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Abstract: Torrential floods are hazardous hydrological phenomena that 

produce significant economic damage worldwide.  Flood reconstruction is 

still problematic in mountainous ungauged areas due to the lack of 

systematic real data, so other indirect techniques are required. This 

paper presents an integrated palaeoflood study of a Pyrenean stream that 

combines fluvio-torrential geomorphology, dendrogeomorphology, 

palaeoflood discharges and flow hydraulics. The use of a total station 

and airborne LiDAR data has allowed obtaining a detailed topography for 

geomorphological mapping and for running a one-dimensional hydraulic 

model. Based on the height of scars on several damaged trees, we obtained 

palaeodischarges of 316 m3s-1 and 314 m3s-1 for the 2008 and 2010 floods. 

The hydraulic parameters were related to the geomorphic position of 

trees, showing a positive relation between most energetic geomorphic 

elements and flow depth and velocity values. The most intensely affected 

trees are located in intermediate energy geomorphic positions. Analysing 

variabilities in scar height and flow stage differences, we suggest that 

most reliable trees for peak discharge estimation correspond to those 

placed in areas related with fluvio-torrential processes of intermediate 

energy. This multidisciplinary palaeohydrological study relates flood 

hydrodynamics with the damages on trees and their geomorphological 

characteristics, focusing on the hydraulic parameters of the peak flow 

(depth, velocity and unit stream power), which has never been carried out 

elsewhere. The proposed approach shows a high potential for palaeoflood 

analysis in ungauged mountain catchments with scarce non-systematic data. 
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Dear Editor Gert Verstraeten, 

 

We would like to thank the three reviewers for their useful comments on our paper “Four-topic 

correlation between flood dendrogeomorphological evidence and hydraulic parameters 

(the Portainé stream, Iberian Peninsula)”. All the comments were taken into account and 

incorporated in the reviewed version.  

 

Enclosed you will find the following documents, which are the result of the thorough revision: 

 

- Revision notes: point by point response to each editor’s and reviewers’ comment 

indicating how and where the changes have been introduced in the manuscript (pdf 

document entitled “Revision notes Victoriano_et_al”). We are aware that the extension of 

this document is longer than usual but this is because we received comments from the 

editor and three reviewers and we answered to all of them in detail. 

 

- Revision, changes marked: the tracked-changes version of the manuscript that includes 

all the changes as a result of the revision (word document entitled “Revision changes 

marked Victoriano_et_al”). 

 

- Revision, unmarked: the new revised manuscript (word document entitled “Manuscript 

Victoriano_et_al”). 

 

This revision has improved the quality of the manuscript, hoping it is now suitable for publication 

in CATENA. 

 

Sincerely, 

 

Ane Victoriano and co-authors 

 

Correspondence to: ane.victoriano@ub.edu 

Departament de Dinàmica de la Terra i de l’Oceà 

University of Barcelona 

RISKNAT Research Group 
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REVISION NOTES 

We thank the three reviewers for finding the paper interesting and for their useful 

revisions. We considered each comment made by the editor and the three reviewers, 

which considerably improved the quality of the manuscript. These corrections and 

suggestions have been incorporated in the new revised version of the manuscript, and can 

be easily identified in the marked version. A point-by-point response to each point of the 

reviewer’s comments is presented here, and the changes are referred by indicating line 

numbers of the “Revision changes marked” document. 

1. EDITOR 

The authors thank the editor for his decision on the manuscript. Regarding missing 

methodology and inappropriate references, they have been corrected by properly detailing 

the dendrogeomorphological methods and avoiding inaccessible or unpublished 

literature. The structure of the paper has also been improved. Some contents from the 

results section have been moved to methods, and we have changed the structure of the 

methods section to be coherent with the four-topic correlation addressed in the 

introduction. See response to comments from the reviewers for further details. 

2. REVIEWER 1  

The paper relates fluvial geomorphology and dendrogeochronology for flood 

reconstruction and, as stated by the reviewer, this has been previously assessed. However, 

apart from building stronger evidence, it also contributes on the quantification of the 

relation of geomorphology and tree-ring series with the specific hydraulic parameters 

(water depth, velocity and stream power) by analysing these variables according to the 

different geomorphic positions. Moreover, the stream power obtained for hydraulic 

reconstruction (modelling) is used to estimate the mobilizable particle size, which is 

compared to field measures in order to assess its reliability. Considering reviewer 

comments and the above explanations, the goal of the paper has been rewritten in the 

introduction section, to better represent the contribution of this paper. Besides, taking into 

account reviewer’s suggestion, we shortened the text to avoid unnecessary or repetitive 

information (e.g. introduction, study area and discussion sections) and we better 

explained some important ideas that required further details (e.g. methods for 

dendrochronological analysis and hydraulic modelling). The resulting manuscript is more 

direct.  

Reply to Major points 

1) The reviewer asks to justify the applications of a 1D model instead of a 2D one. A 1D 

hydraulic model was considered the best choice for this case study due to several 

factors.  

- Geometric factors: the 2D resolution of the topography (even integrating LiDAR 

total station data) does not allow obtaining an accurate terrain model, so a 2D 

model, instead improving the palaeoflood reconstruction results, would include 

more uncertainties. In fact, the study area is too large to be homogeneously 

surveyed with a high point-density using the total station, but small enough to 

acquire significant points at topographic breaklines, cross-sections and trees. We 

Revision Notes
Click here to download Revision Notes: Revision notes Victoriano_et_al.pdf
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have high-quality cross-sections measures in the field coinciding with tree 

locations, which provides appropriate input data for a 1D cross section based 

depth averaged calculations. Besides, 1D models have been outlined as the best 

option for narrow valleys with a length/width ratio higher than 3:1 (Desktop 

Review of 2D Hydraulic Modelling Packages, UK Environment Agency, 2009). 

Last but not least, the lack of bridges, dams or other features that cause 

contraction/expansion in the study area, characterized by a “natural” straight river 

reach, make a 2D model unnecessary, as there are not features along the cannel 

producing changes in the flow. 

- Hydrodynamic factors: the study reach is a steep gradient stream without 

floodplains a showing primarily unidirectional flow patterns. That is, the flow 

does not spread considerably.  Especially when high discharges (like the modelled 

ones), there is no split flow, and the flow is not divided (nor braided). 

- Other evidence: an apparent parallelism between the scars heights and riverbed 

has been observed in the field. Therefore, a gradually variable unidimensional 

model is enough for the study case. 

Other studies at mountain steep-gradient reaches showing the same configuration and 

characteristics as the Portainé stream, have used 1D hydraulic modelling and proved 

its suitability (Bodoque et al., 2011). In the revised manuscript, the choice of a 1D 

model and its justification has been included in the methods section (3.3. 

Palaeodischarge estimations and hydraulic modelling; line 330-338). 

2) In the original manuscript, hydraulic parameters were related to the position of the 

damaged trees according to the geomorphic form in which they locate (previously a 

geomorphological survey, mapping and classification was done). The reviewer 

suggests relating hydraulic parameters to other characteristics of the trees and not only 

their geomorphic position. Other studies, like Ballesteros-Cánovas et al. (2016) have 

analysed the specific characteristics of the position of the trees, such as the channel 

reach morphology, position with respect to the channel and the degree of exposure of 

the tree. During the review process, we have looked at these tree in-situ characteristics 

for our study area and the results are presented below. 

- Reach morphology: the study reach is a straight steep-gradient mountain stream 

without bends. All the channel can be considered as straight. 

- Tree position respect to the channel: this characteristic is already considered in 

our study, as the hydraulic parameters (depth, velocity, stream power) are 

calculated for channel and both riverbanks. When comparing those parameters to 

the geomorphic position of the trees, we used the specific values of the specific 

tree position (e.g., the depth is calculated exactly for the point where the tree 

locates).  

- Tree exposure: we have looked in detail if the scarred trees had any obstacle (large 

boulder or other trees) 5 m upstream from them. There are no significant obstacles 

in our study area, only two large boulders, but they are far away from the scarred 

trees and not affecting them. Therefore, all the scarred trees can be considered to 

be exposed to the flow in the same degree  

Hence, in our study area these characteristics are not relevant and useful to compare 

the damaged trees with the hydraulic parameters. Therefore, we consider that for the 



Portainé stream the best indicator is the determination of the specific geomorphic 

form on which each tree is located. In this sense, for the correlation of 

dendrochronology, geomorphology, discharges and flow hydraulics, we use the in-

situ hydraulic parameters (given by both the geomorphic position and the specific 

position of the tree inside the cross-section). In the new manuscript, we have added 

in the methods section an explanation about the use of the geomorphic form as the 

best evidence for the tree relation with the flow hydraulics (line 320-324).   

3) Some methods, regarding dendrogeomorphological analysis, were not accessible as 

still unpublished works were referenced. This has been amended and methodological 

details have been included in the methods section (3.2. Dendrogeomorphological 

analysis), such as sampling dates (line 268-269), the sampling strategy details and 

references (line 273-275), the species name (line 285-290) and dendrochronological 

analysis and dating steps and methods (line 298-309).  

 

4) Considering that the different topics constitute the procedure for tree-ring-based 

palaeoflood assessment, the goal of the paper has been readdressed, changing the 

corresponding paragraph of the introduction section (line 103-111). In the new 

version, we first present what this paper deals with, then the main aim of the paper is 

outlined as quantifying the relation between flow hydrodynamics and 

geomorphological characteristics of damaged trees, and finally we mention the new 

contributions, which are the correlation between hydraulic parameters (flow depth 

and velocity) and the specific geomorphic features of damaged trees, and the 

improvement of flow hydrodynamics knowledge by estimating the mobilizable 

particle size from the stream power obtained from the palaeodischarge estimation 

using hydraulic modelling. In summary, the novel contribution of this study lies in 

relating the 4 disciplines (dendrogeomorphology, fluvial geomorphology, 

palaeodischarges and flow hydraulics) especially focussing in the flow 

hydrodynamics.  

Reply to Specific comments 

HIGHLIGHTS: Answering the question about if trees located in intermediate flow energy 

positions are the most suitable ones for discharge reconstruction, we point out that in our 

study area they are. On the one hand, riverbed trees (high flow energy) are destroyed in 

high discharge events so these cannot be used for palaeoflood reconstruction. In fact, it is 

noteworthy the scarcity of trees located in the riverbed area (only two of the 21 scarred 

trees used in this study). On the other hand, some trees located in both side slopes (low 

flow energy) do not record dendrogeomorphological evidence because the energy is 

insufficient to produce damage or because the flow does not arrive to that position. In the 

field, many of the trees on the slopes did not show external disturbances and therefore, 

they were not sampled. This has been better explained in the discussion section (5.1. 

Discussion on the results and new contributions; line 647-651). 

INTRODUCTION: The statement “never before have been related the four elements: 

FDEs, geomorphological features, hydrological parameters and palaeodischarges” 

contained an error (hydrological should be hydraulic) has been replaced by another 

sentence that also provides missing reference (Ballesteros-Cánovas et al., 2016) relating 



the topics introduced in that paragraph. In the new manuscript, it says “However, 

dendrogeomorphological evidence have rarely been associated to geomorphic forms and 

correlated with the position of the trees (Ruiz-Villanueva et al., 2010) and also to other 

characteristics (Ballesteros-Cánovas et al., 2016)” (line 91-94). The next paragraphs have 

also been rewritten according to these changes (see next point). 

LINE 82-85: This sentence has been deleted and the paragraph rewritten, as the goal of 

the paper has been readdressed (see reply to 4th major point). 

UNACCESSIBLE REFERENCE: The reference Génova et al. (under review) is not 

accessible and it has been deleted throughout the text. In order to provide details which 

were referenced to this still unpublished work, much further methodological details have 

been provided in the methods section (see reply to 3rd major point).  

LINE 255-260: There are several reasons that explain why a 1D model was run in this 

study (see reply to 1st major point). Regarding topographic data, LiDAR data did not 

provide a good enough spatial resolution and elevation accuracy in the study area. Total 

station surveying could not provide a very high-resolution mess because the area is too 

large for a homogeneous topographic survey (we focussed on breaklines and trees), but 

we could obtain very detailed cross-sections. Last, differential RTK GNSS methods could 

not be applied in the entire area due to the dense vegetation (we measured with high 

accuracy some control points out of dense forest). Furthermore, even combining LiDAR 

data and more dense and accurate total station topographic data, we could not get a very 

accurate DEM to be used as a basis of a 2D model. For all the reasons explained above, 

running a 2D hydraulic models in such a context would include many uncertainties 

associated to interpolation errors. Therefore, we chose a 1D model and the drawback 

about topographic data was overcome introducing accurate cross sections measured in 

the field. The choice of a 1D model has been explained in the new manuscript in the 

methods section (3.3. Palaeodischarge estimations and hydraulic modelling; line 330-

338). Regarding the reviewer’s comment about uncertainties, we did not include any 

model distribution error (but we did include the absolute error of the scar height and the 

water table). First, the number of samples is too low for an error distribution analysis of 

the model, because it would just represent a numeric deviation not making sense due to 

the few trees. Second, in our 1D model there are not enough data to measure the model 

uncertainty (in a 2D model there would be, but that approach was not appropriate for our 

study areas, as explained in the reply to 1st major point).  

LINE 271: We can affirm that these small waterfalls produce critical conditions (even 

during natural regime). Other studies on a similar mountain context working with steep-

gradient reaches of the same characteristics as the Portainé stream have previously used 

these waterfalls as critical boundary conditions for the critical-depth method (Bodoque et 

al., 2011). Moreover, they are located in stable bedrock channel reaches. It is true that 

most of the studied stream is a mobile riverbed, but some stretches correspond to stable 

bed topography. Therefore, both for the stable nature and their critical flow conditions 

mentioned above, they are suitable for peak reconstruction, as they set good boundary 

conditions (critical sections), both for initial and final parameters for the hydraulic model. 

These specifications for cross sections’ suitability for the critical-depth method for peak 

discharge estimation have been included in this paragraph (line 380-385). 



LINE 280-282: This choice of the scars for hydraulic modelling is based on the 

dendrogeomorphological evidence of the specific study area, such as the total amount of 

dated scars (41 scars) and the number of torrential flows which formed FDE (10 events). 

Among all the scars, we can only use external ones for peak reconstruction because their 

height gives information about the water stage. We only had external scars from 2000 (4 

scars), 2006 (1 scar), 2008 (19 scars) and 2010 (6 scars) events. 2000 scars were almost 

closed, so they did not provide information about the height of the scar. In the case of 

2006, we only had a scar, and a unique height data was not considered enough for water 

stage estimation. Therefore, only 2008 and 2010 could be reconstructed, because we had 

a representative number of scars and their height could be measured in detail. Therefore, 

we have deleted the threshold outlined in the old version and better explained how we 

chose the events for hydraulic modelling in the methods section (3.3. Palaeodischarge 

estimations and hydraulic modelling; line 392-398).  

LINE 283-285: The reviewer says that this is a strong assumption that needs to be 

discussed and we agree that this was not well explained in the manuscript. This 

assumption is based on the historical documentation and the scar spatial and statistical 

distribution. The torrential events occurred in the 21th century are well documented. From 

2006 to 2015, 10 events have occurred in the study area (see 2. Problematic study area 

and hazard section). There is detailed documentary information on these events, and also 

other studies about the recent torrential activity of the Portainé stream (e.g., IGC 2013a, 

Palau et al. 2017). All of them outline, and it is well known by the local authorities, that 

the most destructive ones in terms of damages were the 2008 and 2010 events. But, two 

events occurred in 2008 (September and November) and two in 2010 (July and August), 

and there are not coniferous species for Traumatic Resin Ducts for intra-annual detection 

(moreover, this analysis focused in external evidences without microscopic analyses). 

Considering these limitations and the lack of microscopic tree-ring analyses, we could 

not determine which event formed each scar, but the assumption has sense for both cases.  

- 2008 (September and November): the September event was the most destructive 

event ever recorded in the study area (damages are recorded in all the road-channel 

crosses including the Montenartró bridge, located just upstream of the studied 

reach for where dendrogeomorphology was carried out), whereas the November 

event was a minor flow (it did not produced damages in the studied reach). 

Therefore, all the 2008 scars can be assumed to be formed by the September 2008 

event.  

- 2010 (July and August): they both were of intermediate magnitude and the 

recorded rainfall are of the same magnitude. But 9 sediment retention barriers 

were emplaced upstream of the study reach in 2009 (see 2. Problematic study area 

and hazard; 9 of the total 15 barriers were installed between 2008 and 2010). 

These barriers were filled during the first event after their installation, that is, in 

the July 2010 torrential event, when most of the material was accumulated in the 

barriers during that event, without reaching the study reach downstream. This 

means that the one in July did not transport material along the study reach because 

it was accumulated in recently emplaced sediment retention barriers (IGC, 

2010b); so, the scars would correspond to the August event when the barriers were 

already filled and the flow transported high sediment load. Therefore, we can 

assume that the scars were formed by boulder or wood impact in 2010 correspond 



to a unique event (the August 2010 one), as explained in the new version. 

Moreover, the normality test does not manifest any anomalous scar (that could be 

related to a different event), and the 6 scars show a uniform and a coherent scar 

height distribution.  

In the new manuscript, this assumption has been better discussed and clarified 

considering the explanation mentioned (line 403-410).  

LINE 288-289: In the field, orientation (facing towards the flow direction) of this 

anomalous scar suggested a fluvio-torrential origin, but its shape was rather anomalous 

and different to the rest of the scars. Afterwards, using the normality test, we almost 

confirmed that this scar is not related to the torrential event that formed the other 18 scars 

dated in 2008 scars. The normality test was applied to the variable d of equation 3, which 

is the difference between the maximum scar height and the water depth. The maximum 

scar height was chosen because indicates the minimum water elevation, so it can easily 

be compared to the modelled water elevation. This variable is represented as a Gaussian 

distribution in order to detect obvious anomalous scars that cannot be produced by the 

flow. A graph is included below that shows the results of the normality test for the 2008 

case. The tail on the right corresponds to a tree showing a 2.45 m high scar (relative scar 

height) and a height difference of 5.39 m for the Q=60m3s-1. This height difference value 

is very high compared to the rest of the 18 scars, which show differences between 0 and 

2.45 m. Therefore, this statistic analysis does not discretize suitable scars for palaeoflood 

reconstruction, but only detects a clear outlier which can hardly be attributed to the same 

torrential event as others. In fact, only one scar is discarded for 2008 and none for 2010. 

So, the normality test is not in contradiction with the sentence bridging the gap between 

dendrochronology and fluvial geomorphology, because it is only used to detect a scar that 

could not be formed by the impact of material transported during the 2008 high discharge 

event that formed the rest of the scars. Indeed, taking into account both the odd shape of 

the scar and its representation as an outlier when statistically comparing it to the rest of 

the scars, it is most likely related to a non-torrential process, so we did not use it as 

palaeostage indicator (PSI). Considering reviewer’s comment, more information about 

the how the normality test was applied, to which specific variable and its significance has 

been included in the manuscript (line 412-417). 

LINE 346: The geomorphic features were classified following Church et al. (2012), but 

also according to the formation energy of forms Villanueva et al. (2010). These two 

references are indicated in the methods section (line 233 and line 313), and we have 

avoided referring to the literature in the results section.  
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LINE 353: The degree of exposure in our study area is the same for all the scarred trees, 

as there are not significant obstacles upstream from them. This in-situ characteristic could 

not be considered in our study (see details in the reply to 1st major point). However, we 

have added two sentences in the manuscript to explain why this is not considered in our 

study and to justify the geomorphic position as the best characteristic in our study case 

(line 320-324). 

LINE 374-377: This sentence has been moved to the methods section (3.3. 

Palaeodischarge estimations and hydraulic modelling; line 443-446), where an adequate 

justification of the use of a 1D model has also been incorporated (see reply to 1st major 

point). 

LINE 391: We agree with the reviewer that stream power is highly correlated to velocity. 

The aim of the analysis of flow hydraulics presented in this study is not to relate these 

two variables among them, but to obtain and compare velocity and depth with the specific 

location and geomorphic position of the tree. The velocity and the stream power have the 

same value for each part (left bank, channel, right bank) of each cross section, but the 

depth changes depending on the specific location of the tree in the cross section. However, 

the values that were shown in table 3 are the outputs of the hydraulic model for each cross 

section, and not the specific values calculated for each tree according to their position. 

Therefore, table 3 has been removed from the text (we consider that the information is 

irrelevant for the paper goals) and included as supplementary material (see supplementary 

material; Table 1), and in order to meet reviewer’s requirements, we have substituted it 

with a different table (Table 3). This new table and includes the specific hydraulic 

parameters calculated for each tree used for palaeodischarge estimation. The reviewer 

asks how the assessment of these variables was done. Regarding the velocity, we 

considered the value depending on the position of the tree inside the section (left bank, 

channel or right bank). The unit stream power was obtained by dividing the total stream 

power of each section part (left bank, channel or right bank), which is given by the 

hydraulic model, by the active width of the modelled flow at each cross section part. Last, 

the water depth is calculated considering the location of the tree in the cross section, and 

therefore subtracting the elevation of the base of the tree to the modelled water surface 

elevation at that cross section.  Among these parameters, depth and velocity are calculated 

for each tree (4.4. Hydraulic parameters and mobilized particle size) and later on graphed 

for each specific tree geomorphic position (4.5. Relation between geomorphic forms, 

FDEs and flow hydraulics; Figure 9), and unit stream power is used to calculate the 

mobilizable particle size (4.4. Hydraulic parameters and mobilized particle size). For the 

particle diameter estimation for 2008, the values from the left bank of the Uc-Uc’ section 

were used (using the overbank elevation value, not tree base elevations) because it 

corresponds to the cone apex and indicates the boulder size that could be mobilized and 

deposited at the debris cone formed in the left side of the channel, where field measures 

of real boulders are available. The values for these calculations (w = 5221.92 Wm-2; d = 

1.03 m) are shown in the results sections of the new manuscript (4.4. Hydraulic 

parameters and mobilized particle size; line 567-568) and all the explained above has 

been summarized and included in the methods section of new manuscript (3.4. Flow 

hydrodynamics; line 448-468). Also, a new table has been included (4.4. Hydraulic 

parameters and mobilized particle size; Table 3). Therefore, this reviewer’s point has 

resulted in important changes in the methods and results sections.  



LINE 399-417: This section has been revised and changed (see reply to previous point). 

Many of the text has been moved to the methods section (3.4. Flow hydrodynamics), 

especially explanations about the different particle size estimation approaches. The new 

results section only focusses in the objective results obtained from the application of the 

different equations (4.4. Hydraulic parameters and mobilized particle size; line 564-574). 

SECTION 4.5: This section lies on the correlation of all the results obtained from the 

individual techniques (scar dating, geomorphological mapping, peak discharge 

reconstruction and flow hydrodynamics analysis). Even if other authors have already 

described frequent location of dendrogeomorphological evidence on trees, this correlation 

is not presented in any other previous work, especially the analysis of hydraulic 

parameters for each scarred tree according to its geomorphic position. We discuss why 

the geomorphic position is the best indicator in our study area in the reply to the 2nd major 

point. Regarding the reviewer’s suggestion about deciphering the best locations for peak 

discharge reconstruction, we have payed attention to it. For that, we have analysed the 

height difference (EQ. 3) of 2008 scars (because it is the event reconstructed with higher 

reliability and lower errors) at each geomorphic position as an estimation of model 

uncertainty, and then we have calculated the mean height difference for each type of 

geomorphic form.  

 

Mean height differences for each geomorphic position: 

- In-channel (1 tree): 0.07 m 

- Gravel bar (1 tree): 0.49 m 

- Terrace 1 (3 trees): 0.53 m 

- Terrace 2 (2 trees): 0.26 m 

- Secondary channel of cone (2 trees): 0.44 m 

Cross section Scar date Height difference (m) Geomorphic position 

M-M’ 2008 0.86 Right slope 

K-K’ 2008 0.49 Gravel bar 

Kb-Kb’ 2008 0.75 Terrace 1 

Kc-Kc’ 2008 1.04 Right slope 

Kd-Kd’ 2008 0.54 Terrace 1 

Ke-Ke’ 2008 0.31 Terrace 1 

P-P’ 2008 0.07 Terrace 2 

O-O’ 2008 0.07 In-channel 

Nb-Nb’ 2008 0.01 Right slope 

Y-Y’ 2008 0.46 Terrace 2 

Xb-Xb’ 2008 0.01 Artificial levee 

D-D’ 2008 0.82 Secondary channel of cone 

F-F’ 2008 0.04 Middle deposits of cone 

F-F’ 2008 0.28 Middle deposits of cone 

C-C’ 2008 0.10 Middle deposits of cone 

C-C’ 2008 0.41 Middle deposits of cone 

G-G’ 2008 0.07 Secondary channel of cone 

G-G’ 2008 0.00 Middle deposits of cone 



- Middle deposits of cone (5 trees): 0.17 m 

- Artificial levee (1 tree): 0.01 m 

- Right slope (3 trees): 0.63 m 

Therefore, at a first glance, the best locations for peak discharge reconstruction seem to 

be in-channel and artificial levee. However, we only have 1 tree at each of this positions. 

Among the geomorphic form where more than a unique tree is scarred, the best results 

are obtained for the terrace 2 and the middle deposits of the cone. This is in concordance 

with the results presented in the 4.5. subsection. This analysis has been included at the 

end of the results section of the new manuscript (4.5. Relation between geomorphic 

forms, FDEs and flow hydraulics; line 620-632). Also, the implications of these results 

for the reliability of peak discharge reconstruction is addressed in the discussion section 

and compared to Ballesteros-Cánovas et al. (2016) (line 729-733).  

LINE 487: We have corrected this reference because the work de las Heras (2016) it is 

indeed accessible. In the new manuscript, we have added the correct reference in the 

reference list (line 959-952), providing the link to the digital archive where it can be 

accessed from.  

Reply to final comment 

 We have considered and included in the manuscript all the comments from the 

reviewer. Regarding the special recommendation on providing quantitative information 

about the suitability of individual trees for palaeodischarge estimations, we have carried 

out an included an analysis of the uncertainties on scars according to their geomorphic 

position (see reply to section 4.5.). The results suggest once again that, in our study area, 

the most reliable trees for palaeoflood reconstruction are located in geomorphic positions 

related to processes of intermediate energy.  

New references: 

Ballesteros-Cánovas, J.A., Stoffel, M., Spyt, B., Janecka, K., Kaczka, R.J., Lempa, M., 

2016. Paleoflood discharge reconstruction in Tatra Mountain streams. Geomorphology 

272, 92-101. doi:10.1016/j.geomorph.2015.12.004 

Cook, E.R., Kairiukstis, L.A., 1990. Methods of Dendrochronology. Applications in the 

Environmental Sciences. Springer, Dordrecht, Netherlands. doi:10.1007/978-94-015-

7879-0 

Grissino-Mayer, H. D., 2001. Evaluating crossdating accuracy: a manual and tutorial for 
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3. REVIEWER 2 

The authors appreciate the reviewer’s opinion considering that the paper has 

remarkable interest and potential.  



Regarding the details of dendrogeomorphology, we have solved the problem in the 

new manuscript. The citation of an “under review” paper has been removed and specific 

methodological details on dendrogeomorphological sampling and analysis have been 

included, as explained in the reply to the first reviewer’s 1st major point. Therefore, details 

of the dendrogeomophology are included in the methods section of the new revised 

version, which has been completely rewritten (3.2. Dendrogeomorphological analysis; 

line 268-309).  

The reviewer says that we mention that different FDEs were dated (external and 

internal scars, decapitations and branch replacement, suppressions, growth releases and 

asymmetries) but no results are shown about the last ones. We want to clarify that the 

mesoscopic FDE (i.e., suppressions, releases and asymmetries) were only used as 

complementary data to date the torrential events, but they are not specifically analysed in 

this study. That is, they provided some additional information to more reliably date past 

events but they are not used for palaeoflood reconstruction, because they do not provide 

information on the minimum water surface elevation so they are not useful for peak 

discharge estimation. In order to be more clear and avoid confusion, we have avoided 

mentioning those FDE that are not used in this study by deleting that sentence and 

explaining that we only considered external growth disturbances in this study, and among 

them, scars were used for palaeoflood reconstruction (3.2. Dendrogeomorphological 

analysis; line 298 and line 306-309). 

In terms of tree tilting, we should mention that tilting was not dated in this study. We 

only focussed on external disturbances on trees. Scars were dated and used as flood 

palaoestage indicators (PSIs), and their geomorphic position was also analysed. The rest 

of the used FDEs (i.e. decapitations, tilting and root exposure) were identified, located 

and their geomorphic positions analysed, in order to integrate it with the scars and 

compare the formation of external disturbances according to the geomorphic form on 

which the trees are located. Therefore, growth responses (e.g., suppressions, releases and 

asymmetries) were not used in this study and the old manuscript was rather confusing as 

it listed them even if they were then not used. Thus, in the revised manuscript, we have 

avoided mentioning types of growth responses and we have only explained the external 

disturbances used in this study (3.2. Dendrogeomorphological analysis; 303-309). This 

reply justifies why we did not mention other indicators as reaction wood.  

We agree with the reviewer that there was missing information on the species used. 

We have included the name of the species that were both analysed (Populus tremula L., 

Populus nigra L., Fraxinus excelsior L., Prunus avium L., Quercus petraea (Matt.) 

Liebl., Tilia platyphyllos Scop., Juglans regia L., Acer campestre L. and Salix caprea L.) 

for dendrochronological dating (3.2. Dendrogeomorphological analysis; line 28-290), but 

also specifically the species of the scars that were finally used for the hydraulic modelling 

of 2008 and 2010 events (3.3. Palaeodischarge estimations and hydraulic modelling; line 

417-420). This species information and the new dendrogeomorphological methods 

subsection have been highly improved in this sense. Among the sampled trees, there are 

no coniferous species, so Traumatic Resin Ducts were not used in this study. A sentence 

indicating that the trees used in this study are broadleaf species has been included in the 

study area and hazard section (line 175-176). 



To sum it up, all the requirements of the reviewer have been considered and much 

further details of dendrogeomorphology have been included in the new manuscript, 

giving an adequate methodological description. That is, we no longer refer to the “in 

review” paper and we provide all the necessary details about the dendrogeomorphological 

study in the revised version.  

4. REVIEWER 3 

The reviewer considers that the paper is of high importance and interest, and we are 

thankful for these words. The comments and suggestions have been incorporated and the 

manuscript has improved a lot.  

Reply to detailed comments 

LINE 29: The time period of the events dated using tree-ring analysis is from 1957 to 

2010. In the new manuscript, we have not included this information (we have deleted that 

sentence), because these are not the results obtained in this study, where we only 

reconstruct 2008 and 2010 events, and we consider that they are not necessary in the 

abstract.  

LINE 31: We are sorry about the mistake in this sentence. The most intensely affected 

trees in our study area locate in intermediate energy geomorphic positions, which 

correspond to second level of alluvial terrace and alluvial cone, and not in high energy 

positions such as the channel and first level of alluvial terrace. The abstract has been 

corrected by deleting the “high” word (line 33). 

ABSTRACT (LAST SENTENCE): The sentence has been rephrased to emphasize the 

contribution and innovativeness of the approach presented in this study. As the goal of 

the paper has been readdressed as a result of the revision (see reply to 4th major point of 

reviewer 1), two new sentences outline the combination of techniques with special 

detailed analysis of hydraulic parameters, which has not been carried out before 

elsewhere, and the application of such an approach (1. Introduction; line 108-111). 

Therefore, the last sentences of the abstract in the new manuscript are “This 

multidisciplinary palaeohydrological study relates flood hydrodynamics with the 

damages on trees and their geomorphological characteristics, focusing on the hydraulic 

parameters of the peak flow (depth, velocity and unit stream power), which has never 

been carried out elsewhere. The proposed approach shows a high potential for palaeoflood 

analysis in ungauged mountain catchments with scarce non-systematic data” (line 40-45).  

LINE 55: The mistake has been correcting writing the word “lichenometric” properly and 

the word “or” has been added just before (line 70).  

LINE 58-60: Worldwide references on different palaeohydrology approaches have been 

added in the new manuscript. On the one hand, we have included examples of peak 

discharge and flow hydraulics reconstruction (Chow, 1959; Lang et al., 2004; O’Connor 

and Webb, 1988; Webb and Jarrett, 2002). On the other hand, we have provided an 

adequate background on studies about palaeoflood occurrence and dynamics focussing in 

fluvial geomorphology (Baker and Pickup, 1987; Baker et al., 1988) and/or 

dendrogeomorphology (Gottesfeld, 1996; Kundzewicz et al., 2014; Malik and Matyja, 

2008; Sigafoos, 1964; Yanosky and Jarrett, 2002; Zielonka et al., 2008). All these 



references have been added in the introduction section. Besides, we have also rewritten 

and shortened the two paragraphs providing worldwide references because it was 

somehow repetitive. Therefore, the new manuscript provides an adequate, clear and 

precise background (line 57-70). 

LINE 61: Following the reviewer’s suggestion, we have added a new paragraph in the 

introduction section that explains the limitations and restriction of the application of each 

individual method in mountain areas (line 96-102). These limitations are the justification 

of the approach of this study, based on combination of all the techniques (line 103-104), 

which overcomes the specific drawbacks of the results obtained from isolated methods 

by relating all the results.  

LINE 63: We agree with the reviewer that some global references were missing regarding 

flood reconstruction using dendrogeomorphology. We have searched for worldwide 

studies on this theme and added them (see reply to line 58-60 and new references). In this 

way, we have included dendrogeomorphological works applied to palaeofloods in the 

introduction section (line 67-69).  

LINE 82-84: The text in parenthesis refers to the specific works carried out in our study 

area, but not to the definition of the research disciplines. In order to avoid confusion, we 

have deleted the text in parenthesis and changed the sentence (line 103-104).  

LINE 91: It is true that our study has its limitations as explained in the discussion section, 

and that is the reason because we combine the four techniques for a better comprehension 

of the torrential dynamics and system behaviour. Following reviewer’s suggestion, we 

have deleted the word “realistic” and rephrased the sentence as “allows us to obtain an 

improved knowledge about fluvio-torrential dynamics in areas with few source data” (line 

108-111).  

LINE 121-125: We have corrected the writing of species along the text. The species are 

written with their complete scientific writing name in latin (e.g. Populus tremula L.) when 

they appear for the first time in the text in the methods section (3.2. 

Dendrogeomorphological analysis; line 286-290) and in their abbreviated way (e.g. P. 

tremula) when mentioned later (3.3. Palaeodischarge estimations and hydraulic 

modelling; line 417-419).  

FIGURE 3: We have changed the figure to be coherent with the paper structure. In the 

new figure the methodological procedure of the four palaeohydrology subdisciplines has 

been indicated separately and their combination has been better represented. Mainly, we 

have divided the “hydraulic modelling” input (which is not really an input, but a method) 

in two different ones, which are “palaeodischarge estimation” and “flow hydrodynamics” 

(Figure 3). This change has also been made in the methods section text, where a 

subsection (see reply to editor comments). At the bottom of the figure, boxes have 

changed to better illustrate the combination of the different topics; e.g. relation between 

tree characteristics and hydraulic parameters and mobilizable particle size estimation 

(Figure 3).  

CHAPTER 3: The methods section structure has been changed, so in the new manuscript 

there are four subsections, each one corresponding to one the disciplines. This makes it 

easier to follow the paper and is coherent with the tittle and with the introduction. The 



new version is structured in the following methods subchapters: 3.1. Geomorphological 

analysis and mapping; 3.2. Dendrogeomorphological analysis; 3.3. Palaeodischarge 

estimations and hydraulic modelling; 3.4. Flow hydrodynamics. The combination of all 

of them is presented in the results section, where first results of each of the technique are 

shown (subsections 4.1. to 4.4.) and then the results obtained from their relation and 

integration (4.5. Relation between geomorphic forms, FDEs and flow hydraulics).  

LINE 167-168: The total station surveying was carried mainly carried out during a first 

field campaign in March 2014, but some topographic points to locate sampled trees were 

also acquired in March 2015 and September 2015. The surveyed area covered 4850 m2. 

The collected point dataset consisted of 1118 points, from which 853 are ground points 

(terrain + cross sections) and 265 are tree data (tree base location + height of scars and 

decapitations). These details about the topographic data acquisition using a total station 

have been added to the methods section (3.1. Geomorphological mapping and analysis; 

line 223-231). 

LINE 177: For the integration of the different topographic data sources, we first assumed 

that total station data is the most reliable one (because it focused on in situ topographic 

breaklines, geomorphic elements and trees). For total station points we created a buffer  

(0.5 m in steep areas and 1 m in flat areas) and intersected it with LiDAR points. For each 

LiDAR point falling within a total station-based buffer, a maximum elevation difference 

was stablished as a threshold for it acceptance or rejection (0.5 m). Those points showing 

higher differences in elevation were removed. Therefore, we only used LiDAR points that 

fell outside the buffer or inside the buffer but below the threshold.  Finally, selected 

LiDAR points and total station ground points (excluding those of FDE heights) were 

merged into a point dataset, which was then used to generate the TIN. Details about this 

topographic data integration explained here have been included in the manuscript (line 

362-369). 

LINE 191-192: The main mapped geomorphological elements are itemized in the last 

sentence of this paragraph. However, we have changed the paragraph and moved the list 

of the geomorphological elements to the previous paragraph about geomorphological 

field mapping (line 234-237). After describing the geomorphic features, we mention the 

digitation of them in a GIS environment. The new version is clearer. 

LINE 195-196: The date of the geomorphological mapping fieldwork campaigns are 

March 2014, March 2015, September 2015 and June 2016 (note that the topographical 

data acquisition to create the geomorphological map was performed in March 2014, and 

the rest of campaigns were based on just identifying changes along the channels without 

taquimetric survey). The performance of four multi-temporal field surveys, explaining 

that topographic data was only acquired in the first one and that a single 

geomorphological map is created, has been added (line 231-243).  

LINE 205: When we give a brief definition of dendrogeomorphology we just introduce 

the concept of dendrogeomorphological evidence, without itemizing which kind of 

evidence can be formed. We have deleted part of this sentence and we have listed the 

different type of FDE found and sampled in the study later on (line 272-273).  



LINE 212-213: The subsection about dendrogeomorphological analysis was rather 

confusing in the old version, as we mentioned some FDE that were not explicitly used in 

this study. In fact, the growth responses to which this reviewer’s comment refers were 

just a general itemization, but none of them were analysed in this study. This paper is 

focussed on the external disturbances on trees without any mesoscopic or microscopic 

analysis or techniques. Among external disturbances, we dated scars, which were then 

used as palaeostage indicators for peak discharge reconstruction. Decapitations, tilting 

and root exposure were localized in the field and their position was used for stablishing 

their relation with geomorphic forms, in order to correlate the formation of external 

disturbances due to torrential events according to the different geomorphologic features. 

Therefore, in the revised manuscript, we have avoided mentioning types of growth 

responses and we have only explained the external disturbances used in this study (3.2. 

Dendrogeomorphological analysis; line 268-273). This reply justifies why we did not 

mention other indicators as reaction wood. Regarding traumatic rows of resin ducts, we 

did not use them because there are not coniferous in the study area.  

LINE 221-222: The sampling was carried out during three field surveys, in March 2014, 

March 2015 and September 2015. The sampled species were Populus tremula L., Populus 

nigra L., Fraxinus excelsior L., Prunus avium L., Quercus petraea (Matt.) Liebl., Tilia 

platyphyllos Scop., Juglans regia L., Acer campestre L., Salix caprea L. and Betula 

pendula Roth. In the revised manuscript, we have made important changes to the 

subsection of dendrogeomophological analysis methods (see reply to 3rd major point of 

reviewer 1), and information of sampling dates (line 268-269) and species (line 286-290) 

has been included in the new version. Also methodological details on 

dendrogeomorphological sampling, analysis and dating are present in the new manuscript 

(3.2. Dendrogeomorphological analysis).  

LINE 228: Yes, these samples are wedges with callus portion. That is, we extracted 

wedges in some trees showing callus overgrowing and covering part of the scar. In our 

study area, callus are well-defined so the dating of wedges was very useful for the 

subsequent dating of the scar or start of callus formation, because they provided more 

reliable results than cores. We have specified in the manuscript that “some wedges were 

extracted from overgrown callus in scarred trees” (line 282-283).  We have also added 

the number of wedges dated for each of the modelled years (line 418-420).  

LINE 228: Cross-sections and wedges were processed in the same way as cores, that is, 

(i) sample air-drying, high-precision sanding and preparing; (ii) tree ring counting and 

width measuring using a LINTAB table (with 1/100 mm accuracy) and the associated 

software TSAPWin (RinnTech, 2003); (iii) representation of tree ring series; (iv) cross-

dating using visual and statistical techniques (Cook and Kairiukstis, 1990); and (v) quality 

check using the Cofecha software (Grissino-Mayer, 2001). This laboratory 

dendrochronological analysis procedure has been detailed in the new manuscript, and we 

have indicated that all the samples (i.e. cores, wedges and sections) were processed in the 

same way (3.2. Dendrogeomorphological analysis; line 298-299). Regarding the death 

year, it was estimated by dating the last ring. This ring was dated by comparing the tree-

ring series with other living trees of the same specie using visual and statistical techniques 

and cross-dating, as explained above. For the modelled years, only two samples from 

2008 were from dead trees and their last ring was dated from 2012 and 2013. However, 



the death year can be uncertain, as some trees can be alive without forming rings during 

an undetermined time, but we at least are able to cross-check tree-ring series to date the 

scar year. Details on the procedure of dead trees dating has been included in the methods 

section (3.2. Dendrogeomorphological analysis; line 304-305).  

LINE 231-232: The text about the age of the analysed trees has been removed because it 

is not relevant for this study.  

LINE 233-234: The citation of the paper in review has been removed and specific 

methodological details on dendrogeomorphological sampling and analysis have been 

described in the new manuscript (see reply to 1st major point of reviewer 1). Therefore, 

details of the dendrogeomophology are included in the methods section of the new revised 

version, which has been completely rewritten (3.2. Dendrogeomorphological analysis).  

LINE 235-237: Considering both this comment and reviewer 2 ones, we have avoided 

mentioning growth releases releases, suppressions and asymmetries at this point of the 

paper, because these FDE are not used for the hydraulic modelling of this study (see reply 

to reviewer 2). Therefore, we have deleted that sentence and added another one explaining 

that we only considered external growth disturbances in this study (those shown in Figure 

8 and Table 6), and among them scars were used for palaeoflood reconstruction (3.2. 

Dendrogeomorphological analysis; line 298 and line 306-307). The use of only external 

disturbances is because they are the best indicators of fluvio-torrential activity and can 

vary depending on the geomorphic position of the tree. Tree-ring growth anomalies or 

asymmetries can be related to other factors and do not indicate the occurrence of an event 

by themselves.  

LINE 253-254: The third parameter for running the hydraulic model are discharges, and 

those are obtained using the maximum height of tree scars as palaeostage indicators 

(PSIs). That is, the height of the scar indicates the water elevation for that tree and the 

discharge is obtained by a trial-and-error approach based on searching for the minimum 

standard deviation between the modelled water level and the scar height. This is explained 

in the fourth paragraph of the 3.3. subsection. However, in order to be easy to understand 

that this paragraph refers to the third parameter for hydraulic modelling (discharge), we 

have changed the first sentence and indicated that “Palaeodischarges were calculated 

using external scars as palaeostage indicators (PSIs)” (line 386-388).  

LINE 257: This sentence was not clear enough so we have changed it and better explain 

why we run two different hydraulic models. The issue here is that each topographic data 

source has it strengths and limitations. On the one hand, total station data (total station 

data acquisition is explained in subsection 3.1.). is the most reliable one because it 

includes sharp topographic changes with high accuracy (see reply to comment line 177), 

but the point density is not enough for a good terrain model. On the other hand, the 

inclusion of LiDAR data provided a higher point density and allows to create much more 

cross sections, but these points do not represent sharp changes of the terrain, and 

moreover, the elevation accuracy in mountain areas makes it less reliable than total station 

data. Therefore, we decided to run two models: one using only total station data, and 

another one using the integration of LiDAR and total station data. The two different 

hydraulic models run in this study and the justification for it have been better explained 

in the revised manuscript (line 342-355).  



LINE 279: It is true that the use of the scar height as an indicator of the minimum water 

stage (palaeostage indicator, PSI) has its limitations. In this study, we use the maximum 

scar heights, which has been indicated in the new manuscript (line 759-761) because it 

was not explained. The main limitations or uncertainties of this method are: (i) the scar 

could be formed by boulders or woody material accumulated upstream from the tree, so 

the scar height would be higher than the flood stage and the discharge would be 

overestimated (Ballesteros-Cánovas et al., 2010); (ii) the scar could be partially closed, 

so the maximum height measured in the field would be lower than the height at the 

formation time and the discharge would be underestimated (Guardiola-Albert et al., 

2015); and (iii) the scar could be formed by bedload material instead of floating boulder 

or wood, so the discharge would be underestimated (Ballesteros-Cánovas et al., 2010). 

These limitations have been included in the discussion section, also including references 

(5.2. Limitations of the data sources; line 763-770).  

LINE 280: This choice of the scars for hydraulic modelling is based on the 

dendrogeomorphological evidence of the specific study area, such as the total amount of 

dated scars (41 scars) and the number of torrential flows which formed FDE (10 events). 

Among all the scars, we can only use external ones for peak reconstruction because their 

height gives information about the water stage. We only had external scars from 2000 (4 

scars), 2006 (1 scar), 2008 (19 scars) and 2010 (6 scars) events. 2000 scars were almost 

closed, so they did not provide information about the height of the scar. In the case of 

2006, we only had a scar, and a unique height data was not considered enough for water 

stage estimation. Therefore, only 2008 and 2010 could be reconstructed, because we had 

more than one scar and their height could be measured in detail. Therefore, we have 

deleted the threshold outlined in the old version and better explained how we chose the 

events for hydraulic modelling in the methods section (3.3. Palaeodischarge estimations 

and hydraulic modelling; line 392-398). 

LINE 283-285: The reviewer says that this is a strong assumption that needs to be 

discussed and we agree that this was not well explained in the manuscript. This 

assumption is based on the historical documentation and the scar spatial and statistical 

distribution. The torrential events occurred in the 21th century are well documented. From 

2006 to 2015, 10 events have occurred in the study area (see 2. Problematic study area 

and hazard section). There is detailed documentary information on these events, and also 

other studies about the recent torrential activity of the Portainé stream (e.g., IGC 2013a, 

Palau et al. 2017). All of them outline, and it is well known by the local authorities, that 

the most destructive ones in terms of damages were the 2008 and 2010 events. But, two 

events occurred in 2008 (September and November) and two in 2010 (July and August), 

and do not have coniferous species for Traumatic Resin Ducts for intra-annual detection 

(moreover, this analysis focused in external evidences without microscopic analyses). 

Considering these limitations and the lack of microscopic tree-ring analyses, we could 

not determine which event formed each scar, but the assumption has sense for both cases.  

- 2008 (September and November): the September event was the most destructive 

event ever recorded in the study area (damages are recorded in all the road-channel 

crosses including the Montenartró bridge, located just upstream of the studied 

reach for where dendrogeomorphology was carried out), whereas the November 

event was a minor flow (it did not produced damages in the studied reach). 



Therefore, all the 2008 scars can be assumed to be formed by the September 2008 

event.  

- 2010 (July and August): they both were of intermediate magnitude and the 

recorded rainfall are of the same magnitude. But 9 sediment retention barriers 

were empaced upstream of the study reach in 2009 (see 2. Problematic study area 

and hazard; 9 of the total 15 barriers were installed between 2008 and 2010). 

These barriers were filled during the first event after their installation, that is, in 

the July 2010 torrential event, when most of the material was accumulated in the 

barriers during that event, without reaching the study reach downstream. This 

means that the one in July did not transport material along the study reach because 

it was accumulated in recently emplaced sediment retention barriers (IGC, 

2010b); so, the scars would correspond to the August event when the barriers were 

already filled and the flow transported high sediment load. Therefore, we can 

assume that the scars were formed by boulder or wood impact in 2010 correspond 

to a unique event (the August 2010 one) , as explained in the new version. 

Moreover, the normality test does not manifest any anomalous scar (that could be 

related to a different event), and the 6 scars show a uniform and a coherent scar 

height distribution.  

In the new manuscript, this assumption has been better discussed and clarified 

considering the mentioned explanations (line 401-410).  

LINE 336: In the new manuscript, the date of the geomorphological field campaigns 

(March 2014, March 2015, September 2015 and June 2016) is mentioned in the methods 

section when presenting data collected in the field (3.1. Geomorphological analysis and 

mapping. We have also clarified that the topographic data acquisition was performed in 

the first survey (March 2014), and the following field campaigns consisted in identifying 

changes on the channel and mapping them. Therefore, a unique geomorphological map 

was created for the study area, even if changes along the channel were mapped during the 

following fieldwork (March 2015, September 2015 and June 2016). Moreover, the 

geomorphic position of the trees, presented in the paper, did not change in time. The 

second paragraph of the 3.1. subsection has been rewritten in the new manuscript to make 

it clear when and how the geomorphological analysis and mapping was carried out (line 

231-240). Please note that dendrogeomorphological sampling was only carried out during 

the first three field campaigns (March 2014, March 2015 and September 2015). This has 

also been indicated (3.2. Dendrogeomorphological evidence; line 268-269). 

LINE 336-343: We have made changes in the manuscript regarding this point. In fact, the 

old version said that four geomorphological maps were created but it was a mistake. Only 

one geomorphological map was obtained based on the topographic survey in March 2014, 

and in the following surveys, changes along the channels were marked in the field above 

the geomorphological map, without creating a map for each survey (line 237-240). 

Moreover, the geomorphic position of the trees, presented in the paper, did not change in 

time. Therefore, we consider that including a maps for each survey marking the changes 

is not necessary for this study, and that the geomorphological map shown in figure 5a is 

enough. 

FIGURE 5: Tree codes are not usually indicated if they do not provide any information 

by themselves. However, in this figure (an only in this figure) we indicated the ID codes 



of trees because they help to identify each photo in the map of figure 5a. As the aim of 

the figure is illustrating the different geomorphic positions of the trees, their code helps 

to identify them in the geomorphological map, where different geomorphic elements are 

shown.  

LINE 361-362: This sentence has been removed because it is not a result and it is 

previously explained in the methods section.  

FIGURE 6: We have considered adding the discharges calculated based on the total 

station to the figure, but this is not feasible. The total station data mean squared errors are 

much lower (0.099 to 0.078 m) than the TIN-based errors displayed in the figure (0.249 

to 0.232). Therefore, when we display both lines in the same graph, the Y axis of the 

graph ranges between 0.249 to 0.078, and the lines are smoothed so the estimated 

palaeodischarges (the ones corresponding to the minimum MSE) can not be visualized 

and the graph does not provide useful information visually. The TIN-based and total 

station-based discharges should be represented in two different graphs, but we think that 

two graphs are excessive and that including just one example (the TIN-based 2008 

palaeodischarge calculation) is enough.   

LINE 374-376: This sentence has been moved to the methods section, but also other 

contents of this paragraph (see reply to reviewer 1 comment line 399-417). In fact, the 

critical overflow discharges were not explained in the methods and first mentioned in the 

results. In the new manuscript, the approach for bank overflow discharge estimation is 

presented in the methods (3.3. Palaeodischarge estimations and hydraulic modelling; line 

443-446) and the obtained discharges in the results section (4.3. Flood discharges; line 

532-538). 

FIGURE 7: The scale has been added to the figure, but also the coordinate system 

specifications.  

LINE 402-404: In the field, we selected 10 boulders that were representative of the 

boulders forming the deposits of the alluvial cone. In fact, the boulder size in the deposit 

is rather homogenous. However, we chose samples of different size (from largest ones to 

smallest ones) to obtain the most representative measures. The obtained mean size shows 

a variance of 0.06 for intermediate axes. This low value confirms the suitability of the 

measured boulders as an enough number of boulders for the study area.  

LINE 407: this paragraph has been almost completely moved to the methods (see reply 

to reviewer 1 comment line 399-417), avoiding the reference in the results.  

TABLE 4: The relative size of the boulders was determined according the field 

observations, so, we did not use any general methodology. Therefore, the different 

relative sizes established in this study are based on the deposit of the Portainé alluvial 

cone, and cannot be used for other study areas. The most common boulder size observed 

in the field is between 20-30 cm (medium relative size). For this study, we named “small” 

those blocks with less than 20 cm length, and “big” if they were larger than 30 cm. 

However, these threshold are for the common sized particles, but there are also few 

particularly small (<10 cm) or big (> 1 m) ones. Considering the variety of particle size 

and in order to get a good representation of the deposit, we considered 5 medium-sized, 



2 small/big and 1 very small/very big particles, obtaining a total of 10 representative 

measures. The mentioned relative size classification can be summarized as follows: 

- Very small: <10 cm length. 1 measure. 

- Small: 10-20 cm. 2 measures. 

- Medium: 20-30 cm. 5 measures. 

- Big: 30-100cm. 2 measures. 

- Very big: > 1m. 1 measure. 

This procedure for establishing thresholds has been included in this response to the 

reviewer but we consider that it is not necessary including it in the manuscript, because it 

is just a local approach not based in any existing methodology. 

TABLE 6 / FIGURE 8: We agree with the reviewer that Table 6 and Figure 8 should be 

reduced because they represent the same data. Therefore, in the new version, we have 

deleted the table and included it as supplementary material. However, following the 

suggestions from this reviewer for Figure 8 (see next point), we have made changes into 

this FDE-geomorphology relation, by dividing the number of each FDE type at each 

geomorphic position by the number of trees; that is, representing the number of FDE per 

tree. These new calculations have been included both in the table (supplementary 

material; Table 2) and figure (Figure 8). Thus, the new manuscript has been reduced by 

deleting the table.  

FIGURE 8: This figure has been modified considering the reviewer’s suggestions. We 

have modified the variable to represent in the figure by dividing the number of each FDE 

type at each geomorphic position (old representation) by the number of trees (new 

representation); that is, representing the number of FDE per tree. Also, some results of 

the total of FDE (sum of the four different external FDE) per tree for geomorphic 

positions have been included in the results section (4.5.Relation between geomorphic 

forms, FDEs and flow hydraulics; line 596-598) to support the results that “most intensely 

damaged tree concentrate on the geomorphological elements related to processes of 

intermediate energy (second terrace and alluvial cone)”. The number of FDE per tree have 

been grouped in 5 categories, and the size of the symbol in the figure indicates it, from 

low to high as follows: 

- < 0.5 

- [0.5-1) 

- [1-1.5) 

- [1.5-2) 

- ≥ 2 

We have also added to the figure a legend that allows easily identifying the graphical 

results in this qualitative way (Figure 8). 

LINE 453-454: We are aware that the number of scars depends on the number of trees at 

each geomorphic form (see reply to previous point). However, we want to clarify that we 

sampled all the trees showing indicators of damage in the field. That means that the 

quantity of samples is also related to the real disturbances recorded on trees, and therefore, 

the number of dated scars for each geomorphic position is a pretty good representation of 

scar formation due to torrential events for our study area. We have added a sentence in 

the new manuscript indicating that all the tree showing scars were sampled (4.5. Relation 



between geomorphic forms, FDEs and flow hydraulics; line 617), so the concentration of 

scars in the alluvial cone is not conditioned by the sampling strategy.  

LINE 459: The word “novel” has been avoided. In fact, this long sentence has been 

shortened by deleting repetitive text (5.1. Discussion on the results and new contributions; 

line 636-640).  

LINE 463-465: As explained in the reply to reviewer 2 and reply to reviewer 3 line 453-

454, the external FDE are the only one used in this study, and never internal ones like 

growth releases, suppressions or asymmetries. Therefore, when we say that “formation 

of different dendrogeomorphological evidence (FDEs) depends on the geomorphic 

position of the affected trees” we refer to external disturbances (i.e. decapitation, scars, 

tilting and root exposure), but not to other FDE. In order to be clear about the FDE 

analysed and used in this study, we have avoided mentioning other FDE throughout the 

text and we have focussed in the external disturbances, as explained in the methods 

section (3.2. Dendrogeomorphological evidence; line 298).  

LINE 437: This contradiction has been amended by deleting “high” in the abstract, which 

was an error. The new manuscript has been unified, and the position of the most intensely 

damaged tree is indicated as being the geomorphic elements related to torrential processes 

of intermediate energy. 

LINE 547-554: Limitations of the topographic data could not be eliminated due to the 

availability of source data. Regarding the limitation “(i)”, there is only LiDAR data from 

2011 and the first total station surveying was carried out in 2014. Point “(ii)” could not 

be solved because there is no data prior to 2011 so the exact topography of the cone for 

2008 cannot be obtained. Concerning “(iii)”, we consider that the obtained terrain model 

is a good representation of the main features of the topography. At last, the accuracy 

limitation outlined in “(iv)” was overcome in this study with the acquisition of high-

accuracy and high-resolution cross section in the field using total station. A sentence 

explaining how the limitation was overcame has been introduced in the manuscript (line 

783-785). 

LINE 571: As explained in the methods section (3.3. Palaeodischarge estimations and 

hydraulic modelling; line 392-398), the 2008 and 2010 events were the only one that 

could be modelled because the rest of the years (2000 and 2006) showing any external 

scars were not reliable. Scars dating of 2000 were almost closed and the height was 

unknown. From 2006, there was only 1 scar so we only had information about the water 

elevation at one point, which can introduce significant uncertainties. However, from 2008 

and 2010 events we had 6 and 19 scars respectively, which allows us to reconstruct flood 

using multiple scar height information and therefore, allows a deviation analysis to a 

palaeodicharge approach. The sentence mentioned by the reviewer has been changed 

according to the new justification of the choice of the 2008 and 2010 for hydraulic 

modelling (5.2. Limitations of the data sources; line 772-774). 

CONCLUSIONS: We have rewritten the first part of the conclusions to emphasize the 

findings and new contributions of this study (line 848-860).  
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Abstract 15 

Torrential floods are hazardous hydrological phenomena that produce significant 16 

economic damage worldwide.  Flood reconstruction is still problematic in mountainous 17 

ungauged areas due to the lack of systematic real data, so other indirect techniques need 18 

to be appliedare required. This paper presents an integrated palaeoflood study of a 19 

Pyrenean stream that combines fluvio-torrential geomorphology, 20 

dendrogeomorphology, palaeoflood discharges and flow hydraulics. The use of a total 21 

station and airborne LiDAR data has allowed obtaining a detailed topography for 22 

geomorphological mapping and for running a one-dimensional hydraulic model. Peak 23 

discharges were estimated by searching for the minimum deviation between height of 24 

scars on trees and the modelled water stage. Based on the height of scars on several 25 

damaged trees, Wwe obtained palaeodischarges of 316 m
3
s

-1
 and 314 m

3
s

-1
 for the 2008 26 

and 2010 floods events. The hydraulic parameters  obtained from the 1D model were 27 

related to the geomorphic position of analysed trees, showing a positive relation 28 

between most energetic geomorphic elements and flow depth and velocity values. 29 

Geomorphology was also combined with flood dendrogeomorphological evidence 30 

(FDEs). A total of 15 events were identified by the dendrochronological dating. We 31 

identified the geomorphic forms showing the highest amount of external disturbances 32 

on trees. The most intensely affected trees are located in intermediate-high energy 33 

geomorphic positions. Analysing variabilities in scar height and flow stage differences, 34 

we suggest that most reliable trees for peak discharge estimation correspond to those 35 

placed in areas related with fluvio-torrential processes of intermediate energy., which is 36 

discussed to be the result of the destruction of the most exposed trees, such as those 37 

located in the main active channel. This multidisciplinary approach shows a high 38 

potential for palaeoflood analysis in ungauged mountain catchments, and relates four 39 

palaeohydrology subdisciplines for the first time in a selected study area. This 40 

multidisciplinary palaeohydrological study relates flood hydrodynamics with the 41 

damages on trees and their geomorphological characteristics, focusing on the hydraulic 42 
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parameters of the peak flow (depth, velocity and unit stream power), which has never 43 

been carried out elsewhere. The proposed approach shows a high potential for 44 

palaeoflood analysis in ungauged mountain catchments with scarce non-systematic data. 45 

Keywords: Dendrogeomorphology, Fluvial geomorphology, Hydraulic modelling, 46 

Palaeoflood, Spanish Pyrenees. 47 

1. Introduction 48 

Hydrometeorological phenomena are one of the most recurrent causes of natural 49 

disasters worldwide that annually produce significant economic damages and fatalities 50 

losses of human life (Gaume et al., 2009). Flood disasters, including flash floods, river 51 

floods and coastal floods, are increasing in number and damages in the last few decades 52 

in Europe (Barredo, 2007). In mountainous areas of Catalonia (Spain), flash floods and 53 

debris flows cause severe socioeconomic and geomorphologic impacts due to their 54 

sudden occurrence, torrential behaviour and high sediment load involved (Portilla et al., 55 

2010).  56 

Flood hazard assessment is often based on conventional statistical magnitude-57 

frequency analyses, which are difficult to apply in areas with scarce rainfall data and no 58 

lack of flow gauging stations. Palaeohydrology is a useful method in active torrential 59 

basins with no gauging stationnon-systematic records, and that consists on the study of 60 

past floods especially focusing on ancient extraordinary events, and encompasses 61 

different research lines depending on the palaeoflood data and working methodology 62 

(Baker, 2008; Benito and Díez-Herrero, 2015; Lang et al., 2004; Webb and Jarrett, 63 

2002) (Baker, 2008; Benito and Díez-Herrero, 2015). Extreme flood reconstruction has 64 

been carried out using a variety of data sources and evidence, such as sedimentological 65 

(Benito et al., 2003, 2015; Kochel and Baker, 1982), geomorphological (Baker et al., 66 

1988; Baker and Pickup, 1987), dendrochronological (Ballesteros-Cánovas et al., 2016; 67 

Gottesfeld, 1996; Kundzewicz et al., 2014; Malik and Matyja, 2008; Sigafoos, 1964; 68 

Yanosky and Jarrett, 2002; Zielonka et al., 2008)(Ballesteros-Cánovas et al., 2015; 69 

Benito and Díez-Herrero, 2015), and lychenometriclichenometric indicators (Gob et al., 70 

2003) indicators. Palaeoflood hydrology encompasses different research lines 71 

depending on the palaeoflood data and working methodology (Baker, 2008; Benito and 72 

Díez-Herrero, 2015). Some studies focus on the estimation of flood discharges and flow 73 

hydraulic parameters, while others are focused on the morphodynamics and chronology 74 

using disciplines as fluvial geomorphology or dendrogeomorphology. However, each 75 

method has its own strengths and limitations, so the combination of techniques provides 76 

a better knowledge about to past rare events. 77 

Many authors have reconstructed palaeoflood using dendrogeomorphology, which 78 

provides information about past events recorded in flood dendrogeomorphological 79 

evidence (FDE) in riverbed and riverbank trees. FDEs have been used to obtain flood 80 

discharges (Ballesteros et al., 2011; Ballesteros-Cánovas et al., 2013; Bombino et al., 81 

2015, among others; see compilation reviews fromin Ballesteros-Cánovas et al., 2015b 82 

and Benito and Díez-Herrero, 2015), but also other hydraulic parameters like flow 83 

velocity, depth and power by means of hydrodynamic modelling (Ballesteros-Cánovas 84 

et al., 2010, 2015a). Numerous studies relate flood discharges with flow hydraulics with 85 

different empirical equations (Bagnold, 1980; Chanson, 2004; Chow, 1959; Costa, 86 
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1983; Ferguson, 2005). Some other works deal with flow hydraulics and fluvial 87 

geomorphology from different perspectives: flood geomorphology (Baker et al., 1988), 88 

the stability of geomorphological elements (Nicholas and Walling, 1997; Ortega and 89 

Garzón, 1997) or past flood discharges and deposits (Baker, 1987; Kochel and Baker, 90 

1982; Sánchez-Moya and Sopeña, 2015). However, dendrogeomorphological evidence 91 

have rarely been associated to the geomorphic forms and correlated with the position of 92 

the trees (Ruiz-Villanueva et al., 2010), or other local characteristics of the river reach 93 

(Ballesteros-Cánovas et al., 2016); and never before have been related the four 94 

elements: FDEs, geomorphological features, hydrological parameters and 95 

palaeodischarges. 96 

However, these methods tend to have some limitations in mountains areas. 97 

Dendrogeomorphological studies are conditioned by the number of trees of the study 98 

area, which is limited in some cases. High-resolution geomorphological mapping is 99 

difficult to carry out in remote areas. Palaeodischarge reconstructions in ungauged 100 

catchments require an adequate topographic data for hydraulic modelling, which is 101 

usually scarce in forested mountain catchments. Regarding flow hydrodynamics, the 102 

calculation of hydraulic parameters depends on the estimated peak discharge.  103 

This paper reconstructs flood events combining all the above mentioned disciplines 104 

(Fig. 1). The aim of this paper is to quantify the relation between flood hydrodynamics 105 

and the geomorphological characteristics of damaged trees. Flow hydraulics are 106 

analysed according to the specific geomorphic position of trees and the obtained stream 107 

power from hydraulic modelling is used to estimate the mobilizable particle size, which 108 

is compared to field measures to assess its reliability. Such a multidisciplinary analysis 109 

specially focusing on hydraulic parameters has never been carried out before in a 110 

selected study area, and allows us to obtain an improved knowledge about fluvio-111 

torrential dynamics in areas with few source data. 112 

Figure 1. Conceptual diagram of the disciplines and methods combined for the first time in the present 

study. Numbers indicate some of the groups of existing studies relating different research topics: 1, 

Dendrogeomorphology vs Palaeohydrology  (see reviews from Ballesteros-Cánovas et al., 2015b, and 

Benito and Díez-Herrero, 2015)(Ballesteros et al., 2011; Ballesteros-Cánovas et al., 2013; Bombino et al., 

2015); 2, Palaeohydrology vs Flow Hydraulics (Bagnold, 1980; Chanson, 2004; Chow, 1959; Costa, 

1983; Ferguson, 2005); 3, Flow Hydraulics vs Fluvial Geomorphology (Nicholas and Walling, 1997; 

Ortega and Garzón, 1997, 2009; Sánchez-Moya and Sopeña, 2015); 4, Fluvial Geomorphology vs 

Dendrogeomorphology (Ballesteros-Cánovas et al., 2016; Ruiz-Villanueva et al., 2010); 5, 

Dendrogeomorphology vs Flow Hydraulics (Ballesteros-Cánovas et al., 2010, 2015a); 6, Palaeohydrology 

vs Fluvial Geomorphology (Baker, 1987; Baker et al., 1988; Kochel and Baker, 1982). 
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The aim of this paper is to reconstruct torrential flood events by putting together all 113 

these research topics in a detailed study that combines dendrogeomorphology 114 

(dendrochronological dating and geomorphic position of affected trees), fluvial 115 

geomorphology (detailed topography and geomorphological mapping), flow hydraulics 116 

(1D hydraulic modelling) and palaeoflood discharge estimations (Fig. 1). This is 117 

achieved by estimating peak discharges and hydraulic parameters from 118 

dendrogeomorphological evidence (scars), and relating flow hydraulics of past flood or 119 

debris flood events with the geomorphic position of affected trees. Such a 120 

multidisciplinary analysis has never been carried out before in a selected study area and 121 

bridges the gap between the previous applications of specific methods. This study 122 

allows us to obtain a realistic knowledge of the torrential dynamics of the system by 123 

better reconstructing past events in areas with few source data. 124 

2. Problematic Sstudy area and hazard 125 

The multidisciplinary approach presented in this paper was performed in the 5.72 126 

km
2
 Portainé drainage basin (Pallars Sobirà County, Catalonia, Spain), located in the 127 

Eastern Pyrenees (Fig. 2a). The Portainé basin is a 5.72 km
2
 mountainous area. 128 

Maximum altitude is 2439 m a.s.l. (Torreta de l’Orri). A ski resort, called Port-Ainé, is 129 

situated in the headwaters. Two main streams drain the basin towards the north, the 130 

Portainé stream (5.7 km long) and its tributary the Reguerals stream (3 km long), the 131 

latter being a tributary of the former. Their confluence is placed at 1285 m a.s.l. and 132 

then, the Portainé stream flows until its confluence with the Romadriu or Santa 133 

Magdalena River (part of the Ebro River Basin, draining to the Mediterranean Sea) at 134 

950 m a.s.l., where the Vallespir hydroelectric power station is located (Fig. 2c). An 135 

access road to the Port-Ainé ski station crosses both streams at various points. The 136 

climate of the study area is Alpine Mediterranean, with a mean annual rainfall of 800 137 

mm and 5-7 °C mean annual temperature (Meteocat, 2008).  138 

From a geological perspective, the Portainé basin is located in the Pyrenean Axial 139 

Zone (Fig. 2b). In the study area, the bedrock is composed of highly folded and 140 

fractured Cambro-Ordovician metapelites and sandstones with quartzite intercalations. 141 

Wide surficial colluvial materials irregularly cover large parts of the terrain. In addition, 142 

torrential deposits are found in the stream bottom and margins. Due to the highly 143 

fractured bedrock and the unconsolidated surficial deposits, materials are easily eroded 144 

and mobilized along the streams. Geomorphologically, the present landscape of the 145 

Pyrenees is mostly the result of the Upper Pleistocene last glacial period. Valleys were 146 

excavated into Neogene high planation surfaces, presently found above 2000 m a.s.l. 147 

(Ortuño et al., 2013). Partly due to these processes, the Portainé basincatchment can be 148 

divided in two sectors (IGC, 2013).. The southern one corresponds to the headwaters 149 

previously occupied by a glacial cirque, and shows lower gradients (less than 25º, but 150 

usually around 10-20º) and a poorly entrenched drainage network. The northern sector 151 

shows higher gradients (more than 25º) and the streams are strongerly entrenched 152 

streams (Fig. 2c). 153 

Vegetation of the area includes a variety of tree species, including Populus tremula 154 

(common aspen), Populus nigra (black poplar), Fraxinus excelsior (ash), Prunus avium 155 

(wild cherry), Quercus petraea (sessile oak), Tilia cordata (littleleaf linden), Juglans 156 
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regia (common walnut), Acer campestre (field maple), Salix caprea (goat willow) and 157 

Betula pendula (silver birch). 158 

The Portainé and the Reguerals streams are characterized by a high torrential 159 

activity especially since 2006, as debris flood, hyperconcentrated flow and/or debris 160 

flow events produce significant losses in infrastructures, mainly where the access road 161 

to the Port-Ainé ski station crosses the streams. From 2006 to 2015, ten events have 162 

occurred in this area (FGC and ICGC, 2015; IGC, 2008, 2010a, 2010b, 2011, 2013b; 163 

IGC et al., 2013; Portilla et al., 2010; Palau et al., 2017), even without extraordinary 164 

rainfall values. In addition, dendrogeomorphological studies have proved the occurrence 165 

Figure 2. (a) Geographic setting, with the Pyrenees marked with a red square. (b) Geological setting of 

the study area, located in the Axial Pyrenees, and the area of Fig. 2c marked with a red square. (c) 

Geomorphological context of the Portainé basin and the specific study area marked with a red black 

square, corresponding to the most downstream reach of the Portainé stream. 
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of previous torrential events, even if their frequency is much lower (Furdada et al., 166 

2016; García-Oteyza et al., 2015). In order to reduce theses impacts, 15 sediment 167 

retention barriers were installed along the channels since 2009 as a hydrological 168 

correction measure (Luis-Fonseca et al., 2011; Raïmat et al., 2010, 2013). However, the 169 

problem remains, as torrential events still occur frequently and the increasingly 170 

entrenched streams show a significant erosive tendency (Victoriano et al., 2016).  171 

The specific study area corresponds to the most downstream 500 m-long reach of 172 

the Portainé stream. In the confluence with the Romadriu River, an alluvial elongated 173 

debris cone has been formed, mainly composed of sub-rounded to sub-angular 174 

decimetric boulders. High sediment load torrential events change the morphology and 175 

the geomorphic forms of the mobile riverbed and the cone easily, also affecting the 176 

riverbank trees. In general, the vegetation of the area constitutes a deciduous broadleaf 177 

forest with a variety of species. 178 

3. Material and methods 179 

The methodology applied inmethodological approach of this study is synthetized in 180 

Fig. 3, showing for each research topic the main data sources, the techniques of analysis 181 

and the preliminary results, but also and the integration of the methods for final results.  182 

3.1.Topographic data acquisition and Triangulated Irregular Network generation 183 

Topographic data from different sources were combined to obtain the most suitable 184 

bare-earth digital elevation model (DEM) of the area, in fact, integrating: (i) airborne 185 

LiDAR data, and (ii) total station surveying. 186 

The potential of LiDAR (Light Detection and Ranging) data for terrain mapping and 187 

creating high resolution DEMs has been widely accepted (Day et al., 2013; Roering et 188 

al., 2013; Tarolli, 2014), and this technique has already been applied for a variety of 189 

environments (Abermann et al., 2010; Bizzi et al., 2016; Jaboyedoff et al., 2012). 190 

Figure 3. Flow diagram showing the multidisciplinary methodology applied in this study for palaeoflood 

reconstruction, from data sources to results, following four main disciplines: geomorphology, 

dendrogeomorphology, paleodischarge estimation and flow hydrodynamics.  
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However, their accuracy and resolution decreases in mountain areas, characterized by 191 

significant gradients and dense vegetation. LiDAR data used in this study were 192 

collected with the aircraft Cessna Caravan 208B and the topographic LiDAR sensor 193 

Leica ALS50-II, owned by the Cartographic and Geological Institute of Catalonia 194 

(ICGC), obtaining an altimetric accuracy of <15 cm mean squared error (MSE). In the 195 

forested area, the accuracy is estimated to show <50 cm MSE.  The point cloud was 196 

georeferenced and filtered using the TerraScan software (Terrasolid, 2016), but the 197 

classification was latter manually verified and corrected. This airborne LiDAR data 198 

provided a good coverage of the area but not a high-resolution topography (0.63 199 

points/m
2
 for ground points). This deficiency was overcome by the use of topographic 200 

data obtained in the field using a total station. 201 

Detailed topographic data acquisition was carried out using a Leica TC 1700 total 202 

station. These taquimetric surveys focused in localizing and defining topographic sharp 203 

changes (breaklines), geomorphic elements and trees, therefore collecting a complete 204 

point dataset (Keim et al., 1999). In addition, very detailed topographic cross sections 205 

were obtained where trees showing external FDEs are located. Differential RTK GNSS 206 

methods were used to accurately measure the absolute coordinates of some control 207 

points (Khazaradze et al., 2016), used to georeference the dense measurements obtained 208 

by the total station. 209 

The integration of LiDAR and total station data reveals some adjacent points with 210 

significant differences in elevation. This was due to (i) small but detectable erosion and 211 

accumulation reflected in the 2011 LiDAR and 2014-2016 total station data sets; and 212 

(ii) the morphology of the real steep terrain (e.g. stream entrenchment, steep slopes and 213 

escarpments). To overcome these limitations, a manual point editing process was 214 

carried out, using objective criteria of congruence and acceptability. It consisted on 215 

detecting erroneous points by comparing their coordinates with the surrounding points. 216 

Stablishing a tolerance threshold of 0.5 m for the differences on elevation, incoherent 217 

data were deleted. Finally, a bare-earth Triangulated Irregular Network (TIN) was 218 

created with the selected terrain points. 219 

3.2.3.1. Geomorphological mapping and analysis and mapping 220 

A detailed geomorphological study and mapping of the features associated to the 221 

Portainé stream was carried out based on the topographic data and field observations. 222 

This analysis had two steps, (i) the topographic and geomorphological fieldwork, and 223 

(ii) GIS mapping. 224 

Detailed topographic data acquisition was carried out in March 2014 using a Leica 225 

TC 1700 total station. This taquimetric survey was focused on localizing and defining 226 

topographic sharp changes (breaklines), of geomorphic elements and tree positions in 227 

order to collect a complete point dataset (Keim et al., 1999) consisting of 1118 points 228 

(853 ground points and 265 tree points) in a 4850 m
2
 area. In addition, in places where 229 

trees showing external FDE were identified we also obtained detailed topographic cross 230 

sections. Differential RTK GNSS methods were carried out to accurately measure the 231 

absolute coordinates of certain control points (Khazaradze et al., 2016) used to 232 

georeference the dense measurements obtained with the total station. Regarding 233 

geomorphological mapping, Dduring the first mentioned topographic field survey, main 234 
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geomorphological elements were identified following the proposal of Church et al. 235 

(2012) and their limits were measured with the total station. Main geomorphological 236 

elements and deposits were roughly classified as: functional channel, distributary 237 

channels of the cone, gravels and boulders; in addition, alluvial terraces were identified, 238 

as well as other features like levees, escarpments and flow paths. During subsequent 239 

field surveys carried out in March 2015, September 2015 and June 2016, morphological 240 

changes in landforms, elements and facets (different parts of the elements) were 241 

recognized, which mainly occurred along the channels and did not alter the position of 242 

riverbed and riverbank trees and measured.  243 

The deposits and forms were mapped using the ArcGIS 10.2.2 software (ESRI, 244 

2014), creating four a detailed geomorphological map.s, one from each survey 245 

campaign. Main geomorphological elements and deposits have been roughly classified 246 

as: functional channel, distributary channels of the cone, gravels and boulders; in 247 

addition, alluvial terraces have been identified, as well as other features like levees, 248 

escarpments and flow paths.  249 

3.3.3.2. Dendrogeomorphological analysis 250 

Dendrogeomorphology is a palaeohydrological data source that provides 251 

information about past torrential events recorded in different types of evidence (FDEs) 252 

in trunks, branches and roots of riverbed and riverbank trees (Díez-Herrero, 2015). 253 

FDEs, formed by significant torrential events, may be identified in trunks, branches and 254 

roots of trees. Dendrogeomorphological techniques haveTree-ring analysis been widely 255 

applied for fluvio-torrential processes in flood studies (see reviews from Ballesteros-256 

Cánovas et al., 2015b and Benito and Díez-Herrero, 2015)., by analysing the tree ring 257 

widths to study the frequency and magnitude of past flood and debris flow events 258 

(Benito and Díez-Herrero, 2015; Bollschweiler and Stoffel, 2010; Díez-Herrero et al., 259 

2013b; Génova et al., 2015). The most frequent and used external evidence are scars in 260 

tree bark, stem decapitation (usually with branch replacement), tree tilting, root 261 

exposure, bark erosion and stem burial. These disturbances produce reactions in trees, 262 

such as growth reduction (or suppression), growth release and asymmetries. The 263 

dendrogeomorphological study carried out in Portainé, following the proposal of Díez-264 

Herrero et al. (2013a) can be divided in two complementary tasks, (i) 265 

dendrochronological study, and (ii) geomorphological analysis of the tree positions. The 266 

dendrogeomorphological study carried out in Portainé is divided in three 267 

complementary tasks, (i) dendrochronological sampling, (ii) tree-ring analysis and FDE 268 

dating, and (iii) geomorphological analysis of the tree positions. 269 

Dendrochronological sampling was carried out in March 2014, March 2015 and 270 

September 2015, and the strategy was based on the field recognition of external 271 

disturbances on trees (Fargas, 2015; García-Oteyza et al., 2015). The  Especially, 272 

selected trees were those showing evidence most probably produced by the impact of 273 

boulders and/or large wood transported by the flow, mainly injured, decapitated and 274 

tilted trees (Fig. 4), but also few trees with exposed roots. Trees were sampled following 275 

dendrogeomorphological procedures (Stoffel & Bollschweiler, 2008; Díez-Herrero et 276 

al., 2013, Stoffel & Corona, 2014). A total of 67 trees from 10 different species were 277 

sampled, providing a multievidence population (Génova et al., under review). The 278 
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geographic position of each tree was measured using a total station, and also the height 279 

of scars and decapitation nodes. Additional information was also noted and collected, 280 

such as an identifier code, the sampling date, species, description of the tree (height and 281 

perimeter), description of the FDE (type, height and size), description of the sample 282 

(height) and photos of the tree. Cylindrical samples (cores) were obtained using a 283 

Pressler increment borer of 5 mm diameter. Some wedges were also extracted from 284 

overgrowing callus in scarred trees and in some death trees cross sections were cut in 285 

some death trees. A total of 144 samples were obtained but 10 trees were rejected due to 286 

rotten cores or indistinguishable rings; so finally We analysed 57 trees from 9 different 287 

species (151 samples) were analysedproviding a multievidence population of Populus 288 

tremula L. (common aspen), Populus nigra L. (black poplar), Fraxinus excelsior L. 289 

(ash), Prunus avium L. (wild chery), Quercus petraea (Matt.) Liebl. (sessile oak), Tilia 290 

platyphyllos Scop. (largeleaf linden), Juglans regia L. (common walnut), Acer 291 

campestre L. (field maple) and Salix caprea L. (goat willow). The average age of the 292 

analysed trees is 52 years, with the oldest one being 86 years old, and the dating 293 

allowed to detect 15 past events from 1957 to 2011. The sampling strategy and the 294 

methodology for dendrochronological and dendrogeomorphological analysis is 295 

described in detail in Génova et al. (under review).  Different FDEs were characterized 296 

and dated (external an internal scars, decapitations and branch replacement, 297 

suppressions, growth releases and asymmetries) and all this information was compiled 298 

in a dendrogeochronological database.  299 

In this study, we only considered external evidence on trees. In the laboratory, tree-300 

ring analysis of cores, wedges and sections consisted in (Génova et al., 2015): (i) 301 

sample air-drying, cutting or sanding; (ii) tree-ring width measuring using a LINTAB 302 

table (with 1/100 mm accuracy) and the associated software TSAPWin (RinnTech, 303 

2003); (iii) cross-dating using visual and statistical techniques (Cook and Kairiukstis, 304 

1990); and (iv) quality check using the Cofecha software (Grissino-Mayer, 2001). This 305 

process let us to date scars in tree-ring series and consequently, torrential events. The 306 

last ring of dead trees was dated by comparing tree-ring series with other living trees of 307 

the same species. For palaeoflood reconstruction, the scars’ formation year (dated 308 

following the mentioned procedure) and their height (measured in the field) were used. 309 

Figure 4. External disturbances on trees located in the riverbanks of the Portainé stream. (a) Scar formed 

in 2008. (b) Stem tilting. (c) Decapitated tree.  
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Additionally we considered the location of decapitated trees, tilted trees and exposed 310 

roots for the geomorphic analysis. This information was compiled within a 311 

dendrogeochronological database.   312 

The inclusion of the dendrogeochronological database into a GIS environment, 313 

using ArcGIS 10.2.2 software (ESRI, 2014), allowed to study the geomorphological 314 

setting of disturbed trees. Based on the geomorphological mapping and tree positions, 315 

geomorphic features were reclassified according to their formation energy (Ruiz-316 

Villanueva et al., 2010), considering the specific elements identified in the field. This 317 

lead to a considerably more elaborated classification of the geomorphic forms, elements 318 

and facets. Moreover, the detailed geomorphic position of each tree was determined in 319 

the field, and trees were classified according to the geomorphic form (e.g. riverbed), 320 

element (e.g. gravel bar) or facet (e.g. bar tail) in which they were located, obtaining the 321 

spatial distribution of de FDE according to the formation energy of the geomorphic 322 

form on which they locate. Other geomorphological characteristics (e.g. channel reach 323 

morphology and tree exposure to the flow) were not considered in this study because 324 

they were equal for all the scarred trees (straight channel and exposed trees). Therefore, 325 

the geomorphic position according to geomorphic units was the best evidence to relate 326 

flow hydrodynamics and FDE formation.   327 

3.4.3.3. Palaeodischarge estimations and hydraulic modellingHydrodynamic 328 

modelling  329 

Palaeofloods were reconstructed using the one-dimensional hydraulic simulation 330 

software HEC-RAS 4.0 from the US Army Corps of Engineers (USACE, 2008). This 331 

1D numerical hydrodynamic model was used to obtain palaeoflood discharges and other 332 

hydraulic parameters as stage, water depth, velocity and stream power. It was run a 1D 333 

model instead of a 2D one due to the following groups of factors: a) channel geometric 334 

characteristics (lack of high-resolution and high-accuracy 2D topographic data; detailed 335 

cross-sections coinciding with tree locations measured with total station; narrow valley 336 

with length/width ratio >3:1; and lack of anthropic features, such as bridges or culverts, 337 

along the channel); b) hydrodynamic factors (unidirectional flow patterns during floos; 338 

limited secondary transversal flows due to the narrowness of the valley and the steep 339 

gradient with waterfalls and rapids); and c) other evidence (scar height-riverbed 340 

parallelism suggesting a sub-uniform to gradually variable flow). The required 341 

parameters and conditions to run the hydraulic model were: (i) geometric data, (ii) 342 

boundary conditions, and (iii) discharges.  343 

Regarding geometric data, HEC-RAS works with transversal cross sections (XS 344 

sections). Topographic data from two different sources were available for the study 345 

area: total station and airborne LiDAR (Light Detection and Ranging). Total station data 346 

was acquired in the field (see section 3.1.) and provided high accuracy but slightly low 347 

point-density. LiDAR data was collected with the aircraft Cessna Caravan 208B and the 348 

topographic LiDAR sensor Leica ALS50-II, owned by the Cartographic and Geological 349 

Institute of Catalonia (ICGC), and the point cloud was georeferenced and filtered using 350 

the TerraScan software (Terrasolid, 2016). The potential of LiDAR data creating high-351 

resolution elevation models has been widely accepted (Tarolli, 2014). However, in our 352 

mountain study area with steep slopes and dense vegetation, the LiDAR dataset 353 
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provided a good coverage but a low elevation accuracy (about 50 cm RMSE) and not 354 

very high-resolution topography (0.63 ground point/m
2
).Taking into account that for 355 

this study we had different topographic data sources (LiDAR and total station), Taking 356 

into account the mentioned strengths and limitations of data sources, two hydraulic 357 

models with different geometric data were run. FirstThe first one, manually introducing 358 

the cross sections measured with the total station in the field survey (23 XS sections). 359 

The second one, combining both topographic data. LiDAR points were added into the 360 

total station dataset and carefully analysed in order to assess its suitability. Some 361 

adjacent points showed significant differences in elevation, which were attributed to (i) 362 

small but detectable erosion and accumulation between the 2011 LiDAR and 2014 total 363 

station data; and (ii) the real morphology of the steep terrain (e.g. stream entrenchment, 364 

escarpments and steep slopes). In order to overcome these limitations, a manual point 365 

editing process was carried out using objective criteria of congruence and acceptability, 366 

consisting in detecting erroneous points by comparing their coordinates with the 367 

surrounding points. This was done by creating 0.5 m (in steep areas) or 1 m (in flat area) 368 

buffers for total station points and intersected with LiDAR ground points. Establishing a 369 

maximum tolerance threshold of 0.5 m for the differences on elevation between both 370 

topographic data sources, incoherent LiDAR points were deleted. Finally, a bare-earth 371 

Triangulated Irregular Network (TIN) was created with the selected terrain points and 372 

sections were extracted from it , and second, extracting sections from the TIN that 373 

combines both topographic data sources (35 XS sections), using HEC-GeoRAS 10.2 374 

extension (USACE, 2012) for ArcGIS. The advantage of the TIN-based model is that it 375 

allowed the input of additional transversal profiles not measured in the field, coinciding 376 

with the position of others trees with dated scars, but its weakness is that LiDAR data 377 

can distort and smooth the detailed sharp topography obtained in the field. In addition, 378 

the stream centreline, banks and levees were added. The limits of the riverbanks were 379 

defined coinciding with roughness changes, so that a Manning’s n value for the left 380 

bank, channel and right bank was stablished for each cross section. The roughness 381 

coefficient was obtained from field observations, based on Arcement and Schneider 382 

(1989).  383 

Boundary conditions upstream and downstream from the modelled reach were 384 

critical depth because both boundary sections correspond to small waterfalls (more than 385 

2 m high) in stable bedrock riverbed, identified in the field. These are hydraulic jumps 386 

with a critical flow (Froude number = 1), especially during flood events, so they are 387 

suitable for the critical-depth method (Bodoque et al., 2011). The model was run as a 388 

steady flow, as the input were peak discharge values; and the flow regime modelled as 389 

supercritical.  390 

Palaeodischarges were calculated using external scars For the palaeohydraulic 391 

reconstructions of this study, dendrogeomorphological evidence were used as 392 

palaeostage indicators (PSIs). External scars were considered the evidence thatThese 393 

evidence provide the most precise information of both the date and the magnitude of the 394 

event, as they allow knowing both the precise year in which they were formed by 395 

dendrochronological dating and the minimum water depth of the flow by measuring the 396 

height of the scar and/or its absolute altitude. In our study, we dated external scars from 397 

2000 (4 scars), 2006 (1 scar), 2008 (19 scars) and 2010 (6 scars) events. Scars from 398 

2000 were almost closed and did not provide information about the water stage. 399 
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Regarding the trees scarred in 2006, there was a unique evidence so it was not 400 

considered enough as a palaeostage indicator. Therefore, only 2008 and 2010 events 401 

could be reconstructed, as they provided a representative number of scars and their 402 

height could be reliably measured in the fieldOnly those years that showed at least five 403 

scars were considered to have enough evidence to be adequately reconstructed by 404 

hydrodynamic modelling. Only 2008 and 2010 met this requirement,; which but are also 405 

the last most destructive documented events. Although two high discharge events 406 

occurred in 2008 (September and November) and two others in 2010 (July and August), 407 

we assume that the scars were formed by the higher magnitude a unique event for each 408 

year. In fact, scars from 2008 were all formed in the high-magnitude torrential flood 409 

occurred in September, which produced documented damages in a bridge located just 410 

upstream of the study reach (IGC, 2013), whereas the low-magnitude event occurred in 411 

November did not produce any effect at that point. Regarding scars from 2010, the one 412 

in July did not transport material along the study reach because it was accumulated in 413 

recently emplaced sediment retention barriers (IGC, 2010b); so, the scars would 414 

correspond to the August event when the barriers were filled and the flow transported 415 

high sediment load. We selected from the FDE database (Génova et al., under review) 416 

the trees showing scars corresponding to those events years (25 trees) in different 417 

geomorphic positions (25 trees). For each year, we carried out a normality test to height 418 

differences (d; Eq. 3) in order to detect outliers, comparing the samples with a normal or 419 

Gaussian distribution. This process allowed us to detect an anomalous scar for 2008, 420 

which indeed, showed an odd shape in the field. Therefore, its origin may not be 421 

torrential and it was deleted before simulating the discharge values. At last, 18 scars (6 422 

P. tremula, 6 P. nigra, 2 F. excelsior, 2 P. avium, 1 Q. petraea and 1 A. campestre) 423 

were considered for 2008 modelling (9 of them dated from wedges) and 6 scars (2 P. 424 

tremula, 2 F. excelsior, 1 Q. oetraea and 1 T. platyphyllos) for 2010 (1 dated from a 425 

wedge). Peak discharges for analysed palaeofloods were calculated using the step-426 

backwater method (Ballesteros-Cánovas et al., 2010; O’Connor and Webb, 1988), by 427 

increasingly introducing peak discharge input values in the model and finding the best 428 

fit water surface elevation for the height of the scars. For each event and each input 429 

geometric data (XS section), the trial-and-error technique was used towe estimated the 430 

peak discharge (with a precision of 1 m
3
s

-1
), by finding the value that showed the 431 

minimum mean absolute error (σ or MAE) and mean squared error (MSE) in the heights 432 

(difference between scar altitude and modelled water stage), defined as 433 

  
   
 
 

 
 

    
   

  
 

 
 

where n is the number of scars and d is the absolute value of the difference between the 434 

height of the scar and the water stage, estimated by the expression 435 

            

where ZFDE is the altitude of the scar in meters (m) and ZQ is the water surface elevation 436 

for the modelled peak discharge in meters (m), both measured in the cross section where 437 

the scar is located.  438 

(3) 

(1) 

(2) 
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The peak discharges were finally calculated as the weighted arithmetic mean 439 

between the discharges obtained fromwith the two geometric data, one the model based 440 

on the TIN and the other one using taquimetric sections, which was estimated by the 441 

following equation: 442 

      

 
 
    
        

 
   
     

 
    
  

 
   
 

 

σTIN and σTS being the absolute error of the TIN-based model and the one with total 443 

station data respectively, and QTIN and QTS being the estimated peak discharges in m
3
s

-1
.  444 

As the flow in the alluvial cone can be difficult to simulate using a 1D model, we 445 

also calculated the minimum peak discharge for bank overflow. This is the threshold for 446 

cone flooding and consequently, marks a change in the distribution of the flow 447 

discharge. This critical overflow discharge was obtained from the cross section located 448 

in the cone apex. 449 

3.4. Flow hydrodynamics  450 

In addition to palaeoflood discharges, wWe extracted other hydraulic parameters 451 

from HEC-RAS results for each cross section, such as water depth, velocity and unit 452 

total stream power (also called specific stream power). These parameters were then 453 

obtained for the relative specific position (left margin, channel or right margin) of each 454 

tree containing a scar used for the hydrodynamic modelling. Depth was calculated 455 

subtracting the elevation of the base of the tree from the water surface elevation. For the 456 

velocity value, we considered the value of the cross section part in which the tree was 457 

located (left bank, channel or right bank). The unit stream power was obtained dividing 458 

the total stream power obtained by the active width of the flow at the specific cross 459 

section part. 460 

Moreover, theThe knowledge of flow hydraulics allowed us to estimate the particle 461 

size that might be mobilized by the flow. These calculations were carried out for the 462 

2008 event and in the deposit of the alluvial cone, because discharge estimation is more 463 

reliable and accurate than for 2010 event. We also measured in the field the maximum 464 

(length), medium (width) and minimum (height) axes of a representative population of 465 

boulders deposited in the alluvial coneBoulder size was also measured in the field, 466 

allowing us to compare the results obtained by empirical relations with the real 467 

diameters of the deposited material. The diameter of the transported boulders was 468 

calculated using different empirical equations. The mobilizable particle size is a 469 

function of the critical unit stream power, so the hydraulic parameters needed for these 470 

equations were obtained from the upstream cross section of the alluvial cone because 471 

the flow in the study site is supercritical. The three applied relations were:  472 

      
  

where c is the critical unit stream power in W/m
2
, a and b are numerical constants 473 

depending on the author (Costa, 1983; Gob et al., 2003; Jacob, 2003; Williams, 1983), 474 

and D is the particle diameter in millimeters (mm), 475 

(4) 

(6) 

(5) 
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d being the water depth and c1 and c2 being numerical constants determined by different 476 

authors (Bagnold, 1980; Ferguson, 2005), and  477 

    
   

 
 
   

 
  
      

where Cd is the drag coefficient, assumed to be 0.95, and H, B and L are the diameters 478 

corresponding to the main three main axes of the particles:, which are height 479 

(minimum), width (intermediate) and length (maximum), respectively (Carling et al., 480 

2002). In fact, Carling et al. (2002) come up with anthis equation that assumes the 481 

morphometry of the particle being dependent on the water depth. They propose that the 482 

mobilized boulders should be considered according toas relation of their diameter in the 483 

three axes, which depends on several factors, such as the lithology, internal structure 484 

and fractures of the material.  485 

4. Results 486 

 487 

4.1. Geomorphological mapping and geomorphic forms 488 

A geomorphological map of the torrential system was obtained based on the March 489 

2014 topography for each field survey campaign: March 2014, March 2015, September 490 

2015 and June 2016. These maps Multi-temporal field campaigns (2014-2016) showed 491 

that the distribution and morphology of the geomorphological elements and deposits 492 

changes in time, especially those associated to the riverbed, and therefore the Portainé 493 

stream is very dynamic. These changes are mostly visible in the functional channel, in 494 

the riverbanks and levees and in the lowest level of alluvial terraces. In general, the 495 

stream shows an erosive tendency, which is reflected on the backward motion of the 496 

bank escarpments that delimit the channel. In the alluvial cone area, the flow tends to 497 

deposit the boulders transported during debris flow and flood events. 498 

The geomorphological mapping and field observations enabled the identification of 499 

13 types of geomorphic forms, elements and facets were identified and mapped, which 500 

are. These are ordered according to their formation energy  following the literature, as: 501 

in-channel (functional active channel), gravel bars, terrace 1 (low terrace), terrace 2 502 

(high terrace), natural levee, main inactive channel of cone, secondary inactive channels 503 

of cone, upper deposits of cone, middle deposits of cone, lower deposits of cone, 504 

artificial levee (dyke), left-side slope and right-side slope (Table 1 and Fig. 5).  505 

4.2. Dendrogeomorphological evidence 506 

Regarding external disturbances we identified 10 decapitations, 41 external scars, 25 507 

tilted trees and 3 trees with exposed roots.  508 

The determination of the geomorphic position of the trees allows relating the spatial 509 

distribution of FDE along the torrent with the geomorphological elements (Fig. 5). 510 

Table 1 shows the geomorphic position of all the analysed trees and of only the scarred 511 

(7) 
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trees used for hydraulic modelling. Analysed trees locate on 1213 different geomorphic 512 

forms, indeed, on all of the identified forms except for natural levees. Most of them are 513 

located in the alluvial cone (58%), alluvial terraces (16%) and slopes (14%). 514 
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 515 

Figure 5. (a) Detailed geomorphological mapping (September 2015) of the alluvial cone showing the 

main geomorphological features, forms, deposits and the position of the trees that have been sampled for 

the dendrogeomorphological analysis; where trees are colored by the geomorphic position. (b), (c), (d), 

(e), (f), (g) Pictures showing examples of different geomorphic positions identified in the study area.  
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Table 1. Geomorphic position of the trees analyzed and dated by dendrochronological techniques and the 516 
number of trees with external scars used for hydrodynamic modelling of 2008 and 2010 events. 517 

Geomorphic form Trees with FDE Scarred trees  

Riverbed 
In-channel 1 1 

Gravel bar 1 1 

Alluvial terraces 
Terrace 1 4 3 

Terrace 2 5 4 

Levees 
Natural levee 0 0 

Artificial levee 5 1 

Alluvial cone 

Main channel 3 0 

Secondary channel 3 2 

Upper deposits 14 1 

Middle deposits 8 6 

Lower deposits 5 2 

Slope 
Left-side 4 0 

Right-side 4 3 

 518 

4.3.Flood discharges 519 

Palaeodischarges were estimated using HEC-RAS hydraulic modelling, based on 520 

dendrogeomorphological evidence used as palaeostage indicators, as explained in 3.4. 521 

The obtained peak discharges for 2008 and 2010 are presented in Table 2. For each 522 

case, the value that minimized both absolute and mean squared error was considered. 523 

For 2008, the calculated discharges were 300 m
3
s

-1
 from the TIN topography (Fig. 6) 524 

and 321 m
3
s

-1
 from the total station topography. These results were weighted according 525 

to their errors (Eq. 4), obtaining a peak discharge of 316 m
3
s

-1
 (σ = 0.18 m). Given that 526 

for 2010 there were only 4 scars corresponding to cross sections measured with total 527 

station in the field, the 314 m
3
s

-1
 discharge (σ = 0.7 m) obtained from the TIN-based 528 

model was considered as the best most reliable peak discharge value. 529 

The flow dynamics in the alluvial cone can be difficult to simulate using a one-530 

dimensional model, so the minimum peak discharge for bank overflow was first 531 

calculated. This is the threshold for cone flooding and therefore, marks a change in the 532 

distribution of the flow discharge. This critical overflow discharge was calculated in the 533 

cross section located in the cone apex. For the critical overflow discharge, weWe 534 

obtained a 43 m
3
s

-1
 value of initial overbank and formation of crevasse splays, named 535 

partial overbank discharge. However, the complete flooding of the cone does not occur 536 

until the flow exceeds the total critical overbank discharge, estimated to be 58 m
3
s

-1
 for 537 

Portainé. Therefore, higher peak discharges produce the inundation of the debris cone 538 

and water also flows along distributary channels. These are considered extraordinary 539 

events, like those in 2008 and 2010. 540 

Table 2. Estimation of flood peak discharges using hydraulic modelling based on scars as 541 
dendrogeomorphological palaeostage indicators. 542 

Year 
Geometric 

data source 

Peak discharge, 

Qp (m
3
s

-1)
 

Absolute 

error, σ (m) 

Mean squared 

error, MSE 

Variance  

(m) 
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(m) 

2008 
TIN 300 0.35 0.23 0.11 

Total station 321 0.21 0.08 0.04 

2010 
TIN 314 0.7 0.35 0.04 

Total station - - - - 

 543 

4.4.Hydraulic parameters and mobilized particle size 544 

Considering the discharge values obtained for 2008 and 2010 events, the flow 545 

hydraulics was similar in both cases. Fig. 7 shows the flooded area and the water depth 546 

in the most downstream part of the study area for 2008 event. This past flood produced 547 

almost the total flooding of the alluvial cone, generating scars in trees due to the impact 548 

of boulders and floating large wood.  549 

The hydraulic parameters obtained from hydrodynamic modelling are water depth 550 

(d), flow velocity (v) and unit stream power (ω) for the left bank, channel, and right 551 

bank of each cross section (see results in supplementary material Table 1) (Table 3). In 552 

situ hydraulic parameters for the specific position of each scarred tree are shown in 553 

Table 3. 554 

Figure 6. Peak discharge estimation for 2008 from the TIN-based hydraulic modelling based on the TIN 

topography. The accepted value corresponds to the minimum mean squared error obtained from the 

average of the squared errors of 18 tree scars.  
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Table 3. Hydraulic parameters calculated for the specific location of the trees.  555 

Tree Hydraulic parameters 

Cross 

section 

Bank 

location 
Elevation 

Scar 

date 

Water 

depth (m) 

Velocity 

(ms
-1

) 

Unit stream 

power (Wm
-2

) 

M-M’ Right  1029.42 2008 2.17 12.18 4542.02 

K-K’ Channel 1019.13 2008 1.32 15.07 3291.31 

Kb-Kb’ Channel 1015.45 2008 1.75 14.52 6403.48 

Kc-Kc’ Right 1015.24 2008 0.96 6.15 1775.85 

Kd-Kd’ Channel 1013.60 2008 1.43 14.02 5338.19 

Ke-Ke’ Channel 1012.49 2008 1.21 13.55 3541.88 

P-P’ Left 1008.98 2008 1.65 5.15 1899.26 

O-O’ Channel 1007.51 2008 1.88 14.98 7375.25 

O-O’ Left 1007.98 2010 1.48 6.02 1826.440 

O-O’ Left 1007.98 2010 1.48 6.02 1826.440 

Nb-Nb’ Right 1007.11 2008 1.22 4.37 362.72 

Y-Y’ Left 995.25 2008 0.27 4.81 1365.61 

Xb-Xb’ Left 993.14 2008 0.55 4.35 1294.98 

Uc-Uc’ Left 985.80 2010 0.75 12.12 5476.54 

Jb-Jb’ Left 978.70 2010 1.10 11.02 915.50 

D-D’ Left 977.53 2008 1.12 9.08 592.94 

F-F’ Left 976.75 2008 0.70 8.13 886.59 

F-F’ Left 976.21 2008 1.24 8.13 886.59 

C-C’ Left 975.75 2008 1.32 7.75 539.47 

Figure 7. Bathymetric map of the flooded area for the 

2008 event, corresponding to the alluvial cone. 
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 556 

Flow hydraulics is used to estimate the particle size that might be mobilized by the 557 

flow. These calculations were carried out for 2008 event and in the deposit of alluvial 558 

cone, because the estimation of the flood discharge is more reliable and accurate than 559 

for 2010 event/s. In our study area, we also measured in the field the maximum (length), 560 

medium (width) and minimum (height) axes of boulders deposited in the alluvial cone 561 

(Table 4). This allowed us establishing the following field-based diameter relationships: 562 

B=0.74L, where B is width and L length; and H=0.43L, H being height. These relations 563 

were used to calculate the maximum particle size according to Carling et al. (2002).  564 

The rest of the empirical equations use different numerical constants (a, b, c1 and c2) 565 

and are based on the critical unit stream power, so the hydraulic parameters should be 566 

obtained from the upstream cross section of the alluvial cone because the flow is 567 

supercritical in the study site. ThereforeFor the empirical equations for particle size 568 

estimation, the water depth and unit stream power values for particle size estimation 569 

were those corresponding to left bank of the section at the apex of the cone (section U-570 

Uc’), for the peak discharge of 2008 peak dischargeestimated as 316 m
3
s

-1
. These values 571 

were 1.03 m and 5221.92 Nm
-2

. Regarding the unit stream power, it was calculated by 572 

dividing the total stream power obtained from the hydraulic modelling by the width of 573 

the flow in the left bank. The boulder size mobilized by the flow and deposited in the 574 

cone was also obtained from the measures of the three axes (Table 4). This allowed us 575 

establishing the following field-based diameter relationships: B=0.74L, where B is 576 

width and L length; and H=0.43L, H being height. Table 5 collects the particle 577 

diameters calculated for the Portainé alluvial cone, considering the relations proposed 578 

by different authors.  579 

Table 4. Field measurements and relationships among the length (L), width (B) and height (H) of 580 
boulders accumulated in the alluvial cone.  581 

C-C’ Left 975.51 2008 1.56 7.75 539.47 

G-G’ Left 975.19 2008 0.30 8.74 753.42 

G-G’ Left 974.88 2008 0.61 8.74 753.42 

A-A’ Left 973.75 2010 0.73 6.91 336.96 

A-A’ Left 973.18 2010 1.30 6.91 336.96 

Boulder 

number 

Relative 

size 

Length 

(m) 

Width 

(m) 

Height 

(m) 

B/L ratio H/L ratio 

1 Big 0.67 0.48 0.3 0.72 0.45 

2 Very big 1.52 0.88 0.92 0.58 0.61 

3 Big 0.54 0.32 0.15 0.59 0.28 

4 Medium 0.26 0.17 0.05 0.65 0.19 

5 Medium 0.27 0.13 0.08 0.48 0.30 

6 Small 0.17 0.15 0.08 0.88 0.47 

7 Small 0.15 0.15 0.05 1.00 0.33 

8 Very small 0.09 0.07 0.06 0.78 0.67 

9 Medium 0.21 0.18 0.08 0.86 0.38 

10 Medium 0.21 0.17 0.13 0.81 0.62 
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Table 5. Estimation of the mobilized particle size, obtained from equations proposed by different authors. 582 
Costa, Williams, Jacob and Gob et al.: intermediate axis of maximum boulders; Bagnold: intermediate 583 
axis of mode size (medium) boulders; Carling et al: maximum axis of average size (medium) boulders.  584 

 585 

4.5. Relation between geomorphic forms, FDE and flow hydraulics 586 

All the aspects analysed aspects in the above previous sections were related to each 587 

other have been linked together to obtain a more complete knowledge of the link 588 

between the hydrodynamics of the Portainé stream, the behaviour of the riverbank trees 589 

and the morphology of the area.  590 

The formation of different dendrogeomorphological evidence (FDEs), but especially 591 

the external dendrogeomorphological disturbances, depends on the geomorphic position 592 

of the trees. 103 disturbances (decapitations, scars, stem tilting and root exposure) in 12 593 

geomorphic positions were analysed in our study area from 57 different trees. The 594 

number of evidence per tree was calculated for each geomorphic form (total FDE / 595 

number of trees for each geomorphic position), shown in Fig. 8 (see results in 596 

supplementary material Table 2). Table 6 and Fig. 8 show the geomorphological 597 

location of the dendrogeomorphological evidence of the study area. There are few FDE 598 

in the riverbed trees (in-channel and gravel bars), although these are the most energetic 599 

positions. This is due to the lower number of trees in these geomorphic positions and 600 

therefore, little number of samples for dendrochronological analysis. Most of FDEs 601 

locate in the alluvial cone, both in the main or secondary inactive channels (2.7 FDE per 602 

tree) or in the deposit area (2 FDE per tree) (Fig. 8). Therefore, in the Portainé study 603 

area, the most intensely damaged trees concentrate on the geomorphological elements 604 

related to processes of intermediate energy (second terrace and alluvial cone). 605 

Table 6. Dendrogeomorphological evidence in the study area for each geomorphic position. 606 

Geomorphic form Decapitations Scars Tilting 
Root 

exposure 
Total 

Average Medium 0.29 0.21 0.12 0.74 0.43 

Author 
Equation Numerical 

constants 

Particle 

diameter (m) 

Costa (1983) Eq. 5 
a=0.09 

b=1.686 
2.62 

Costa (1983) for coarse material Eq. 5 
a=0.03 

b=1.686 
1.28 

Williams (1983) Eq. 5 
a=0.079 

b=1.27 
6.24 

Jacob (2003) Eq. 5 
a=0.025 

b=1.647 
1.70 

Gob et al. (2003) Eq. 5 
a=0.0253 

b=1.62 
1.91 

Bagnold (1980), adapted by Ferguson 

(2005) and Parker et al. (2011) 
Eq. 6 

c1=2860.5 

c2=12 
1.63 

Carling et al. (2002) Eq. 7 
Cd=0.95 

L-H-B (field) 
0.27 
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In-channel 0 1 1 0 2 

Gravel bar 0 1 0 0 1 

Terrace 1 0 5 1 0 6 

Terrace 2 1 7 1 0 9 

Main channel of cone 1 4 3 0 8 

Secondary channel of cone 0 6 2 0 8 

Upper deposits of cone 6 11 4 0 21 

Middle deposits of cone 0 11 5 0 16 

Lower deposits of cone 0 2 3 0 5 

Artificial levee 1 6 1 1 9 

Left slope 0 4 3 0 7 

Right slope 1 7 1 2 11 

 607 

The geomorphological features of the valley bottom areGeomorphology is also 608 

related to flow hydraulics, and in this specific case, the stability of geomorphic forms 609 

associated to torrential processes depends on the energy of the water. The 610 

hydrodynamic modelling allowed us to determine the specific velocity and water depth 611 

values for the tree scars of the modelled yearsscarred trees. These hydraulic parameters 612 

were then associated to the geomorphic element in which each tree containing a scar 613 

was located. Fig. 9 is the representation of the relation between the energy of flow, 614 

affectation on trees and geomorphology. Higher velocity and depth values indicate areas 615 

Figure 8. Relation between dendrogeomorphological evidence and geomorphic forms, organized by the 

increase of the flow energy. The size of the symbols represents the number of FDE per tree.  
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where torrential processes are more intense, and therefore correspond to energetic 616 

geomorphic forms. These most energetic geomorphological elements are close to the 617 

riverbed (in-channel and gravel bars). Far from the riverbed, there is a decrease on the 618 

flow energy, both in terms of hydraulic parameters and in the intensity of the torrential 619 

processes associated to the geomorphic features (Fig. 9). In addition, the largest number 620 

of scars are located in the alluvial cone, which corresponds to torrential processes of 621 

intermediate intensity. Taking into account that every scarred trees of the study area was 622 

sampled, the number of samples does not condition the concentration of scars in the 623 

alluvial cone and it represents the geomorphic form where more trees are affected 624 

during torrential events. 625 

The relation of scars, geomorphic forms and flow hydrodynamics can be assessed 626 

by comparing the differences between scar height and the modelled water stage (Eq. 3) 627 

of the trees according to their geomorphic position. We analysed the 2008 event because 628 

it provided a larger population of scars and lower errors in discharge estimation, and we 629 

obtained mean height differences for each geomorphic form: 0.07 m in-channel (1 tree), 630 

0.49 m in gravel bars (1 tree), 0.53 m in terrace 1 (3 trees), 0.26 m in terrace 2 (2 trees), 631 

0.44 m in secondary channels of the cone (2 trees), 0.17 m in middle deposits of the 632 

cone (5 trees), 0.01 m in artificial levees (1 tree) and 0.63 m in right-side slopes (3 633 

trees). The lowest variability in scar heights was located inside the channel and in an 634 

artificial levee, but these geomorphic forms only contain one tree. If we consider 635 

geomorphic positions with more than a single tree, the lowest variabilities corresponded 636 

to trees located on terrace 2 or middle deposits of the cone, which are intermediate 637 

energy positions. Highest variabilities occurred in the right-side slope.  638 

5. Discussion 639 

 640 

5.1. Discussion on the results and new contributions 641 

This paper presents a combined detailed palaeoflood studymultidisciplinary 642 

approach in an ungauged mountain stream (Portainé, Spanish Pyrenees) based on the 643 

novel multidisciplinary methodology that consisted on the four-topic correlation of 644 

Figure 9. Flow velocity – depth diagram for the formation of scars, classified by the geomorphic form in 

which they are located. The arrow indicates the increase of the flow energy.  
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geomorphology, dendrogeomorphology, flood discharge and flow 645 

hydraulicshydrodynamics.  646 

Detailed geomorphological mapping from total station data contributed to a good 647 

correlation between damaged trees and geomorphic forms. The formation of different 648 

dendrogeomorphological evidence (FDE), depends on the geomorphic position of the 649 

affected trees. Usually the most energetic disturbances are found in trees located in 650 

energetic geomorphic forms (e.g. Ruiz-Villanueva et al., 2010). Nonetheless, in our 651 

study area, most of the FDEs locate in geomorphic positions of intermediate energy. 652 

This is explained by (i) the inexistence of manyscarcity of trees on the riverbed (most 653 

energetic positions) because high discharge events, with significant stream power, pull 654 

and transport them, and (ii) the scarcity of external disturbances on slopes (less 655 

energetic positions) due to the flow not having enough energy to produce damages on 656 

those trees farther from the active channel, or even the flow not reaching those areas. 657 

The estimation of peak discharges was possible thanks to the detailed topography 658 

and cross sections measured in the field. LiDAR data was not accurate enough for the 659 

application of hydraulic models due to the dense vegetation and therefore, insufficient 660 

and inaccurate ground points. The methodology for palaeodischarge calculation for 661 

2008 and 2010 was adapted from Ballesteros-Cánovas et al. (2010). Comparing the two 662 

reconstructed years and considering the values of the hydraulic parameters, it seems that 663 

their values magnitudes were similar and they had the same order of magnitude; but the 664 

2008 event has been reported as the most severe one in the last decade (IGC, 2013). 665 

This discrepancy could be explained by the difference in the real pre-event topography. 666 

In this study, as we used the same topographic data for hydraulic modelling in both 667 

cases, which includes boulder accumulation in the alluvial cone during extraordinary 668 

events. Therefore, the pre-2008 topography would be lower than the pre-2010 one, and 669 

the water stage for scar formation the generation of the injuries higher, leading to an. 670 

This leads to the underestimation of the 2008 event.  671 

Overbank critical discharges calculated at the apex of the alluvial cone indicate the 672 

minimum discharge for the overflow of the left bank. However, this minimum discharge 673 

not necessarily involves water flowing all along the cone, as it may return to the 674 

functional channel. In order to validate the estimations, we checked for the discharge 675 

that, apart from overflowing the bank, showed water continuity along the distributary 676 

channels of the cone. Therefore, two overbank flow discharges were estimated: partial 677 

overbank critical discharge associated to levee breach and formation of crevasse splays 678 

(43 m
3
s

-1
), and total overbank critical discharge and cone flooding (58 m

3
s

-1
). 679 

Peak discharges for different return periods were calculated for the Portainé basin by 680 

other authors using hydrologic modelling (de las Heras et al., 2016). Comparing those 681 

results with both palaeodischarge values obtained in the approach presented in this 682 

study, for 2008 event (316 m
3
s

-1
) and 2010 event/s (314 m

3
s

-1
), both discharges events 683 

would correspond to return periods higher than 500 years. This makes no sense, as 684 

torrential or debris events are recorded almost every year or every two years since 2006. 685 

Moreover, the obtained overbank critical discharge in the downstream part of the 686 

Portainé stream would correspond to about the 500-year return period value. This means 687 

that (i) the discharges estimated in this study may be overestimated; and (ii) the 688 



25 
 

discharges with different return periods from de las Heras (2016) could be 689 

underestimated. In our study, tThis is due to the high sediment load of the torrential 690 

flows, not considered in the palaeohydrologic and palaeohydraulic analyses. As outlined 691 

by Bodoque et al. (2011), the estimated peak discharges are the result of the 692 

combination, not only the sum, of water and sediment load. This is very common in 693 

steep mountain streams with high torrential activity. 694 

Regarding the calculation of the particle size transported for a specific flow, the best 695 

approach is the one proposed by Carling et al. (2002) because we adapted it for the 696 

study case by stablishing a relation between the three diameter axes of the deposited 697 

boulders. The obtained relation of maximum (length), medium (width) and minimum 698 

(height) diameters of boulders is in agreement with the typology of the bedrock, which 699 

is composed of highly fractured metapelites. This leads to the formation of boulders 700 

with two similar axes and a considerably shorter one. However, results obtained from 701 

Carling et al. (2002) correspond to the most common size of deposited boulders 702 

(medium size in the study area), as the relation between diameter axes was established 703 

for the average of the field measurements. Bagnold (1980) also considers the most 704 

common size (mode), so the obtained results are clearly overestimated. All the other 705 

authors come up with equations for the intermediate axis estimation of the maximum 706 

transported boulder, so the obtained results should be compared with the width of 707 

biggest boulders identified in the field (Table 4, boulder number 2). Among these 708 

equations, the one proposed by Costa (1983) for coarse material is considered the most 709 

suitable onein our case.  710 

In general, theThe results obtained for the Portainé alluvial cone using empirical 711 

relations (Table 5) are higher than the boulder size measured in the field (Table 4). The 712 

causes for this can be that: (i) they are empirical relations calculated for biphasic flows 713 

with Newtonian behavior, and some debris flows are uniphasic; (ii) equations work with 714 

the mobilizable particle size, but boulders of this dimension are not always available to 715 

be moved in the river bottom, in part due to the lithology of the source area (even 716 

though this does not seem to occur in the study case), or because they could be 717 

fragmented during the transport; (iii) water depth and velocitystream power values are 718 

averaged for the channel or margins (using a 1D hydraulic model that only distinguishes 719 

three zones in each cross section), but they could not be representative of some specific 720 

positions; and (iv) the used 1D model works with Newtonian flows of clean water so the 721 

calculated discharges may be overestimated due to the higher viscosity of the more 722 

dense real flow (which includes sediment), leading to a real transport capacity of 723 

smaller boulders. Considering these limitations, the results obtained by empirical 724 

relations are coherent with real torrential processes in the Portainé study area. The 725 

equation proposed by Williams (1983) is the exception and does not work for the 726 

studied stream, as suggests a mobilizable particle size of more than 6 meters, which is 727 

completely illogical.    728 

Overbank critical discharges calculated at the apex of the alluvial cone indicate the 729 

minimum discharge for the overflow of the left bank. However, this minimum discharge 730 

not necessarily involves water flowing all along the cone, as it may return to the 731 

functional channel. In order to validate the estimations, we checked for the discharge 732 

that, apart from overflowing the bank, showed water continuity along the distributary 733 
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channels of the cone. Therefore, two overbank flow discharges were estimated: (i) 734 

partial overbank critical discharge associated to levee breach and formation of crevasse 735 

splays (43 m
3
s

-1
), and (ii) total overbank critical discharge and cone flooding (58 m

3
s

-1
). 736 

The uncertainty of the peak discharge estimations depends on the reliability of scar 737 

heights (Ballesteros-Cánovas et al., 2016). The distribution of scar-flow differences in 738 

the study area suggests that trees located on the deposits of the cone and in the terrace 739 

are the most suitable ones for palaeoflood reconstruction, whereas those standing in the 740 

slopes are the less useful ones.   741 

The present study is a new step for palaeoflood reconstruction in ungauged small 742 

basins. Even if peak discharges obtained by hydrodynamic modelling may be 743 

overestimated because of not considering the sediment load, at least they allow 744 

estimating the order of magnitude of past events. Such a multidisciplinary approach 745 

could be very useful for basins where detailed dendrogeomorphological studies could 746 

not be carried out (few or lack of riverbank trees) or the application of hydrologic-747 

hydraulic models presents great limitations (scarce meteorological data and/or not 748 

accurate DEMs).  749 

5.2. Limitations of the data sources  750 

The topographic data used for the generation of the TIN presents the following 751 

drawbacks: (i) temporal difference between detailed field topography (2014-2016) and 752 

airborne LiDAR data (2011); (ii) change of the alluvial cone topography, characterised 753 

by accumulation during high discharge events and erosion between them; (iii) the use of 754 

the same DEM for hydrodynamic modelling of different years; and (iv) low accuracy of 755 

LiDAR data in forested or densely vegetated areas. Temporal changes of terrain along 756 

the alluvial cone indicates that scars in trees located upstream from this area are more 757 

reliable for palaeoflood discharge estimations, but they are scarce.  758 

Geomorphic positions of trees could have changed in time, because the assigned 759 

present-day landform, element or facet to each tree could not be exactly the same as 760 

when the flood occurred and the scar was formed; at least for geomorphic forms close to 761 

the river channel and especially for older dendrogeomorphological damages or FDE. 762 

This limitation in data sources is very difficult to solve, due to the lack of previous 763 

geomorphological maps or detailed aerial photographs in this forested area. 764 

Dendrogeomorphological studies are usually carried out in rivers with many trees 765 

showing external disturbances (Ballesteros-Cánovas et al., 2015). In the Portainé 766 

stream, all the affected trees were analysed and they provided information for the dating 767 

of 15 past events prior to 2012 (Génova et al., under review). Scars and injuries were 768 

used as palaeostage indicators (PSI), considering that their maximum height indicates 769 

the minimum water table of the flow and is close to high water marks (HWM), as 770 

demonstrated by previous works (Ballesteros et al., 2011; Ballesteros-Cánovas et al., 771 

2010). Nevertheless, this approximation involves some uncertainties and error sources: 772 

(i) PSI can be higher than HWM if the scar was formed by material accumulated 773 

upstream from a tree, leading to a discharge overestimation (Ballesteros-Cánovas et al., 774 

2010); (ii) PSI can be lower than HWM when the scar is partially closed, and therefore, 775 

the discharge would be underestimated (Guardiola-Albert et al., 2015); and (iii) PSI can 776 
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be lower than HWM when the scar has been produced by sediment load in the lower 777 

part of the water column (bedload transport, e.g. saltation), and not by the impact of 778 

floating load (large wood), so the discharge could be underestimated (Ballesteros et al., 779 

2010). The trial-and-error technique was applied to compare the height of the PSI 780 

(height of the scars) and the modelled water stage in each cross section (Yanosky and 781 

Jarrett, 2002). Despite the few number of trees, we had multiple scars to simulatethe 782 

number of scars was considered enough for simulating the flow of 2008 (18 scars) and 783 

2010 events (6 scars). Moreover, the existing technical reports that describe the 2008 784 

and 2010 events (IGC, 2010a, 2010b), especially upstream, seem to be in accordance 785 

with the obtained results about the magnitude of these events. 786 

The topographic data presented the following drawbacks: (i) temporal difference 787 

between detailed field topography (2014) and airborne LiDAR data (2011); (ii) the use 788 

of the same DEM for hydrodynamic modelling of different years; and (iii) low accuracy 789 

of LiDAR data in forested or densely vegetated areas. Temporal changes of terrain in 790 

the alluvial cone indicates that scars in trees located upstream from this area are more 791 

reliable for palaeoflood discharge estimations, but they are scarce. So, main topographic 792 

limitations were overcome by acquiring high-accuracy data along multiple cross 793 

sections coinciding with the location of the damaged trees.  794 

5.3.Limitations of the methods 795 

Tree-ring analysis is a very useful tool for data acquisition on past flood events 796 

(Ballesteros-Cánovas et al., 2015b; Stoffel and Bollschweiler, 2008). However, 797 

dendrogeomorphological methodologies present some limitations and drawbacks (Díez-798 

Herrero et al., 2013a). In our study area, (i) some FDE could correspond to different 799 

events occurred in a same year (at least two in 2008 and other two in 2010), and 800 

therefore, FDE from a same year could correspond to different intra-annual events; (ii) 801 

some scars can be produced by another external factor unrelated to torrential processes, 802 

like the impact of a fallen tree during wind gusts or due to human activities. However, 803 

in this study, the position, shape, orientation and distribution of the scars were analysed 804 

in detail regarding their relation with torrential processes, and the incoherent doubtful 805 

ones were dismissed.  806 

The hydrodynamic modelling was carried out with the HEC-RAS 1D hydraulic 807 

model (USACE, 2008) that works with transversal cross sections. The area between 808 

them is lineally interpolated and may involve some errors. This was overcome by 809 

acquiring detailed topographic data with a total station in the field and, in few cases, 810 

introducing additional sections corresponding to the position of trees showing scars 811 

from 2008 or 2010 events. A 2D model was not run due to geometric, hydrodynamic 812 

and other factors (see section 3.3.). Moreover, other works like Bodoque et al. (2011) 813 

have used 1D hydraulic modelling for peak discharge reconstruction at mountain steep-814 

gradient reaches showing the same configuration and characteristics as the Portainé 815 

stream, proving its suitability. : (i) the lack of an accurate enough digital elevation 816 

model for an adequate bidimensional hydraulic simulation; (ii) the general 817 

unidirectional component of the water flow in high steep torrents like the Portainé 818 

stream, in which secondary transversal flows are limited by the narrowness of the valley 819 

(not defined floodplain) and the high longitudinal slope (with waterfalls and rapids). A 820 
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correction factor was not applied as proposed by other authors (Ruiz-Villanueva et al., 821 

2010), neither based on the position of the tree with regard to the channel nor for the 822 

spatial distribution of the scars, due the little number of scars and their homogeneous 823 

distribution along the stream reach. The small differences in peak discharges obtained 824 

from the TIN-based cross sections and the field-based cross sections can be explained 825 

by the longitudinal variability of the high sediment load flow and the different number 826 

of scars for each case. 827 

5.4.Limitations of the results  828 

The reconstruction of flooded areas for simulated discharges can present some 829 

errors due to the limitations of the 1D hydraulic modelling. Isolated flooded areas could 830 

be found when representing the obtained water depth values above the digital elevation 831 

model. In this study, this errors were avoided improving the topography of the study 832 

area by including topographic data obtained in the field with the total station, by 833 

delimiting the channel with levees and by deleting ground points that overcame the 834 

established threshold for elevation differences between adjacent points. This process 835 

allowed us to obtain a much more accurate TIN for an adequate representation of 836 

flooded area.    837 

Obtained results for flow Flow hydraulics results were not calibrated with real data, 838 

because of the lack of flow gauging stations within the basin. Therefore, the 839 

palaeodischarges could not be compared and validated with real recordsobserved 840 

discharges recorded in the Portainé stream. Nevertheless, the obtained discharges in this 841 

study seem reasonable, and their order of magnitude is coherent with the dimensions of 842 

the river and the catchment basins.  843 

5.5.Further research 844 

Future steps that could improve the characterisation of the dynamics of the Portainé 845 

stream and the palaeoflood reconstruction are: (i) the integration of the sediment load 846 

and transport, which constitute an important factor for the rheology of torrential and 847 

debris floods; (ii) 2D hydrodynamic modelling, to simulate the limited transversal flows 848 

and therefore, secondary discharges along the alluvial cone and its channels.   849 

Last but not least, the methodology carried out in this study could be applied to 850 

other watersheds of similar morphometric and geomorphologic characteristics. The 851 

validation of the use of 1D hydraulic models in other small elongated cones in 852 

mountainous areas with few source data and relatively few number of trees would 853 

corroborate the high potential of such a multidisciplinary analysis for highly torrential 854 

problematic settings. 855 

6. Conclusions 856 

This paper analyses the palaeohydrology of a small mountain drainage basin with 857 

scarce or lack of hydrologic data and limited number of damaged trees. We estimated 858 

peak discharges from 2008 and 2010 events, giving an idea of the magnitude of these 859 

events, and flow hydraulics and dendrogeomorphology were related. Results of theThe 860 

palaeohydrological approach presented in this study proves that the flow energy 861 

obtained from hydrodynamic modelling of past events, determined by the depth, 862 
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velocity and stream power, shows a positive correlation with most energetic 863 

geomorphic forms (riverbed and low alluvial terrace). However, most of the external 864 

disturbances are found in trees located in geomorphic positions of intermediate energy 865 

(alluvial cone). This can be explained by the higher percentage of trees in this area and 866 

the destruction of trees located in the main active channel due to the great energy and 867 

transport capacity of torrential flows. Trees showing less uncertainty for hydraulic 868 

modelling, based on the variability in scar heights, were also located on geomorphic 869 

forms formed by intermediate energy processes (high alluvial terrace and deposits of the 870 

cone). These findings suggest that the most reliable scarred trees for peak discharge 871 

estimations using hydraulic modelling correspond to intermediate flow energy 872 

positions.  873 

The present work shows the high potential of the combination of techniques for 874 

flood assessment in problematic contexts, such as ungauged mountain basins or with 875 

scarce hydrological data without gauging stations, densely vegetated areas with poor 876 

topographic data, and rivers with few disturbed trees for detailed 877 

dendrogeomorphological studies. 878 
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Abstract 15 

Torrential floods are hazardous hydrological phenomena that produce significant 16 

economic damage worldwide.  Flood reconstruction is still problematic in mountainous 17 

ungauged areas due to the lack of systematic real data, so other indirect techniques are 18 

required. This paper presents an integrated palaeoflood study of a Pyrenean stream that 19 

combines fluvio-torrential geomorphology, dendrogeomorphology, palaeoflood 20 

discharges and flow hydraulics. The use of a total station and airborne LiDAR data has 21 

allowed obtaining a detailed topography for geomorphological mapping and for running 22 

a one-dimensional hydraulic model. Based on the height of scars on several damaged 23 

trees, we obtained palaeodischarges of 316 m
3
s

-1
 and 314 m

3
s

-1
 for the 2008 and 2010 24 

floods. The hydraulic parameters were related to the geomorphic position of trees, 25 

showing a positive relation between most energetic geomorphic elements and flow 26 

depth and velocity values. The most intensely affected trees are located in intermediate 27 

energy geomorphic positions. Analysing variabilities in scar height and flow stage 28 

differences, we suggest that most reliable trees for peak discharge estimation correspond 29 

to those placed in areas related with fluvio-torrential processes of intermediate energy. 30 

This multidisciplinary palaeohydrological study relates flood hydrodynamics with the 31 

damages on trees and their geomorphological characteristics, focusing on the hydraulic 32 

parameters of the peak flow (depth, velocity and unit stream power), which has never 33 

been carried out elsewhere. The proposed approach shows a high potential for 34 

palaeoflood analysis in ungauged mountain catchments with scarce non-systematic data. 35 

Keywords: Dendrogeomorphology, Fluvial geomorphology, Hydraulic modelling, 36 

Palaeoflood, Spanish Pyrenees. 37 

1. Introduction 38 

Hydrometeorological phenomena are one of the most recurrent causes of natural 39 

disasters worldwide that annually produce significant economic damages and fatalities 40 

(Gaume et al., 2009). Flood disasters are increasing in number and damages in the last 41 
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few decades in Europe (Barredo, 2007). In mountainous areas of Catalonia (Spain), 42 

flash floods and debris flows cause severe socioeconomic and geomorphologic impacts 43 

due to their sudden occurrence, torrential behaviour and high sediment load involved 44 

(Portilla et al., 2010).  45 

Flood hazard assessment is often based on conventional statistical magnitude-46 

frequency analyses, which are difficult to apply in areas with scarce rainfall data and 47 

lack of flow gauging stations. Palaeohydrology is a useful method in active torrential 48 

basins with non-systematic records that consists on the study of past floods especially 49 

focusing on ancient extraordinary events, and encompasses different research lines 50 

depending on the palaeoflood data and working methodology (Baker, 2008; Benito and 51 

Díez-Herrero, 2015; Lang et al., 2004; Webb and Jarrett, 2002). Extreme flood 52 

reconstruction has been carried out using a variety of data sources and evidence, such as 53 

sedimentological (Benito et al., 2003, 2015; Kochel and Baker, 1982), 54 

geomorphological (Baker et al., 1988; Baker and Pickup, 1987), dendrochronological 55 

(Ballesteros-Cánovas et al., 2016; Gottesfeld, 1996; Kundzewicz et al., 2014; Malik and 56 

Matyja, 2008; Sigafoos, 1964; Yanosky and Jarrett, 2002; Zielonka et al., 2008), and 57 

lichenometric indicators (Gob et al., 2003).  58 

Many authors have reconstructed palaeoflood using dendrogeomorphology, which 59 

provides information about past events recorded in flood dendrogeomorphological 60 

evidence (FDE) in riverbed and riverbank trees (see reviews from Ballesteros-Cánovas 61 

et al., 2015b and Benito and Díez-Herrero, 2015), but also other hydraulic parameters 62 

like flow velocity, depth and power by means of hydrodynamic modelling (Ballesteros-63 

Cánovas et al., 2010, 2015a). Numerous studies relate flood discharges with flow 64 

hydraulics with different empirical equations (Bagnold, 1980; Chanson, 2004; Chow, 65 

1959; Costa, 1983; Ferguson, 2005). Some other works deal with flow hydraulics and 66 

fluvial geomorphology from different perspectives: flood geomorphology (Baker et al., 67 

1988), the stability of geomorphological elements (Nicholas and Walling, 1997; Ortega 68 

and Garzón, 1997) or past flood discharges and deposits (Baker, 1987; Kochel and 69 

Baker, 1982; Sánchez-Moya and Sopeña, 2015). However, dendrogeomorphological 70 

evidence have rarely been associated to the geomorphic position of the trees (Ruiz-71 

Villanueva et al., 2010), or other local characteristics of the river reach (Ballesteros-72 

Cánovas et al., 2016). 73 

However, these methods tend to have some limitations in mountains areas. 74 

Dendrogeomorphological studies are conditioned by the number of trees of the study 75 

area, which is limited in some cases. High-resolution geomorphological mapping is 76 

difficult to carry out in remote areas. Palaeodischarge reconstructions in ungauged 77 

catchments require an adequate topographic data for hydraulic modelling, which is 78 

usually scarce in forested mountain catchments. Regarding flow hydrodynamics, the 79 

calculation of hydraulic parameters depends on the estimated peak discharge.  80 

This paper reconstructs flood events combining all the above mentioned disciplines 81 

(Fig. 1). The aim of this paper is to quantify the relation between flood hydrodynamics 82 

and the geomorphological characteristics of damaged trees. Flow hydraulics are 83 

analysed according to the specific geomorphic position of trees and the obtained stream 84 

power from hydraulic modelling is used to estimate the mobilizable particle size, which 85 
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is compared to field measures to assess its reliability. Such a multidisciplinary analysis 86 

specially focusing on hydraulic parameters has never been carried out before in a 87 

selected study area, and allows us to obtain an improved knowledge about fluvio-88 

torrential dynamics in areas with few source data. 89 

2. Problematic study area and hazard 90 

The multidisciplinary approach presented in this paper was performed in the 5.72 91 

km
2
 Portainé drainage basin (Pallars Sobirà County, Catalonia, Spain), located in the 92 

Eastern Pyrenees (Fig. 2a). Maximum altitude is 2439 m a.s.l. (Torreta de l’Orri). Two 93 

main streams drain the basin towards the north, the Portainé stream (5.7 km long) and 94 

its tributary the Reguerals stream (3 km long). Their confluence is placed at 1285 m 95 

a.s.l. and then, the Portainé stream flows until its confluence with the Romadriu River 96 

(part of the Ebro River Basin) at 950 m a.s.l. (Fig. 2c). An access road to the Port-Ainé 97 

ski station crosses both streams at various points. The climate is Alpine Mediterranean, 98 

with a mean annual rainfall of 800 mm and 5-7 °C mean annual temperature (Meteocat, 99 

2008).  100 

From a geological perspective, the Portainé basin is located in the Pyrenean Axial 101 

Zone (Fig. 2b). In the study area, the bedrock is composed of highly folded and 102 

fractured Cambro-Ordovician metapelites and sandstones with quartzite intercalations. 103 

Wide surficial colluvial materials irregularly cover large parts of the terrain. Due to the 104 

highly fractured bedrock and the unconsolidated surficial deposits, materials are easily 105 

eroded and mobilized along the streams. Geomorphologically, the catchment can be 106 

divided in two sectors (IGC, 2013). The southern one corresponds to the headwaters and 107 

shows lower gradients (less than 25º, but usually around 10-20º) and a poorly 108 

entrenched drainage network. The northern sector shows higher gradients (more than 109 

25º) stronger entrenched streams (Fig. 2c). 110 

The Portainé and the Reguerals streams are characterized by a high torrential 111 

activity especially since 2006, as debris flood, hyperconcentrated flow and/or debris 112 

flow events produce significant losses in infrastructures, mainly where the road crosses 113 

the streams. From 2006 to 2015, ten events have occurred in this area (IGC, 2013; Palau 114 

et al., 2017), even without extraordinary rainfall values. In addition, 115 

dendrogeomorphological studies have proved the occurrence of previous torrential 116 

events, even if their frequency is much lower (Furdada et al., 2016; García-Oteyza et al., 117 

2015). In order to reduce these impacts, 15 sediment retention barriers were installed 118 

along the channels since 2009 as a hydrological correction measure (Luis-Fonseca et al., 119 

2011). However, the problem remains and the increasingly entrenched streams show a 120 

significant erosive tendency (Victoriano et al., 2016).  121 

The specific study area corresponds to the most downstream 500 m-long reach of 122 

the Portainé stream. In the confluence with the Romadriu River, an alluvial elongated 123 

debris cone has formed, mainly composed of sub-rounded to sub-angular decimetric 124 

boulders. High sediment load torrential events change the morphology of the mobile 125 

riverbed easily, also affecting the riverbank trees. In general, the vegetation of the area 126 

constitutes a deciduous broadleaf forest with a variety of species. 127 

3. Material and methods 128 
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The methodological approach of this study is synthetized in Fig. 3, showing each 129 

research topic and the integration of the methods for final results.  130 

3.1.Geomorphological mapping and analysis 131 

A detailed geomorphological study and mapping of the features was carried out. 132 

This analysis had two steps, (i) topographic and geomorphological fieldwork, and (ii) 133 

GIS mapping. 134 

Detailed topographic data acquisition was carried out in March 2014 using a Leica 135 

TC 1700 total station. This taquimetric survey was focused on localizing and defining 136 

topographic sharp changes (breaklines) of geomorphic elements and tree positions in 137 

order to collect a complete point dataset (Keim et al., 1999) consisting of 1118 points 138 

(853 ground points and 265 tree points) in a 4850 m
2
 area. In addition, in places where 139 

trees showing external FDE were identified we also obtained detailed topographic cross 140 

sections. Differential RTK GNSS methods were carried out to accurately measure the 141 

absolute coordinates of certain control points (Khazaradze et al., 2016) used to 142 

georeference the dense measurements obtained with the total station. Regarding 143 

geomorphological mapping, during the mentioned topographic field survey, main 144 

geomorphological elements were identified following the proposal of Church et al. 145 

(2012) and their limits were measured with the total station. Main geomorphological 146 

elements and deposits were roughly classified as: functional channel, distributary 147 

channels of the cone, gravels and boulders; in addition, alluvial terraces were identified, 148 

as well as other features like levees, escarpments and flow paths. During subsequent 149 

field surveys carried out in March 2015, September 2015 and June 2016, morphological 150 

changes in landforms, elements and facets (different parts of the elements) were 151 

recognized, which mainly occurred along the channels and did not alter the position of 152 

riverbed and riverbank trees.  153 

The deposits and forms were mapped using the ArcGIS 10.2.2 software (ESRI, 154 

2014), creating a detailed geomorphological map.  155 

3.2.Dendrogeomorphological analysis 156 

Dendrogeomorphology is a palaeohydrological data source that provides 157 

information about past torrential events recorded in trunks, branches and roots of 158 

riverbed and riverbank trees (Díez-Herrero, 2015).Tree-ring analysis been widely 159 

applied for fluvio-torrential processes in flood studies (see reviews from Ballesteros-160 

Cánovas et al., 2015b and Benito and Díez-Herrero, 2015). The 161 

dendrogeomorphological study carried out in Portainé is divided in three 162 

complementary tasks, (i) dendrochronological sampling, (ii) tree-ring analysis and FDE 163 

dating, and (iii) geomorphological analysis of the tree positions. 164 

Dendrochronological sampling was carried out in March 2014, March 2015 and 165 

September 2015, and the strategy was based on the field recognition of external 166 

disturbances. The selected trees were those showing evidence most probably produced 167 

by the impact of boulders and/or large wood transported by the flow, mainly injured, 168 

decapitated and tilted trees (Fig. 4), but also few trees with exposed roots. Trees were 169 

sampled following dendrogeomorphological procedures (Stoffel & Bollschweiler, 2008; 170 

Díez-Herrero et al., 2013, Stoffel & Corona, 2014). The geographic position of each tree 171 
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was measured using a total station, and also the height of scars and decapitation nodes. 172 

Additional information was also collected, such as an identifier code, sampling date, 173 

species, description of the tree (height and perimeter), description of the FDE (type, 174 

height and size), description of the sample (height) and photos of the tree. Cylindrical 175 

samples (cores) were obtained using a Pressler increment borer of 5 mm diameter. Some 176 

wedges were also extracted from overgrowing callus in scarred trees and cross sections 177 

were cut in some death trees. We analysed 57 trees from 9 different species (151 178 

samples) providing a multievidence population of Populus tremula L. (common aspen), 179 

Populus nigra L. (black poplar), Fraxinus excelsior L. (ash), Prunus avium L. (wild 180 

chery), Quercus petraea (Matt.) Liebl. (sessile oak), Tilia platyphyllos Scop. (largeleaf 181 

linden), Juglans regia L. (common walnut), Acer campestre L. (field maple) and Salix 182 

caprea L. (goat willow).   183 

In this study, we only considered external evidence on trees. In the laboratory, tree-184 

ring analysis of cores, wedges and sections consisted in (Génova et al., 2015): (i) 185 

sample air-drying, cutting or sanding; (ii) tree-ring width measuring using a LINTAB 186 

table (with 1/100 mm accuracy) and the associated software TSAPWin (RinnTech, 187 

2003); (iii) cross-dating using visual and statistical techniques (Cook and Kairiukstis, 188 

1990); and (iv) quality check using the Cofecha software (Grissino-Mayer, 2001). This 189 

process let us to date scars in tree-ring series and consequently, torrential events. The 190 

last ring of dead trees was dated by comparing tree-ring series with other living trees of 191 

the same species. For palaeoflood reconstruction, the scars’ formation year (dated 192 

following the mentioned procedure) and their height (measured in the field) were used. 193 

Additionally we considered the location of decapitated trees, tilted trees and exposed 194 

roots for the geomorphic analysis. This information was compiled within a 195 

dendrogeochronological database.  196 

The inclusion of the dendrogeochronological database into a GIS environment, 197 

using ArcGIS 10.2.2 software (ESRI, 2014), allowed to study the geomorphological 198 

setting of disturbed trees. Based on the geomorphological mapping and tree positions, 199 

geomorphic features were reclassified according to their formation energy (Ruiz-200 

Villanueva et al., 2010). This lead to a considerably more elaborated classification of 201 

the geomorphic forms, elements and facets. Moreover, the detailed geomorphic position 202 

of each tree was determined in the field, and trees were classified according to the 203 

geomorphic form (e.g. riverbed), element (e.g. gravel bar) or facet (e.g. bar tail) in 204 

which they were located, obtaining the spatial distribution of de FDE according to the 205 

formation energy of the geomorphic form on which they locate. Other 206 

geomorphological characteristics (e.g. channel reach morphology and tree exposure to 207 

the flow) were not considered in this study because they were equal for all the scarred 208 

trees (straight channel and exposed trees). Therefore, the geomorphic position according 209 

to geomorphic units was the best evidence to relate flow hydrodynamics and FDE 210 

formation.   211 

3.3.Palaeodischarge estimations and hydraulic modelling  212 

Palaeofloods were reconstructed using the one-dimensional hydraulic simulation 213 

software HEC-RAS 4.0 from the US Army Corps of Engineers (USACE, 2008). This 214 

model was used to obtain palaeoflood discharges and other hydraulic parameters as 215 
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stage, water depth, velocity and stream power. It was run a 1D model instead of a 2D 216 

one due to the following groups of factors: a) channel geometric characteristics (lack of 217 

high-resolution and high-accuracy 2D topographic data; detailed cross-sections 218 

coinciding with tree locations measured with total station; narrow valley with 219 

length/width ratio >3:1; and lack of anthropic features, such as bridges or culverts, 220 

along the channel); b) hydrodynamic factors (unidirectional flow patterns during floos; 221 

limited secondary transversal flows due to the narrowness of the valley and the steep 222 

gradient with waterfalls and rapids); and c) other evidence (scar height-riverbed 223 

parallelism suggesting a sub-uniform to gradually variable flow). The required 224 

parameters and conditions to run the hydraulic model were: (i) geometric data, (ii) 225 

boundary conditions, and (iii) discharges.  226 

Regarding geometric data, HEC-RAS works with transversal cross sections (XS 227 

sections). Topographic data from two different sources were available for the study 228 

area: total station and airborne LiDAR (Light Detection and Ranging). Total station data 229 

was acquired in the field (see section 3.1.) and provided high accuracy but slightly low 230 

point-density. LiDAR data was collected with the aircraft Cessna Caravan 208B and the 231 

topographic LiDAR sensor Leica ALS50-II, owned by the Cartographic and Geological 232 

Institute of Catalonia (ICGC), and the point cloud was georeferenced and filtered using 233 

the TerraScan software (Terrasolid, 2016). The potential of LiDAR data creating high-234 

resolution elevation models has been widely accepted (Tarolli, 2014). However, in our 235 

mountain study area with steep slopes and dense vegetation, the LiDAR dataset 236 

provided a good coverage but a low elevation accuracy (about 50 cm RMSE) and not 237 

very high-resolution topography (0.63 ground point/m
2
). Taking into account the 238 

mentioned strengths and limitations of data sources, two hydraulic models with 239 

different geometric data were run. The first one, manually introducing the cross sections 240 

measured with the total station in the field (23 XS sections). The second one, combining 241 

both topographic data. LiDAR points were added into the total station dataset and 242 

carefully analysed in order to assess its suitability. Some adjacent points showed 243 

significant differences in elevation, which were attributed to (i) small but detectable 244 

erosion and accumulation between the 2011 LiDAR and 2014 total station data; and (ii) 245 

the real morphology of the steep terrain (e.g. stream entrenchment, escarpments and 246 

steep slopes). In order to overcome these limitations, a manual point editing process was 247 

carried out using objective criteria of congruence and acceptability, consisting in 248 

detecting erroneous points by comparing their coordinates with the surrounding points. 249 

This was done by creating 0.5 m (in steep areas) or 1 m (in flat area) buffers for total 250 

station points and intersected with LiDAR ground points. Establishing a maximum 251 

tolerance threshold of 0.5 m for the differences on elevation between both topographic 252 

data sources, incoherent LiDAR points were deleted. Finally, a bare-earth Triangulated 253 

Irregular Network (TIN) was created with the selected terrain points and sections were 254 

extracted from it (35 XS sections), using HEC-GeoRAS 10.2 extension (USACE, 2012) 255 

for ArcGIS. The advantage of the TIN-based model is that it allowed the input of 256 

additional transversal profiles, but its weakness is that LiDAR data can distort and 257 

smooth the detailed sharp topography obtained in the field. In addition, the stream 258 

centreline, banks and levees were added. The limits of the riverbanks were defined 259 

coinciding with roughness changes, so that a Manning’s n value for the left bank, 260 
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channel and right bank was stablished for each cross section. The roughness coefficient 261 

was obtained from field observations, based on Arcement and Schneider (1989).  262 

Boundary conditions upstream and downstream from the modelled reach were 263 

critical depth because both boundary sections correspond to small waterfalls (more than 264 

2 m high) in stable bedrock riverbed, identified in the field. These are hydraulic jumps 265 

with a critical flow (Froude number = 1) especially during flood events, so they are 266 

suitable for the critical-depth method (Bodoque et al., 2011). The model was run as a 267 

steady flow, as the input were peak discharge values; and the flow regime modelled as 268 

supercritical.  269 

Palaeodischarges were calculated using external scars as palaeostage indicators 270 

(PSIs). These evidence provide the most precise information of both the date and the 271 

magnitude of the event, as they allow knowing both the precise year in which they were 272 

formed by dendrochronological dating and the minimum water depth of the flow by 273 

measuring the height of the scar and/or its absolute altitude. In our study, we dated 274 

external scars from 2000 (4 scars), 2006 (1 scar), 2008 (19 scars) and 2010 (6 scars) 275 

events. Scars from 2000 were almost closed and did not provide information about the 276 

water stage. Regarding the trees scarred in 2006, there was a unique evidence so it was 277 

not considered enough as a palaeostage indicator. Therefore, only 2008 and 2010 events 278 

could be reconstructed, as they provided a representative number of scars and their 279 

height could be reliably measured in the field; but are also the last most destructive 280 

documented events. Although two high discharge events occurred in 2008 (September 281 

and November) and two others in 2010 (July and August), we assume that the scars 282 

were formed by a unique event for each year. In fact, scars from 2008 were all formed 283 

in the high-magnitude torrential flood occurred in September, which produced 284 

documented damages in a bridge located just upstream of the study reach (IGC, 2013), 285 

whereas the low-magnitude event occurred in November did not produce any effect at 286 

that point. Regarding scars from 2010, the one in July did not transport material along 287 

the study reach because it was accumulated in recently emplaced sediment retention 288 

barriers (IGC, 2010b); so, the scars would correspond to the August event when the 289 

barriers were filled and the flow transported high sediment load. We selected the trees 290 

showing scars corresponding to those events years (25 trees). For each year, we carried 291 

out a normality test to height differences (d; Eq. 3) in order to detect outliers, comparing 292 

the samples with a normal or Gaussian distribution. This process allowed us to detect an 293 

anomalous scar for 2008, which indeed, showed an odd shape in the field. Therefore, its 294 

origin may not be torrential and it was deleted before simulating the discharge values. 295 

At last, 18 scars (6 P. tremula, 6 P. nigra, 2 F. excelsior, 2 P. avium, 1 Q. petraea and 1 296 

A. campestre) were considered for 2008 modelling (9 of them dated from wedges) and 6 297 

scars (2 P. tremula, 2 F. excelsior, 1 Q. oetraea and 1 T. platyphyllos) for 2010 (1 dated 298 

from a wedge). Peak discharges for analysed palaeofloods were calculated using the 299 

step-backwater method (Ballesteros-Cánovas et al., 2010; O’Connor and Webb, 1988), 300 

by increasingly introducing peak discharge input values in the model and finding the 301 

best fit water surface elevation for the height of the scars. For each event and each input 302 

geometric data (XS section), the trial-and-error technique was used to estimate the peak 303 

discharge (with a precision of 1 m
3
s

-1
), by finding the value that showed the minimum 304 

mean absolute error (σ or MAE) and mean squared error (MSE) in the heights 305 

(difference between scar altitude and modelled water stage), defined as  306 

(1) 

(2) 
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where n is the number of scars and d is the absolute value of the difference between the 307 

height of the scar and the water stage, estimated by the expression 308 

            

where ZFDE is the altitude of the scar in meters (m) and ZQ is the water surface elevation 309 

for the modelled peak discharge in meters (m), both measured in the cross section where 310 

the scar is located.  311 

The peak discharges were finally calculated as the weighted arithmetic mean 312 

between the discharges obtained from the two geometric data, which was estimated by 313 

the following equation: 314 

      

 
 
    
        

 
   
     

 
    
  

 
   
 

 

σTIN and σTS being the absolute error of the TIN-based model and the one with total 315 

station data respectively, and QTIN and QTS being the estimated peak discharges in m
3
s

-1
.  316 

As the flow in the alluvial cone can be difficult to simulate using a 1D model, we 317 

also calculated the minimum peak discharge for bank overflow. This is the threshold for 318 

cone flooding and consequently, marks a change in the distribution of the flow 319 

discharge. This critical overflow discharge was obtained from the cross section located 320 

in the cone apex. 321 

3.4. Flow hydrodynamics  322 

We extracted other hydraulic parameters from HEC-RAS results for each cross 323 

section, such as water depth, velocity and total stream power. These parameters were 324 

then obtained for the specific position of each tree containing a scar used for the 325 

hydrodynamic modelling. Depth was calculated subtracting the elevation of the base of 326 

the tree from the water surface elevation. For the velocity value, we considered the 327 

value of the cross section part in which the tree was located (left bank, channel or right 328 

bank). The unit stream power was obtained dividing the total stream power obtained by 329 

the active width of the flow at the specific cross section part. 330 

The knowledge of flow hydraulics allowed us to estimate the particle size that might 331 

be mobilized by the flow. These calculations were carried out for the 2008 event and in 332 

the deposit of the alluvial cone, because discharge estimation is more reliable and 333 

accurate than for 2010 event. We also measured in the field the maximum (length), 334 

medium (width) and minimum (height) axes of a representative population of boulders 335 

deposited in the alluvial cone, allowing us to compare the results obtained by empirical 336 

relations with the real deposited material. The diameter of the transported boulders was 337 

calculated using different empirical equations. The mobilizable particle size is a 338 

(3) 

(4) 

(5) 
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function of the critical unit stream power, so the hydraulic parameters needed for these 339 

equations were obtained from the upstream cross section of the alluvial cone because 340 

the flow in the study site is supercritical. The three applied relations were:  341 

      
  

where c is the critical unit stream power in W/m
2
, a and b are numerical constants 342 

depending on the author (Costa, 1983; Gob et al., 2003; Jacob, 2003; Williams, 1983), 343 

and D is the particle diameter in millimeters (mm), 344 

       
           

    

 
  

d being the water depth and c1 and c2 being numerical constants determined by different 345 

authors (Bagnold, 1980; Ferguson, 2005), and 346 

    
   

 
 
   

 
  
      

where Cd is the drag coefficient, assumed to be 0.95, and H, B and L are the diameters 347 

corresponding to the main three main axes of the particles: height (minimum), width 348 

(intermediate) and length (maximum), respectively (Carling et al., 2002). In fact, this 349 

equation assumes the morphometry of the particle being dependent on the water depth. 350 

They propose that the mobilized boulders should be considered as relation of the three 351 

axes, which depends on several factors, such as the lithology, internal structure and 352 

fractures of the material.  353 

4. Results 354 

 355 

4.1.Geomorphological mapping and geomorphic forms 356 

A geomorphological map of the torrential system was obtained based on the March 357 

2014 topography. Multi-temporal field campaigns (2014-2016) showed that the 358 

distribution and morphology of the geomorphological elements and deposits changes in 359 

time, especially those associated to the riverbed, and therefore the Portainé stream is 360 

very dynamic. These changes are mostly visible in the functional channel and in the 361 

lowest level of alluvial terraces. In general, the stream shows an erosive tendency, 362 

which is reflected on the backward motion of the bank escarpments that delimit the 363 

channel. In the alluvial cone area, the flow tends to deposit the boulders transported 364 

during debris flow and flood events. 365 

13 types of geomorphic forms, elements and facets were identified and mapped, 366 

which are ordered according to their formation energy as: in-channel (functional active 367 

channel), gravel bars, terrace 1 (low terrace), terrace 2 (high terrace), natural levee, 368 

main inactive channel of cone, secondary inactive channels of cone, upper deposits of 369 

cone, middle deposits of cone, lower deposits of cone, artificial levee (dyke), left-side 370 

slope and right-side slope (Table 1 and Fig. 5).  371 

4.2.Dendrogeomorphological evidence 372 

(6) 

(7) 
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Regarding external disturbances we identified 10 decapitations, 41 external scars, 25 373 

tilted trees and 3 trees with exposed roots.  374 

The determination of the geomorphic position of the trees allows relating the spatial 375 

distribution of FDE along the torrent with the geomorphological elements (Fig. 5). 376 

Table 1 shows the geomorphic position of all the analysed trees and of the scarred trees 377 

used for hydraulic modelling. Analysed trees locate on 12 different geomorphic forms, 378 

indeed, on all of the identified forms except for natural levees. Most of them are located 379 

in the alluvial cone (58%), alluvial terraces (16%) and slopes (14%). 380 

4.3.Flood discharges 381 

The obtained peak discharges for 2008 and 2010 are presented in Table 2. For each 382 

case, the value that minimized both absolute and mean squared error was considered. 383 

For 2008, the calculated discharges were 300 m
3
s

-1
 from the TIN topography (Fig. 6) 384 

and 321 m
3
s

-1
 from the total station topography. These results were weighted according 385 

to their errors (Eq. 4), obtaining a peak discharge of 316 m
3
s

-1
 (σ = 0.18 m). Given that 386 

for 2010 there were only 4 scars corresponding to cross sections measured with total 387 

station, the 314 m
3
s

-1
 discharge (σ = 0.7 m) obtained from the TIN-based model was 388 

considered as the most reliable peak discharge value. 389 

For the critical overflow discharge, we obtained a 43 m
3
s

-1
 value of initial overbank 390 

and formation of crevasse splays, named partial overbank discharge. However, the 391 

complete flooding of the cone does not occur until the flow exceeds the total critical 392 

overbank discharge, estimated to be 58 m
3
s

-1
. Therefore, higher peak discharges 393 

produce the inundation of the debris cone. These are considered extraordinary events, 394 

like those in 2008 and 2010. 395 

4.4.Hydraulic parameters and mobilized particle size 396 

Considering the discharge values obtained for 2008 and 2010 events, the flow 397 

hydraulics was similar in both cases. Fig. 7 shows the flooded area and the water depth 398 

in the most downstream part of the study area for 2008 event. This past flood produced 399 

almost the total flooding of the alluvial cone, generating scars in trees due to the impact 400 

of boulders and floating large wood.  401 

The hydraulic parameters obtained from hydrodynamic modelling are water depth 402 

(d), flow velocity (v) and unit stream power (ω) for the left bank, channel, and right 403 

bank of each cross section (see results in supplementary material Table 1). In situ 404 

hydraulic parameters for the specific position of each scarred tree are shown in Table 3. 405 

For the empirical equations for particle size estimation, the water depth and unit 406 

stream power values were those corresponding to left bank of the section at the apex of 407 

the cone (section U-Uc’), for the 2008 peak discharge. These values were 1.03 m and 408 

5221.92 Nm
-2

. The boulder size mobilized by the flow and deposited in the cone was 409 

also obtained from the measures of the three axes (Table 4). This allowed us 410 

establishing the following field-based diameter relationships: B=0.74L, where B is 411 

width and L length; and H=0.43L, H being height. Table 5 collects the particle 412 
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diameters calculated for the Portainé alluvial cone, considering the relations proposed 413 

by different authors.  414 

4.5. Relation between geomorphic forms, FDE and flow hydraulics 415 

All the aspects analysed in the previous sections have been linked together to obtain 416 

a more complete knowledge of the hydrodynamics of the Portainé stream, the behaviour 417 

of the riverbank trees and the morphology of the area.  418 

The formation of dendrogeomorphological disturbances depends on the geomorphic 419 

position of the trees. 103 disturbances (decapitations, scars, stem tilting and root 420 

exposure) in 12 geomorphic positions were analysed in our study area from 57 different 421 

trees. The number of evidence per tree was calculated for each geomorphic form (total 422 

FDE / number of trees for each geomorphic position), shown in Fig. 8 (see results in 423 

supplementary material Table 2). There are few FDE in the riverbed trees (in-channel 424 

and gravel bars), although these are the most energetic positions. This is due to the 425 

lower number of trees in these geomorphic positions and therefore, little number of 426 

samples for dendrochronological analysis. Most FDEs locate in the alluvial cone, both 427 

in the main or secondary inactive channels (2.7 FDE per tree) or in the deposit area (2 428 

FDE per tree). Therefore, in the Portainé study area, the most intensely damaged trees 429 

concentrate on the geomorphological elements related to processes of intermediate 430 

energy (second terrace and alluvial cone). 431 

The geomorphological features of the valley bottom are also related to flow 432 

hydraulics, and in this specific case, the stability of geomorphic forms associated to 433 

torrential processes depends on the energy of the water. The hydrodynamic modelling 434 

allowed us to determine the specific velocity and water depth values for the scarred 435 

trees. These hydraulic parameters were then associated to the geomorphic element in 436 

which each tree was located. Fig. 9 is the representation of the relation between the 437 

energy of flow, affectation on trees and geomorphology. Higher velocity and depth 438 

values indicate areas where torrential processes are more intense, and therefore 439 

correspond to energetic geomorphic forms. These most energetic geomorphological 440 

elements are close to the riverbed (in-channel and gravel bars). Far from the riverbed, 441 

there is a decrease on the flow energy, both in terms of hydraulic parameters and in the 442 

intensity of the torrential processes associated to the geomorphic features (Fig. 9). In 443 

addition, the largest number of scars are located in the alluvial cone, which corresponds 444 

to torrential processes of intermediate intensity. Taking into account that every scarred 445 

tree of the study area was sampled, the number of samples does not condition the 446 

concentration of scars in the alluvial cone and it represents the geomorphic form where 447 

more trees are affected during torrential events. 448 

The relation of scars, geomorphic forms and flow hydrodynamics can be assessed 449 

by comparing the differences between scar height and the modelled water stage (Eq. 3) 450 

of the trees according to their geomorphic position. We analysed the 2008 event because 451 

it provided a larger population of scars and lower errors in discharge estimation, and we 452 

obtained mean height differences for each geomorphic form: 0.07 m in-channel (1 tree), 453 
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0.49 m in gravel bars (1 tree), 0.53 m in terrace 1 (3 trees), 0.26 m in terrace 2 (2 trees), 454 

0.44 m in secondary channels of the cone (2 trees), 0.17 m in middle deposits of the 455 

cone (5 trees), 0.01 m in artificial levees (1 tree) and 0.63 m in right-side slopes (3 456 

trees). The lowest variability in scar heights was located inside the channel and in an 457 

artificial levee, but these geomorphic forms only contain one tree. If we consider 458 

geomorphic positions with more than a single tree, the lowest variabilities corresponded 459 

to trees located on terrace 2 or middle deposits of the cone, which are intermediate 460 

energy positions. Highest variabilities occurred in the right-side slope.  461 

5. Discussion 462 

 463 

5.1. Discussion on the results and new contributions 464 

This paper presents a detailed palaeoflood multidisciplinary approach in an 465 

ungauged mountain stream (Portainé, Spanish Pyrenees) based on the four-topic 466 

correlation of geomorphology, dendrogeomorphology, flood discharge and flow 467 

hydrodynamics.  468 

Detailed geomorphological mapping from total station data contributed to a good 469 

correlation between damaged trees and geomorphic forms. The formation of different 470 

dendrogeomorphological evidence (FDE) depends on the geomorphic position of the 471 

trees. Usually the most energetic disturbances are found in trees located in energetic 472 

geomorphic forms (Ruiz-Villanueva et al., 2010). Nonetheless, in our study area, most 473 

FDE locate in geomorphic positions of intermediate energy. This is explained by (i) the 474 

scarcity of trees on the riverbed (most energetic positions) because high discharge 475 

events with significant stream power, pull and transport them, and (ii) the scarcity of 476 

external disturbances on slopes (less energetic positions) due to the flow not having 477 

enough energy to produce damages on those trees farther from the active channel, or 478 

even the flow not reaching those areas. 479 

The estimation of peak discharges was possible thanks to the detailed cross sections 480 

measured in the field. LiDAR data was not accurate enough for the application of 481 

hydraulic models due to the dense vegetation and therefore, insufficient and inaccurate 482 

ground points. The methodology for palaeodischarge calculation for 2008 and 2010 was 483 

adapted from Ballesteros-Cánovas et al. (2010). Comparing the two reconstructed years 484 

it seems that their magnitudes were similar; but the 2008 event has been reported as the 485 

most severe one (IGC, 2013). This discrepancy could be explained by the difference in 486 

the real pre-event topography, as we used the same topographic data for hydraulic 487 

modelling in both cases, which includes boulder accumulation in the alluvial cone 488 

during extraordinary events. Therefore, the pre-2008 topography would be lower than 489 

the pre-2010 one, and the water stage for scar formation higher, leading to an 490 

underestimation of the 2008 event.  491 

Overbank critical discharges calculated at the apex of the alluvial cone indicate the 492 

minimum discharge for the overflow of the left bank. However, this minimum discharge 493 

not necessarily involves water flowing all along the cone, as it may return to the 494 

functional channel. In order to validate the estimations, we checked for the discharge 495 

that, apart from overflowing the bank, showed water continuity along the distributary 496 
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channels of the cone. Therefore, two overbank flow discharges were estimated: partial 497 

overbank critical discharge associated to levee breach and formation of crevasse splays 498 

(43 m
3
s

-1
), and total overbank critical discharge and cone flooding (58 m

3
s

-1
). 499 

Peak discharges for different return periods were calculated for the Portainé basin by 500 

other authors using hydrologic modelling (de las Heras, 2016). Comparing those results 501 

with palaeodischarge values obtained in this study for 2008 (316 m
3
s

-1
) and 2010 (314 502 

m
3
s

-1
), both events would correspond to return periods higher than 500 years. This 503 

makes no sense, as torrential or debris events are recorded almost every year since 2006. 504 

Moreover, the obtained overbank critical discharge in the downstream part of the 505 

Portainé stream would correspond to about 500-year return period. This means that (i) 506 

the discharges estimated in this study may be overestimated; and (ii) the discharges with 507 

different return periods from de las Heras (2016) could be underestimated. In our study, 508 

this is due to the high sediment load not considered in the palaeohydrologic and 509 

palaeohydraulic analyses. As outlined by Bodoque et al. (2011), the estimated peak 510 

discharges are the result of the combination, not only the sum, of water and sediment 511 

load. This is very common in steep mountain streams with high torrential activity. 512 

Regarding the calculation of the particle size transported for a specific flow, the best 513 

approach is the one proposed by Carling et al. (2002) because we adapted it for the 514 

study case. The obtained relation of maximum, medium and minimum diameters of 515 

boulders is in agreement with the typology of the bedrock, which is composed of highly 516 

fractured metapelites. This leads to the formation of boulders with two similar axes and 517 

a considerably shorter one. However, results obtained from Carling et al. (2002) 518 

correspond to the most common size of deposited boulders (medium size in the study 519 

area), as the relation between diameter axes was established for the average of the field 520 

measurements. Bagnold (1980) also considers the most common size, so the obtained 521 

results are clearly overestimated. All the other authors come up with equations for the 522 

intermediate axis estimation of the maximum transported boulder, so the obtained 523 

results should be compared with the width of biggest boulders identified in the field 524 

(Table 4, boulder number 2). Among these equations, the one proposed by Costa (1983) 525 

for coarse material is considered the most suitable in our case. In general, the results 526 

obtained for the Portainé alluvial cone using empirical relations (Table 5) are higher 527 

than the boulder size measured in the field (Table 4). The causes for this can be that: (i) 528 

they are empirical relations calculated for biphasic flows with Newtonian behavior, and 529 

some debris flows are uniphasic; (ii) equations work with the mobilizable particle size, 530 

but boulders of this dimension are not always available to be moved in the river bottom, 531 

in part due to the lithology of the source area (even though this does not seem to occur 532 

in the study case), or because they could be fragmented during the transport; (iii) stream 533 

power values are averaged for the channel or margins (using a 1D hydraulic model that 534 

only distinguishes three zones in each cross section), but they could not be 535 

representative of some specific positions; and (iv) the model works with Newtonian 536 

flows of clean water so the calculated discharges may be overestimated due to the 537 

higher viscosity of the more dense real flow (which includes sediment), leading to a real 538 

transport capacity of smaller boulders. Considering these limitations, the results 539 

obtained by empirical relations are coherent with real torrential processes in the Portainé 540 

study area. The equation proposed by Williams (1983) is the exception and does not 541 

work for the studied stream.    542 
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The uncertainty of the peak discharge estimations depends on the reliability of scar 543 

heights (Ballesteros-Cánovas et al., 2016). The distribution of scar-flow differences in 544 

the study area suggests that trees located on the deposits of the cone and in the terrace 545 

are the most suitable ones for palaeoflood reconstruction, whereas those standing in the 546 

slopes are the less useful ones.   547 

The present study is a new step for palaeoflood reconstruction in ungauged small 548 

basins. Even if peak discharges obtained by hydrodynamic modelling may be 549 

overestimated because of not considering the sediment load, at least they allow 550 

estimating the order of magnitude of past events. Such a multidisciplinary approach 551 

could be very useful for basins where detailed dendrogeomorphological studies could 552 

not be carried out (few or lack of riverbank trees) or the application of hydrologic-553 

hydraulic models presents great limitations (scarce meteorological data and/or not 554 

accurate DEMs).  555 

5.2. Limitations of the data sources  556 

Geomorphic positions of trees could have changed in time, because the assigned 557 

present-day landform, element or facet to each tree could not be exactly the same as 558 

when the flood occurred and the scar was formed; at least for geomorphic forms close to 559 

the river channel and especially for older dendrogeomorphological damages or FDE. 560 

This limitation in data sources is very difficult to solve, due to the lack of previous 561 

geomorphological maps or detailed aerial photographs. 562 

Scars were used as palaeostage indicators (PSI), considering that their maximum 563 

height indicates the minimum water table of the flow and is close to high water marks 564 

(HWM). Nevertheless, this approximation involves some uncertainties and error 565 

sources: (i) PSI can be higher than HWM if the scar was formed by material 566 

accumulated upstream from a tree, leading to a discharge overestimation (Ballesteros-567 

Cánovas et al., 2010); (ii) PSI can be lower than HWM when the scar is partially closed, 568 

and therefore, the discharge would be underestimated (Guardiola-Albert et al., 2015); 569 

and (iii) PSI can be lower than HWM when the scar has been produced by sediment 570 

load in the lower part of the water column (bedload transport, e.g. saltation), and not by 571 

the impact of floating load (large wood), so the discharge could be underestimated 572 

(Ballesteros et al., 2010). The trial-and-error technique was applied to compare the 573 

height of the PSI (height of the scars) and the modelled water stage in each cross section 574 

(Yanosky and Jarrett, 2002). Despite the few number of trees, we had multiple scars to 575 

simulate the flow of 2008 (18 scars) and 2010 events (6 scars). Moreover, the existing 576 

technical reports that describe the 2008 and 2010 events (IGC, 2010a, 2010b), 577 

especially upstream, seem to be in accordance with the obtained results about the 578 

magnitude of these events. 579 

The topographic data presented the following drawbacks: (i) temporal difference 580 

between detailed field topography (2014) and airborne LiDAR data (2011); (ii) the use 581 

of the same DEM for hydrodynamic modelling of different years; and (iii) low accuracy 582 

of LiDAR data in forested or densely vegetated areas. Temporal changes of terrain in 583 

the alluvial cone indicates that scars in trees located upstream from this area are more 584 

reliable for palaeoflood discharge estimations, but they are scarce. So, main topographic 585 
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limitations were overcome by acquiring high-accuracy data along multiple cross 586 

sections coinciding with the location of the damaged trees.  587 

5.3.Limitations of the methods 588 

Tree-ring analysis is a very useful tool for data acquisition on past flood events 589 

(Ballesteros-Cánovas et al., 2015b; Stoffel and Bollschweiler, 2008). However, 590 

dendrogeomorphological methodologies present some drawbacks (Díez-Herrero et al., 591 

2013). In our study area, (i) some FDE could correspond to different events occurred in 592 

a same year (at least two in 2008 and other two in 2010), and therefore, FDE from a 593 

same year could correspond to different intra-annual events; (ii) some scars can be 594 

produced by another external factor unrelated to torrential processes, like the impact of 595 

a fallen tree during wind gusts or due to human activities. However, in this study, the 596 

position, shape, orientation and distribution of the scars were analysed in detail 597 

regarding their relation with torrential processes, and the doubtful ones were dismissed.  598 

The hydrodynamic modelling was carried out with the HEC-RAS 1D hydraulic 599 

model (USACE, 2008) that works with transversal cross sections. The area between 600 

them is lineally interpolated and may involve some errors. This was overcome by 601 

acquiring detailed topographic data with a total station in the field and, in few cases, 602 

introducing additional sections corresponding to the position of trees showing scars 603 

from 2008 or 2010 events. A 2D model was not run due to geometric, hydrodynamic 604 

and other factors (see section 3.3.). Moreover, other works like Bodoque et al. (2011) 605 

have used 1D hydraulic modelling for peak discharge reconstruction at mountain steep-606 

gradient reaches showing the same configuration and characteristics as the Portainé 607 

stream, proving its suitability. The small differences in peak discharges obtained from 608 

the TIN-based cross sections and the field-based cross sections can be explained by the 609 

longitudinal variability of the high sediment load flow and the different number of scars 610 

for each case. 611 

5.4.Limitations of the results 612 

Flow hydraulics results were not calibrated with real data, because of the lack of 613 

flow gauging stations within the basin. Therefore, the palaeodischarges could not be 614 

compared and validated with real records. Nevertheless, the obtained discharges in this 615 

study seem reasonable, and their order of magnitude is coherent with the dimensions of 616 

the river and the catchment.  617 

5.5.Further research 618 

Future steps that could improve the characterisation of the Portainé stream and the 619 

palaeoflood reconstruction are: (i) the integration of the sediment load and transport, 620 

which constitute an important factor for the rheology of torrential and debris floods; (ii) 621 

2D hydrodynamic modelling, to simulate the limited transversal flows and therefore, 622 

secondary discharges along the alluvial cone.   623 

Last but not least, the methodology carried out in this study could be applied to 624 

other watersheds of similar morphometric and geomorphologic characteristics. The 625 

validation of the use of 1D hydraulic models in other small elongated cones in 626 

mountainous areas with few source data and relatively few number of trees would 627 
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corroborate the high potential of such a multidisciplinary analysis for torrential 628 

problematic settings. 629 

6. Conclusions 630 

The palaeohydrological approach presented in this study proves that the flow energy 631 

obtained from hydrodynamic modelling of past events, determined by the depth, 632 

velocity and stream power, shows a positive correlation with most energetic 633 

geomorphic forms (riverbed and low alluvial terrace). However, most of the external 634 

disturbances are found in trees located in geomorphic positions of intermediate energy 635 

(alluvial cone). Trees showing less uncertainty for hydraulic modelling, based on the 636 

variability in scar heights, were also located on geomorphic forms formed by 637 

intermediate energy processes (high alluvial terrace and deposits of the cone). These 638 

findings suggest that the most reliable scarred trees for peak discharge estimations using 639 

hydraulic modelling correspond to intermediate flow energy positions.  640 

The present work shows the high potential of the combination of techniques for 641 

flood assessment in problematic contexts, such as ungauged mountain basins or with 642 

scarce hydrological data, densely vegetated areas with poor topographic data, and rivers 643 

with few disturbed trees for detailed dendrogeomorphological studies. 644 
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 Geomorphology, dendrochronology, flood discharges and flow hydraulics are 

related. 

 Palaeofloods were reconstructed using a 1D hydraulic model and dendro-

evidences.  

 Dendro-evidences were related to the in-situ hydraulic parameters. 

 Most damaged trees locate in geomorphic positions of intermediate flow energy. 

 

Highlights



Table 1. Geomorphic position of the trees analyzed and dated by dendrochronological techniques and the 

number of trees with external scars used for hydrodynamic modelling of 2008 and 2010 events.  

Geomorphic form Trees with FDE Scarred trees  

Riverbed 
In-channel 1 1 

Gravel bar 1 1 

Alluvial terraces 
Terrace 1 4 3 

Terrace 2 5 4 

Levees 
Natural levee 0 0 

Artificial levee 5 1 

Alluvial cone 

Main channel 3 0 

Secondary channel 3 2 

Upper deposits 14 1 

Middle deposits 8 6 

Lower deposits 5 2 

Slope 
Left-side 4 0 

Right-side 4 3 
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Table 2. Estimation of flood peak discharges using hydraulic modelling based on scars as 

dendrogeomorphological palaeostage indicators. 

Year 
Geometric 

data source 

Peak discharge, 

Qp (m
3
s

-1)
 

Absolute 

error, σ (m) 

Mean squared 

error, MSE 

(m) 

Variance  

(m) 

2008 
TIN 300 0.35 0.23 0.11 

Total station 321 0.21 0.08 0.04 

2010 
TIN 314 0.7 0.35 0.04 

Total station - - - - 
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Table 3. Hydraulic parameters calculated for the specific location of the trees.  

 

Tree Hydraulic parameters 

Cross 

section 

Bank 

location 
Elevation 

Scar 

date 

Water 

depth (m) 

Velocity 

(ms
-1

) 

Unit stream 

power (Wm
-2

) 

M-M’ Right  1029.42 2008 2.17 12.18 4542.02 

K-K’ Channel 1019.13 2008 1.32 15.07 3291.31 

Kb-Kb’ Channel 1015.45 2008 1.75 14.52 6403.48 

Kc-Kc’ Right 1015.24 2008 0.96 6.15 1775.85 

Kd-Kd’ Channel 1013.60 2008 1.43 14.02 5338.19 

Ke-Ke’ Channel 1012.49 2008 1.21 13.55 3541.88 

P-P’ Left 1008.98 2008 1.65 5.15 1899.26 

O-O’ Channel 1007.51 2008 1.88 14.98 7375.25 

O-O’ Left 1007.98 2010 1.48 6.02 1826.440 

O-O’ Left 1007.98 2010 1.48 6.02 1826.440 

Nb-Nb’ Right 1007.11 2008 1.22 4.37 362.72 

Y-Y’ Left 995.25 2008 0.27 4.81 1365.61 

Xb-Xb’ Left 993.14 2008 0.55 4.35 1294.98 

Uc-Uc’ Left 985.80 2010 0.75 12.12 5476.54 

Jb-Jb’ Left 978.70 2010 1.10 11.02 915.50 

D-D’ Left 977.53 2008 1.12 9.08 592.94 

F-F’ Left 976.75 2008 0.70 8.13 886.59 

F-F’ Left 976.21 2008 1.24 8.13 886.59 

C-C’ Left 975.75 2008 1.32 7.75 539.47 

C-C’ Left 975.51 2008 1.56 7.75 539.47 

G-G’ Left 975.19 2008 0.30 8.74 753.42 

G-G’ Left 974.88 2008 0.61 8.74 753.42 

A-A’ Left 973.75 2010 0.73 6.91 336.96 

A-A’ Left 973.18 2010 1.30 6.91 336.96 
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Table 4. Field measurements and relationships among the length (L), width (B) and height (H) of 

boulders accumulated in the alluvial cone.  

 

Boulder 

number 

Relative 

size 

Length 

(m) 

Width 

(m) 

Height 

(m) 

B/L ratio H/L ratio 

1 Big 0.67 0.48 0.3 0.72 0.45 

2 Very big 1.52 0.88 0.92 0.58 0.61 

3 Big 0.54 0.32 0.15 0.59 0.28 

4 Medium 0.26 0.17 0.05 0.65 0.19 

5 Medium 0.27 0.13 0.08 0.48 0.30 

6 Small 0.17 0.15 0.08 0.88 0.47 

7 Small 0.15 0.15 0.05 1.00 0.33 

8 Very small 0.09 0.07 0.06 0.78 0.67 

9 Medium 0.21 0.18 0.08 0.86 0.38 

10 Medium 0.21 0.17 0.13 0.81 0.62 

Average Medium 0.29 0.21 0.12 0.74 0.43 
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Table 5. Estimation of the mobilized particle size, obtained from equations proposed by different authors. 

Costa, Williams, Jacob and Gob et al.: intermediate axis of maximum boulders; Bagnold: intermediate 

axis of mode size (medium) boulders; Carling et al: maximum axis of average size (medium) boulders.  

 

Author 
Equation Numerical 

constants 

Particle 

diameter (m) 

Costa (1983) Eq. 5 
a=0.09 

b=1.686 
2.62 

Costa (1983) for coarse material Eq. 5 
a=0.03 

b=1.686 
1.28 

Williams (1983) Eq. 5 
a=0.079 

b=1.27 
6.24 

Jacob (2003) Eq. 5 
a=0.025 

b=1.647 
1.70 

Gob et al. (2003) Eq. 5 
a=0.0253 

b=1.62 
1.91 

Bagnold (1980), adapted by Ferguson 

(2005) 
Eq. 6 

c1=2860.5 

c2=12 
1.63 

Carling et al. (2002) Eq. 7 
Cd=0.95 

L-H-B (field) 
0.27 
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Figure 1. Conceptual diagram of the disciplines and methods combined in the present study. Numbers 

indicate some of the groups of existing studies relating different research topics: 1, 

Dendrogeomorphology vs Palaeohydrology (see reviews from Ballesteros-Cánovas et al., 2015b, and 

Benito and Díez-Herrero, 2015); 2, Palaeohydrology vs Flow Hydraulics (Bagnold, 1980; Chanson, 2004; 

Chow, 1959; Costa, 1983; Ferguson, 2005); 3, Flow Hydraulics vs Fluvial Geomorphology (Nicholas and 

Walling, 1997; Ortega and Garzón, 1997; Sánchez-Moya and Sopeña, 2015); 4, Fluvial Geomorphology 

vs Dendrogeomorphology (Ballesteros-Cánovas et al., 2016; Ruiz-Villanueva et al., 2010); 5, 

Dendrogeomorphology vs Flow Hydraulics (Ballesteros-Cánovas et al., 2010, 2015a); 6, Palaeohydrology 

vs Fluvial Geomorphology (Baker, 1987; Baker et al., 1988; Kochel and Baker, 1982). 

Figure 2. (a) Geographic setting, with the Pyrenees marked with a red square. (b) Geological setting of 

the study area, located in the Axial Pyrenees, and the area of Fig. 2c marked with a red square. (c) 

Geomorphological context of the Portainé basin and the specific study area marked with a black square, 

corresponding to the most downstream reach. 

Figure 3. Flow diagram showing the multidisciplinary methodology applied in this study for palaeoflood 

reconstruction, from data sources to results, following four main disciplines: geomorphology, 

dendrogeomorphology, paleodischarge estimation and flow hydrodynamics.  

Figure 4. External disturbances on trees located in the riverbanks of the Portainé stream. (a) Scar formed 

in 2008. (b) Stem tilting. (c) Decapitated tree.  

Figure 5. (a) Detailed geomorphological mapping (September 2015) of the alluvial cone showing the 

main geomorphological features, forms, deposits and the position of the trees that have been sampled for 

the dendrogeomorphological analysis; where trees are colored by the geomorphic position. (b), (c), (d), 

(e), (f), (g) Pictures showing examples of different geomorphic positions identified in the study area.  

Figure 6. Peak discharge estimation for 2008 from the TIN-based hydraulic modelling. The accepted 

value corresponds to the minimum mean squared error obtained from the average of the squared errors of 

18 tree scars.  

Figure 7. Bathymetric map of the flooded area for the 2008 event, corresponding to the alluvial cone. 

Figure 8. Relation between dendrogeomorphological evidence and geomorphic forms, organized by the 

increase of the flow energy. The size of the symbols represents the number of FDE per tree.  

Figure 9. Flow velocity – depth diagram for the formation of scars, classified by the geomorphic form in 

which they are located. The arrow indicates the increase of the flow energy.  
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