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USING AIRBORNE LASER SCANNING TO ASSESS FOREST
PROTECTION FUNCTION AGAINST ROCKFALL

Jean-Matthieu Monn&t Eric Mermirf, Jocelyn ChanussbtFrédéric Bergér

ABSTRACT

Forests situated on slopes in mountainous areaproaitde protection against natural hazards
such as avalanches and rockfall. Quantifying thisgating effect requires accurate mapping
of forest stands and estimation of their dendroimetnaracteristics. However, steep terrain
and lack of accessibility hamper field surveys.bAime Laser Scanning (ALS) is a remote
sensing technique whose potential for the retriefaforest parameters has been widely
investigated in the past ten years. The objectivthis study is to assess the potential of ALS
for estimating stand parameters required as inpt# fbr rockfall simulation models or more
generally for quantifying the rockfall protectioaniction of forests. ALS data was acquired
over an 8.6 krharea including coppice stands and deciduous standsoor quality sites.
Multiple regression models were established betwkeser-derived metrics and forest
variables from 31 field plots. The coefficients détermination for stem density, mean
diameter, dominant height and basal area ranged 6@l3 to 0.80. Comparison of cross
validation results showed that laser-derived etBsiare more accurate than values obtained
by interpolation of field data.
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INTRODUCTION

In the French Alps, a broad afforestation prograas wndertaken at the end of the nineteenth
century by the French Forest Office to mitigateurathazards such as erosion and torrential
floods in degraded mountainous areas. Whereas rttecive function of trees has been
identified for a long time, research on the intémats between rockfall and tree stands only
dates back to the 1980's (an overview of rockfdthrest interactions studies can be found in
Dorrenet al., 2007. Since then, research has mainly focused on éweld of analysis: the
potential for energy dissipation by single treesl #me protection function of whole forest
stands. Based on the knowledge acquired with #dperiments and in combination with
increasing processing power of computers, many fatickimulation models have been
developed since and are now used at local or rafsmale to delineate risks zones. Although
high precision digital terrain models based on rens®nsing technologies such as airborne
laser scanning (ALS) are now available, gatherietpited information about forest stand
characteristics in mountainous areas remains adonsuming task.
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The applications of airborne laser scanning foed$tty have been identified since the late
1990’s and numerous studies have shown its accuracthe retrieval of tree and stand
characteristics (an overview of the applicationssofall-footprint laser scanning in boreal
forests can be found iHyyppaet al., 2009. Two main approaches can be distinguished.
Image processing methods use a raster image ofetpetation height as input to delineate
single trees. Statistical methods use the raw oot to establish relationships between laser
metrics and stand attributedaesset (2002proposed a two step statistical method that has
been tested in various situations so far, includihgperational leveNaesset, 2004 For this
method lower point densities are required sincéviddal tree identification is not performed.
The studies mainly focused on coniferous standls gentle topographic conditions, however
Lim et al. (2003)andHeurich and Thoma (2008)ave respectively shown its efficiency in
hardwood forests in Canada, and mixed forests @@ne environment.

As far as we know, this method has never beendestedeciduous forests constituted of
coppice stands and stands on poor quality sitesr (gite quality is assigned to stands whose
dominant height is lower than 15 m at the age ofyB@rs). In an alpine region such as
Rhéne-Alpes in France, these types of stands arenom. Coppice stands situated in the
footslopes provided fuelwood whereas unattainadyiests on poor quality sites were often left
over. These compartments are now frequently abawdt they still complete a major
protection function. To obtain accurate risk zonmith present rockfall simulation models, it
is necessary to map their stand attributes as gamilgcias possible. Unfortunately the
information is now missing or outdated and inteadield campaigns are very expensive due
to accessibility constraints. While precise digégkdvation models are now frequently acquired
with ALS, advantage should be taken of laser desdlability to extract forest information.

The overall objective of this paper is to assesibtential of laser scanning for the estimation
of forest attributes required in rockfall simulatimodels and consists of two sub objectives:

- to evaluate the accuracy of forest attributes egton with statistical processing of laser
cloud points in complex alpine deciduous forests;

- to compare laser-derived forest parameters to tlotained with usual interpolation
methods (nearest neighbor and inverse distancenteeignterpolation) from field data.

MATERIAL AND METHODS
Study area

The study area is located in the French Alps upsirthe village of Saint Paul de Varces (1990
inhabitants). The valley is surrounded by steepesamd cliffs Fig. 1), and altitude ranges
from 320 to 1300 m. In 2007 a 1500 ton block fedinfi the cliff, rolled 0.7 km through the
forested slope and destroyed a micro power plastopped 200 m before the first houses. The
next year six blocks of 5 m diameter rolled dowrd atopped in agricultural fields and
vineyards. These two extreme examples are onlyitikele extent of the high frequency of
events in this area. Indeed, field observationsakthat most of the smaller rocks are stopped
by the forest.

Field data

The forest is mainly constituted of Italian maplécdr opalus), downy oaks Quercus
pubescens) and common white bearfdrbus aria). In thalwegs with better site quality ash
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Fig. 1 3D overview of the shaded digital elevation maafethe study area (St-Paul-de-Varces, France) viltig
and black lines represent respectively the 20072808 rockfall paths

(Fraxinus excelsior) and sycamoresAter pseudoplatanus) are more common. Beechagus
sylvativa) is present in the upper parts. Old, coppiced toluedrees Castanea sativa) are
found on the footslopes. 31 field plots were inoeietd between September and October 2009.
Plots were distributed every 400 m along the 538, P50 and 1150 m height contours,
resulting in an irregular sampling scheme werezumial distances between neighboring plots
ranged from 180 to 412 m with a mean value of 30Plot centers were georeferenced using
a Trimble® GPS Pro XRS receiver. After differenti@rrection with the Pathfinder®
software, the position precision (95% confidenaius) ranged from 0.8 to 1.2 m.

In each plot all trees with a diameter at breagitigdbh) larger than 5 cm and a horizontal
distance of less than 10 m from the plot centereveailipered. Additionally 10 tree heights
were measured using a Vertex hypsometer. Eachhtrdea probability of being sampled
proportional to its basal area in order to accdontiominant trees. Stand attributes were then
computed for each stand: mean diameter at bremgttl{doh), its standard deviatiorst(idbh),
basal area®), stem densityl), and dominant heighb{om). The dominant height was defined
as the height of the 30 tallest trees per hectadesatimated as the height of the tallest sampled
tree on each plot. All stand attributes are sunzedrinTable 1

Laser data

The laser data was acquired with an airborne RIE®IS-Q560 fullwave scanner on August
27" 2009, over 8.6 kfn The acquisition parameters are summarizekhisie 2 The fullwave
files were pre-processed using the RIEGL softwaiite sand the resulting point cloud was
classified using TerraScan. The data was finalbvjled in the ASPRS (American Society for
Photogrammetry & Remote Sensing) LAS format.

Table 1 Forestry stand parameters (number of pie31)

Variable Mean Minimum Maximum
dbh (cm) 14.5 8.3 22.7
stddbh (cm) 6.8 3.0 15.0
G (mha?) 34.8 4.6 59.7
N (ha) 1735 764 2833

haom (M) 17.8 8.1 28.5
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Table 2 System parameters of the acquisition flight

Variable Value
Scanner model RIEGL LMS-Q560
Scanner type Full Wave Form
Wavelength 1550 nm
Pulse Repetition Rate 120 000 Hz
Scan freguency 77.3Hz
Scan angle + 30 degrees
Flight height 600 m
Laser footprint 32cm
Point spacing in and across flight direction 60 cm

Point cloud pre-processing

For each plot, laser metrics were computed accgridinhe following steps. All points located
within a 10 m horizontal distance of the plot centere extracted. The local terrain elevation
surface was estimated by linear interpolation dh{soclassified as soil echoes. The relative
height of each point was computed as the differéeteeen the point height and the height of
the interpolated surface at its planimetric coaait®s. Points with a relative height of less than
2 m were then excluded from the set. Afterwardsedlgroups were constituted according to
their return position:

- single echoes (only one echo for one emitted pulse)

- first of several echoes;

- last of several echoes.

For each group the breakpoints of 4 height binstatoimg each 25% of the points were
calculated. These height metrics are abbreviatedrding to thehy scheme where the letter
subscript indicates the point group (singldirst f or lastl) and the digit subscript the number
of the breakpoint (thus, subscripts 1, 3 and 5espond to the minimum, median and
maximum height respectively). The mean heightef) of the point groups was also
computed.

Multiple regression
Multiple regression analysis was performed to dsfabrelationships between stand

parameters (dependent variables) and laser mé@tiasspendent variables). The multiplicative
model is expressed Bq. (1)

Y =aghd. hghrs. e e he o e irean (1)
whose linear form i&q. (2)
InY =lna, +a,Inh, +...+a,Inh, +a,Inh,, +...+a,Inh,. +a,Inh, +... 2

"'+a15|nh5 +a16|nhsmean +a:|.7|n hfmean +a18|n I‘\mea.n
The linearization of the multiplicative model bygkrithmic transformation was found suitable
in other studiesNaesset, 2004 All statistical computing was performed with Brsion 2.10.0
(R Development Core Team, 20080r each dependent variab¥e= dbh, stddbh, G, N, hgom),
the total number of predictors included in the madas reduced to a maximum of four by a
two stage procedure:
- first the number of predictors was reduced usingtegpwise model selection by AIC
(functionstepAlC, packageVASS);
- then an exhaustive search among remaining combisatvith less than four predictors
was performed (functioregsubsets, packageeaps).
The linear model assumptions were checked usingvinaa package.
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As no independent data was available to assegseléction accuracy of the selected models,
a cross validation was performed. Each plot wasoveu from the dataset at a time and the
models fitted with the remaining data. The indemedariables values for the leftover plot
were then predicted and compared to the measutedsvarhe procedure was repeated for
each plot and the accuracy was evaluated usingotitemean square error (RMSEQ. (3)
and the coefficient of variation of the RMSE (ke EQ. (4):

3)
(4)

where Y, is the observed valué?i the estimated value amdhe number of observations.

Comparison with interpolation methods

Nearest neighbor interpolation (NNI) and inversstatice weighted interpolation (IDW) are
two simple interpolation methods to estimate foegibutes on a regularly spaced grid from
irregularly sampled field plots. Prediction accyrat these methods was also estimated using
cross validation. The coefficient of variation betRMSE for independent variables predicted
with laser prediction (LP), NNI and IDW were theangpared using Wilcoxon signed rank
test.

To illustrate the prediction results of these mdthalominant height values were predicted
over a 10 ha forested zone located in the soutb&rnof the study area. NNI and IDW were

used to predict dominant height on a regular 20 mZpaced grid. For laser prediction, points
located within each 20 x 20 m pixel where extracied used to compute the laser metrics
described above. The dominant height value foptkel was then estimated with the selected
multiple regression model.

RESULTS
Multiple regression models

Table 3shows the selected models for each forest stanaimmter. The best results are
achieved for basal are&) and dominant heightf,,) with coefficients of determination of
0.8 and 0.74 respectively. The least accurate tresuicerns stem densitiW) with 0.43.

Table 3 Statistical coherence from the multiple regressmmtlels (forest stand parameters as dependeablesi
and laser metrics as predictors, number of plofl)

Forest stand Model Coefficient of CVruse
parameter determination (R?) (%)
dbh (cm) 197xh 2 xh: 9% x 2% 0.69 13.3
stddbh (cm) 053x h?® x h 7P x h3% x h 9 0.63 235
G (mha) 205xh?P x i x h-22° x h_%5° 0.80 18.9
N (ha?) 49020x h{3° x h > 0.43 29.2

heom (M) 203x % x 1% 0.74 17.6
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Intermediate values were obtained for diametetedlaariables. Mean diameteibf) yielded

a 0.68 coefficient of determination, and standasViation of diameter sddbh) 0.63.
Regarding the coefficient of variation of the rooéan square error, the stem density model
was also the least accurate (30%). The best agcuas achieved with mean diameter (13.3%)
whereas dominant height, basal area and standaidtida of the diameter gave rougher
values (17.6%, 18.9% and 23.5% respectively).

Cross validation and comparison with interpolationmethods

The cross validation results are presentedlable 4 Laser prediction (LP) achieved the best
accuracy with a coefficient of variation of the tenean square error ranging from 14.9% to
29.2%. Nearest neighbor interpolation (NNI) perfechpoorly: its best accuracy was obtained
for mean diameter (CG\use = 37%). Inverse distance weighted interpolatiddVyl) yielded
intermediate values (26.2% to 35.3%). For each atgthhe best individual result was
obtained for the mean diameter and the second fbedtP and IDW was achieved for
dominant height.

As prediction accuracy is ordered for each foremtameter in the NNI>IDW>LP way, a
one-tailed, paired Wilcoxon signed rank test gapevalue of 0.031 for every pairwise model
comparison. Regarding QwMse for this set of attributes, LP hence gives sigaifitly better
estimates than IDW and NNI (0.05 significance Igwld IDW performs significantly better
than NNI. The results for the dominant height eation over the 10 ha forested zone are
displayed orFig. 2

DISCUSSION
Laser prediction accuracy

We obtained accurate estimates of forest standnaess with the two step method, showing
that it is suitable for complex deciduous foresishsas coppice stands and stands on poor
guality sites. Results are satisfactory for meamditer and dominant height, with a coefficient
of variation of the root mean square error less th@% in the cross validation. Accuracy
decreases slightly for basal area (22.6%), standewdtion of the diameter (28.2%) and for
stem density (29.2%). These results are very sirtoléhose obtained bieurich and Thoma
(2008) with 34 deciduous plots located in the BavarianeBbNational Park (Germany). In
their study a multiple regression was also perfafméth forest parameters as dependent
variables and laser metrics as predictors. Crobdatimn gave a coefficient of variation of
20.3% for basal area and 13.2% for mean diametghtezl by basal area. Stem density also
yielded the greatest error with 29.8%, whereagi@ibeesult was achieved for dominant height
with 8.1%. However, values of the coefficient ofatenination of the selected regression

Table 4 Comparison of nearest neighbor interpolation (NMiyerse distance weighted interpolation (IDW) and
laser prediction (LP) methods for the estimatiofionést stand parameters from field data

Forest stand RMSE — CVruse

parameter NNI IDW LP
dbh (cm) 5.4 - 37.0% 3.8- 26.2% 2.2- 14.9%
stddbh (cm) 3.5 - 46.1% 2.7- 35.3% 2.1- 28.2%
G (mha?) 17.4 - 49.9% 11.9- 34.3% 7.9- 22.6%
N (ha?) 762 - 43.9% 594 -34.2% 507 -29.2%

haom (M) 7.7 - 43.4% 5.1- 28.7% 3.1- 17.6%
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Fig. 2 Dominant height estimates over a 10 forested ka.&f@) Shaded digital elevation model with area
localization (black envelope), path of the 2007kfalt (white line) and positions of field plots (v dots). (b),
(c) and (d) Prediction results for the NNI, IDW ddé methods respectively.

models were much higher in the Bavarian study. éddé attained 0.90, 0.95, and 0.82 for
stem density, dominant height and mean diametgreotively. In our study the regression
analysis with basal area achieved a better re@@0 (compared to 0.66) but this may be due to
the presence of an outlier. When removed, the wosft of determination decreased to 0.59.

Various factors may explain this difference in mddéng. In this study the laser points were

divided in three groups related to the return pasiof the echoes. Meanwhile, only 5 height
guantiles and mean height were used as predicorhat only 18 laser metrics were used in
the multiple regression to avoid the risk of owéirfg. In the Bavarian study a total of 108 field

plots were considered and density-related metra®walso included in the model.

Despite the small size of our study area, foresids display a great spatial heterogeneity. The
alternation of ridges and thalwegs, the proximityckiffs or rockfall stopping zones lead to
changing soil and light conditions. For examplgpoang coppice stand in the footslope may
have the same dominant height as an old stanceldceider a cliff, but will differ greatly with
respect to other parameters. Moreover, due to dni@hility of forest patterns, two different
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forest structures may be included in a 10 m raplios A trade-off has to be found between the
accuracy of the local stand parameters estimatéghenresolution (scale of analysis) of the
prediction model.

Besides the high differences in the coefficiendetfermination, the coefficients of variation of
the RMSE obtained by cross validation are quiteilamto those of the Bavarian study,
indicating a similar predictive power. Regarding @bjective of mapping forest attributes,
this criterion is probably the most important.

Comparison of laser-derived forest parameters withestimates from interpolation
methods

Cross validation results show that the introductbmaser models significantly improves the
coefficient of variation of the root mean squan@ercompared to nearest neighbor or inverse
distance weighted interpolations of field data sashbasal area, mean diameter, standard
deviation of the diameter, dominant height and stiemsity. Considering the small number of
field plots, the results of interpolation methods fparameters whose high variability has been
emphasized are not surprising. A good example splayed inFig. 2 Nearest neighbor
interpolation is designed for factorial categomather than continuous variables and does not
yield satisfactory results with our data. It prodsidarge polygons with uniform valudsid.

2b) and would probably be more appropriate for welkdited even-aged stands. Better
results are achieved with inverse distance weighteatpolation: trends at global scale are
somewhat better fitted={g. 29. The decisive advantage of laser prediction & the models
are fitted at global scale but values are prediagdg local information contained in the point
cloud. The laser predicted dominant heidgfit( 2d seems to exhibit spatial correlation with
topographic featuref(g. 29. Estimated heights are lower (darker pixels) olges, down
cliffs and along rockfall paths and higher (lighteixels) on regular hillsides, which is
consistent with the visual observations on thedfiédl good example of the ability of laser
prediction to map fine details is shown by the grofi black pixels. It successfully identified
an unforested area corresponding to the impact andepath of the 2007 rockfall. However,
patterns similar to salt and pepper noise (isolatgght or black pixels) can be observed in
grey areas. Localized groups of high trees or valtsitould explain such variations, but they
may also be linked to point cloud misclassificationsteep terrain zones. Indeed, present
algorithms often fail to correctly handle ruggedraen and especially cliffsKobler et al.,
2007. However these areas can be determined by stggdgsés on the digital elevation model
calculated with soil point cloud. More generallyhers ways of further improving information
extraction with refined laser data analysis shdddnvestigated.

CONCLUSIONS

The results of this study show that forest pararesetan be successfully estimated from
airborne laser scanning data in complex deciduorests such as coppice or poor site quality
stands in an alpine environment. Levels of accuramy similar to those obtained with
relatively similar stands in Bavarian forests.

Airborne laser scanning data brings significantuagcy improvement to estimates achieved
with field data alone. The scale of obtained dstilalso highly interesting for the assessment
of forest protection function since present 3D fatksimulation models work at resolutions
less than 5 m and complex deciduous forest stasgiayg a great spatial heterogeneity.
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To reach an efficient compromise between field sying intensity and mapping accuracy,
further research should test the sensitivity odmton to the number and size of field plots
and investigate more complex methods to includer laeetrics in forest attributes mapping in
low accessibility areas.

ACKNOWLEDGMENTS

Jean-Matthieu Monnet held a doctoral fellowshipnfr&égion Rhones-Alpes (France). We
thank Sintegra Photo (Meylan, France) for the asijan and pre-processing of airborne laser
scanning data.

REFERENCES

Dorren, L., Berger, F., Jonsson, M., Krautblattdr, Molk, M., Stoffel, M. and Wehrli, A.
(2007). “State of the art in rockfall - forest irdetions”, Schweizerische Zeitschrift fur
Forstwesen 158(6), 128-141.

Heurich, M. and Thoma, F. (2008). “Estimation ofefstry stand parameters using laser
scanning data in temperate, structurally rich retBEuropean beech-@gus sylvatica)
and norway spruced{cea abies) forests”,Forestry 81(5), 645—-661.

Hyyppé&, J., Hyyppa, H., Leckie, D., Gougeon, F., Xuand Maltamo, M. (2008). “Review of
methods of small-footprint airborne laser scanrigrgextracting forest inventory data in
boreal forests”|nternational Journal of Remote Sensing 29(5), 1339-1366.

Kobler, A., Pfeifer, N., Ogrinc, P., Todorovski,,LOstir, K. and Dzeroski, S. (2007).
“Repetitive interpolation: A robust algorithm fortnd generation from aerial laser
scanner data in forested terraiR&mote Sensing of Environment 108(1), 9-23.

Lim, K., Treitz, P., Baldwin, K., Morrison, I. an@reen, J. (2003). “Lidar remote sensing of
biophysical properties of tolerant northern harddidorests”, Canadian Journal of
Remote Sensing 29(5), 658—678.

Neesset, E. (2002). “Predicting forest stand charestics with airborne scanning laser using a
practical two-stage procedure and field dat&mnote Sensing of Environment 80(1),
88-99.

Neesset, E. (2004). “Practical large-scale for@stdstnventory using a small-footprint airborne
scanning laser'Scandinavian Journal of Forest Research 19(2), 164-179.

R Development Core Team (2009). R: A Language amdir@ment for Statistical
Computing, R Foundation for Statistical Computingjenna, Austria. ISBN
3-900051-07-0. http://www.R-project.org



