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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
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- 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.

- Reuvision, 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 entitied “Manuscript
Victoriano_et_al”).
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Revision Notes

Click here to download Revision Notes: Revision notes Victoriano_et_al.pdf

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
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2)

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).

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-Canovas 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-Canovas 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-Canovas 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 4™ 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 3" major point).

LINE 255-260: There are several reasons that explain why a 1D model was run in this
study (see reply to 1% 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 1% 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 20133,
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 Montenartré 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=60m?3s™*. 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).

Gaussian distribution
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d: height difference (m)

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.



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 1% 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 1 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; 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 2" 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.

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-K¢’ 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

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): 0.53m
- Terrace 2 (2 trees): 0.26 m
- Secondary channel of cone (2 trees): 0.44 m



- 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-Cénovas 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-Canovas, 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
the computer program COFECHA. Tree-Ring Research 57 (2), 205-221.

RinnTech., 2003. TSAP-Win Software for tree-ring measurement, analysis and
presentation Product Information, v. 0.53. RinnTech, Heidelberg, Germany, 2 pp.

Stoffel, M., Corona, C., 2014. Dendroecological dating of geomorphic disturbance in
trees. Tree-Ring Research, 70 (1), 3-20. doi:10.3959/1536-1098-70.1.3

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 1% 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 (PSls), 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 4" 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 m?.
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
(0.5m 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 3" 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 wusing 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 1% 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-Canovas 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-Cénovas 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 20133,
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 Montenartrd 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:

- <05

- [0.5-1)

- [1-1.5)

- [1.5-2)

- 22
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

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 reed
to—be—apphedare 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
geomorphologlcal mapplng and for runnlng a one- dlmensmnal hydraullc model Peak

seacps—en—trees—anel—the—meeleued—water—stage—Based on the helqht of scars on several

damaged trees, WWwe obtained palaeodischarges of 316 m3s? and 314 m3s? for the 2008

and 2010 _floods-events. The hydraulic parameters_-ebtained-from-the-1D-model-were
related to the geomorphic position of anahysed—trees, showing a positive relation
between most energetic geomorphlc elements and flow depth and veIOC|ty values

en—trees—The most mtensely affected trees are Iocated in |ntermed|ate-h+gh 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..—which-is

multldlsupllnary palaeohydrological study relates rood hydrodynamlcs W|th the

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

Keywords: Dendrogeomorphology, Fluvial geomorphology, Hydraulic modelling,
Palaeoflood, Spanish Pyrenees.

1. Introduction

Hydrometeorological phenomena are one of the most recurrent causes of natural
disasters worldwide that annually produce significant economic damages and fatalities
losses-of-human-life-(Gaume et al., 2009). Flood disastersincluding-flash-floods,—river
floods-and-coastal-Fleeds; are increasing in number and damages in the last few decades
in Europe (Barredo, 2007). In mountainous areas of Catalonia (Spain), flash floods and
debris flows cause severe socioeconomic and geomorphologic impacts due to their
sudden occurrence, torrential behaviour and high sediment load involved (Portilla et al.,
2010).

Flood hazard assessment is often based on conventional statistical magnitude-
frequency analyses, which are difficult to apply in areas with scarce rainfall data and re
lack of flow gauging stations. Palaeohydrology is a useful method in active torrential
basins with re-gauging-statiennon-systematic records,—ane that consists on the study of
past floods especially focusing on ancient extraordinary events, and encompasses
different research lines depending on the palaeoflood data and working methodology
(Baker, 2008; Benito and Diez-Herrero, 2015; Lang et al., 2004; Webb and Jarrett,
2002)-(Baker-2008;Benito-and-Diez-Herrero2015). Extreme flood reconstruction has
been carried out using a variety of data sources and evidence, such as sedimentological
(Benito et al., 2003, 2015; Kochel and Baker, 1982), geomorphological (Baker et al.,
1988; Baker and Pickup, 1987), dendrochronological (Ballesteros-Canovas et al., 2016;
Gottesfeld, 1996; Kundzewicz et al., 2014; Malik and Matyja, 2008; Sigafoos, 1964

Yanosky and Jarrett, 2002; Zielonka et al., 2008){BaHesteros-Canovas—et—al—2015:

Bem%e&nd—&ez—He#em—Z@%} and lyehenemetnellchenometrlc indicators (Gob et al.,

Many authors have reconstructed palaeoflood using dendrogeomorphology, which
provides information about past events recorded in flood dendrogeomorphological
evidence (FDE) in riverbed and riverbank trees—FBEs-have-been-used-to-obtain-flood
discharges (Ballesteros et al., 2011; Ballesteros-Canovas et al., 2013; Bombino et al.,
2015,among-others:-see compHation-reviews fromin Ballesteros-Canovas et al., 2015b
and Benito and Diez-Herrero, 2015), but also other hydraulic parameters like flow
velocity, depth and power by means of hydrodynamic modelling (Ballesteros-Canovas
et al., 2010, 2015a). Numerous studies relate flood discharges with flow hydraulics with
different empirical equations (Bagnold, 1980; Chanson, 2004; Chow, 1959; Costa,

2
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1983; Ferguson, 2005). Some other works deal with flow hydraulics and fluvial
geomorphology from different perspectives: flood geomorphology (Baker et al., 1988),
the stability of geomorphological elements (Nicholas and Walling, 1997; Ortega and
Garzoén, 1997) or past flood discharges and deposits (Baker, 1987; Kochel and Baker,
1982; Sanchez-Moya and Sopefia, 2015). However, dendrogeomorphological evidence
have rarely been associated to the geomorphic forms-and-correlated-with-the-position of
the trees (Ruiz-Villanueva et al., 2010), or other local characteristics of the river reach

(Ballesteros Canovas et al., 2016)—and—never—befepe—ha¥e—been—FeLated—the—few

However, these methods tend to have some limitations in _mountains areas.
Dendrogeomorphological studies are conditioned by the number of trees of the study
area, which is limited in some cases. High-resolution geomorphological mapping is
difficult to carry out in remote areas. Palaeodischarge reconstructions in ungauged
catchments require_an adequate topographic data for hydraulic modelling, which is
usually scarce in forested mountain catchments. Regarding flow hydrodynamics, the
calculation of hydraulic parameters depends on the estimated peak discharge.

This paper reconstructs flood events combining all the above mentioned disciplines
(Fig. 1). The aim of this paper is to guantify the relation between flood hydrodynamics
and the geomorphological characteristics of damaged trees. Flow hydraulics are
analysed according to the specific geomorphic position of trees and the obtained stream
power from hydraulic modelling is used to estimate the mobilizable particle size, which
is compared to field measures to assess its reliability. Such a multidisciplinary analysis
specially focusing on hydraulic parameters has never been carried out before in a
selected study area, and allows us to obtain an improved knowledge about fluvio-
torrential dynamics in areas with few source data.

DENDROGEOMORPHOLOGY
4 (FDEs)
% <
FLUVIAL GEOMORPHOLOGY 5
(geomorphic elements)
N <~
3 FLOW HYDRAULICS

(d, v, w)

Figure 1. Conceptual diagram of the disciplines and methods combined forthefirst-thme-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 Cénovas et al., 2015b and
Benito and Diez-Herrero, 2015)

2015); 2, Palaeohydrology vs Flow Hydraullcs (Bagnold 1980; Chanson, 2004 Chow 1959; Costa
1983; Ferguson, 2005); 3, Flow Hydraulics vs Fluvial Geomorphology (Nicholas and Walling, 1997;
Ortega and Garzdn, 1997,—2009; Sanchez-Moya and Sopefia, 2015); 4, Fluvial Geomorphology vs
Dendrogeomorphology (Ballesteros-Cénovas et al., 2016; Ruiz-Villanueva et al., 2010); 5,
Dendrogeomorphology vs Flow Hydraulics (Ballesteros-Céanovas et al., 2010, 2015a); 6, Palaeohydrology
vs Fluvial Geomorphology (Baker, 1987; Baker et al., 1988; Kochel and Baker, 1982).
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2. Problematic Sstudy area and hazard

The multidisciplinary approach presented in this paper was performed in the 5.72
km? Portainé drainage basin (Pallars Sobira County, Catalonia, Spaln) located in the
Eastern Pyrenees (Fig. 2a). Fhe—Portainé—basin—is—a—5-72 km’mountainous—area-
Maximum altitude is 2439 m a.s.l. (Torreta de 1’Orri). A-ski-resert-catled-Port-Ainé s
situated—+n-the-headwaters—Two main streams drain the basin towards the north, the
Portainé stream (5.7 km long) and its tributary the Reguerals stream (3 km long);-the
latter-being-a-tributary-of-theformer. Their confluence is placed at 1285 m a.s.l. and
then, the Portainé stream flows until its confluence with the Romadriu er—Santa
Magdalena-River (part of the Ebro River Basin—graining-to-the-Mediterranean-Sea) at
950 m a.s.l., where the Vallespir hydroelectric power station is located (Fig. 2¢). An

access road to the Port-Ainé ski station crosses both streams at various points. The
climate ef-the-study-area-is Alpine Mediterranean, with a mean annual rainfall of 800
mm and 5-7 °C mean annual temperature (Meteocat, 2008).

From a geological perspective, the Portainé basin is located in the Pyrenean Axial
Zone (Fig. 2b). In the study area, the bedrock is composed of highly folded and
fractured Cambro-Ordovician metapelites and sandstones with quartzite intercalations.
Wide surficial colluvial materials irregularly cover large parts of the terrain. tn-addition;

torrontialdoposits—arc—fotnd—Intho—stream—bettom—and—margihs—Due to the highly

fractured bedrock and the unconsolidated surficial deposits, materials are easily eroded

and moblllzed along the streams. Geomorphologlcally, the present landscape of the

{Qﬁ&n&e%&l—Z@i%}—Pam%d%J;eJehes&preeesses—the PeﬁameJeasmcatchment can be

divided in two sectors (IGC, 2013).- The southern one corresponds to the headwaters

previeushy-eceupied-bya-glacial-cirgue; and shows lower gradients (less than 25°, but

usually around 10-20°) and a poorly entrenched drainage network. The northern sector
shows higher gradients (more than 25°) and-the—streams—are—strongerty entrenched
streams (Fig. 2c).
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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-ef-the-Pertainéstream.

The Portainé and the Reguerals streams are characterized by a high torrential
activity especially since 2006, as debris flood, hyperconcentrated flow and/or debris
flow events produce significant losses in infrastructures, mainly where the aceess-road
to-the-Port-Ainé-ski-station-crosses the streams. From 2006 to 2015, ten events have
occurred in this area (FGCard1CGC,-2015-1GC, 2008,2010a,2010b,2011-2013b:
1GC-et-al 2013 Portilla—etal—2010; Palau et al., 2017), even without extraordinary
rainfall values. In addition, dendrogeomorphological studies have proved the occurrence
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of previous torrential events, even if their frequency is much lower (Furdada et al.,
2016; Garcia-Oteyza et al., 2015). In order to reduce theses impacts, 15 sediment
retention barriers were installed along the channels since 2009 as a hydrological
correction measure (Luis-Fonseca et al., 2011;-Raimat-et-al-2010,2613). However, the
problem remains;—as—terrential—events—still—oceur—freguently and the increasingly

entrenched streams show a significant erosive tendency (Victoriano et al., 2016).

The specific study area corresponds to the most downstream 500 m-long reach of
the Portainé stream. In the confluence with the Romadriu River, an alluvial elongated
debris cone has been—formed, mainly composed of sub-rounded to sub-angular
decimetric boulders. High sediment load torrential events change the morphology ane
the—geomerphicforms—of the mobile riverbed and-the-cene—easily, also affecting the
riverbank trees. In general, the vegetation of the area constitutes a deciduous broadleaf
forest with a variety of species.

3. Material and methods

The methedelogy-apphed-inmethodological approach of this study is synthetized in
Fig. 3, showing fer-each research topic the-main-data-seurces-the-technigues-of-analysis
and-the-preliminaryresultsbut-alse-and the integration of the methods for final results.

GEOMORPHOLOGY DENDROGEOMORPHOLOGY PALAEODISCHARGES FLOW HYDRODYNAMICS
4] | Deposits | | Forms | | Flood dendrogeomorphological evidence | | Topographic data |
&
= | | I
g | Scars | |Dccapitution || Tilting | |LiDAR| |Toml station | | GNSS | |Length | | Width l [ Height |
g | | |
= Total
E GNSS [T station P—
ampling Manual Mean
GIS mapping, strategy cditing sizes
Geomorphological Tree position | Cores, wedges, sections | | Geometric data Empirical Field-based
E E mapping FDE height ) ‘ 3 equations relation
“2wnm Ring counting Banks . Critical
E E E Reclassificalion and measuring Manning s n depth T
ns e Comparis
E = 4 Geomorphic forms | Growth-ring serics | | Cross sections ||B0und:lry cnndjtions| Stream
e power
E: E l Dating HEC-RAS 1D hydraulic modelling

Geomorphic distribution Past flood events
/ i D [l
of affected trees \—'—‘ Overflow discharges clocity
l Formation energy of forms l l

Relation between geomorphie | ToW enerey Hydraulic parameters | | Mobilizable
forms, FDEs and flow hydraulics of affected trees particle size

v v v v

PALAEOFLOOD RECONSTRUCTION |

Peak discharges

RESULTS

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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3.2.3.1. Geomorphological mapping and analysis-ang-mapping

A detailed geomorphological study and mapping of the features associated-to-the

Portaine stream-was carried out based on the topographic data and field observations.
This analysis had two steps, (i) the-topographic and geomorphological fieldwork, and

(ii) GIS mapping.

Detailed topographic data acquisition was carried out in March 2014 using a Leica
TC 1700 total station. This taquimetric survey was focused on localizing and defining
topographic sharp changes (breaklines); of geomorphic elements and tree positions in
order to collect a complete point dataset (Keim et al., 1999) consisting of 1118 points
(853 ground points and 265 tree points) in a 4850 m? area. In addition, in places where
trees showing external FDE were identified we also obtained detailed topographic cross
sections. Differential RTK GNSS methods were carried out to accurately measure the
absolute coordinates of certain _control points (Khazaradze et al., 2016) used to
georeference the dense measurements obtained with the total station. Regarding
geomorphological mapping, Bduring the first-mentioned topographic field survey, main

7
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geomorphological elements were identified following the proposal of Church et al.
(2012) and their limits were measured with the total station. Main geomorphological
elements and deposits were roughly classified as: functional channel, distributary
channels of the cone, gravels and boulders; in addition, alluvial terraces were identified,
as well as other features like levees, escarpments and flow paths. During subsequent
field surveys carried out in March 2015, September 2015 and June 2016, morphological
changes in landforms, elements and facets (different parts of the elements) were
recognized, which mainly occurred along the channels and did not alter the position of
riverbed and riverbank trees-ane-measured.

The deposits and forms were mapped using the ArcGIS 10.2.2 software (ESRI,
2014) creatlng four a detalled geomorphologlcal maps—ene—trem—eaeh—supvey

3.3.3.2. Dendrogeomorphological analysis

Dendrogeomorphology is a palaeohydrological data source that provides

information about past torrential events recorded in-differenttypes-ef-evidence{FDES)

in trunks, branches and roots of riverbed and rlverbank trees (Dlez -Herrero, 2015).

3 aveTree-ring analv5|s been Wldely
applied for fluwo torrential processes in flood studies (see reviews from Ballesteros-

Canovas et al., 2015b and Benito and Dlez Herrero, 2015) —by—analymag—the—tpeeuﬂﬂg

dendroqeomorpholoqwal studv carried out in Portainé is divided in three
complementary tasks, (i) dendrochronological sampling, (ii) tree-ring analysis and FDE
dating, and (iii) geomorphological analysis of the tree positions.

Dendrochronological sampling was carried out in March 2014, March 2015 and
September 2015, and the strategy was based on the field recognition of external
disturbances on-trees (Fargas, 2015; Garcia-Oteyza et al., 2015). The Especially,
selected trees were those showing evidence most probably produced by the impact of
boulders and/or large wood transported by the flow, mainly injured, decapitated and
tilted trees (Fig. 4), but also few trees with exposed roots. Trees were sampled following
dendrogeomorphological procedures (Stoffel & Bollschweiler, 2008; Diez-Herrero et

al., 2013, Stoffel & Corona 2014) A—tetaLef—@?—trees—fFem—}M#eFeM—speelew;ere
—The
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geographic position of each tree was measured using a total station, and also the height
of scars and decapitation nodes. Additional information was also reted-and-collected,
such as an identifier code, the-sampling date, species, description of the tree (height and
perimeter), description of the FDE (type, height and size), description of the sample
(height) and photos_of the tree. Cylindrical samples (cores) were obtained using a
Pressler increment borer of 5 mm diameter. Some wedges were also extracted from
overgrowing callus in scarred trees and m—seme—eleaeh—trees—cross sectlons were cut_in
some death trees. A :
re%ten—eere&epme%ngemqable—nngs—ee—nnaHy—We analysed 57 trees from 9 dlfferent
species (151 samples) were—analysedproviding a multievidence population of Populus
tremula L. (common aspen), Populus nigra L. (black poplar), Fraxinus excelsior L.
(ash), Prunus avium L. (wild chery), Quercus petraea (Matt.) Liebl. (sessile oak), Tilia
platyphyllos Scop. (largeleaf linden), Juglans regia L. (common walnut), Acer
campestre L. (fleld maple) and Salix caprea L. (qoat Wlllow) lheeverageﬁg&ef—the

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.

In this study, we only considered external evidence on trees. In the laboratory, tree-
ring_analysis of cores, wedges and sections consisted in (Génova et al., 2015): (i)
sample air-drying, cutting or sanding; (ii) tree-ring width measuring using a LINTAB
table (with 1/100 mm accuracy) and the associated software TSAPWin (RinnTech,
2003); (iii) cross-dating using visual and statistical technigues (Cook and Kairiukstis,
1990); and (iv) quality check using the Cofecha software (Grissino-Mayer, 2001). This
process let us to date scars in tree-ring series and consequently, torrential events. The
last ring of dead trees was dated by comparing tree-ring series with other living trees of
the same species. For palaeoflood reconstruction, the scars’ formation year (dated
following the mentioned procedure) and their height (measured in the field) were used.
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Additionally we considered the location of decapitated trees, tilted trees and exposed
roots for the geomorphic analysis. This information was compiled within a
dendrogeochronological database.

The inclusion of the dendrogeochronological database into a GIS environment,
using ArcGIS 10.2.2 software (ESRI, 2014), allowed to study the geomorphological
setting of disturbed trees. Based on the geomorphological mapping_and tree positions,
geomorphic features were reclassified according to their formation energy (Ruiz-
Villanueva et al., 2010)—considering-the-specific-elements-identified-in-thefield. This
lead to a considerably more elaborated classification of the geomorphic forms, elements
and facets. Moreover, the detailed geomorphic position of each tree was determined in
the field, and trees were classified according to the geomorphic form (e.g. riverbed),
element (e.g. gravel bar) or facet (e.g. bar tail) in which they were located, obtaining the
spatial distribution of de FDE according to the formation energy of the geomorphic
form on which they locate. Other geomorphological characteristics (e.g. channel reach
morphology and tree exposure to the flow) were not considered in this study because
they were equal for all the scarred trees (straight channel and exposed trees). Therefore,
the geomorphic position according to geomorphic units was the best evidence to relate
flow hydrodynamics and FDE formation.

3-4-3.3. Palaeodischarge estimations and hydraulic modellingHydredyramic
modeting

Palaeofloods were reconstructed using the one-dimensional hydraulic simulation
software HEC-RAS 4.0 from the US Army Corps of Engineers (USACE, 2008). This
1D-numerical-hydrodynamic-model was used to obtain palaeoflood discharges and other
hydraulic parameters as stage, water depth, velocity and stream power. It was run a 1D
model instead of a 2D one due to the following groups of factors: a) channel geometric
characteristics (lack of high-resolution and high-accuracy 2D topographic data; detailed
cross-sections coinciding with tree locations measured with total station; narrow valley
with length/width ratio >3:1; and lack of anthropic features, such as bridges or culverts,
along the channel); b) hydrodynamic factors (unidirectional flow patterns during floos;
limited secondary transversal flows due to the narrowness of the valley and the steep
gradient with waterfalls and rapids); and c) other evidence (scar height-riverbed
parallelism suggesting a sub-uniform to gradually variable flow). The required
parameters and conditions to run the hydraulic model were: (i) geometric data, (ii)
boundary conditions, and (iii) discharges.

Regarding geometric data, HEC-RAS works with transversal cross sections (XS
sections). Topographic data from two different sources were available for the study
area: total station and airborne LIDAR (Light Detection and Ranging). Total station data
was acquired in the field (see section 3.1.) and provided high accuracy but slightly low
point-density. LIDAR data was collected with the aircraft Cessna Caravan 208B and the
topographic LIiDAR sensor Leica ALS50-11, owned by the Cartographic and Geological
Institute of Catalonia (ICGC), and the point cloud was georeferenced and filtered using
the TerraScan software (Terrasolid, 2016). The potential of LIDAR data creating high-
resolution elevation models has been widely accepted (Tarolli, 2014). However, in our
mountain _study area with steep slopes and dense vegetation, the LiDAR dataset

10
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provided a good coverage but a low elevation accuracv (about 50 cm RMSE) and not

very h|qh resolutlon topography (O 63 qround pomt/m )IaJe|ﬂg—+n!ee—aeee&:vat—that—fmC

VY Taking
into account the mentloned strenqths and I|m|tat|ons of data sources, two hydraulic

models with different geometric data were run. FistThe first one, manually introducing
the cross sections measured with the total station in the field survey-(23 XS sections).
The second one, combining both topographic data. LIDAR points were added into the
total station dataset and carefully analysed in order to assess its suitability. Some
adjacent points showed significant differences in elevation, which were attributed to (i)
small but detectable erosion and accumulation between the 2011 LiDAR and 2014 total
station data; and (ii) the real morphology of the steep terrain (e.g. stream entrenchment,
escarpments and steep slopes). In order to overcome these limitations, a manual point
editing process was carried out using objective criteria of congruence and acceptability,
consisting in_detecting erroneous points by comparing their coordinates with the
surrounding points. This was done by creating 0.5 m (in steep areas) or 1 m (in flat area)
buffers for total station points and intersected with LIDAR ground points. Establishing a
maximum tolerance threshold of 0.5 m for the differences on elevation between both
topographic data sources, incoherent LIDAR points were deleted. Finally, a bare-earth
Triangulated Irreqular Network (TIN) was created with the selected terrain points and

sections were extracted from it ;—and-second—extracting—sections—from—theTHN-that
combines—beth-topegraphic—data—sourees—(35 XS sections), using HEC-GeoRAS 10.2
extension (USACE, 2012) for ArcGIS. The advantage of the TIN-based model is that it
allowed the input of additional transversal profiles-rot-measured-in-thefield—coinciding

with-the—position-of-others-trees-with-dated-sears, but its weakness is that LiDAR data
can distort and smooth the detailed_sharp topography obtained in the field. In addition,

the stream centreline, banks and levees were added. The limits of the riverbanks were
defined coinciding with roughness changes, so that a Manning’s n value for the left
bank, channel and right bank was stablished for each cross section. The roughness
coefficient was obtained from field observations, based on Arcement and Schneider
(1989).

Boundary conditions upstream and downstream from the modelled reach were
critical depth because both boundary sections correspond to small waterfalls (more than
2 m high) in stable bedrock riverbed, identified in the field. These are hydraulic jJumps
with a critical flow (Froude number = 1); especially during flood events, so they are
suitable for the critical-depth method (Bodogue et al., 2011). The model was run as a
steady flow, as the input were peak discharge values; and the flow regime modelled as
supercritical.

Palaeodlscharqes were calculated using external scars FeHhe—palaee#wdralm

palaeostage |nd|cators (PSIs) %etemal—seaps—mm#e—eewde#ed—the—ewdenee—thaﬂhese
evidence provide the most precise information of both the date and the magnitude of the
event, as they allow knowing both the precise year in which they were formed by
dendrochronological dating and the minimum water depth of the flow by measuring the
height of the scar and/or its absolute altitude. In our study, we dated external scars from

2000 (4 scars), 2006 (1 scar), 2008 (19 scars) and 2010 (6 scars) events. Scars from
2000 were almost closed and did not provide information about the water stage.

11
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Regarding the trees scarred in 2006, there was a unigue evidence so it was not
considered enough as a palaeostage indicator. Therefore, only 2008 and 2010 events
could be reconstructed, as they provided a representative number of scars and their

helqht could be rellably measured in the fleldgely—these—yeaps—that—ehea%d—at—le&et—twe

m : ,meebrbut are also
the Iast most destructlve documented events. Although two high discharge events
occurred in 2008 (September and November) and two others in 2010 (July and August),
we assume that the scars were formed by the-highermagnitude-a unique event for each
year._In fact, scars from 2008 were all formed in the high-magnitude torrential flood
occurred in September, which produced documented damages in a bridge located just
upstream of the study reach (IGC, 2013), whereas the low-magnitude event occurred in
November did not produce any effect at that point. Regarding scars from 2010, 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 filled and the flow transported

high sediment load. We selected frem-the-FDE-database{Génova-et-al—underreview)
the trees showing scars corresponding to those events years (25 trees)—in—different

geomoerphicpositions{25-trees). For each year, we carried out a normality test to height
differences (d; Eq. 3) in order to detect outliers, comparing the samples with a normal or
Gaussian distribution. This process allowed us to detect an anomalous scar for 2008,
which indeed, showed an odd shape in the field. Therefore, its origin may not be
torrential and it was deleted before simulating the discharge values. At last, 18 scars (6
P. tremula, 6 P. nigra, 2 F. excelsior, 2 P. avium, 1 Q. petraea and 1 A. campestre)
were considered for 2008 modelling (9 of them dated from wedges) and 6 scars_(2 P.
tremula, 2 F. excelsior, 1 Q. oetraea and 1 T. platyphyllos) for 2010_(1 dated from a
wedge). Peak discharges for analysed palaeofloods were calculated using the step-
backwater method (Ballesteros-Canovas et al., 2010; O’Connor and Webb, 1988), by
increasingly introducing peak discharge input values in the model and finding the best
fit water surface elevation for the height of the scars. For each event and each input
geometric data_(XS section), the trial-and-error technique was used towe estimated the
peak discharge (with a precision of 1 m%™), by finding the value that showed the
minimum mean absolute error (¢ or MAE) and mean squared error (MSE) in the heights

(difference between scar altitude and modelled water stage), defined as 2)
_ 27 d; (1)
n
ng.2
MSE = Z‘_‘
n

where n is the number of scars and d is the absolute value of the difference between the
height of the scar and the water stage, estimated by the expression

d == |ZFDE - ZQl (3)

where Zgpe is the altitude of the scar in meters (m) and Zq is the water surface elevation
for the modelled peak discharge in meters (m), both measured in the cross section where
the scar is located.
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The peak discharges were finally calculated as the weighted arithmetic mean
between the discharges obtained fromwith the two geometric data, ene-the-model-based

on-theTHIN-and-the-other-one-using-tagquimetricsections,-which was estimated by the

following equation:

1 1 (4)
( QTIN) + <_2 QTS)
_ UTIN OrE
Q2008 - 1 1
072‘11\/ 012"5

onn and ors being the absolute error of the TIN-based model and the one with total
station data respectively, and Qmy and Qrs being the estimated peak discharges in m%s™.

As the flow in the alluvial cone can be difficult to simulate using a 1D model, we
also calculated the minimum peak discharge for bank overflow. This is the threshold for
cone flooding and consequently, marks a change in the distribution of the flow
discharge. This critical overflow discharge was obtained from the cross section located
in the cone apex.

3.4. Flow hydrodynamics
In-addition—to—palacofloed-discharges—w\We extracted other hydraulic parameters

from HEC-RAS results_for each cross section, such as water depth, velocity and unit
total stream power—(alse—caHed-specific—stream—peower). These parameters were then
obtained for the relative-specific position (leftmargin-channel-orright-margin)-of each

tree containing a scar used for the hydrodynamic modelling. Depth was calculated
subtracting the elevation of the base of the tree from the water surface elevation. For the
velocity value, we considered the value of the cross section part in which the tree was
located (left bank, channel or right bank). The unit stream power was obtained dividing
the total stream power obtained by the active width of the flow at the specific cross

section part.

Mereover-theThe knowledge of flow hydraulics allowed us to estimate the particle
size that might be mobilized_by the flow. These calculations were carried out for the
2008 event and in the deposit of the alluvial cone, because discharge estimation is more
reliable and accurate than for 2010 event. We also measured in the field the maximum
(length), medium (width) and minimum (height) axes of a representative population of
boulders deposited in the alluvial coneBeulder—size—was—also—measured—in-the—field,
allowing us to compare the results obtained by empirical relations with the real
diameters—of-the—deposited material. The diameter of the transported boulders was
calculated using different empirical equations._The mobilizable particle size is a
function of the critical unit stream power, so the hydraulic parameters needed for these
equations were obtained from the upstream cross section of the alluvial cone because
the flow in the study site is supercritical. The three applied relations were:

wC:a.Db (5)

where a is the critical unit stream power in W/m? a and b are numerical constants
depending on the author (Costa, 1983; Gob et al., 2003; Jacob, 2003; Williams, 1983),
and D is the particle diameter in millimeters (mm),

(6)



C2 ¢ d
we = ¢y - D'® - logyg ( D )
476  d being the water depth and c; and ¢, being numerical constants determined by different

477 | authors (Bagnold, 1980; Ferguson, 2005), and

0.6
Ca=|———|+09 (7)

d d\ (L
(7))
478  where Cq is the drag coefficient, assumed to be 0.95, and H, B and L are the diameters
479 | corresponding to the main three main axes of the particles;;—which—are height
480  (minimum), width (intermediate) and length (maximum), respectively (Carling et al.,
481 | 2002). In fact, Carling—et-ak—{2002)come—up—with—anthis equation that-assumes the
482  morphometry of the particle being dependent on the water depth. They propose that the
483 | mobilized boulders should be considered according-toas relation of theidiameterin-the

484  three axes, which depends on several factors, such as the lithology, internal structure
485  and fractures of the material.

486 4. Results

487
488 4.1. Geomorphological mapping and geomorphic forms
489 A geomorphological map of the torrential system was obtained based on the March

490 | 2014 topography-for-each field-survey-campaign:-March-2014.March 2015, September
491 | 2015-and-June-2016. Fhese-maps-Multi-temporal field campaigns (2014-2016) showed

492  that the distribution and morphology of the geomorphological elements and deposits
493  changes in time, especially those associated to the riverbed, and therefore the Portainé
494 | stream is very dynamic. These changes are mostly visible in the functional channel—n
495 | the-riverbanks—and-levees and in the lowest level of alluvial terraces. In general, the
496  stream shows an erosive tendency, which is reflected on the backward motion of the
497  bank escarpments that delimit the channel. In the alluvial cone area, the flow tends to
498  deposit the boulders transported during debris flow and flood events.

499 ; 3
500 | 13 types of geomorphic forms elements and facets were identified and mapped, which
501 | are—Fhese-are ordered according to their formation energy feHewing-the-Hierature-as:
502 in-channel (functional active channel), gravel bars, terrace 1 (low terrace), terrace 2
503 (high terrace), natural levee, main inactive channel of cone, secondary inactive channels
504  of cone, upper deposits of cone, middle deposits of cone, lower deposits of cone,
505 artificial levee (dyke), left-side slope and right-side slope (Table 1 and Fig. 5).

506 4.2. Dendrogeomorphological evidence

507 Reqgarding external disturbances we identified 10 decapitations, 41 external scars, 25
508 | tilted trees and 3 trees with exposed roots.

509 The determination of the geomorphic position of the trees allows relating the spatial
510 distribution of FDE along the torrent with the geomorphological elements (Fig. 5).
511 | Table 1 shows the geomorphic position of all the analysed trees and of enby-the scarred

14



512 | trees used for hydraulic modelling. Analysed trees locate on 1213 different geomorphic
513  forms, indeed, on all of the identified forms except for natural levees. Most of them are
514 located in the alluvial cone (58%), alluvial terraces (16%) and slopes (14%).

15
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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), (M), (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
number of trees with external scars used for hydrodynamic modelling of 2008 and 2010 events.

Geomorphic form Trees with FDE Scarred trees

[
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Alluvial terraces
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H
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Left-side
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A~ 0100

Slope Right-side

4.3.Flood discharges

The obtained peak discharges for 2008 and 2010 are presented in Table 2. For each
case, the value that minimized both absolute and mean squared error was considered.
For 2008, the calculated discharges were 300 m™ from the TIN topography (Fig. 6)
and 321 m3s™ from the total station topography. These results were weighted according
to their errors (Eq. 4), obtaining a peak discharge of 316 m*s™ (¢ = 0.18 m). Given that
for 2010 there were only 4 scars corresponding to cross sections measured with total
station-in-the-field, the 314 m3s™ discharge (c = 0.7 m) obtained from the TIN-based
model was considered as the best-most reliable peak discharge value.

emss—seeﬂen—leeated—m—the—eene—apex—For the crltlcal overflow dlscharqe weWe

obtained a 43 m3s™ value of initial overbank and formation of crevasse splays, named
partial overbank discharge. However, the complete flooding of the cone does not occur
until the flow exceeds the total critical overbank discharge, estimated to be 58 m3s™-for
Portainé. Therefore, higher peak discharges produce the inundation of the debris cone

and-water—alse—Howsalong-distributary-—channels. These are considered extraordinary
events, like those in 2008 and 2010.

Table 2. Estimation of flood peak discharges using hydraulic modelling based on scars as
dendrogeomorphological palaeostage indicators.

Geometric  Peak discharge, Absolute Mean squared Variance

Year  jata source Qp (ms™ error, o (m) error, MSE (m)
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TIN 300 0.35 0.23 0.11
Total station 321 0.21 0.08 0.04

2008

TIN 314 0.7 0.35 0.04
Total station - - - -

2010

0.250
0.248
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0.244
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0.238

0.236
0.232 NN

0.230

MSE (m)

280 290 300 310 320 330 340
Peak discharge (m’s™)

Figure 6. Peak discharge estimation for 2008 from the TIN-based hydraulic modelling-based-on-the-TFHN
topography. The accepted value corresponds to the minimum mean squared error obtained from the
average of the squared errors of 18 tree scars.

4.4 Hydraulic parameters and mobilized particle size

Considering the discharge values obtained for 2008 and 2010 events, the flow
hydraulics was similar in both cases. Fig. 7 shows the flooded area and the water depth
in the most downstream part of the study area for 2008 event. This past flood produced
almost the total flooding of the alluvial cone, generating scars in trees due to the impact
of boulders and floating large wood.

The hydraulic parameters obtained from hydrodynamic modelling are water depth
(d), flow velocity (v) and unit stream power (o) for the left bank, channel, and right
bank of each cross section_(see results in supplementary material Table 1)-{Fable-3}. In
situ_hydraulic parameters for the specific position of each scarred tree are shown in
Table 3.
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Figure 7. Bathymetric map of the flooded area for the
2008 event, corresponding to the alluvial cone.

Table 3. Hydraulic parameters calculated for the specific location of the trees.

Tree Hydraulic parameters
Cr_c_)ss Ba_n_k Elevation Scar Water VeIO(_:litv Unit strearr_12
section location ———— date depth (m) (ms™) power (Wm™)
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-K¢’ 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
0-0’ Left 1007.98 2010 1.48 6.02 1826.440
0o-0’ 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-U¢’ 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
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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 1.3 6.91 336.96

supe#enﬂeal—m—the—smdy—sﬁe—'FheFefe#eFor the emplrlcal equatlons for partlcle size

estimation, the water depth and unit stream power values for-particle-size—estimation
were those corresponding to left bank of the section at the apex of the cone (section U-

Uc’), for the peaiedrksehapgeef—ZOOS peak dischargeestimated-as-316-m>s™. These values
were 1 03 m and 5221.92 Nm™. Reg&@m%h&unﬁ—stm&m—pewer—ﬁ—wa&e&leula{ed—by

the—ﬂew-m—the%ﬁ—bank—The boulder size moblllzed bv the flow and dep03|ted in the

cone was also obtained from the measures of the three axes (Table 4). This allowed us
establishing the following field-based diameter relationships: B=0.74L, where B is
width and L length; and H=0.43L, H being height. Table 5 collects the particle
diameters calculated for the Portainé alluvial cone, considering the relations proposed
by different authors.

Table 4. Field measurements and relationships among the length (L), width (B) and height (H) of
boulders accumulated in the alluvial cone.

Boulder Relative Length  Width Height B/L ratio  H/L ratio

number  size (m) (m) (m)

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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Average  Medium 0.29 0.21 0.12 0.74 0.43

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.

Equation  Numerical Particle
Author .
constants diameter (m)
Costa (1983) Eq. 5 a=0.09 2.62
a b=1.686 '
Costa (1983) for coarse material Eq. 5 a=0.03 1.28
a b=1.686 '
- a=0.079
Williams (1983) Eq. 5 b=1 27 6.24
a=0.025
Jacob (2003) Eqg. 5 b=1 647 1.70
a=0.0253
Gob et al. (2003) Eqg. 5 b=162 1.91
Bagnold (1980), adapted by Ferguson €1=2860.5
(2005)-and-Parker ot al(2011) Eq. 6 Cp=12 1.63
Cq=0.95
Carling et al. (2002) Eq. 7 L-H-B (field) 0.27

4.5. Relation between geomorphic forms, FDE and flow hydraulics

All the aspects analysed aspeets-in the abeve-previous sections wererelated-to-each
other—have been linked together to obtain a more complete knowledge of the-link
between-the hydrodynamics of the Portainé stream, the behaviour of the riverbank trees
and the morphology of the area.

The formation of-¢h
the-external dendrogeomorphological disturbances; depends on the geomorphlc posmon
of the trees. 103 disturbances (decapitations, scars, stem tilting and root exposure) in 12
geomorphic positions were analysed in our study area from 57 different trees. The
number of evidence per tree was calculated for each geomorphic form (total FDE /
number of trees for each geomorphic position), shown in Fig. 8 (see results in
supplementarv material Table 2). Ialele—@—and—llrg—8—shew—me—geemeepheieg+e34

area—There are few FDE
in the riverbed trees (in-channel and gravel bars) although these are the most energetic
positions. This is due to the lower number of trees in these geomorphic positions and
therefore, little number of samples for dendrochronological analysis. Most ef-FDEs
locate in the alluvial cone, both in the main or secondary inactive channels (2.7 FDE per
tree) or in the deposit area (2 FDE per tree){(Fig—8). Therefore, in the Portainé study

area, the most intensely damaged trees concentrate on the geomorphological elements
related to processes of intermediate energy (second terrace and alluvial cone).




607

608
609
610
611
612
613
614
615

| tn-channel 0 1 1 0 2
| Gravelbar 0 1 0 0 1
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‘ 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.

| The geomorphological features of the valley bottom areGeemorphelogy—is also
related to flow hydraulics, and in this specific case, the stability of geomorphic forms
associated to torrential processes depends on the energy of the water. The
hydrodynamic modelling allowed us to determine the specific velocity and water depth
values for the tree-scars-of the-modeled-yearsscarred trees. These hydraulic parameters
‘ were then associated to the geomorphic element in which each tree eentaining—a-sear
was located. Fig. 9 is the representation of the relation between the energy of flow,
affectation on trees and geomorphology. Higher velocity and depth values indicate areas
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where torrential processes are more intense, and therefore correspond to energetic
geomorphic forms. These most energetic geomorphological elements are close to the
riverbed (in-channel and gravel bars). Far from the riverbed, there is a decrease on the
flow energy, both in terms of hydraulic parameters and in the intensity of the torrential
processes associated to the geomorphic features (Fig. 9). In addition, the largest number
of scars_are located in the alluvial cone, which corresponds to torrential processes of
intermediate intensity. Taking into account that every scarred trees of the study area was
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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.

sampled, the number of samples does not condition the concentration of scars in the
alluvial cone and it represents the geomorphic form where more trees are affected
during torrential events.

The relation of scars, geomorphic forms and flow hydrodynamics can be assessed
by comparing the differences between scar height and the modelled water stage (Eq. 3)
of the trees according to their geomorphic position. We analysed the 2008 event because
it provided a larger population of scars and lower errors in discharge estimation, and we
obtained mean height differences for each geomorphic form: 0.07 m in-channel (1 tree),
0.49 m in gravel bars (1 tree), 0.53 m in terrace 1 (3 trees), 0.26 m in terrace 2 (2 trees),
0.44 m in secondary channels of the cone (2 trees), 0.17 m in middle deposits of the
cone (5 trees), 0.01 m in artificial levees (1 tree) and 0.63 m in right-side slopes (3
trees). The lowest variability in scar heights was located inside the channel and in an
artificial levee, but these geomorphic forms only contain one tree. If we consider
geomorphic positions with more than a single tree, the lowest variabilities corresponded
to trees located on terrace 2 or middle deposits of the cone, which are intermediate
enerqy positions. Highest variabilities occurred in the right-side slope.

5. Discussion

5.1. Discussion on the results and new contributions

This paper presents a combined—detailed palaeoflood studymultidisciplinary
approach in an ungauged mountain stream (Portaine, Spanish Pyrenees) based on the

novel-multidisciphnary—methodology—thatcensisted—on—the four-topic correlation of
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geomorphology, dendrogeomorphology, flood discharge and flow

hydrauhieshydrodynamics.

Detailed geomorphological mapping from total station data contributed to a good
correlation between damaged trees and geomorphic forms. The formation of different
dendrogeomorphological evidence (FDE); depends on the geomorphic position of the
affected-trees. Usually the most energetic disturbances are found in trees located in
energetic geomorphic forms (e-g—Ruiz-Villanueva et al., 2010). Nonetheless, in our
study area, most ef-the-FDEs locate in geomorphic positions of intermediate energy.
This is explained by (i) the inexistence-of-manyscarcity of trees on the riverbed_(most
energetic positions) because high discharge events; with significant stream power, pull
and transport them, and (ii) the scarcity of external disturbances on slopes (less
energetic positions) due to the flow not having enough energy to produce damages on
those trees farther from the active channel, or even the flow not reaching those areas.

The estimation of peak discharges was possible thanks to the detailed tepegraphy
ane-cross sections measured in the field. LIDAR data was not accurate enough for the
application of hydraulic models due to the dense vegetation and therefore, insufficient
and inaccurate ground points. The methodology for palaeodischarge calculation for
2008 and 2010 was adapted from Ballesteros-Céanovas et al. (2010). Comparing the two

reconstructed years and-considering-the-values-ofthe-hydraulic-parameters—it seems that

their valdes-magnitudes were similar-and-they-had-the-same-order-of-magnitude; but the
2008 event has been reported as the most severe one-in-the-last-decade (IGC, 2013).

This discrepancy could be explained by the difference in the real pre-event topography-
In-this-study, as we used the same topographic data for hydraulic modelling in both
cases, which includes boulder accumulation in the alluvial cone during extraordinary
events. Therefore, the pre-2008 topography would be lower than the pre-2010 one, and

the water stage for scar formation the-generation-of-the-injuries-higher, leading to an-
TFhisleads-to-the underestimation of the 2008 event.

Overbank critical discharges calculated at the apex of the alluvial cone indicate the
minimum discharge for the overflow of the left bank. However, this minimum discharge
not necessarily involves water flowing all along the cone, as it may return to the
functional channel. In order to validate the estimations, we checked for the discharge
that, apart from overflowing the bank, showed water continuity along the distributary
channels of the cone. Therefore, two overbank flow discharges were estimated: partial
overbank critical discharge associated to levee breach and formation of crevasse splays
(43 m°s™), and total overbank critical discharge and cone flooding (58 m3s™).

Peak discharges for different return periods were calculated for the Portainé basin by
other authors using hydrologic modelling (de las Heras-et-al, 2016). Comparing those
results with-beth palaeodischarge values obtained in-the—approach—presented-in this
study: for 2008 event-(316 m3s™) and 2010 event/s-(314 m®s™), both discharges-events
would correspond to return periods higher than 500 years. This makes no sense, as
torrential or debris events are recorded almost every year er-every-two-years-since 2006.
Moreover, the obtained overbank critical discharge in the downstream part of the
Portainé stream would correspond to about the-500-year return period-vatue. This means
that (i) the discharges estimated in this study may be overestimated; and (ii) the
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discharges with different return periods from de las Heras (2016) could be
underestimated. In our study, tFhis is due to the high sediment load ef-the-terrential
flews-not considered in the palaeohydrologic and palaeohydraulic analyses. As outlined
by Bodoque et al. (2011), the estimated peak discharges are the result of the
combination, not only the sum, of water and sediment load. This is very common in
steep mountain streams with high torrential activity.

Regarding the calculation of the particle size transported for a specific flow, the best
approach is the one proposed by Carling et al. (2002) because we adapted it for the
study case-by-sta A
boulders. The obtalned relatlon of maxmum—élengfeh} medlum {vwd%h)—and minimum
(height)-diameters of boulders is in agreement with the typology of the bedrock, which
is composed of highly fractured metapelites. This leads to the formation of boulders
with two similar axes and a considerably shorter one. However, results obtained from
Carling et al. (2002) correspond to the most common size of deposited boulders
(medium size in the study area), as the relation between diameter axes was established
for the average of the field measurements. Bagnold (1980) also considers the most
common size-{mede}, so the obtained results are clearly overestimated. All the other
authors come up with equations for the intermediate axis estimation of the maximum
transported boulder, so the obtained results should be compared with the width of
biggest boulders identified in the field (Table 4, boulder number 2). Among these
equations, the one proposed by Costa (1983) for coarse material is considered the most
suitable enein our case.

In general, theFhe results obtained for the Portainé alluvial cone using empirical
relations (Table 5) are higher than the boulder size measured in the field (Table 4). The
causes for this can be that: (i) they are empirical relations calculated for biphasic flows
with Newtonian behavior, and some debris flows are uniphasic; (ii) equations work with
the mobilizable particle size, but boulders of this dimension are not always available to
be moved in the river bottom, in part due to the lithology of the source area (even
though this does not seem to occur in the study case), or because they could be
fragmented during the transport; (iii) water-depth-and-velocitystream power values are
averaged for the channel or margins (using a 1D hydraulic model that only distinguishes
three zones in each cross section), but they could not be representative of some specific
positions; and (iv) the used-1B-model works with Newtonian flows of clean water so the
calculated discharges may be overestimated due to the higher viscosity of the more
dense real flow (which includes sediment), leading to a real transport capacity of
smaller boulders. Considering these limitations, the results obtained by empirical
relations are coherent with real torrential processes in the Portainé study area. The
equation proposed by Williams (1983) is the exception and does not work for the

studied stream. as suggests a mobilizable particle size of more than 6 meters, which is
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The uncertainty of the peak discharge estimations depends on the reliability of scar

heights (Ballesteros-Canovas et al., 2016). The distribution of scar-flow differences in
the study area suggests that trees located on the deposits of the cone and in the terrace
are the most suitable ones for palaeoflood reconstruction, whereas those standing in the
slopes are the less useful ones.

The present study is a new step for palaeoflood reconstruction in ungauged small
basins. Even if peak discharges obtained by hydrodynamic modelling may be
overestimated because of not considering the sediment load, at least they allow
estimating the order of magnitude of past events. Such a multidisciplinary approach
could be very useful for basins where detailed dendrogeomorphological studies could
not be carried out (few or lack of riverbank trees) or the application of hydrologic-
hydraulic models presents great limitations (scarce meteorological data and/or not
accurate DEMs).

5.2. Limitations of the data sources

Geomorphic positions of trees could have changed in time, because the assigned
present-day landform, element or facet to each tree could not be exactly the same as
when the flood occurred and the scar was formed; at least for geomorphic forms close to
the river channel and especially for older dendrogeomorphological damages or FDE.
This limitation in data sources is very difficult to solve, due to the lack of previous
geomorphological maps or detailed aerial photographs-i-thisferested-area.

ef—lé—paske\;ems—pneHe—Z%rZ—(Gene\&et—&l—undeHe\Hew)—Scars a-Prd—I-HjH-HGS—WG e

used as palaeostage indicators (PSI), considering that their maximum height indicates
the minimum water table of the flow and is close to hlgh water marks (HWM)—as

20405, Nevertheless thIS approxmatlon involves some uncertainties and error sources:

(i) PSI can be higher than HWM if the scar was formed by material accumulated
upstream from a tree, leading to a discharge overestimation (Ballesteros-Canovas et al.,
2010); (ii) PSI can be lower than HWM when the scar is partially closed, and therefore,
the discharge would be underestimated (Guardiola-Albert et al., 2015); and (iii) PSI can
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be lower than HWM when the scar has been produced by sediment load in the lower
part of the water column (bedload transport, e.g. saltation), and not by the impact of
floating load (large wood), so the discharge could be underestimated (Ballesteros et al.,
2010). The trial-and-error technique was applied to compare the height of the PSI
(height of the scars) and the modelled water stage in each cross section (Yanosky and
Jarrett, 2002). Despite the few number of trees, we had multiple scars to simulatethe
number-of scars-was-considered-enough-for-simulating the flow of 2008 (18 scars) and
2010 events_(6 scars). Moreover, the existing technical reports that describe the 2008
and 2010 events (IGC, 2010a, 2010b), especially upstream, seem to be in accordance
with the obtained results about the magnitude of these events.

The topographic data presented the following drawbacks: (i) temporal difference
between detailed field topography (2014) and airborne LIDAR data (2011); (ii) the use
of the same DEM for hydrodynamic modelling of different years; and (iii) low accuracy
of LIDAR data in forested or densely vegetated areas. Temporal changes of terrain in
the alluvial cone indicates that scars in trees located upstream from this area are more
reliable for palaeoflood discharge estimations, but they are scarce. So, main topographic
limitations were overcome by acquiring high-accuracy data along multiple cross
sections coinciding with the location of the damaged trees.

5.3.Limitations of the methods

Tree-ring analysis is a very useful tool for data acquisition on past flood events
(Ballesteros-Cénovas et al., 2015b; Stoffel and Bollschweiler, 2008). However,
dendrogeomorphological methodologies present some Hmitations-and-drawbacks (Diez-
Herrero et al., 2013a). In our study area, (i) some FDE could correspond to different
events occurred in a same year (at least two in 2008 and other two in 2010), and
therefore, FDE from a same year could correspond to different intra-annual events; (ii)
some scars can be produced by another external factor unrelated to torrential processes,
like the impact of a fallen tree during wind gusts or due to human activities. However,
in this study, the position, shape, orientation and distribution of the scars were analysed
in detail regarding their relation with torrential processes, and the inceherent-doubtful
ones were dismissed.

The hydrodynamic modelling was carried out with the HEC-RAS 1D hydraulic
model (USACE, 2008) that works with transversal cross sections. The area between
them is lineally interpolated and may involve some errors. This was overcome by
acquiring detailed topographic data with a total station in the field and, in few cases,
introducing additional sections corresponding to the position of trees showing scars
from 2008 or 2010 events. A 2D model was not run due to geometric, hydrodynamic
and other factors (see section 3.3.). Moreover, other works like Bodoque et al. (2011)
have used 1D hydraulic modelling for peak discharge reconstruction at mountain steep-
gradient reaches showing the same configuration and characteristics as the Portainé

stream, proving its SUItabllltv —él)—%he—Laeleef—an—aeewate—e%e@h—érgﬁal—ele\%en
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alstnbutren—aleng—the—stream—FeaGh—The small dlfferences in peak dlscharges obtalned

from the TIN-based cross sections and the field-based cross sections can be explained
by the longitudinal variability of the high sediment load flow and the different number
of scars for each case.

5.4 Limitations of the results

Obtained-resultsforflow-Flow hydraulics results were not calibrated with real data,

because of the lack of flow gauging stations within the basin. Therefore, the
palaeodischarges could not be compared and validated with real recordsebserved
dischargesrecorded-in-the-Portainéstream. Nevertheless, the obtained discharges in this
study seem reasonable, and their order of magnitude is coherent with the dimensions of
the river and the catchment-basins.

5.5.Further research

Future steps that could improve the characterisation ef-the-gynamies-of the Portainé
stream and the palaeoflood reconstruction are: (i) the integration of the sediment load
and transport, which constitute an important factor for the rheology of torrential and
debris floods; (ii) 2D hydrodynamic modelling, to simulate the limited transversal flows
and therefore, secondary discharges along the alluvial cone-ane-its-channels.

Last but not least, the methodology carried out in this study could be applied to
other watersheds of similar morphometric and geomorphologic characteristics. The
validation of the use of 1D hydraulic models in other small elongated cones in
mountainous areas with few source data and relatively few number of trees would
corroborate the high potential of such a multidisciplinary analysis for highty-torrential
problematic settings.

6. Conclusions

palaeohvdroloqlcal approach presented in this study proves that the flow en@

obtained from hydrodynamic modelling of past events, determined by the depth,
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velocity and stream power, shows a positive correlation with most energetic
geomorphic forms (riverbed and low alluvial terrace). However, most of the external
disturbances are found in trees Iocated in geomorphlc posmons of mtermedlate energy
(alluvial cone) I ;

transpeﬁ—eapaeﬂy—ef—te#enml—ﬂews—ﬂees showmq less uncertalnty for hydraullc

modelling, based on the variability in scar heights, were also located on geomorphic
forms formed by intermediate energy processes (high alluvial terrace and deposits of the
cone). These findings suggest that the most reliable scarred trees for peak discharge
estimations _using hydraulic _modelling correspond to intermediate flow energy

positions.

The present work shows the high potential of the combination of techniques for
flood assessment in problematic contexts, such as ungauged mountain basins_or with
scarce hydrological data-witheut-gauging-statiens, densely vegetated areas with poor
topographic data, and rivers with few disturbed trees for detailed
dendrogeomorphological studies.
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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 LIiDAR 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™ and 314 m3s™ 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.

Keywords: Dendrogeomorphology, Fluvial geomorphology, Hydraulic modelling,
Palaeoflood, Spanish Pyrenees.

1. Introduction

Hydrometeorological phenomena are one of the most recurrent causes of natural
disasters worldwide that annually produce significant economic damages and fatalities
(Gaume et al., 2009). Flood disasters are increasing in number and damages in the last
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few decades in Europe (Barredo, 2007). In mountainous areas of Catalonia (Spain),
flash floods and debris flows cause severe socioeconomic and geomorphologic impacts
due to their sudden occurrence, torrential behaviour and high sediment load involved
(Portilla et al., 2010).

Flood hazard assessment is often based on conventional statistical magnitude-
frequency analyses, which are difficult to apply in areas with scarce rainfall data and
lack of flow gauging stations. Palaeohydrology is a useful method in active torrential
basins with non-systematic records that consists on the study of past floods especially
focusing on ancient extraordinary events, and encompasses different research lines
depending on the palaeoflood data and working methodology (Baker, 2008; Benito and
Diez-Herrero, 2015; Lang et al., 2004; Webb and Jarrett, 2002). Extreme flood
reconstruction has been carried out using a variety of data sources and evidence, such as
sedimentological (Benito et al.,, 2003, 2015; Kochel and Baker, 1982),
geomorphological (Baker et al., 1988; Baker and Pickup, 1987), dendrochronological
(Ballesteros-Canovas et al., 2016; Gottesfeld, 1996; Kundzewicz et al., 2014; Malik and
Matyja, 2008; Sigafoos, 1964; Yanosky and Jarrett, 2002; Zielonka et al., 2008), and
lichenometric indicators (Gob et al., 2003).

Many authors have reconstructed palaeoflood using dendrogeomorphology, which
provides information about past events recorded in flood dendrogeomorphological
evidence (FDE) in riverbed and riverbank trees (see reviews from Ballesteros-Canovas
et al., 2015b and Benito and Diez-Herrero, 2015), but also other hydraulic parameters
like flow velocity, depth and power by means of hydrodynamic modelling (Ballesteros-
Cénovas et al., 2010, 2015a). Numerous studies relate flood discharges with flow
hydraulics with different empirical equations (Bagnold, 1980; Chanson, 2004; Chow,
1959; Costa, 1983; Ferguson, 2005). Some other works deal with flow hydraulics and
fluvial geomorphology from different perspectives: flood geomorphology (Baker et al.,
1988), the stability of geomorphological elements (Nicholas and Walling, 1997; Ortega
and Garzon, 1997) or past flood discharges and deposits (Baker, 1987; Kochel and
Baker, 1982; Sanchez-Moya and Sopefia, 2015). However, dendrogeomorphological
evidence have rarely been associated to the geomorphic position of the trees (Ruiz-
Villanueva et al., 2010), or other local characteristics of the river reach (Ballesteros-
Canovas et al., 2016).

However, these methods tend to have some limitations in mountains areas.
Dendrogeomorphological studies are conditioned by the number of trees of the study
area, which is limited in some cases. High-resolution geomorphological mapping is
difficult to carry out in remote areas. Palaeodischarge reconstructions in ungauged
catchments require an adequate topographic data for hydraulic modelling, which is
usually scarce in forested mountain catchments. Regarding flow hydrodynamics, the
calculation of hydraulic parameters depends on the estimated peak discharge.

This paper reconstructs flood events combining all the above mentioned disciplines
(Fig. 1). The aim of this paper is to quantify the relation between flood hydrodynamics
and the geomorphological characteristics of damaged trees. Flow hydraulics are
analysed according to the specific geomorphic position of trees and the obtained stream
power from hydraulic modelling is used to estimate the mobilizable particle size, which
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is compared to field measures to assess its reliability. Such a multidisciplinary analysis
specially focusing on hydraulic parameters has never been carried out before in a
selected study area, and allows us to obtain an improved knowledge about fluvio-
torrential dynamics in areas with few source data.

2. Problematic study area and hazard

The multidisciplinary approach presented in this paper was performed in the 5.72
km? Portainé drainage basin (Pallars Sobira County, Catalonia, Spain), located in the
Eastern Pyrenees (Fig. 2a). Maximum altitude is 2439 m a.s.l. (Torreta de 1’Orri). Two
main streams drain the basin towards the north, the Portainé stream (5.7 km long) and
its tributary the Reguerals stream (3 km long). Their confluence is placed at 1285 m
a.s.l. and then, the Portainé stream flows until its confluence with the Romadriu River
(part of the Ebro River Basin) at 950 m a.s.l. (Fig. 2c). An access road to the Port-Ainé
ski station crosses both streams at various points. The climate is Alpine Mediterranean,
with a mean annual rainfall of 800 mm and 5-7 °C mean annual temperature (Meteocat,
2008).

From a geological perspective, the Portainé basin is located in the Pyrenean Axial
Zone (Fig. 2b). In the study area, the bedrock is composed of highly folded and
fractured Cambro-Ordovician metapelites and sandstones with quartzite intercalations.
Wide surficial colluvial materials irregularly cover large parts of the terrain. Due to the
highly fractured bedrock and the unconsolidated surficial deposits, materials are easily
eroded and mobilized along the streams. Geomorphologically, the catchment can be
divided in two sectors (IGC, 2013). The southern one corresponds to the headwaters and
shows lower gradients (less than 25° but usually around 10-20°) and a poorly
entrenched drainage network. The northern sector shows higher gradients (more than
25°) stronger entrenched streams (Fig. 2c).

The Portainé and the Reguerals streams are characterized by a high torrential
activity especially since 2006, as debris flood, hyperconcentrated flow and/or debris
flow events produce significant losses in infrastructures, mainly where the road crosses
the streams. From 2006 to 2015, ten events have occurred in this area (IGC, 2013; Palau
et al, 2017), even without extraordinary rainfall values. In addition,
dendrogeomorphological studies have proved the occurrence of previous torrential
events, even if their frequency is much lower (Furdada et al., 2016; Garcia-Oteyza et al.,
2015). In order to reduce these impacts, 15 sediment retention barriers were installed
along the channels since 2009 as a hydrological correction measure (Luis-Fonseca et al.,
2011). However, the problem remains and the increasingly entrenched streams show a
significant erosive tendency (Victoriano et al., 2016).

The specific study area corresponds to the most downstream 500 m-long reach of
the Portainé stream. In the confluence with the Romadriu River, an alluvial elongated
debris cone has formed, mainly composed of sub-rounded to sub-angular decimetric
boulders. High sediment load torrential events change the morphology of the mobile
riverbed easily, also affecting the riverbank trees. In general, the vegetation of the area
constitutes a deciduous broadleaf forest with a variety of species.

3. Material and methods
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The methodological approach of this study is synthetized in Fig. 3, showing each
research topic and the integration of the methods for final results.

3.1.Geomorphological mapping and analysis

A detailed geomorphological study and mapping of the features was carried out.
This analysis had two steps, (i) topographic and geomorphological fieldwork, and (ii)
GIS mapping.

Detailed topographic data acquisition was carried out in March 2014 using a Leica
TC 1700 total station. This taquimetric survey was focused on localizing and defining
topographic sharp changes (breaklines) of geomorphic elements and tree positions in
order to collect a complete point dataset (Keim et al., 1999) consisting of 1118 points
(853 ground points and 265 tree points) in a 4850 m? area. In addition, in places where
trees showing external FDE were identified we also obtained detailed topographic cross
sections. Differential RTK GNSS methods were carried out to accurately measure the
absolute coordinates of certain control points (Khazaradze et al., 2016) used to
georeference the dense measurements obtained with the total station. Regarding
geomorphological mapping, during the mentioned topographic field survey, main
geomorphological elements were identified following the proposal of Church et al.
(2012) and their limits were measured with the total station. Main geomorphological
elements and deposits were roughly classified as: functional channel, distributary
channels of the cone, gravels and boulders; in addition, alluvial terraces were identified,
as well as other features like levees, escarpments and flow paths. During subsequent
field surveys carried out in March 2015, September 2015 and June 2016, morphological
changes in landforms, elements and facets (different parts of the elements) were
recognized, which mainly occurred along the channels and did not alter the position of
riverbed and riverbank trees.

The deposits and forms were mapped using the ArcGIS 10.2.2 software (ESRI,
2014), creating a detailed geomorphological map.

3.2.Dendrogeomorphological analysis

Dendrogeomorphology is a palaeohydrological data source that provides
information about past torrential events recorded in trunks, branches and roots of
riverbed and riverbank trees (Diez-Herrero, 2015).Tree-ring analysis been widely
applied for fluvio-torrential processes in flood studies (see reviews from Ballesteros-
Canovas et al, 2015b and Benito and Diez-Herrero, 2015). The
dendrogeomorphological study carried out in Portainé is divided in three
complementary tasks, (i) dendrochronological sampling, (ii) tree-ring analysis and FDE
dating, and (iii) geomorphological analysis of the tree positions.

Dendrochronological sampling was carried out in March 2014, March 2015 and
September 2015, and the strategy was based on the field recognition of external
disturbances. The selected trees were those showing evidence most probably produced
by the impact of boulders and/or large wood transported by the flow, mainly injured,
decapitated and tilted trees (Fig. 4), but also few trees with exposed roots. Trees were
sampled following dendrogeomorphological procedures (Stoffel & Bollschweiler, 2008;
Diez-Herrero et al., 2013, Stoffel & Corona, 2014). The geographic position of each tree

4
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was measured using a total station, and also the height of scars and decapitation nodes.
Additional information was also collected, such as an identifier code, sampling date,
species, description of the tree (height and perimeter), description of the FDE (type,
height and size), description of the sample (height) and photos of the tree. Cylindrical
samples (cores) were obtained using a Pressler increment borer of 5 mm diameter. Some
wedges were also extracted from overgrowing callus in scarred trees and cross sections
were cut in some death trees. We analysed 57 trees from 9 different species (151
samples) providing a multievidence population of Populus tremula L. (common aspen),
Populus nigra L. (black poplar), Fraxinus excelsior L. (ash), Prunus avium L. (wild
chery), Quercus petraea (Matt.) Liebl. (sessile oak), Tilia platyphyllos Scop. (largeleaf
linden), Juglans regia L. (common walnut), Acer campestre L. (field maple) and Salix
caprea L. (goat willow).

In this study, we only considered external evidence on trees. In the laboratory, tree-
ring analysis of cores, wedges and sections consisted in (Génova et al., 2015): (i)
sample air-drying, cutting or sanding; (ii) tree-ring width measuring using a LINTAB
table (with 1/100 mm accuracy) and the associated software TSAPWin (RinnTech,
2003); (iii) cross-dating using visual and statistical techniques (Cook and Kairiukstis,
1990); and (iv) quality check using the Cofecha software (Grissino-Mayer, 2001). This
process let us to date scars in tree-ring series and consequently, torrential events. The
last ring of dead trees was dated by comparing tree-ring series with other living trees of
the same species. For palacoflood reconstruction, the scars’ formation year (dated
following the mentioned procedure) and their height (measured in the field) were used.
Additionally we considered the location of decapitated trees, tilted trees and exposed
roots for the geomorphic analysis. This information was compiled within a
dendrogeochronological database.

The inclusion of the dendrogeochronological database into a GIS environment,
using ArcGIS 10.2.2 software (ESRI, 2014), allowed to study the geomorphological
setting of disturbed trees. Based on the geomorphological mapping and tree positions,
geomorphic features were reclassified according to their formation energy (Ruiz-
Villanueva et al., 2010). This lead to a considerably more elaborated classification of
the geomorphic forms, elements and facets. Moreover, the detailed geomorphic position
of each tree was determined in the field, and trees were classified according to the
geomorphic form (e.g. riverbed), element (e.g. gravel bar) or facet (e.g. bar tail) in
which they were located, obtaining the spatial distribution of de FDE according to the
formation energy of the geomorphic form on which they locate. Other
geomorphological characteristics (e.g. channel reach morphology and tree exposure to
the flow) were not considered in this study because they were equal for all the scarred
trees (straight channel and exposed trees). Therefore, the geomorphic position according
to geomorphic units was the best evidence to relate flow hydrodynamics and FDE
formation.

3.3.Palaeodischarge estimations and hydraulic modelling

Palaeofloods were reconstructed using the one-dimensional hydraulic simulation
software HEC-RAS 4.0 from the US Army Corps of Engineers (USACE, 2008). This
model was used to obtain palaeoflood discharges and other hydraulic parameters as
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stage, water depth, velocity and stream power. It was run a 1D model instead of a 2D
one due to the following groups of factors: a) channel geometric characteristics (lack of
high-resolution and high-accuracy 2D topographic data; detailed cross-sections
coinciding with tree locations measured with total station; narrow valley with
length/width ratio >3:1; and lack of anthropic features, such as bridges or culverts,
along the channel); b) hydrodynamic factors (unidirectional flow patterns during floos;
limited secondary transversal flows due to the narrowness of the valley and the steep
gradient with waterfalls and rapids); and c) other evidence (scar height-riverbed
parallelism suggesting a sub-uniform to gradually variable flow). The required
parameters and conditions to run the hydraulic model were: (i) geometric data, (ii)
boundary conditions, and (iii) discharges.

Regarding geometric data, HEC-RAS works with transversal cross sections (XS
sections). Topographic data from two different sources were available for the study
area: total station and airborne LIiDAR (Light Detection and Ranging). Total station data
was acquired in the field (see section 3.1.) and provided high accuracy but slightly low
point-density. LIDAR data was collected with the aircraft Cessna Caravan 208B and the
topographic LIiDAR sensor Leica ALS50-11, owned by the Cartographic and Geological
Institute of Catalonia (ICGC), and the point cloud was georeferenced and filtered using
the TerraScan software (Terrasolid, 2016). The potential of LIDAR data creating high-
resolution elevation models has been widely accepted (Tarolli, 2014). However, in our
mountain study area with steep slopes and dense vegetation, the LiDAR dataset
provided a good coverage but a low elevation accuracy (about 50 cm RMSE) and not
very high-resolution topography (0.63 ground point/m?®). Taking into account the
mentioned strengths and limitations of data sources, two hydraulic models with
different geometric data were run. The first one, manually introducing the cross sections
measured with the total station in the field (23 XS sections). The second one, combining
both topographic data. LIDAR points were added into the total station dataset and
carefully analysed in order to assess its suitability. Some adjacent points showed
significant differences in elevation, which were attributed to (i) small but detectable
erosion and accumulation between the 2011 LiDAR and 2014 total station data; and (ii)
the real morphology of the steep terrain (e.g. stream entrenchment, escarpments and
steep slopes). In order to overcome these limitations, a manual point editing process was
carried out using objective criteria of congruence and acceptability, consisting in
detecting erroneous points by comparing their coordinates with the surrounding points.
This was done by creating 0.5 m (in steep areas) or 1 m (in flat area) buffers for total
station points and intersected with LIDAR ground points. Establishing a maximum
tolerance threshold of 0.5 m for the differences on elevation between both topographic
data sources, incoherent LiDAR points were deleted. Finally, a bare-earth Triangulated
Irregular Network (TIN) was created with the selected terrain points and sections were
extracted from it (35 XS sections), using HEC-GeoRAS 10.2 extension (USACE, 2012)
for ArcGIS. The advantage of the TIN-based model is that it allowed the input of
additional transversal profiles, but its weakness is that LIDAR data can distort and
smooth the detailed sharp topography obtained in the field. In addition, the stream
centreline, banks and levees were added. The limits of the riverbanks were defined
coinciding with roughness changes, so that a Manning’s n value for the left bank,
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channel and right bank was stablished for each cross section. The roughness coefficient
was obtained from field observations, based on Arcement and Schneider (1989).

Boundary conditions upstream and downstream from the modelled reach were
critical depth because both boundary sections correspond to small waterfalls (more than
2 m high) in stable bedrock riverbed, identified in the field. These are hydraulic jumps
with a critical flow (Froude number = 1) especially during flood events, so they are
suitable for the critical-depth method (Bodoque et al., 2011). The model was run as a
steady flow, as the input were peak discharge values; and the flow regime modelled as
supercritical.

Palaeodischarges were calculated using external scars as palaeostage indicators
(PSIs). These evidence provide the most precise information of both the date and the
magnitude of the event, as they allow knowing both the precise year in which they were
formed by dendrochronological dating and the minimum water depth of the flow by
measuring the height of the scar and/or its absolute altitude. In our study, we dated
external scars from 2000 (4 scars), 2006 (1 scar), 2008 (19 scars) and 2010 (6 scars)
events. Scars from 2000 were almost closed and did not provide information about the
water stage. Regarding the trees scarred in 2006, there was a unique evidence so it was
not considered enough as a palaeostage indicator. Therefore, only 2008 and 2010 events
could be reconstructed, as they provided a representative number of scars and their
height could be reliably measured in the field; but are also the last most destructive
documented events. Although two high discharge events occurred in 2008 (September
and November) and two others in 2010 (July and August), we assume that the scars
were formed by a unique event for each year. In fact, scars from 2008 were all formed
in the high-magnitude torrential flood occurred in September, which produced
documented damages in a bridge located just upstream of the study reach (IGC, 2013),
whereas the low-magnitude event occurred in November did not produce any effect at
that point. Regarding scars from 2010, 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 filled and the flow transported high sediment load. We selected the trees
showing scars corresponding to those events years (25 trees). For each year, we carried
out a normality test to height differences (d; Eq. 3) in order to detect outliers, comparing
the samples with a normal or Gaussian distribution. This process allowed us to detect an
anomalous scar for 2008, which indeed, showed an odd shape in the field. Therefore, its
origin may not be torrential and it was deleted before simulating the discharge values.
At last, 18 scars (6 P. tremula, 6 P. nigra, 2 F. excelsior, 2 P. avium, 1 Q. petraea and 1
A. campestre) were considered for 2008 modelling (9 of them dated from wedges) and 6
scars (2 P. tremula, 2 F. excelsior, 1 Q. oetraea and 1 T. platyphyllos) for 2010 (1 dated
from a wedge). Peak discharges for analysed palaeofloods were calculated using the
step-backwater method (Ballesteros-Canovas et al., 2010; O’Connor and Webb, 1988),
by increasingly introducing peak discharge input values in the model and finding the
best fit water surface elevation for the height of the scars. For each event and each input
geometric data (XS section), the trial-and-error technique was used to estimate the peak
discharge (with a precision of 1 m®™), by finding the value that showed the minimum
mean absolute error (¢ or MAE) and mean squared error (MSE) in the heights
(difference between scar altitude and modelled water stage), defined as

(1)

(2)
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where n is the number of scars and d is the absolute value of the difference between the
height of the scar and the water stage, estimated by the expression

d = |ZFDE - ZQ| (3)

where Zgpe is the altitude of the scar in meters (m) and Zq is the water surface elevation
for the modelled peak discharge in meters (m), both measured in the cross section where
the scar is located.

The peak discharges were finally calculated as the weighted arithmetic mean
between the discharges obtained from the two geometric data, which was estimated by

the following equation:
1 1
(2_ QTIN) + (_2 QTS)

OrIN OTE 4

Q2008 = 1 1 (4)
— Tt
Oorin  Orts

onn and ors being the absolute error of the TIN-based model and the one with total
station data respectively, and Qry and Qrs being the estimated peak discharges in m®s™.

As the flow in the alluvial cone can be difficult to simulate using a 1D model, we
also calculated the minimum peak discharge for bank overflow. This is the threshold for
cone flooding and consequently, marks a change in the distribution of the flow
discharge. This critical overflow discharge was obtained from the cross section located
in the cone apex.

3.4. Flow hydrodynamics

We extracted other hydraulic parameters from HEC-RAS results for each cross
section, such as water depth, velocity and total stream power. These parameters were
then obtained for the specific position of each tree containing a scar used for the
hydrodynamic modelling. Depth was calculated subtracting the elevation of the base of
the tree from the water surface elevation. For the velocity value, we considered the
value of the cross section part in which the tree was located (left bank, channel or right
bank). The unit stream power was obtained dividing the total stream power obtained by
the active width of the flow at the specific cross section part.

The knowledge of flow hydraulics allowed us to estimate the particle size that might
be mobilized by the flow. These calculations were carried out for the 2008 event and in
the deposit of the alluvial cone, because discharge estimation is more reliable and
accurate than for 2010 event. We also measured in the field the maximum (length),
medium (width) and minimum (height) axes of a representative population of boulders
deposited in the alluvial cone, allowing us to compare the results obtained by empirical
relations with the real deposited material. The diameter of the transported boulders was
calculated using different empirical equations. The mobilizable particle size is a

8
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function of the critical unit stream power, so the hydraulic parameters needed for these
equations were obtained from the upstream cross section of the alluvial cone because
the flow in the study site is supercritical. The three applied relations were:

w,=a-DP

where ¢ is the critical unit stream power in W/m?, a and b are numerical constants
depending on the author (Costa, 1983; Gob et al., 2003; Jacob, 2003; Williams, 1983),
and D is the particle diameter in millimeters (mm),

cy-d

(UC = Cl * Dll5 * 10910 ( 2 ) (6)
D

d being the water depth and c; and ¢, being numerical constants determined by different

authors (Bagnold, 1980; Ferguson, 2005), and

0.6
Cq=|———|+09 (7)

d d\ (L
(@) (5)
where Cg is the drag coefficient, assumed to be 0.95, and H, B and L are the diameters
corresponding to the main three main axes of the particles: height (minimum), width
(intermediate) and length (maximum), respectively (Carling et al., 2002). In fact, this
equation assumes the morphometry of the particle being dependent on the water depth.
They propose that the mobilized boulders should be considered as relation of the three

axes, which depends on several factors, such as the lithology, internal structure and
fractures of the material.

4. Results

4.1.Geomorphological mapping and geomorphic forms

A geomorphological map of the torrential system was obtained based on the March
2014 topography. Multi-temporal field campaigns (2014-2016) showed that the
distribution and morphology of the geomorphological elements and deposits changes in
time, especially those associated to the riverbed, and therefore the Portainé stream is
very dynamic. These changes are mostly visible in the functional channel and in the
lowest level of alluvial terraces. In general, the stream shows an erosive tendency,
which is reflected on the backward motion of the bank escarpments that delimit the
channel. In the alluvial cone area, the flow tends to deposit the boulders transported
during debris flow and flood events.

13 types of geomorphic forms, elements and facets were identified and mapped,
which are ordered according to their formation energy as: in-channel (functional active
channel), gravel bars, terrace 1 (low terrace), terrace 2 (high terrace), natural levee,
main inactive channel of cone, secondary inactive channels of cone, upper deposits of
cone, middle deposits of cone, lower deposits of cone, artificial levee (dyke), left-side
slope and right-side slope (Table 1 and Fig. 5).

4.2.Dendrogeomorphological evidence
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Regarding external disturbances we identified 10 decapitations, 41 external scars, 25
tilted trees and 3 trees with exposed roots.

The determination of the geomorphic position of the trees allows relating the spatial
distribution of FDE along the torrent with the geomorphological elements (Fig. 5).
Table 1 shows the geomorphic position of all the analysed trees and of the scarred trees
used for hydraulic modelling. Analysed trees locate on 12 different geomorphic forms,
indeed, on all of the identified forms except for natural levees. Most of them are located
in the alluvial cone (58%), alluvial terraces (16%) and slopes (14%).

4.3.Flood discharges

The obtained peak discharges for 2008 and 2010 are presented in Table 2. For each
case, the value that minimized both absolute and mean squared error was considered.
For 2008, the calculated discharges were 300 m®™ from the TIN topography (Fig. 6)
and 321 m3s™ from the total station topography. These results were weighted according
to their errors (Eq. 4), obtaining a peak discharge of 316 m®™ (¢ = 0.18 m). Given that
for 2010 there were only 4 scars corresponding to cross sections measured with total
station, the 314 m3s™ discharge (c = 0.7 m) obtained from the TIN-based model was
considered as the most reliable peak discharge value.

For the critical overflow discharge, we obtained a 43 m®s™ value of initial overbank
and formation of crevasse splays, named partial overbank discharge. However, the
complete flooding of the cone does not occur until the flow exceeds the total critical
overbank discharge, estimated to be 58 m®™. Therefore, higher peak discharges
produce the inundation of the debris cone. These are considered extraordinary events,
like those in 2008 and 2010.

4.4.Hydraulic parameters and mobilized particle size

Considering the discharge values obtained for 2008 and 2010 events, the flow
hydraulics was similar in both cases. Fig. 7 shows the flooded area and the water depth
in the most downstream part of the study area for 2008 event. This past flood produced
almost the total flooding of the alluvial cone, generating scars in trees due to the impact
of boulders and floating large wood.

The hydraulic parameters obtained from hydrodynamic modelling are water depth
(d), flow velocity (v) and unit stream power (o) for the left bank, channel, and right
bank of each cross section (see results in supplementary material Table 1). In situ
hydraulic parameters for the specific position of each scarred tree are shown in Table 3.

For the empirical equations for particle size estimation, the water depth and unit
stream power values were those corresponding to left bank of the section at the apex of
the cone (section U-Uc’), for the 2008 peak discharge. These values were 1.03 m and
5221.92 Nm™. The boulder size mobilized by the flow and deposited in the cone was
also obtained from the measures of the three axes (Table 4). This allowed us
establishing the following field-based diameter relationships: B=0.74L, where B is
width and L length; and H=0.43L, H being height. Table 5 collects the particle
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diameters calculated for the Portainé alluvial cone, considering the relations proposed
by different authors.

4.5. Relation between geomorphic forms, FDE and flow hydraulics

All the aspects analysed in the previous sections have been linked together to obtain
a more complete knowledge of the hydrodynamics of the Portainé stream, the behaviour
of the riverbank trees and the morphology of the area.

The formation of dendrogeomorphological disturbances depends on the geomorphic
position of the trees. 103 disturbances (decapitations, scars, stem tilting and root
exposure) in 12 geomorphic positions were analysed in our study area from 57 different
trees. The number of evidence per tree was calculated for each geomorphic form (total
FDE / number of trees for each geomorphic position), shown in Fig. 8 (see results in
supplementary material Table 2). There are few FDE in the riverbed trees (in-channel
and gravel bars), although these are the most energetic positions. This is due to the
lower number of trees in these geomorphic positions and therefore, little number of
samples for dendrochronological analysis. Most FDEs locate in the alluvial cone, both
in the main or secondary inactive channels (2.7 FDE per tree) or in the deposit area (2
FDE per tree). Therefore, in the Portainé study area, the most intensely damaged trees
concentrate on the geomorphological elements related to processes of intermediate
energy (second terrace and alluvial cone).

The geomorphological features of the valley bottom are also related to flow
hydraulics, and in this specific case, the stability of geomorphic forms associated to
torrential processes depends on the energy of the water. The hydrodynamic modelling
allowed us to determine the specific velocity and water depth values for the scarred
trees. These hydraulic parameters were then associated to the geomorphic element in
which each tree was located. Fig. 9 is the representation of the relation between the
energy of flow, affectation on trees and geomorphology. Higher velocity and depth
values indicate areas where torrential processes are more intense, and therefore
correspond to energetic geomorphic forms. These most energetic geomorphological
elements are close to the riverbed (in-channel and gravel bars). Far from the riverbed,
there is a decrease on the flow energy, both in terms of hydraulic parameters and in the
intensity of the torrential processes associated to the geomorphic features (Fig. 9). In
addition, the largest number of scars are located in the alluvial cone, which corresponds
to torrential processes of intermediate intensity. Taking into account that every scarred
tree of the study area was sampled, the number of samples does not condition the
concentration of scars in the alluvial cone and it represents the geomorphic form where
more trees are affected during torrential events.

The relation of scars, geomorphic forms and flow hydrodynamics can be assessed
by comparing the differences between scar height and the modelled water stage (Eg. 3)
of the trees according to their geomorphic position. We analysed the 2008 event because
it provided a larger population of scars and lower errors in discharge estimation, and we
obtained mean height differences for each geomorphic form: 0.07 m in-channel (1 tree),
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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),
0.44 m in secondary channels of the cone (2 trees), 0.17 m in middle deposits of the
cone (5 trees), 0.01 m in artificial levees (1 tree) and 0.63 m in right-side slopes (3
trees). The lowest variability in scar heights was located inside the channel and in an
artificial levee, but these geomorphic forms only contain one tree. If we consider
geomorphic positions with more than a single tree, the lowest variabilities corresponded
to trees located on terrace 2 or middle deposits of the cone, which are intermediate
energy positions. Highest variabilities occurred in the right-side slope.

5. Discussion

5.1. Discussion on the results and new contributions

This paper presents a detailed palaeoflood multidisciplinary approach in an
ungauged mountain stream (Portainé, Spanish Pyrenees) based on the four-topic
correlation of geomorphology, dendrogeomorphology, flood discharge and flow
hydrodynamics.

Detailed geomorphological mapping from total station data contributed to a good
correlation between damaged trees and geomorphic forms. The formation of different
dendrogeomorphological evidence (FDE) depends on the geomorphic position of the
trees. Usually the most energetic disturbances are found in trees located in energetic
geomorphic forms (Ruiz-Villanueva et al., 2010). Nonetheless, in our study area, most
FDE locate in geomorphic positions of intermediate energy. This is explained by (i) the
scarcity of trees on the riverbed (most energetic positions) because high discharge
events with significant stream power, pull and transport them, and (ii) the scarcity of
external disturbances on slopes (less energetic positions) due to the flow not having
enough energy to produce damages on those trees farther from the active channel, or
even the flow not reaching those areas.

The estimation of peak discharges was possible thanks to the detailed cross sections
measured in the field. LIDAR data was not accurate enough for the application of
hydraulic models due to the dense vegetation and therefore, insufficient and inaccurate
ground points. The methodology for palaeodischarge calculation for 2008 and 2010 was
adapted from Ballesteros-Canovas et al. (2010). Comparing the two reconstructed years
it seems that their magnitudes were similar; but the 2008 event has been reported as the
most severe one (IGC, 2013). This discrepancy could be explained by the difference in
the real pre-event topography, as we used the same topographic data for hydraulic
modelling in both cases, which includes boulder accumulation in the alluvial cone
during extraordinary events. Therefore, the pre-2008 topography would be lower than
the pre-2010 one, and the water stage for scar formation higher, leading to an
underestimation of the 2008 event.

Overbank critical discharges calculated at the apex of the alluvial cone indicate the
minimum discharge for the overflow of the left bank. However, this minimum discharge
not necessarily involves water flowing all along the cone, as it may return to the
functional channel. In order to validate the estimations, we checked for the discharge
that, apart from overflowing the bank, showed water continuity along the distributary

12
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channels of the cone. Therefore, two overbank flow discharges were estimated: partial
overbank critical discharge associated to levee breach and formation of crevasse splays
(43 m%s™), and total overbank critical discharge and cone flooding (58 m3™).

Peak discharges for different return periods were calculated for the Portainé basin by
other authors using hydrologic modelling (de las Heras, 2016). Comparing those results
with palaeodischarge values obtained in this study for 2008 (316 m>s™) and 2010 (314
m3s™), both events would correspond to return periods higher than 500 years. This
makes no sense, as torrential or debris events are recorded almost every year since 2006.
Moreover, the obtained overbank critical discharge in the downstream part of the
Portainé stream would correspond to about 500-year return period. This means that (i)
the discharges estimated in this study may be overestimated; and (ii) the discharges with
different return periods from de las Heras (2016) could be underestimated. In our study,
this is due to the high sediment load not considered in the palaeohydrologic and
palaeohydraulic analyses. As outlined by Bodoque et al. (2011), the estimated peak
discharges are the result of the combination, not only the sum, of water and sediment
load. This is very common in steep mountain streams with high torrential activity.

Regarding the calculation of the particle size transported for a specific flow, the best
approach is the one proposed by Carling et al. (2002) because we adapted it for the
study case. The obtained relation of maximum, medium and minimum diameters of
boulders is in agreement with the typology of the bedrock, which is composed of highly
fractured metapelites. This leads to the formation of boulders with two similar axes and
a considerably shorter one. However, results obtained from Carling et al. (2002)
correspond to the most common size of deposited boulders (medium size in the study
area), as the relation between diameter axes was established for the average of the field
measurements. Bagnold (1980) also considers the most common size, so the obtained
results are clearly overestimated. All the other authors come up with equations for the
intermediate axis estimation of the maximum transported boulder, so the obtained
results should be compared with the width of biggest boulders identified in the field
(Table 4, boulder number 2). Among these equations, the one proposed by Costa (1983)
for coarse material is considered the most suitable in our case. In general, the results
obtained for the Portainé alluvial cone using empirical relations (Table 5) are higher
than the boulder size measured in the field (Table 4). The causes for this can be that: (i)
they are empirical relations calculated for biphasic flows with Newtonian behavior, and
some debris flows are uniphasic; (ii) equations work with the mobilizable particle size,
but boulders of this dimension are not always available to be moved in the river bottom,
in part due to the lithology of the source area (even though this does not seem to occur
in the study case), or because they could be fragmented during the transport; (iii) stream
power values are averaged for the channel or margins (using a 1D hydraulic model that
only distinguishes three zones in each cross section), but they could not be
representative of some specific positions; and (iv) the model works with Newtonian
flows of clean water so the calculated discharges may be overestimated due to the
higher viscosity of the more dense real flow (which includes sediment), leading to a real
transport capacity of smaller boulders. Considering these limitations, the results
obtained by empirical relations are coherent with real torrential processes in the Portainé
study area. The equation proposed by Williams (1983) is the exception and does not
work for the studied stream.

13
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The uncertainty of the peak discharge estimations depends on the reliability of scar
heights (Ballesteros-Canovas et al., 2016). The distribution of scar-flow differences in
the study area suggests that trees located on the deposits of the cone and in the terrace
are the most suitable ones for palaeoflood reconstruction, whereas those standing in the
slopes are the less useful ones.

The present study is a new step for palaeoflood reconstruction in ungauged small
basins. Even if peak discharges obtained by hydrodynamic modelling may be
overestimated because of not considering the sediment load, at least they allow
estimating the order of magnitude of past events. Such a multidisciplinary approach
could be very useful for basins where detailed dendrogeomorphological studies could
not be carried out (few or lack of riverbank trees) or the application of hydrologic-
hydraulic models presents great limitations (scarce meteorological data and/or not
accurate DEMs).

5.2. Limitations of the data sources

Geomorphic positions of trees could have changed in time, because the assigned
present-day landform, element or facet to each tree could not be exactly the same as
when the flood occurred and the scar was formed; at least for geomorphic forms close to
the river channel and especially for older dendrogeomorphological damages or FDE.
This limitation in data sources is very difficult to solve, due to the lack of previous
geomorphological maps or detailed aerial photographs.

Scars were used as palaeostage indicators (PSI), considering that their maximum
height indicates the minimum water table of the flow and is close to high water marks
(HWM). Nevertheless, this approximation involves some uncertainties and error
sources: (i) PSI can be higher than HWM if the scar was formed by material
accumulated upstream from a tree, leading to a discharge overestimation (Ballesteros-
Céanovas et al., 2010); (ii) PSI can be lower than HWM when the scar is partially closed,
and therefore, the discharge would be underestimated (Guardiola-Albert et al., 2015);
and (iii) PSI can be lower than HWM when the scar has been produced by sediment
load in the lower part of the water column (bedload transport, e.g. saltation), and not by
the impact of floating load (large wood), so the discharge could be underestimated
(Ballesteros et al., 2010). The trial-and-error technique was applied to compare the
height of the PSI (height of the scars) and the modelled water stage in each cross section
(Yanosky and Jarrett, 2002). Despite the few number of trees, we had multiple scars to
simulate the flow of 2008 (18 scars) and 2010 events (6 scars). Moreover, the existing
technical reports that describe the 2008 and 2010 events (IGC, 2010a, 2010b),
especially upstream, seem to be in accordance with the obtained results about the
magnitude of these events.

The topographic data presented the following drawbacks: (i) temporal difference
between detailed field topography (2014) and airborne LiDAR data (2011); (ii) the use
of the same DEM for hydrodynamic modelling of different years; and (iii) low accuracy
of LIDAR data in forested or densely vegetated areas. Temporal changes of terrain in
the alluvial cone indicates that scars in trees located upstream from this area are more
reliable for palaeoflood discharge estimations, but they are scarce. So, main topographic
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limitations were overcome by acquiring high-accuracy data along multiple cross
sections coinciding with the location of the damaged trees.

5.3.Limitations of the methods

Tree-ring analysis is a very useful tool for data acquisition on past flood events
(Ballesteros-Cénovas et al., 2015b; Stoffel and Bollschweiler, 2008). However,
dendrogeomorphological methodologies present some drawbacks (Diez-Herrero et al.,
2013). In our study area, (i) some FDE could correspond to different events occurred in
a same year (at least two in 2008 and other two in 2010), and therefore, FDE from a
same year could correspond to different intra-annual events; (ii) some scars can be
produced by another external factor unrelated to torrential processes, like the impact of
a fallen tree during wind gusts or due to human activities. However, in this study, the
position, shape, orientation and distribution of the scars were analysed in detail
regarding their relation with torrential processes, and the doubtful ones were dismissed.

The hydrodynamic modelling was carried out with the HEC-RAS 1D hydraulic
model (USACE, 2008) that works with transversal cross sections. The area between
them is lineally interpolated and may involve some errors. This was overcome by
acquiring detailed topographic data with a total station in the field and, in few cases,
introducing additional sections corresponding to the position of trees showing scars
from 2008 or 2010 events. A 2D model was not run due to geometric, hydrodynamic
and other factors (see section 3.3.). Moreover, other works like Bodoque et al. (2011)
have used 1D hydraulic modelling for peak discharge reconstruction at mountain steep-
gradient reaches showing the same configuration and characteristics as the Portainé
stream, proving its suitability. The small differences in peak discharges obtained from
the TIN-based cross sections and the field-based cross sections can be explained by the
longitudinal variability of the high sediment load flow and the different number of scars
for each case.

5.4 Limitations of the results

Flow hydraulics results were not calibrated with real data, because of the lack of
flow gauging stations within the basin. Therefore, the palaeodischarges could not be
compared and validated with real records. Nevertheless, the obtained discharges in this
study seem reasonable, and their order of magnitude is coherent with the dimensions of
the river and the catchment.

5.5.Further research

Future steps that could improve the characterisation of the Portainé stream and the
palaeoflood reconstruction are: (i) the integration of the sediment load and transport,
which constitute an important factor for the rheology of torrential and debris floods; (ii)
2D hydrodynamic modelling, to simulate the limited transversal flows and therefore,
secondary discharges along the alluvial cone.

Last but not least, the methodology carried out in this study could be applied to
other watersheds of similar morphometric and geomorphologic characteristics. The
validation of the use of 1D hydraulic models in other small elongated cones in
mountainous areas with few source data and relatively few number of trees would
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corroborate the high potential of such a multidisciplinary analysis for torrential
problematic settings.

6. Conclusions

The palaeohydrological approach presented in this study proves that the flow energy
obtained from hydrodynamic modelling of past events, determined by the depth,
velocity and stream power, shows a positive correlation with most energetic
geomorphic forms (riverbed and low alluvial terrace). However, most of the external
disturbances are found in trees located in geomorphic positions of intermediate energy
(alluvial cone). Trees showing less uncertainty for hydraulic modelling, based on the
variability in scar heights, were also located on geomorphic forms formed by
intermediate energy processes (high alluvial terrace and deposits of the cone). These
findings suggest that the most reliable scarred trees for peak discharge estimations using
hydraulic modelling correspond to intermediate flow energy positions.

The present work shows the high potential of the combination of techniques for
flood assessment in problematic contexts, such as ungauged mountain basins or with
scarce hydrological data, densely vegetated areas with poor topographic data, and rivers
with few disturbed trees for detailed dendrogeomorphological studies.
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Highlights

e Geomorphology, dendrochronology, flood discharges and flow hydraulics are
related.

o Palaeofloods were reconstructed using a 1D hydraulic model and dendro-
evidences.

e Dendro-evidences were related to the in-situ hydraulic parameters.

e Most damaged trees locate in geomorphic positions of intermediate flow energy.
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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
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Table 2. Estimation of flood peak discharges using hydraulic modelling based on scars as

dendrogeomorphological palaeostage indicators.

Mean squared

Geometric  Peak discharge, Absolute Variance
Year 3.-1) error, MSE

data source Qp (m’s error, o (M) (m) (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
erss Ban_k Elevation Scar Water VeIO(_:lity Unit strearr_12
section location date depth (m) (ms™) power (Wm™)
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-Ke’ 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 Relative Length  Width Height B/Lratio H/L ratio

number  size (m) (m) (m)

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.

Equation  Numerical Particle
Author .
constants diameter (m)
Costa (1983) Eq. 5 a=0.09 2.62
' b=1.686 '
Costa (1983) for coarse material Eq. 5 a=0.03 1.28
' b=1.686 '
- a=0.079
Williams (1983) Eqg.5 b=197 6.24
a=0.025
Jacob (2003) Eq. 5 b=1 647 1.70
a=0.0253
Gob et al. (2003) Eq. 5 b=1 62 1.91
Bagnold (1980), adapted by Ferguson €1=2860.5
(2005) Ea. 6 ¢=12 163
Carling et al. (2002) Eq. 7 Ca=0.95 0.27

L-H-B (field)
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Figure Captions

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-Canovas et al., 2015b, and
Benito and Diez-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 Garzén, 1997; Sanchez-Moya and Sopefia, 2015); 4, Fluvial Geomorphology
vs Dendrogeomorphology (Ballesteros-Canovas et al., 2016; Ruiz-Villanueva et al., 2010); 5,
Dendrogeomorphology vs Flow Hydraulics (Ballesteros-Céanovas 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), (), (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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