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Long-term records of rockfalls have proven to be scarce and typically incomplete, especially in increasingly ur-
banized areas where inventories are largely absent and the risk associated with rockfall events rises proportion-
ally with urbanization. On forested slopes, tree-ring analyses may help to fill this gap, as they have been
demonstrated to provide annually-resolved data on past rockfall activity over long periods. Yet, the reconstruc-
tion of rockfall chronologies has been hampered in the past by the paucity of studies that include broadleaved
tree species, which are, in fact, quite common in various rockfall-prone environments. In this study, we test
the sensitivity of two common, yet unstudied, broadleaved species — Quercus pubescens Willd. (Qp) and Acer
opalus Mill. (Ao) — to record rockfall impacts. The approach is based on a systematic mapping of trees and the
counting of visible scars on the stem surface of both species. Data are presented from a site in the Vercors massif
(French Alps) where rocks are frequently detached from Valanginian limestone and marl cliffs. We compare re-
currence interval maps obtained from both species and from two different sets of tree structures (i.e., single trees
vs. coppice stands) based on Cohen's k coefficient and the mean absolute error. A total of 1230 scars were ob-
served on the stem surface of 847 A. opalus and Q. pubescens trees. Both methods yield comparable results on
the spatial distribution of relative rockfall activity with similar downslope decreasing recurrence intervals. Yet re-
currence intervals vary significantly according to tree species and tree structure. The recurrence interval observed
on the stem surface of Q. pubescens exceeds that of A. opalus by >20 years in the lower part of the studied plot.
Similarly, the recurrence interval map derived from A. opalus coppice stands, dominant at the stand scale, does
not exhibit a clear spatial pattern. Differences between species may be explained by the bark thickness of
Q. pubescens, which has been demonstrated to grow at twice the rate of A. opalus, thus constituting a mechanical
barrier that is able to buffer low energy rockfalls and thus can avoid damage to the underlying tissues. The rea-
sons for differences between tree structures are related to the clustered coppice-specific spatial stem distribution
in clumps that could result on one hand in bigger gaps between clumps, which in turn decreases the probability
of tree impacts for traveling blocks. On the other hand, data also indicate that several scars on the bark of coppice
stands may stem from the same impact and thus may lead to an overestimation of rockfall activity.

© 2015 Published by Elsevier B.V.
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1. Introduction economic losses and casualties (e.g., Hantz et al., 2003). In principle,

rockfall hazard can be defined as the probability that a specific location

Rockfall is defined as the free-falling, bouncing, or rolling of rocks
originating from cliff faces with a volume usually remaining below
5 m?> (Berger et al., 2002; Dorren et al,, 2005). It is a common and dan-
gerous natural process in steep environments that can lead to important

* Corresponding author.
E-mail address: christophe.corona@univ-bpclermont.fr (C. Corona).

http://dx.doi.org/10.1016/j.geomorph.2015.06.010
0169-555X/© 2015 Published by Elsevier B.V.

on a slope is reached by a rockfall of a given magnitude (Volkwein et al.,
2011). The frequency of events of a given magnitude (volume) can be
evaluated using a statistical analysis of inventories of rockfall events
(e.g., Hungr et al., 1999), taking into account the definition of suitable
magnitude-frequency relationships (e.g., Dussauge-Peisser et al.,
2002). Although this approach is well established in the field of natural
hazards, and in particular for earthquakes, its application to rockfall
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hazards is somewhat more limited because of the generalized lack of
historical archives and the spatial and temporal heterogeneity of avail-
able inventories (e.g., Sass and Oberlechner, 2012).

If talus slopes or the runout fringe of boulders beyond the talus foot
are covered with forests, individual rockfall fragments may damage or
even destroy trees along their trajectory (Stoffel, 2006; Trappmann
et al., 2014). Woody vegetation damaged by rockfalls or growing on
talus thus provides a valuable means for dating and interpreting past
rockfalls with high accuracy and over long periods of the past (Stoffel
et al, 2010; Silhan et al, 2011). Dendrogeomorphic methods (Alestalo,
1971; Shroder, 1978; Stoffel and Corona, 2014) aim at inferring data
on past processes from information preserved in tree rings. Previous
tree-ring studies primarily focused on rockfall damage in conifers for
the reconstruction of rockfall frequencies (Stoffel et al., 2005a,b; Perret
et al., 2006b), the spatial distribution and magnitude of rockfalls
(Stoffel et al., 2005b), the triggering of rockfalls by climatic variables
(Schneuwly and Stoffel, 2008; Silhan et al., 2011) as well as on the com-
parison of observed and/or reconstructed rockfall inventories with ac-
tivity predicted by three-dimensional, process-based rockfall models
(Stoffel et al., 2006; Corona et al., 2013). Occasionally but very rarely,
rockfall research has included broadleaved trees growing on talus
slopes to document recent activity (Moya et al., 2010a; Silhan et al.,
2011; Trappmann and Stoffel, 2013), mainly owing to a complex
wood structure of broadleaved species that rendered tree-ring analysis
challenging in the absence of specific anatomical responses (Arbellay

et al, 2012, 2014a,b). The preferred sampling of conifers over
broadleaved trees was, in addition, motivated by the greater age and
the predominance of conifers in mountain regions where rockfalls typ-
ically occur.

This selective approach and related gap in knowledge is regrettable
for three characteristics typical for broadleaved species: (i) they are typ-
ically predominant at altitudes belonging to the sub-montane belt
where rockfalls threaten infrastructure and structures much more fre-
quently than at higher altitudes (Sass and Oberlechner, 2012); (ii)
broadleaved trees typically have a thin and smooth bark structure that
not only facilitates wounding but also enhances the visibility of scars
on the stem surface (Stoffel, 2005; Stoffel and Perret, 2006); and (iii)
the particular bark structure renders broadleaved species highly suit-
able for scar counts on the stem surface, but the approach has only
been tested on Fagus sylvatica L. (common beech) trees to date
(Trappmann and Stoffel, 2013).

The primary objective of this study therefore was to test the sensitiv-
ity of two common, yet unstudied, broadleaved species, Quercus
pubescens (Qp) and Acer opalus (Ao), to rockfall impacts. Furthermore,
this study explores the influence of bark thickness and structure on re-
corded rockfall frequency by comparing results obtained with a smooth
(Ao) and a thick (Qp) barked species. Results were gathered through an
exhaustive mapping of 847 Ao and Qp trees from a 0.6-ha plot and are
based on 1230 scars visible on the tree stem surface as well as on bark
thickness measurements. We demonstrate that rockfall patterns

(C)

Study site

Fig. 1. (A) The study site is located in the French Alps, at the eastern face of the Vercors massif, 20 km southwest of Grenoble. (B) Hillshade map computed using the DEM derived from
airborne LiDAR data with the study site delimited by a white polygon. View of studied slope (C), the forest stand (D), injured Acer opalus (E), and Quercus pubescens stems (F).
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derived from both species vary considerably, especially in the lower part
of the studied plot, primarily as a result of differences in bark thickness.

2. Study site

The study site (45°05'02"N, 5°39’16"E) is located on the eastern
slope of the Vercors massif (French Alps; Fig. 1A and B), in the vicinity
of Saint-Paul-de-Varces (2500 people), and at a locality known under
the name of “Croupe du Plantin”. The elevation of the studied slope
ranges from 470 to 630 m asl. Rockfall originates from an ~30-m-high,
south east-facing cliff built of Valanginian limestones and marls where
a narrow joint system favors considerable fragmentation and the re-
lease of small rock fragments with volumes ranging from a few dm? to

450m . e \

1 m? (Hantz et al., 2014). According to the high-resolution DEM derived
from airborne LiDAR data, Quaternary rockfalls have formed a ~240-m-
long talus slope with a downslope gradient ranging from 39° to 25°
(Fig. 2B) that is bordered by two interfluves (Fig. 2A). At the apex of
the talus, slope morphology is characterized by a slight depression
(depth ~2 m) that splits into two ~30-m-wide couloirs that channelize
falling rock fragments downslope (Fig. 2D and E).

The tree plot analyzed here has an area of 0.6 ha and is covered by
a dense (~2000 trees ha~—!) coppice forest stand (Fig. 1C and
D) predominantly composed of Ao and Qp mixed with Sorbus aria (L.)
Crantz (common whitebeam), Acer campestre L. (field maple), and
Fraxinus excelsior L. (common ash). Frequent scars on the stem surface
clearly evidence the presence of regular rockfall activity (Fig. 1E and
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Fig. 2. (A) Hillshade map of the study site. (B) Longitudinal and (C, D, E) lateral profiles of the studied slope.
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F). Mean annual precipitation (1961-2013) at the nearest meteorologi-
cal station, Grenoble (45°09'58"N, 5°45'58"E, 220 m asl), located 10 km
northeast of the study site is 934 mm year™'. Mean annual temperature
is 12.5 °C with 64 days year™ ! experiencing freezing. Rock fragments
are dislodged from the cliff along preexisting or new discontinuities
and the triggering mechanisms of rockfalls include freeze-thaw cycles
of interstitial water (Matsuoka and Sakai, 1999) as well as intense rain-
fall (Cardinali et al., 2006).

The municipality of Saint-Paul de Varces is severely exposed to rock-
fall hazards. Two major collapses can be found in historical archives, one
at the beginning of the seventeenth century and another one in Decem-
ber 2008, with the latter having a volume estimated to 1625 m> (Hantz
et al., 2014). Vulnerability of the settlement to rockfall has increased
rapidly since the 1950s owing to the rapid periurban expansion in the
wider Grenoble region (Astrade et al., 2007). As a consequence, rockfall
hazard assessment is primarily of importance for local stakeholders and
policy makers.

3. Material and methods

In this study, two different broadleaved species, A. opalus and
Q. pubescens have been used to assess past rockfall activity. The “Croupe
du Plantin” tree plot was selected as (i) both species are present at the
same site and almost evenly distributed, (ii) past rockfalls have left nu-
merous visible impacts on tree stems (Fig. 1E and F), and (iii) no other
geomorphic processes caused injuries to trees. On this slope, the recorded
rockfall frequency was evaluated with a five-step procedure including the
(i) scar-counting approach on a tree sample plot, (ii) assessment of tree
age based on age-diameter regression models (Rozas, 2003), (iii) compu-
tation of individual recurrence intervals of rockfalls at the level of individ-
ual trees, and (iv) the comparison of results for each species based on the
mean absolute error (MAE) and the Cohen's kappa coefficient. In a final
step, (v) the influence of bark on the recurrence intervals computed
from each species was investigated through bark thickness measure-
ments and bark structural analyses.

3.1. Tree plot and scar-counting approach

At the study site, virtually all trees show visible growth anomalies on
the stem surface resulting from past rockfalls, predominantly in the
form of injuries. As scars represent the most accurate and reliable
growth disturbance (GD) to date past rockfalls in tree-ring records
(Stoffel, 2005; Schneuwly and Stoffel, 2008; Schneuwly et al., 2009),
we actively searched for visible stem wounds. To precisely assess the
spatial and temporal patterns of past rockfall activity, trees with a diam-
eter at breast height (DBH) > 5 cm were systematically mapped in a
50 x 120 m tree plot orientated perpendicular to the line of maximum
slope gradient (Fig. 3). The position of each tree was determined
(4100 cm) using a sonic rangefinder, compass, and inclinometer. Tree
species as well as information on tree structure (single stem vs. coppice
stands), which likely have an impact on the mechanical behavior of the
tree (Jancke, 2012), were recorded as well. All trees were positioned in a
geographical information system (GIS; Kennedy, 2009; ESRI, 2012) as
geo-objects.

Trappmann and Stoffel (2013) have previously demonstrated the re-
liability of the scar-counting approach to reconstruct spatial patterns of
rockfall activity. We therefore employed this method as well in a second
step as it requires much less time and effort to estimate the rockfall fre-
quency at the level of individual trees from the plot than conventional
dendrogeomorphic approaches. The latter is time-consuming as it re-
quires an exhaustive sampling (cross sections and cores), identifications
and dating of growth reaction that formed after mechanical distur-
bances caused by rock impacts (see Trappmann and Stoffel, 2013, for
more details). Recent scars were identified according to their fresh ap-
pearance, chipped bark, or injured wood (see Trappmann and Stoffel.,
2015, for details). Presently overgrowing wounds were identified

based on the callus pad that is sealing the injuries from the border to-
ward the center (Stoffel and Perret, 2006). Older, completely healed in-
juries are more difficult to be detected visually; they were inferred via
the occurrence of swelling and blisters on the stem surface. Extremely
long, vertical scars or scars with vertical extensions of <3 cm were ex-
cluded from analysis so as to avoid misclassification and/or the inclusion
of injuries caused by branch breakage (Perret et al., 2006a).

3.2. Development of age-diameter regression models

In a second step, linear diameter-age regression models (Rozas,
2003) were built for Ao and Qp. For that purpose, a total of 90 undis-
turbed trees (41 Qp, 49 Ao) with a DBH > 10 cm were cored using a
Pressler increment borer. Trees were selected according to five diameter
classes, representative of the tree plot, and discriminated between sin-
gle trees and coppice stands. The samples were analyzed and data
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Fig. 3. Spatial distribution and diameters at breast height (DBH; in cm) of Quercus
pubescens and Acer opalus in the studied tree plots.
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Fig. 4. Age-diameter regression models for Quercus pubescens and Acer opalus.

processed following standard dendrochronological procedures (Bréker,
2002). In the laboratory, tree rings were counted using a digital LINTAB
positioning table connected to a Leica stereomicroscope. Missing rings
toward the pith were estimated from ring curvature (Villalba and
Veblen, 1997). In a final step, we used data from the linear regression
models to estimate tree age of individual trees of the plot where scars
were counted on the stem surface and the DBH has been measured.

3.3. Calculation of rockfall recurrence intervals

The term recurrence interval has been used traditionally in avalanche
zoning (e.g., Schldppy et al.,, 2014) and only started to occur in rockfall
studies over the past few years (Silhan et al., 2013; Trappmann et al.,
2013);it is defined as the average time period between two successive
events at a specific point (or tree). Individual recurrence intervals (Ri)
were calculated for each tree T and following Silhan et al. (2013) as:

RiT = ArScr (1)

where Ar represents the age of tree T estimated from age-diameter
models (Fig. 4) and Scy the number of scars counted on the stem surface
of tree T.

To visualize spatial patterns of recurrence intervals and to remove
potential outliers, trees were clustered into 10 x 10 m cells (n = 54).
For each cell C, the average recurrence interval Ri. was computed as
the arithmetic mean of Riy of trees (N: the number of trees) located
in Cas:

Ric = <Z RiT) /Nr. (2)
At each cell, a total of five different Ri. involving all trees, Ao, Qp, sin-
gle stems, and coppice stands were successively computed.

Table 1

3.4. Comparison of Ao and Qp recurrence intervals

At the tree plot scale, the Cohen's kappa coefficient (Smeeton, 1985)
was computed to compare the similarity of maps derived from Ao and
Qp trees. Cohen's kappa (k) measures the agreement between two
raters (species in our case) that each classify N items (cells) into C
mutually exclusive categories (classes of recurrence intervals) as:

Pr(a)/Pr(e)
T 1-Pr(e) 2

where Pr(a) is the relative observed agreement among species, and
Pr(e) is the hypothetical probability of chance agreement, using the ob-
served data to calculate the probabilities of each species distributed ran-
domly in each class of recurrence interval. According to Landis and Koch
(1977), k values < 0 indicate no agreement, 0-0.20 slight, 0.21-0.40 fair,
0.41-0.60 moderate, 0.61-0.80 substantial, and 0.81-1 almost perfect
agreement.

At the cell scale, the mean absolute error (MAE) was computed for
each cell c containing both species (Corona et al., 2013; Trappmann
and Stoffel, 2013) for three pairs of maps (including all morphologies,
single stem, and coppice stand) as:

MAE, = Ri.(Qp)—Ri.(Ao) (4)

where Ri.(Qp) and Ri.(Ao) represent the mean recurrence interval of
rockfalls computed from Qp and Ao in cell c. Results from Eq. (3) were
accepted if MAE. remained within the range of + 10 years (the sign +
is used here to indicate 1 standard deviation).

Overview of scars and calculated recurrence interval for Quercus pubescens and Acer opalus single trees and coppice stands.

Species No. of trees Mean DBH in Mean age in Sum of scars Mean number of scars Mean recurrence
cm (STD) year (SD) per tree (SD) interval in year

Quercus pubescens 441 (52.1%) 17.6 (5.9) 52 (9.4) 601 14(1.8) 41.00

Single tree 309 (36.5%) 18.0 (6.1) 53 (9.7) 420 14(1.7) 41.00

Coppice stand 132 (15.6%) 16.6 (5.5) 50 (8.8) 181 14 (1.9) 40.00

Acer opalus 406 (47.9%) 17.6 (6.1) 42 (12.3) 629 1.5(2.1) 32.00

Single tree 94 (11.1%) 14.5 (6.8) 40 (12.2) 173 1.8 (2.6) 29.00

Coppice stand 312 (36.8%) 12.8 (5.9) 42 (12.3) 456 1.5(2.0) 33.00

Total 847 (100%) 15.5(6) 41 (11.6) 1230 1.5(2.0) 37
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3.5. Bark thickness analysis
Trappmann and Stoffel (2013) suggested that bark structure and the

genetic capability of trees to overgrow injuries could explain the varia-
tions in the mean number of impacts recorded by Picea abies L. and

Scars per tree
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Coppice stand = [ ]
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S 9

Mean recurrence interval
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F. sylvatica L. In a final step, in order to assess the influence of bark on
reconstructed Ri, the bark thickness of 102 Qp and Ao selected according
to five diameter classes, representative of the tree plot, was recorded
using a Suunto bark gauge with a precision of 1 mm (West, 2009). At
the same time, the DBH of each tree was recorded using a Zimmer

Upslope

Mid-slope

Downslope

'40

. .

D‘Q 630 ‘bQ

Fig. 5. Reference recurrence interval map (Refmap) calculated for 847 single trees and coppice stands.



A. Favillier et al. | Geomorphology 246 (2015) 35-47 41

diameter tape. Additionally, wedges were extracted from 8 trees, 4 Qp
(Qp1-Qp4) and 4 Ao (Ao1-Ao4) of different DBHs (7.5-39 cm). Wedges
were scanned at a resolution of 1200 dpi to characterize the main ana-
tomical differences between both species (Quilho et al.,, 2013).

4. Results
4.1. Structure of the forest plot: a mixed A. opalus-Q. pubescens forest stand

At the plot scale, a total of 847 trees were mapped (mean DBH:
15.5 £ 6.0 cm) among which 441 Qp (52.1%, mean DBH: 17.6 +
5.9 cm) and 406 Ao (47.9%, mean DBH: 13.2 + 6.1 cm) trees (see
Table 1 for a complete description) were heterogeneously distributed
in the cells (Figs. 3 and 5). In terms of morphology, the plot is composed
of 403 single stems (47.6%), mainly Qp trees (77%), and 444 coppice
stands with a majority of Ao trees (70%).

The regression models established for both species and tree structures
are statistically significant (r* ranging between 0.63 and 0.7, p < 0.05)
with comparable regression slopes (from 1.6 to 2.1 cm year— 1), thus en-
abling derivation of reliable tree ages from tree diameters (Fig. 4). Accord-
ing to these models, the mean age of the forest stand, computed from 847
mapped trees, is 41 £+ 11.6 years. The oldest tree reached breast height
86 years ago while the youngest one was only 23 years old at the time
of field analyses.

4.2. Spatiotemporal patterns of rockfall activity

Based on the scar-counting approach, 1230 scars were recorded on
the stem surfaces (Table 1, Fig. 5). The mean number of scars per tree
is 1.5 4 2.0. A total of 309 trees (36%) present no visual evidence of
past rockfall impacts. From a spatial perspective, the distribution of im-
pacted trees exhibits a strong, decreasing downward gradient (Fig. 5).
The mean number of scars revealed by the scar-counting approach
gradually decreases from 3 =+ 2.7 scars-tree™ ! in the upper one-third
of the slope (cells A-D) to 1.5 + 1.8 scars-tree ™ ' in the central compart-
ment of the plot (cells D-H) to reach values of 0.7 & 0.9 in the lower
one-third of the plot (cells I-L). Similarly, the largest absolute number
of impacts (>9 scars) was mainly recorded in the upper half of the
plot (A-F, Fig. 5) whereas the number of stems without impacts steadily
increases from 23 (13%) in the upper one-third of the plot to 178 (54%)
in its lower one-third. According to the linear regression models
established for Ao and Qp, trees were aged 46.4 + 11.7,47 4+ 11.6, and

47 4 11.7 years in the upper, central, and lower one-thirds of the plot,
respectively. In contrast to rockfall activity, no clear trend was discern-
ible with respect to tree age.

Coupling the longitudinal gradient of impacts with the random
distribution of tree ages results in a clear spatial downward trend of
recurrence intervals (Ri) from <20 years in the upper part of the plot
(A-F, Fig. 5, min < 10 years in cells B4 and B5) to >40 years in the
lower cells (G-L, max > 60 years in cell K2). With respect to lateral
spread, the Ri reference map derived from 847 trees (Refmap, Fig. 5)
shows two preferential rockfall paths from E1 to K1 and from E4 to L4,
which is in good agreement with the topographic depressions existing
in the field. Several nonwounded trees in cells H3 to L2 and L3 are locat-
ed on the interfluves, which is separating the aforementioned rockfall
couloirs (Fig. 2C-E).

4.3. Influence of tree species on the reconstructed patterns

Scars recorded on the stem surface are almost equally distributed in
terms of frequency between Qp (601, mean: 1.4 + 1.8 scars-tree™ ') and
Ao (629, mean: 1.5 + 2.1 scars-tree™ '; Table 1) with maxima per sam-
pled tree of 11 and 17 and comparable downslope gradients (3 +
65 scars-tree™ ! for Qp, 3.2 + 75 scars-tree ! for Ao, Table 2) between
the species. On average, Qp trees are, however, slightly older (52 +
9.4 years) than Ao trees (42 4+ 12.3 years).

At the tree plot scale, the Ri(Qp) value (41 years) exceeds that of
Ri(Ao) (32 years) by 9 years. The Ri(Qp) map (Fig. 6A) can be separated
roughly into three parallel stripes (A-F, G-J, K-L) of increasing Ri, rang-
ing from 10 to 20 years in the upper stripe to >60 years at the lower por-
tions of the plot. A bimodal pattern is observed on the Ri(Ao) map
(Fig. 6B) with an Ri.(Ao) < 20 years in 19 out of 23 cells in half of the
upper part of the slope (A-E) and an Ri.(Ao) > 30 years in 90% of the
cells located below 550 m asl (H-L). The k coefficient reaches 0.08 and
thus reveals a slight agreement between maps obtained for either
species.

The numbers of scars as observed in individual trees can vary signif-
icantly within the same sector as a result of the small-scale variability of
rockfall processes. Nevertheless, a comparison of both approaches on
the basis of grid cells as presented in Fig. 6C suggests that variation
between both species is acceptable in 27 out of 53 cells. Cells where
Qp yields higher Ri, are located in the upper one-third of the slope
(D2, E4, F1) and mainly reflect small (D2) or different interspecies sam-
ple sizes (E4). Conversely, cells where Ao yields higher Ri. are scattered

Table 2
Age of trees and number of scars divided in three slope compartments. Downslope represents the lower third part, mid-slope the central part and upslope the upper third part of the slope.
Species Area Number of trees Scars per tree Age of tree
(unimpacted trees in %) Min Max Mean (SD) Sum Min Max Mean (SD)
All morphologies (single stem + coppice stand) Downslope 329 (54.1%) 0 5 0.69 (0.9) 228 237 81.7 47.0 (11.7)
Mid-slope 320 (33.8%) 0 14 1.48 (1.8) 472 23.1 79.9 474 (11.6)
Upslope 170 (13.5%) 0 17 3.00 (2.7) 510 241 86.4 46.4 (11.6)
Acer opalus Downslope 140 (52.8%) 0 5 0.75 (1.0) 105 23.7 81.7 39.7 (12.6)
Mid-slope 163 (33.1%) 0 14 145 (1.8) 236 23.1 79.9 435 (12.8)
Upslope 89 (13.5%) 0 17 3.17 (3.0) 282 241 80.8 42.0 (12.0)
Single tree Downslope 32 (53.1%) 0 5 0.78 (1.1) 25 23.7 81.7 40.5 (13.9)
Mid-slope 39 (25.6%) 0 14 1.95 (2.6) 76 23.1 79.8 38.7 (14.5)
Upslope 20 (10.0%) 0 16 3.55(3.3) 71 241 80.2 434 (13.6)
Coppice stand Downslope 108 (52.8%) 0 4 0.74 (1.0) 80 26.1 74.6 394 (12.2)
Mid-slope 124 (35.5%) 0 7 1.29 (1.5) 160 26.1 72.7 45.0(11.8)
Upslope 69 (14.5%) 0 17 3.06 (2.9) 211 26.5 80.8 41.7 (11.5)
Quercus pubescens Downslope 189 (55.0%) 0 4 0.65 (0.9) 123 33.7 78.8 52.3(7.3)
Mid-slope 157 (34.9%) 0 11 1.50 (1.8) 236 35.8 79.5 51.3 (8.3)
Upslope 81 (13.6%) 0 11 2.82 (2.3) 228 33.1 86.4 51.1 (9.1)
Single tree Downslope 131 (51.1%) 0 4 0.69 (0.8) 90 337 78.8 53.1(7.3)
Mid-slope 122 (35.2%) 0 11 1.48 (1.8) 180 35.8 79.4 51.6 (8.6)
Upslope 47 (10.6%) 0 11 2.94 (2.1) 138 40.2 86.4 52.7 (10.3)
Coppice stand Downslope 58 (63.8%) 0 3 0.57 (0.9) 33 39.8 68.5 50.6 (6.8)
Mid-slope 35 (31.4%) 0 11 1.60 (2.0) 56 401 69.9 51.3 (7.6)
Upslope 34 (17.6%) 0 10 2.65 (2.4) 90 331 58.8 489 (6.3)
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throughout the plot (23 cells out of 54) with maximal differences
(>40 years) observed in its lowest part (J, K, L).

4.4. Influence of tree structure on reconstructed patterns

Distinction between single stems and coppice stands allows investi-
gation of the influence of tree structure on Ri maps. Comparable statis-
tical results are obtained for both species (Table 1) with respect to the
mean number of scars per tree, whereas tree age and Ri are ~10 years
higher in Qp (in terms of single stems and of coppice stands) than in
Ao trees. Interspecies comparison (Table 3) also reveals major differ-
ences (k < 0) in results between Ri maps derived from single stems
(Fig. 7A, B) mainly resulting from lower Ri(Ao) values, especially in
the lowest part of the slope (K-L, Fig. 7C). Similarly, a slight agreement
is observed between the Ri maps computed from coppice stands
(Fig. 8A, B) resulting from cells where Ao yields higher Ri. scattered
throughout the plot (Fig. 8C). Conversely, however, intraspecies

Scars per tree

ingle tree -
Q. pubescens ,
Coppice stand ¢

ingle tree -
A. opalus )
Coppice stand ¢

Mean recurrence interval
per cell in year

I I
O o R ®
I S R

Empty cells mean No Data

comparisons are characterized by higher degrees of similarity (k rang-
ing between 0.31 and 0.7). Finally, the k coefficient reveals that Ri
maps obtained from Qp and coppice stands of Ao are in fair agreement
(k ~0.3) with the Refmap and should be preferred to Ao single stems
for which a complete absence of agreement (~ —0.02) was obtained
(Table 3).

4.5. Bark thickness analysis

To assess the influence of bark thickness on reconstructed recur-
rence intervals from both species, a total of 102 trees selected according
to five diameter classes representative of the tree plot (Table 4), have
been gauged. The mean bark thickness of sampled Qp was 14 £
4.0 mm (min: 8 mm, max: 24 mm) for Ao and 4 4+ 2.1 mm (min:
1 mm, max: 10 mm) for Ao. The regression bark thickness models
established for both species and tree morphologies are statistically sig-
nificant (?(Qp) = 0.55, *(Ao) = 0.77, Fig. 9A). The regression slopes
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Fig. 6. Recurrence interval map (Refmap) calculated for (A) Quercus pubescens, (B) Acer opalus trees and (C) variations of the recurrence interval between species.
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Table 3

43

Cohen’s kappa coefficient test computed between recurrence interval maps derived from single stems, coppice stands and both tree morphologies for the two species, Ao and Qr.

Single tree Coppice stand All morphologies (single stem + coppice
stand)
Ao Qp Ao Qp Ao Qp Refmap (Ao + Qp)
Single tree Ao
Qp —0.0284
Coppice stand Ao 0.0345 0.0671
Qp 0.0276 0.167 0.0477
All morphologies (single stem + coppice stand) Ao 0.306 0.11 0.577 0.0808
Qp —0.0618 0.704 0.0426 0.393 0.0829
Refmap (Ao + Qp) —0.0189 0.311 0.289 0.261 0.376 0.358

(0.44 cm year™ ! for Qp, 0.2 cm year™ ' for Ao) reveal that the bark of Qp
grows at twice the rate as compared to that of Ao. Similarly, bark thick-
ness of Qp is more than twice as important as that of Ao, independently
of diameter class. For example, for an ~20-cm-diameter tree, the maxi-
mum bark thickness of Ao ranges between 2 and 5 mm, while the min-
imum bark thickness of Qp is always >10 mm. Similarly, for an ~30-cm
tree, the maximum bark thickness of Ao is 6 mm, while the minimum
bark thickness of Qp is 15 mm.

o
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Scars per tree

Q. pubescens-Singletree o o @
A. opalus Single tree  © e @
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In addition, anatomical analyses of the sampled wedges clearly
demonstrated that the two species under investigation are character-
ized by different bark structures: the overall structure of Qp bark is
rough and thick and contains a pyramidal outer structure (also known
as rhytidome), whereas the bark of Ao is thin and comparably smooth.
The bark samples, Qp3 and Ao1, shown in Fig. 9, clearly illustrate these
differences: Qp3 (Fig. 9B, diam: 31.4 cm) has a 17.5-mm-thick bark
composed of a 4.7-mm-thick phloem (inner bark), a 1.9-mm-thick
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periderm (central bark), and a 10.8-mm-thick rhytidome (outer bark).
Conversely, Ao1 (Fig. 9C, diam: 28.3 cm) has a 5.5-mm-thick bark com-
posed of three distinct layers: a 3.9-mm-thick phloem, a 1-mm-thick
periderm and a 0.6-mm-wide cork.

5. Discussion

Long-term records of rapid mass movements, such as rockfalls, have
proven to be quite limited, especially in urbanized areas where invento-
ries are largely absent (Volkwein et al., 2011) and where, at the same
time, the number of events increases in proportion to urbanization
(Baillifard et al., 2004). In these areas, finding ways that allow precise
reconstruction of past rockfall activity are urgently needed. In case
such slopes are forested, dendrogeomorphology is a reliable alternative
that allows one to reconstruct past rockfall activity in the absence of
any inventory or clear morphological evidence, such as scree slopes or
isolated blocks (Volkwein et al., 2011). Yet with a few exceptions
(Moya et al., 2010a; Silhan et al., 2011; Trappmann and Stoffel, 2013),
broadleaved trees did not receive much attention in tree-ring recon-
structions and even less so at the submontane level where urbanization
is often most pronounced. In the study presented here, we tested the

robustness and dendrogeomorphic potential of two broadleaved spe-
cies, Q. pubescens (Qp) and A. opalus (Ao) (Csaikl et al., 2002; Tissier
et al.,, 2004) with the aim of (i) assessing the robustness of these species
to reconstruct past rockfall activity for several decades and (ii) testing
the influence of tree species and bark thickness and structure on the re-
constructed spatial and temporal patterns of rockfalls. The selection of
the species was motivated by their widespread occurrence on low-
altitude (<900 m asl), south-facing slopes in the Alps.

Based on an exhaustive mapping of 847 Ao and Qp trees and the sys-
tematic counting (Trappmann et al., 2013) of 1230 visible scars on tree
stems in a 0.6-ha plot, our study demonstrates a marked downslope

Table 4
Overview of Quercus pubescens and Acer opalus bark thickness analyses.

Species No. of Mean DBH Mean bark thickness
trees in cm (SD) in mm (SD)

Quercus pubescens 50 22.0 (6.7) 14 (4.0)

Acer opalus 52 19.0 (9.2) 4(2.1)

Total 102 205 (8.3)
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decrease in the number of observed scars per stem in both species. The intervals are consistent with the concave profile of the slope and further
related upslope-decreasing recurrence intervals (Ri) also clearly dem- highlight the energy absorption of rockfalls (i) at each impact point, es-
onstrate the protective effect of the forest at the study site. Recurrence pecially for the first ones (Evans and Hungr, 1993) and (ii) through
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——— Linear regression —— Linear regression
Bark thickness = 0.4377*DBH + 4.0034 Bark thickness = 0.2038*DBH - 0.0329
R2? =0.55 R2=0.77

Fig. 9. Bark analysis for Quercus pubescens and Acer opalus. (A) Bark thickness-diameter linear regression models. (B) Details of Quercus pubescens (wedge section Qp3) and (C) Acer opalus
(wedge section Ao1). B: bark; W: wood; Xm: xylem; Cm: cambium; Phm: phloem; Pr: periderm; Rhy: rhytidome; Ck: cork. Qp3 has a DBH of 31.4 cm and a gauged bark thickness of
24 mm. Aol has a DBH of 28.3 cm and a gauged bark thickness of 6 mm.
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direct impact between a boulder and a trunk (e.g., Gsteiger, 1989;
Dorren et al., 2005, 2006). In addition, lower recurrence intervals are
also observed in topographic depressions, where rockfall tends to be
channelized. Besides the pure recording of impacts stemming from
past rockfall activity, we also confirm the ability of Ao and Qp to inte-
grate and thus represent morphologic constraints of the rockfall path
(Nicoletti and Sorriso-Valvo, 1991; Corominas, 1996).

While both species yield comparable downslope patterns of de-
creasing rockfall activity along the slope, they also exhibit a series of dif-
ferences in the absolute numbers of events recorded on the stem
surfaces and hence in the return intervals obtained from Ao and Qp at
the cell scale. As a result, while yielding the same mean number of
scars (1.5 scars stem™ '), Ao produces recurrence intervals that are, in
40% of the cells, more than 10 years smaller than those observed in
Qp, therefore resulting in only slight agreement if maps are obtained
separately for each species. We attribute (part of) these differences be-
tween Ao and Qp to species-specific differences in bark structure and
thickness. Indeed, rockfall wounding only occurs if a falling block is
able to abrade the bark and to (partly) destroy the underlying cambium
(Stoffel and Bollschweiler, 2008). In that case, tree growth will be
disrupted locally, therefore leading to the formation of externally visible
wound callus pads (Larson, 1994; Fink, 1999). As a consequence, only
those rockfalls with sufficient energy to mechanically damage cambium
(Schneuwly, 2009) will leave evidence on the stem, whereas the impact
of small rock fragments may not necessarily be recorded by a tree. In
this study, we demonstrate that the bark of Qp thickens at twice the
rate of that of Ao and that bark thickness of Qp was more than twice
as important as compared to Ao for a same-diameter class. These differ-
ences are interpreted as different adaptation strategies — e.g., heat-
protecting function in the case of the thick and fissured Qp bark or, by
contrast, energy saving and limited allocation of resources to bark for-
mation in pioneering plants such as Ao so as to remain competitive dur-
ing the colonization process (Nicolai, 1986) — and may have led to
different sensitivities of trees to be injured by mechanical impacts.
Taking into account the rather limited volume of rocks at “Croupe du
Plantin” (0.06 m? for the biggest fragments), we believe that the thicker
outer bark found in Qp could indeed act as a mechanical barrier to dam-
age (Fritts, 1976), thereby buffering low energy rockfalls and avoiding
injury of the underlying tissues. Moreover, the flexible pyramidal
outer bark of Qp may, in addition, be very well able to comply with me-
chanical stress (Romero, 2006). On the other hand, impacts of similar
energy may be sufficient to cause injury to the softer and coated
xylem of Ao, which is only poorly protected from damage by a very
thin bark. This hypothesis is consistent with the increasing downslope
differences and quasi-systematic overestimation of recurrence intervals
in Qp, especially in the lower one-third of the slope where the residual
energy of rocks will be limited as a result of multiple rebounds and in-
teractions with stems higher up on the slope.

A second reason for the interspecies differences is certainly related
to the effect of hidden scars (Stoffel and Perret, 2006). Indeed, surface
exposed to decay as a result of wounding will slowly be covered by
the centripetal growth of the cambium, which will consequently result
in the production of new wood and bark tissues that can eventually seal
the wound (Fisher, 1981; Sachs, 1991). The extent and velocity of
wound healing will depend on various factors, such as the annual incre-
ment rate, tree age, health state of the tree, scar size (Bollschweiler et al.,
2008; Schneuwly et al., 2009), and/or bark thickness (Stoffel and Perret,
2006). Stoffel (2005), for instance, could identify 75% of all scars by visu-
al interpretation through the simple inspection of the bark structure of
F. sylvatica, whereas only 51% of the injuries remained visible on the
stem surface of P. abies. Similarly, on a mixed forest stand in the
Austrian Alps, Trappmann and Stoffel (2013) observed that the mean
number of scars on the stem surface of F. sylvatica exceeded that of
P. abies by a factor of 2.7 and for the same site. In analogy with these re-
sults, one can assume that virtually all scars would remain visible on the
stem surface of Ao, whereas wound blurring could indeed remove

evidence of past events on the stem surface of Qp owing to its thicker
and rougher bark.

Additionally, reasons for differences at the cell scale can be related to
the clustered coppice-specific spatial stem distribution in clumps. At the
scale of individual trees, the effect of an impact upon a group of stump
shoots of a coppiced tree is not necessarily the same as that of a similar
impact on a noncoppiced plant of equivalent diameter (Jancke et al.,
2009). As clumps consist of a dense bundle of stems with relatively
small diameters, one single boulder passing through a cluster would
likely hit several stems and might thus leave multiple scars (Ciabocco
et al,, 2009). Yet this phenomenon depends on the volume of the
block. If the boulder is small, the likelihood for it to pass through the
coppice shoots of the same stump will be larger than in the case of a
larger stump (Trappmann et al.,, 2013; Morel et al., 2015). This phenom-
enon is further amplified when boulders bounce higher; so that they
cross the coppice shoots at greater height, where the distance between
trunks naturally increases. Using the scar count approach, each injury
on a clump is considered as an individual rockfall that might result in
an overestimation of real frequencies (Trappmann and Stoffel, 2013).
This hypothesis is further supported by the Ri map computed from cop-
pice stands, especially from Ao stumps dominant in the study plot,
which yield lower recurrence intervals throughout the slope. We
therefore feel that scars located very close to each other should not be
considered as individual events in future studies or to include impact
probability concepts (Moya et al., 2010b; Trappmann et al., 2014) to
reduce the bias introduced by multiple impacts.

6. Conclusion

The findings of this study indicate quite clearly that an assessment of
rockfall activity based on visible damage on A. opalus and Q. pubescens
trees will result at the slope scale in similar data on the spatial distribu-
tion of relative rockfall activity with similar downslope-decreasing re-
currence intervals. Yet the recurrence intervals observed on the stem
surface of Q. pubescens exceed that of A. opalus by >20 years in the
lower part of the plot owing to the thicker bark of Qp that constitutes
an efficient mechanical barrier buffering low energy rockfalls. Results
also (i) suggest that the dendrogeomorphic reconstruction of past rock-
falls is more accurate if analyses are performed using a sampling design
mixing species and structures and (ii) confirm the reliability of the
counting scar approach as an efficient and effective method for the spa-
tial assessment of rockfall activity on larger surfaces, as it can be realized
with limited temporal and financial efforts. Despite the differences in
rockfall recurrence intervals computed for each of the tree species,
A. opalus and Q. pubescens proved to be valuable sources of information
for the reconstruction of former events at Saint-Paul-de-Varces. They
should be used more widely in future tree-ring studies, especially be-
cause they typically colonize low-altitude slopes, close to urbanized
areas, where conifers are generally absent.
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