A fast developing technique 1.History

Airborne laser scanning (ALS) is a remote sensing technique based on the measure of the ight time of laser pulses emitted from an aircraft and reected by objects located on the ground.

Its fast development during the two past decades has been made possible by the technological advances of global positioning system, inertial navigation, and lasers. At the beginning, LiDAR (Light Detection And Ranging) sensors boarded in aircrafts or satellites only operated on onedimensional (1D) proles along the platform path. Sensors are now equipped with orientating devices and are able to scan large swaths along the platform trajectory. By the end of the 1990's, the pulse repetition frequency of small footprint, commercial sensors was around 10 kHz [START_REF] Baltsavias | Airborne laser scanning: existing systems and rms and other resources[END_REF], and service providers were only emerging. Now, leading sensors achieve a pulse repetition frequency of 300 kHz with the multipulse technology. Some countries have undergone a complete LiDAR coverage (Switzerland, Denmark) and wall-to-wall mapping is under way in some others (Finland, Sweden).

Principles

The main components boarded in the aircraft are: -global positioning system (GPS), -inertial measurement unit (IMU), -laser emitter-receiver scanner, -storage device.

A laser pulse is red toward the Earth in a direction given by the orienting device (oscillating mirror, rotating prism). For vegetation and topographic mapping purposes, the laser wavelength is usually around 1000 nm, which assures correct reectance values for a broad range of materials.

Whenever the laser pulse is intercepted by an object, part of the energy is reected toward the receiver and recorded. When the object is not solid or too dense (e.g. tree branches), a sucient part of the laser beam may also continue its trajectory and be reected by lower elements, eventually the ground surface (gure 1). This characteristic of laser scanning is of high importance as it allows to characterize the underlying 3D structure of the vegetation and to accurately detect the soil surface even in dense canopy areas.

The range to reecting objects is computed as R = c × t 2 where t is the y-around time and c the pulse speed in the atmosphere, assumed to be equal to the speed of light. On analog scanners, t is determined in real-time by detecting the time when the leading edge of the reected signal reaches a given threshold [START_REF]Airborne laser scanning: basic relations and formulas[END_REF]. Such systems are able to store one to several echoes for each emitted pulse. They are called multi-echo laser scanners. In recent scanners, storage capacity has been greatly increased so that the full waveform of the reected pulse is digitized. The postprocessing of the data allows a ner detection (number and coordinates) and characterization of objects located within the footprint of the laser pulse [START_REF] Hofton | Decomposition of laser altimeter waveforms[END_REF][START_REF] Wagner | Gaussian decomposition and calibration of a novel small-footprint full-waveform digitising airborne laser scanner[END_REF]. The footprint, which is the surface illuminated by the laser beam, depends on the divergence of the laser and on the range. Laser scanner with footprint size smaller than one meter are considered small-footprint. Their range accuracy, which mainly depends on the width of the emitted pulse, is usually around 15 cm. The orienting device makes laser pulses sweep across the aircraft trajectory. Swath width is determined by the ying altitude and the scanning angle. LiDAR data are usually acquired in multiple, overlapping ying strips. A comprehensive description of relations and formulas for airborne laser scanning is available in [START_REF]Airborne laser scanning: basic relations and formulas[END_REF]. Back in the oce, objects coordinates are computed with the information from the on-board and ground-based components: Further processing includes laser strip adjustment to correct for hardware calibration errors, and detection of erroneous points: high points due to atmospheric noise and low points due to multiple reections. For a small-footprint laser scanner, accuracy of the nal 3D point cloud is typically 25 cm (planimetric) and 15 cm (altimetric). Point density varies greatly depending on acquisition parameters and desired applications, from one to more than one hundred points per square meter. For small footprint lasers, the 3D point cloud contains precise geometric information related to the objects which constitute the canopy cover. For large footprint lasers, the coarser planimetric resolution is generally compensated by the full waveform digitization (e.g.

LVIS [START_REF] Blair | The Laser Vegetation Imaging Sensor (LVIS): A medium-altitude, digitization-only, airborne laser altimeter for mapping vegetation and topography[END_REF], SLICER [START_REF] Lefsky | Lidar remote sensing of the canopy structure and biophysical properties of douglas-r western hemlock forests[END_REF][START_REF] Harding | Laser altimeter canopy height proles: methods and validation for closed-canopy, broadleaf forests[END_REF] and spaceborne GLAS/ICESAT).

2 Airborne laser scanning in forestry

First steps

The ability of LiDAR sensors to detect ground surface even in forested areas was rst used for topographic purposes, mainly to derive accurate digital terrain models (DTM). However, the accuracy of the geometric information about the vegetation structure quickly sparked interest among the foresters. Following the development pace of the technology, forest stand parameters were rst estimated with LiDAR proling altimeters [START_REF] Nelson | Determining forest canopy characteristics using airborne laser data[END_REF], and then with laser scanners [START_REF] Nilsson | Estimation of tree heights and stand volume using an airborne lidar system[END_REF]. Height variables [811] and stand volume [START_REF] Nilsson | Estimation of tree heights and stand volume using an airborne lidar system[END_REF][START_REF] Naesset | Estimating timber volume of forest stands using airborne laser scanner data[END_REF] were the rst forest parameters investigated but laser data also proved ecient for other stand parameters, such as leaf area index, diameter and number of stems [START_REF] Lefsky | Lidar remote sensing of the canopy structure and biophysical properties of douglas-r western hemlock forests[END_REF] or basal area [START_REF] Lefsky | Surface lidar remote sensing of basal area and biomass in deciduous forests of eastern Maryland, USA[END_REF].

At this time, large footprint LiDARs were mainly operated by NASA for research purposes, but commercial small-footprint were becoming widely available thanks to topographic acquisitions [START_REF] Means | Use of large-footprint scanning airborne lidar to estimate forest stand characteristics in the western cascades of Oregon[END_REF]. These rst works showed the great potential for forestry applications, from stand parameters estimation to land cover classication, wildlife management and habitat mapping [START_REF] Dubayah | Lidar remote sensing for forestry[END_REF]. Soon, pre-operational studies for large-scale stand attributes mapping were undertaken [START_REF] Means | Predicting forest stand characteristics with airborne scanning lidar[END_REF][START_REF] Miller | Fusion of high resolution lidar elevation data with hyperspectral data to characterize tree canopies[END_REF].

Fast development

In the early 2000's, research on forest applications of airborne LiDAR developed considerably.

The existing methods, that had been principally tested on coniferous forests, were validated in other contexts: with SLICER data over broadleaved forest [START_REF] Harding | Laser altimeter canopy height proles: methods and validation for closed-canopy, broadleaf forests[END_REF], temperate deciduous, temperate coniferous and boreal forest [START_REF] Lefsky | Lidar remote sensing of above-ground biomass in three biomes[END_REF], with LVIS data on tropical rain forest [START_REF] Weishampel | Volumetric lidar return patterns from an old-growth tropical rainforest canopy[END_REF][START_REF] Drake | Estimation of tropical forest structural characteristics using large-footprint lidar[END_REF], with small footprint LiDAR on young forests [START_REF] Naesset | Estimating tree heights and number of stems in young forest stands using airborne laser scanner data[END_REF] or northern hardwood forests [START_REF] Lim | Lidar remote sensing of biophysical properties of tolerant northern hardwood forests[END_REF].

The area-based method, which consists in the calibration of models linking quantiles of the point cloud vertical distribution to forest variables, proved very convenient for the retrieval of stand parameters such as height, mean diameter, stem density, basal area and volume [START_REF] Naesset | Predicting forest stand characteristics with airborne scanning laser using a practical two-stage procedure and eld data[END_REF][START_REF]Practical large-scale forest stand inventory using a small-footprint airborne scanning laser[END_REF], or above ground biomass [START_REF] Lim | Estimation of above ground forest biomass from airborne discrete return laser scanner data using canopy-based quantile estimators[END_REF]. The method turned out to be ecient in various forest contexts [START_REF] Naesset | Estimating tree heights and number of stems in young forest stands using airborne laser scanner data[END_REF] and quite robust to the laser point density [START_REF] Holmgren | Prediction of tree height, basal area and stem volume in forest stands using airborne laser scanning[END_REF]. It was quickly implemented at operational scale [START_REF]Practical large-scale forest stand inventory using a small-footprint airborne scanning laser[END_REF]. It was also successful in estimating tree properties e.g. total and crown height [START_REF] Naesset | Estimating tree height and tree crown properties using airborne scanning laser in a boreal nature reserve[END_REF], and also more complex stand patterns such as the Weibull parameters of the diameter distribution [START_REF] Gobakken | Estimation of diameter and basal area distributions in coniferous forest by means of airborne laser scanner data[END_REF].

Even tough this pragmatic approach adopted to predict forest parameters from laser-derived quantiles proved ecient, further investigation of the waveform signal and its interaction with the canopy was undertaken:

simulation of LiDAR waveforms reected by the canopy [START_REF] Sun | Modeling lidar returns from forest canopies[END_REF],

decomposition of waveforms as sums of Gaussian components [START_REF] Hofton | Decomposition of laser altimeter waveforms[END_REF],

modelling of waveforms with a time-dependent stochastic radiative transfer model [START_REF] Kotchenova | Modeling lidar waveforms with time-dependent stochastic radiative transfer theory for remote estimations of forest structure[END_REF].

Meanwhile, technological improvements in pulse repetition frequency soon allowed point cloud densities sucient for single tree delineation from small footprint LiDARs [START_REF] Hyyppä | Feasibility for estimation of single tree characteristics using laser scanner[END_REF]. Most of the studies relied on image processing techniques applied to canopy height models (CHM) [32 36] but some also tested point cloud processing [START_REF] Andersen | Bayesian object recognition for the analysis of complex forest scenes in airborne laser scanner data[END_REF][START_REF] Morsdorf | Lidar-based geometric reconstruction of boreal type forest stands at single tree level for forest and wildland re management[END_REF] (gure 2). The methods were rapidly improved in order to extract as much information as possible from the geometric features of the delineated trees, e.g. crown diameter [START_REF] Popescu | Measuring individual tree crown diameter with lidar and assessing its inuence on estimating forest volume and biomass[END_REF], length or volume. Researchers soon faced the problem that suppressed trees were not easily detectable, hence the impossibility to predict height or diameter distributions with this sole method. As a result, deriving stand-level attributes from the aggregation of tree-level information remained problematic [START_REF] Maltamo | Estimation of timber volume and stem density based on scanning laser altimetry and expected tree size distribution functions[END_REF].

Figure 2: Single tree reconstruction from Bayesian object recognition in the point cloud, image from [START_REF] Andersen | Bayesian object recognition for the analysis of complex forest scenes in airborne laser scanner data[END_REF].

Whatever the approach, single-tree or area-based, concerns arouse about the sensitivity of the algorithms to both the LiDAR acquisition parameters and the forest structure. Indeed the increasing number of dierent scanners and the various possibilities for planning a LiDAR acquisition, altogether with the cost of LiDAR data, raised the issue of the optimization of surveys. Some studies relied on real data to assess the inuence of acquisition parameters on estimated forest attributes, e.g. with LVIS data in tropical environments [START_REF] Drake | Sensitivity of large-footprint lidar to canopy structure and biomass in a neotropical rainforest[END_REF], or with small footprint LiDAR (eect of sampling on height underestimation [START_REF] Gaveau | Quantifying canopy height underestimation by laser pulse penetration in small-footprint airborne laser scanning data[END_REF], eect of ying altitude [START_REF] Naesset | Eects of dierent ying altitudes on biophysical stand properties estimated from canopy height and density measured with a small-footprint airborne scanning laser[END_REF]).

Simulations were also used as a convenient way to test several parameter combinations [START_REF] Holmgren | Simulating the eects of lidar scanning angle for estimation of mean tree height and canopy closure[END_REF][START_REF] Yong | Eects of forest spatial structure on large footprint lidar waveform[END_REF] which would have been unaordable in real-size experiments.

While some studies focused on the potential of LiDAR data alone for the retrieval of various forest parameters, e.g. geometric information [START_REF] Törmä | Estimation of tree species proportions of forest stands using laser scanning[END_REF][START_REF] Holmgren | Identifying species of individual trees using airborne laser scanner[END_REF] or intensity information [START_REF] Lim | Lidar remote sensing of biophysical properties of tolerant northern hardwood forests[END_REF][START_REF] Lovell | Using airborne and groundbased ranging lidar to measure canopy structure in Australian forests[END_REF] for species classication, others tried to take advantage of the synergy with optical sensors. Indeed the spectral information is more relevant than ALS data for tree species identication [START_REF] Miller | Fusion of high resolution lidar elevation data with hyperspectral data to characterize tree canopies[END_REF][START_REF] Hyyppä | Feasibility for estimation of single tree characteristics using laser scanner[END_REF][START_REF] Hamid | Mapping of conifer forest plantations using airborne hyperspectral and lidar data[END_REF].

Besides, the large-scale availability of optical spaceborne data is useful for wall-to-wall mapping of forest attributes such as canopy height [START_REF] Miller | Fusion of high resolution lidar elevation data with hyperspectral data to characterize tree canopies[END_REF][START_REF] Hudak | Integration of lidar and Landsat ETM plus data for estimating and mapping forest canopy height[END_REF][START_REF] Wulder | Forest inventory height update through the integration of lidar data with segmented Landsat imagery[END_REF]. Indeed, LiDAR can be used as a calibration or validation tool for the structural analysis of vegetated ecosystems with spaceborne optical sensors [START_REF] Chen | Using lidar and eective LAI data to evaluate IKONOS and Landsat 7 ETM+ vegetation cover estimates in a ponderosa pine forest[END_REF]. Moreover, the combination of LiDAR and spectral data proved to be superior to the use of any of them alone, e.g. for tree crown delineation [START_REF] Coops | Comparison of forest attributes extracted from ne spatial resolution multispectral and lidar data[END_REF].

The potential of LiDAR data for a broad range of ecological applications was quickly identied [START_REF] Lefsky | Lidar remote sensing for ecosystem studies[END_REF], including its use in carbon content [START_REF] Hurtt | Beyond potential vegetation: combining lidar data and a height-structured model for carbon studies[END_REF][START_REF] Patenaude | Quantifying forest above ground carbon content using lidar remote sensing[END_REF] or gross primary production [START_REF] Kotchenova | Lidar remote sensing for modeling gross primary production of deciduous forests[END_REF] studies.

Diversication

At this stage a great part of exploratory analysis of LiDAR potential for forest applications was done and basic methods had been tested on numerous datasets. Then LiDAR research expanded to a wide range of applications and tackled large-scale related issues.

Investigations on waveform modelling [5861], calibration [START_REF] Wagner | Gaussian decomposition and calibration of a novel small-footprint full-waveform digitising airborne laser scanner[END_REF][START_REF] Briese | Calibration of full-waveform airborne laser scanning data for object classication -art. no. 69500h[END_REF][START_REF] Korpela | Range and AGC normalization in airborne discrete-return lidar intensity data for forest canopies[END_REF] and on the forest/signal interaction [6466] increased as more and more full waveform small footprint scanners were commercially available. These methods allow a ner detection of echoes and the extraction of calibrated attributes. Such information proved useful for species classication [START_REF] Wagner | 3D vegetation mapping using smallfootprint full-waveform airborne laser scanners[END_REF][START_REF] Alexander | Backscatter coecient as an attribute for the classication of full-waveform airborne laser scanning data in urban areas[END_REF]. Reversely, pseudo-waveforms can be reconstructed from multi-echo sensors data [START_REF] Muss | A pseudo-waveform technique to assess forest structure using discrete lidar data[END_REF].

The issue of tree species classication indeed turned out to be an important pre-requisite for stand classication or species-specic attributes estimations. Some interesting results were obtained with LiDAR data alone [START_REF] Holmgren | Identifying species of individual trees using airborne laser scanner[END_REF]7075], by taking advantage of points attributes, such as intensity [START_REF] Kim | Tree species dierentiation using intensity data derived from leaf-on and leaf-o airborne laser scanner data[END_REF][START_REF] Ørka | Classifying species of individual trees by intensity and structure features derived from airborne laser scanner data[END_REF], backscatter coecient [START_REF] Wagner | 3D vegetation mapping using smallfootprint full-waveform airborne laser scanners[END_REF][START_REF] Alexander | Backscatter coecient as an attribute for the classication of full-waveform airborne laser scanning data in urban areas[END_REF] or directly from the full waveform data [START_REF] Reitberger | Analysis of full waveform lidar data for the classication of deciduous and coniferous trees[END_REF][START_REF] Heinzel | Exploring full-waveform lidar parameters for tree species classication[END_REF].

Species classication was also facilitated by the synergy with spectral data. The issue of deriving species-specic estimates received considerable attention [START_REF] Hudak | Nearest neighbor imputation of species-level, plot-scale forest structure attributes from lidar data[END_REF], e.g. for volume [START_REF] Packalén | Predicting the plot volume by tree species using airborne laser scanning and aerial photographs[END_REF][START_REF] Niska | Neural networks for the prediction of species-specic plot volumes using airborne laser scanning and aerial photographs[END_REF], stem number and diameter [START_REF] Packalén | The k-MSN method for the prediction of species-specic stand attributes using airborne laser scanning and aerial photographs[END_REF], or diameter distribution [START_REF] Peuhkurinen | Estimating species-specic diameter distributions and saw log recoveries of boreal forests from airborne laser scanning data and aerial photographs: a distribution-based approach[END_REF].

Synergies with other remote sensing data were also investigated. LiDAR was compared

[8587] or used with radar data [8891]. Comparison were also made with multispectral data [START_REF] Coops | Comparison of forest attributes extracted from ne spatial resolution multispectral and lidar data[END_REF][START_REF] Vierling | Relationships among airborne scanning lidar, high resolution multispectral imagery, and ground-based inventory data in a ponderosa pine forest[END_REF][START_REF] Pascual | Relationship between lidar-derived forest canopy height and Landsat images[END_REF] and combined used of the data was tested [START_REF] Lucas | Retrieving forest biomass through integration of CASI and lidar data[END_REF][START_REF] Mccombs | Inuence of fusing lidar and multispectral imagery on remotely sensed estimates of stand density and mean tree height in a managed loblolly pine plantation[END_REF][START_REF] Popescu | Fusion of small-footprint lidar and multispectral data to estimate plot-level volume and biomass in deciduous and pine forests in Virginia, USA[END_REF], even at the single tree level [START_REF] Leckie | Combined high-density lidar and multispectral imagery for individual tree crown analysis[END_REF][START_REF] Suarez | Use of airborne lidar and aerial photography in the estimation of individual tree heights in forestry[END_REF][START_REF] Koukoulas | Mapping individual tree location, height and species in broadleaved deciduous forest using airborne lidar and multi-spectral remotely sensed data[END_REF], or with the underlying idea to combine LiDAR accuracy with optical wall-to-wall cover [98101].

Indeed, the methods were increasingly used at operational scale, e.g. in Scandinavia [START_REF] Naesset | Accuracy of forest inventory using airborne laser scanning: Evaluating the rst nordic full-scale operational project[END_REF][START_REF]Airborne laser scanning as a method in operational forest inventory: Status of accuracy assessments accomplished in Scandinavia[END_REF],

England [START_REF] Wallington | Evaluation of commercial airborne lidar and SAR products to estimate top height and associated parameters in production forests in Britain[END_REF], Alaska [START_REF] Andersen | Using airborne light detection and ranging (lidar) to characterize forest stand condition on the Kenai peninsula of Alaska[END_REF], Denmark [START_REF] Nord-Larsen | Developing an airborne laser scanning dominant height model from a countrywide scanning survey and national forest inventory data[END_REF]. This raised the issue of the validity of models developed at smaller scales [107112]. Several studies proposed or compared various prediction methods [START_REF] Packalén | The k-MSN method for the prediction of species-specic stand attributes using airborne laser scanning and aerial photographs[END_REF][START_REF] Falkowski | Landscape-scale parameterization of a tree-level forest growth model: a k-nearest neighbor imputation approach incorporating lidar data[END_REF][START_REF] Maltamo | Comparing dierent methods for prediction of mean crown height in Norway spruce stands using airborne laser scanner data[END_REF]. At operational scale, the problem of the aggregation of stand parameters from single tree attributes remained unsolved. The estimation of tree distribution [START_REF] Maltamo | Estimation of stem volume using laser scanning-based canopy height metrics[END_REF] or the calibration of tree lists [START_REF] Lindberg | Estimation of tree lists from airborne laser scanning by combining single-tree and area-based methods[END_REF] have been tested as possible solutions, and alternative methods were proposed for the imputation of single tree attributes [START_REF] Vauhkonen | Imputation of single-tree attributes using airborne laser scanning-based height, intensity, and alpha shape metrics[END_REF]. Some of them may be seen as a convergence between the single-tree and the area-based approaches, the considered areas being previously delineated single tree segments [START_REF] Breidenbach | Prediction of species specic forest inventory attributes using a nonparametric semi-individual tree crown approach based on fused airborne laser scanning and multispectral data[END_REF][START_REF] Breidenbach | Comparison of nearest neighbour approaches for small area estimation of tree species-specic forest inventory attributes in central Europe using airborne laser scanner data[END_REF].

Applications

The range of LiDAR applications kept broadening, applying to several scientic elds and dierent scale levels. Regarding land cover classication [START_REF] Brennan | Object-oriented land cover classication of lidar-derived surfaces[END_REF][START_REF] Bretar | Terrain surfaces and 3-D landcover classication from small footprint full-waveform lidar data: application to badlands[END_REF], LiDAR proved ecient for stand delineation and forest classication [START_REF] Diedershagen | Automatic segmentation and characterisation of forest stand parameters using airborne lidar data, multispectral and fogis data[END_REF][START_REF] Dalponte | Fusion of hyperspectral and lidar remote sensing data for classication of complex forest areas[END_REF] (gure 3a). Some studies focused on particular ecosystems, such as riparian forests [START_REF] Antonarakis | Object-based land cover classication using airborne lidar[END_REF], or cottonwood ecosystem studies (light interception [START_REF] Lee | Prediction of forest canopy light interception using three-dimensional airborne lidar data[END_REF], leaf area index [162167], forest pigment mapping [START_REF] Blackburn | Remote sensing of forest pigments using airborne imaging spectrometer and lidar imagery[END_REF], pest control [START_REF] Riggins | Per-segment aboveground forest biomass estimation using lidar-derived height percentile statisticsnaesset[END_REF][START_REF] Coops | Assessing dierences in tree and stand structure following beetle infestation using lidar data[END_REF]).

Georeferenced data is of great interest for forest management. This includes risk management, e.g. with forest re modelling [START_REF] Riano | Modeling airborne laser scanning data for the spatial generation of critical forest parameters in re behavior modeling[END_REF], and estimation of fuelwood [172176] and past damages [177179]. Predicted stand parameters are also useful to quantify the forest protection eect against rockfalls [START_REF] Monnet | Using airborne laser scanning to assess forest protection function against rockfall[END_REF][START_REF] Monnet | Using geomatics and airborne laser scanning for rockfall risk zoning: a case study in the French Alps[END_REF]. Silvicultors are of course interested in all stand parameters introduced in the previous paragraphs (height, diameter, basal area, stem number, volume. . . ). Economical analyses showed that the investment in LiDAR-based inventory procedures are justied by better resource management [182184]. At single tree level, the geometric information (e.g. crown base [START_REF] Dean | Measuring heights to crown base and crown median with lidar in a mature, even-aged loblolly pine stand[END_REF][START_REF] Vauhkonen | Estimating crown base height for scots pine by means of the 3D geometry of airborne laser scanning data[END_REF], 3D surface reconstruction [START_REF] Kato | Capturing tree crown formation through implicit surface reconstruction using airborne lidar data[END_REF], stem volume [START_REF] Dalponte | Analysis on the use of multiple returns lidar data for the estimation of tree stems volume[END_REF]) allows a better allocation by the forest practitioner, and can be used as input for virtual training environments [START_REF] Fujisaki | Stand assessment through lidar-based forest visualization using immersive virtual environment technology[END_REF].

LiDAR data is also useful for short and long-term forest change detection. Growth or harvesting operations [190192], tree migration [START_REF] Naesset | Using airborne laser scanning to monitor tree migration in the boreal-alpine transition zone[END_REF], pest infestation [START_REF] Coops | Assessing dierences in tree and stand structure following beetle infestation using lidar data[END_REF], disturbance dynamics [START_REF] Vepakomma | Spatially explicit characterization of boreal forest gap dynamics using multi-temporal lidar data[END_REF][START_REF] Vepakomma | Interactions of multiple disturbances in shaping boreal forest dynamics: a spatially explicit analysis using multi-temporal lidar data and high-resolution imagery[END_REF] can be precisely monitored. Studies also showed the possibility of retrospective analysis of optical data [196198].

Today's context of global warming and all its implications in global carbon cycle and stocks assessment have also oriented LiDAR investigations. Several studies have addressed the issue of biomass mapping [199204].

Main achievements in mountainous or complex environments

After the rst experiments on coniferous forests, a broader range of forest conditions was investigated. Single tree methods were tested on temperate deciduous trees, including coppice individuals [START_REF] Brandtberg | Detection and analysis of individual leaf-o tree crowns in small footprint, high sampling density lidar data from the eastern deciduous forest in North America[END_REF], heterogeneous mixed stands in boreal forest [START_REF] Maltamo | The accuracy of estimating individual tree variables with airborne laser scanning in a boreal nature reserve[END_REF], uneven-aged broadleaved stands [START_REF] Koukoulas | Mapping individual tree location, height and species in broadleaved deciduous forest using airborne lidar and multi-spectral remotely sensed data[END_REF] or mixed stands [START_REF] Heurich | Automatic recognition and measurement of single trees based on data from airborne laser scanning over the richly structured natural forests of the Bavarian Forest National Park[END_REF]. Area-based methods were also tested in various conditions, e.g. broadleaved [START_REF] Ioki | Estimating stand volume in broad-leaved forest using discrete-return lidar: plot-based approach[END_REF], mixed [START_REF] Naesset | Assessing sensor eects and eects of leaf-o and leaf-on canopy conditions on biophysical stand properties derived from small-footprint airborne laser data[END_REF][START_REF] Heurich | Estimation of forestry stand parameters using laser scanning data in temperate, structurally rich natural European beech (fagus sylvatica) and Norway spruce (picea abies) forests[END_REF], mixed multilayered forest [START_REF] Tonolli | Mapping and modeling forest tree volume using forest inventory and airborne laser scanning[END_REF]. In complex stands, such as mixed deciduous ones, the forest structure was more dicult to characterize [START_REF] Hirata | Estimating forest canopy structure using helicopter-borne lidar measurement[END_REF]. Additional LiDAR-derived attributes were proposed to address this issue in multilayered forests [START_REF] Lee | A lidar-derived canopy density model for tree stem and crown mapping in Australian forests[END_REF].

Alpine environments were also investigated. The eect of footprint size and sampling density [START_REF] Hirata | The eects of footprint size and sampling density in airborne laser scanning to extract individual trees in mountainous terrain[END_REF], topographic factors [START_REF]Relationship between tree height and topography in a chamaecyparis obtusa stand derived from airborne laser scanner data[END_REF] on individual tree delineation were evaluated. Major works include the retrieval of canopy structure from LVIS data in montane forests [START_REF] Hyde | Mapping forest structure for wildlife habitat analysis using waveform lidar: Validation of montane ecosystems[END_REF], estimation of tree heights in sugi (Cryptomerica japonica) plantations [START_REF] Takahashi | Estimating individual tree heights of sugi (cryptomeria japonica d. don) plantations in mountainous areas using smallfootprint airborne lidar[END_REF]. Single tree [START_REF] Heurich | Automatic recognition and measurement of single trees based on data from airborne laser scanning over the richly structured natural forests of the Bavarian Forest National Park[END_REF] and areabased [START_REF] Heurich | Estimation of forestry stand parameters using laser scanning data in temperate, structurally rich natural European beech (fagus sylvatica) and Norway spruce (picea abies) forests[END_REF] methods were tested on forests stands located in Germany. Studies also tried to dene simple indices able to predict stand parameters at operational scale [START_REF] Hollaus | Operational wide-area stem volume estimation based on airborne laser scanning and national forest inventory data[END_REF][START_REF] Jochem | Estimation of aboveground biomass in alpine forests: A semi-empirical approach considering canopy transparency derived from airborne lidar data[END_REF]216218] (gure 3b).
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