alps, it is possible offer an ideal laboratory to explore whether differences in landscape 104 
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properties mainly reflect the response to these driving forces (uplift, climate etc.), or 105 

alternatively whether the landscape properties reveal a distinct pattern where similar 106 

characteristicsat the basin scale (mean elevation, hypsometry, relief, hillslope gradients and 107 

stream profile shapes) are mainly grouped around identical lithologies, which will be 108 

documented in this or other conditions and driving forces (long- and short-term uplift, climate, 109 

etc.). It is the scope of this paper.  to explore these possibilities. 110 

Here, we focus on the upper Rhône basin in south-western Switzerland, which is the largest 111 

inner-alpine drainage system with a total catchment size of over 5000around 5500 km2. The 112 

Rhône basin was covered by some of the thickest Alpine glaciers during multiple glaciations 113 

throughout the Quaternary (Kelly et al., 2004; Bini et al., 2009) and has recently 114 

experiencesexperienced some of the highest uplift rates in the Alps (Kahle et al., 1997; 115 

Schlatter et al., 2005). We exploreIn particular, we test whether the geomorphological response 116 

of major spatially variable attributes that have been used to characterize a topography at the 117 

landscape towards this strong glacialbasin scale including: mean elevation, relief, slope, 118 

hypsometry, and tectoniclongitudinal profiles of streams bear information that can be related 119 

to any of the variables conditioning by analysing the geomorphology of aboutor controlling 120 

erosion including: uplift across timescales, climate, LGM glaciation and lithology. To this 121 

extent, we compile topographic data from around 50 tributary riversbasins feeding the Rhône 122 

River between its source, which is the glacier next to the Grimselpass, and its terminus, defined 123 

here by the delta at Lake Geneva (figure 1). We complement our geomorphictopographic data 124 

with published large-scale geological, climatic, glacial (LGM thickness) and exhumation data 125 

in order to attain a large-scale understanding of the predominant processes controlling the 126 

Rhône River sediment budgetlandscape’s form of this basin over multiple time scales. We find 127 

distinct specialspatial differences in the response of fluvial erosion to glacial and tectonic 128 

forcingslandscape’s properties, which are mainlycan be related to lithotectonic architecturethe 129 

erodibility of the bedrock. This suggests that underlying lithology has exerted a fundamental 130 

control on erosion and the resulting landscape form. 131 

1.2 Organization of the paper 132 

We base our analyses on previous studies where uplift (long- and short-term), glacial 133 

inheritance, precipitation and erosional resistance of the underlying bedrock have been invoked 134 

to explain the landscape’s characteristics, expressed through variables such as: mean elevation, 135 

hypsometry, relief, hillslope gradients and longstream profiles (Kühni and Pfiffner, 2001; 136 
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Wittmann et al., 2007; Norton et al., 2010; Schlunegger and Norton, 2013). We test these 137 

relationships through correlation and statistical analyses, and we conclude that variations in 138 

erodibility explain most of the morphometric variations that we can observe within the Rhône 139 

basin.  140 

2. Geological setting 141 

2.1 Geology 142 

The study area covers the entire upper Rhône basincatchment between the Rhône glacier and 143 

Lake Geneva in the central Swiss Alps (figure 1).  144 

Figure 1: Location map of the study area showing the main Rhône River and 55 main tributary 145 

streams (>10km2) that are analysed in this study. Tributaries where sediment transport has 146 

mainly been accomplished by debris flows and torrential floods are labelled with a star. 147 

 148 

The bedrock of the upper Rhône basin comprises the major tectonic units of the western Alpine 149 

orogen (e.g. Froitzheim et al., 1996; Schmid et al., 2004). Along its c. 160 km long course from 150 

its source next to the Grimselpass at over 2000 m a.s.l. towards the delta on Lake Geneva at c. 151 

370 m a.s.l., c. 50 major tributary streams with sources in either Penninic units, Helvetic nappes 152 

or crystalline basement rocks derived from the European continental and oceanic lithosphere 153 

(Schmid et al., 2004) discharge their material to the Rhône River. The related lithologies are 154 

oceanic metasedimentary and ophiolitic rocks exposed in the Penninic nappes covering 52% 155 

of the total Rhône watershed. These units are mostly drained by tributaries south of the main 156 

Rhône valley (figure 22a). Variscan crystalline rocks of the European basement (granites, 157 

gneisses and schists) of the Aar, Aiguilles-Rouges and Mont-Blanc External massifs, exposed 158 

both on the eastern and western sides of the Rhône valley, contribute to 22% of the bedrock 159 

underlying the Rhône basin. Calcareous metasedimentary rocks of the European continental 160 

margin are exposed in the Helvetic and Ultrahelvetic nappes north of the main Rhône valley 161 

and make up c. 16% of the total watershed. Finally, minor proportions of the Rhône watershed 162 

are made of unconsolidated Quaternary (6%) and Oligocene Molasse (1%) units as well as the 163 

“sub-penninicSub-Penninic” basement nappes of the Gotthard massif (3%).  164 

Kühni & Pfiffner (2001) reconstructed a large-scale erodibility map for the Swiss Alps, which 165 

is mainly based on the geological and the geotechnical map of Switzerland (Niggli & de 166 

Quervain, 1936). These authors used detailed field observations, frequency of landslides, as 167 

well as structural and topographic parameters from the Rhine basin (Jäckli, 1957) situated in 168 

the eastern Swiss Alps for calibration purposes, based on which erodibility classes were 169 
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assigned to distinct lithologies (figure 2b). Lithologies with a very high erodibility are mainly 170 

encountered in Molasse and Flysch deposits. A medium erodibility has been assigned to 171 

Mesozoic carbonates that are exposed in e.g., the Helvetic nappes and Penninic Klippen belt. 172 

Paragneisses are considered to have a low erodibility, while the lowest erodibility has been 173 

assigned to orthogneisses, amphibolites and granitoid rocks that are currently exposed e.g. in 174 

the Aar massif.   175 

 176 

Figure 2:  177 

a) Simplified litho-tectonic map of the study area showing the major paleogeographic domains, 178 

the Helvetic nappes (blue), the Penninic nappes (green) and the External massifs (red) and the 179 

major structural features (data compilation from swisstopo© geological map 1:500000, Swiss 180 

Earthquake Catalogue, Kahle et al., 1997 and Schlatter et al., 2005))  181 

b) Erodibility map after Kühni & Pfiffner (2001), based on Niggli & de Quervain (1936) and 182 

Jäckli (1957) showing the general erodibility of bedrock  183 

2.2 Tectonics 184 

Structurally,The tectonic setting of the Rhône basin is dominated by the Rhône-Simplon fault 185 

system, which accommodated orogenic extension mainly throughwhere dextral strike-slip 186 

movements since early Miocene times have accommodated most of the orogenic extension 187 

(Schlunegger & Willett, 1999; Egli & Mancktelow, 2013). Seward & Mancktelow (1994) 188 

suggested that faulting also had a normal fault slip component, which played an important role 189 

in the younger exhumation history of the area. Actually, the fault is not only the boundary 190 

between two different paleogeographic domains, but also separates two terrains with 191 

significantly different exhumationsexhumation histories (Michalski & Soom, 1990; 192 

Schlunegger & Willett, 1999; Vernon et al., 2008; and references within, figure 3a). In 193 

particular, south of this fault in in the Penninic domain, apatite fission-track ages range between 194 

8 and 20 million years, while related ages are around 5-12 million . In contrast, north of the 195 

fault in the Aar massif and the overlying Helvetic nappes., related exhumation ages are 196 

considerably younger (1.5-12 million years). The External massifs such as the Aar and the 197 

Mont Blanc massif have been exhumed in Neogene times up to 8 km in ≤15 Ma (Pfiffner et 198 

al., 1997b1997) and therefore show the youngest exhumation ages of c. 1.5-5 Ma (Michalski 199 

& Soom, 1990).  200 
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Recent uplift rates derived from GPS bedrock measurementsLevelling and geodetic surveys 201 

(Kahle et al., revealed that1997; Schlatter et al., 2005) in the Rhône basin arehas experienced 202 

some of the highest recordeduplift rates throughout the entire Alpine orogen during the past 203 

years (Kahle et al., 1997; Schlatter et al., , possibly caused by2005). These high uplift rates 204 

were related to a combination of ongoing collisional processes (Persaud & Pfiffner, 2004), 205 

erosional (Champagnac et al., 2009) and glacial unloading (Gudmundsson, 1994). Uplift rates 206 

are highest in the eastern part of the study area (1.5 mm/a) and decrease to <0.3 mm/a towards 207 

Lake Geneva.  208 

Main seismic activity is focused on the area north of the Rhône River within the Helvetic 209 

domains and corresponds mostly with strike-slip movement along faults (fig. 2, Maurer et al., 210 

1997; Deichmann et al., 2002). Faults in the Rhône basin are generally oriented along the main 211 

strike direction and parallel to the Rhône River (NE-SW). Another cluster of earthquakes, 212 

which is associated with normal faulting, occurs at intermediate elevations within the Penninic 213 

nappes south of the Rhône River (Maurer et al., 1997). (figure 3a).  214 

2.3 Glaciation 215 

During the Quaternary, the landscape of the Rhône valley has been shaped and carved by 216 

multiple glaciations (Ivy-Ochs et al., 2008; Valla et al., 2011). In this context, the entire basin 217 

was covered by an up to 1.5-km-thick ice sheet especially during the Last Glacial Maximum 218 

(c. 18-24 ky ago,  (Kelly et al., 2004; Bini et al., 2009). At the eastern border of the Rhône 219 

valley, two separate ice domes formed the ice divide of the Rhône and the Rhine headwaters 220 

(Florineth & Schlüchter, 1998). From there, the ice flewdrained within the valleys (including 221 

the Rhône valley) down to the foreland in the north, andfrom where the ice thicknesses 222 

decreased radially towards the West.  223 

Until recently, the Rhône valley has hosted some of the thickest Alpine glaciers like the Rhône 224 

or the Aletsch glacier. Today, c. 9% of the wholeentire upper Rhône watershed is still glaciated, 225 

and most of the glaciers are situated in the East and Southeast of the basin (figure 3b). Their 226 

distribution within the three main litho-tectonic units is very distinct with glacial covers ranging 227 

from a maximum of 17.7% in the ExternalAar massifs, 12.5% in the Penninic units and only 228 

1.5% in the Helvetic nappes. Individual tributary basins like the Massa basin (figure 1) are even 229 

glaciated up to 50%, whereas others are completely ice-free. Numerous morphological features 230 

like oversteepened head scarps, wide, U-shaped, deeply carved trunk valleys and hanging 231 
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tributary rivers including oversteepened inner gorges reflect the landscape’s strong glacial 232 

inheritance (Norton et al., 2010a;b; Valla et al., 2011).  233 

2.4 Climate  234 

The spatial distribution of precipitation in the current climate is shown in the form of total 235 

annual precipitation and high intensity rainfall represented by annual 90th percentiles of total 236 

daily precipitation. Computations are based on the RhiresD product of the Swiss Federal Office 237 

of Meteorology and Climatology MeteoSwiss (Schwarb, 2000). Within the upper Rhône basin, 238 

annual precipitation is characterized by a rather high variability in space, ranging from less 239 

than 500 mm per year along the Rhône Valley to more than 2500 mm per year at very high 240 

elevations (figure 3c). This spatial pattern is mostly driven by orography where inner, low 241 

elevations, sheltered valleys show relatively dry conditions, while the annual amount of 242 

precipitation is much larger at higher altitudes (e.g., Frei and Schär, 1998).  243 

Figure 3a:3:  244 

a) Interpolated exhumation ages based on apatite fission-track dating (Vernon et al., 2008) 245 

show youngest ages both in the East and the West, which correspond to the External massif 246 

tectonic unit and oldest ages south of the Rhône River located in the Penninic nappes. and a 247 

decrease towards the basin outlet at Lake Geneva. Contour lines indicating recent uplift (for 248 

the time span 1903-2003) are interpolated from Schlatter et al. (2005) and Kahle et al. (1997). 249 

Figure 3b:b) Map showing the maximum glacial extentice thickness during the Last Glacial 250 

Maximum (from KellyBini et al., 20042009) and the recent distribution of moraine deposits 251 

(glacial till) and glaciers. Today, glaciers are mainly located in 252 

c) Spatial distribution of total annual precipitation averaged over the East and the Southeast 253 

of the study area, whereas moraine deposits can be found in the whole study area, with the 254 

highest concentrations south of the Rhône River.period 1961-2012 based on Schwarb (2000).  255 

3. Methodology and Database 256 

Tectonic, climatic and glacial forcings and their interplay operating at different scales through 257 

space and time can be identified by the perturbation they have caused in the landscape, by the. 258 

The landscape’s response and related morphologic measures can then be suggestive for extents 259 

at which re-equilibrations to those perturbations have proceeded (e.g., Robl et al., .2015, for 260 

the case of the European Alps). In this context, precipitation patterns and geomorphological 261 
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parameterswe extract morphometric data such as elevation, relief, slope, hypsometry and river 262 

longitudinallong profiles, river cross sections and their height-width-ratios, as well as 263 

catchment-wide hypsometric and slope from a digital elevation model (DEM) distributions are 264 

frequently used to determine the landscape’s conditioncharacterize the landscape at the basin 265 

scale (e.g., Wobus et al., 2006; Brocklehurst & Whipple, 2004; Champagnac et al. 2012; Robl 266 

et al., 2015). We then test the possible relation of these topographic variables to external forcing 267 

mechanisms such as uplift, precipitation, glacial inheritance and erodibility through 268 

distribution and linear discriminant analysesRobl et al., 2015), which we adapt in this study. 269 

3.1 Precipitation pattern 270 

3.1 Topographic variables 271 

All topographic variables including measures for elevation, slope gradients and river profile 272 

shapes (at the tributary basin scale) were extracted with standard geomorphological and 273 

hydrological tools in ArcGIS© version 10.1. The base dataset for all analyses was the 2-m-274 

resolution digital elevation model (DEM) swissALTI3D generated by the Swiss Federal Office 275 

of Topography (swisstopo) in 2014. 276 

3.1.1 Mean elevation, Relief and Slopes 277 

We calculated mean elevation within each basin from the 2m-resolution DEM.  278 

The local relief corresponds to the difference between the highest and the lowest point of 279 

elevation in a defined area (Ahnert, 1984). Because the studied tributary basins have 280 

significantly different catchment sizes (ca. 10-700 km2), it is not meaningful to calculate the 281 

local relief over the entire catchment. For a better comparability, we instead chose a 1-km-282 

diameter circular sampling window, in which the mean elevation difference is calculated using 283 

focal statistics (Montgomery & Brandon, 2002; Korup et al., 2005). Finally, slope values were 284 

calculated in ArcGIS© with the imbedded slope algorithm from the 2-m-DEM. We excluded 285 

currently glaciated areas from the calculation, because they would bias the results towards 286 

higher frequencies of lower slopes. Mean slope values were then calculated from this database 287 

for each tributary basin.   288 

3.2 Hypsometry 289 

spatialWe used the hypsometric integral (Strahler, 1952) as measure for the distribution of 290 

elevations within the catchments. In particular, the hypsometry of a basin can be used to infer 291 

the stage at which the landscape has evolved, where progressive erosion will continuously 292 
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lower the overall topography and elevations will be skewed towards lower values (Strahler, 293 

1952; Brozović et al., 1997). The hypsometric integral (HI) can be expressed as the integral 294 

below the hypsometric curve, which in turn represents the proportion of a basin that lies below 295 

a given elevation (Hurtrez et al., 1999). The hypsometric curve displays normalized elevations 296 

on the ordinate and normalized cumulative area above the corresponding elevation on the 297 

abscissa. The convexity of the shape of this curve increases (and corresponding HI values are 298 

accordingly higher) as the distribution of elevations are skewed towards higher values. In 299 

contrast, s-shaped or concave hypsometric curves and lower HI values occur in more evolved 300 

landscapes, where erosional processes have preferably removed areas of high elevation 301 

(Brozović et al., 1997; Brocklehurst & Whipple, 2002; 2004; Montgomery et al., 2001). 302 

Accordingly, we calculated the HI for each watershed >10 km2 using a bin size of 100 m 303 

suitable for hypsometric analyses through eq. (1):  304 

 305 

𝐻𝐼 =  𝐻𝑚𝑒𝑎𝑛 − 𝐻𝑚𝑖𝑛
𝐻𝑚𝑎𝑥− 𝐻𝑚𝑖𝑛

                       (Eq. 1), 306 

where Hmean, Hmin and Hmax refer to the mean, minimum and maximum elevation of the basin.  307 

3.2.1 River profiles 308 

Several authors have quantified the concavity of longitudinal river profiles (e.g., Whipple & 309 

Tucker, 1999; Whipple, 2004; Wobus et al., 2006) through the application of Flint’s law (Flint, 310 

1974), where the local channel gradient S is related to the upstream drainage area A through 311 

(eq. 2): 312 

 𝑆 =  𝑘𝑠 ∙  𝐴−𝜃          (Eq. 2) 313 

Here, the coefficient ks corresponds to the steepness index, while the exponent θ is referred to 314 

as the concavity index. In case of normally graded stream profiles, S and A show a linear 315 

relationship in log/log plots (figure 4). The slope of this linear regression line corresponds to 316 

the concavity index θ, while the intercept with the y-axis is the value of the steepness index   317 

ks. 318 

Longitudinal river profiles were extracted from the hydrologically filled 2-m-DEM provided 319 

by Swisstopo using ArcGIS© 10.1 and the Matlab© based TopoToolbox by Schwanghart & 320 

Kuhn (2010). The code calculates the hydrologic flow into each pixel, and based on this 321 

extracts the main channel of the river (i.e., the pixels in which the hydrologic flow is largest). 322 
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Along the main channel, elevation and distance, as well as slope and upstream area are 323 

extracted in order to plot the river profile and the slope/area relation, respectively. Θ and ks are 324 

then calculated through linear regressions of the slope/area plot. We performed this regression 325 

over the entire stream length to allow better comparison between the different streams (e.g., 326 

Korup, 2008).  327 

Figure 4: Exemplary plot showing the linear regression of the logarithmic slope/area plot, of 328 

which the two variables θ and ks can be derived. 329 

 330 

3.3 Possibly controlling and conditioning variables   331 

Parameters are referred to as controlling or conditioning variables if they have been used to 332 

explain the topographic development of the Rhône drainage basin across scales including: 333 

uplift (Wittmann et al., 2007), precipitation in the current climate is shown in the form of and/or 334 

glacial inheritance (Schlunegger and Norton, 2013) and erodibility (Kühni and Pfiffner, 2001). 335 

As such, these variables potentially explain the patterns of first-order morphometric variables 336 

outlined above. We assign quantitative values for the four variables to each tributary basin, 337 

thereby using published maps as basis (see chapter 2). 338 

3.3.1 Uplift  339 

We explore the controls of rock uplift on the landscape from of the Rhône basin thereby 340 

considering two different time scales. First, patterns of long-term exhumation and related rock 341 

uplift can be extracted from apatite fission track cooling ages (chapter 1.2). Accordingly, for 342 

each tributary basin, we calculate mean cooling-ages based on the map by Vernon et al. (2008). 343 

The tributary basins are then categorized using a ternary division into relatively recent (1.5-5 344 

My), intermediate (5-8 My) and old (>8 My ago) cooling ages, which basically follows the 345 

assignment to classes by Vernon et al. (2008). 346 

To account also for recent surface uplift rates, we use the data provided by Schlatter et al. 2005, 347 

which we interpolated along the study area. This dataset is based on geodetic levelling surveys 348 

conducted for around 10.000 control points all over Switzerland by the Swiss Federal Office 349 

of Topography between ~1903 and 2003. We divide recent surface uplift into three intervals 350 

including low (0.5-0.9 mm/a), intermediate (0.9-1.4 mm/a) and high (1.4-1.6 mm/a) rates and 351 

assigned related classes to each tributary basin. 352 
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3.3.2 Precipitation 353 

We use the distribution of respectively total annual precipitation (figure 3c) and high intensity 354 

rainfall represented by amount) and annual 90th percentiles (intensity) of total daily 355 

precipitation., respectively, to characterize modern precipitation rates and patterns. 356 

Computations wereare based on the RhiresD product of the Swiss Federal Office of 357 

Meteorology and Climatology MeteoSwiss (Schwarb, 2000). RhiresD is a gridded daily 358 

precipitation dataset covering the Swiss territory with a spatial resolution of ~2x2 km from 359 

1961 to present. The effective resolution of the dataset is coarser than the grid spacing, on the 360 

order of 15-20 km or larger, which is suitable for climatological analysis at the basin scale. 361 

Computations wereComputations are conducted directly on the native grid and consecutively 362 

distributed over a 250x250 m grid by proximal interpolation. Precipitation amount and 90th 363 

percentile of total daily precipitation arewere calculated on annual basis and averaged over the 364 

52 year period 1961-2012 for each catchment. Quantiles are computed only for wet days, 365 

assuming a threshold of 1 mm/day for distinguishing wet and dry days.  366 

Figure 3c: SpatialFor the precipitation amount, we divide the basins into three evenly spaced 367 

classes: 975-1340, 1340-1840 and 1840-2278 mm/y. For the precipitation intensity indicated 368 

by the 90th percentile, we also divide the basins into three evenly spaced classes: 19-25, 25-31 369 

and 31-37 mm/day.  370 

 371 

3.3.3 Glacial inheritance 372 

We use the glacial extent during the LGM and related patterns of ice thickness (Florineth & 373 

Schlüchter, 1998; Kelly et al., 2004; Bini et al., 2009), mainly because this variable has been 374 

used to explain some of the landscape forms in the Central European Alps (Schlunegger & 375 

Norton, 2013). We calculate LGM-related ice volumes within each tributary basin by 376 

subtracting today’s landscape elevation (derived from the DEM) from the LGM surface map 377 

by Bini et al. (2009). Areas that were above the ice during the LGM are excluded from the 378 

resulting map. We calculate mean values of the resulting ice thickness for each tributary basin 379 

and classify them into three evenly spaced intervals, 167-292, 292-471 and 471-651 m.    380 

3.3.4 Erodibility 381 

We use the erodibility classes defined by Kühni & Pfiffner (2001) (see chapter 2.1) as a 382 

measure for the erosional resistance of the underlying bedrock. Flysch and Molasse deposits 383 
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are assigned a high erodibility (1). Mesozoic carbonates as they occur in the Helvetic nappes 384 

have a medium erodibility (2). Paragneisses and other poly-metamorphic rocks that are exposed 385 

mainly in the Penninic nappes and subordinately in the External massifs have a low erodibility 386 

(3). Lowest erodibility values (4) have been assigned to granitoid rocks and orthogneisses. 387 

These rock types are common in the External massifs and subordinate in the Penninic nappes. 388 

Since most of the basins comprise rocks of different erodibilities (figure 2b), we calculate mean 389 

values for each basin thereby considering the relative proportion of erodibility classes per 390 

basin, and group them in high (1-2), low (2-3) and very low (3-4). 391 

This division would need to be more precise on a smaller scale to allow the consideration of 392 

small-scale lithological variation. However, for our basin-wide approach, we found this 393 

division sufficiently precise.  394 

3.4 Correlation, distribution of total and statistical analysis 395 

Possible relationships between the topographic and the controlling variables are explored 396 

through regression analyses, where correlation strengths for each pair of variables are 397 

expressed by the square of the correlation coefficient, r2. r2 values >0.5 are considered to 398 

indicate a strong correlation, while values between 0.3-0.5 indicate weak correlation. No causal 399 

relationships are assigned for pairs with correlation <0.3. Several authors found that in some 400 

of the topographic measures analysed here may depend on basin size rather than on external 401 

forcing mechanisms (e.g., Willgoose & Hancock, 1997; Korup et al., 2005; Cheng et al., 2012). 402 

Because the tributary basins in the study area show quite a large range between ca. 10 - 403 

>700km2, we also test possible dependencies of all topographic variables on basin size.   404 

We then analyze the relation between the topographic and the controlling variables. To achieve 405 

this, all topographic variables are plotted in sets of boxplots for each controlling variable. The 406 

boxplots display the general range of the data, including the maximum and minimum values, 407 

the median, the upper and lower quartile, and outliers. These statistical measures help 408 

describing the general data distribution and their scatter. Furthermore, they allow comparing 409 

the distribution of data between the defined classes, and help identifying whether there exist 410 

significant differences.  411 

We finally test whether the topographic variables of the studied basins are sufficient to predict 412 

the affiliations of the basins through linear discriminant analyses (LDA). In contrast to 413 

principal component analysis, LDA takes into account the affiliation of a sample to a certain 414 
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group (McLachlan, 2004), in our case for example the group of basins with high uplift rate or 415 

low erodibility. Therefore, LDA allows testing whether a basin has been assigned correctly to 416 

a group (e.g. high uplift rate) based on its topographic characteristics. In addition, because the 417 

LDA reduces the dimensions of the data to a linear space, related results can be displayed in a 418 

two-dimensional scatter plot, where each sample is defined by two eigenvectors (McLachlan, 419 

2004). The distinct groups should then be visible as clusters in this plot if the topographic 420 

variables are significantly different between the groups of the chosen category. Furthermore, 421 

the LDA approach yields in prediction of the affiliation of a sample to a group based on the 422 

eigenvalues inferred from the variables, and it allows comparing these results with the actual 423 

group affiliation.  424 

 425 

4. Results 426 

4.1 Values and correlations 427 

Generally, all topographic variables show a relatively large scatter between the analysed 428 

catchments (see table 1).  In particular, the mean elevations span the heights between ca. 1420 429 

and 2890 m a.s.l.. The mean values of relief calculated for 1 km- radii range between 470-990 430 

m, while slopes are between 19.5° and 40.7° steep on the average. The hypsometric integral 431 

has a mean value of 0.45, but scatters widely between 0.28 and 0.70 for the individual tributary 432 

basins. The river long profiles also show a wide variety in shape (figure 5). They display almost 433 

undisturbed concave, over s-shaped (concave-convex) with knickpoints to almost completely 434 

convex profiles. Accordingly, the θ and ks values yield large scatters. Most important, nearly 435 

all river profiles have features indicative for topographic transient states such as multiple 436 

knickzones and convexities (figure 5).  437 

Most of the topographic variables show no or only weak correlation ((r2 < 0.3, see figure 6) 438 

between each other. Only the pairs of slope/relief and HI/θ are characterized by a strong 439 

positive correlation with values of r2 > 0.5. We did not observe statistically significant 440 

correlations between any of the topographic variables and basin size (all r2 < 0.3).  441 

For the controlling variables, table 2 shows the extracted values for each basin based on the 442 

categorization described in chapter 3.2. There exists a strong correlation between the two 443 

measures for precipitation (r2 = 0.710, figure 7). Since all other variable pairs have r2 values 444 

below 0.3, they can be considered as not strongly correlated. Note that also for basin size there 445 

is no statistically significant correlation between any of the analysed variables (figure 7). 446 
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Table 1: Topographic variables (section 2.1) extracted for the studied catchments 447 

Table 2: Possibly controlling variables (2.2) extracted for the studied catchments.   448 

 449 

Figure 5: Longitudinal river profiles with normalized distance and elevation.  450 

Figure 6: Correlation matrix of the topographic variables extracted from the DEM (mean 451 

elevation, relief, slope, HI, concavity, ks) and basin size. The strength of correlation for each 452 

pair is given by the square of the correlation coefficient, r2. 453 

Figure 7: Correlation matrix of the possibly controlling variables uplift (short- and long-term), 454 

precipitation (annual mean and 90th percentile), LGM ice thickness and erodibility. The 455 

strength of correlation for each pair is given by the square of the correlation coefficient, r2. 456 

4.2 Distribution analysis in boxplots 457 

Each set of boxplots (figures 8-13) displays the topographic variables grouped into the three 458 

sub-classes defined for each of the controlling variables.  459 

The mean apatite fission-track ages for each catchment can be used as a proxy for the long-460 

term uplift history (Vernon et al., 2008). Figure 8 shows that the topographic variables 461 

generally group into these three classes (<5 My, 5 – 8 My, and >8 My; see above and Vernon 462 

et al., 2008), albeit with a large scatter. Catchments characterized by relatively old apatite ages 463 

show generally lower elevation, relief and slope values. Contrariwise, catchments yielding 464 

young apatite ages show the highest values of elevations, relief and slopes. In contrast, 465 

hypsometric integrals and river profile shapes do now show any variation between the three 466 

sets of fission track ages. 467 

Values of short-term uplift rates, which have been quantified using geodetic data collected over 468 

the past century (Schlatter et al., 2005), yield a similar pattern concerning the relationships with 469 

topographic metrics. Elevation, relief and slope values tend to increase with increasing surface 470 

uplift rate (figure 9a,b,c), although the trend is less clear than in case of the long-term uplift 471 

variable. Hypsometric integrals and the river profile shapes show no clear trend with geodetic 472 

uplift rates (figure 9 d,e).  473 

The mean ice thickness in each catchment during the LGM can be considered as a measure for 474 

the glacial imprint onto the landscape (Schlunegger & Norton, 2013). However, no clear 475 
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variations can be observed between the three defined LGM thickness classes and elevation, 476 

relief and slope (figure 10a,b,c). In basins with thicker ice, the HI is clearly lower, and the river 477 

profile concavity higher than in basins with thinner ice (figure 10d,e).  478 

Precipitation is quantified by the amount and the intensity of precipitation averaged over the 479 

period time span from 1961-2012. Rainfall amounts increases with elevation due to orographic 480 

effects., for which data record is available. Regarding the amount of precipitation, the 481 

topographic variables do not show any clear variation in-between the three defined 482 

precipitation classes (figure 11). The only noticeable relation exists in the wet basins (>1836 483 

mm/y), which are characterized by high elevations. For the intensity of precipitation, which we 484 

express here by the 90th percentile of daily precipitation, the results are also non-distinct (figure 485 

12). However, the basins characterized by very high rainfall intensity show much steeper slopes 486 

than for the basins with less intense precipitation.  487 

3.2 River longitudinal profiles 488 

Several studies on river profiles in tectonically active regions have shown that the fluvial 489 

network draining an orogen reacts to perturbations by channel reorganization, formation and 490 

migration of knickzones and increasing the depth of incision (Whipple & Tucker; 1999, Snyder 491 

et al., 2000; Wobus et al., 2006). Where the rate of surface uplift (or base level lowering) 492 

exceeds the denudation rate, river profiles tend to adapt convex-up longitudinal profiles. 493 

Furthermore, as a result of a spatially variable uplift downstream a river, the channel can 494 

develop multiple knickzones, associated by abrupt changes in its steepness (Wobus et al., 495 

2006).  Through time, however, rivers will equilibrate the perturbation through headward 496 

retreat and vertical incision, thereby striving towards attaining a topographic steady state.  497 

3.2.11.1.1 Hypsometry 498 

Besides qualitative information about the shape of a river’s profile, catchment-wide 499 

hypsometry is a measure for the distribution of elevations within a basin that can be linked to 500 

the maturity of the landscape (Strahler, 1952). Progressing erosion will lower the overall 501 

landscape’s topography and the resulting hypsometric distribution will be skewed towards 502 

lower elevations. However, the presence or absence of distinct hypsometric maxima may 503 

indicate the occurrence of perturbations related to tectonic, climatic or glacial conditions 504 

yielding in the preservation, or the removal, of certain elevation ranges (Brozović et al., 1997; 505 

Brocklehurst & Whipple, 2002; 2004; Montgomery et al., 2004). In this context, hypsometric 506 

distributions of several catchments, illustrated by the hypsometric curve, are commonly used 507 
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datasets displaying normalized elevations on the ordinate and normalized cumulative area 508 

above the corresponding elevation on the abscissa (figure 4). Furthermore, Strahler (1952) 509 

introduced the hypsometric integral (HI) as a proxy to infer the topographic state of a 510 

catchment. The related values are higher the more convex-up the hypsometric curves are 511 

(figure 4). Catchments with convex-up hypsometric curves and high HI are considered to be in 512 

a non-equilibrated state (after an external perturbation such as glaciation or surface uplift), 513 

whereas catchments with straight or concave-up hypsometric curves and low HI are more 514 

evolved and thus more equilibrated towards prevailing climate and tectonic conditions 515 

(Strahler, 1952). Likewise, river-bed hypsometry helps visualizing and comparing common 516 

patterns in the river profile and to evaluate the extent at which incision into the bedrock has 517 

proceeded. Accordingly, we calculated the HI for each watershed >10 km2 using a bin size of 518 

100 m suitable for hypsometric analyses through eq. (1):  519 

𝐻𝐼 =  𝐻𝑚𝑒𝑎𝑛 − 𝐻𝑚𝑖𝑛
𝐻𝑚𝑎𝑥− 𝐻𝑚𝑖𝑛

                       (Eq. 1), 520 

where Hmean, Hmin and Hmax refer to the mean, minimum and maximum elevation of the basin.  521 

We additionally performed hypsometric analyses on the main river channel, i.e. we extracted 522 

elevations only at the river-bed and plotted them in histograms.  523 

3.3 Hillslope angles 524 

Hillslopes represent the coupling element between mountain summits and the draining river 525 

system. Their gradients, distribution and cover are critical parameters for sediment transfer 526 

processes and have been found to depend mostly on rock mass strength (e.g. Schmidt & 527 

Montgomery, 1995; Whipple & Tucker, 1999; Kühni & Pfiffner, 2001). In high mountain 528 

ranges such as the Himalayas, hillslopes at threshold conditions and beyond (i.e., 529 

oversteepened) are widespread, and are commonly related to high denudation rates and rapid 530 

river incision responding to active tectonics (Burbank et al., 1996; Ouimet et al., 2009). 531 

However, if denudation exceeds bedrock uplift, progressing hillslope erosion will decrease the 532 

overall slope gradients to values that may be below threshold conditions (Kühni & Pfiffner, 533 

2001; Ouimet et al., 2009). Consequently, in easily erodible lithologies this ‘equilibrium’ will 534 

be reached earlier than in more resistant lithologies. In order to test the relation between 535 

lithology and slope, we extracted slope gradients for each catchment and for the three main 536 

litho-tectonic domains.  537 

3.4 Valley height-width ratio 538 
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The valley height-width ratio (Vf) is a relatively straightforward measure for valley shapes 539 

derived from the valley cross section (Bull & McFadden, 1977; Bellin et al., 2014). It is the 540 

ratio between the width of the valley bottom and the height of the valley flanks and thus can 541 

be expressed by eq. (2): 542 

𝑉𝑓 =  2 𝑉𝐹𝑊
(𝐸𝐿− 𝐸𝑉)+(𝐸𝑅− 𝐸𝑉)

        (Eq. 2), 543 

where EV, EL and ER are the elevations of the valley bottom, the left and the right valley flank, 544 

respectively, and VFW refers to the width of the valley bottom (figure 5). In V-shaped valleys, 545 

Vf is smaller compared to valleys with a pronounced U-shape. Usually, low Vf values and V-546 

shapes are interpreted to be the result of active fluvial incision (mostly as a result to active 547 

tectonics), whereas high Vf values and U-shapes occur in settings with wide valley bottoms 548 

such as in tectonically inactive or glaciated reaches (Pérez-Peña et al., 2010; Bellin et al., 2014) 549 

We extracted Vf values along the tributary rivers at four locations each (excluding sections with 550 

hydropower dams and water reservoirs), usually after ca. 20, 40, 60 and 80% of the river length 551 

in order to track changes in the valley shape. 552 

All extracted geomorphological parameters including elevation, slope gradients, catchments’ 553 

sizes and river profiles were extracted  with standard hydrological tools in ArcGIS© and with 554 

the Matlab© based TopoToolbox published by Schwanghart & Kuhn (2010). The base map for 555 

all analyses was the 2-m-resolution digital elevation model swissALTI3D provided by 556 

swisstopo©.  557 

Figure 4: Scheme after Strahler (1952) showing the hypsometric curves of basins in 558 

monadnock phase (low HI), equilibrium (intermediate HI) and inequilibrium stage (high HI).  559 

Figure 5: Concept of the valley height-width ratio that characterizes the general valley shape 560 

and can be used to distinguish v-shaped (low Vf) from U-shaped (high Vf) valley cross sections. 561 

EV: Elevation at the valley bottom. EL: Elevation at the left valley crest. ER: Elevation at the 562 

right valley crest. VFW: Width of the valley bottom. 563 

4. Results and Interpretation 564 

4.1 Precipitation pattern 565 

Within the upper Rhône basin, annual precipitation is characterized by a rather high variability 566 

in space, ranging from less than 500 mm per year along the Rhône Valley to more than 2500 567 

mm per year at very high elevations (figure 3c). This spatial pattern most likely reflects 568 



 

 
2 

 20 

orographic effects where inner low elevations are sheltered valleys and thus receive little 569 

precipitation, while the annual amount of precipitation is much larger at higher altitudes. 570 

Spatial precipitation gradients are relatively low (figure 3c). With respect to precipitation-571 

driven erosion processes, it is thus not possible to identify significant distinctions in erosion 572 

potential among tributary catchments. This is also confirmed when comparing the frequency 573 

distribution of very high intensity daily rainfalls at the basin scale for the External massifs, 574 

Penninic nappes and Helvetic nappes (figure 6). Indeed, the annual 90th percentiles of total 575 

daily precipitation do not show relevant differences in frequency between the three domains 576 

and the entire basin (figure 6). Median values of these heavy daily rainfalls range from 22 577 

mm/day in the Penninic nappes, to 27 and 28 mm/day in the Helvetic nappes and the External 578 

Massifs, respectively. The spatial variability of high intensity precipitation within each 579 

lithological unit is similar, showing interquartile ranges in the order of 7-9 mm/day in all 580 

lithological units. This suggests that gradients of rainfall erosivities are limited to the vertical 581 

dimension driven by orographic forcing, and that all analysed upper Rhône lithologies have 582 

experienced similar rainfall amounts (and extremes) on the average.  583 

Figure 6: Spatial frequency distribution of the annual 90th percentiles of total daily 584 

precipitation over the entire upper Rhône basin (first from top), over the Helvetic nappes 585 

(second from top), over the Penninic nappes (third form top), and over the External massifs 586 

area (fourth from top). 587 

4.2 River profiles 588 

All analysed tributary channels show features that are characteristic of external perturbations 589 

including oversteepened head scarps, several knickpoints and highly convex or concave-590 

convex shapes (figure 7), indicating that all tributary channels in the Rhône basin are in a 591 

topographic transient state. Based on these features, river channels can be categorized into three 592 

distinct groups: 593 

(1) Streams with mostly convex-shaped longitudinal profiles, multiple topographic steps 594 

specially in the upstream stream segment and broad, U-shaped valley cross sections 595 

(2) Deeply incised, canyon-like, mostly concave-shaped channels with typically V-shaped 596 

valley cross sections 597 

(3) Concave-convex channels with several knickzones, steep channel heads, flat middle 598 

stream segments and steep knickzones towards the junction with the Rhône River 599 
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Interestingly, the three groups are situated in different litho-tectonic domains: Channels of 600 

group 1 are mostly found in the External massifs, while streams of groups 2 and 3 are found in 601 

catchments draining Helvetic and Penninic nappes, respectively. Recent glaciation in the 602 

watershed seems not to play a significant role for the shape of the profile, as rivers from the 603 

same litho-tectonic unit, but with different recent glacial cover, show similar profiles (figure 604 

7).  605 

Figure 7: Examples of extracted river profiles from channels located in the External massifs 606 

(red), the Penninic units (green) and the Helvetic nappes (blue). Examples of each litho-607 

tectonic unit are given in three different catchment sizes (from top to bottom). The recent 608 

glacial cover is expressed by a star (*) if between 0-2% of the watershed area, by a cross (+) 609 

if between 2-10%, and a triangle (^) if >10%. 610 

This categorization is furthermore supported by distinct river bed hypsometric distributions 611 

(figure 8). Histograms of rivers draining Helvetic units usually show a maximum in lower 612 

elevations towards the junction with the Rhône River and a general decrease in elevation 613 

frequency towards the head of the river. These lower stream segments are incised deeply into 614 

the bedrock and form narrow canyons (figure 9), indicating that these inner gorges have been 615 

formed by fluvial incision. Major knickpoints in these rivers occur mainly in the upper stream 616 

segments and are frequently located along faults (figure 10). 617 

In contrast, the hypsometric maxima of streams within the External massifs are present at 618 

intermediate elevations, from where the relative frequencies decrease in both the down- and 619 

upstream directions. This is also reflected by the generally convex curvatures of the river 620 

profiles, where the middle segments are usually the flattest parts. The lower stream segments 621 

are not incised towards the junction with the Rhône River and form hanging tributaries with 622 

prominent knickpoints that are often associated with waterfalls (figure 9). 623 

Channels situated in the Penninic units usually show hypsometric maxima at elevations of c. 624 

1500-2000 m a.s.l. and second maxima at lower elevations (around 800 m) towards the junction 625 

with the Rhône. The maxima at higher elevations correspond to the flat reaches in the middle 626 

stream segments where channel floors are covered by gravel (figure 11). These flat reaches 627 

usually show U-shaped valley cross sections and occur upstream of terminal moraines (figure 628 

3b), indicating that these flat reaches were shaped by glaciers. At elevations between 1000 and 629 

1500 m, the flat segments end in a knickzone and are juxtaposed by steep zones (minimum in 630 

hypsometric curve, figure 8) farther downstream. These segments, that are generally 631 
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oversteepened (Norton et al., 2010b), connect the hanging glacial valley with the Rhône trunk 632 

stream by an elevation drop of up to 1000 m. The second hypsometric maxima around 600-800 633 

m of elevation (figure 8) are particular pronounced in the Vispa and Farne Rivers, and less 634 

evident in the Turtmänna and Gamsa Rivers. This can be explained by different extents of the 635 

floodplain located between the tributary outlet and the junction with the main Rhône River. 636 

The Vispa and Farne Rivers have relatively long portions of their river channel running through 637 

the floodplain at 600-800 m of elevation, whereas these segments area relatively shorter for the 638 

Turtmänna and Gamsa Rivers, and thus less pronounced in the hypsometry.  639 

Figure 8: Distribution of elevations of the river bed for channels within the Helvetic nappes, 640 

Penninic units and the External massifs. On top, a combined histogram for each unit is given 641 

(for 15, 21 and 12 rivers, respectively). Below, four examples from single rivers of different 642 

sizes are displayed. The recent glacial cover is again expressed by a star (*) if between 0-2% 643 

of the watershed area, by a cross (+) if between 2-10%, and a triangle (^) if >10%. 644 

Figure 9: Photographs from the field, showing a deeply incised river mouth of a channel in the 645 

Helvetic nappes (left, Lixerne River) in contrast with a hanging tributary associated with a 646 

waterfall located in the External massif (middle, Bietschbach River). The picture on the right 647 

was taken in the Massa canyon, which is the only river located in the External massif that 648 

incised a narrow canyon into its bedrock (right, Massa River). 649 

Figure 10: Detail map of watersheds located in the Helvetic nappes north of the Rhône River 650 

(for location within Rhône basin, see figure 2). Faults in this region (red) are associated with 651 

frequent, but relatively weak earthquakes (white dots), and knickpoints are frequently located 652 

at these faults (black dots). In the river profiles (small insets), the corresponding knickpoints 653 

are marked by arrows. Compiled from the swisstopo© geological map 1:500000 and the Swiss 654 

Earthquake Catalogue) 655 

Figure 11: Detail map of watersheds located within the Penninic units south of the Rhône River 656 

(for location within Rhône basin, see figure 2). Major knickpoints separating convex and 657 

concave river stream segments are often located at elevations around 1500m. Recent river 658 

gravels are frequent upstream the knickpoints covering the flat stream segment. Compiled from 659 

the swisstopo© geological atlas 1:25000 of Switzerland and the swisstopo© geological map 660 

1:500000 661 

4.3 Catchment hypsometry 662 
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The hypsometric curves of basins within both the Penninic units and the External massifs show 663 

convex-up shapes (figure 12). The histograms show more or less normal distributions with a 664 

maximum at intermediate elevations and decreasing altitude frequencies towards higher and 665 

lower elevations (figure 13). In contrast, the hypsometric curves of catchments in the Helvetic 666 

unit are slightly less convex, and the histograms are clearly skewed towards lower elevations. 667 

The hypsometric integrals (HI) calculated for all watersheds >10 km2 size range from 0.28 to 668 

0.7. Summing up the HI of all catchments within each litho-tectonic unit yields averages of 669 

0.37, 0.43 and 0.47 for the Helvetic and the Penninic units, and External massifs, respectively 670 

(figure 14). Within the standard deviation, the HI of Penninic units and External massifs are 671 

similar, while the average HI of the Helvetic units is smaller.  672 

For the Helvetic and Penninic watersheds we found a linear relationship between watershed 673 

size and HI, where smaller watersheds usually have higher HI than larger ones (figure 14). Also 674 

for both litho-tectonic units, we found a cluster of small catchments with slightly lower HI than 675 

expected from the linear relationship. Those catchments host without exceptions steep, 676 

torrential rivers, where sediment transport has mainly been accomplished by debris-flow 677 

processes or concentrated flows like the Illgraben (Schlunegger et al., 2009) or the Torrents de 678 

St.-Barthélémy. In the External massifs (figure 14), the two largest catchments (Massa and 679 

Lonza Rivers) have very high HI, suggesting a non-linear relationship.   680 

Figure 12: Curves of basin hypsometry within the three litho-tectonic units show that basins 681 

located in the Helvetic nappes have more convex curves than basins in the Penninic nappes or 682 

External massifs.  683 

Figure 13: Hypsometric histograms of three examples from the Helvetic, Penninic and External 684 

massif catchments show more or less normal distribution for the basins in the Penninic nappes 685 

and the External massifs. In contrast, the histograms are shifted towards lower elevations for 686 

the basin located in the Helvetic nappes. All displayed basins are rather small tributary basins 687 

(24-38 km2) that are not glaciated.  688 

Figure 14: Plots of the mean hypsometric integral HI for each litho-tectonic unit (a), and of 689 

HI for each tributary river against the watershed size in the External massifs (b), the Helvetic 690 

(c) and the Penninic (d) units. 691 

4.4 Hillslope gradients 692 
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The hillslope gradients extracted for the Externals massifs show an overall normal distribution 693 

with a modal value of 28° (figure 15). A minor peak in slope gradients <10° is probably related 694 

to the high glacial coverage in this litho-tectonic domain (see section 2.3). Glaciers on the DEM 695 

appear as flat regions with slope angles below 5° and therefore bias the slope distributions 696 

(Burbank et al., 1996). The slope gradients within the Penninic units follow a normal 697 

distribution with a modal value of 25°, whereas the histogram for the Helvetic nappes is clearly 698 

asymmetric and skewed towards flatter slopes and has a modal value of only 20° (figure 15). 699 

Figure 15: Frequency histograms with basin-wide slope gradients and modal values displayed 700 

for all watersheds within the Helvetic and Penninic nappes and the External massifs.  701 

4.5 Valley height-width ratio 702 

We observe a general decrease in Vf in all the analysed tributary rivers from their headwaters 703 

to the outlets. The headwaters, either recently glaciated or glacially conditioned in the past, 704 

often show a pronounced U-shaped valley cross section, whereas the outlets of the rivers often 705 

form narrow, deeply incised canyons (figure 16). However, Vf values are generally lower 706 

(average= 0.22) for streams located in the Helvetic nappes than for those draining the External 707 

massifs (average = 0.39). Rivers in the Penninic nappes show stronger variations in this 708 

variable, but have usually Vf values around 0.26. Furthermore, the valleys in the Helvetic 709 

nappes (and also in parts of the Penninic nappes) show low Vf values and narrow V-shapes 710 

already approximately half-way down the stream. In contrast, valleys in the External massifs 711 

show higher Vf values along the entire stream, and Vf is decreasing rapidly only at the basin 712 

outlet (figure 17). This suggests that incision has proceeded farther upstream in the Helvetic 713 

and (most of the) Penninic nappes, whereas it has only affected the stream outlets in the 714 

External massifs.  715 

Figure 16: Normalized valley cross sections of three rivers within the Penninic nappes (left 716 

column), the Helvetic nappes (middle column) and the External massifs (right column). The 717 

cross sections were extracted at 4 locations downstream the river (from top to bottom).  718 

Figure 17: Calculated Vf values plotted against the position downstream the river (20, 40, 60 719 

and 80% of the river length) show a general decrease towards the river outlet for all the rivers. 720 

However, at the same position (e.g. at 40%), the Vf value is much smaller in the river located 721 

in the Helvetic nappes than in the river in the External massif.  722 

5. Discussion and implications 723 
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The geomorphological analysis performed in the upper Rhône basin showed that 724 

geomorphological parameters are highly variable between different tributary basins. The origin 725 

of this variability seems to be related to differences between the main litho-tectonic units the 726 

basins are located in. In particular, there appears to be a difference in the landscape’s maturity 727 

between the basins located in the External massifs, the Penninic and the Helvetic nappes. 728 

Highly convex river profiles, high hypsometric integrals and higher hillslope gradients as they 729 

appear in the External massifs point to an overall low maturity and a high bedrock strength, 730 

particularly when considering the steep hillslopes (Kühni & Pfiffner, 2001). In contrast, 731 

concave river profiles, lower hypsometric integrals and lower hillslope gradients as observed 732 

in the Helvetic nappes indicate a higher maturity and a much lower bedrock strength, also in 733 

view of the low hillslope angles (Kühni & Pfiffner, 2011). As shown before, this appears to be 734 

largely independent from the basin size, The differences in inferred landscape maturity are also 735 

recorded by morphometric properties at smaller scales. In particular, in the Helvetic units, 736 

rivers have deeply incised into the bedrock and have accomplished more or less concave river 737 

profiles. The valleys are V-shaped almost along their entire length, testifying the occurrence of 738 

strong fluvial erosion, except for the headwaters, where cirque glaciers formed a wide U-shape. 739 

Prominent knickpoints are mainly located at faults, indicating that faulting during most recent 740 

times may play a role in the development of those river profiles (Maurer et al., 1997; 741 

Ustaszewski et al., 2007).  742 

In the Penninic units, concave-convex river profiles with a flat plateau around elevations of 743 

1000-2000 m followed by steep knickzones farther downstream are frequently observed. As 744 

can be seen on the 1:25000 geological maps of the area, these flat reaches are usually covered 745 

by gravel deposits (figure 11) and can therefore be considered to be zones of deposition, or 746 

sediment bypass, with no fluvial downcutting. In contrast, downstream of these plateaus and 747 

the steep knickzones, the rivers are situated in V-shaped inner gorges and have incised into 748 

deposits that are mostly made up of terminal moraines of LGM glaciers (figure 3b). 749 

Furthermore, the elevations of the knickpoints (around 1500 m) correspond to the regional 750 

LGM positions of the equilibrium line altitude (ELA) (Ivy-Ochs et al., 2008), indicating that 751 

the typical steep-flat-steep morphology of the rivers profiles could be of glacial origin. The flat 752 

plateau is also marked by minima in the river hypsometric distributions (figure 8). Similar 753 

morphologies have been described by Korup & Montgomery (2008) in the Himalayan region, 754 

where steep knickzones in rivers draining the Tibetan Plateau correspond with the regional 755 

LGM ELA positions. Interestingly, slope-by-elevation analyses at the scale of the entire Alpine 756 
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orogen (Kühni & Pfiffner, 2001; Hergarten et al., 2010; Robl et al., 2015) found an increase of 757 

hillslope gradients up to elevations of ca. 1500 m, followed by a decrease of this variable 758 

around 1500-2000 m elevation. In the same context, Robl et al. (2015) used “glacial buzz-saw” 759 

mechanisms to explain this orogen-wide pattern. In summary, the basins situated in the 760 

Penninic nappes record strong morphometric evidence for glacial carving during the LGM and 761 

possibly earlier glaciations to have conditioned the shape of the current landscape. 762 

In the External massifs, tributary basins usually also show glacially inherited morphologies 763 

like U-shaped valley cross sections and wide cirque-glacier headwaters, but their river profiles 764 

are highly convex. Evidence for deep incision in these basins is mostly absent, except for the 765 

Massa River (figure 9), which formed a steep canyon into its granitoid bedrock. A mechanism, 766 

which could explain this feature is largely unknown, but could be related to erosion by 767 

overpressured subglacial meltwater during glacial times (Dürst Stucki et al., 2012; Jansen et 768 

al., 2014). The hypsometric analysis for the basins situated in the External massifs showed that 769 

high elevations are more frequent here than in the Helvetic or Penninic units. Considering the 770 

comparatively young Neogene exhumation of the External massifs (figure 3a), the resulting 771 

surface uplift pulse could possibly explain the frequency of high elevations in these areas 772 

(Kühni & Pfiffner, 2001) as well as the high convexity in the river profiles (Snyder et al., 2000). 773 

Altogether, it seems that the difference in the landscape shape between the tributary basins 774 

records a large spatial variability of glacial sculpting and tectonically driven uplift. However, 775 

the most dominant glaciation of the LGM affected the entire Rhône basin in equal measures 776 

with thick ice sheets located in all tributary valleys. Recent glaciation is more variable with 777 

most of the glaciers located in the Aar massif and in the highest regions of the Penninic units, 778 

but we did not observe a difference in the geomorphologic properties between recently 779 

glaciated and non-glaciated basins within the same litho-tectonic unit (figures 7, 8, 14, 17). In 780 

the same sense, the uplift pattern shows a stronger spatial variability that is mostly related to 781 

the younger exhumation history north of the Rhône-Simplon-Lineament compared to the 782 

Penninic units south of it. Nevertheless, this spatial difference in uplift fails to explain the 783 

remarkable geomorphological difference we observed between the Helvetic nappes and the 784 

External massifs, which have a similar tectonic evolution, as the Helvetic nappes are the 785 

sedimentary cover perched on European basement rocks.  786 

A possible mechanism to explain these differences is offered by surface erosion and sediment 787 

transport in response to precipitation, where the amount of precipitation affects streamflow and 788 

sediment transport capacity, while heavy precipitation intensity contributes to hillslope erosion. 789 
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The sequence of rainfall events in time influences soil moisture, infiltration/saturation and, as 790 

a consequence, runoff and potential sediment mobilization. The analysis of the basin scale 791 

precipitation, averaged over the 52-year period 1961-2012, reveals that catchments located in 792 

the three main litho-tectonic units have experienced a similar rainfall pattern in the recent past. 793 

In contrast, there is a high variability in total precipitation and heavy daily rainfalls as a function 794 

of elevation. The orographic effect drives the spatial distribution of precipitation with values 795 

increasing consistently from the valley bottoms to the drainage divide. The frequency of 90th 796 

percentiles of daily precipitation is similar for the External massifs, Penninic and Helvetic 797 

nappes, indicating that high intensity rainfall events, potentially important for soil detachment 798 

and erosion, are comparable among the three lithological units. Note that although our climatic 799 

record is limited (52 years) compared with time scales typical of landscape evolution, it is 800 

possible to state that due to the size, the location and the topography of the upper Rhône basin, 801 

precipitation can be considered very similar between the studied lithologies. The consequence 802 

is that, even if climatic conditions might have affected topography and undergone significant 803 

changes over large time scales, the climate forcing cannot alone explain the observed different 804 

geomorphological structures of the c. 50 analysed tributary basins. 805 

Similarly, neither glacial coverage (both at present and during previous glaciations such as the 806 

LGM) nor tectonically driven uplift seems to have a spatial variability significant enough to 807 

explain the current geomorphological difference we observed within the upper Rhône basin. 808 

We therefore interpret that the different levels of glacial or tectonic conditioning preserved in 809 

the present landscape are not predominantly related to variable forcing extents of these 810 

processes, but rather to a different responses of the basins towards these drivers. It is worth 811 

noticing that the main forcing mechanisms we identified above for the three main litho-tectonic 812 

units operate on different time scales, with exhumation being a long-term (My), glaciation an 813 

intermediate-term (several ky), and seismic activity along faults being a short-term mechanism. 814 

Accordingly, basins in the Helvetic units do not record a strong conditioning caused by 815 

glaciation or long-term tectonically driven uplift and related exhumation, although they have 816 

been affected by both in a similar extent as the other litho-tectonic units. In contrast, they show 817 

perturbations in their river profiles that are caused by short-term tectonic perturbations, mainly 818 

by strike-slip movement along active lineaments, which apparently have operated on the 819 

shortest timescales. This indicates that these basins have already equilibrated to intermediate- 820 

and long-term perturbation caused by past glaciation and exhumation. In contrast, the 821 

landscape in the External massifs still largely record the effects of glacial as well as long-term 822 
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tectonic driving forces, which suggests a relatively long response time towards these 823 

perturbations. The basins in the Penninic nappes yield evidence for perturbations by glacial 824 

processes during LGM times, suggesting that their response times lie somewhere in-between 825 

on an intermediate level. 826 

The response time of a fluvial network is highly dependent on the lithology and its erodibility 827 

(Whipple & Tucker, 1999; Snyder et al., 2000), and rivers located in lithologies with low 828 

mechanical strengths (such as the Helvetic thrust nappes, Kühni & Pfiffner, 2001) have been 829 

found to reach graded stream profiles after a perturbation within 100.000 years or less (Snyder 830 

et al., 2000). In our study area, the difference between the easy erodible limestone lithologies 831 

of the Helvetic nappes and the comparable resistant granitic lithologies in the External massifs 832 

is therefore likely to control the landscape’s maturity. 833 

Topographic variables show a relatively low scatter within the three erodibility groups, which 834 

is expressed by rather small boxes (figure 13). In particular, elevation, relief and slope values 835 

are significantly different between basins with high, medium and low erodibility. The 836 

relationships are less clear for hypsometric integral and river profile shapes.  837 

Figure 8: Boxplots of the topographic variables grouped after the apatite fission-track  ages 838 

(Vernon et al., 2008), which give long-term uplift information. The boxes represent the areas, 839 

in which 50% of the data plot (first and third quartile). The line in the middle is the median of 840 

the data. The whiskers mark the maximal and minimal value, and outliers are represented by 841 

white dots.  842 

Figure 9: Boxplots of the topographic variables grouped after the recent uplift rates (Schlatter 843 

et al., 2005), which give short-term uplift information. 844 

Figure 10: Boxplots of the topographic variables grouped after the LGM ice thickness (Bini et 845 

al. 2009), which are indicative for glacial inheritance.  846 

Figure 11: Boxplots of the topographic variables grouped after the amount of precipitation, 847 

expressed by the annual mean precipitation.  848 

Figure 12: Boxplots of the topographic variables grouped after the intensity of precipitation, 849 

expressed by the 90th percentile of total daily precipitation. 850 

Figure 13: Boxplots of the topographic variables grouped after erodibility. 851 

4.3 Linear discriminant analysis (LDA) 852 
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The LDA classification shows that the best results are generated when erodibility is considered 853 

as a classification basis (table 3). In particular, 80% of all basins are classified correctly on this 854 

basis, and the individual correct classification of the three groups ranges between c. 75% and 855 

85%. In the scatterplots, a clear clustering of the three classes is visible (figure 14). The basins 856 

with low and high erodibilities form distinct point clouds, while basins with a medium 857 

erodibility occur in-between these coulds.  858 

In the same sense, geodetic short-term uplift appears to be a good basis for clustering the basins 859 

upon their landscape metrics, since a total of 76% of basins are correctly classified. However, 860 

basins of group 3 (1.4-1.6 mm/y) are classified correctly only to 44%, which lowers the overall 861 

LDA performance. The clustering is well visible in the scatterplots (figure 14).  Note, however, 862 

that the cluster of basins of class 3 lays between the ones of class 1 and 2. 863 

Regarding the variables long-term uplift, LGM ice thickness and intensity of precipitation (90th 864 

percentile), the values of correct classifications range between 62 and 70%. However, in all 865 

three cases, there is always one class that yields a very low percentage of correct classification. 866 

A clustering is hardly visible in the scatterplot for the variable long-term uplift, and mostly 867 

absent for the variables LGM ice thickness and intensity of precipitation. Finally, with respect 868 

to the amount of precipitation, all three classes of this variable yield percentages around 70% 869 

if they are used as categorization basis. However, in the scatterplots, the clustering is rather 870 

bad as only class 3 forms a distinguishable point cloud, whereas the other two classes are 871 

indistinct from each other.  872 

 873 

Figure 14: Scatter plots of the LDA results for long-term uplift (a), recent surface uplift (b), 874 

LGM ice thickness (c), amount (d) and intensity (e) of precipitation, and erodibility (f).  875 

 876 

Table 3: Results of the LDA classification based on the topographic variables for each of the 877 

controlling variables.  878 

5. Discussion 879 

We found that topographic metrics of tributary basins in the Rhône valley show relationships 880 

with all four controlling mechanisms including uplift, glacial inheritance, precipitation and 881 

erodibility. For example, we found that river basins with a history of relatively fast inferred 882 

exhumation rate (apatite FT cooling age <5 My) have comparably higher elevation, relief and 883 

slope values, albeit with some poor correlations particularly regarding mean elevation and local 884 
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relief (Fig. 8). This trend is consistent with studies analysing the relationship between long-885 

term surface uplift and the development of topography (e.g., Ahnert, 1984; Small & Anderson, 886 

1998; Brocklehurst & Whipple, 2002). However, we could not find any significant relation 887 

between uplift (neither long-term nor short-term), hypsometry and river profile concavity. This 888 

suggests that the distribution of elevations within the basin and the shape of the river profile 889 

have not been influenced by uplift.  890 

In contrast, we found a relation between hypsometry, river profile convexity and the LGM ice 891 

thickness, where basins with a thinner ice cover have higher hypsometric integrals and lower 892 

θ values. Extensively glaciated basins characterized by thicker LGM ice can have lower 893 

equilibrium line altitudes (ELA) than only moderately glaciated basins, therefore allowing a 894 

stronger glacial modification especially in lower regions and thus a lowering of both the 895 

hypsometric curve and integral (Brocklehurst & Whipple, 2004). Also, ice thickness might 896 

influence the efficiency of glacial erosion in the valley through larger shear stresses driven by 897 

thick ice (Brocklehurst & Whipple, 2002; Dürst Stucki & Schlunegger, 2013). Potentially, 898 

thicker ice cover will promote the formation of flat and partially overdeepened lower reaches 899 

and steep head scarps, thereby forming valleys with concave thalwegs. Alternatively, large 900 

glacial erosion driven by thick ice could promote fluvial incision during subsequent interglacial 901 

times through a positive feedback response (Norton et al., 2010b), where the landscape’s 902 

disequilibrium, conditioned by glacial erosion, promotes fluvial erosion through head ward 903 

retreat, thereby increasing the stream’s concavity. This is particularly expected along valley 904 

reaches where glacial processes resulted in the formation of topographic steps. In either case, 905 

glacial perturbations paired with fluvial responses are expected to return thalwegs with larger 906 

concavities, which we invoke here to explain the positive correlations between these variables 907 

in the tributary basins of the Rhône River (Figure 10e). Although variations in LGM ice cover 908 

seem to be a valid explanation for the shape of some of the observed river profiles and the 909 

elevation distributions within the basin (see also Schlunegger and Norton, 2013), we could not 910 

detect a relation between ice thickness and elevation, relief or slope. This suggests that in our 911 

study area the degree of glacial inheritance is not responsible for relief production or ridgeline 912 

lowering in the basins, nor can it be invoked to explain patterns of slope angles, a note that has 913 

already been made by Norton et al. (2010b). 914 

Erodibility offers a possible explanation for reconciling some of the lack of correlations 915 

between landscape metrics, long-term uplift and LGM ice thickness outlined above. The main 916 

difference between the domains north and south of the Rhône River is their lithology, and 917 
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therefore their erodibility. Basins north of the Rhône are mainly underlain by lithologies of the 918 

Helvetic thrust nappes (erodibility classes 1-2) and the Aar massif (erodibility classes 3-4), 919 

while basins south of it comprise bedrock that are predominantly situated in Penninic thrust 920 

nappes (erodibility classes 2-3). Indeed, topographic variables show quite strong variation in-921 

between the three erodibility classes. Basins with low bedrock erodibility have higher 922 

elevation, relief and slope values than basins with a high erodibility. One factor influencing the 923 

erodibility of a rock is clearly the mechanical strength of the rocks, which has been inferred to 924 

be lower in carbonates than in granites or gneisses (Hoek & Brown, 1997; Kühni & Pfiffner, 925 

2001). Rocks with a lower mechanical strength are eroded more easily in response to rainfall, 926 

runoff and mass movements (Norton et al., 2011; Cruz Nunes et al., 2015), which over a long 927 

time span can result in a lowering of elevation. Furthermore, slopes underlain by a 928 

mechanically weak material are more prone for failure than lithologies with greater strengths, 929 

particularly in transient landscapes as is the case here. As consequence, it is possible that 930 

mechanically weaker lithotypes are not able to sustain high hillslope gradients over long 931 

periods of time (Kühni & Pfiffner, 2001)  932 

Besides the mechanical rock strength itself, the susceptibility of the landscape towards erosion 933 

is also controlled by other factors including the structural fabric (faults, schistosity, bedding 934 

orientation) and seismicity (e.g. Persaud & Pfiffner, 2004; Molnar et al., 2007; Chittenden et 935 

al., 2014), as well as soil cover and potentials for mass movements like landslides (Norton et 936 

al., 2010a; Korup & Schlunegger, 2009; Cruz Nunes et al., 2015). Indeed, we could observe a 937 

spatial clustering of earthquakes in the study area (figure 15), where earthquakes occur most 938 

frequent to the northwest of the Rhône-Simplon-lineament in the area of the Helvetic nappes. 939 

Here, most earthquakes show a strike-slip focal mechanism and occur along steep-dipping 940 

ENE-WSW to WNW-ESE trending faults (Maurer et al. 1997). In the Penninic nappes south 941 

of the Rhône-Simplon-lineament, earthquakes show a wider spatial scatter and predominantly 942 

normal fault focal mechanisms. In contrast, earthquakes in the East of the study area occur 943 

more rarely, which coincides with the lack of large-scale tectonic faults (figure 15). Tonini et 944 

al. (2014) demonstrated that landslides are spatially clustered on the hillslopes bordering the 945 

Rhône valley and not in the tributary basins, and that gravitational slope deformations are likely 946 

coupled to earthquakes. Furthermore, they observed that landslides occur predominantly in 947 

unconsolidated Quaternary material (mainly glacial till), and that former landslide material is 948 

promoting new instabilities, thereby creating a positive feedback mechanism. Accordingly, 949 

their map of landslides in the Rhône valley shows a pattern similar to the distribution of faults, 950 
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earthquakes and quaternary deposits (figure 15), all of which being focused in the Helvetic 951 

nappes and near the lower elevations and valleys of the Penninic nappes.  952 

Finally, the precipitation parameter is poorly correlated with any of the topographic 953 

characteristics. The only correlation between precipitation and landscape metrics has been 954 

found for basins with very high precipitation rates, which appear to have generally high 955 

elevations, and also higher slope values. However, this is probably connected to the strong 956 

orographic effect in the Rhône basin (Frei and Schär, 1998). Basins that are characterized by 957 

higher elevations experience on average more (and also more intense) rainfall than the basins 958 

located in lower and therefore more shielded locations. In this context, the precipitation is 959 

rather the effect of than the cause for the high elevations. Therefore, the topographic variables 960 

can be assumed to be largely independent from climatic conditions such as precipitation 961 

(Schlunegger & Norton, 2013).  962 

 963 

Figure 15: Compiled map of faults (geological map of Switzerland 1:25000), earthquake 964 

epicentres (Swiss Earthquake catalogue) and landslides (Tonini et al., 2014). For reasons of 965 

clarity, we display only the earthquake epicentres of a short time period. For the full dataset 966 

and more detail about the data, see Fäh et al., 2011. 967 

 968 

5. Conclusions 969 

The upper Rhône basin has been affected by variable uplift and multiple glaciations, which had 970 

a measureable geomorphological impact onto the landscape. We used standard 971 

geomorphological tools including river profile, hypsometric, slope and valley cross-section 972 

analyses to conclude on the topographic state of this high Alpine landscape. We identified 973 

partially oversteepened hillslopes, knickpoints, convex river long profiles, deeply incised v-974 

shaped canyons related to fluvial incision, and hypsometric distributions indicating that the 975 

landscape is in an immature, and not yet equilibrated state. However, we found that the river 976 

network has responded differently to those perturbations, and the spatial difference corresponds 977 

very well with the lithological architecture of the bedrock underlying the streams. We found 978 

that tributary basins in the Helvetic nappes that are mainly made up of limestones and marls, 979 

are the most equilibrated ones (concave river profiles, deep fluvial incision, overall lower 980 

elevations and slope gradients), while the tributaries located in the External massifs where 981 

granite and gneiss constitute the major lithologies are least equilibrated, which is expressed by 982 

convex river profiles, the highest elevations and the steepest slope gradients. In the Penninic 983 
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nappes, we found morphometric evidence for a strong glacial conditioning related to the last 984 

glacial maximum. However, neither the LGM ice extent nor the precipitation pattern show a 985 

spatial variability that is large enough to explain why the Penninic units did preserve the glacial 986 

geomorphology, and the Helvetic nappes did not.  987 

The observed differences identified by several geomorphological tools correspond well with 988 

the distribution of lithologies with different erodibilities within the basin. We therefore 989 

conclude that the lithology and erodibility of the bedrock plays a major control on the lengths 990 

of the response times for rivers to attain graded longitudinal profiles after glacial and tectonic 991 

perturbations. 992 

We used standard topographic variables including mean elevation, relief, slope, hypsometry 993 

and river profile concavity to characterize the topography of the Rhône basin. A strong 994 

variation of these factors was observed between several sub-catchments. We thus tested 995 

whether these differences can be explained by differences in uplift, glacial inheritance, 996 

precipitation conditions, or erodibility. From boxplots and linear discriminant function analysis 997 

we found that the variation of variables can best be explained using the affiliation of the basins 998 

with the general erodibility of the underlying bedrock. However, we also found correlations of 999 

some topographic variables with glacial inheritance and uplift. In particular, we showed that 1000 

uplift could be responsible for the development of elevation and relief in the study area, 1001 

whereas the ice thickness during the LGM influenced the elevation distribution (hypsometry) 1002 

of the basins, as well as the shape of some of the river profiles. We conclude, therefore, that 1003 

although the landscape shows evidence for pre-conditioning effects related to uplift and 1004 

glaciation, the high spatial variation of bedrock erodibility offers the best explanation for the 1005 

observed patterns of landscape form in the Rhône basin. In addition, the erodibility variable 1006 

depends not only on the mechanical strength of the underlying bedrock, but also on the fault 1007 

and earthquake densities, as well as the potential for landslides.  1008 



 

 
2 

 34 

Acknowledgements  1009 

We would like to thank Romain Delunel for help during field work and river profile analysis. 1010 

We appreciated discussions with our project partners Maarten Bakker, Stéphanie Girardclos, 1011 

Stuart Lane, Jean-Luc Loizeau, Peter Molnar and Tiago Adriao Silva. We thank J.D. Jansen 1012 

and S. Brocklehurst for their careful and comprehensive reviews, which greatly improved this 1013 

manuscript.  1014 

This research was supported by the Swiss National Science Foundation (grant 147689).  1015 



 

 
2 

 35 

References 1016 

Adams, J., 1980,.: Contemporary uplift and erosion of the Southern Alps, New Zealand:, 1017 
Geological Society of America Bulletin, v. 91, p. 1-114, 1980. 1018 

Ahnert, F.: Local relief and the height limits of mountain ranges, American Journal of 1019 
Science, 284, 1035-1055, 1984. 1020 

Baran, R., Friedrich, A.M. and Schlunegger, F., 2014,.: The late Miocene to Holocene 1021 
erosion pattern of the Alpine foreland basin reflects Eurasian slab unloading beneath the 1022 
western Alps rather than global climate change:, Lithosphere, v. 6, p. 124-131, 2014. 1023 

Bellin, N., Vanacker, V. and Kubik, P.W., 2014,.: Denudation rates and tectonic 1024 
geomorphology of the Spanish Betic Cordillera:, Earth and Planetary Science Letters, v. 390, 1025 
p. 19-30, 2014. 1026 

Bini, A., Buoncristani, J.-F., Couterrand, S., Ellwanger, D., Felber, M., Florineth, D., Graf, 1027 
H.R., Keller, O., Kelly, M., Schlüchter, C., and Schoeneich P.: Switzerland during the last 1028 
glacial maximum, Swisstopo, 1:500000, Wabern, 2009. 1029 

Brocklehurst, S.H. and Whipple, K.X.: Glacial erosion and relief production in the Eastern 1030 
Sierra Nevada, California, Geomorphology, 42, 1-24, 2002. 1031 
 1032 
Brocklehurst, S.H. and Whipple, K.X.: Hypsometry of glaciated landscapes, Earth Surf. 1033 
Process. Landforms, 29, 907–926, 2004. 1034 

Brozović, N., Burbank, D.W. and Meigs, A.J., 1997,.: Climatic Limits on Landscape 1035 
Development in the Northwestern Himalaya:, Science, v. 276, p. 571-574, 1997. 1036 

Bull, W.B. and McFadden, L.D., 1977,.: Tectonic geomorphology north and south of the 1037 
Garlock fault, California. In: Doehering, D.O. (Ed.), Geomorphology in Arid Regions. 1038 
Proceedings at the Eighth Annual Geomorphology Symposium, State University of New 1039 
York, Binghamton, NY, p. 115-138. , 1977. 1040 

Burbank, D.W., Leland, J., Fielding, E., Anderson, R.S., Brozović, N., Reid, M.R. and 1041 
Duncan, C., 1996,.: Bedrock incision, rock uplift and threshold hillslopes in the northwestern 1042 
Himalayas:, Nature, v. 379, p. 505-510, 1996. 1043 

Cederbom, C.E., van der Beek, P., Schlunegger, F., Sinclair, H.D., and Oncken, O., 2011,.: 1044 
Rapid extensive erosion of the North Alpine foreland basin at 5-4 Ma:, Basin Research, v. 23, 1045 
p. 528-550, 2011. 1046 

Champagnac, J.-D., Molnar, P., Anderson, R.S., Sue, C., and Delacou, B., 2007,.: 1047 
Quarternary erosion-induced isostatic rebound in the western Alps:, Geology, v. 35, p. 195-1048 
198, 2007. 1049 

Champagnac, J.-D., Schlunegger, F., Norton, K.P., von Blanckenburg, F., Abbühl, L.M., and 1050 
Schwab, M., 2009,.: Erosion-driven uplift of the modern Central Alps:, Tectonophysics, v. 1051 
474, p. 236–249, 2009. 1052 

Cheng, K.-Y., Hung, J.-H., Chang, H.-C., Tsai, H., and Sung, Q.-C.: Scale independence of 1053 
basin hypsometry and steady state topography, Geomorphology, 171-172, 1-11, 2012. 1054 



 

 
2 

 36 

Chittenden, H., Delunel, R., Schlunegger, F., Akçar, N., and Kubik, P., 2013,.: The influence 1055 
of bedrock orientation on the landscape evolution, surface morphology and denudation (10Be) 1056 
at the Niesen, Switzerland:, Earth Surface Processes and Landforms, v. 39, p. 1153-1166, 1057 
2013. 1058 

Cruz Nunes, F., Delunel, R., Schlunegger, F., Akçar, N. and Kubik, P., 2015,.: Bedrock 1059 
bedding, landsliding and erosional budgets in the Central European Alps:, Terra Nova, v. 00, 1060 
1-10, 2015. 1061 

Deichmann, N., Baer, M., Braunmiller, J., Ballarin Dolfin, D., Bay, F., Bernardi, F., Delouis, 1062 
B., Fäh, D., Gerstenberger, M., Giardini, D., Huber, S., Kradolfer, U., Maraini, S., Oprsal, I., 1063 
Schibler, R., Schler, T., Sellami, S., Steimen, S., Wiemer, S., Woessner, J. and Wyss, A., 1064 
2002,.: Earthquakes in Switzerland and surrounding regions 2001:, Eclogae Geologicae 1065 
Helvetiae, v. 95, p. 249-262, 2002.  1066 

Dürst Stucki, M., Schlunegger, F., Christener, F., Otto, J.C. and Götz, J., 2012,.: Deepening 1067 
of inner gorges through subglacial meltwater - An example from the UNESCO Entlebuch 1068 
area, Switzerland:, Geomorphology, v. 139, p. 506-517, 2012. 1069 

Egli, D. and Mancktelow, N., 2013,.: The structural history of the Mont Blanc massif with 1070 
regard to models for its recent exhumation:, Swiss Journal for Geosciences, v. 106, p. 469-1071 
489, 2013. 1072 

England, P. and Molnar, P., 1990,.: Surface uplift, uplift of rocks, and exhumation of rocks:, 1073 
Geology, v.18, p. 1173-1177, 1990. 1074 

Fäh, D.,Giardini, D., Kästli, P., Deichmann, N., Gisler, M., Schwarz-Zanetti, G., Alvarez-1075 
Rubio, S., Sellami, S., Edwards, B., Allmann, B., Bethmann, F., Wössner, J., Gassner-1076 
Stamm, G., Fritsche, S., and Eberhard, D.: ECOS-09 Earthquake Catalogue of Switzerland 1077 
Release 2011 Report and Database, Public catalogue, Swiss Seismological Service ETH 1078 
Zürich, Report SED/RISK/R/001/20110417, 2011. 1079 

Florineth, D. and Schlüchter, C., 1998,.: Reconstructing the Last Glacial Maximum (LGM) 1080 
ice surface geometry and flowlines in the Central Swiss Alps:, Eclogae Geologicae Helvetiae, 1081 
v. 91, p. 391-407, 1998. 1082 

Fox, M., Herman, F., Kissling, E. and Willett, S.D., 2015,.: Rapid exhumation in the Western 1083 
Alps driven by slab detachment and glacial erosion. Geology, v. 43, p. 379–382, 2015. 1084 

Fre,i C., and Schär, C.: A precipitation climatology of the Alps from high-resolution rain-gauge 1085 
observations, International Journal of Climatology, 18, 873–900, 1998. 1086 

Froitzheim, N., Schmid, S.M. and Frey, M., 1996,.: Mesozoic paleogeography and the timing 1087 
of eclogite-facies metamorphism in the Alps: A working hypothesis., Eclogae Geologicae 1088 
Helvetiae, v. 89, p. 81–110, 1996. 1089 

Granger, D.E., Kirchner, J.W. and Finkel, R., 1996,.: Spatially averaged long-term erosion 1090 
rates measured from in situ-produced cosmogenic nuclides in alluvial sediment:, The Journal 1091 
of Geology, v. 104, p. 249-257, 1996. 1092 



 

 
2 

 37 

Gudmundsson, G., 1994,.: An order-of-magnitude estimate of the current uplift-rates in 1093 
Switzerland caused by the Wuerm Alpine deglaciation:, Eclogae Geologicae Helvetiae, v. 87, 1094 
p. 545-557. , 1994 1095 

Hack, J. T.: Studies of longitudinal stream profiles in Virginia and Maryland, U.S. Geological 1096 
Survey Professional Paper, 294-B, 1957. 1097 

Hergarten, S., Wagner, T., and Stüwe, K., 2010, Age and prematurity of the Alps derived 1098 
from topography: Earth and Planetary Science Letters, v. 297, p. 453-460 1099 

Hallett, B., Hunter, L., and Bogen, J., 1996,.: Rates of erosion and sediment evacuation by 1100 
glaciers: A review of field data and their implications:, Global and Planetary Change, v.12, p. 1101 
213-235, 1996. 1102 

Hergarten, S., Wagner, T., and Stüwe, K.: Age and prematurity of the Alps derived from 1103 
topography, Earth and Planetary Science Letters, 297, 453-460, 2010. 1104 

Hoek, E. and Brown, E.T.: Practical estimates of rock mass strength, International Journal of 1105 
rock mechanics and mining sciences, 34, 1165-1186, 1997.  1106 

Hurtrez, J.-E., Lucazeau, F., Lavé, J., and Avouac, J.-P.:  Investigation of the relationships 1107 
between basin morphology, tectonic uplift, and denudation from the study of an active fold 1108 
belt in the Siwalik hills, central Nepal, Journal of Geophysical research, 104, 12779-12796, 1109 
1999. 1110 

Ivy-Ochs, S., Kreschner, H., Reuther, A., Preusser, F., Heine, K., Maisch, M., Kubik, P.W., 1111 
Schlüchter, C.: Chronology of the last glacial cycle in the European Alps, Journal of 1112 
Quaternary Science, 23, 559-573, 2008. 1113 

Jäckli, H.: Gegenwartsgeologie des bündnerischen Rheingebietes. Beitr. Geol. Schweiz. 36, 1114 
136 p., 1957. 1115 

Jansen, J.D., Codilean, A.T., Stroeven, A.P., Fabel, D., Hättestrand, C., Kleman, J., Harbor, 1116 
J.M., Heyman, J., Kubik, P.W. and Xu, S, 2014,.: Inner gorges cut by subglacial meltwater 1117 
during Fennoscandian ice sheet decay:, Nature communications, 5, 3815, 2014, 1118 
doi:10.1038/ncomms4815 1119 

Kahle, H.G., Geiger, A., Bürki, B., Gubler, E., Marti, U., Wirth, B., Rothacher, M., Gurtner, 1120 
W., Beutler, G., Bauersima, I. and Pfiffner, O.A., 1997,.: Recent crustal movements, geoid 1121 
and density distribution: Contribution from integrated satellite and terrestrial measurements., 1122 
In: Pfiffner. O.A., Lehner, P., Heitzmann, P., Müller, S. and Steck, A. (Eds.), Deep structure 1123 
of the Swiss Alps: Results of NRP 20, Birkhäuser Verlag, Basel, p. 251-259, 1997. 1124 

Kelly, M.A., Buoncristiani, J.F., and Schlüchter, C., 2004,.: A reconstruction of the last 1125 
glacial maximum (LGM) ice-surface geometry in the western Swiss Alps and contiguous 1126 
Alpine regions in Italy and France:, Eclogae Geologicae Helvetiae, v. 97, p. 57–75, 2004. 1127 

Korup, O.: Rock type leaves topographic signature in landslide-dominated mountain ranges, 1128 
Geophysical Research Letters, 35, L11402, doi:10.1029/2008GL034157, 2008. 1129 

Korup, O. and Montgomery, D.R.: Tibetan plateau river incision inhibited by glacial 1130 
stabilization of the Tsangpo gorge, Nature, 455, 786-790, 2008. 1131 



 

 
2 

 38 

Korup, O., and Schlunegger, F., 2009,.: Bedrock landsliding, river incision, and transience of 1132 
geomorphic hillslope-channel coupling: Evidence from inner gorges in the Swiss Alps, 1133 
Journal of Geophysical Research, 112, F03027, doi:10.1029/2006JF000710, 2007. 1134 

Korup, O., and Schlunegger, F.: Rock-type control on erosion-induced uplift, eastern Swiss 1135 
Alps:, Earth and Planetary Science Letters, v. 278, p. 278-285, 2009. 1136 

Korup, O., and Weidinger, J.T.: Rock type, precipitation, and the steepness of Himalayan 1137 
threshold hillslopes, Geological Society, London, Special Publications, 353, 235-249, 2011 1138 

Korup, O., Schmidt, J., and McSaveney, M.J.: Regional relief characteristics and denudation 1139 
pattern of the western Southern Alps, New Zealand, Geomorphology, 71, 402-423, 2005. 1140 

Kuhlemann, J., Frisch, W., Székely, B., Dunkl, I., and Kázmér, M., 2002,.: Post-collisional 1141 
sediment budget history of the Alps: tectonic versus climatic control:, International Journal of 1142 
Earth Sciences, v. 91, p. 818-837, 2002. 1143 

Kühni, A. and Pfiffner, O.A.: The relief of the Swiss Alps and adjacent areas and its relation 1144 
to lithology and structure: topographic analysis from a 250-m DEM, Geomorphology, 41, 1145 
285-307, 2001. 1146 

Lyon-Caen, H., and Molnar, P.: Constraints on the deep structure and dynamic processes 1147 
beneath the Alps and adjacent regions from an analysis of gravity anomalies, Geophysical 1148 
Journal International, 99, 19–32, 1989. 1149 

Maurer, H.R., Burkhard, M, Deichmann, N. and Green, A.G., 1997,.: Active tectonism in the 1150 
central Alps: contrasting stress regimes north and south of the Rhone Valley:, Terra Nova, v. 1151 
9, p. 91-94, 1997. 1152 

McLachlan, G.J.: Discriminant analysis and statistical pattern recognition. Wiley 1153 
Interscience, New York, 552 p., 2004.  1154 

Michalski, I., and Soom, M., 1990,.: The Alpine thermo-tectonic evolution of the Aar and 1155 
Gotthard massifs, Central Switzerland: Fission Track ages on zircon and apatite and K-Ar 1156 
mica ages:, Schweizerische mineralogische und petrographische Mitteilungen, v. 70, p. 373-1157 
388, 1990. 1158 

Molnar, P. Anderson, R.S., and Anderson, S.P., Tectonics, fracturing of rock, and erosion, 1159 
Journal of Geophysical Research, 112, F03014, doi:10.1029/2005JF000433, 2007. 1160 
 1161 
Montgomery, D.R. and Brandon, M.T.: Topographic controls on erosion rates in tectonically 1162 
active mountain ranges, Earth and Planetary Science Letters, 201, 481-489, 2002. 1163 

Montgomery, D.R.: Valley formation by fluvial and glacial erosion, Geology, 30, 1047-1050, 1164 
2002.  1165 

Montgomery, D.R., Balco, G. and Willett, S.D.: Climate, tectonics, and the morphology of 1166 
the Andes, Geology, 29, 579–582, 2001. 1167 

Morel, P., von Blanckenburg, F., Schaller, M., Kubik, P.W., and Hinderer, M., 2003,.: 1168 
Lithology, landscape dissection and glaciation controls on catchment erosion as determined 1169 
by cosmogenic nuclides in river sediment (the Wutach Gorge, Black Forest):), Terra Nova, v. 1170 
15, p. 398-404, 2003. 1171 



 

 
2 

 39 

Niggli, P., and de Quervain, F.D.: Geotechnische Karte der Schweiz. Schweizerische 1172 
Geotechnische Kommission, Kümmerly and Frey, Geotechnischer Verlag, Bern, 1936.  1173 

Norton, K.P., von Blanckenburg, F.., Schlunegger, F., Schwab, M., and Kubik, P.W, 2010a,.: 1174 
Cosmogenic nuclide-based investigation of spatial erosion and hillslope channel coupling in 1175 
the transient foreland of the Swiss Alps, Geomorphology, 95, 474-486, 2008. 1176 

Norton, K.P., von Blanckenburg, F. and Kubik, P.W.: Cosmogenic nuclide-derived rates of 1177 
diffusive and episodic erosion in the glacially sculpted upper Rhone Valley, Swiss Alps:, 1178 
Earth Surface Processes and Landforms, 35, 651–662, 2010a. 1179 

Norton, K.P., Abbühl, L.M. and Schlunegger, F., 2010b,.: Glacial conditioning as an 1180 
erosional driving force in the Central Alps:, Geology, v.38, p. 655-658, 2010b. 1181 

Norton, K.P., von Blanckenburg, F., DiBiase, R., Schlunegger, F., and Kubik, P.W.: 1182 
Cosmogenic 10Be-derived denudation rates of the Eastern and Southern European Alps, 1183 
International Journal of Earth Sciences, 100, 1163-1179, 2011. 1184 

Ouimet, W.B., Whipple, K.X., and Granger, D.E., 2009,.: Beyond threshold hillslopes: 1185 
Channel adjustment to base-level fall in tectonically active mountain ranges:, Geology, v. 37, 1186 
p. 579-582, 2009. 1187 

Pérez-Peña, J.V., Azor, A., Azañón, J.M., and Keller, E.A., 2010,.: Active tectonics in the 1188 
Sierra Nevada (Betic Cordillera, SE Spain): Insights from geomorphic indexes and drainage 1189 
pattern analysis:, Geomorphology, v. 119, p. 74-87, 2010. 1190 

Persaud, M. and Pfiffner, O.A.: Active deformation in the eastern Swiss Alps: post-glacial 1191 
faults, seismicity and surface uplift, Tectonophysics, 385, 59-84, 2004. 1192 

Pfiffner, O.A., Sahli, S., Stäuble, M., 1997b,.: Compression and uplift of the external massifs 1193 
in the Helvetic zone., In: Pfiffner, O.A., Lehner, P., Heitzmann, P., Müller, S. and Steck, A. 1194 
(Eds.), Deep Structure of the Swiss Alps: Results of NRP 20, Birkhäuser, Switzerland, p. 1195 
139–153, 1997. 1196 

Robl, J., Prasicek, G., Hergarten, S., and Stüwe, K., 2015,.: Alpine topography in the light of 1197 
tectonic uplift and glaciation:, Global and Planetary Change, v. 127, p. 34-49, 2015. 1198 

Schaller, M., von Blanckenburg, F., Hovius, N., and Kubik, P.W., 2001,.: Large-scale erosion 1199 
rates from in situ-produced cosmogenic nuclides in European river sediments:, Earth and 1200 
Planetary Science Letters, v. 188, p. 441-458, 2001. 1201 

Scharf, T. E., Codilean, A. T., De Wit, M., Jansen, J. D., and Kubik, P. W.: Strong rocks 1202 
sustain ancient postorogenic topography in southern Africa. Geology, 41, 331-334, 2013. 1203 

Schlatter, A., Schneider, D., Geiger, A., and Kahle, H.G., 2005,.: Recent vertical movements 1204 
from precise levelling in the vicinity of the city of Basel, Switzerland:, International Journal 1205 
of Earth Sciences, v. 94, p. 507–514, 2005. 1206 

Schlunegger, F. and Hinderer, M., 2001,.: Crustal uplift in the Alps: why the drainage pattern 1207 
matters:, Terra Nova, v. 13, p. 425-432, 2001. 1208 



 

 
2 

 40 

Schlunegger, F. and Norton, K.P., 2013,.: Water versus ice: The competing roles of modern 1209 
climate and Pleistocene glacial erosion in the Central Alps of Switzerland:, Tectonophysics, 1210 
v. 602, p. 370-381, 2013. 1211 

Schlunegger, F. and Willett, S.D., 1999,.: Spatial and temporal variations in exhumation of 1212 
the Central Swiss Alps and implications for exhumation mechanisms., In: Ring, U., Brandon, 1213 
M.T., Lister, G.S. and Willett, S.D. (Eds.), Exhumation processes: normal faulting, ductile 1214 
flow, and erosion: Geological Society of London Special Publication 154, p. 157-180 , 1999. 1215 

Schlunegger, F., Melzer, J. and Tucker, G.E., 2001,.: Climate, exposed source-rock 1216 
lithologies, crustal uplift and surface erosion: a theoretical analysis calibrated with data from 1217 
the Alps/North Alpine Foreland Basin system:, International Journal of Earth Sciences, 90, p. 1218 
484–499, 2001. 1219 

Schlunegger, F., Badoux, A., McArdell, B.W., Gwerder, C., Schnydrig, D., Rieke-Zapp, D. 1220 
and Molnar, P. 2009,.: Limits of sediment transfer in an alpine debris-flow catchment, 1221 
Illgraben, Switzerland:, Quaternary Science Reviews, v. 28, p. 1097–1105, 2009. 1222 

Schmid, S.M., Pfiffner, O.A., Froitzheim, N., Schönborn, G., and Kissling, E.: Geophysical-1223 
geological transect and tectonic evolution of the Swiss-Italian Alps, Tectonics, 15, 1036–1224 
1064, 1996. 1225 

Schmid, S.M., Fügenschuh, B., Kissling, E. and Schuster, R., 2004a, Tectonic map and 1226 
overall architecture of the Alpine orogen:, Eclogae Geologicae Helvetiae, v. 97, p. 93–117, 1227 
2004. 1228 

Schwanghart, W. and Kuhn, N. J., 2010, TopoToolbox: a set of Matlab functions for 1229 
topographic analysis: Environmental Modelling & Software, v. 25, p. 770-781 1230 

Schmidt, K.M. and Montgomery, D.R., Limits to Relief, Science, 270, 617-620, 1995. 1231 

Schwarb, M., 2000,.: The Alpine Precipitation Climate Evaluation of a High-Resolution 1232 
Analysis Scheme using Comprehensive Rain-Gauge Data:, Ph.D. thesis, ETH Zurich, 1233 
Switzerland, 2000. 1234 

Seward, D. and Mancktelow, N.S.: Neogene kinematics of the central and western Alps: 1235 
Evidence from fission-track dating, Geology, 22, 803-806, 1994. 1236 

Shuster, D.L., Ehlers, T.A., Rusmore, M.E., Farley, K.A., 2005:.: Rapid glacial erosion at 1.8 1237 
Ma revealed by 4He/3He thermochronology:, Science, v. 310, p. 1668-1670, 2005. 1238 

Small, E.E., and Anderson, R.S.: Pleistocene relief production in Laramide mountain ranges, 1239 
western United States, Geology, 26, 123–126, 1998. 1240 

Snyder, N.P., Whipple, K.X., Tucker, G.E., and Merritts, D.J., 2000,.: Landscape response to 1241 
tectonic forcing: DEM analysis of stream profiles in the Mendocino triple junction region, 1242 
northern California:, Geological Society of America Bulletin, v. 112, no. 8, p. 1250–1263, 1243 
2000. 1244 

Snyder, N.P., Whipple, K.X, Tucker, G.E., and Merritts, D.J., 2003a,.: Channel response to 1245 
tectonic forcing: Field analysis of stream morphology and hydrology in the Mendocino triple 1246 
junction region, northern California:, Geomorphology, v. 53, p. 97–127, 2003 1247 



 

 
2 

 41 

Spotila, J.A., Buscher, J.T., Meigs, A.J., and Reiners, P.W., 2004,.: Long-term glacial erosion 1248 
of active mountain belts: Example of the Chugach-St. Elias Range, Alaska:, Geology, v. 32, 1249 
p. 501-504, 2004. 1250 

Strahler, A.N.: Hypsometric (area-altitude) analysis of erosional topography, Bulletin of the 1251 
Geological Society of America, 63, 1117-1142, 1952. 1252 

Stüwe, K., White, L., and Brown, R., 1994,.: The influence of eroding topography on steady-1253 
state isotherms. Application to fission track analysis:, Earth and Planetary Science Letters, v. 1254 
124, p. 63-74, 1994. 1255 

Sue, C., Delacou, B., Champagnac, J.-D., Allanic, C., Tricart, P., and Burkhard, M.: 1256 
Extensional neotectonics around the bend of the western/central Alps: An overview, 1257 
International Journal of Earth Sciences, 96, 1101–1129, 2007. 1258 

Tonini, M., Pedrazzini, A., Penna, I., and Jaboyedoff, M.: Spatial pattern of landslides in 1259 
Swiss Rhone Valley, Natural Hazards, 73, 97-110, 2014. 1260 

Ustaszewski, M., Herwegh, M., McClymont, A.F., Pfiffner, O.A., Pickering, R. and Preusser, 1261 
F., 2007,.: Unravelling the evolution of an Alpine to post-glacially active fault in the Swiss 1262 
Alps:, Journal of Structural Geology, v. 29, p. 1943-1959, 2007. 1263 

Valla, P.G., Shuster, D.L., and van der Beek, P., 2011,.: Significant increase in relief of the 1264 
European Alps during mid-Pleistocene glaciations:, Nature Geosciences, v. 4, p. 688-692, 1265 
2011. 1266 

Vernon, A.J., van der Beek, P.A., Sinclair, H.D., Rahn, M.K., 2008,.: Increase in late 1267 
Neogene denudation of the European Alps confirmed by analysis of a fission-track 1268 
thermochronology database., Earth and Planetary Science Letters, v. 270, p. 316-329. , 2008. 1269 

Whipple, K.X.: Bedrock rivers and the geomorphology of active orogens, Annual Review of  1270 
Earth and Planetary Science, 32, 151–185, 2004. 1271 

Whipple, K.X., and Tucker, G.E., 1999,.: Dynamics of the stream-power river incision 1272 
model: Implications for the height limits of mountain ranges, landscape response time scales, 1273 
and research needs:, Journal of Geophysical Research, v. 104, no. B8, p. 17661–17674, 1999. 1274 

Willett, S.D., 1999,.: Orogeny and orography: The effects of erosion on the structure of 1275 
mountain belts:, Journal of Geophysical Research, v. 104, p. 28957-28981, 1999. 1276 

Willett, S.D., and Brandon, M.T., 2002,.: On steady states in mountain belts:, Geology, v. 30, 1277 
p. 175-178, 2002. 1278 

Willett, S.D., Schlunegger, F. and Picotti, V., 2006,.: Messinian climate change and erosional 1279 
destruction of the central European Alps:, Geology, v. 34, p. 613-616, 2006. 1280 

Willett, S.D., McCoy, S.W., Perron, T., Goren, L. and Chen, C.: Dynamic reorganization of 1281 
river basins, Science, 343, 1248765, 2014. 1282 

Willgoose, G. and Hancock, G.: Revisiting the hypsometric curve as an indicator of form and 1283 
process in transport-limited catchment, Earth Surface Processes and Landforms, 23, 611–623, 1284 
1998. 1285 



 

 
2 

 42 

Wittmann, H., von Blanckenburg, F., Kruesmann, T., Norton, K.P., and Kubik, P.W., 2007,.: 1286 
Relation between rock uplift and denudation from cosmogenic nuclides in river sediment in 1287 
the Central Alps of Switzerland:, Journal of Geophysical Research, v. 112, p. F04010, 2007, 1288 
doi:10.1029/2006JF000729 1289 

Wobus, C., Whipple, K.X, Kirby, E., Snyder, E., Johnson, J., Spyropolou, K., Crosby, B., and 1290 
Sheehan, D., 2006,.: Tectonics from topography: Procedures, promise, and pitfalls., In: 1291 
Willett, S.D., Hovius, N., Brandon, M.T. and Fisher, D.M. (Eds.), Tectonics, climate, and 1292 
landscape evolution: Geological Society of America Special Paper, Boulder, Colorado, USA, 1293 
398, p. 55–74, 2006. 1294 


