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FOREWORD 

Modern airborne laser scanners can make up to 80 000 precise measurements per second for 3D­
positions on the ground and in vegetation canopies. Furthermore, laser scanning technology is stiil 
rapidly improving. Given the latest research, laser scanning obviously has great potential as a tool 
for estimating forest resources and describing forest environments. 

The title of the workshop - Scandlaser - is short for "Scandinavian workshop on Laser scanning of 
forest resources". It started with a small informal workshop in Umea, May 2002, with participants 
from Finland, Norway, Sweden and Canada. It was then apparent that the Scandinavian countries 
had complementary experiences in this research field. In Finland several projects related to analy­
sis of single trees detected in laser scanner data are ongoing. Much of this work started in the EU 
project HighScan, coordinated by Helsinki University of Technology. Norway, on the other hand, 
laser scanning of forest resources on stand level has been taken to a stage where it is nearly op­
erationaL In Sweden cooperation between the Swedish Defense Research Agency (FOA) and SLU 
for laser scanning of forest resources began in1 99 1 and has continued to this day. Further details 
about the laser scanning experiences in Finland, Norway and Sweden are given in the "country 
reports" in this volume. 

At the meeting in May 20 02, it was obvious there was a need for a more widely announced scien­
tific meeting. We received funding from SNS (the Nordic Forest Research Co-operation committee, 
http://www. nordiskskogforskning.org), which is the main economic sponsor of Scandlaser. The 
meeting could serve a dual purpose: i) to inform and discuss what could currently be done practi­
cally in laser scanning of forest resources; and ii) to discuss current scientific issues in this rapidly 
developing field. Therefore, we decided to organize both a "Practical workshop" to be held Sep­
tember 2, 2003, and a "Scientific workshop", to be held September 3-4, 2003. With one exception, 
this proceedings volume includes only the contributions to the Scientific workshop. 

EARSeL (the European Association of Remote Sensing Laboratories, http:l/www.earsel.org) 
helped in organizing the scientific workshop, which is also the first activity of the new EARSeL 
Special Interest Group (SIG) on forestry. Further information about this special interest group can 
be obtained from Hakan Olsson (Hakan.Oisson@resgeom.slu.se). Furthermore, the workshop is 
also announced as an activity within IUFRO division 4 (http://www. iufro.org/). 

To our knowledge, the Scandlaser scientific workshop in Umea is the first meeting of its kind in 
Europe. In 2002, there were two similar meetings organized: The Australian Workshop on Airborne 
Laser Altimetry for Forest and Woodland Inventory and Monitoring, and the International Workshop 
on Three-dimensional Analysis of Forest Structure and Terrain using LiDAR Technology. The main 
results from these workshops are being published in a special issue of the Canadian Journal of 
Remote Sensing, appearing Autumn 2003. We are happy to provide continuity from these work­
shops by having one of the editors of the special issue, Dr. Mike Wulder, as one of the key note 
speakers. Dr. Wulder and Dr. Paul Treitz, who is a member of the Scandlaser scientific commit­
tee, were also organizers of the Canadian workshop. Another key note speaker is Dr. Randolph 
Wynne from Virginia Polytechnic who gives an overview of forestry laser scanning in the USA. He 
is also the guest editor of a recent (June 2 003) Forest Science special issue on forestry remote 
sensing. We are also pleased to have Dr. Ove Steinvall, head of the department of laser systems 
at the Swedish Defense Research Institute, as a key note speaker. Dr. Steinvall was a pioneer in 
laser scanning and he is uniquely positioned to provide the forestry community with insights about 
what future technology to expect. 
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This proceedings volume is printed in time to be distributed at the workshop, and only the abstracts 
are peer reviewed. The reason for this is that we think this quickly developing field merits fast 
communication. A digital version of the proceedings, with illustrations in color , as well as the power 
point presentations from the practical workshop, will be made available at the EARSeL SIG For­
estry home page: http: //www-earsel-sig-forestry.slu.se/scandlaser. Furthermore, a few selected 
articles from the scientific workshop are likely to be published in the Scandinavian Journal of For­
est Research, after peer review. 

TheScandlaser workshops have been organized jointly between the Swedish University of Agricul­
tural Sciences (SLU) , the Agricultural University of Norway (NLH) and the Finnish Geodetic Insti­
tute (FG!) , with Hakan Olsson at SLU as chairman of the local organizing committee; Erik Nresset 
at as responsible for the Practical workshop, and Juha at FGi, as chairman the 
scientific committee. Members in the local organizing committee have been Tina Granqvist Pahlen 
and Heather Reese, and members in the scientific committee have been Paul Treitz, Queens Uni­
versity; Mats Nilsson, SLU; Hakan Olsson, SLU; and Erik Nresset, NLH . 

It is our hope that Scandlaser will help create a forestry laser scanner community in Europe, with 
links worldwide. Looking forward, one timely follow-on to Scandlaser will be the International Con­
ference "Laser-Scanners for Forest and Landscape Assessment- Instruments, Processing, Meth­
ods and Applications", which will be held in Freiburg, Germany, 3 - 6 October 2004. 
(http: //www.natscan.de). 

Hakan Olsson, Juha Hyyppa and Erik Ncrasset 
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LASER SYSTEMS FOR VEGETATION AND TERRAIN MAPPING -A LOOK 
AT PRESENT AND FUTURE TECHNOLOGIES AND CAPABILITIES 

Ove Steinvall 

Department of Laser Systems, Swedish Defense Research Agency, FOI 
Box 1 165, SE-581 1 1  Linkoping Sweden, oveste@foi.se 

ABSTRACT 

We are living in a three-dimensional (3 D) world and the potential to capture this world by 3 D laser 
radar systems will revolutionize many military and civilian applications. This paper will discuss 
some of the recent laser radar technologies of relevance for vegetation and terrain mapping. 

Exiting development is taking place concerning 3 D  sensing focal plane arrays (FPAs). With these 
devices a full range and intensity image can be captured in one laser shot. For laser radars (lidars) 

lead to more accurate positioning of the different pixels relative to each other and to 
higher resolution and area coverage. The demands on scanning will also be much reduced. 

Laser sources are developing towards ultra short pulse lengths (sub nanoseconds) and tunability 
in wavelength. Scanner and beam forming is moving towards a non-mechanical function using 
optical phased arrays. Finally development in signal processing is rapid concerning the use of 3 D 
information for automatic object detection, classification and identification. Fusion between laser 
radar and other sensors for example multi and hyper spectral sensors is also beginning to show 
interesting results. This paper will describe 3 D imaging activities at FOI and give example how 
these data can be used in mapping and other military applications. We will also give examples of 
the next generations laser radar systems that are predicted to provide em resolution and operate at 
full video rate. These systems will be compact and can operate in UAV's. 

PRESENT STATUS OF 3 D LASER IMAGING 

During the past couple of years there has been an increasing interest in airborne remote sensing 
using DEM's (Digital Elevation Models) for use in city planning, mobile phone networks, forestry, 
flood risk assessment, power cable monitoring etc. A number of technologies can be applied to 
generate DEM's from the well-established aerial photography, interferometric radar and SAR. Air­
borne laser radar is another technology with great promise. Recently a number of airborne nadir 
scanning laser radars have been developed for both military and civilian applications, (Steinvall 
et.al. 1 999, Steinvall et.al. 200 1 )  These systems have range resolutions on the order of 1 0  em but 
relatively moderate area coverage rates, in the range 1 000- 1 0  000 m2/s (3. 6-3 6 km2/h) when open­
ing in a high resolution mode with a 0.25 m spot distance. Technology development in laser 
sources, scanning techniques and signal processing will probably improve the area coverage sub­
stantially and lead to compact systems suitable for new applications, including the use in UA V's. 
Figure 1 shows performance in area coverage for a typical terrain mapper. From the right part of 
figure 1 we conclude that an average power of 1 W for an area coverage rate of 1 00 km2/h and an 
altitude of 1 000 m. Note that a coverage rate as high as 1 000 km2/h, can be achieved with a laser 
power as low as 1 0  W. This is assuming a resolution of 0.25 m per pixel and an operating altitude 
of 1 000 m, if one could realize such a system. The system parameters might be optimistic, for ex­
ample the sensitivities ( 1  nW) of the receiver and the assumed reflection of 5% from the tree and 
ground. However, even if these values are changed towards the negative side we still get moder­
ate average laser powers ( < 1 0  W) for all of the capable systems. 

8 
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Figure 1. To the left is a plot of the platform velocity vs. altitude for different area coverage rates. 
To the right is the average laser power vs. area coverage rates and different altitudes, H. A swath 

7*H is assumed together with the laser spot density 41m2 for a resolution dres=0.25rn 

For future airborne applications, for example using unmanned airborne vehicles (UAVs) , the laser 
power may not be the most critical factor. More critical are the scan rate and the difficulty to realize 
a high velocity scanner for 5-1 0  em post aperture scanning. Rotating scanners, such as polygon 
and rotating wedges, will have enough speed. However, they will not be efficient in distributing the 
laser shots. On the other hand, a detector array may use simple mechanical scanners and will 
have a very even shot distribution on the ground, which clearly is an advantage when processing 
the data. 

There are about half a dozen or more commercial systems for airborne terrain and vegetation 
mapping, for example TopEye (Sweden), Airborne Laser Terrain Mapper (AL TM, Canada), Topo­
Sys (Germany) and some others. Recently Leica entered the market with an airborne scanning 
laser radar (ALS 50, se figure below). 

Figure 2: Example of a commerciallidar for airborne terrain mapping, AL TM from Optech, Canada 
and ALS 50 from Leica. 

These systems typically can deliver both range and intensity data for multiple returns. So far full 
digitization of each return waveform has not been common but the technology now permits this to 
be made up to 70 kHz in prf. Sampling at a bandwidth of 1 GHz or better gives the time history of 
each shot of value for data quality and refined processing. Intensity maps will allow for terrain and 
object classification besides range only data. The ability to record the gain of the receiver subsys­
tem at the time of each laser shot is of great help in post processing and to normalize intensity 
values to reflectivity information taking the flight altitude and slant range into account. 

For underwater applications we have SHOALS (Canada), Hawk Eye (Sweden) and LADS (Austra­
lia) as examples of commercial systems for depth sounding. The pulse energy for depth sounding 
greatly exceeds that of land mapping why the rapid scanning need is not as critical as for the land 
case. Array detectors, however, offer a better transverse resolution of interest for detecting small 
objects in the water (like mines). The activities in airborne laser scanning started at FOI with the 
depth sounding application (the FLASH system, (Steinvall 199 6)). 

9 
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Figure 3 gives examples of data generated by the FLASH-system. The laser pulse repetition rate 
(PRF) for this system is limited to 200 Hz. Today systems with a prf up to 3-1 0  kHz are being de­
veloped for depth sounding. Such systems will be much more capable and useful in future UAV:s 
as they are designed for unassisted operations. The combination of depth sounding and terrain 
mapping is natural, as is including high resolution modes for better under-water target detection 
and classifications. 

Figure 3. Example of depth sounding data from the FLASH-system developed at FO!. Above left a 
real time sweep color coded for depth ( 2-7 meters in this example) and above right a zoom in the 
data where each pixel corresponds to one laser shot. The lower shows the waveforms from the log 
amp showing the steep surface marker followed by the backscatter and the bottom peak. 
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Figure 4. Example of waveforms from the FOA FLASH system. The waveforms are from water 
indicating bottom, from sea smoke and water and 2 examples from land, with trees and without. 
The sharp peak in the beginning of the waveform indicates the position of the water surface and 
has no relevance over land. 

At FOI we are developing tools to handle laser data to form realistic synthetic environments for 
military planning, sensor and electronic warfare simulation. We combine these data with IR and 
aerial photography to form very realistic synthetic environments as can be seen from figure 5. A 
good deal of this data fusion process and object classification is automatic. 
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Figure 5. Synthetic scenes in 3 0, generated by data from airborne scanning laser radar (Top 
Eye). The 3D data is fused with the texture from aerial photographs. The right image shows a syn­
thetic IR scene. Images by FOI. 

There is a growing interest and use of land based 3 D laser radars for geoscience and industrial 
use. Example of systems developed for this purpose are ILR IS 3 D  (Optec Canada), R IEGL (Aus­
tria), Zoller and Frohlich (Germany) and Cyrax (US). In the civilian field, scanning 3 D laser radars 
are used engineering, construction, operations and maintenance activities in the manufacturing 
plant and civil/survey markets. They are also used for architectural, virtual reality, heritage 
preservation, forensic, and other applications. In the military field, they are used for signature and 3 
D data collection to build accurate 3 D models. At FOI we are using the R IEGL scanner 
(wavelength 0,91J.m) and also the ILRIS scanner at 1 .51J.m. These instruments have em resolution 
but suffers from relatively low scene update limited by the single detector and moderate prf ( 1 - 1 0 
kHz). If they could have a more rapid update they should be of interest for automation of the forest 
industry for example in unmanned ground vehicles for both cutting and remote classification of the 
trees. 

Figure 6. The above show 3 0 data from the ILRIS scanner taken from the roof top lab at FOI 
Linkoping. One scene has been scanned and two different projections are seen. The maximum 
range is about 3-800 meters depending on scene reflectivity. The resolution is in the em level in 
range. Below left shows a close up image of trees taken with the ILRIS and right a combined laser 
scan and color image of "Old Linkoping" obtained from the RIEGL scanner. 

At FOI we are using range gated viewing for long rage and difficult target imaging. By sliding with 
the range gate in steps as short as 1 ns, we can obtain 3 D imagery from a series of 2 D images. A 
potential application for forestry is illustrated in figure 7. Over a wide FOV images from several 
range gates are collected. Each range slice image corresponds to a certain height above ground. 
The drawback with this method is that high power pulsed lasers have to be used and that the time 
between pulses has to accommodate with the speed of the aircraft. Future 3 D  FPA will make this 
gating procedure unnecessary. Figure 8 shows example of range gated imagery obtained at FOI. 
Image intensifier tubes for eye safe lasers at 1 ,5 !J.m have been developed by the US company 
lntevac. 
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Figure 7. Principle of range gated imaging applied to forestry. 
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Figure 8. Above different 2 0 images at different start for the gate, using a pulsed laser and a time 
controlled image intensifier. Below generating 3 0 data for a tank from range gated images. Im­
ages FOI. 

NEW TECHNOLOGY 

This section will shortly describe recent progress in detector, laser and scanner technology of in­
terest for compact sensors for remote sensing of forests and for mapping in general. There are 
several concepts for scanner less 3 D laser radar systems for reconnaissance and other applica­
tions. These are: 

• F M/CW approach using a modulated laser and a "self mixing FPA"Range gating systems 
with short range gates 

o Modulated gain tube and modulated laser 

o Streak camera tube 

• Flash imaging FPA, with photodiodes (avalanche or unity gain diodes) or FPA with an in­
tensified tube for gain improvement 
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The technology which seems to draw the largest attention in 3 D imaging for military applications 
just now is 3 D sensing focal plane arrays (FPAs). Consequently, we will here restrict ourselves to 
what is believed to be the most interesting technology, the 3 D FPA. For an overview and a de­
scription of the other techniques we refer to a recent overview report (Steinvall et.al. 2003). 

3D FPA 

The basic principle of the 3 D FPA is illustrated in Figure 8. A laser flood illuminates a target area 
with a relatively short ( 1 -1 0 ns) pulse. The time of flight of the pulse is measured in a per pixel. 
fashion. The position of the detecting pixel yields the angular position of the target element, and 
the time of flight yields the range. With a single "laser shot", the complete 3 D image of a target is 
captured. An important feature to make this type of FPA a reality is to have a readout integrated 
circuit (ROIC) to capture information that determines the range of a return at each pixel field of 
view (FOV). In this fashion, though all the 3 D information is captured in an instant, it can be read 
serially at a rate compatible with passive sensor EO/ IR readout circuits. 

Figure 9. Principle for range gated imaging (left) and 3 0 FPA imaging. 

There are several reasons why 3 D FPA will revolutionize laser/EO system capabilities. The main 
reason concerns the sensor design, the improvements in support for automatic target recognition 
(ATR) and other application areas. The sensor design and use of the sensor will be improved due 
to the fact that each image is retrieved within nanoseconds. This means that there will be no blur­
ring of the image due to platform vibrations, a whole scene is captured in one exposure and scan­
ning is not necessary for small FOV imaging. There are moderate scanning demands for systems 
with large area coverage. The 3D FPA will enable integrated true active/passive imaging and mul­
tifunctional systems. 

Figure 10. Look behind the trees and bushes. 3 0 imaging gives stunning results. Images FOI. 
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Automatic target recognition (ATR) will be improved. As a rule of thumb, 200 pixels per target at 
1 5-20 em range resolution and 40 em cross range resolution is needed for robust 10 of military 
targets like vehicles (Zheng, 200 1 ). This will be possible to achieve with one exposure of the 
scene. Due to the fast retrieval of high resolution range images (<1 0-20 em), ATR will have new 
capabilities as: 

• Reduction of false target rate and missed objects, compared to current ATR technology 
FPA sensor data allows robust template matching and object recognition and fingerprinting, 
as dimensions are measured down to the em level. 

e Detection and recognition of "hard" targets is possible in bad visual conditions. 

• "See" through smoke, fires, camouflage or 80-90 % vegetation coverage. 

Applications the FPA technique wi!l improve the 

• facilitate UGV (UAV) navigation through terrain (or close to ground). 

• facilitate UGV (UA V) in route planning 

• increasing the capability for high resolution terrain mapping 

Several companies and research organizations in the US are developing 3 D FPA (Steinval!, 
2003). In Europe developments are taking place in U K, France and Germany. 

Lincoln Laboratory has an integrated program to develop technologies and address system issues 
relevant to 3-D laser radars. Technology development efforts include the development of silicon 
Geiger-mode AP D arrays with associated timing circuitry, the development of lnGaAs Geiger-mode 
AP D arrays to expand the sensitivity of these devices to the short-wave IR, micro Nd:YAG laser 
development, and ladar prototype systems development. Figure 1 1  illustrates the circuit and opera­
tion for Geiger mode AP D arrays. 

Figure 1 1. Illustration of the circuit and operation of a detector working in the Geiger mode. 
(Heinrichs , 2001 ) . 
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Figure 12: Image of a Chevrolet Astra obtained by the MIT 3 D laser radar. From left to right: Sin­
gle frame of target at 60 meter during a sunny day with only 3 microJ pulse energy, 3 frame aver­
age , next two rendered images from multiple frames. (Aibota, 2003). 

Raytheon, Advanced Scientific Concepts and others are developing 3 D FPA with full waveform 
capturing capability leading to both range and intensity and the time history of the return. The MIT 
approach leads to a very sensitive device (photon counting capability) but with range only readout 

Laser technology 

The demand on lasers for terrain mapping might be summarized as: 

., Have a short pulse or modulation giving a high range resolution and a high range accuracy 

• Having enough pulse energy enabling a flight altitude in the 3- 500 m range (at least). 

• Enabling a high area coverage rate 

• Eye safe emission for people on the ground looking into the beam. 
• Be compact, efficient and reliable. 

Several types of lasers come into consideration such as diode lasers, solid state diode pumped 
lasers especially J.L-chip lasers and fiber lasers. Recent development in fiber laser (lPG Photonics 
2 003) have realized lasers with short pulses and up to 100kHz in prf. The fiber delivery, excellent 
beam quality, rugged design and air cooling make them very attractive for airborne lidar. The emit­
ted power at the wavelength (1,0 6f..J.m) is available up to 2 0  W at 10% power efficiency. 

Microchip lasers are pulsed (typically at 10 kHz), may be considered quasi-cw (continuous wave) 
and, due to their small size, low cost, and superb beam quality, suitable for many of the existing 
pulsed laser classes traditionally filled by actively Q-switched YAG lasers. The 11chip laser can be 
pulsed with very short (sub ns pulse widths). 

Figure 13. Left a fiber laser from lPG Photonics and right microchip lasers developed by MIT Lin­
coln Laboratories. 
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Lasers can also be tuned to other wavelength regions by optical parametric conversion and other 
techniques. Of special interest might be multi-wavelength lidars emitting RGB or emitting 0.26, 
0 ,53 ,  1 , 06 and 1 ,55 1-1m simultaneously. The last option can be made with 3 crystals pumped by a 
single Nd:Y AG laser source. 

Scanning and beam forming technology 

3 D FPA will in a longer perspective eliminate the need of scanner as one may see push-broom 
linear arrays similar to those made for passive EO sensors. However until very large arrays are 
developed some type of scanning will be needed. Today scanning is often done with large mirrors 
(5-20 em) in front of the T/R-module. Programmable scanners (Axelsson, 1 990) let the scan mode 
adaptively be adjusted to the proper task, e.g. to generate an optimal semicircular scan patterns 
for a search mode and increase ground resolution when hovering from a helicopter for example 
There is a practical limit for post-telescope scanners depending on size. For a 20 em aperture the 
scan frequency may 20-30 Hz at the most scanning± 20". 

Fibers can not only be used for distributing laser and received optical power but may also be used 
to transform beams to different shapes and to scan from simple circular scans shapes to rectangu­
lar raster scans. Scanning can also be done using optical lenslet arrays, which are moved relative 
to each other, deflecting a passing beam. According to Ricks (Ricks and Willhite, 1 997), the mi­
crolens array scanner can be 3 times faster than a galvanometer for the same field of regard and 
using 2.5 % of the drive power in addition to being much smaller and lighter. Such scanners are 
also considered for use on cars and for handheld laser radars. 

New interesting non-mechanical concepts of scanning/pointing are under development, for exam­
ple using the liquid crystal (LC) spatial light modulator (SLM) device and micro-mirrors. Electronic 
focusing and beam shaping as well as multi-beam capability are very attractive features for these 
devices (Hard, 1999). 

Figure 14. Non mechanical beam steering and beam shaping using a liquid crystal spatia/light 
modulator (SLM) . Images FOI. 

FUTURE SYSTEMS CONCEPTS 

There should be no doubt that high resolution laser radars will play a very important role for remote 
sensing of forests in the future. In this section some concept ideas will be discussed. 

As the goal for most data collecting sensor is to move quickly and accurately from measured data 
to information the fusion between passive EO cameras more in agreement with the human visual 
system and laser radar data seems natural. 
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Figure 15. Left photograph, middle color coded height and right classified scene (ground, trees, 
and building). Future sensor may do this automatically and also sens different species and their 
stress stage. Images FOI. 

Lasers will give high resolution 3 D images in different wavelength bands to detect, classify and 
measure individual trees and sense the vegetation status by measuring fluorescence to reveal 

condition. Individual trees can be detected high density airborne !aser scanner data. 
Also, variables characterizing the detected trees such as tree height, crown area, and crown base 
height can be measured (Persson et.al. 2002, Holmgren et.al. 2003, Hyyppa et.ai. 200 1 ). The 
shape of the time resolved return is a strong indicator for object shape (Steinvall, 2000) of interest 
for high altitude sensing. 

Adding a passive multi/hyper spectral EO cameras and/or a multi wavelength laser will improve 
classification for trees but also for other type of vegetation and man made objects. There seem to 
rather limited work in this area so far. Fluorescence can be used to monitor vegetation stress 
(Weibring et.el. 2003). For this application spectral and time resolved response is of importance. A 
multi-slit streak tube imaging lidar (MS-STIL) concept has been demonstrated to provide a number 
of different fluorescent, multi spectral, and hyper spectral imaging modalities. In the lidar configura­
tion, the time-resolved aspect of the sensor allows 30 imagery to be collected simultaneously with 
the spectral data. The ability to measure the fluorescence with high spectral resolution, measure 
the lifetime of the fluorescent response, and measure the fluorescent response to multiple excita­
tion wavelengths provides a significant number of discriminators for remote species identification 
and status monitoring (Gleckler et.al. 200 1 ). 

Multiwavelength laser 

Passive 
Multi/hyper 
spectral EO 

array 

Figure 16. Concept for a future 3 D  FPA and passive FPA mutifunction system for remote sensing. 
The use of an UA V might be an economic way of covering both large and smaller areas. The 3 D 
FPA provides multiple wavelength 3 D  data and the passive camera the visual and IR imagery. If 
the lens module M is replaced by a streak camera, time resolved fluorescence might be added for 
vegetation stress monitoring. 
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Figure 1 6  shows the concept for a airborne future active/passive remote sensing system. The 3 D 
FPA might be used for collecting both spatial and spectral information and if M is replaced by a 
multiple slit streak tube the time resolved fluorescence from the vegetation can be measured. 

In the future remote sensing tasks of forests may be performed from unmanned aerial vehicles 
(UAV:s). This might be economical and also fulfill the UAV-motivating "d:s"- working in a dirty, dull 
and dangerous mission. Present military laser radar developments for reconnaissance, target ID 
and weapon guidance are very compact and rely on linear array detectors and high average power 
and short pulse lasers enabling high coverage rates ( 1  00' s of km2/h) and high resolution ( 1  0 em or 
better). Figure 1 7  give some examples of present and future platforms for laser radars. Although 
civilian remote sensing is a bit different from military applications there should be no fundamental 
obstacle to make future active/passive remote sensors small and fitting on UAV:s. 

CONCLUSIONS 

Technology developments in 3 D FPA, streak tubes, new compact multi-wavelength lasers and 
new scanner/beam forming devices point towards compact versatile !aser radars for environmental 
monitoring. Combining these laser radars with a passive multi or hyper spectral sensor in the same 
physical package will result in capable and compact systems for both underwater and terrain 
/vegetation mapping. 

Developments for military mapping and surveillance stresses real time processing needs. Many of 
the methods developed for these systems should be of use in civilian remote sensing and lower 
the burden in post processing. Military applications also moves towards increased use of un­
manned aerial vehicles. If one can solve the problems with flight safety in civilian airspace these 
UAV systems will also find a place for civilian environmental monitoring. 

Figure 17. Above today's platforms for airborne scanning lidars: (Twin Otter for Shoals, AL TM) , 
helicopter (for Top Eye) and Norlhrop Grumman's unmanned helicopter aimed for carrying US 
Navy's coastal zone scanning lidar. Below the LOCAAS-a weapon demonstrator program using a 
scanning laser radar. LOCAAS (Low Cost Autonomous Attack System) is envisioned as a minia­
ture, autonomous powered munition capable of broad area search, identification, and destruction 
of a range of mobile ground targets (LOCAAS, 2003). 
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ABSTRACT 

The large territorial areas of Canada and Austra l ia  and the enormous associated i nformation re­
q u i rements have faci l itated the exploration of remote sensing techno log ies for the characterizat ion 
of reg iona l  and nationa l  forest resources. In the spri ng  of 2002 i nternationa l  workshops on  l i ght 
d etect ion and rang ing ( i idar} remote sensing of forests were held i n  Victoria ,  Canada,  and near 
Brisbane, A ustra l ia .  These workshops were designed capture and comm u nicate the present status 
of l aser scann ing  forests. Botr1 workshops , whl ie focused on science and operat ional  app l ica­
t ions ,  had many commercial  operators in attendance. The interest and activit ies of the com mercial 
operators is  a testament to the operationa l  uti l ity of laser scann ing of forests. 

Laser scanning in Austra l ia  is considered an operat iona l  techn ique capab le of fulfi l l i ng specific i n­
formation requ i rements . Examples are the use of laser scann i ng to meet nationa l  reporting needs ,  
mapp ing reg iona l  watersheds ,  est imating carbon , and for forest inventory mapping . The i ntegrat ion 
of l aser data with other complementary remotely sensed data sources has also been i nvest igated . 

The collection of laser data for the characterization of forests has a long h istory i n  Canada .  Early 
technological l im itations have since been overcome and Canada now has strong research and 
development commun ities focussed on l idar i nstruments and related technologies. I n  Canada 
there are many companies offering l idar data products (such as canopy height models and d ig ital 
elevation models) as well as researchers engaged in the development and improvement of forest 
characterization methods. A key trend emerg ing from Australia and Canada ,  where characteriza­
t ion of large areas is common ,  is the use of l idar as a sampl ing tool. 

i n  th is communication ,  a summary of the current state of laser scann ing of forests in Canada and 
Australia is presented. 

INTRODUCTION 

Laser altimetry or l ight detection and rang ing (lidar) is an active remote sens ing technology that 
measures d ifferences in time from the emission of a laser pulse from a sensor to the i nterception of 
the laser pulse by target objects in the path of the laser. Using the speed of light, these time meas­
u rements can be converted i nto d istance or range (see Lim et al. 2003a for overview) . Applicat ions 
of scann ing l idar systems have developed recently through parallel advances in g lobal position ing 
systems and i nertial navigation systems. The result be ing an opportun ity to use l idar systems to 
characterize forest structure and underlying terra in .  Canopy height models are now routinely gen­
erated , provid ing valuable i nformation on a range of vertical forest attributes (St-Onge et al. 2003) . 
The generation of quality terra in  models is requ i red to ensure accurate vegetation height estima­
t ion . Realistic terra in  models are also sought as an aid to forest engineering activities as well as 
management p lann ing (such as exclusion of riparian  areas) . Lidar remote sensing of forests and 
terrai n  are applications areas that are benefit ing from rapid advances i n  computing hardware and 
software ,  i nstrumentation ,  and the post-processing of l idar point data i nto useful i nformation .  L idar 
data provides for rapid and accurate characterization of a range of forest characteristics . 

The abil ity to use l idar data to accurately characterize both terra in  and forest structure has led to a 
h igh  commercial i nterest in  the technology. Opportun ities to augment or supplant existing  ap­
proaches for generating s imilar i nformation with l idar may be possible, resulting i n  an i nterest i n  
l idar technology and  applications from a wide range of groups. Technology developers have an  
i nterest in  ensuring that applications exist to  utilize their products . Value added geomatics compa­
n ies have an i nterest i n  ensuring  that applications and methods generate i nformation i n  an  accu­
rate manner. The research commun ity plays a key role in the development of robust applications .  
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Workshops are an ideal med ium to faci l itate commun ication amongst these groups.  S ince many of 
the a lgorithms for producing i nformation on forest canopies are pred icated on an accurate rend it ion 
of the underly ing terrai n  surface. Therefore , the i nc lus ion of terra in  i n  workshops ostens ib ly de­
signed for forest mon itoring aud iences is usefu l .  G iven that the majority of forest management 
agencies are mandated with both engineering a nd i nventory responsib i l it ies , the s imu ltaneous ex­
traction i nformation on terra in  and canopies, enables i nter- agency economies to be ga ined .  

Austra l ia  a n d  Canada share many characterist ics that have resulted i n  a s im i lar  evo lut ion i n  the 
use of laser data for the characterization of forests. Both a re large nations with correspond ingly 
large reserves of natura l  resources . In the case of Canada ,  nearly half of the country is  forested . I n  
Austra l ia ,  forests a re less u biquitous ;  nonethe less they are a coveted ecosystem .  Austra l ian  for­
ests harbour  a wide and un ique range of flora and fauna and the cl imate enables h igh ly productive 
p lantat ion forestry . The responsib i l ity for stewardsh ip of natural resources is mandated at the pro­
vincia l  or state level i n  both countries. 

The development of ! idar instruments and the appl ications of lidar data in Canada and Austra l ia 
are d ifficult to encapsu late i n  a br ief summary .  The laser a lt imetry fie ld is  g rowing qu ickly, i nc lud ing 
an ever i ncreasing number of researchers and practitioners .  As a result ,  the goai  of th is r'ni'ln•vH 
cat ion is  to attem pt to summarize some of the emerg i ng trends of l idar  remote sensing  i n  Canada 
and Austra l ia .  The materia l  captured i n  th is paper is based u pon the resu lts of an i nternationa l  col­
laboration  between Austra l ian and Canadian researchers and near concurrent workshops.  Due to 
space l im itations ,  not a l l  presentations wi l l  be specifical ly mentioned ; the commun ications items 
mentioned below provide access to source i nformation from the workshops. 

The i nternationa l  nature of the workshops, and of l idar research in genera l ,  has resulted in the i n­
c lusion of some activities occurring outside Canada and Austra l ia i n  th is overview. S pecific topics 
addressed are: advances in l idar i nstrumentation ;  the com mercia l ization  of l idar  technology and 
information; advances i n  terra in  and forest appl ications; and the utility of l idar for both industrial 
forest management and as a samp l ing tool for regiona l  characterization .  I n  addit ion, i nd ications of 
future d i rections resulting from the identified trends and workshop recommendations will also be 
d iscussed . 

WORKSHOPS 

Canada 

The "Workshop on Three-Dimensional Analysis of Forest Structure and Terra in  Using L iDAR 
Technology,"  was held on March 1 4th and 1 5th i n  Victoria ,  British Columbia ,  Canada. The g oal of 
the workshop was to have experts in l idar remote sensing of forests share their knowledge and 
experiences with each other and with the user commun ity . Participants included over 80 represen­
tatives from government research organizations ,  universities , and the forest industry. Also in atten­
dance were developers of l idar sensors. Canada is at the global forefront in l idar system develop­
ment (e.g .  Optech) and associated hardware (e . g .  Applanix) . The workshop was chaired by Drs 
Benoit St-Onge, Paul Treitz , and M ike Wulder. 

Australia 

The "Australian Workshop on  Airborne Laser Altimetry for Forest and Woodland I nventory and 
Mon itoring ," was held April 1 8th and 1 9th , 2002, in  Brisbane, Queensland ,  Austral ia .  The two day 
workshop was generously supported by the Bureau of Resource Sciences, Queensland Depart­
ment of N atural Resources, and Queensland E nvironmental Protection Agency .  Attended by over 
50 scientists , managers ,  and policy makers, it provided an excellent opportunity for i ntegration be­
tween l idar technolog ists, applications developers, and end users. The workshop was chaired by 
Phi l  Norman and Christian Witte. 
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Communications 

Each workshop selected d iffering i nformation sharing mechan isms. The Canadian Workshop has a 
website where relevant materia ls ,  such as ta lk  abstracts and l i nks a re col lected3. The Austra l ian 
Workshop p roduced a com pact d isk  i nclud ing presentat ion materia ls and synthesis documents. To 
com bine the outcomes of both workshops,  a specia l  I ssue of the Canadian Journa l  of  Remote 
Sens ing , was produced . With l idar remote sensing being a relatively nascent fie ld ,  the subjection  of 
l idar  research to peer review is an important stage in the evol ut ion of the field . The goal  of the jou r­
na l  specia l  i ssue is to capture the latest developments uti l iz ing l idar  remote sensing for the charac­
terizat ion of forests and terra in .  An on- l i ne edit ion of the specia l  issue4 wi l l  be avai lab le in late 
September,  2003; with the regu lar  issue being  avai lab le i n  m id-October, 2003 . This i nternationa l ly 
g athered special issue captures the flavour  of the Austra l ian and Canad ian workshops. i n  order to 
attract state-of-the-art submissions,  contributions were not l i mited to research presented at either 
workshop.  The 1 2  papers selected for inc lus ion in  the specia l  issue rep resent a broad spectrum of 
the cha l lenges faced when us ing l idar  data to characterize forests and terra in. 

iNSTRUMENTATION 

Airborne 

The p lans for improving a i rborne l idar  i nstruments include development of enhanced hardware that 
is smal ler in size and cons umes less power. The development of i ntegrated fl i ght management 
systems that i nclude components such as rea l-time swath p lotting a re key to i ncreasing the func­
t iona l ity of l i dar. I ncreas ing potentia l  fly ing a lt itudes is also a goal  of hardware developers ,  as h igh  
f lying  a ltitudes enable wider swaths; however, problems emerge as more power is  requ i red and 
eye-safety i ssues may resu lt. Having image swaths correspond to  camera fie lds-of-view may en­
able a single overpass resu lt ing in mu lt ip le data products that are then su itable for i ntegration .  The 
latest instrument ava i lab le from Optech5, the g lobal leader i n  laser instrument development, is the 
AL TM 30/70 .  It is capable of 70,000 (Hz) postings per second (at elevation up to 1200 m). The 
l aser repetition rate can be adjusted to d ifferent rates (33, 50,  and 70 kHz) . I t  can a lso operate at 
a ltitudes of up to 3000 m, which enables a 2800m swath width , at a laser repetition rate of 33 kHz. 
The AL TM 30/70 can a lso operate in a waveform mode, and can come with an  i ntegrated 4000 x 
4000 p ixel metric frame d ig ital camera for gee-referenced (X,Y,Z) colour or colour- IR  images with 
sub-pixel accuracy. Horizontal accuracy is reported as better than 1 /2000 of fly ing altitude, vertical 
accuracy is reported as 1 5  em at 1 200 m and 35 em at 3000 m .  

Several areas under development b y  sensor manufacturers i nclude increases i n  repetition rates,  
and sensor i ntegration with co-reg istered imagery (such as the new Optech instrument) . As wave­
form capture is now ava i lable; related analysis techniques should be g iven h igher research priority 
if this new i nformation is to be capita l ized upon.  I mproved methods for determi ning g round surface 
height beneath dense canopies are also requ i red . I ntensity i nformation is currently not wel l  under­
stood and is subsequently underuti l ized in  the analysis of l idar data.  Sensors with an option for 
user specification of beam d ivergence (e .g . ,  wide or narrow) depending on appl ication wi l l  also be 
usefu l .  I ncreases in  swath width have been made, a l lowing for improved matching with a co­
reg istered i mager. Regard ing processing of l idar data, improvements to block adjustment, classifi­
cation algorithms, and object identification ,  are a l l  desired by the user community and requ i re addi­
t ional development. 

Lidar instrument developers a lso foresee software development needs .  Efficiency is  a goa l ,  with 
the avai lab i l ity of x, y, z data with in  hours of landing bei ng desired . Opportun ities for software I 
hardware i ntegration for specific appl ications are a lso being explored . To encourage software and 

algorithm development i ntegration of data with 3rd party software ,  uti l iz ing an open data format, is  
a lso sought after. There is a lso a trend emerg ing that has l idar data providers custom manufactur-

3 Canadian Lidar workshop: http://larsees.geog.gueensu.ca/lidar/LiDAR Workshop/lidar workshop.html 

4 CJRS Special issue: http://pubs.nrc-cnrc.gc.ca/cjrs/cjrs.html 

5 Optech: http://www.optech.on.ca/ 
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ing instruments from component parts , for i nstance the ALM IS-350 of Mosaic M app ing , Ottawa , 
Ontario .  

Ground Based 

Besides the Rieg l 30 scanning instruments, developed in Austria ,  Optech has developed the I LR IS  
system ,  and  CSIRO has  develop the ECH I DNA. Ground based laser instruments have shown 
promise in appl ications such as the measurement of tree height, DBH, and fo l iage amount .  The 
ab i l ity to l i nk  the g round based measurements to a i rborne col lected l idar  data presents a range of 
poss ib i l it ies , inc lud ing  cal ibrat ion and val idat ion of a i rborne l i dar derived attributes. In add it ion to 
the col lection of forest mensurationa l  data , ground based laser instruments may be usefu l for pro­
vid ing simu lation and model i nputs . 

Satellite 

Large footprint a irborne l idar instruments , such as SL ICER and LVIS ,  have operated as a test-bed 
for future satel l ite based l i dar. The Vegetation Canopy Lidar (VCL) was in itia l ly s lated for launch i n  
2000 (Dubayah et ai. 1 The was i ntended to be a space-based large-footprint system .  
The launch of the sensor has exper ienced delays , with the reschedu led 2004 launch q uest ionable .  
There is currently suffic ient fund ing  to get the lasers to work, with no  add itiona l  fund ing currently 
identified by NASA. 

With the l ow probab i l ity of a VCL launch ,  the now orbiting  Geoscience Laser Altimeter System 
(GLAS) , aboard I ce ,  C loud and land E levat ion Sate l l ite ( ICESat) , provides some potent ia l  for struc­
tural characterization of Austra l ia and Canada .  Whi le the instrument was designed to measure ice­
sheet topography and associated temporal changes, operation  of GLAS over land and water wi l l  
provide a long-track topography. GLAS i s  nad i r  viewing ,  and uses Nd:YAG laser with 1 064 and 532 
nm output, with 40 pulses per second . The centres of the 70 m footpri nts are separated in the 
along track d i rection by 1 70 m from a 600 km altitude orbit. The cross track resolution is  deter­
m ined by the 1 83 day g round track repeat cycle which resu lts i n  1 5  km track spacing at the equa­
tor and 2 . 5  km at 80 degrees latitude.  G LAS data may be used i n  conjunction with optical ly derived 
land cover or structural attr ibutes such as LAI .  Potential attributes are maximum height, height, 
depth , and relative plant area by three strata (under- ,  mid-, and over-storey) . Vegetation appl i ca­
t ions are currently under i nvest igation .  For add itiona l  deta i ls  on the mission ,  see Zwai ly et a l . 
(2002) . 

COMMERCIAL SECTOR 

Global ly ,  there has been s ignificant i ncrease in  l idar related activity s ince 1 995.  Currently, there 
are more than 75 companies and over 60 sensors. The market is dominated by smal l  footprint, 
time-of-fl i ght sensors .  Add itional ly ,  it is estimated that 60% of commercia l  activity is OEM genera­
tion .  I n  genera l ,  the commercia l l idar market in Canada and Austra l ia  may be considered as imma­
ture ,  with g reat growth potentia l .  Even though the markets are nascent and emerg ing ,  there are 
mu lt iple vendors with a range of systems ava i lable. The appl ications are also evolving .  The lack of 
standards associated with l idar has been identified as an imped iment to the widespread use of the 
technology. For example, purchasers are i nterested in buying products , i .e .  a canopy height model , 
or OEM , without having to know the inner workings of i idar col lection and processing .  As a resu lt, 
there is a need for industry to transfer its focus away from creating data and towards the creat ion 
of products . To faci l itate the reduction of costs associated with l idar data and the creation of stan­
dard ized p roducts, several research priorities have been identified for the commercia l  sector: Effi­
ciency bottlenecks; Automated sensor cal ibration; Efficient automated feature extraction; Devel­
opment and integration of new techniques i n  sensor design; Avai lab i l ity of software tools; and 
Tra in ing . 

With costs often described as a factor l im iting use of l idar data , efficiencies and improvements that 
result in improved products at a lower cost are h igh ly desirable. 
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Data Costs 

Lidar data costs are based upon a combination of characteristics, includ ing  sensor ava i lab i l i ty ,  
fixed costs for the data provider, cost control by the cl ient, product defi n ition, and subsequent pr ice 
mode l .  These characteristics are summarized below: 

1 . Sensor availability costs related to: 
a. Geographic location. 
b. Time of year. 
c. Scheduling (length of advance notice to data provider). 

1 .  Scheduling flexibility may allow for negotiation of a !ower price. 
d. Survey size (length of time senor required). 

2 .  Fixed costs for data provider: 
a. Capital equipment (depreciation). 
b. Survey costs (""1 0 to 20% of costs). 
c. Aircraft. 
d. Ferry time to acquisition area included. 
e. Fuel. 
f. Field crew. 
g. Overhead (i.e. insurance, warranty on sensor, profit). 

3. Cost control for client: 
a. Optimize use of capital asset (partners, purchase in volume). 
b. Match data requirements to data specifications (do not purchase unnecessarily high postings). 
c. Provide own ground support. 
d. Do data processing in-house. 
e. Product definition. 
f. What is required, posting, survey area, data characteristics, ancillary data (intensity, GPS ob­

servable). 
g .  Price models are often based u pon a fixed base price, ferry time to site, acquisition time, and 

variable costs based upon requested survey parameters (Table 1 ). The resultant costs are 
closely tied to the nature of the data requested.  

Table 1. Expected costs for lidar data for a range of postings from 30 to 150 centimetres. The post­
ing is the interval of the spacing of lidar hits that is expected for a particular configuration of aircraft 
location and sensor specification. For larger postings or larger projects, pricing will decrease, for 
instance, with a large project and large postings, industry pricing may be as low as $115/sq. km. 

Posting (em) Price I Ha (CON$) Price I sq. km (CON$) 

1 50 5 .9  600 

90 9 .8 1 000 

30 1 9 .3  1 900 

Lidar Survey 

A successful col laboration with a commercial data provider is dependent upon attention to deta i l  i n  
p roject p lann ing . I nc luded i n  project p lann ing  is  the management of  scope and sched u le.  Scope is  
related to ensuring that there is a clear l ink between i nformation needs and data col lected . Cost 
control is l i nked to scope management and flexib i l ity i n  acquis ition .  Add itionally, partnering oppor­
tun ities can result i n  cost sharing . Many d ifferent g roups have needs for elevation data . These 
needs can be used to form a consortium .  
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Consortia 

A means for reducing l idar costs, is to develop partnersh ips for data and cost sharing .  There are 
examp les i n  the US Pacific North West, with the Puget Sound L idar Consortiu m6, and in  Austra l ia  
with the Southern Murray-Darl i ng  Basin UDAR Project. The latter project is  understood to be the 
largest l i dar  project in the southern hemisphere, at a total area of 1 . 8 mi l l ion ha .  The range of 
agencies that can be i ncluded are i nterested in ,  for instance, natural resource management, haz­
ard m anagement, and uti l it ies. I n  general, it is the shared i nterest i n  h igh ly detai led elevat ion data 
that enables development of a data acqu isit ion and processing partnership .  

CHARACTERIZING TERRAIN 

I n  the forest monitoring  community, terrain  is an  attr ibute frequently requ i red to meet a range of 
i nformation needs .  With road bu i l d ing being one of the h ighest cost activities in forest m anage­
ment, terrai n  d ata is a val uable i nformation source. Often, eng ineering needs wi l l  enable a l i dar 
survey that can i n  turn be uti l ized for vegetat ion purposes . 

Example terrain needs !n forestry conteA1 

.. Estimating area e l ig ib le for harvest (e . g .  mask 
out inel ig ib le areas, such as steep s lopes); 

.. Erosion mon itor ing; 
• Contractor payouts; 
.. Environmental audit compl iance; 
• Net harvested area audit; 
.. Road layout (harvest p lann ing);  
" I dentification of rock outcrops, cl iffs; 
., Road I stream update; 
• Field navigation; 
.. Canopy attribute estimation; 
• Error in  bare earth surface model leads to errors in  canopy; 
.. I mage rectification; and 
.. Ortho-photos, sate l l ite images. 

To improve processing speed and consistency ,  surface generation techniques should be as auto­
mated as possible.  There are a range of approaches that are generally applied in surface genera­
tion: block min imum algorithms, m in imum-roughness algorithms,  and no-mult iple return algorithms. 
Block m in imum algorithms are fast, but can be b iased on low slopes. M in imum-roughness algo­
rithms requ i re no horizontal surface assumption , but do need user defin ition of a spike to lerance. 
To improve OEM generat ion , the time stamp on the returns can be uti l ized , double coverage can 
be flown (or a g reater pulse density) . In instances where the terrai n  is primary attribute sought, the 
area can be flown in  leaf-off cond ition .  Much of the time in  generating elevation data is sti l l  spent 
undertaking manual vetting and correction .  As a resu lt ,  fu l ly automated classification is desirable to 
avoid unspecified b iases and to also control  costs . The use of spatia l  i nformation is recommended 
to improve terrain elevation models (Haugerud and Hard i ng 200 1 ) .  Leaf area index can be used as 
an ind icator of when a reduction in  ground strikes may occur. 

Terrestria l  ecosystem maps are another product of i nterest developed from terrai n  data. Currently, 
in  Canada, terrestrial ecosystem maps are required to represent la rge areas .  As a resu lt, the use 
of l i dar  data has been l imited due to the associated large vol umes of l idar  data and inherent h igh  
cost (in generating data with superfluous detai l  for th is particular appl ication) .  With terrestria l  eco­
system mapping focussed on large areas , the deta i l  inherent to l idar data is superfluous noise that 
may occlude the extraction of landscape level processes. Hierarch ical mapping and analysis ap­
proaches may be requ i red to m it igate these issues. 

6 
Puget Sound Lidar Consortium: http://duff.geology.washington.edu/data/raster/lidar/ 
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Riparian mapping is a lso an  i mportant app l ication enabled through the development of  l i dar terrain  
models. Riparian mapp ing is  used to  identify harvest exclusion zones and  I or  i nventory of  the  spe­
cies found i n  the riparian areas . The i nteg rat ion of l idar  and m ult ispectra l video data can a l low for 
vegetat ion of u niform heights but d ifferent species compos ition to be g ro uped appropriately (visu­
ally, using the video). Prob lems faced when ass ign ing floristics to r iparian species may be related 
to with i n  tree variat ions resu lt ing in mapping of separate c lasses . Aga in ,  areas with dense cano­
pies may not have sufficient g round returns to fac i l itate identification . 

Terra in  models developed from l idar  are genera l ly more accurate than those from a i r  photo i nter­
pretation . Terrai n  is also somewhat i nvariant over t ime. The i ntegration  of photogrammetric and 
l idar data and techn iques has been explored to investigate means for cap ita l iz ing upon the benefits 
of both softcopy photogrammetry and l i dar data. A comparison of softcopy photogrammetry and 
l idar can be fou nd i n  Baltsavias ( 1 999) . The synthesis of softcopy photogrammetry and l i dar a l l ows 
for numerous uses of terra i n  i nformation  with h istoric and future aeria l  stereo photos .  For instance, 
canopy surface e levat ion can be reconstructed from stereo aeri a l  photos using softcopy photo­
grammetry, the l i dar bare earth e levation can then be subtracted , and the resu lt is the canopy sur­
face height for any set of aer ia l  p hotos (St-Onge and Achaich ia 2001 }, Histor ic photo pairs may be 
processed to benchmark forest stand conditions. Bench mark survey conditions may be compared 
to current condit ions to assess g rowth and yiel d ,  impacts of d isturbances, and forest produ ctivity . 

MEASURING FOREST ATTRIBUTES 

Forest i nventory i n  both Canada and Austra l ia  are under the stewardsh ip  of n on-federal jurisd i c­
t ions. Canadian provinces and Austra l ian states have the respons ib i l ity for forest management. 
Special programs may exist for comprehensive national monitoring programs, but the management 
of forest resources remains a provincial/ state responsib i l ity . 

I n  genera l ,  consistently good resu lts in  estimating forest structura l  attributes (at stand level) us ing 
both large- and smal l-footprint systems, have been found .  The fol lowing are example i nventory 
attributes where l idar measurement success has been found: 

Inventory 

.. Height and various height  derivatives; 
" Canopy cover; 
" Above-ground biomass; 
• Volu me; and 
., Stocking. 

The accurate estimation of terrai n  and canopy characteristics has led to operational  agencies at­
tempting to develop comprehensive monitori ng systems· based u pon l idar data . For i nstance ,  a 
forest inventory system has been developed by the Alberta Research Counci l  (ARC). The goal of 
the forest management system is to undertake image and l idar pre-processing ,  object segmenta­
tion ,  and attribute assignment to the objects generated . High qua l ity DEM are envisioned to pro­
vide for landform/soi l  mapping ,  landsl ide hazard assessment, stream/riparian area identification ,  
forest engineering appl ications ,  and terrain  visual ization .  The forest management system is being 
developed to deal  with issues such as an extensive land base, natura l  stand variab i l ity ,  variab i l ity 
in managed stand density ,  and variab i l ity in forest productivity .  I n  order to address these issues, a 
number of chal lenges are faced , from instrumentation through to processing . These issues i nclude 
sensor a l ignment, accuracy of sensors and cal ibration ,  m in im iz ing g round control (d i rect georefer­
encing) ,  and fu l ly automated processing . The end resu lt is a synergy of l idar and image data for 
developing automated forest i nventory.  The ARC system parameters of interest include tree type, 
tree height, crown d iameter, wood volume, and tree age class. 

Forest structural characteristics with smal l-footprint l idar may be measured at the stand and p lot 
level . Efforts are on-going to develop the capabi l ity using l idar data to estimate p lot features, such 
as: height, canopy cover, basal area, cubic vol ume and tree b iomass (Means et a l .  2000) . 

Using a regression based approach , addit ional models were developed for stocking density and a 
stand density index. This estimation approach requ i res tra in ing us ing g round truth data and may 
not be transportable (empi rica l ) .  I n  add ition , there is a risk of model over-fitting .  
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Data Integration 

I nd ivid ua l  tree iso lat ion techn iques are weU estab l ished i n  Canada (Gougeon 1 995; H i l l  and Leckie 
1 999) and Austra l ia  (Culvenor 2002) . The i ntegrat ion of l idar with mu lt ispectral d ata is a log ica l  
next step i n  the evol ution of us ing ind ividua l  tree iso lat ion to characterize forests (Leckie 1 990) . 
The characterization  of vert ical structure us ing l idar is  un ique i nformation that i s  not wel l  captured 
by m u ltispectra l d ata . When combin ing ind iv idual  tree iso lat ion with l idar data , either data sou rce 
may be considered as the pri mary input. For instance, l idar attributes can be assigned to objects 
developed from the m ultispectra l data, m u lt ispectra l attributes may be assigned to the objects 
generated from the l idar ,  or the data analys is can comb ine the two ,  such as us ing the height i nfor­
mation to g u ide the mu lt ispectral ana lysis (by creat ing a m in imum elevation mask (Gougeon et a l .  
200 1 )) .  

Var ious stud ies i nvestigating the i ntegration o f  lidar a n d  mu lt ispectral data have been undertaken . 
These stud ies general ly i l l ustrate that d ata acquis ition  parameters for both the imagery and laser 
data need to be custom ized for the purpose of i ntegration. In addit ion, pre-processing to e l im inate 

in the without a lter ing the ground hits at the edge of trees needs additional d evelop-
ment .  Furthermore , standard OEM generat ion techn iques need i mprovement for th is app l ication 
and perhaps specia l ized methods develo ped that take i nto accou nt the 30 shapes expected i n  a 
forest canopy. For instance, Leckie et a l .  (2003) , have shown that with exist ing sensor and proc­
essing systems, a h igh  density combined multispectral and l idar data set suitable for i nd iv idua l  tree 
crown iso lat ion and tree height measurement can be created.  I n  th is study, iso lat ions were done 
us ing the orthorectified ind iv idual  d ig ital camera image frame resamp led to 50 em reso l ut ion ,  and 
the 25 em Canopy Height Model was resampled to 50 em and a 3x3 average fi ltering app l ied () . 
Data i ntegration  may also confer un ique attr ibutes. L idar or mu ltispectral data may be used to iso­
late i ndividual trees. Each of these isolated tree objects may have a range of vert ical or spectral 
attr ibutes assigned. For instance, the mean spectral characteristics at differing vertical l ocations i n  
a stand may be  identified () . Refined mapping of species,  including by strata , may be aided by 
such analyses (Coops et a l .  in review) . When integrating l idar and mu ltispectral data, the nature of 
the data types m ust be considered. Lidar, as an active senor, wi l l  consistently characterize an 
area, i rregardless of i l l um ination conditions (that can impact passive optical data) .  

Figure 1 A.  Ground referenced delineations in plot 18 over canopy height model (CHM) image re­
sampled to 50 em/pixel; B. Individual Tree Crowns or in bitmap format added to Figure 5A; C. Re­
sulting automatically delineated individual tree objects (polygons) after the application of height 
and size filters (From Leckie et at. 2003). 

An addit ional area of research i n  Canada pertains to the characterization  of deciduous stands. 
While the majority of Canada's forests are conifer, some areas are dominated by deciduous and 
mixed conifer I deciduous stands. Lim et al . (2003b) have been exploring the use of l idar to charac­
terize deciduous forests . The large overlapping crowns of deciduous stands have sim i larities to the 
broad leaf evergreen trees that are prevalent in Austral ia .  
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Figure 2. Mean near infrared digital number height classification based upon L!DAR height esti­
mates (From Coops eta!. 2003). 

Biophysical 

The use of iidar to characterize b iophysical attributes is common with waveform record ing l idar  
(Lefsky et  a l .  1 999); the use of d iscrete return t ime of fl ight l idar to characterize forest structure is  
nascent i n  comparison .  The use of  smal l  footprint l idar to  characterize b iomass is often based 
upon relationsh ips between height and vol ume (then to b iomass) . With waveform-record ing l idar 
forest canopy and stand structure is wel l  documented (Lefsky et a l .  2002) . B iomass has been 
found to be non-asymptotic to 1 200 mg/ha .  I nterest has been d i rected towards determi nation of 
h ow genera l izable above g round biomass estimates are .  Lefsky et aL (200 1 ) ,  compared above 
g round b iomass i n  three biomes. The resu lt of th is research was a s ing le robust b iomass equat ion .  
The conclusion derived from this research is  that ind ices of  forest structure can be pred icted from 
l idar generated canopy ind ices. Add itional attributes that are estimated with l idar are LAI and gap 
fraction .  

Gap fraction  may be  estimated a t  the stand or reg ional level .  Reg ional level gap  fraction estimates 
using large footprint waveform l idar may be used to cal ibrate models of LAI .  Comparisons of fine 
(2m) and coarse (30m to 500m) spatia l  resolut ion estimates of leaf area index over BOREAS tower 
flux sites suggests that coarse resolution estimates typica l ly overestimate LAI in stands with sub­
stant ia l  clumping at crown and stand scales. A theoretical formulat ion for crown and stand scale 
c lumping is  developed based on existing approaches to est imating with in  stand clumping using in­
s itu gap fraction instruments . A stand scale-clumping i ndex is estimated using SL ICER d ata over 
BOREAS tower flux ·sites and appl ied to correct scal ing errors coarse resolut ion LAI est imates 
(Fernandes et a l .  presentation) . 

Gap-fraction is usual ly determined by rad iation instrumentation (e. g . ,  hemispherical photographs, 
l i ght-sensors) e ither at particular locations or along transects . Whi le b iomass estimates and gap­
fraction are two essentia l  p ieces of forest structura l  i nformation , they are usual ly i ncompatib le with 
each other: the h igh  density and fine spatia l  resolution of smal l  footprint t ime of flight l idar esti­
mates of gap fraction , l idar data makes it possib le to derive top-of-canopy and gap-fraction as sur­
faces (Todd et a l .  2003) . Three-d imensional maps of fol iage d istribution were com puted as stacks 
of the percenti le probab i l ity surfaces ( i .e . , probabi l ity of a l idar pulse being returned from fol iage at 
a g iven height with in  the canopy) . These probabi l ity surfaces showed good correspondence with 
i nd ividua l  tree-based observations and provide a much more detai led characterization of quasi­
contin uous fol iage d istribution . These resu lts suggest that d iscrete-return l idar provides a promis­
ing technology to capture variations of fol iage characteristics in  forests, provid ing functional l i nk­
ages between biophysical and ecological stud ies .  
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Udar in industrial forest management 

Some operationa l  foresters have identified the potentia l  of l idar as a data col lection tool i n  i ndus­
tria l  forest management. The i nformation generated from l idar  is desired for assist ing i n  harvest 
p lann ing, and landscape level management. I ndustrial forest management agencies have exist ing 
i nventory p rotocols based upon the i nterpretat ion of a i r  photos and field checks. 

The i nterest in l idar  is a lso l i nked to i ncreased user demand for h igh  qua l ity DEM for logg i ng opera­
t ions. Over many jurisdict ions, new regu lat ions requ i re an efficient col lection of forest i nventory 
data, i nclud ing  for r iparian buffer zone management. Whi le  the potentia l  for l idar i n  operat iona l  
forest management is  clear. Operators often focus on the lim its of l i dar, which in  the ir  context i n­
c lude: 

1 .  Cost of l i dar d ata and processing .  
* I f  spend ing constant, what wil l not be  col lected? 

2. versus  i nventory. 
.. What organ izationa l  un it should pursue the l i dar data? 
.. Can i nternal  co-ord i nation enable the col lect ion of l i dar 

for terrai n  and i nventory purposes? 

3 .  Need for commercia l  p rovision of l idar products. 
" Forest management agencies do not wish to emp loy l idar experts (al ready use con­

tractors for many aspects of forest i nventory generation) 
.. Want consistent products. 
• Protocols can be bu i lt upon consistent products and pricing .  

UDAR I N  REGIONAL CHARACTERIZATION THROUGH SAMPLING 

As mentioned previously, both Canada and Austra l ia (and the Un ited States) have large areas of 
land that need to be characterized (at various levels of deta i l ) .  To meet the objectives of large a rea 
characterizat ion and h igh  deta i l, l i dar has been explored as a samp l ing  too l .  Lidar can provide for 
cal ibration and val idation data for the characterization of larger areas. Field sampl ing in  rem ote 
areas can be costly ,  making l idar a viable a lternative. Add it ional ly ,  as was previously mentioned , 
l idar can be used in  conjunction with forest inventory data or sate l l ite imagery. Lidar data p rovide 
accurate measurements of forest canopy structure in  the vertical d imensions, yet current l idar sen­
sors have l im ited coverage in the horizontal d imension .  Exist ing and planned satel l ite missions are 
also envis ioned to make sparse measurements in widely spaced transects. Landsat satel l ite data 
provide extensive coverage of general ized forest structural  c lasses in the horizontal d imension  but 
are genera l ly i nsensitive to variations in forest canopy height. Forest inventory update cycles i n  
Canada are often on the order o f  1 0 years.  The update of  the  forest inventory i s  often also done 
incrementally over a particu lar land base. As a resu lt, l idar data can be used as a data source for 
the update of forest inventory maps. Estimates of stand height are an integral component of forest 
inventories . Lidar has been demonstrated as a tool for remotely sensing information on the vertical 
structure of forests, such as height. The abi l ity to remotely sense height information for forest i n­
ventory purposes may a l low for procedures such as up-date , aud it, cal ibration ,  and val idat ion 
(Wulder and Seemann 2003). The ab i l ity to use a regression model to spatia l ly extend a l idar sur­
vey from a sample to a la rger area wou ld act to decrease costs whi le a l lowing for the characterisa­
tion of a larger area (Figure 3) . Object based segmentation is  used to partition the image into spec­
tral ly/ structura l ly s imi lar  un its . Relationships are bu i lt between segments and co-reg istered l idar 
heights. The segment / l idar est imates of height genera l ly form a range centred on zero (no d iffer­
ence) to +/- 6m of the g round measured height for over 80 % of the avai lable val idation plots , with 
a r of 0 .67 and a SE of 3 .30 m. A reasonable SE, in locations such as this study area, where for­
est inventory heights are recorded in 5 m classes. 

The extension of l idar  est imates over image data may a lso be aided using spatia l  analysis proce­
dures. Using an a irborne d iscrete-return l idar system Hudak et a l .  (2002) , tested five aspatia l  and 
spatia l  methods for pred ict ing canopy height from Landsat ETM+ data. I ntegrated models that 
kriged or cokriged regression residuals were preferable to either the aspatial or spatia l  m odels 
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a lone,  because they preserved the vegetat ion pattern l i ke regression yet i mproved estimation ac­
curacies above those predicted fro m  the regression models a lone. A 250 m po int samp l i ng strat­
egy proved most optima l ,  as it over sampled the landscape relative to the geostatistical range of 
actual  spatia l  variation as ind icated by the sam p le semivariograms, whi le mak ing the sample data 
volume more manageable. An integrated model ing strategy is most suitab le for estimating and 
mapping canopy height at  locations u nsampled by l idar ,  and that a 250 m po int sampl ing strategy 
wou ld  be more useful for l idar-Lan dsat ETM+ i ntegrat ion than sparser transect samp l i ng strateg ies 
p lanned for sate l l i te m issions. The use of l idar data to cal ib rate Landsat-based forest structure 
maps has a lso been undertaken (Scarth et a l .  p resentatio n) .  The l idar data was used to generate 
locationa l ly  specific in puts to a reg iona l  sca le app l ication of a geometrical opt ica l model . The l i dar 
d ata provided for stand level model cal ibration .  

Figure 3 .  Illustration of  segments with lidar data (dark blue), segments with no lidar data (light 
blue), a SLICER flight fine (red), and some field plots (green/black circles). Both figures show the 
same segment information, but the right hand window has the Landsat-5 TM (G, R, IR) data as a 
backdrop to illustrate the segmentation results (From Wulder and Seemann 2003). 

I n  Austral ia ,  various large area projects util izing samples of l idar data have been undertaken, in­
cluding the Bureau of Rural Sciences (Lee presentation) and the Queensland Department of Natu­
ral Resources and Mines (Weller et al. 2003) . As an example, a multi-agency consortium including 
Raytheon, multiple layers of government, and universities, used ai rborne scanning lidar and large 
scale photography for providing stand-based and local to regional estimates of woodland biomass 
and structure near lnjune, Queensland, Australia. The study focused on a 60 x 40 km (220,000 
km2) area of woodland. Estimates of vegetation height, tree density, structural attributes and bio­
mass were derived using lidar. This study demonstrated the advantages and cost-effectiveness of 
using large scale photography for land and forest assessment, and identif ied sign ificant i mprove­
ments that can be made using l idar technology. This work also demonstrated the potential of using 
a irborne l idar for operational monitoring of the structure and biomass of Austral ia's diverse multi­
aged forests and woodlands more accurately and cost-effectively than tradit ional field surveys 
a lone (Ti ckle et a l .  p resentation) .  
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WORKSHOP RECOMMENDATIONS AND GENERAL CONCLUSIONS 

Gathering g overnment, un iversity , and i ndustry participants to the l i dar  workshops was of g reat 
benefit .  The range of participants ensures that there is a l i nk  between the research undertaken and 
needs of industry .  A variety of recommendat ions and observations can be made regard i ng the 
workshops and the general state of l idar remote sensing of forests and terrai n  i n  Canada and Aus­
tra l ia .  The forest management i ndustry voiced i nterest in the pursu it of demonstrat ion case stud ies 
in areas where there are estab l i shed app l icat ions,  and also development of standard products , 
defin it ions,  and a lgorithms. Ultimately , the forest management industry wants to know that l idar 
products w i l l  be del ivered to consistent standards and costs. The cost effectiveness of l i dar 
emerges as a concern of the forest i ndustry , resu lt ing i n  an interest i n  a clear cost-benefit analysis 
com paring l idar to standard operations.  Consorti ums have been deve loped as a pragmatic means 
to a l leviate costs to an  ind ividua l  orga nization .  From the value-added l i dar processing commun ity, 
there is  i nterest in  the d evelopment of a user-fr iend ly too lbox of l i dar a lgorithms ,  developed to gen­
erate i nformation on a range of attr ibutes , i nc lud ing robust terrai n  and canopy he ight models .  The 
current suite attrib utes that may be d iscern ed the aid of lidar data are useful information 
inputs to trad itional  forest management Development of new a lgorithms that take advantage of 
l idar i nformation content are also desired . N ew algorithms may i mprove the characterizat ion of 
forest structure ,  habitat, and forest health . Additional  advances in data integration between l i dar 
and other remotely sensed and spatia l  data sources wi l l  further efforts i n  th i s  regard . Effort i n­
vested i n  researching  and develop ing app l ications for l idar as a samp l i ng tool for characterizi ng  
large areas is appropr iate to  Austra l ian and  Canadian geograph ic and  po l it ical condit ions. 
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ABSTRACT 

Smal l -footpr int i maging l idar  systems now dominate m uch of forest remote sensing research and 
development and are being g radua l ly integrated into operational  inventory and monitor ing. This 
keynote address wi l l  h i gh l ig ht developments in  both sensors and a lgorithms w ith a focus on recent 
North .American activity in both areas. I n  add it ion to this techn ical overview, results of a survey of 

(> ha) forest landowners wm be presented to highli ght institutional  informational 
and data and are best to fulfi l l  these requirements. 
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ABSTRACT 

The status of research and appl ication of airborne laser scanning in forestry i n  Norway is pre­
sented. Results from previous trials are discussed, and the main  focus is on methods for large� 
scale practical i nventory of forest resources for forest planning and management Ongoing re­
search activities are aiso presented. Finally, some ideas about the direction of future research and 

development are discussed. 

INTRODUCTION 

The h istory of laser scanning of forest i n  Norway goes back to 1 995. Two small pi l ot studies 
(Nresset 1 997a, b) indicated that laser scanning cou ld be an interesting method for derivation of 
important biophysical properties of forest trees and forest stands estimated in conventional forest 
i nventories and used i n  forest p lann ing and management. The last decades , much of the research 
activities at the Department of Forest Sciences have dea lt with improvement of i nventory proce­
du res,  plann ing procedures, and tools and models for long-term analysis of management practices 
at forest stand and property level .  It has therefore been qu ite natura l  that the laser research has 
focused on pract ica l  methods for inventory of forest stands and forest properties . Forestry is  a 
smal l  sector in  Norway with very l im ited i mpact on  the national economy. There are a lso smal l  
budgets for forest research i n  genera l .  One consequence has been that practical forestry and pub­
l ic  research have jo ined their l imited resources i n  find ing inventory methods for practical use. The 
development of laser-based techniques has partly been accompl ished to meet the requ i rements 
from the forest sector, incl ud ing private companies . Thus ,  most trials conducted so far have dealt 
with practical aspects of applying laser scanner data to col lect stand-wise characteristics for forest 
p lann ing purposes. 

This article presents the current status of laser research in Norway. It g ives a brief overview of the 
experiments that have been carried out and the main resu lts are presented . Current research ac­
tivities and future prospects are also d iscussed . 

TWO INITIAL STUDIES 

The first experiments were carried out in 1 995 in  36 coniferous stands in the eastern part of Nor­
way. The main objectives were to derive mean tree height (Nresset 1 997a) and stand volume 
(Nresset 1 997b) of i nd ividual  stands based on laser scan ner data with an average spacing of 2 .8-
3 .3 m .  The flying altitude was 640-825 m and the average footpri nt d iameter was around 1 3-1 6 em . 
M aximum scan angle (off nad i r) was 20 degrees (Table 1 ) .  Dominant tree species were Scots p ine 
i n  the fi rst test site and Norway spruce i n  the second one. 

Table 1: Summary of field data and laser scanner data of sampled forest stands in the two initial 
studies (Nresset 1997a, b) . 

Mean no.  of transmitted Scan 
No. of Mean stand pu lses per stand ang le 

Test site Stands size (ha) G (m2ha-1 ) hL (m) V (m3ha-1 ) Total Vegetation hits (deg) 

1 1 8  1 .5 1 2 .6-53.8 8. 1 -24.3 49-472 1 350 505 0 . 8- 1 9.2  
2 1 8 1 .5 1 2 .6-35 .3  8 .2-20 . 1 53-283 1 91 0  1 070 0.9- 1 4 . 3  

G=basal area; hL =Lorey's mean height; V=stand  volume.  
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F i rst, mean tree height of the test stands were com pared with the average value of al l  laser pu lses 
that were classified as canopy h its. It was revealed that the mean val ue com puted from the laser 
data seriously underestimated the g round truth by 4. 1 -5.5 m (Table 2) . A s im i lar tendency of un­
derestim ation has been reported i n  many other stud ies. There are two major reasons for this un­
derestim ation ;  ( 1 )  with a scattered sample of the laser pu lses ( large spacing) the probab i l i ty of h it­
ting the tree apex is sma l l. A large port ion of the pu lses wi l l  therefore be reflected from the lower 
part of the tree crowns, and (2) the l ig ht transmitted by the l aser wi l l  usual ly penetrate the outer 
surface of the tree crowns before a s ignificant retu rn signal is  recorded. However, as the laser 
sampli ng i ntensity i ncreases the bias wi l l  tend to decrease. 

To e l im inate the impact of l aser pu lses that a re reflected from the l ower parts of the canopy, a g rid­
based approach was considered. The stands were d ivided i nto regu lar  gr id cel l s  of equa l  s ize and 
on ly the maximum laser height val ue withi n  each cel l  was retai ned. The laser mean height of a 
stand was com puted as the arithmetic mean of these cel l  maxima. Such computat ions were carried 
out for d ifferent cel l  s izes . For cel l s  with s ize 1 5X1 5 m the laser-based mean height est imates were 
unbiased and the precis ion was fai rly h igh  ( 1 .2-1 . 3  m ,  Table 2). 

The grid-based approach was tested for estimatio n  of stand  volume as wei i .  Regression ana lysis 
was used to estimate volume equations apply ing m u lt ip l icative models with g rid-based mean 
height ( 1 5 m g rid  cel ls) and canopy density as derived from the laser data as independent vari­
ab les ,  i.e. 

( 1 )  

where V=stand volume,  h1 5=1aser mean height based on  1 5  m g rid cel ls ,  a n d  D=canopy density .  D 
was computed as a mean value of each stand of the number of canopy h its d ivided by total num­
ber of transmitted laser pu lses withi n  each gri d  cel l. 

The results of the regress ion ana lysis ind icated that a large port ion  of the variab i l ity i n  stand vol­
ume was expla ined in  the spruce forest (test site 2) . The R2 value was 0 .84 (Table 2) .  In the p ine 
forest, the R2 value was low (0 .47) . 

Table 2: Comparison of ground-truth mean height (hJ with different mean height estimates derived 
from laser data (Na3sset 1997a), and results of analysis of stand volume regressed against mean 
height and canopy density as derived from laser data according to Eq. 1 (Na3sset 1997b). 

Volume regression 
Test hm-hl hwhL h2o-hL h3o-hL analysis 
site Bias (m) SD (m) Bias(m) SD (m) B ias (m) SD (m) B ias (m) SD (m) R2 CV (%) 

1 -4. 1 1 .6 -0 .4 1 .3 0 . 3  1 .3 1 .1 1 .3 0 .47 42 .7  

2 -5.5 1 .3 0 . 1  1 .2 0 .9  1 . 2 1 .9 1 .3 0 . 84 20.9 

hL= Lorey's mean height ;  hm=mean laser height value of a l l  canopy h its; h
1 5=mean laser he ight based on 1 5  

m grid cel ls ;  h20=mean laser he ight based on 20 m grid cel ls ;  h3o=mean laser height based on 30 m g rid 
cel ls .  

The conclusions of these two in it ia l stud ies were that ( 1 ) by d ivid ing forest stands i nto regu lar g rid  
cel ls  and extract ing maximum laser height values with in  each cel l ,  it was possib le to  obta in  very 
precise est imates of stand height, and (2) by combin ing laser height metrics and vegetation  density 
metrics derived from laser data of grid cel ls ,  it was possib le to estimate stand volume by regres­
sion analysis. 

REQUIREMENTS FOR PRACTICAL FOREST INVENTORY PROCEDURES 

The two i n it ia l  tria ls lead to the idea that it m ight be possib le to i nventory large forest areas by a ir­
borne laser provided that precisely gee-referenced field sample p lots could ,  i n  a fi rst phase, be 
used to develop empirical relationships between laser scanner data and the stand characteristics 
of i nterest, such as mean tree height, dominant height, mean d iameter, basal area, stand vol ume, 
stem number, and ,  i n  a second stage,  such relationships cou ld be used to pred ict corresponding 
characteristics of entire forest stands. However, a critical part of th is procedure was the gee­
referencing of field p lots below tree canopies. Current status of research around 1 996- 1 997 i nd i-
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cated a potentia l  accuracy of d ifferentia l  G PS measurements under tree canopies of 3-4 m 
(Deckert and Bolstad 1 996) . Th is  accuracy was considered to be i nappropriate for precise meas­
urements of smal l  sample p lots in boreal forest s ince errors of this magnitude wi l l  i ntroduce a large 
variab i l ity i n  relationsh ips between laser data and g round data due to  spatial heterogeneity (Bo lduc  
et a!. 1 999) . Efforts were therefore made to  find  appropr iate GPS equ ipment, and  GPS measure­
ment and processing p rocedu res that could meet the requ i rements for h ig h-precis ion fie ld i nven­
tory. In the period 1 997- 1 999, we tested several types of GPS and G LO NASS receivers and d iffer­
ent measurement and processing  p rocedures to obta in  the requested level of precis ion (<0 . 1 -0 .5  m 
under tree canopies). Tests have ind icated an  average posit ional  accuracy of 0 .2-0 .7 m u nder tree 
canopies with basal area up  to about 40 m2ha·1 using combined G PS+GLONASS dual-frequency 
measurements and observat ion periods around 1 5-20 m in. I n  the fol lowing  laser research , we have 
app l ied the very best of these p rocedu res and careful ly selected the best equ ipment (Ncesset 
1 999, 2 00 1 ; NCEsset et a!. 2000; N CEsset and Jonmeister 2002). P ractical use of these procedu res 
in l ater l aser tria ls has i nd icated an  average posit iona l  accuracy of fie ld  sample p lots of 0.2-0.3m 
(NCEsset 2002a , 2003). 

PRACTICAL LARG E�SCALE FOREST I NVENTORY 

The two-stage procedure for stand inventory of large forest areas based on laser  d ata in  wh ich 
stand est imates of b iophysical p ro perties were com puted by regression  equat ions developed from 
fie ld p lots were first described by N cesset and Bjerknes (200 1 ) .  The fi rst val i dat ion of the p roposed 
i nventory procedu re was accompl ished i n  a 1 0  km2 study area i n  1 999 covered with laser data with 
an  average spacing of about 0 . 9  m (NCEsset 2002a). In th is val i dati on ,  1 44 sample p lots of size 
200 m2 were d istributed systematical ly throughout the 1 0  km2 study area. The p lots comprised 
young and mature forest, and dominant species were N orway spruce, Scots pine, and b irch. The 
p lots were d ivided i nto three strata accord ing to age and site q ua l ity: ( 1 )  young forest ,  (2) mature 
forest with poor s ite qual ity, and (3) mature forest with g ood site qua l ity . 

For each sample plot, canopy height d istributions were derived from fi rst and last return laser data . 
Canopy densities were a lso computed from the first and last return laser data . These densities 
were computed for d ifferent fractions of the height d istri but ions. A total of 20 canopy density vari­
ab les were derived for each p lot. Thus, more than 40 potential laser-derived variables were avai l­
able for further ana lysis. Regression analysis with stepwise variable selection was used to derive 
regression models for the stand characterist ics of i nterest, i .e .  mean tree height, dominant height, 
mean d iameter, basal area,  stand vol ume, and stem number. Mu lt ip l icative models were appl ied 
and they were est imated i n  logarithmic form . For mean height and stand volume the models ex­
pla ined 82-95% and 80-93% of the variab i l ity , respectively (Table 3) . 

Table 3: Relationships (R2) between logarithmic transformations of ground-based characteristics of 
200 m2 sample plots (dependent variables) and laser-derived metrics from stepwise multiple re­
gression analysis (NEEsset 2002a). 

Dependent variable 
Stratu m  hL hdom dg N G v 

Young forest (n=56) 0 .95 0 .93 0 . 78 0 .68 0 . 89 0 .93 

Mature forest, poor site qual ity (n=36) 0 . 86 0 .74 0 . 54 0 .65 0 .69 0 .80  

Mature forest, good site qua l ity (n=52) 0 .82 0 . 85 0 . 39 0 .50 0 .75 0 .80  

hL = Lorey's mean height; hdom=dominant height; d9=mean diameter by  basal area; N=stem number; G=basal 
area; V=stand volume.  

The est imated regression equations were used to pred ict correspond ing biophysical properties for 
a l l  forest stands in  the g iven strata over the entire 1 0  km2 study area. The grid-based approach 
was used , i .e .  the study area was d ivided into regular grid cel ls with cel l  size equal to the sample 
p lot s ize (200 m2) .  Mean values of the pred icted characteristics were computed for each forest 
stand as the arithmetic mean of the ind ividual grid cel l  values. A total of 6 1  stands were selected 
as test stands to val idate the accuracy of the proposed practical procedure .  The stand area ranged 
from 0.7 ha 1 1 .7 ha.  A fie ld inventory of the 61 stands was accompl ished to obtain g round-truth 
data . The stands were d ivided i nto three strata accord ing to the criteria used for the sample p lots . 
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The testing ind icated h igh  p recis ion and smal l  b ias for most of the val i dated characteristics (Table 
4) . For mean height, the precis ion was 0 .6 1 - 1 . 1 7  m and the bias ranged from 0 .0 1  m to 0 .42 m. 
For stand volume,  the p recis ion was 1 8 . 3-3 1 . 9  m3ha·1 ( 1 1 .4- 1 4 .2  %) and the b ias was 0 . 3-8 .2  
m3ha·1 . 

Table 4: Mean difference (bias) between predicted and ground-truth values of six investigated bio­
physical stand properties, and standard deviation (SO) for the differences in stand predictions us­
ing regression equations derived from independent sample plots (Nresset 2002a). 

Variable Ground-truth mean Bias so 

Young forest (n=22) 
hL (m) 1 3 .90  0 ,42* 0 .87 
hdom (m) 1 6.62 -0 . 08ns 1 .33 

d9 (em) 1 3.23 0 .72*  1 .60 

N (ha'1 ) 1 844 -90ns 400 

G (m2ha-1 ) 23.79 -0 . 86ns  2 .48 . .  
V (m3ha-1 ) 1 68 . 0  6 .2ns 24. 0  

Mature forest, poor site quality (n= 1 9) 
hL (m) 1 6 . 37 -0 . 09ns 0.61  
hdom (m)  1 8 . 07 -0 . 3 1 ns  0 . 70 

d9 (em) 2 1 . 1 7  0 .78* 1 .6 1  

N (ha-1 ) 577 1 5ns 1 28 

G (m2ha'1 ) 1 9.84 0.74ns 2 . 33 

V (m3ha'1 ) 1 54.8 8.2ns 1 8.3 

Mature forest, good site quality (n=20) 

hL (m) 1 9.77 -0.01 ns 1 . 1 7  

hdom (m) 22.38 -0.43ns 1 .32 

d9 (em) 2 1 .24 0.98** 1 . 37 

N (ha-1 ) 856 -1 03** 1 45 

G (m2ha-1 ) 29.66 -0.67ns 2.54 

V (m3ha-1 ) 280.5 0.3ns 3 1 .9 

hL= Lorey's mean height; hdom=dominant height; d9=mean d iameter by basal area; N=stem number; G=basal 
area; V=stand volume. Level of s ign ificance: ns=not sign ificant (>0.05). * <0.05. ** <0.0 1 .  

I n  200 1 , a second test of the proposed procedure was carried out i n  a 6 5  km2 study area. The 
dominant tree species were Norway spruce and Scots pine, but at several sites the stands were 
dominated by deciduous species .  The terrain  was h i l ly with steep s lopes and the fly ing a ltitude 
varied considerable with in  the area . A smal l-footprint scanning laser was used , and on the average 
the d istance between transmitted pu lses was 1 . 0 m on the g round . A total of 1 1 6 sample p lots with 
size 233 m2 were d istributed systematical ly throughout the entire study area , and they were d ivided 
i nto the three strata defined in  the first study (see above) . These sample p lots were used to de­
velop regression equations with g round-based values of the six stand characteristics mentioned 
above. The selected regression models expla ined 60-97% of the variab i l ity , and in  genera l  their 
properties were qu ite s imi lar to those reported i n  the fi rst study. Predictions were made for 57 large 
control p lots with a size of about 0 .4  ha each . These p lots were selected independent of the 1 1 6 
smal l  sample p lots . The pred ict ions yielded resu lts that were s im i lar  to those obta ined i n  the first 
study. Precision for mean height ranged from 0 .64 m to 1 . 0 1  m and for volume from 1 5 . 1  m3ha·1 to 
35. 1 m3ha·1 (9 . 3- 1 2 .2 %) (Ncesset 2002b, 2003) . 

It was revealed that large variab i l ity i n  fly ing a ltitudes and laser sampl ing density had l ittle effect on 
the precision of the val idated procedure. However, mixture of con iferous and deciduous species 
may degrade the precision seriously.  Regression equations developed from a materia l  of con ifer­
ous sample p lots wi l l  also tend to provide biased est imates of stands with a large portion of de­
ciduous trees. 

The main conclusions from these tria ls are that the proposed procedure seem to be robust for use 
in practical inventories over large areas, at least if the forest is dominated by coniferous species. 
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Topograph ic  variab i l ity and variab i l ity i n  l aser samp l i ng density seem to have l ittle  i mpact on the 
app l i cab i l ity of the procedu re .  The b ias seems to be at an acceptab le leve l ,  and the precis ion for 
the eva l uated stand characterist ics i s  h igher than for a l l  competing i nventory methods. The method 
is  also superior to convent ional inventory methods as far as inventory costs and data uti l ity i n  eco­
nomical terms are concerned (Eid et a!. 2003) . The laser-based procedu re was i ntroduced as a 
com mercia l  i nventory method i n  the Norweg ian market i n  2002 and the two fi rst i nventories are 
carried out i n  2003. 

Further research in  th is field should focus on methods to deal with the problems that a rise i n  m ixed 
forest. One option cou ld  be to treat deciduous stands and m ixed stands as separate strata , but 
such stand types usual ly cover only a smal l  port ion of a survey area i n  boreal  forest. Co l lection  of 
laser d ata under off- leave cond it ions cou ld  be another opt ion .  I n  spite of the rap id technolog ica l  
deve lopment and fal l i ng prices for l aser data acq uis iti on ,  laser data col lect ion sti l l  accounts for a 
la rge  port ion  of the total i nventory costs .  Analysis has been accomp l ished to find  a reasonable 
trade-off between sam pl i ng  density of the laser data and the accuracy of the inve ntoried proper­
t ies. Th is  research activity shou ld contin ue .  

Reducing the fie ld  effort of  l aser�based methods is a secon d  opportunity to  red u ce costs . 
scient ists have proposed modei-based approaches to i nventory trees and forest stands 

witho ut us ing fie ld data for model  derivation .  H owever, the costs of  the fie ld-phase cou ld  be re­
d u ced even for empiri ca l ly based methods that rely  on fie ld data. I n  the two tria ls  carried o ut so far ,  
sample p lots h ave been col lected loca l ly for each tria l .  I t  should be consi dered carefu l ly  whether 
l ocal p lots are needed . In reg ions where the cl imat ic cond itions are simi lar and the trees tend to 
develop s im i lar stem and crown shapes ,  it m ight be possib le to take advantage of samp le plots 
from adjacent survey areas. Thus, a data-base of previously inventoried sam ple p lots with corre­
spond ing laser data cou ld be a val uable asset for future inventories. Prel im inary analysis ind icates 
that th i s  cou ld be a techn ical and economical sound strategy, but more extensive research under 
d ifferent forest cond itions i s  requ ired . 

INVENTORY O F  YOUNG REGENERATIONS 

The outl i ned procedure a ims to provide forest stand data complying with the data requ i rements of 
forest p lann ing and management i n  young (tree heights >8- 1 0 m) and mature forest. I n  young re­
generations (tree heights <8- 1 0 m) , the data requ i rements are normal ly  less extensive than i n  the 
mature forest. However, it has been an a im that a i rborne lasers should provide much of the data 
basis needed for forest management in a l l  stages of stand development in boreal forest. I n  the 
youngest stands,  stem number and tree height are i mportant biophysical characteristics. Attempts 
have therefore been made to derive these properties. 

In 1 999 ,  a fie ld work was carried out for 39 sample plots with size 200 m2 (Naesset and Bjerknes 
200 1 ) .  Trees tal ler than 1 . 5 m were counted and the heights were measured on sample trees se­
lected accord ing to a sampl ing scheme that resu lted in dominant height est imates. Dominant 
height ranged from 1 . 8 m to 6 .0  m with an average value of 3 .8  m .  Stem number ranged from 1 650 
ha-1 to 7 1 00 ha-1 . Laser scanner d ata with an approximate spacing of 0.9 m were acqu i red . Re­
g ression ana lysis revealed that various measures of canopy height and canopy density derived 
from the laser data cou ld expla in approximately 80% and 40% of the variab i l ity in g round­
measured mean height and stem number, respectively (Naesset and Bjerknes 200 1 ) .  

We a lso tested the outl ined inventory procedure i n  young regenerations. A total of 1 2  young forest 
stands with a mean height of 6 .6  m was measured in field , and regress ions developed from the 36 
sample p lots were use to pred ict stand heights by the g rid-based approach . The bias of the pred ic­
t ions was 0 .2  m (p>0.05) and the precision was 0 . 56 m (Naesset and Bjerknes 2001 ) .  These re­
sults have been confirmed by correspond ing find ings from another and more extensive tria l  not 
pub l ished so far. 

I n  the boreal forest, natural regeneration regi mes are important parts of the s i lvicu ltural practice. I n  
Scand inavia ,  natural regeneration i s  typical ly appl ied to Scots pine, at least o n  sites with med ium 
to low productivity .  S ince seed trees may remain in  the future stands for many years after the 
regeneration has been ensured , uti l i sation of laser data for such s ites may be d ifficult un less prior 
i nformation about the stand is avai lable. Given that updated information about the presence of 
seed trees is provided , pre l im inary analysis ind icates that a i rborne laser cou ld  be an efficient data 
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source for est imation of properties of the regenerat ion as wel l  as of the dominant seed trees . Fu r­
thermore ,  analysis ind icates that relevant characteristics of the seed trees that may be derived 
from laser data comprise i nd iv idual  tree heights as wel l  as tree positions,  even when the laser 
samp l ing  density is less than 1 pulse per m2. Further research is requ i red to present a com plete 
package of too ls for practical i nventory of young forest from laser d ata . 

OTHER BIOPHYSICAL PROPERTIES 

Trad itiona l ly ,  forest i nventory has been concerned with provid i ng data for an efficient t imber p ro­
duction .  Consequently, p roperties of interest have been those that quantify the stand ing t imber 
volume and the capacity for future wood production .  An i nterest ing "fam i ly" of b iophysical p roper­
ties of trees and forest stands that have received increasing attention over the last years ,  are 
properties related to the tree canopy and the tree crowns.  These properties are probably of i mpor­
tance for u nderstand ing of the forest ecosystem function ing  as such (Lefsky et af. 2002) , but they 
may a lso be usefu l for descript ion of sol id  wood qua l ity (Ncesset and 0kland 2002) .  Laser data are 
very suitab le for tree ca nopy m ode lling o  

Many stud ies with ident:fication model l i ng of i nd iv idual  tree crowns have been pub� 
l i shed recently (eo g .  Persson et at 2002; B randtberg et a/. 2003) . However, most of these stu dies 
have ind icated that a la rge samp l ing  i ntensity, say >3-5 pu lses per m2, i s  req u i red to characterise 
the properties of ind ividua l  trees. Because properties such as height from the g round to the l iv ing 
crown and crown length may be used as ind icators of sol id wood qual ity in forest i nventories, we 
analysed the ab i l ity to determine these characteristics of i nd ividua l  trees and for the average of 
several trees withi n  p lots from smal l -footprint l aser d ata with moderate spacing .  i n  1 999, l aser d ata 
with an average spacing  of 0 .66- 1 .29 m were acqu i red over two d ifferent sites in eastern Norway 
(Ncesset and 0kland 2002) . One of the s ites was a boreal nature reserve. The other one was a 
private forest property managed accordi ng to ord inary s i lvicultural practice. Both sites were domi­
nated by Norway spruce and on ly mature forest was included i n  the tria l .  I n  the first study, tree 
crown projections and tree heights and crown heights of a l l  trees withi n  1 0  plots with size 50 m2 

each were recorded . Mean height ranged from 1 4. 1  m to 25.4 m .  I n  the second study, 27 sample 
plots with an area of 200 m2 were i nventoried i n  field .  Tree height and crown height were meas­
ured for a l l  trees with dbh > 1 5  em. 

Canopy height d istributions and correspond ing canopy densities were derived from the fi rst and 
last return laser data and regression analysis was used to relate the field-measured crown proper­
ties to the laser data. I n  the fi rst study, height d istributions were derived for ind ividual crowns as 
wel l  as for entire plots (50 m2) .  In the second study,  height d istributions were derived at the p lot 
level (200 m2) .  The regression models were val idated by cross-val idation . Two d ifferent crown 
properties were assessed , i . e . , the height from the forest floor to the l iving crown (he) and the rela­
tive crown height (Rc) . Relative crown height was defined as the crown length as a percentage of 
total tree height. 

Table 5: Mean difference (bias) between predicted and ground-truth values of height to the crown 
and relative crown length of individual trees and sample plots, and standard deviation (SO) for the 
differences in cross-validation of regression equations derived from laser data (NEBsset and 0k­
land 2002). 

Variable No.  of observations Ground-truth mean Bias SD 

Study 1 (boreal nature reserve) 
hc(t) (m) 45 5 .60 0 . 03ns 2 . 1 9  

Rc(t) (%) 45 70 .44 0 . 1 6ns 1 0 .48 

hc(p) (m) 1 0  5 . 3 1  0 . 0 1  ns 1 .24 

Rc(p) (%) 1 0  7 1 . 5 1  0 . 1 7ns 6 .32 

Study 2 

hc(p) (m) 27 7 .28 0 . 05ns 1 . 52 

Rc(p) (%) 27 65.25 0 .05ns 7 . 1 1 

hc(tl=height to the crown for ind ividual trees; hc(p)=average height to the crown for trees with in  p lots ; 
Rc(t)=re lative crown length for ind ividual trees; Rc(p)=average relative crown length for trees with i n  p lots . Level 
of s ign ificance: ns=not s ign ificant (>0 .05) .  
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The validation revealed large standard deviations for the differences between predicted and ob­
served he of individual trees as well as for the average of all trees within plots. For individual trees, 
the standard deviation was 2.19 m (Table 5), which is 39% of the ground-truth mean value 
(Naesset and 0kland 2002). At plot level, the standard deviations ranged from 1.24 m to 1.52 m 
(21-23%). The relative crown height was predicted with higher precision. For individual trees, the 
standard deviation was 10.48%, which is 14.9% of the ground-truth mean value. At plot level, the 
precision was 6.32-7.11% (8.8-10.9% of the ground-truth mean). 

This trial, though limited in the total number of observations, may indicate that certain crown pa­
rameters can be derived from laser data with moderate sampling density. Industrial actors are now 
evaluating the value of crown parameters as means for timber quality assessment in wood pro­
curement Continued research is required to further develop and take advantage of crown parame­
ters derived from laser data as wood quality indicators for different tree species. 

FUTURE RESEARCH 

Based on the experience gained in Norway so far, there seem to be at least three main directions 
of future research on airborne laser in forest applications that we will focus on in the near future. 
These major directions are (1) improvements and extension of the practical inventory procedure 
outlined above based on laser data with moderate sampling density, (2) further development, test­
ing, and implementation of procedures for detection and measurement of characteristics of individ­
ual trees by laser data with high sampling density, and (3) extension of research and application 
development to new fields of importance to forest- and ecosystem management and certification, 
such as biodiversity assessment. 

Actions taken by the actors in the market of forest inventory services seem to indicate that laser 
scanning of forests with moderate sampling density has become an interesting alternative to cur­
rent inventory procedures from a commercial point of view. As long as the data requirement for 
forest management is restricted to mean values at stand level (mean height, mean diameter, mean 
volume, etc), the proposed inventory procedure seem to comply with the needs in forest manage­
ment. However, many of the management planning tools and packages developed for Nordic users 
utilize models requiring more detailed stand information, such as for example growth models for 
individual trees. For the most extensive planning packages, tree-level data would be needed. 
However, in many packages the stand diameter distribution is the linkage between advanced tree­
level models and the characteristics that are actually captured in practical inventories. Since the 
canopy height distribution as derived from laser data of a certain area is likely to be highly corre­
lated with the tree height distribution, it is likely that diameter distributions could be derived directly 
from laser data. We regard methods for derivation of diameter distributions from laser data as an 
important issue for future research, and preliminary work indicates that such distributions could be 
predicted from laser data with a precision superior to that of conventional methods (Gobakken and 
Ncesset 2003). It is also important to do further assessments of how factors such as variable flying 
altitude and sampling density affect the accuracy of the biophysical properties derived from the 
laser data since these factors must be expected to vary considerably in large inventories covering 
up to 1 000 km2 or even more. 

Although single-tree data would fulfill the requirements for forest management with the most so­
phisticated tools, the high laser sampling density that would be needed seem to be too costly at 
present. Nevertheless, as the capacity of airborne lasers continues to increase, the costs are ex­
pected to decrease. Even from a practical point of view, it is therefore important with a continued 
research within the field of single-tree segmentation based on laser data and combined use of la­
ser data and image data. However, many of the studies accomplished within this field so far, have 
dealt with relatively simple conditions, such as even-aged forest, single species, and sites with 
regular tree spacing. The research within this field should be able to provide methods and algo­
rithms to handle mixtures of tree sizes, species and irregular spacing to meet the requirements for 
practical applications. 

Forest biodiversity is affected by factors that operate at a wide range of spatial and temporal 
scales. Many of the most significant processes in a forest ecosystem are related to the structure of 
the tree canopy. Organisms living in forests are strongly affected by the forest canopy, and the 
distribution and abundance of a wide range of species of plants and animals are related to the 3-
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dimensional characteristics of the canopy. Since airborne lasers can capture the canopy structure 
in a forest and can provide data from large areas, laser scanning offers an exiting opportunity to 
extrapolate from detailed studies on the role of tree canopies in ecosystem processes to large 
scales which are more relevant for decision- and policy making at the ownership, landscape, re­
gional or even national levels. Research on the relationships between canopy structure as derived 
from lasers and biodiversity will therefore be given priority. 
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ABSTRACT 

An overview of the first 15 years of research in Sweden about laser scanning for assessment of 
forest resources is given. The authors come from the four organizations that until now have been 
most actively involved in this development in Sweden. The Swedish Defense Research Agency 
( FOI, previously FOA) pioneered the system development of laser scanners with the FLASH sys­
tem and has also carried out research in data analysis. The early system development at FOI re­
sulted in the two commercial systems HawkEye and TopEye, developed by SAAB. Recently the 
TopEye system has been operated by a separate company, TopEye AB. Researchers at the the 
Swedish University of Agricultural Sciences (SLU) in Umea have worked with analysis of laser data 
of forests since 1989, first using profiling lasers, then the FLASH system in 1991, and the TopEye 
system from 1997 and onwards. Both the stand level and the single tree level have been ad­
dressed. Parts of the single tree research have been done in co-operation between SLU and FOI. 
FOI is also developing methods for integrating laser data and optical images on the single tree 
level, and for analysis of terrestrial scanner data. Methods for retrieving forest information, includ­
ing analysis of single trees, from TopEye laser data have also been developed at the Centre for 
Image Analysis in Uppsala. Methods for retrieving stem volume information on stand level can now 
be considered near operational, and the first semi operational laser scanner flight for forest inven­
tory purposes in Sweden were carried out in May 2003. 

INTRODUCTION 

The aim of this paper is to give an overview of the first 15 years of research, testing, and system 
development related to laser scanning of forest resources in Sweden. The most important laser 
flight missions in Sweden that are related to this field are listed in Appendix 1. 

THE FLASH SYSTEM 

During the mid 1980's a laser scanning system called FLASH was developed primarily for naval 
applications by the Swedish Defence Research Agency, FOI (at that time FOA), (Steinvail 1993, 
1996, 1999). The FLASH system was a helicopter borne lidar bathymeter with key functions for 
real time depth imaging and programmable scanning (Axelsson et al., 1990). A short description of 
the FLASH system is given in Table 1. For a more detailed description of the system, we refer to 
the above references. The FLASH system was used for tests for Naval applications, and also for 
terrain mapping, It was then developed further by the SAAB company into two operational ver­
sions, under the name of Hawk Eye (Figures 1, and 2). 
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Table 1. FLASH system parameters 

Laser: 

- Nd: YAG, 1.064 and 0,532 11m 

- Prf 200 Hz, Pulse energy 3-5 mJ 

"Green" receiver: 

ScandLaser 2003, Umea, Sweden 

Scanner: 

- Programmable, semicircular scan pattern at 20° 
angle of inc. in normal mode 

- Hovering mode: ± 20° on y (.l nose dir.) 
+ 35° I -5° (in nose dir.) 

- PMT, 20 em telescope, filter 1,2 nm 

- FOV outer 5-50 mrad, inner blocking 0-10 m rad 
Storage: 

- Ancillary data: Sensor parameters, navigational 
"IR" receiver: 

- Coax with green av photo diode 

- Land I water discriminator 

Rec. Electronics: 

- Log. Amplifier: 80 dB 

- LeCroy d!gitizer: 2,5 ns sampling at 8 bits 

- Constant fraction discr. for slant range 

- Slant range resolution 8 em 

- Real time echo extraction 

data 

- Full waveform every 6 th wave form at 200 Hz, 
all wave forms at 62 Hz 

- Video recorder 

Navigation: 

- Motorola mini ranger later rep!aced 

Presentation: 

GPS 

-Waveform, depth coded colour display. 

HAWKEYE 

("FLASH 2") 

Figure 1. Left, the FLASH system installed in a Vertol helicopter plus an instrument called HOSS 
for measuring optical water parameters. Lower right image: the Pod mounted Hawk Eye system. 

The differences between FLASH and Hawk Eye included: pod mounted transceiver system; better 
wave form sampling (10 bits, 1 ns); storage of every wave form; better signal handling, especially 
for echo extraction; better scanner accuracy; inertial reference system and GPS; more compact 
and easy installation; built-in planning and mission software; one shallow and one deep green 
channel; and PMT replaced by APD for deep green channel (later back to PMT again). 
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Figure 2. Type of depth sounding data products obtained Hawk Eye. 
the slwwn on image left, but lying at 26 meters depth in Baltic 
depth 3-D presentations of the chart to the right. 

EARLY STUDIES BY SLU IN UMEA 

The forest remote sensing researchers at SLU in Umea heard a presentation about the FLASH 
system at a FOA conference 1988. Encouraged by this presentation they applied for funding to 
investigate the potential of the laser scanning technology for forest inventory. 

The first laser study at SLU in Umea was carried out in 1989 by registering canopy profiles in a 
young Scots pine stand using a profiling laser from a crane mounted on a truck (Figure 3). The 
results indicated that both the standing stem volume and the stem volume removed during a thin­
ning cutting could be estimated using laser height profiles (Nilsson, 1994). 

Figure 3. Sketch showing how can­
opy profiles were collected in 1989 
using a profiling lidar mounted on a 
crane. 

During 1991, three tests with a scanning laser were done in a coastal Scots pine stand. The pro­
ject was carried out by SLU in co-operation with FOA using the FLASH system. The possibility to 
estimate tree height and stem volumes using distance measuring scanning laser systems was 
tested on plots with 10 m radius. The results showed that tree heights were underestimated by 2.1-
3.7 m. It was also found that the waveform area (Figure 4) could be used in combination with laser 
measured tree heights to estimate stem volume. A regression model predicting stem volume using 
the mean product of the waveform area and the laser measured tree height as independent vari­
able was derived (R2 = 0.78). This work, which is reported by Nilsson (1996) is to our knowledge 
one of the first scientific articles where scanning lasers have been used for assessment of forest 
resources. 
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In his thesis, Nilsson (1997) also made a simulation study that showed that laser measured canopy 
height measurements would be a valuable complement to optical satellite data when estimating 
stem volume. He found that the RMSE for stem volume on a plot level decreased from 56 m3/ha 
using TM data alone to 37 m3/ha using a combination of TM data and field measured tree height 
data. If tree heights derived from airborne lidar data are used, the increase in accuracy will be 
lower. It was also evident that the overestimation of low stem volumes and the underestimation of 
high stem volumes were much less, when both TM data and tree height data were used, compared 
to TM data only. 
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Figure 4. An example of a laser return (waveform). The figure also illustrates how the tree height 
(h) and the waveform area were defined (from Nilsson, 1996). 

THE TOPEYE SYSTEM 

A commercial laser system for terrestrial applications called TopEye was developed by SAAB in 
1993 with the first flights made in 1995. The TopEye system is based on the same basic principles 
that where developed for the FLASH and HawkEye systems. The mechanical structure and elec­
tronics was significantly redesigned to be lighter and adopted to the data rate. The TopEye system 
is working with a pulse rate of 7000 Hz, the beam divergence is adjustable from 1- 8 mrad, both 
first and last return in an emitted pulse as well as the amplitude for the return can be recorded, see 
Table 2 for further system parameters. 

Table 2. TopEye system parameters 

Laser: 

- Nd: YAG, 1.064 

- Prf 7000 Hz, Pulse length 4-7 ns 

Receiver: 

- 8,5 mrad FOV 

- Dual digitizers 

- Coaxial Transmitter I Receiver 

Scanner: 

- Dual mirror system (Pitch and Scan) 

- Real time controlled servo motor drive 

Presentation: 

- Displays for pilot guidance and operator control 

Storage: 
-Tape and removable hard disk drives 

Navigation: 

- GPS- Trimble 4700 receivers L 1/L2 

- INS- Honeywell 764 laser ring gyro 

Digital camera: 

- Custom built based on a Hasselblad camera 
with 

a PhaseOne digital back and Sony still cameras 

- Resolution 3*2 k pixels, images rate 1 ,6 sec 

-EO backs with 4*4 k pixel resolution can used. 

Since 1999, the TopEye system has been enhanced with the capability to simultaneously capture 
high-resolution digital images. This makes it possible to combine the geometric data from the 
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Laser Range Finder with image data in either the visual spectrum or near IR. In total, eight copies 
of the TopEye system have been built. The system is built into a pod that is mounted beneath a 
helicopter. Five TopEye systems are today commercially operated by TopEye AB 
(http://www.topeye.com). The commercial applications include for example DTM measurements in 
corridors for engineering surveys roads and railroads, land development projects, city modeling, 
surveillance of power lines and survey of ditches. TopEye has also been the major system for 
Swedish research about laser scanning of forest resources. 

STUDIES BY THE CENTRE FOR IMAGE ANALYSIS, SLU, UPPSALA 

Tomas Brandtberg at the Centre for image analysis, SLU in Uppsala, Sweden, has used the 
TopEye system at the Tonnersjoheden research park in southern Sweden and also in West Vir­
ginia, USA. Starting in 1998 he developed an autonomous system for the identification of single 
trees in a homogenous coniferous forest in southern Sweden, using laser-scanning data 
(Brandtberg, 1999; 2000). The system was based on a scale-space approach in combination with 
a differential geometry concept, so that it was able to automatically adapt itself to the locally domi­
nating tree crown size . .An independent part of the system estimated a terrain surface of each one­
hectare study area. This part was made possible by an algorithm that discriminates between can­
opy and ground laser points, which were modelled as two "parallel" fuzzy sets. The final ground 
height interpolation was able to take into account the irregularly distributed ground points. The 
segmentation results of individual trees in this study were encouraging, with only occasional seg­
mentation errors. The standard error for the laser height measurements of 55 sample trees of Nor­
way spruce was 1.4 m (Brandtberg, 2000). Fig. 5 shows an optimally Gaussian smoothed canopy 
surface with visible individual tree crowns on a one-hectare area of the Tonnersjoheden forest re­
search park . 

Figure 5. Canopy surface at Ton­
nersjoheden forest research park, 
Sweden, computed with scale­
space techniques by T. 
Brandtberg, Centre for Image 
Analysis (CBA), Uppsala 

Brandtberg continued with laser-scanning research as a Visiting Research Assistant Professor in 
the USA, during the years 2000-2002. In a study of deciduous forest (Oaks, Maple and Poplar) in 
West Virginia during leaf-off conditions, he found that individual tree crowns could be detected to 
some extent with a more advanced scale-space approach (Brandtberg et al., 2003) However, this 
forest type is comparatively more difficult to analyze. The standard error of laser height estimates 
was 1.1 m (N=48) and species classification of leaf-off individual trees was tested successfully 
using various newly defined and significant variables. This study made use of a ground reference 
canopy map. Furthermore, an objective method for the assessment of the individual tree-based 
segmentation results compared to the corresponding canopy map was developed and utilized. 
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RECENT STUDIES AT FOi IN LINKOPING 

FOI in Linkoping has also developed methods for automatic forest mapping (ground topography; 
individual tree detection and measurement; and species classification) using laser scanner data as 
part of a program for automatic terrain mapping and 3D modelling for visualization and simulation 
(Persson, 2001, Ahlberg and SOderman, 2002). These methods are used to first construct a con­
tinuous ground and canopy surface model; next the individual trees are detected and measured. 
Finally, species classification is performed based on features derived from laser data for each de­
tected tree. The methods was developed and tested using a data set containing dense laser data 
and high resolution visual and IR imagery acquired in august 2000 over Kvarn, a military training 
area near Linkoping. The tree detection and measurement methods were validated in cooperation 
with SLU (Persson et al. , 2002). 

An investigation of the potential for future airborne laser systems in forestry applications was per­
formed at the department of laser systems during 2000 (Steinvall et al. , 2001). Existing and ongo-

deveiopment of laser scanning technology and data processing, m!litary and civilian, was 
reported. in  cooperation the radar remote sensing groups at FO!, SLU and Chalmers, work 
has also been performed to investigate the use of high resolution laser data to complement and/or 
support large scale stem volume estimation using the low frequency SAR systems CARABAS 
(Smith et al., 2002). Laser data from the test site Remningstorp was used in this study together 
with VHF SAR data acquired 2000 over the same area using CARABAS. It was concluded that 
high resolution laser data from a few sites may be used for calibration of CARABAS backscatter to 
stem volume for large scale surveys. It was also concluded that combining the two technologies 
may be beneficial for mapping complex structured forests where the relationships between height, 
crown diameter and stem volume are weak or unknown. A new laser and SAR data set aimed for 
future investigations was obtained in summer 2002 over the Tonnersjoheden forest research park. 
It contains high resolution laser data from TopEye and CARABAS SAR data from more than 10 
directions. 

In ongoing work, investigation is also performed at FOI to improve species classification by com­
bining laser data and aerial imagery, both available from the TopEye system. First, laser data is 
used to extract individual trees and to build crown segments. Next, images of the individual tree 
crowns are extracted by projecting the crown segments on the aerial images. The delineated 
crown images may then be analysed for spectral and/or spatial information for use in classification. 
Initial attempts have been made to extract star-shaped patterns using the theory of rotational 
symmetries. A preliminary classifier has been developed. 

Pioneering work on terrestrial laser scanning of forest environments has been carried out both at 
LinkopiQg University of Technology (Hagstrom, 1997) and at FOI. Current tests at FOI are being 
performed using the ILRIS 3D scanner from Optech Inc (www.optech.on.ca). The scanner has a 
range accuracy of approximately 5 mm, a Field-of-View of 40°X 40°, and a spot spacing of <2,6 
mm at 100 m. The maximum range is approximately 800 m (depends on material reflectivity). The 
data sets may be viewed as range images or "point clouds" where each measured point has a (X, 
Y, Z) coordinate and an intensity value. In Figure 6, two range images obtained using the ILRIS 30 
scanner are shown. Depending on what part(s) of the trees that are visible in the range image(s), a 
number of variables can be measured directly in the images, e.g. stem diameter, tree height and 
crown diameter. The position of the tree relative the scanner can also be determined directly. If the 
scanner position is known in some reference system then the tree position can easily be deter­
mined in the same reference system. 
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Figure 6: From left to right are two examples of range images obtained using the !LRIS-30 terres­
trial laser scanner and an example of how stem diameter can be measured in a range image. 

RECENT STUDIES AT SLU IN UMEA 

From the mid 1990's and onwards SLU in Umea has developed methods for estimation of forest 
variables using laser scanner data from TopEye. The influence of laser system parameters on the 
estimates has also been investigated. Ali studies have been carried out in hemi-boreal forest at the 
Remningstorp test area in south western Sweden (lat. 58°30'N, long. 13°40' E). 

Forest variables have mainly been estimated using regression models. On plot level, the Root 
Mean Square Error (RMSE) for mean tree height estimations ranged between 6% and 11% of the 
average value for different datasets and methods. Corresponding RMSEs for stem volume on a 
plot level ranged between 19% and 26% (Holmgren et al. 2003a; Holmgren 2003b). On stand level 
(area 0.64 ha), the RMSE was 3% and 11% of the average value for mean tree height and stem 
volume estimations, respectively (Holmgren 2003b). A simulation model was used to investigate 
the effect of different scanning angles on laser measurement of tree height and canopy closure. 
The effect of different scanning angles was different within different simulated forest types, e.g., 
different tree species (Holmgren et al. 2003c). 

High resolution laser data from the Remningstorp test site have been used to detect and measure 
individual trees in cooperation with FOI in Linkoping (Persson et al. 2002). It was found that 71 % 
of the trees (2:: 5 em stem diameter), representing 91 % of the stem volume could be automatically 
detected, and tree height and crown diameter were measured with an RMSE of 0.6 m. The magni­
tude of the height estimation errors was similar to what are usually achieved using traditional field 
inventory methods. The tree species Norway spruce (Picea abies L. Karst.) and Scots pine (Pinus 
sylvestris L.) were discriminated at individual tree level with an accuracy of 95% (Holmgren and 
Persson 2003d). These recent studied has resulted in a PhD thesis (Holmgren 2003e). 
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On-going work in co-operation between FOI and SLU includes tree species discrimination on sin­
gle tree level between pine, spruce and deciduous trees (Figure 7) using both laser data and near 
infrared reflected solar radiation, registered with a digital camera. Validation of this method is 
planned for autumn 2003 using recently (august 2003) acquired data from Remningstorp. 

CONCLU SIONS AND FUTURE OUTLOOK 

As our colleagues in Finland, we have also in Sweden found that single tree level remote sensing 
using high density laser scanning data is possible in the boreal coniferous forest and that very 
good results of, for example, measurements of tree height, crown diameter, tree position, and even 
species discrimination, can be achieved. The rapid technical development of sensors makes it re­
alistic to believe that single tree methods also will be economically feasible in future total area cov­
ering surveys. In combination with suitable field data, such methods are lil<ely to improve stand­
wise forest surveys. Furthermore, laser scanner data that only are acquired along a sample of 
strips might be a powerful component in future sample based field surveys. For example change 
detection using multitemporal laser data in a sampling design might be an efficient method for 
finding thinning cuttings and could therefore be useful for pre-stratification of field surveys in 
National Forest Inventories. It is therefore motivated that the research around single tree methods 
should continue. This includes extraction of more features from the laser data, combination with 
data from optical sensors, development of complementary field methods, and development of 
multitemporal methods. It can be anticipated that all four organisations that contribute to this paper 
will be active also in different parts of this future work. 

The remote sensing group at SLU in Umea has also come to the same conclusion as their col­
leagues in Norway, that low density laser scanning in combination with field data, is feasible and 
probably already today cost efficient for estimating mean tree heights and stem volumes at stand 
level. This motivates further research in complementary techniques, such as segmentation using 
laser scanner data and studies of optimal field sample designs. Furthermore, this also means that 
we are about to enter a new phase of commercial forestry laser scanning in Sweden with new or­
ganisations involved. A first sign of this is that the county forestry board in Gavleborg-Dalarna, has 
acquired a semi-operational laser scanner survey of a 5000 ha area where timber values should 
be estimated before revision of real estate borders. The scanning was carried out in May 2003 by 
FotoNor, using an Optech Scanner. 

Finally, it must be remembered that today's commercial systems are primarily developed for other 
purposes than forestry. Therefore, research related to optimal system parameters for forest appli­
cations needs to be encouraged 
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APPENDIX 1 
Important flights in Sweden for development of methods for laser scanning of forest resources 

Date System Test site Research Area Flight 
group scanned height 

(ha) (m) 

Jun 1991 FLASH I Helicopter Alo SLU I FOA 4 300 

Oct 1991 FLASH I Helicopter Alo SLU I FOA 4 300 

Dec 1991 FLASH I Helicopter Alo SLU I FOA 4 300 

Oct 1997 TopEye I Helicopter Remningstorp SLU 400 240 

Dec 1998 TopEye I Helicopter Tonnersjo- CBA 400 200-
heden 400 

Aug 2000 TopEye I Helicopter Kvarn, FOI 600 130 
Linkoping 

Sep 2000 TopEye I Helicopter Remningstorp SLU I FOI 400 130 
230 

Aug 2002 TopEye I Helicopter Tonnersjo- FOI 200 130 
heden 

May 2003 Optech AL TM 2033 Ovanmyra, Regional board of 5000 800 
I fixed wing aircraft Leksand, forestry Dalarna-

Dalarna Gavleborg 

Aug 2003 TopEye I Helicopter Remningstorp SLU 1250 120 
430 

I 

I 

Beam 
diver-
gence 
(mrad) 

2.5-10.0 

2.5-7.5 

2.5-10.0 

.. 
1 

1 

-
1,2,4, 8 

1 

0, 3 

. -

·-
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Pulse repetition Field data 
frequency (Hz) 
and pulse density 
(m-2) 

'160 I 0. 1-1 . 6 28 plots 

160 I 0.4-1.0 28 plots 

160 I 0. 1-1 . 0 28 plots 

7000 I 1 80 sample plots 

7000/5-10 36 plots with tree 
positions 

7000/15 

7000 I 5 800 tree positions 

I 600 sam ple plots, 
51 stands 

7000 I 1,4 I 
I 

33000 I 1-5 sample plots, design 
to be determined 

7 000/1-5 2800 tree positions 
1000 sample plots 
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LASER SCANNING OF FOREST RESOURCES 
-SOME OF THE FINNISH EXPERIENCE 

1. Finnish Geodetic Institute, Department of Remote Sensing and Photogrammetry, Espoo, 
Finland, juha. hyyppa@fgi. fi 

2. Helsinki University of Technology, Institute of Photogrammetry and Remote Sensing, Espoo, 
Finland, hannu@foto.hut.fi 

3. University of Joensuu, Falculty of Forestry, Jonesuu, Finland, matti.maltamo@forest.joensuu.fi 

ABSTRACT 

Finns have participated in the development of laser scanning algorithms, processes and software 
rather extensively the last 5 years. This describes some of the research 
results obtained. 

BACKGROUND 

Part of the development of laser scanning algorithms in Finland has its origins in the development 
work of profiling radar HUTSCAT, carried out at the Helsinki University of Technology but also 
within the traditional forest research. During 1986-1989 a helicopter-borne ranging scatterometer 
HUTSCAT was developed in order to be able to measure the backscatter of distributed targets, 
such as forests, at C- and X-band. After the implementation of the HUTSCA T in 1989, work contin­
ued towards the development of a scanning ranging radar and development of algorithms based 
on profile information. Later on the applications of the HUTSCAT in forestry have been widely pub­
lished in scientific literature (Pulliainen et al., 1994, Hyyppa and Hallikainen, 1996, Hyyppa et al. 
1997b; Torma and Hyyppa, 1998). 

In autumn 1997, FM-Kartta Oy organized a national meeting on the potential applications of the 
laser scanning . After the meeting two national projects were launched to test laser scanning in 
Finland: the Udar project run by FM-Kartta Oy and another project run by the Finnish Road Ad­
ministration. 

After the mid of 90's, Terrasolid Oy also started their activity with laser scanning. In 1997-98, the 
possibilities to use TerraScan software were introduced. 

In 1995-1998, a national research project MULTI was conducted in order to verify-the feasibility of 
various data sources for forest inventory. In addition to ranging radar, aerial imagery, imaging 
spectrometer AISA, and satellite-based systems were applied and compared. Height information 
provided by the ranging radar was superior to other remote sensing data sources in volume as­
sessment indicating high promises for forestry related applications with laser scanner. Summaries 
of this work can be found in (Hyyppa et al. 1997a, Hyyppa et al. 2000a). 

In 1997, Andre Samberg and Juha Hyyppa collected a group of interested organizations to test 
high-pulse rate laser scanning to forestry. A proposal "Assessing forest stand attributes by inte­
grated use of high-resolution satellite imagery and laserscanner" (HIGH-SCAN) was submitted to 
EC/IV FP/CEO by Helsinki University of Technology (LST and I PARS), Forestry Development Cen­
tre Tapio, Toposys GmbH, Joanneum Research, University of Freiburg/Felis and Scherrer ln­
genierburo AG. HUT/LST had subcontracts to FM-Kartta Oy and Arbonaut Ltd. The proposal was 
accepted and the HIGH-SCAN was launched in the beginning of August 1998. 2-3 weeks later, the 
Toposys-1 system was flown in Finland within the HIGH-SCAN and the Lidar projects. Also, the 
Finnish Road Administration (Tapio Suominen) has had massive campaigns since 1998. 
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TODAY 

Presently, Finns concentrate on algorithms and software development. Some of the most active 
organizations include 

• Finnish Geodetic Institute, Helsinki University of the Technology (Institute of Photogram­
metry and Remote Sensing), University of Joensuu and Helsinki University (research or­
ganizations) 

• Terraso!id Oy, FM-Kartta Oy, TopTerra Oy, Helsinki and Tampere cities and Finnish Road 
Adminstration (companies or adminstration). 

The TerraScan software (by Arttu Soininen) from Terrasolid Oy is perhaps the best-known Finnish 
product of laser scanning. TerraScan for MicroStation is dedicated softv,..are for processing laser 
scanned data. It can process tens of millions of points as all routines are tweaked for optimum per­
formance. Processing procedures can be automated by customizing own macro programs and by 
using user-defined project structures. Presently, the TerraScan �s assumed to be the global market 
leading software concerning laser scanning processing. 

Also, the single tree based forest inventory using laser scanning was implemented in commercial 
software already in 2000-2001 (Arboreal Forest Inventory Tools) by Arbonaut Ltd. But later on the 
product family was sold to International Hardwood (USA). 

Today, there is a good number of research projects dealing with laser scanning and forest re­
sources in Finland, mainly run by Finnish Geodetic Institute, Helsinki University of Technology and 
University of Joensuu. Progress has been done in the mapping of forest resources in the following 
areas: 

• Production of Digital Terrain Models in·forested areas, 

• Creation of the Digital Tree Height Models for single tree based inventories, 

• Development of segmentation algorithms to retrieve single tree information from the tree 
height models, 

• Demonstrations of single-tree-based forest inventories, 

• Tree species classification, 

• Reconstruction and visualization of the geometric shape of trees, 

• Development of change detection methods, 

• Use of theoretical distribution functions to account the suppressed trees, 

• Creation of single tree models based on tree height information, 

• Comparison of the laser-based inventories to inventories based on other remote sensing 
data 

• Demonstration of laser scanning for large area forest inventory, and 

• Improving the georeferencing of laser data. 

EXPERIENCE GAINED 

Prod uction of Digital Terrain Models 

Hyyppa et at. (2000b) evaluated and discussed the accuracy of laser scanner in digital terrain 
model generation and digital 3-D height model generation in forested areas. Special effort was laid 
to optimize the selection of ground hits used for the creation of the DTM of future high-pulse-rate 
laser scanners. A novel DTM algorithm was depicted in detail. To develop the algorithm, five 
phases were created: 1) calculation of the original reference surface, 2) removal of the vegetation 
from the reference surface, 3) classification of the original cloud of points, 4) calculation of the 
DTM based on the classified ground hits, and 5) interpolation of the missing points. Standard error 
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of 15 em was obtained for flat forest areas and the error increased with increasing terrain slope to 
the value of approximately 40 em at the slope of 40 %. The average standard error for forest area 
was about 22 em. The laser-derived DTM of the forest road deviated only 8.5 em from the true 
height. An optimum performance for the DTM generation was obtained by averaging the ground 
hits which were located, at the maximum, 60 em above the minimum terrain values. 

The accuracy of various OEM algorithms was tested by Ahokas et al. (2002), and an accuracy of 
14 em in a hilly, forested environment was obtained for the method of Finnish Geodetic Institute. In 
paper Hyyppa et al. (2001), also several OEM algorithms were tested in several test sites. 

Ahokas et al. (2003) studied accuracy of laser scanning in OEM production using Toposys and 
TopEye data. The Toposys flying altitudes were about 400 and 800 m above ground and for the 
TopEye, 100, 200, 400 and 550 m flying altitudes were used. Reference measurements on the 
ground were made with a RTK GPS and a tachymeter. Points on asphalt, grass, gravel and forest 
ground were measured. Height errors for different surtaces were calculated. The higher the flying 
altitude, the larger was the height error. All the three comparison methods (ALS mean height in the 
test circle, height of the nearest laser point and interpolated height) seemed to give similar results 
for the mean of differences (reference height� ALS height} in the same flight line. There were also 
quality di'fferences between Height errors as a function of observation angle were 
termined. Observation angle had an effect on the height accuracy. A systematic error of typically 
10 em was observed due to observation angle changes. Different R-squared values (coefficient of 
determination in the regression analysis) were obtained for the same surface material at different 
flying altitudes. 

Hyyppa and Engdahl (1999) verified various digital elevation models using laser-derived DEM as 
the ground truth. Models were also created to understand the response of SAR on forest areas. 

Creation of the Digital Tree Height Models for single based inventories 

In Yu et al. (2003), the tree height model was computed as the difference between the digital sur­
face model (DSM) representing the top of the crown and the digital elevation model (OEM). The 
DSM of the crown was obtained by taking the highest elevation value (z value) of all laser hits 
within each pixel (50 em). The value for missing pixels was obtained using Delaunay interpolation. 
Hits coming beneath the crown surface may be valuable for biodiversity information but are not 
needed in the construction of tree height models. To generate a OEM from laser scanner data, 
points that reflected from non-ground objects were classified. This technique has shown to give 
tree height accuracies of about 50 em (Yu et al. 2003). 

Development of segmentation algorithms to retrieve single tree information from the tree 
height models 

The segmentation algorithms of HUT (subcontract from Arbonaut Oy), FELIS (University of 
Freiburg) and JR (Joanneum Research) were applied to a small test site in Hohentauern (Austria), 
where nearly 200 trees were measured terrestrially (Hyyppa et al. 2001 a). For verification pur­
poses, 197 single trees irregularly distributed within the test site (8 reference areas with 15 - 30 
trees measured within the area) were surveyed by ground measurements. The exact position of 
the single trees was determined by the use of differential GPS system and terrestrial measure­
ments. Further, the tree crowns of the reference trees were delineated in field; the stem diameter, 
tree height and tree species were recorded. The reference areas were homogeneous with regard 
to crown closure. The 197 reference trees consisted of 165 spruces, 25 larches and 7 other conif­
erous trees. The JR algorithm delivered slightly better results with 50 % correctly segmented 
crowns compared to 40 % of the HUT algorithm and 44 % of the FELIS algorithm, as the JR algo­
rithm was developed for the conditions of test site Hohentauern. For the JR and the HUT algo­
rithms errors were mainly caused by merged crowns due to non-detection of shadowed trees and 
missing maximum due to oversmoothing. With the FELIS algorithm, the main errors occurred by 
not segmenting certain trees at all. 

Demonstrations of single-tree-based forest inventories 

The basic idea of the single-tree-based forest inventory is that the calculation of the stand attrib­
utes for a single stand is based on the measurement of the location, tree height, species and 
crown area for each single tree. From that information, all other stand characteristics are derived. 
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The location, tree height and tree crown areas can be obtained from laser scanner data, whereas 
the tree specie is obtained from image data. 

I n  Hyyppa and l n kinen (1999) and Hyyppa et al. (2001b), it was demonstrated that high-pulse-rate 
laser scanners are capab le to detect sing le trees in boreal forest zone, and characteristics of single 
trees, such as height, location, and crown dimensions can be determined providing accurate 
standwise estimates for stem volume and mean height. By increasing the number of pulses, it was 
possible to have samples from each individual tree and also from the gaps between the trees. Ba­
sically this meant that several laser pu lses were recorded per m2. Tree height model was calcu­
lated from the digital terrain and crown models both obtained with the laser scanner data. By ana­
lysing the 3-dimensiona l  tree height model by using image vision methods, e .g. segmentation, it 
was possib le to locate individua l  t rees, estimate individual tree heights, crown area and, by using 
that d ata, to derive the stem diameter, number of stems, basal area and stem vol ume. The advan� 
tage of the method was the capability to measure directly physical  dimensions from the trees and 
use that information to calcu late the needed stand attributes. I t  was shown that tree heights of indi­
vidua l  trees in the dominating storey cou ld be obtained with less than 1 m standard error. I n  addi­
tion, the fol l owing standard errors were obta ined for mean height, basal area and stem volume at 
stand level : 2.3 m {13.6 °/o) ,  1.9 m2/ha (9.6 %) ,  and 1 m3/ha (9.5 %) ,  respectively .  The accuracy 
was better than the accuracy of conventional  standwise field inventory. 

The effect of pu lse density to sing le tree based forest inventory has a lso been studied. The pulse 
rate was deteriorated by randomly taken the needed amount of pu lses. Consequently, pu lse densi­
ties of 1, 4 and more than 10 pu lses per square meter were created . Window sizes of 13, 9 and 9 
m were app lied in minimum filtering of the DTM process. Resolution of 1 m was taken for pulse 
densities of 1 and 4 pulses per square meter. Digital tree height model was calculated for each 
data set separately, and new segmentation was carried for each data set. Stands with data holes 
were removed. Even though, the number of stems was significantly redu ced using lower amount of 
pulses, and therefore, larger segments were created. The underestimation increased, but the stan­
dard deviation of the results did not basically deteriorate at all with lower pulse rates. Most 
probably explanation for the results are that with 1 pulse per square meter the distribution of the 
pulses is more spatially spread than with higher pulse rates. E.g. with pulse density of more than 
10 pulses, most of the performance is deteriorated due to the oversampling of Toposys-1 in along 
track direction. Most probably with lower pulse rates, such as with 1 p ulse per square meter, and 
keeping the orientation of pulses similar with Toposys-1, we obtained resu lts with significantly 
lower accuracy. 

Tree species classification and integration of image data 

Antero Kukko tackled the species classification using both the geometrical shape information of 
laser scanning and image data of aerial photographs. First the aerial photographs were orthorecti­
fied using the DSM corresponding to the top of the crown. An accuracy of 79 % was obtained for 
species (pine, spruce and birch) of individual trees. 

Torma (2000) employed multiplayer perceptron neural network with back-propagation training algo­
rithm to estimate tree species proportions at stand level. Only data source was from laser scan­
ning. The classification accuracy of 66 % was obtained at the best. 

In Hyyppa et al. (2001 a), it was reported that the classification result using lkonos for tree species 
showed almost perfect delineation of broad-leaf forest! trees. The use of lkonos image in the bo­
real forest zone does not seem to be an easy task. Due to rainy summer, the image was taken in 
late autumn  and early in the morning, therefore there are long shadows in the image. However, at 
stand level the overall accuracy for main tree species was about 88 %. 

The data integration of image data and laser data has been carried out by object-oriented data 
integration for stand wise estimates. Segments were obtained from laser data. These segments 
were considered as objects, the characteristics of which were collected both from image data and 
from laser data. Height and canopy area could be obtained using laser-derived tree height data, 
and the tree species was obtained from the aerial imagery. Models to calculate the stem volume 
based on tree height, stem diameter and tree species were applied. 

Reconstruction and visualization of the geometric shape of trees 
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The objective the study by (Pyysalo and Hyyppa,  2002) study was to carry o ut reconstruction of 
single tree crowns from laser scanner data to use the obtained vector model for feature extraction .  
The reconstruction was implemented i n  several stages. First, pulses reflected from individual trees 
were marked off from the original point cloud . Ground points were then separated from all points 
using digital terrain model and analyzing the histogram of terrain height values. In the next stage 
canopy was described with vector polygons, and the location of the trunk was estimated . With re­
spect to the location of the trunk, tree points were transferred from (xyz)-co-ordinate system to the 
polar-co-ordinate system (a,r,h) ,  and features were estimated from the vector model . Evaluation of 
the reconstruction was performed choosing a test area and processing 50 single trees , and com­
paring results to the fie ld measurements . In the study it  was found  that dense laser scanner data 
detail describes the upper canopy of forest and therefore is suitable for tree height information ex­
traction .  The lower crown was found less detail measured with laser scanner and parameters ex­
tracted from that part were less accurate, but trend setting . Obtained distance profi le seemed to 
give tendency for the tree specie. 

Development of change detection methods 

appl icab i l ity smal l  footprint, high samp l i ng density a irborne laser scanner for est imat ion of 
forest growth and detect ion of harvested trees was demonstrated by Yu et a l .  (2003) Two laser 
acquisitions - one in Septem ber 1 998 and another in June  2000 - were carried out using Toposys-
1 laser sca nner in test site (Kalkkinen) , 1 30 km n orth of Helsinki .  Three-dimensional  tree height 
models were calcu lated for both data sets u sing raster-based algorithms. Object-oriented algo­
rithms were developed for detection of harvested trees and forest growth estimation .  Out of 82 
field-checked harvested trees, 65 trees could be a utomatically detected .  All mature harvested trees 
were detected; problems were encountered mainly with smaller trees. Forest growth was tested at 
tree, plot and stand levels. Applied methods included an object-oriented tree-to-tree matching algo­
rithm, interactive orientation using point cloud and statistical analysis. The precision of the esti­
mated growth, based on field checking or statistical analysis, was about 5 em at stand level and 
about 15 em at plot level. 

Use of theoretical distribution functions to account the suppressed trees, 

Maltamo et al. (2003) proposed the use of theoretical distribution functions to account for the sup­
pressed trees. The tree crown segmentation method used can not detect suppressed trees from a 
height model based on laser scanning. Consequently, the shortest trees of the dominant tree layer 
may not be recognized. These trees can be predicted by using theoretical distribution functions. In 
study by Maltamo (2003), two different methods were used to predict small trees. First, the pa­
rameter prediction method was utilized with the complete Weibull distribution, the parameters of 
which were predicted with separate parameter prediction models; and thus, small trees were de­
termined from the predicted tree height distribution .  In the second method, the two-parameter left­
truncated Weibull distribution was smoothed to the detected tree height distribution. For the calcu­
lation of plot volumes, individual tree volumes were predicted by using the existing national volume 
models , which were based on the diameter at breast height and total tree height. However, before 
the volume models were applied, diameters at breast height were calculated for all trees. They 
were calculated from the diameter prediction model, the independent variables of which were the 
tree height and crown area or the tree height only .  

Creation of  single tree models based on tree height information, 

Single tree based models based on height information have been developed at University of Joen­
suu and University of Helsinki. 

Comparison of the laser-based inventories to inventories based on other remote sensing 
data 

The laser-based estimates have been compared with estimates produced by other airborne and 
satellite-borne remote sensing data on the retrieval of the following forest stand attributes: stem 
volume (m3/ha) and mean tree height (m). Information content of the following data were com­
pared: Landsat TM, SPOT Pan and XS, airborne data from imaging spectrometer AISA and laser 
scanner TopoSys-1 in a single test site, Kalkkinen .  The adjusted coefficient of determination, the 
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corrected standard error of the model, and the standard errors in percentage were calculated for 
each data source. All the data were used for the model development. The data sources in the es­
timation of tree height in the decreasing order of explanation power were the laser scanner, imag­
ing spectrometer A!SA, Landsat TM, Spot XS and Spot Pan and in the estimation of stem volume 
the corresponding order was the laser scanner, imaging spectrometer, SPOT XS, Landsat TM and 
Spot Pan. The SE% obtained in the stem volume estimation for laser was 13.5% compared to 49.6 
% for Spot Pan. Laser scanner was the only data source of equivalent or better accuracy with the 
traditional forest inventories. (Hyyppa and Hyyppa, 1999) 

Demonstration of laser scanning for large area forest inventory 

A continuous forest/agricultural area (85 km2) was measured for the Finnish Geodetic Institute in 
spring 2003 by Toposys-2 (Falcon). The area will be used for demonstration of large area forest 
inventory. 

Improving the georeferencing of laser data. 

The interactive orientation method is depicted in Ronnnolm et al. interactive orientation is 
suitable for traditional orientation tasks, when accurate reference data, points or lines, ex­
ist. Ronnholm et al. (2003) presented algorithms for interactive orientation between panoramic im­
ages and existing 30 data. The method is based on visual interpretation of the data obtained by 
superimposing laser scanning data on 2D images. The interactive orientation method gives an ex­
cellent opportunity to inspect the behavior of laser scanning. By backprojecting a laser scanning 
data onto the oriented image, it is easier to understand the point clouds of laser scanning. 
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ABSTRACT 

Large footprint l i dar  has demonstrated its g reat potential for accurate estimat ion of many forest 
parameters . Especia lly it can rebu i l d  the vet ica l  structure of forest canopy. But there are many u n­
certainties i n  the i nterpret ing of l idar  waveforms because of the atmosphere effects, the u nder can­
opy's contribut ions, the shape crown, et a l. A waveform model can help us understand these 
effects better and estimate forest parameters more accurately. In this study, a large footprint lidar 
waveform model for 3 dimensional forests was introduced and used to simulate the G LAS wave­
forms from a measured forest stand. 

INTRODUCTION 

Vegetation spatial structure including plant height, biomass, vertical and horizontal heterogeneity, 
is an important factor influencing the exchanges of matter and energy between landscape and at­
mosphere, and biodiversity of ecosystems (Dubayah, et al., 1997). Most remote sensing systems 
and techniques, although providing images of the horizontal organization of canopies, do not pro­
vide direct information on the vertical distribution of canopy elements. 

Laser altimeter systems have been developed to provide high-resolution, geolocated measure­
ments of vegetation vertical structure and ground elevations beneath dense canopies. The basis of 
the method is ranging to the surface obtained by precise timing of the round-trip travel time of 
short-duration pulses of backscattered, near-infrared laser radiation (Sun and Ranson, 2000). Over 
the past decade there have been dramatic improvements in LiDAR technologies and the technol­
ogy has been used successfully to estimate many forest parameters. Canopy height, basal area, 
canopy density and biomass have all been successfully derived from lidar data (Nilsson, 1996; 
Means et at, 1999; Popescu et al, 2002; Lefsky et al, 1999; Drake et al, 2002; Lim et al, 2002). 

With recent technological advances in lidar remote sensing and the developments of quantitative 
remote sensing, it becomes increasingly important to understand the physics of photon propaga­
tion through the vegetation canopies. A lidar waveform model depicting the interaction between the 
laser energy and the elements of canopy can be used to explore the relationship between lidar 
waveforms and canopy structure parameters, help us take full advantage of the information con­
tained in the lidar waveforms. During the past several years, there were several lidar waveform 
models of forests which simulated the forest lidar waveforms with different methods. Blair first 
modelled the waveforms as the sum of the reflections from individual surfaces within laser foot­
prints (Blair and Hofton, 1999). Sun developed a 3-D model to simulate the lidar waveforms from 
forests (Su n  and Ranson, 2000). Ni-Meister used the geometric optical and radiative transfer 
(GORT) model to describing the lidar waveform from forests and analyzed the clu mping effect in 
the simulated waveforms (Ni-Meister et al, 2001). These models only consider single scattering 
mechanism. Kotchenova modelled the lidar waveforms with time-dependent stochastic radiative 
transfer theory, which included the multiple scattering mechanisms and got better results over 
density forests (Kotchenova et al, in press). 
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The Geoscience Laser Altimeter System (GLAS) (Fig . 1) is a NASA Earth Observing System faci l ­
ity instrument aboard the I ce,  Cloud and land E levat ion Satel l ite ( ICESat) launched on 13 January 
2003. It is the on ly operat ional  spacebore l idar  sensor now. G LAS is  a large footprint waveform 
l idar  and operates continuously in a 600 km , 94 degree inc l inat ion orbit ,  acqu i ring g loba l ly d i strib­
uted elevat ion p rofiles consisting of 70 m d iameter laser footprints spaced every 175 m along the 
profi le .  This paper wi l l  focus on simulating the forest l idar waveform with GLAS' parameters us ing 
Sun and Ranson's 3D l idar waveform model and analyze the G LAS' feasib i l ity to est imate forest 
structure parameters . 

Figure 1. Geoscience Laser Altimeter System (GLAS) 

(From utexas GLAS web site: 
http://www.csr.utexas.edu/glasl 

METHODS 

Basic Canopy Lidar Equation 
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Figure 2. Schematic of lidar pulse and 
waveform from a single tree with ellipsoi­
dal crown. The middle curve is the can­
opy volume distribution 

Canopy Lidar records the range and intensity of returns reflected from a l l  levels through the can­
opy. A l idar sends out a short duration laser pu lse. The d ig itizer samples the detector output volt­
age of returned signal from targets at a certain  rate, yield ing a waveform for that laser shot (Hard­
i ng et al, 1998). This waveform is a record of retu rn signal as a function of time. 

c·t R= -
2 (1) 

with R the d istance between the sensor  and the object surface, c the speed of l ight and t the inter­
val time relative to a specific point on the laser pu lse (Baltsavias, 1999). The vertical sampl ing reso­
l ution depends on the du ration of the d ig itizer b in. So the vertical resolution of waveform is: 

c. /}.t 
!J.R= --

2 (2) 

with !J.R the vertical resolution and M the duration of the d ig itizer b in. 
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Treewise Udar Waveform 

Fig . 2 i l l ust rates a laser pulse and the resu lt ing waveform after it h its a tree. The tree crown here 
was modeled as an  e l l i psoid with ha lf- length d and half-width w. To describe the scattering and 
attenuation properties of a scattering med ium , termino logy adopted from Natsuyama et a l  ( 1998) 
wil l  be used here .  The scattering coefficient cr is defined such that crdz equals the fract ion of en­
ergy scattered by the materia ls in  the med ium as a beam of rad iation travels through a cyl inder of 
un it cross-sectiona l  area and height dz, per un it mass of the matter. The attenuation coefficient a 
can be defined s im i la rly . The ratio ala is the s ing le scattering a lbedo . If we use v = v(z) to repre­
sent the density of the med ium as a funct ion of vertical position  z, (equ ivalent to the vertical d i stri­
bution of i ntercepted surfaces to be retrieved from a l idar) ,  then the optical depth r of the med i um 

from z=O to z=z wi l l  be T = r av(z)dz and  t he  scattering from a s lab between z and z+dz wil l  be  

Q = v(z)adz. The  energy scattered from th is s l ab  (with un it area) and  reachi ng the top o f  the can­

opy (z::::O) can be expressed as: l = l0e-27Q, where 10 i s  the i ncident rad iation .  

In  our  current study,  on ly first-order scattering was considered . The backscattered energy from a 
horizontal s lab with u nit surface area and th ickness 1.1z at d epth z can be expressed as: 

-2a £v(z.s)dz 
L = L0e v(z, s)adz (3) 

where La is the incidence laser intensity .  Here we assume that the density of med ium can also be 
a function of horizontal position (s) .  The exponentia l  term accounts for the two-way attenuation 
from the part of tree crown above th is s lab .  For an  uniform e l l i psoidal  crown , i . e .  v, cr, and a are 
constants , the energy scattered from a crown s lab of th ickness t;z at z and reaching the top of 
crown can be analytica l ly calcu lated by the fol l owing i ntegration:  

w� 
z+.iz 

Jifla- -z- J 
d r:;-:; 

J J 
-2av(-v w·-r·-z) 

L = L0 27tav dz e "' rdr 
0 

(4) 

where d and w are the half length and ha lf width of the e l l i psoid crown .  The t ime delay of th is s ig­
nal  wil l be the time for l i ght to travel from lidar  to posit ion z The time delay of this signal  wil l be the 
time for light to travel from l idar to position zand back to l idar .  The backscattered signal may a lso 
be presented according to the height from g round surface .  The model ing results wil l be p lotted with 
respect to the height above ground surface .  

Standwise lidc:u waveform model 

I deal ly ,  the laser pulse should be of rectangular shape and with infinitesimal duration to ensure 
accuracy and h igh vertical resolution .  I n  practice the laser pulse has a curved shape and finite du­
ration .  General ly, the pulse width is much larger than the signa l  digitization interval ,  every scatterer 
will produce a signal  which is recorded in many bins.  Each signal bin corresponds to an assumed 
rectangular pulse with the duration or pulse width equal to the thickness of the crown slab cel l .  The 
total signal  wil l  be the summation of these bin signals accord ing to their time delay. 

The model inputs incl ude d iameter at breast height (dbh) , height, and species for each tree in the 
stand . The crown shape, and crown structure may be determi ned from these parameters according 
to the a l lometric equations .  The attenuation and scattering properties of a cel l  can be estimated 
from the phase function of ind ividual tree components by integration over the orientat ion distribu­
t ions of these com ponents (Gastel lu-Etchegorry, et a l . ,  1 996). The three-dimensional scene is d i­
vided into cel ls according to the vertical resolution of the lidar. Let z=O be the top of the stand , and 
z increases downward from the canopy top. I f  the canopy cell is smal l ,  i. e .  both Ll2 and Lis are 
sma l l ,  we can assume that the density of scattering medium is constant within this cel l  (see Sun 
and Ranson ,  2000 in more detail). 

The canopy was divided into m layers (Cj ,  j=1 , m from top to bottom,  with thickness Liz) and the 
lidar pulse was divided into n narrow pulses (Li, i=1 , n from front to tai l ,  with duration L1t=2Ll2/c, c is 
the speed of l ight) . If the lidar  return signal starts when the pu lse L 1 reaches the sub-canopy layer 
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C 1 ,  the t ime delay for pulse Li to hit canopy layer Cj and retu rn back towards the l idar  wi l l  be (with­
out cou nt ing the time delay between l idar  and upper  canopy surface): 

t(i,j) = 2(i + j)!J:z I c (5) 
where c is the speed of the l ight. The returned signal wi l l  be: 

j-1 
-ai;vk& 

L(i,j) = L;CYV1/j.s/J:ze k=l = L;Q 1E1_1 (6) 

where Qi=crviD.sLlz is the backscattering from a cel l  at jth canopy layer, Ei-1 is the ext inction above 
th is cel l ,  and L; i s  the ith l idar sub-p ulse. 

The l idar waveform is  recorded in (m+n-1 ) d ig it iz ing b ins .  The t ime delay i ntervals for these b ins  
are :  [0, 2D.z/c], [2Llz/c, 4Llz/c], . . .  [2(m+n-2)D.z/c, 2 (m+n-1 )Llz/cl The fi rst i nterval is when the first 
(top) canopy layer reflects the fi rst l i dar  sub-pu lse (front of the l idar p ulse) . Each l idar sub-pu lse wil l  
p roduce a series o f  returns a s  shown i n  Eq . 6 .  T h e  s igna ls from these sub-pu lses need t o  be 
added to proper bins accord i ng to the t ime delay. Fol lowing is  the l ist of components in  these b ins: 

1 : 
2: 

n: 

m+n-2: 
m+n-1: 

(7) 

Every column of cel ls  of a footprint wi l l  produce a series of s ignals l i sted in  Eq. 7. The l idar wave­
form of this footpri nt is the sum of these signals accord ing to their t ime delay. When these wave­
forms are plotted , the s ignal  from the peak of the laser pu lse wi l l  be reg istered with the height of 
the scatterer (Fig. 2). So the scattering (reflectance) from a flat surface (ground) would appear as a 
Gaussian-shaped waveform with peak at the height of the surface level as shown in Fig. 2. I t  
shou ld a lso be noted from F ig .  2 that the peak of the waveform due to crown leaf reflectance does 
not coi ncide with the peak of crown volume vertical d istribution. 

RESULTS 

Accord ing to the method d iscussed above, we use the GLAS' parameters and a measured forest 
stand parameters of BOREAS to s imulate the waveform from forests. 

Measured forest stand parameters 

At the BOREAS Southern Study S ite, Prince Albert, Saskatchewan ,  Canada, trees with i n  a 1-ha 
(1 00 m by 100 m) mature stand of  jack pine were measured (F ig. 3) .  The stem location ,  dbh ,  spe­
cies, and relative canopy position (e. g. ,  dominant, co-dominant, i ntermed iate, suppressed) were 
recorded for each tree i n  the stand in September 1993. Only trees with a dbh g reater than 2.5 em 
were measured for a total of 1900 trees. In addition ,  total height ,  crown length and crown width 
were measured from jack pine trees as part of the BOREAS field activities. 

Regression relationshi ps for calculat ing tree parameters, and the scattering and attenuation  coeffi­
cient used in s imu lat ions are l isted below: 

Height (m) = 20.98 * LOG10(DBH(cm))- 10.09, r2 = 0.98, N=275 

Crown-length (m) = 0.432 * Height (m) + 1.48, r2 = 0.94 ,  N=200 

Crown-width (m) = 0.222 *Height (m)- 0.162, r2 = 0.93 , N=46 

Crown scattering coefficient- 0.515, Transmittance coefficient- 0.305, Ground reflectance- 0.29 
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Figure. 3. Stem map of a forest stand at the Figure. 4. Simulated GLAS lidar waveforms for 
BOREAS Southern Study Site, Saskatchewan, the Jack Pine stand. 
Canada. Small circles represent the relative 
DBH of trees, but not in the scale the plot 
axes. The large circle is the lidar footprint (70 m 
in diameter) for waveform simulation. 

lid«u system parameters 

The GLAS instrument uses a laser alt imeter to measure the range to the surface. Ranges are de­
termined from the measured time between transmission of the laser pu lse and detection of the 
photons reflected from the surface and received by the i nstrument. The laser footprint d iameter on 
the surface is nomina l ly 70 m, and the width of the transmitted pulse is 4 ns, equ ivalent to 60 em i n  
surface elevation. The detected pu lse corresponding to the reflect ions from the surface i s  selected 
by an instrument algorithm and d ig itized in 1 ns (15 em) range b ins (Brenner et al, 2000). The laser 
with 1 064 nm wavelength was used in the model. 

Glas waveform simulation from a jack pine forest stand 

In the model, the crown shape is modeled as cone. In the s imulat ions conducted in this study, the 
fol lowing assumptions were made: 1) uniform crown, i. e. ,  all crown cel ls have the same scattering 
coefficient and transmittance, 2) un iform ground surface, i .e. ,  the ground surface with i n  the foot­
print is flat and has the same scattering coefficient, 3) on ly s ing le scattering was considered. Udar 
pu lse with Gaussian shape, such as that shown i n  F ig.  2 was used. 

The s imulated waveform is shown in Fig. 4. The MaxH (18.4 m) in the footprint very closely 
matches the fi rst return s ignal  in  the s imulated l idar waveforms (17.5 m) (Fig. 4). So we can see 
that even the very large footprint l idar (e.g. GLAS 70 m), it is sti l l  feasible to est imate the forest 
parameters with the l idar waveform data. But it is notable that the footprint s ize is so large that the 
topograph ic  fluctuation within  the footprint should be considered in some cases. 

CONCLUSIONS AND DISCUSSIONS 

The three-dimensional model for s imu lat ing l idar waveforms from forest stands was used to s imu­
late l idar waveform of GLAS. The prel im inary comparisons between s imulated l idar waveforms and 
the i nput forest stand parameters show that the GLAS waveform data can be used to estimate the 
forest stand parameters. 

I n  our future work, we wi l l  add the mu lt iple scatter mechan isms and the rough surface effects to 
improve th is model. Val idate the s imu lated resu lts with GLAS data after they are avai lable. Then 
the model wi l l  be used to study the relationsh ip  between forest physical parameters and the l idar 
waveforms for development of retrieval a lgorithms. 
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ABSTRACT 

Partial least squares regression (PLSR) as a technique for model l ing forest-stand parameters by 
means of airborne laser scanner is analysed. Models for predicting mean height (hL) , dominant 
height (hdom) , mean diameter (dg) , number of stems (N) , basal area (G) and stand vol ume (V) 
have been developed. The basis for the models is data obtained by airborne laser scanner and 
corresponding field sample plots. PLSR is used to establish the relationships bet\.veen field data 
and various canopy and density metrics derived from laser data. The 
rived are compared to modeis developed by means of stepwise regression methods, hereafter 
referred to as OLS models. 

A comparison of val idation results for the two types of models reveals that they give fairly simi lar 
results with respect to mean prediction error. For the stratum-specific PLSR predictions, standard 
deviations of the d ifferences between pred icted and observed val ues of hL ,  hdom,  dg, N, G and V 
were 0.81-1.14 m ,  0.71-1.58 m ,  1.05-1.50 em , 122-139 ha·\ 3 .91-5 .99 m2ha·1 and 33 .6-56.8 m3ha-
1 , respectively. 

In th is  part icu lar study,  it is not possible to d raw any strong conclusions about which model form 
that best is able to handle the laser data. In an overal l  perspective , however, the PLSR is  a versa­
tile method dea l ing with data materia l  where there is l ittle or no causal information read d i rectly 
from the d ata. M artens & Martens (2001) points out that one of the strengths of PLSR is  that the 
method a l lows the data to speak for themselves, outside the "cage" of prior theory. Thus, further 
analysis using PLSR is regarded to be of i nterest. 

INTRODUCTION 

Three-d imensiona l  i nformation about tree canopies obtained by means of ai rborne laser scanner, 
is a valuable contribut ion to forest inventory .  It has been ind icated that a uti l ization of d ifferent can­
opy metrics com puted from laser data can g ive more precise est imates of essent ia l  stand parame­
ters than a tradit ional field i nventory (Nresset 1997a ,  1997b , 2002). In order to acqui re these esti­
mates , a model that estab l ishes the relationship between laser data and the field parameters of 
interest is necessary .  Usual ly ,  mult iple regression models based on ord inary least squares (OLS) 
have been developed , but the characteristics of the data in question suggest that other statistical 
methods m ust be considered . 

In many statist ica l  analyses of data conta in ing many dependent variables, principal com ponent 
analysis (PCA) is used to reveal the variance- and covariance structures hidden in the data. How­
ever, PCA is not appl icable to parameterise a pred ictive model ,  but the princip les beh ind are em­
bedded in other techn iques l ike the partial least squares reg ression (PLSR). PLSR is a versati le 
statistical method used in  many fields of science, and is especial ly usefu l for exploring datasets 
that conta in  many dependent variables. Hence, this method is i nteresting with respect to model l i ng 
on laser data. 

Th is paper presents a comparison of OLS (stepwise regression) and PLSR with respect to pred ic­
tive ab i l ity . Both OLS and PLSR models are derived from the same data , and are val idated on the 
same independent dataset. The basis for appraisal is pred iction error with correspond ing test of 
sign ificance .  The comparison is done for predictions of six d ifferent parameters in  two different 
strata . The parameters are mean height (hl) , dominant height (hdom) , mean d iameter (dg ) ,  num­
ber of stems (N) , basal area (G) and timber volume (V) . 
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MATERIALS AND METHODS 

The estimation data orig i nate from 77 circu lar  georeferenced fie ld sample p lots of 232 . 9  m2 in 
KnZldsherad (60° 1 0'N; 9° 35'E , 1 30-660 m a . s . l ) in the southeast of N oiWay.  The forest area i n  
q uestion tota ls to  6500 ha ,  o f  which 5000 ha are classified as  productive , i . e .  have an  i ncrement > 
1 m3ha-

1
y(1 . 

Data were col lected as part of a large-scale practical forest i nventory .  By means of stereoscopic 
photo i nterpretat ion from th is i nventory the stand perimeters were de l ineated , and tree species , 
s ite index and age class were determined , where the two latter parameters constitute the criteria 
for classifying the stands i nto two strata . Stratum 1 corresponds to mature conifer  forest with poor 
s ite qua l ity and stratum 2 i s  mature con ifer  forest with good s ite q ua l ity . Poor s ite q ual ity was as­
s igned to s ites with H40 s ite index less or equa l  to 1 1 . The H40 i ndex is defined by average age at 
breast he ight and the average height of the 1 00 la rges threes per ha  accord ing to d iameter at 
breast height. The specific value of the H40 s ite i nd ex relate to the dominant height at an index 
age of 40  years (Braastad 1 980,  Tveite 1 977) . The number of p lots related to each stratu m  are 38 
and 39, respectively .  

G round-truth data were col lected d ur ing summer 200 1 0  A l l  trees with d iameter in breast height 
(dbh)  > 1 0  em were cal l ipered on each of the 77 p lots. Heights where measu red on trees seiected 
by a relascope, and a basal a rea weighted mean he ight (hL) (Lorey's mean height) was computed . 
Dominant he ight (hdom) of each p lot was computed by taking the arithmet ic mean height of the 
1 00 largest trees per hectare accord ing  to d iameter. Thus ,  the two largest trees according to d i ­
ameter were used to compute the dominant height on  the 232 .9  m2 p lots. Mean p lot d iameter (dg)  
was com puted as mean d iameter by basal area for trees with dbh > 1 0  em . Stem num ber (N)  was 
com puted accord i ngly as number of trees per hectare. From the breast height measurements, the 
p lot basal area per hectare (G) was com puted . I nd ividual tree volumes were computed by means 
of volume equations.  Total p lot volume 0/) was com puted as the sum of these ind iv idual  tree vol­
u mes. Table 1 d isplays the mean values and range for the sample data. 

Table 1. Summary of sample plot data 

Stratum 1: n=37 Stratum 2: n=33 

Mean Range Mean Range 

hL (m) 15.1 9.9-23.3 20.3 14.4-26.1 

hdom (m) 16.7 10.4-28.9 22.9 16.8-30.2 

d9 (em) 22.3 14.7-32.5 23.9 17.5-34.1 

N (ha-1) 628 172-1632 803 301-1503 

G (m2ha-1} 22.6 5.6-42.7 34.2 15.5-57.0 

V {m3ha-1) 175.1 29.6-428.9 340.8 120.1-675.7 

Tree species distribution (%) 

Spruce 19 0-100 58 0-100 

Pine 77 0-100 37 0-100 

Decid8 4 0-22 5 0-29 

a) Deciduous species. 

The val idation data orig inate from 38 quadratic georeferenced field p lots with an average s ize of 
approx. 0 . 37 ha .  With in  each val idat ion p lot ,  d iameters were cal l ipered and tree heights were 
measured in  the same manner as the sample p lots . Mean height, dominant height, mean d iameter, 
stem number, basal area and volume were computed by means of these measurements. 

From the laser measurements of each sample- and val idation plot, fi rst and last pulse height d istri­
butions were created . These d istributions were the basis for deriv ing the explanatory variables 
which incl ude mean values, coefficients of variation ,  percenti les of the canopy heights for 0% , 
10%, . . .  , 90% and several measures of canopy density .  The range between the lowest laser can­
opy height (>2 m) and the maximum canopy height as derived from the first pulse canopy height 
d istribut ion was d ivided into 10 fractions of equal length . Canopy densities were then com puted as 
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the proportions of laser h its above fract ion# 0 (>2 m) , 1 , ... , 9 to tota l number of pu lses. This was 
done for both the first- and l ast pu lse data. 

Model estimation principles 

The main  goal  for this study was to investigate the predictive abi l it ies of the partia l  least squares 
regression (PLSR) (Martens  200 1 , M artens & Martens 200 1 , Wold et al. 1 983) methods. To make 
inferences about cand idate models ,  d ifferent criterions are considered. The main  basis for ap­
praisal is, however, a comparison of val idat ion resu lts using the PLS- and OLS models. 

PLSR 

The characteristics of data obtained by laser scanner are main ly the motivat ion for model l ing with 
PLSR Laser data may contain  many variables (post-processed height measu res). In such data , 
tl1e level of col linearity can be h ig h ,  and bu i ld ing a complex model on  such basis may be d ifficult or 
impossible. A "tradit ional"  model form may therefore not to the ful l  extent be ab le ut i l ize al l  i nforma­
tion stored in the data because of d ependency bet\.veen variables,  but also because it may be d iffi­
cu lt to i nterpret the causal  relationsh ips .  PLSR is based on extract ing a few l inear combinat ions 
(PLSR that encapsu late the relevant variance a set explanatory variables 
such that they expla in one or  many dependent variables the best possib le way. Furthermore ,  every 
P LS R  com ponent wi l l  accou nt for d ifferent types of variance ,  meaning  that the variables that ex­
pla in  one specific characteristic wi l l  be of g reat importance in one com ponent. A l l  PLSR compo­
nents are uncorrelated, and the first extracted component is the l i near  combinat ion with m axim izes 
the covariance between the dependent variables (Y) and the reg ressors (X). The second compo­
nent is the l inear combination which maxim izes the covariance between Y and X after extracting 
the fi rst, and so on. Uti l iz ing these q ual ities makes it easier to analyze datasets containing many 
variables with l ittle or no causal interpretation.  The PLSR procedure can step by step be summa­
rized in the fol lowing way (Martens & Martens 200 1 ) :  Firstly , enough response-relevant PLSR 
components from X must be extracted so that most of the variation is  expla ined . Then the second 
step is to determ ine the optimal  number of PLSR components (A) by cross val idation where the 
objective is to min im ize the pred ict ion error. Determin ing the optimal number of P LSR components 
is important because PLSR models easily are overfitted . Each observation's contribution (magn i­
tude of importance) i n  each component (X-scores = t i) are then stored in a matrix T=(t 1 , t2 , . . .  , tA). 
T is i n  the third step used to model X i n  terms of each variab le's i mportance i n  each com ponent P 
(X-Ioad ings) , and E (X-res idua ls) , formulated as 

(1) 

The fou rth step is to model the responses (Y) by means of T,  Y-loadings and Y-residuals ,  where 
the two latter are denoted Q and F ,  respectively. This yields 

(2) 
A regression coefficient matrix (B) can be made from P and Q. This yields a model for pred icting Y 
directly from X. 

Y = XB+F (3) 

A prel im inary analysis, i . e. p rincipal component analysis (PCA) and appraisal of candidate models 
by cross validation ,  was firstly carried out to d isclose any special properties in  the data . F i rst, it was 
by means of the X-scores determined whether the models should be stratified. Second the load­
ings for each dependent variable were analysed to look for sim i la rities. In the PLSR procedure ,  
models for many responses can be  est imated s imultaneously. However, i t  is crucial that the re­
sponses reflect s imi lar i nformation in  order for a s imultaneous est imation to be advantageous. 
Last, the optimal number of PLSR com ponents (A) was determined for a l l  models ind ividual ly .  
Every component had to satisfy a s ign ificance level of 0.1, or else regarded as noise. Final models 
were estimated using the partia l  least squares procedure in  SAS (Tobias s .a) .  
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OLS 

Multip le regression ana lysis is used to derive multip l icative models. These models were est imated 
as l inear regressions on logarithmic transformed data. The m ultip l icative models were in genera l 
formu lated as 

Y = R x f31x f32 x f3k PO 1 2 · ·  · k 

whereas the l inear form used in the estimation was 

Y = l nf3o + l ni31X1 + l n[32X2 + ... + f3kXk 

(4) 

(5) 

where Y represent the fie ld val ues hL, hdom, d9, N, G o r  X1, . . .  , Xk represent the explanatory vari-
ab les comp uted from the laser pulse d istri but ions. 

The final exp lanatory variables were selected by stepwise reg ression . In o rder to be a part of the 
models, every variab le had to meet a s ignificance level of 0.05. Num ber  of selected variables 
ranged from 1 to 4. S ubsequent to the selection  variab les,  the fina l  reg ressions were converted 
back to or ig ina l  scale .  The in tercept was adjusted by adding half the estimated variance before 
convers ion (Go ldberger 1 968) . 

Validation 

To assess the pred ictive ab i l ities of the OLS- and PLSR models ,  they are val idated on i ndependent 
data. For each val idation  p lot ,  1 6  sub p lots of 15.26 x 15.26 m corresponding to the sample p lot 
s ize of 232.9 m2 was generated by means of GIS. The responses i n  q uest ion were pred icted for a l l  
sub p lots by means of  the derived stratum specifi c  models and statistics derived from laser pu lse 
distributions from each plot, corresponding to those of the sample plots. Est imates for each val ida­
tion p lot (0 . 37 ha) were computed as mean values of the ind ividual  sub plot est imates. The d iffer-

ence between the est imated values ch and the corresponding ground-truth (Y) were evaluated. 

For both model estimation  methods, D express the pred iction  error ind ividual ly for each response 
and is  g iven by: 

- 1 � ( � ) D=-L. �-Yi 
n i=l 

with the corresponding standard deviation (SD) : 

so= -1-f coi-D)2 
n-1 i=J 

(6) 

(7) 

The statistical s ignificance of the mean d ifferences was tested by means of t-test. A d ifference sig­
n ificant different from zero implies that a systematic error has occurred. 

RESULTS 

The prel im i nary PCA indicated a grouping of the X-scores accord ing to strata. This means that 
p lots from different strata i nfluenced the principal components in  d ifferent d i rections. Thus, stra­
tum-specific  PLSR models were est imated. Stratum specification is also in accordance with the 
OLS models. F urthermore the PCA ind icated that hL, hdom,  G and V constituted a group accord­
ing to their Y-load ings. This means that these four  variables spanned theY-space in the same di­
rections ,  which consequently impl ied that they were to be model led together. Apprised by their Y­
load ings ,  dg and N were not s im i lar to hL ,  hdom,  G or V, nor d id  they form a g roup of their own. 
Nevertheless , appraised by pred iction error it was advantageous to model them as a pai r. Last, the 
prel im inary analysis ind icated that estimation on logarithm ic transformed data gave smal ler pred ic­
t ion error. Hence, a transformation of a l l  the variables was conducted. 

F ina l  PLSR models for mean height (hL) ,  dominant height (hdom) , mean d iameter (dg) , number of 
stems (N) ,  basal area (G) and timber volume (V) were then est imated for the ind ividual stratum. 
Table 2 d isplays dependent variables, number of com ponents and expla ined variance for each 
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model estimation .  Note that there actual ly are as many PLS R  models as there a re dependent vari­
ables x strata (= 1 2) .  As the table shows , the expla ined variance ranges over a large interval 
around approx. 70 %. 

Table 2: Dependent variables, number of components and explained variance for the stratum spe­
cific PLSR model estimations. 

Estimation # Stratum Dep. variables # Components Explained variance (%) 
1 1 d9, N 2 65.65 

2 1 hl, hdom, G, V 1 75.10 

3 2 d9, N 2 57.04 

4 2 hL, hctom, G, V 2 73.22 

Table 3 d isp lays val idat ion resu lts for the PLSR models and a comparison with OLS.  We can ob­
serve that six mean pred iction  errors are smal ler us ing PLS R ,  but that the OLS models i n  general 
yield smal ler  standard deviations .  and P LSR models have ten s ix d ifferences s ign ifi­
cantly d ifferent from zero, respectively. 

Table 3. Differences (i5)3 between predicted mean values and observed mean for the validation 
plots of mean height (hL), dominant height (hdom), mean diameter (dg), number of stems (N), basal 
area (G) and timber volume (V), respectively, and standard deviations (S. D. ) for the differences 
using PLSR. 

PLSR 
Variable Observed (D) S.D. 

mean 
Stratum 1. Poor site quality: n= 19 
hL (m) 15.57 -0.85** 1.14 

hdom (m) 17.65 -1.52*** 1.58 

d9 (em) 20.32 0.14ns 1.05 

N (ha-1) 680 -16ns 122 

G (m2ha-1) 21.11 -1.21ns 3.91 

V (m3ha-1) 162.3 -15.6ns 33.6 

Stratum 2. Good site quality: n= 19 
hL (m) 20.27 -0.89*** 0.81 

hdom (m) 22.94 -1.26*** 0.71 

d9 (em) 22.58 0.44ns 1.50 

N (ha-1) 779 6ns 139 

G (m2ha-1) 29.78 1.73ns 5.99 

V (m3ha-1) 286.6 11.2ns 56.8 

a) Level of significance: ns=not significant. *=<0.05. **=<0.01. ***=<0.001. 

OLS 
OLS 
PLSR 
PLSR 
PLSR 
OLS 

OLS 
OLS 
OLS 
PLSR 
PLSR 
PLSR 

b) The method that gives the best validation results is indicated by PLSR or OLS. 

CONCLUSIONS 

Comparisonb 

(D) S.D. 

OLS 
OLS 
PLSR 
OLS 
OLS 
OLS 

OLS 
PLSR 
OLS 
OLS 
OLS 
OLS 

The prel im inary PCA and -regressions gave valuable i nformation of how to develop best possib le 
models for the dependent variables in  question .  When d isregard ing this i nformation and develop­
ing models using on ly prior knowledge, the pred ict ion errors were increased . Hence, the selection 
of  dependent variables model led together, the stratification , and determination of  number of  com­
ponents is regarded to be exped ient. 

It is  previously pointed out that the laser data has a h igh level of col l inearity and consequently on ly 
a few of the potential regressors can be uti l ized i n  the OLS models .  This suggests that P LS re­
gression potentia l ly is a techn ique that can account for more of the relevant variance from the re­
gressors .  In this particular study, however, the results from the val idation are ambiguous. Indeed , 
some of the comparisons in  table 3 ind icate that PLSR pred ict ion is closer to the observed values 
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than the O LS pred ictions ,  but the improvements are ,  however, smal l and the standard deviations 
are i n  general  larger.  The reasons for th is  are not evident. Foremost ,  i t  is probab ly d ue to that the 
variables selected by the stepwise regression procedu re contain a lmost a l l  the relevant variance .  
The  potent ia l  advantages of  us ing PLSR are consequently reduced . 

F ina l ly ,  th is study ind icates that P LSR i s  a statistical techn ique that can be su itab le  for m odel l i ng 
on  laser data. Sti l l ,  the resu lts are not as u pl ifting as expected prior to the study.  I t  is however ,  
necessary to do  further work us ing PLSR on  laser data before fina l  conclusions are made. 
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ABSTRACT 

The a im of this study was to assess the accuracy of basal area d istributions of sample p lots in ma­
ture coniferous forest derived from smal l -footprint ai rborne laser scanner  data. Regression analysis 
was used to relate a system of 1 0 oercenti ies defined across the range of obser11ed d iarneters to 
various canopy height and canopy dens ity metrics derived ·rrom the laser data. The method 
seemed to be robust with respect to b ias and accuracy when mean height, stem number, basal 
area and volume at stand level as derived from predicted tree size d istribut ions were used as val i ­
dat ion criteria. 

INTRODUCTION 

The empirical tree size d istribution is seldom measured over large areas for forest management 
and p lann ing purposes. However, the use of tree-specific models in g rowth s imulators requires that 
the tree size d istribution is known or can be pred icted. Quantifying  the tree size d istribution is valu­
able for economic purposes, for examp le when decisions on th inn ing are made (Hyink and Moser 
1983). However, tree size d istributions may also be used for analysing the structure of a forest i n  
relat ion to  forest biodiversity (e.g., Uuttera and  M altamo 1995, Kuu luva inen et a/. 1996). 

The basic tree d istribution is usual ly the d iameter d istribution  (Gove and Pati l  1998). In order to 
g ive more weight to the large and more valuable trees d iameter d istributions weighted by basal 
area are sometimes used (Paivinen 1980, Deusen 1986). The d iameter d istribution or the basal 
area d istribution can be constructed by assum ing that it corresponds to some probabi l ity density 
function. H owever, a satisfactory characterization of the d iameter d istribution need not require a 
prior  mathematical probabi l ity d istribution. Borders et a/. (1987) developed a percenti le based di­
ameter prediction method with a system of percenti les def ined across the range of observed di­
ameters. 

Photogrammetric methods and photointerpretation have become i mportant tools to quantify the 
t imber resources. However, data requ i red for derivation of tree s ize d istributions at stand level can 
hardly be acquired by photo i nterpretation. During the last 10-15 years, several experiments have 
been carried out in order to determine various tree height metrics, mean stem diameter, stem 
number, basal area, and t imber volume by d ifferent a i rborne laser profi l i ng and scann ing systems. 

Thus, the objective of th is study was to assess the accuracy of basal area d istributions of mature 
con iferous forest derived from laser scanner data. A Method based on a system of percenti les de­
fined across the range of observed d iameters without assuming an a priori mathematical probabi l­
ity d istribut ion was used. The method was evaluated i n  i ndependent sample stands. In the present 
study, stratification accord ing to site qual ity was used. 
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Forest areas i n  the mun ic ipal it ies of Kn21dsherad (60° 1 0'N 9°35'E , 1 30-660 m a .s . l )  (Site 1 )  and 
Valer (59°30'N , 1 0°55'E ,  70- 1 20 m a .s.l . )  (S ite 2) , southeast Norway, were selected for the tria l .  As 
parts of large-scale practical forest i nventories going  on i n  the d i stricts , the stand boundaries of a l l  
forest stands i n  the study areas were del ineated by means of stereoscopic photointerpretat ion . The 
stands were classified accord ing to criteria such as age c lass ,  s ite index, and tree species . 

Two d ifferent types of g round-truth datasets were acqu i red i n  th is study, i.e . , ( 1 ) one consist ing of 
sample p lots d i stributed systematica l ly throughout the enti re study areas used to estab l ish  rela­
t ionsh ips between tree s ize d istributions and laser data and (2) datasets with selected stands for 
which tree s ize d istri but ions were employed to verify the performance of the deve loped models .  

Estimation dataset 

The study com p rised p lots from site 1 (Kr0dsherad) and 83 p lots from s ite 2 (Vaaler). A l l  p lots 
were located in mature forest The p lots in site 1 had an  a rea of 233 m2 and the plots i n  s ite 2 had 
an  area of 200 m2. 

The p lots were d ivided i nto two strata accord i ng to s ite i ndex (Tab le 1 ) . The first stratu m  cons isted 
of 7 1  plots classified as mature forest with poor site q ua l ity . Poor site q ual ity was assigned to s ites 
with interpreted H4o site index values equal  to or less than 1 1 .  The H4o s ite index is defined by av­
erage age at breast height and the average height of the 1 00 largest trees per hectare accord ing to 
d iameter at breast height (dominant heig ht) . The specific values of the H4o index relate to the 
dominant height at an index age of 40 years (Tveite 1 977, Braastad 1 980) .  Scots pine was the 
dominating tree species of the 71 p lots . Fina l ly ,  82 p lots were classified as mature forest with g ood 
site qual ity, i.e . , interpreted H40 site index values g reater than 1 1 .  The 82 p lots were covered 
mainly by spruce. 

Table 1: Summary of plot data. 

Characteristic Range Mean 

Stratum 1, Mature forest, poor site quality 
Number of plots 71 

Dmin (em) 5 - 29 12.6 

Dmax (em) 19 - 51 33.1 

Dmax-Dm;n (em) 6 - 40 20.5 

hL (m) 9.9 - 23.3 15.7 

N (ha-1) 150 - 1632 586 

G (m2 ha-1) 5.6 - 42.5 21.7 

V (m3ha-1) 29.7 - 430.5 168.6 

Age (year) 35 - 171 103.8 

Stratum 2, Mature forest, good site quality 
Number of plots 82 

Dmin (em) 11 - 23 12.1 

Dmax (em) 25 - 55 37.0 

Dmax-Dmin (em) 12 - 44 24.8 

hL (m) 12.9 - 26.1 20.2 

N (ha-1) 200 - 2050 745.6 

G (m2 ha-1) 7.9 - 57.1 30.1 

V (m3ha-1) 56.6 - 678.0 296.6 

Age (year) 29 - 152 78.1 

dm;n = minimum diameter, dmax = maximum diameter, hL = Lorey's mean height, N= stem number, G= basal 
area, V = volume. 
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With in each p lot ,  a l l  trees with diameter at breast height dbh>1 0 em were cai l ipered . The dbh was 
recorded in 2 em classes . The heights of sample trees selected with probability proportional to 
stem basa l area at breast height were measured by a Vertex hypsometer. 

The empirical d iscrete d iameter distribution of each p lot was derived as the sum of number of cal­
lipered trees within each d iameter class using a class width of 2 em . According ly, the correspond­
ing empirical basal area d istributions were derived by m ultiplying the stem number of each d iame­
ter class by the mean stem basal area of the individua l  d iameter classes . Total  stem number was 
computed as number of trees per hectare (N) . According ly ,  stand basal area (G) was computed as 
basal area per hectare of the cal l ipered trees. The mean height of each d iameter class was com­
puted from the sample trees , and volume of each diameter class was calcu lated from standard 
volume equat ions for individual  trees. Fina l ly ,  total p lot volume (V) was calcu lated as the sum of 
the total volume of each d iameter class. A summary of the field  data is displayed in Table 1 .  

Validation dataset 

The study comprised a total of 38 stands/plots from site 1 (0 .4 ha) and 39 stands from site 2 (0.7-
1 1 .7 ha). They were selected the de l ineated by p ractical i nven-
tory. Ail trees were on 1 and a l l  trees in  ci rcu lar  sample (i m2) distrib-
uted systematical ly  according to a regu lar  g rid within each stand in site 2 .  Tree heights were 
measured on sample trees. A regu lar  g rid cei l  size corresponding to the sample size of 223 m2 was 
generated for each stand . 

Laser scanner data 

A Piper PA3 1 -3 1 0  aircraft carried the ALTM 1 2 1 0  laser scanning system produced by Optech ,  
Canada. I n  site 1 the laser scanner data were acquired in the period between 23 J u ly and 1 August 
200 1 and in site 2 the data were acquired 8 and 9 J une 1 999 (leaf-on canopy conditions). First and 
last returns were recorded. 

Methods 

Estimation of basal area d istributions derived from laser d ata involved the fol lowing two steps: 

1 .  Derivation from d iscrete d istributions based o n  fie ld data of 1 0  sample percentiles forming a 
system of percentiles defined across the range of observed diameters . 

2 .  Estimating a system of  reg ression equations relating the 1 0  sample percentiles and stand 
basal  area (G) to variables derived from the laser data .  

Furthermore ,  the validation com prised steps 3-7: 

3 .  Prediction of  the 1 0  percentiles and G from the laser data according to the estimated re-
g ressions in step (2). 

Regression analysis was used to create stratum-specific relationships between percentiles and 
basal area (G) ,  respectively, as dependent variables and laser-derived metrics as independent 
variables. First and last pulse height d istributions were created from the laser canopy h eights (>2 
m ,  see above) of each p lot .  A large number of statistics were derived from these d istributions,  and 
according to previous experiences (cf. Ncesset 2002) they included mean values, coefficients of 
variation ,  and percentiles of the heights for 0%, 1 0%, . . . .  , 90%. Furthermore ,  several measures of 
canopy density were derived . The range between the lowest laser canopy height (>2 m) and the 
maximum canopy height as derived from the first pu lse canopy height d istribution ,  was d ivided into 
1 0  fractions of equal length . Canopy densities were then computed as the proportions of fi rst pu lse 
laser h its above fraction # 0 (>2 m) ,  1 ,  .. . , 9 to total number of first pu lses. Corresponding densities 
were computed for the last pulse data as wel l .  
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In the reg ression analys is ,  m ultip l i cative models were est imated as l inear regressions in  the loga­
rithm ic  variab les because such models were found to be su itable by others for estimation of d iame­
ter d istribution percenti les from fie ld  data (Maltamo 1 997) and G from laser data (Naesset 2002) . 
M u lt ip l icative models also ensure positive values of pred icted percent i les.  The m ultip l icative model 
was formu lated as 

Y = R h�1 h�' h�10 h�11 h�' h�20 h�21 h�22 1-'o Of lOf ••• 90f 01 101'" 901 meanf mean! 
X h�" h�'• d�'' d�" d�3' d�3s d�3' d�'4 cvf cvl Of lf •• · 9f 01 11 ••• 91 

whereas the l i near form used i n  the estimation was 

lnY = ln,B0 +,81lnhor + ,B)nhwr + ... + ,810lnh9of 
+ ,BlllnhoJ + ,812lnhwl + ... + /320lnh9ol 
+ ,B2llnhmeanf + ,B22lnhmeanl + /323lnhcvf + /324lnhcvl 
+ /325lndof + /326lndlf + ... + /334lnd9f 
+ ,835lndol + /336lndu + ... + ,8441nd9l 

( 1 ) 

(2) 

where Y = G (m2ha-1) and va l ues of the percenti les d10, d20 ,  . .. , d100 derived from field values of the 
basal a rea d istributions for 1 0%, 20%, . . .  , 1 00% (em); hor, h10r, ... , hgor = percenti l es of the fi rst 
pulse laser canopy heights for 0%, 1 0%, . . .  , 90% (m) ; h01, h101, . .. , h901 = percenti les of the last pu lse 
l aser canopy heights for 0%, 1 0%,  . . .  , 90% {m); hmeant. hmeant = mean of the first and last pu lse laser 
canopy heights (m) ;  hcvr. hcv1 = coefficient of variation  of the fi rst and last pulse laser canopy heights 
(%) ; dor, d1t, ... , d9t = canopy densities corresponding to the proportions of first pulse laser h its 
above fraction # 0, 1 ,  . . .  , 9 to total number of fi rst pulses; d01, d1t. ... , d9t = canopy densities corre­
spond ing to the proportions of last pulse laser h its above fraction # 0 ,  1 ,  ... , 9 to total number of last 
pulses. 

F irst, prel im inary reg ression m odels were estimated by stepwise variable selection using the least­
squares method (Anon. 1999). Ind ividual equations were estimated for each of the dependent 
variables and no predictor variable was left in the models with a partia l  F statist ics with a s ignifi­
cance level  g reater than 0.05. 

Second , a system of equations was estimated accord ing to the seeming ly unrelated regression 
(SUR) method (Zel lner 1962, Anon. 1999). The system was estimated for the 10 percenti les, and i t  
comprised 11 equations with d10, d20, ... , d100 and G as dependent variables. Each equation was 
specified in accordance with the prel im inary stepwise variable selection. A l l  independent variables 
were statist ica l ly s ign ificant at the 5% level i n  the SUR estimation. These equations were consid­
ered as final  models. The fina l  models were converted back to orig ina l  scale by adding ha lf of the 
variance to the intercept before conversion (cf. Goldberger 1968). 

4 .  Derivation of the relative basal area i n  each d iameter class accord ing to the cumulative 
d istributions defined by the pred icted 10 percenti les in step (3) . 

The relative basal area in  each d iameter class was derived from the predicted values (step 3) ac­
cord ing  to the cumulative d istributions. For the method based on a system of 10 percenti les, the 
0% percenti le was fixed to the truncation point (10 em). The calculation of the frequencies in  the 
respective d iameter classes was based on the assumption that trees were uniformly d istributed 
between adjacent percenti les (Borders et a!. 1987). I n  order to produce a monotone d istribution 
funct ion and non-negative frequencies, pred icted d iameters at d ifferent percenti les are requi red to 
be in increasing order (d0<d10< ... <d100). This was obta ined by adjust ing non-increasing percenti les 
to the mean value of the preceding percenti le and the percenti le in question. 

5. Derivation of number of trees in  each d iameter class by scal ing the relative basal area i n  
step (4) by  stand basal area (G). 

The total number of trees in each d iameter class was found by sca l ing the relative basal area to G 
predicted from the laser data. Only d iameters above the truncation point were considered. 
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6. Stand estimates were computed as weighted mean values of the ind ividua l  cel l  estimates of 
the d iameter d istribut ion .  

7 .  P red icted hL, N,  G and V and various measures of  deviations between the pred icted d istri-
butions and d iameters recorded in field were used as val idat ion criteria .  

The val idat ion was accompl ished by comparing pred icted variables as derived from the basal area 
d istribut ions with observed values from the field i nventory .  

F ina l ly ,  the pred icted tree size d istri butions were eval uated by  an error index proposed by  Rey­
nolds et at. (1988) . The error index e was computed as the sum of the absolute deviations of the 
predicted minus the observed number of trees i n  each d iameter class relative to the total number 
of  observed trees, i . e . , 

k 

Ilnr; - noJ I 
e = J=l 1 00 (3) 

and noj are pred icted observed number  of respectively,  i n  
}= 1 ,  2 ,  . . . .  , k ,  and N i s  the total number oftrees accord ing  to the fieid i nventory .  

RESULTS 

class j, 

F i rst, the d1 0, d20 ,  . . .  , d1 00 percenti les were derived from the empirical d istributions of fie ld values of 
each sample p lot .  For each stratum ,  a system of equations was used to regress these fie ld values 
against the pred ictor variables derived from the d istri but ions of fi rst and last return laser d ata clas­
sified as canopy h its. The system comprising d1 0 ,  d20 ,  . . .  , d1 00 and total basal a rea (G) as depend­
ent variables. 

All the selected models comprised less than five predictor variables, which were al l  statistical ly 
sign ificant at the 5% level .  Predictor variables derived from the first as wel l  as the last pu lse data 
were represented . The coefficient of determination  (�) ranged between 0.23 and 0.90. The aver­
age � val ue was 0.42. The root mean square error (RMSE) was <0.24 for a l l  models. 

The stratum specific models were used to predict the d iameter d istributions for each cel l  in the 
val idation stand . The calculated average d istribution was used to compute an error index,  hL, N, G 
and V for stratum 1 and 2, respectively .  

The mean error index ranged between 34.6% and 105.5%. The error index tended to be somewhat 
smal ler for the h ighly productive forest (stratum 2) (51.2%) compared to less productive forest 
(stratum 1) (58.9%). 

The pred icted values for hL, N, G and V were compared with field data (Table 2). The comparison 
revealed that five of the eight computed mean d ifferences (bias) were larger than what cou ld be 
expected due to randomness. For hL the bias was sign ificant in s ite 1 but not in site 2. The mean 
d ifferences were 1.5 and -0.4 m and the standard deviations (SD) were 1.1 and 1.7m for stratu m  1 
and 2, respectively .  

For N the d ifferences d id not d iffer s ign ificantly from zero at 5% leve l .  The bias was -9 trees ha-1 

and -31 trees ha-1 i n  stratum 1 and 2 ,  respectively .  The SD  was 1 17 for stratum 1 and 145 for stra­
tum 2. 

The g round-truth values for G and V were s ignificantly overest imated with 1.56 and 1.94 m2ha-1 

and 26.0 and 11.8 m3ha-1 , respectively. The SD ranged from 1.83 to 1.94 m2ha-1 and from 16.3 to 
33.5 m3ha-1 for G and V, respectively . 
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Table 2: D ifferences (D) between predicted and ground-truth values of Lorey's mean height 
(hL), stem number (N), basal area (G) and volume (V), respectively, and standard deviation (SO) for 
the differences in stand predictions for each stratum. 

Variable 

hl 

N 

G 

v 
I 

Observed D 
Stratum mean Range Mean S .D .  

1 1 5 . 8  -0 . 7  - 4 . 5  1 . 5 *** 1 . 1 

2 1 9 . 8  -4 . 8  - 2 . 7  -0 .4 ns 1 . 7 

1 629 -274 - 234 -9 ns 1 1 7 

2 8 1 8 -454 - 2 1 6  -3 1 ns 1 45 

1 20 .33 -2 . 1 2  - 5 . 1 7  1 . 56 *** 1 . 83 

2 29 .40 -7 .66 - 8 . 08 1 . 94 *** 3 . 32 

i 1 56 .2  - 1 3 . 9  - 50 .4  26 . 0  *** 1 6 . 3  
') 7  - - f;; l � 1 I * I:: I 2 � � 8 . 1  1 6 1 . 0 89 . ,., l , , _ 8 1 ! 33 . .... 1 

DISCUSSION 

I n  th is study a method for estimating  basal area d i stributions from laser scanner data was tested . 
The method , a system of 10 percenti les defined across the range of observed d iameters , seemed 
to be robust with respect to bias when hL ,  N ,  G and V as derived from pred icted tree size d istribu­
t ions were used as val idation criteria. 

I t  is  d ifficu lt to compare the results with previous research related to d istribut ion models due to 
methodo log ical d ifferences. Pred ict ion models for d istribution parameters and percenti les have 
usual ly been derived from intensively field-measured variables such as mean diameter by basal 
area,  basal area weighted median diameter, total stand basal area, total number of trees , and age 
(e.g. ,  M altamo 1997 , Kangas and M altamo 2000 , Ma ltamo et a l. 2000) . 

The laser is probably unable to register the presence of trees growing " in  the shadows" of the lar­
ger trees. H owever, s ince laser measurements may be appropriate to depict organ ic matter a lso i n  
the lower parts of  tree canopies (Lefsky et a l .  1999 ,  Lefsky et  a l. 2002) , laser data may represent a 
potentia l  for derivation of tree size distr ibutions in  mu lt istory stands as wel l. It should therefore be 
considered whether laser data could be used to model mu lt i-modal tree size d istributions. 

CONCLUSIONS 

To conclude, the present tria l  has ind icated that tree size d istributions of sample p lots i n  mature 
coniferous forest may be derived from laser scanner data with a precision of predicted hl, N ,  G 
and V of 7%-9% , 18%-19% ,9%-11% and 10%-12% , respectively ,  provided that a proper stratifica­
t ion is accompl ished. The laser data themselves are probably representing a potential for i mproved 
stratification. 

Even though smal l sample p lots with a size of 200 m2 may be i nappropriate for d iameter d istribu­
t ion model l i ng ,  at least i n  forest stands with low tree density , averaging over a larger area wi l l  tend 
to reduce pred iction errors. 
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ABSTRACT 

Airborne laser scann ing  (ALS) is a relatively recent technology and yet a wealth of research a l­
ready exists for forestry app l ications .  By contrast ecolog ica l  app l i cat ions of ALS data have been 
reported on ly i nfrequent ly ,  i n  spite of an equal opportunity to address fundamental research q ues­
t ions with the un ique d ata col lection  capabi l ity that ALS offers .  This paper focuses on the specific  
eco log ica l  issue of model l ing b i rd habitat qua l i ty data broad leaf woodland . 

Vegetat ion structure is an important component of habitat qua l ity . For woodland b i rds ,  mapping the 
three-d imensional  com plexity of their h abitat by fie ld survey can be a time-consuming and d ifficult 
task. ALS can supply i nformation on vegetat ion structure at a landscape scale and with h igh  sam­
pl ing  density . We use smal l-footprint ALS data and show that rep roductive performance i n  G reat 
Tits (Parus major) and Blue Tits (Parus caeruleus) can be pred icted us ing a map of wood land 
height. S ince both Great Tits and B lue Tits feed the i r  young on tree-dwel l ing lepidopteran larvae, 
canopy structure influences habitat qual ity via effects on both food abundance and its avai lab i l ity to 
parent b irds .  During the unfavourable weather of 2001, the best foraging cond itions for Blue Tits 
occurred where the canopy was ta l l  and wel l-developed , but for Great Tits a shorter canopy with a 
more varied height profi le was most favourable. However, food avai lab i l ity is a lso influenced by 
weather conditions,  affecting both food abundance and the b i rds' forag ing ab i l it ies. Other factors 
can a lso be influentia l  such as population density ,  parental qual ity ,  and competition for nest s ites 
and food . Thus we show that the same woodland structure represented d ifferent habitat qual ity for 
Great Tits under d ifferent weather cond itions. 

INTRODUCTION 

Models of organ ism-habitat relat ionshi ps relate surveyed variation  in the abundance or demo­
g raph ic rates of organ isms to variation in  the presence or extent of habitat variables (Field ing and 
Haworth 1995; Guisan ano Zimmermann 2000). The enumeration of such relat ionships can enable 
the pred iction of animal d istribution patterns or demography in  response to land-use or environ­
mental change (Cowley et a!. 2000). This has clear conservation  impl ications.  

The key to the pred ictive ab i l ity of organ ism-habitat models is the incorporation of habitat variab les 
that reflect d irectly the mechanism of habitat selection .  For terrestria l  b i rds vegetation structure is a 
key determ inant of both nesting and forag ing habitat qual ity and p lays a major role in  habitat selec­
t ion across a wide range of types from g rassland to forest (Fuller and Henderson 1992, Coppedge 
et a!. 2001). Other factors can also be influentia l  such as population  density , parental qual ity , and 
competition for nest s ites and food (Lack 1971, M inot 1981, Przybyla et a/. 2001 ). In add ition to 
nest s ite requirements, there are several ways in  which vegetat ion structure can influence habitat 
se lect ion by wood land b i rds (Be ier and Drennan 1 997). Structure may impede movement of forag­
ing b i rds both physical ly (Brodmann et a/. 1997) and behavioural ly (Desrochers and Hannon 1997) 
and may i nfluence foraging efficiency through effects on detectab i l ity and accessib i l ity of food 
items (Moorcroft et a/. 2002; Whittingham and Markland 2002) . 

Quantifying wood land structure i n  the field usual ly i nvolves multip le measurements of features 
such as stem sizes and densities (James and Shugart 1970, Ful ler and Henderson 1992) , estima­
t ion of p lant species composition and measurements of l ight penetration through the canopy (Chen 
and Cih lar  1995). Such field-based measurements of structure can be h ighly t ime consuming ,  l im­
ited by problems of access (both geographical ly and spatia l ly within  habitat patches) and can often 
only be app l ied on a relatively smal l  scale (e.g. Muel ler-Dombois and E l lenberg 1974). Remote 
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sensing techn iques have the potential to q uantify habitat characteristics at a landscape sca le and 
in  three d imensions (Roughgarden et a!. 1 99 1 , H i l l  et al. 2002) . As a consequence ,  remote-sensed 
data have been used to i nvestigate b i rd species d istribut ions (Bel lamy et a/. 1 998,  Savera id et a/. 
200 1 )  and to model b i rd habitat characteristics ( I mhoff et a!. 1 997 ,  Osborne et a!. 200 1 ) .  

Airborne Laser Scann ing (ALS) i s  a remote sensing techn ique ,  operating o n  a princ ip le of Light 
Detect ion And Ranging (LiDAR) that supp l ies fine-grained i nformation on vegetation structure at a 
woodland scale (Naesset 2002) .  ALS devices such as the Airborne Laser Terra in  Mapper (ALTM)  
use a h i gh-repetition pulse laser range-finder, a scann ing mechanism , d ifferential GPS,  and an  
I nertial Measurement Un it to  measure the  elevation  a t  points with in  a swath beneath the  fl ight-path 
of an a ircraft (Baltsavias 1 999) . When strik ing a non-so l id surface, such as a tree crown , each inci­
dent laser pu lse can penetrate to an extent dependent on the density of the structure and the ang le 
of i ncidence (Lefsky et a!. 2002) . A series of l aser pu lse returns recorded over a wooded land­
scape can supply i nformation on 'top-of-canopy' e levation ,  canopy penetrab i l ity (from which can­
opy density may be i nferred) and the underly ing terra in .  

Th is  paper reviews the  results of  wood land b i rd hab itat model l i ng us ing  ALS data for an a rea of 
broad!eaf woodland in Cambridgeshire ,  U K.  We present relationsh ips between structure 

breeding success for Great (Paurs and B lue Tits caeru!eus) how 
these relat ionsh ips are dynamic ,  varying with weather cond it ions.  

FIELD S I TE AND DATA COLLECTION 

Monks Wood National Nature Reserve (N . N . R . )  is  a 1 57 ha broadleafed woodland in Cambridge­
sh i re ,  eastern England , U K  (F igure 1 ) . I ts elevation ranges from 6 m to 46 m ,  with a maximum 
slope ang le  of  1 4 . 5° (Steele and Welch , 1973). The main upper-storey tree species are Common 
Ash (Fraxinus excelsior) , Engl ish Oak (Quercus robur) , Field M aple (Acer campestre) , S i lver B i rch 
(Betula pendula) plus smaller numbers of Aspen (Populus tremula) and Smal l- leaved E lm (Ulmus 
minor Mi l l . ) .  Ash is the most common and widespread tree species i n  Monks Wood , fol lowed by 
Oak and Field M aple. F ield Maple and S i lver B i rch are found scattered throughout the wood , whi lst 
Aspen and Smal l- leaved E lm are more local ised on the wetter soi ls .  The dominant shrub species 
making up the under-storey and woodland fringes are Hawthorn (Crataegus spp. ) ,  Common Hazel 
(Gory/us avellana) , Blackthorn (Prunus spinosa) ,  Dogwood (Comus sanguinea) and Wi ld Privet 
(Ligustrum vulgare) (Stee le and Welch 1 973 ,  Massey and Welch 1 993) . 
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Figure 1 :  Monks Wood N. N. R. in Cambridgeshire, eastern England, UK (52°24 ' N, 0°14 ' W). The 
location of the 22 nestboxes are shown. 
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Monks Wood conta ins 22 nestboxes that can be occupied in  any year by either Great Tits or  Blue 
Tits (F igure 1). Being larger, G reat Tits general ly have the advantage i n  competit ion over nest 
holes and thus occupy a h igher proport ion of boxes each year than Blue Tits . The reproductive 
performance of G reat Tits and Blue T its has been recorded i n  these boxes for several years as 
part of a study of b i rd breed ing success in relat ion to woodland hab itat qua l ity (Hinsley et a l .  1999). 
Each year, nestl ings a re weighed using a spring balance on d ay 11 (day of hatch ing = 0) and 
mean weights , exclud ing runts,  are calcu lated . The t iming of breeding  is  recorded us ing fi rst egg 
d ates. Mean nestl ing body mass at 11 days of age will reflect territory qua l ity (Przybyla  et a l  2 001) 
because nest l ing mass comb ines the effects of food abundance with the adu lts' ab i l it ies to find it 
(fo rag ing efficiency) and to del iver it to the nestl ings (travel costs) . Body m ass of a nest l ing at 
fledg i ng is an important pred ictor of its subsequent surviva l ,  fitness , and l ifet ime reproductive suc­
cess (Naef-Daenzer et al. 200 1 ). 

ALS DATA ACQUISITION AND PROCESSING 

An Ai rborne  Laser Terrain  M a pper (ALTM 12 1 0 , Optech I nc., Toronto, Canada) was flown over 
Mon ks Wood  on 1 0  pu lses were emitted by the AL TM with a wavele ngth of 
1047 nm (near in frared). By scann ing in sweeps perpend icu lar to the fl i ght-l ine,  the forward motion  
o f  t he  a i rcraft generated a saw-toothed pattern o f  po int-sample e levation record i ngs .  The para l le l  
fl i ght- l i nes had overlapping swaths, result ing in  an i rregu lar d istribut ion of po ints . On average,  1 
po int was recorded every 4 .83 m2 across the study site. Both first- and last-retu rn e levation  data 
were recorded for each l aser pu lse,  wh ich generated a c ircular  footprint on the Earth ' s  surface with 
a diameter of approximately 0.25 m at nad i r. The x- and y- posit ion of each scanned po int was 
supplied in British National Grid co-ordinates, whilst the z- position was supplied as elevation in 
metres above the Ordnance Survey of Great Britain 1936 Datum. The instrument precision at the 
flying altitude was approximately 0.60 m in  x- and y-, and 0.15 m in z- ( Baltsavias, 1999). 

Continuous grid-based surfaces (i.e. Digital Surface Models: DS Ms) were interpolated from the 
point-clouds of first-return and last-return elevation data. A Triangulated Irregular Network ( TI N) 
was constructed for both the first- and last-return point-clouds, each based on a Delaunay triangu­
lation of the point-sample elevation data. A rectangular grid of pixels was then extracted from each 
TI N using a linear interpolation method at a constant sampling interval of 1 m. This created a 1 m2 
spatial resolution raster DSM fo r both the A LS first- and last-return ele vation data . 

The underlying terrain of Monks Wood N. N.R. was modelled from the last-return ALS data. A proc­
ess of morphological filtering was applied in which local elevation minima in the last-return DS M 
were identified. This was an adaptive filtering process in which the kernel size was varied in rela­
tion to heterogeneity in the last-return DSM. This enabled larger kernel sizes to be used for identi­
fying local minima in areas of the woodland with few gaps or rides. The aim of this approach was 
to maximise the ability to extract a high proportion of the ground information from the last-return 
DSM without erroneously incorporating non-ground pixels. An analysis of the last-return DSM indi­
cated that a kernel size of 60 x 60 pixels would be needed to guarantee that no non-ground data 
would be included in the extracted local minima. However, across Monks Wood N. N.R. where the 
canopy was more open (either due to gaps or rides) the kernel size could be reduced, potentially 
down to 15 x 15 pixels. Heterogeneity in the last return DS M was determined by calculating the 
standard deviation in focal 50 x 50 and 25 x 25 pixel kernels. Thresholds were then identified in 
these t wo standard deviation scores to determine for any part of the study site which one of five 
different sized kernels (between 60 x 60 and 20 x 20 pixels) was used to extract the local block 
minimum from the last-return DSM . The density of p ixels extracted as 'ground data' thus varied 
across the study site. A Digital Terra in  M odel  (DTM) was then generated by a thin-plate spline in­
terpolation from the selected local elevation minima. This algorithm preserved the input elevation 
values of the extracted local minima and generated a 'smooth curve' surface between the data 
points. 

A Digital Canopy Height Model ( DCH M), supplying canopy height values in relation to the sur­
rounding terrain, was then created by the per-pixel subtraction of the D T M from the first-return 
DSM. Both the DT M and D CH M  had a 1 m2 spatial resolution (Hill et at. 2002). 
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ORGANISM-HABITAT RELATIONSHIPS 

The h ighest occupancy rate of nextboxes across Monks Wood occurred in 2001, when 19 of the 
22 nestboxes were occupied ; 11 by G reat Tits and 8 by Blue Tits . Relationshi ps were i nvest igated 
for both species between nest l ing body mass at 11 d ays of age and canopy structure. These were 
presented i n  Hins ley et at. ( 2002). For G reat Tits , mean nest l i ng mass decl ined with mean canopy 
height (mean nest l i ng mass = 21.4 0- 0.26 canopy height ,  R2 = 0. 80, P < 0.001, n = 11). For Blue 
Tits , mean nest l ing mass i ncreased with mean canopy height (mean nest l ing mass = 8.78 + 0.121 
canopy he ight ,  R2 = 0.61, P = 0.014 n = 8). These relationsh ips are p lotted i n  F igu re 2. Mean can­
opy height was calcu lated from the A LS canopy height data for a sample area of 54 x 54 m ( 2916 
pixels) centred on  each occupied nestbox. Without knowing the actual forag ing desti nations  of the 
b i rds ,  the sample area of 54 x 54 m was assumed to be representative of at least the core of each 
territory . 
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Figure 2: Scatterplot of mean canopy height against mean nestling body mass for Blue Tits (top) 
and Great Tits (bottom). The dashed line is the best-fit line plotted using the /east-squares method. 

The relationships between mean canopy height and mean nestling body mass were used to gen­
erate maps predicting nestling mass, and hence habitat quality, throughout Monks Wood N NR. 
This was demonstrated for Great Tits using the 2001 data by Hill et a!. ( 2003). Mean canopy height 
in a 54 x 54 pixel kernel was calculated for each pixel of the D C HM and the regression equation 
was applied per pixel on the assumption that each pixel contained a nest site and was the centre 
of an uncontested territory. The standard error of prediction for the pixels containing the actual 
nestbox locations was± 0.37 g ( 2. 06% of average Great Tit nestling body mass). However, since 
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there were insufficient nestboxes with which to both derive and test the reg ression equations ,  the 
standard error of ± 0.37 g over-est imated the pred ictive capacity of the model .  In  add iti on ,  the 
model  generated a spurious ,  g raded edge-effect because of the i nfl uence of areas of low canopy 
height beyond the boundary of the woods .  Nonethe less , the potentia l  to predict habitat q u al ity, at 
both a h igh  spatial resol ut ion ( i . e .  1 m2) and on a wood land-sca le ,  was clearly demonstrated . 

The occupancy level of nestboxes i n  Monks Wood by Blue Tits i n  years other than 2001 was too 
l ow (n :::;; 6) to enab le the i nvestigation of statist ica l ly  robust o rgan ism-habitat relationsh ips .  For  
G reat Tits , the nestbox occupancy level was h igher and so the relat ionsh ip between mean nestl ing  
body m ass and mean canopy he ight has been i nvestigated for the period 1997-2002. Stud ies of 
rep roductive success in G reat Tits typ ical ly show strong year effects in relation  to environmental 
variables (Siagsvold  1976, Perrins 19 79, N ager and van Noordwij k  1995). Weather cond it ions d ur­
i ng breed ing  have considerable impact on success . Accord i ng to M cCLeery and Perrins  (1998) an 
effective measu re of spr ing weather i n  relat ion to condit ions for b reed ing is the sum of the m axi­
m u m  tem pe ratu re for each d ay from 1 M arch to 25 Apri l  (hereafter referred to as! m ax day temp) .  
For the period of 1997- 2002 a negative and h ighly s ignificant relatio nship  occurred between m ean 
first d ate of egg- lay i ng by Great Tits and l: m ax d ay tem p  at Monks Wood (mean 1 st egg d ate = 

83. 76- 0.10 r m ax day temp ,  R2 
= 0 .97 , P < , n "" 6)  (Figure 3). In F igure 4, � 

relationship between mean nestl i ng  body mass and mean can opy he ight for each year of 1 997-
2002 i s  p lotted against the r max day tem p  of each year. The r m ax day temp for the period of 
1997-2002 h ad a range of 568-760 °C and a mean of 6 82 °C .  For those years with a r max d ay 
tem p  below the 6 year mean , the relationsh ip between mean nestl i ng  body mass and mean can­
opy he ight  was negative and for those years with a r max day tem p  above the 6 year mean , the 
relationsh ip  between mean nestl ing  body mass and mean canopy height was pos i tive .  However, 
on ly the years at the edge of the range of r max day temp values for the 6 year period p rod uced 
statistical ly s ign ificant R2 values at P < 0.1 (Table  1). 
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Figure 3: Scatterplot of mean first egg-lay date by Great Tits against :r max day temp (1 March to 
25 April). The dashed line is the best-fit line plotted using the least-squares method. 
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Table 1 :  Relationship between mean nestling body mass and mean canopy height for Great Tits in 
Monks Wood nestboxes for the period 1997-2002. 

YEAR R2 p n 2: max day temp 

1 997 46 0.064 8 760 

1 998 8 0 .4 1 2  1 1  66 1 

1 999 6 0 .481  1 1  709 

2000 1 6  0 .288 9 648 

2001 82 <0 .001  1 1  568 

2002 1 8  0 . 424 9 750 J 
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Figure 4: Scatterplot of the R2 for the relationship between mean Great Tit nestling body mass and 
mean canopy height against :r max day temp (1 March to 25 April). The dashed line is the mean 
value of :r max day temp (682 °C) over the period 1997-2002. 

DISCUSSION 

The implication of the results for 200 1 is that for Blue Tits the best foraging con ditions were sup­
plie d by tall trees with a well- develope d, close d canopy, whereas for Great Tits best foraging con­
ditions were provide d by a lower canopy with a more varied height profile. The difference in the 
relationship between nestling body mass an d mean canopy height for Blue Tits and Great Tits 
probably relates to the two species' body masses and foraging behaviour ( Hinsley et at. 2 002). 
Blue Tits ( 9-11 g) concentrate their foraging in the outer parts of the tree canopy (Lack 1971), while 
Great Tits (17-20  g) tend to feed lower down, foraging more on larger branches and on the ground 
(Perrins 1979). Thus the structure provided by a tall, closed canopy, with most leaf growth concen­

trated in the top-canopy, may be more suitable for the smaller and more agile Blue Tit, whereas a 
more varied height profile may offer the larger Great Tit greater access to a sturdier vegetation 
structure and to the ground. In addition, the weather conditions during the breeding season of 2001 
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were poor (Ba lmer and M i l ne  2002) . The opt imum prey size for Blu e  Tits is smal ler than that for 
G reat Tits . The wet and windy cond it ions of spring 200 1 may have had a disproport ionate effect on 
the avai lab i l i ty i n  ta l l  canopy of the larger p rey items taken by Great T its . A l ower and more varied 
canopy profi le may provide more sheltered conditions for larger p rey and thus better forag ing suc­
cess for G reat Tits . Competition between the two species for prey mig ht also be a factor ;  several 
studies have found that nest l ing weig ht i n  G reat Tits is negatively corre lated with Blue Tit popu la-

. t ion density (M inot 1 98 1 , Torok & T6th 1 999) . 

The breeding season was relatively late i n  200 1 and, in  genera l ,  late seasons are associated with 
poorer  breeding performance (Hins ley et a i. 1 999) . U nder poor conditions  for b reeding ,  d ifferences 
between b oth territory qua l ity and parenta l  performance m ight be expected to be m ost detectable 
in terms of thei r  i mpact on  nestl ing cond it ion and surviva l .  When we reported these results for 
200 1 , we hypothesised that the assessment of territory qua l ity may vary between years and such 
variation m ig ht account for the strong relat ionsh i ps between nestl ing  body m ass and vegetat ion 
height apparent for both Great Tits and Blue T its in 2001 (H i nsley et al .  2 002). 

The resu lts for G reat Tits over the period 1997-2002 ind icate that the physical structure of the 
wood land canopy that offers the best forag ing varies with the weather, U nder the poor weather of 
the 2001 breeding season ,  the best forag ing condit ions were afforded by a wood land canopy 
relatively low mean height and varied structure .  By contrast, 1997 was a warmer and d rier  spring 
and the best forag ing conditions for Great T its appear to have been p rovided by the taller, more 
developed canopy .  A tal ler  canopy,  if associated with more mature trees , m ay have a g reater leaf 
b iomass and thus be l i kely to sustai n  a g reater b iomass of caterpi l lars. Thus ,  under the more fa­
vourab le weather cond i tions of 1 997 there was likely to have been a greater availability of prey 
caterpi l l a rs i n  tal l  canopy. I n  the years of the study period with i ntermediate spring  weather con di ­
t ions,  there was no detectab le co mpetiti ve advantage for Great Tits in foraging either in the upper 
or lower canopy. In these years, woodland canopy structure had no detectable influence on breed­
ing success via its in fluence on foraging, and instead we must look to different environmental vari­
ables and/or the role of individual bird quality and biotic interactions (e.g. inter- and intra-specific 
competition). 

Vegetation structure data alone cannot, therefore, quantify or predict all o f  the habitat characteris­
tics that determine quality for woodland birds. Surface reflectance data from airborne multi-spectral 
scanners such as the Compact Airborne Spectrographic Imager ( CASt) or the Airborne Thematic 
Map pe r (A TM) may also be useful in characterising woodland habitat. Re flected radiance in the 
visible and infra-red parts of the spectrum can supply a range of in formation including land-cover 
type, plant species composition, biomass and plant vigour ( Curran 198 0, Rocket at. 1986, Gerylo 

et at. 1998). The integration of ALS and multi-spectral data can enable the mapping of thematic 
classes that combine plant species and canopy structure information ( Hill et at. 2 002, Hudak et a/. 
2 002). This may provide a spatial framework within which bird species distribution, abundances 
and productivity can be predicted. In addition, integrated remote-sensed data can supply the spa­
tial information on habitat characteristics used as input in the technique of Ecological Niche Factor 
Analysis (E N FA) for modelling woodland, and other, habitat. In this procedure a number of eco­
geographical variables are trans formed into a set of partial niche coefficients (using pr e-de fined 
niche functions) and the weighted average provides a habitat quality index ( Hirzel eta/. 2 001). A 
trial of this approach for Great Tit habitat modelling at Monks Wood N. N.R. used the eco­
geographical variables: percentage of canopy gaps, percentage of oak/ash composing the canopy, 
distance to woodland edge and canopy height ; all of which were retrieved from remote-sensed 
data ( Balzter eta/. 2 002). 

CONCLUSIONS 

The use of ALS data for organism-habitat modelling is particularly apposite for woodland where the 
three-dimensional complexity of the habitat limits both the resolution and extent of field-based data 
collection. The example presented in this paper uses a measure of breeding performance (i.e. nes­
tling body mass) to quantify organism-habitat relationships and predict habitat quality. However, 
the method is equally suitable for investigating species distributions in relation to habitat structure. 

Vegetation structure is a key determinant of both nesting and foraging habitat quality for terrestrial 
birds. Both Blue Tits and Great Tits are woodland species that feed their nestlings principally on 
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tree-dwel l i ng  lepidopteran larvae (Perrins 1 979), the ava i lab i l ity and d istribution  of  which are l i kely 
to be infl uenced by canopy structure. However, food avai lab i l ity is  also i nfluenced by weather con­
d it ions, affect ing both food abundance and the b i rds '  foraging ab i l i ties. Other factors can also be 
i nfluential such as population density, parental qua l ity, and competition  for nest s ites and food . 
During the unfavourable weather of 200 1, the best forag i ng cond it ions for Blue Tits occurred where 
the canopy was tal l  and wel l-developed, but for G reat Tits a shorter canopy with a more varied 
height profi le was most favourable.  However, we have shown that the same wood land structure 
represented different habitat qua l ity for G reat Tits under d ifferent weather cond itions .  

The hab itat data derived from ALS cou ld  be supplemented us ing m ulti-spectra l or  hyper-spectra l 
data acqu i red from a irborne scanners, and th is can provide  i nput to more advanced spat ia l  o rgan­
ism-habitat model l ing approaches such as E N FA.  Fo l lowing future acqu is ition  of both rem ote­
sensed d ata (ALS and multi-spectral )  and b i rd census d ata for a number of woods in l owland Brit­
a in ,  we sha l l  construct and test habitat qua l ity maps to relate species d istri but ions, abundances 
and patterns of persistence to habitat structure and composition .  This wi l l  enhance our ab i l ity to 
identify important areas for management and to pred ict patterns of species pers istence or  loss re-
su l ting from chang ing environmental pressures i n  U K  and e lsewhere. 
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ABSTRACT 

We i nvestigated that the effects of season and forest type on  the numbers of wood m ice captured , 
and the relationships between the numbers of wood m ice captured in  the p lantatio n  and i ndepend­
ent factors as the d istance from evergreen broad-leaved forest, LAI and the s lope degree by app ly­
ing !idar  remote sens ing techn ique i n  the Sh ikoku Reg ion ,  Japan .  For Apodemus spedosus, the 
n u mbers of i nd iv idua ls  captured were s ign ificantly affected by the foresttype, b ut not by  the sea­
son . The numbers of i ndividuals captured i n  the evergreen broad-leaved forest were s ign ificantly 
more than those in the p lantation  in  fal l  and spri ng .  For A. argenteus, the numbers of individua ls  
captured were s ign ifica ntly affected by the forest type,  but  not  by the season ,  and a sign ifi cant in­
teract ion was detected between the two factors .  In  spring that Quercus did not  bear  acorns,  the 
numbers of  individua ls captured i n  the p lantation were s ignificantly more than those i n  the ever­
green broad-leaved forest. For A. speciosus, the numbers of individuals captured wer e s ign i fi ­
can tly ,  negatively correlated with all factors in fall and spring. The standardized partial regression 
coefficients for the distance from the evergr een broad-leaved forest and the slope degree were 
lower than that for LA I. For A. argenteus, the multiple regression models were not fitted signifi­
cantly. Consequently, the steep slope would limit the range of movement of A. speciosus, but not 
A. argenteus. A. argenteus would be a great seed disperser that carries Quercus acorns in to a 
long distance rather than A. speciosus in the plantation with the steep slope. 

INTRODUCTION 

The increase of timber demand for reconstruction after World War I I  caused conversion from natu­
ral forest to sugi (Cryptomeria japonica) and hinoki cypress (Chamaecyparis obtuse) plantations in 
Japan. The rate of plantation was very high in Shikoku region. The evergreen broad-leaved forest 
with small area was scattered in the plantation. At present; the.abandoned plantation is increasing. 
It is demanded that the recover from the plantation to the evergreen broad-leaved forest, however, 

little is known about succession in abandoned plantation. To understand about the recover of ev­
ergreen broad-leaved species in the plantation, it is important to investigate the dynamics of the 
dominant canopy species, Quercus, in particular, seed dispersal stage which is first process of 
recover. The plant species that bear acorn such as Quercus is synzoochory (Vander Wall, 1990). 
Wood mice, jay, and squirrel disperse the acorns by scatter hoarding in transporting acorn (Vander 
Wall, 1990). Thus, it is need to investigate the density and beh(;!vior of seed disperser. In this 
study, we focus on wood mice. In Japan, A. speciosus and A. argenteus play seed dispersal role 
through their food hoarding behavior (Miyaki and Kikuzawa, 1988 ; Miguchi, 1994). Abundance 
and occurrence of wood mice relate to season ,  year (M iguch i ,  1988 ; 1996) and forest structure ,  
part icu larly 'canopy - under understory vegetat ion - topography' structure (Nish ikata , 1 98 1 ; Sh ioya 
et at., 1990 ; Sekijima, 1999; 2001 ) . 

Lidar remote sensing is very useful for forestry and ecology because of its three-dimensional in­
formation acquisition. One possibility of utilization of airborne lidar measurement is an application 
to forest inventory in order to reduce the cost of field survey as well as understand forest charac­
teristics spatially ( Naesset and Bjerknes, 2001; Lefsky et at., 2 001; Naesset and 0kland, 2 002). 
Pervious studies showed that forest parameters such as tree heights, number of stems, and stand 
volume could be estimated accurately ( Naesset, 1997 ;  Nelson, 1997;  Magunussen and Boudewyn, 
1997;  Magunussen et a/., 1998 ; Means et a/., 2000). Recently, individual tree attributes were also 
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derived from a irborne scanner data with h igh  density of footprints on the g round (Hyyppa et a!., 
2001; Persson et al., 2002 ; Brandtberg et a!., 2003; H i rata et a/., in press) . App l ication  for eco log i­
cal stud ies has been a lso tried (Lefsky et a/., 2002) . So eco log ists are now interested i n  l i dar  re­
mote sensing techn ique to expand their process stud ies to spat ia l  understand ings (H inseiy et at., 
2002). 

This study a ims to i nvest igate the occurrence of wood mice as seed d isperser around a boundary 
between an everg reen broad-leaved forest and a plantation and to apply l idar remote sens ing to 
the study of seed d ispersal in rugged terra in .  We address the fol l owing questions: (1) Do the sea­
son and the forest type affect the occurrence of wood m ice? ; (2) Do the occurrence of wood mice 
in a p lantat ion relate to the d i stance from an evergreen broad-leaved forest, the s lope and LA!? 

METHODS 

Study area. and plot establishment 

The study p lot was l ocated in  the !ch inomata nationa l  forest, Sh ikoku Region ,  (33"09' 
1 430 -780m above sea ievei). the forest is artific ia l  the rest is  natural 
i n  this a rea .  M ean month ly tem perature is  13.0°C ,  with the h ighest mean of 23. 5°C in August and 
the l owest of 2 . 3°C in January. Annual precip itat ion is  about 2900mm,  concentrated from June to 
September and with l ittle from November to March. M aximum snow depth is around 20cm , b ut it 
usual ly melts away i n  a few days. Dominant canopy species are Quercus salicina, Quercus acuata, 
Querucus sessiliifolia, Catanopsis sieboldii, Cleyera japonica, Eurya japonica, Symp/ocos prunifo­
lia and Illicium anisatum. Quercus bear acorns in fall (October to December). The main species of 
plantation are sugi (Cryptomeria japonica) and hinoki cypress (Chamaecyparis obtuse). 

The study plot was established ranging from an evergreen broad-leaved forest to a plantation of 
hinoki cypress. A laser range finder (LaserAce 3 00) was used to survey a 150m * 100m ( 1.5  ha) 
sampling grid of 10 m intervals. A differential GPS (Pathfinder, Trimble) was used to determine the 
positions of four corners of the plot by the Japan-19 Plane Orthogonal coordinates system with the 
Tokyo datum. Geographic coordinates of each sampling grid were calculated from the coordinates 
of four corners to overlay results of helicopter-borne laser scanning. 100 m* 100 m of the plot is 
occupied b y  a plantation of h inoki cypress. The number of stems of hinoki cypress is  1500 i n  plot. 
And the rest is an evergreen broad-leaved forest. A ridge divides the plantation and the evergreen 
broad-leaved forest. This plot is characterized by steep slops and rugged terrain. 

Laser scanner d ata 

Compared with general remote sensing such as satellite sensors, traditional aerial cameras and 
airborne multi-spectral sensors, airborne or helicopter-borne laser scanning is the expansion from 
two-dimensional space to three-dimensional one. 

The laser scanner system transmits the laser pulse at 1064 nm (near-infrared) and receives the 
first and last echoes of each pulse. The elapsed time between transmittance and receipt is meas­
ured to calculate the distance between the system and the object. Laser scanner data were col­
lected on 2 8  October 2002. The ALMAPS (Asahi Laser Mapping System), which consists of the 
ALTM 12 2 5, the GPS airborne and ground receivers, and the IMU, was used to acquire the laser 
scanner data. The flight altitude of the helicopter above the ground was about 250 m and the aver­
age flight speed was approximately 13.9 m/sec. The pulse repetition frequency was 25 kHz and 
the scan frequency was 25 Hz. M aximum scan ang le (off nadir) was 12°. The beam divergence 
was 1.0 mrad. Overlap of scanning between neighboring flight lines was about 4 0  %. Measurement 
density was 23.4 points/m2. Therefore, the footprint diameter was approximately 25 em and the 
distance between neighboring footprints was about 20 em. Both first pulse and last pulse were 
acquired to recover the canopy structure and terrain conditions. Footprints were registered to geo­
graphic coordinates using Kinematic GPS after the flight. Post-processing for the laser scanner 
data was performed to correct aberration. A fine DEM of the study plot was produced using the 
last pulse data. A local minimum filter was used to remove the effect of canopy, stem, understory 
vegetation and other objects on the ground from the last pulse data (Hirata et a/, 2 003). 
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Wood Mice Trapping 

We set 1 76 l ive traps o n  the i ntersect ion of 1 76 square g rids of 1Om intervals in  the study p lot and 
captured wood m ice as seed d isperser by using the mark-recapture methods i n  a fru iting  and a 
non-fruiti ng season of Quercus. The trapp ings were conducted during  e ight  n ights i n  fa l l  (October 
to November 2002) and spring (Apri l  2 003) ,  respectively .  We p laced sweet potato and sunflower 
seeds as bait of wood m ice i nto the traps every morn i ng .  

Data Analysis 

We used two-way ANOVA tests and Tukey's mult ip le comparison tests to d etermi ne whether the 
n u mbers of captured wood m ice are affected by the factors as fol lows: season (fa l l  as fruiti ng sea­
son , spr ing as non-fru it ing season of Quercus) and forest type (everg reen broad-leaved forest, the 
p lantation). We performed those ana lyses by  using wood m ice data per 1 00 traps per day. M ult ip le 
reg ression analyses were used to d etermine the relationsh ip between the n u m bers of captured 
wood m ice and the d istance from the evergreen b road-leaved forest, s lope deg ree,  and LAI .  The 
s lope degree of each trapp ing po int was calcu lated from 1 m  DEM data. perfo rmed the m u lt ip le 
regression  ana lyses by wood m ice d ata was pooled data d uring e ight at each trap 
i n  trapp ing period of fal l  and  spring ,  respectively. We used S PSS Vers ion 1 1 . 0 software (SPS S ,  
I nc .  2001 )  for a l l  statistical analysis .  

RESULTS 

DSM (d ig ita l  surface model) and OEM (d igital elevation model)  for the study  p lot were generated 
from the fist pulse data and the last pulse data respectively ( Figure 1). Figure 2 shows the differ­
ence between the DSM and the OEM, i.e., digital canopy height model (D CHM) with gray scale. 
This figure demonstrates that the trees in evergreen broad-leaved forest have large crown and the 
heights of hinoki cypress trees depend on the area, i. e. topography. From overlay of D CHM on 
DEM, it was found that the growth of trees along the valley was better than the growth along the 

ridge in the hinoki cypress forest. The differences of tree heights except suppressed trees between 
the LIDAR measurement and the field measurement were almost below 1 meter. Average tree 
heights are 12m along the ridge and 15m in valley side. We have to note that each crown height in 
D CHM is overest imated in valley side and underest imated in rid ge s ide because of topography. 

Figure 1 :  DSM from the first pulse data (left) and OEM (right) from the last pulse data. 
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2 : difference between DSM and OEM (yellow points 
points). 

In total, 63 individuals and 94 individuals of two species (A speciosus and A. argenteus) were cap­
tured during eight days in fall and spring, respectively. 

For A. speciosus, the numbers of individuals captured were significantly affected by the forest type, 
but not by the season ( Table 1 a). The numbers of individuals captured in the evergreen broad­
leaved forest were significantly more than those in the plantation in both fall and spring (Figure 3a). 
The difference in the numbers of individuals captured was not significant between fall and spring in 
the evergreen broad-leaved forest (Figure 3a). 

For A. argenteus, the numbers of individuals captured were significantly affected by the forest type, 
but not by the season ( Table 1 b), and a signi ficant interaction was detected between the season 
and the forest type. Thus, in fall that Quercus bore acorns, the difference in the numbers of indi­
viduals captured was not significant between the plantation and the evergreen broad-leaved forest 
(Figure 3b). In contrast, in spring that Quercus did not bear acorns, the numbers of individuals cap­
tured in the plantation were significantly more than those in the evergreen broad-leaved forest 
(Figure 3b). The difference in the numbers of individuals captured was not significant between fall 

and spring in the evergreen broad-leaved forest (Figure 3b). 

For A. speciosus, the numbers of individuals captured were significantly, negatively correlated with 
all factors in fall and spring ( Table 2a). The standardized partial regression coefficients for the dis­
tance from the evergreen broad-leaved forest and the slope degree were lower than that for LA I. 
However, the multiple coefficients of determination were lower remarkably (R2=0.165, 0.244). 

For A. argenteus, the multiple regression models were not fitted significantly ( Table 2b). 

91 



ScandLaser 2003, U mea , Sweden 

Table 1: Two-way ANO VAs for the effects of season and forest type on the numbers of captured 
wood mice per 100 traps per day. 

a) Apodemus speciosus 

Source of variation df ss 1) F p 

Intercept 1 135.30 93. 04 < 0.0001 
Season 1 2. 09 1. 44 0.2 41 
Forest type 1 50.80 3 4. 9 4  < 0. 0001 
Season x Forest type 1 0.03 0 .02 0 .896 
Resi d ua l  28 40. 72 

b) Apodemus argenteus 

S ource of vari ation df  ss l) F p 

interce pt 1 410.41 120. 8 < 0.0001 
Season 1 12 .45 3.664 0. 06 6 
Forest type 1 33. 42 9.835 0.00 4 
Season x Forest type 1 26.3 9 7 .767 0.009 
Residual 2 8  95.13 

1 ) Sum of squares 

a) Apodemus speciosus b) Apodemus argenteus 
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Figure 3: Comparisons of the numbers of captured individuals between fall and spring, and be­
tween the evergreen broad-leaved forest and the plantation. Fruiting and non-fruiting season are 
fall and spring, respectively. Bars are the means of 8 trappings per 100 traps per 8 days. Different 
letters in a figure show significant differences (P<0.05, Tukey's multiple comparison test). 
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Table 2: Multiple regression analyses of the relationships between the numbers of captured wood 
mice per trap per eight days in the plantation and independent factors as the distance from the 
evergreen broad-leaved forest, the slope degree and LA/ in fall and spring. 

a) Apodemus speciosus 

Season Dependent variable R2 1l p Independent variable 

Fall Number of 
individuals caotured 

Spring Number of 
individuals caotured 

b) Apodemus argenteus 

Species Dependent variable 

Fall Number of 
individuals caotured 

Spring Number of 
individuals captured 

0.165 < 0.0001 Distance from 
everareen broad­
Slope degree 
LAI 

0.244 < 0.0001 Distance from 
everareen broad­
Slope degree 
LAI 

R2 1) p independent variable 

0.0 44 0.156 Distance from 
everareen broad-
Slope degree 
LA I 

0.045 0.14 8  Distance from 
everareen broad-
Slope degree 
LA I 

1) Multiple coefficient of determination 
2) Standardized partial regression coefficient 

DISCUSSION 

13 2) p 

-0.267 0.004 

-0.207 0.022 
-0.200 0.023 

-0.29 8 0.001 

- 0. 30 3  0.001 
-0. 179 0.031 

13 2) p 

-0.0 21 ns 

-0.112 ns 
-0.180 ns 

-0.0 78 ns 

-0.149 ns 
0.0 72 ns 

On this study, we tested whether the occurrence of wood mice were related with the season (fall 
as fruiting season, spring as non-fruiting season of Quercus) and the forest type (evergreen broad­
leaved forest, the plantation). The occurrence of A. speciosus was significantly affected by the for­
est types, but not by the season. The numbers of individuals captured in the evergreen broad­
leaved forest were significantly more than those in the plantation in both fall and spring. The differ­
ence in the numbers of individuals captured was not significant between fall and spring in the ev­
ergreen broad-leaved forest. Thus, this implies that A. speciosus intensively occurred in the ever­
green broad-leaved forest, without being influenced by existence of Quercus acorns fallen on the 
ground. 

On the other hand, the occurrence of A. argenteus was significantly affected by the forest type, but 
not by the season, and a significant interaction was detected between the two factors. In spring 
that Quercus did not bear acorns, the numbers of individuals captured in the plantation were sig­
nificantly more than those in the evergreen broad-leaved forest. The difference in the numbers of 
individuals captured was not significant between fall and spring in the evergreen broad-leaved for­
est. Thus, this implies that A. argenteus did not occurred intensively in the evergreen broad-leaved 
forest in fall that Quercus acorns fallen on the ground. 

In addition, we tested whether the occurrence of wood mice were related with the distance from 
evergreen broad-leaved forest, LA I, and the slope degree, whose data were obtained by lidar re­
mote sensing. The occurrence of A. speciosus was significantly, negatively correlated with all fac­
tors. Thus, the numbers of A. speciosus increased with decreasing the distance from evergreen 
broad-leaved forest, the slope degree and the vegetation cover. For A. argenteus, there was no 
significant correlation. 
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We found that the occurrence patterns of A. speciosus and A. agrenteus d iffered , and also deter­
m ined that the factors affected the occurrence patterns of them by using l i dar  remote sensing data: 
s ign ificant factors for A. speciosus, the forest type, the d istance from evergreen b road-leaved for­
est, the s lope degree and LA!; those for A. argenteus, the forest type and the season .  Our  results 
suggest the fol l owing behavio r  patterns of A. speciosus and A. argenteus. First , they were neces­
sari ly  attracted Quercus acorn fal len on the g round in fa l l  and therefore would n ot m ove i ntensive ly 
i n  the evergreen b road-leaved forest in fa l l ,  because the occurrence of them was n ot concentrated 
in the evergreen broad-leaved forest in fa l l .  The popu lat ion densities of the two species were 
sharp ly  changed by the season and the year  (M iguch i ,  1988 ;  Sekij ima ,  1999; 2001) .  M iguch i  
(1996) found that the popu lat ion d ensity of A. argenteus increased i n  spring after mast fru it ing of  
beech , in  contrast, it decreased in  spring after not  m ast fru iting of beech i n  coo l  temperate beech 
forest of Japan.  Thus ,  the produ ct ion of Quercus acorn would affect the seasona l  fluctuat ion of the 
popu lat ion densities of the two species in the stud y  p lot .  Second , A. speciosus would prefer the 
evergreen broad- leaved forest to the p lantation and/or the range of m ovement of A. speciosus 
wou ld  be l im ited by  the steep s lope ,  because the occurrence of A. speciosus was concentrated i n  
a n d  near the evergreen broad-leaved forest. Thi rd , A .  argenteus prefer t h e  p lantation  t o  the ever-
g reen broad-leaved forest and/or  the range of movement of argenteus wou ld  be l im ited by com-
petition  with A. speciosus in spring ,  because the occurrence A. argenteus was concentrated i n  
t he  p lantat ion i n  spri ng .  I n  previous stud ies,  t he  d ifference in t he  m icrohab itat uses between the 
two species is caused by the d ifference i n  the deve lopment g rade of understo ry vegetat ion and 
l itter (Nish i kata , 1981; Sh ioya et a!. , 1990; Sekijima ,  2001) .  Also,  the m icrohab itat uses of the two 
species seasona l ly  changed , and th is  wou ld reflect their eco logical chara cteristics and/o r  strength 
of competition  (Sekij ima ,  1999) . I n  th is study, we focused on the s lope degree that seldom focused 
i n  previous studies, and found that the microhabitat use of A. speciosus was affected by the slope 
degree. Therefore, A. argenteus would be a great seed disperser that carries Quercus acorns i n  to 
a long d istance rather than A. speciosus in the pl ant ation with the steep sl op e. 

CONCLUSIONS 

We found that the occurrence patterns of A. speciosus and A. argenteus differed, and also deter­
mined that the factors affected the occurrence patterns of them by using lidar remote sensing 
technique. The steep slope would limit the range of movemen t of A. speciosus, but not A. ar­
genteus. A. argenteus wou ld  be a g reat seed d isperser that carries Quercus acorns in  to a long 
distance rather than A. speciosus in the plantation with the steep slope. Lidar remote sensing is 
very useful for ecological study. 
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ABSTRACT 

I n  the year 2002 the project "Evaluat ion of remote sensing based Methods for the identificatio n  of 
forest structures" was started . During 2002 and 2003 an exien sive dataset was col lected on an 
area of 30 km2 d i stributed over 4 test areas.  There were a i rborne surveys with a laser scanner, a 
m u ltifrequent radar  system,  two optical scanners and conventional color and color  i nfrared aerial 
photog raphy. On the g round tree data was col lected on 44 reference sites and tree bole positions 
were determi ned with an  accuracy of cent imetres. In  add iti on ,  data of 712 permanent sam ple p lots 
of the forest inventory was col lected . 

To assess the height accuracy of tree measurements a digital crown model was derived from l idar  
data and 30 55 trees l ar ge r then 5 meters i n hei g ht were measured on  the gr oun d. Out of these 
32. 77 % co uld be clearly identified and were used for the comparison of the different measurement 
methods. The mean of the differences be tween ground measurements and the D CM was -0.53 m 
with a standard derivation of 1.24 m. The mean of the absolute differen ces was 1.01 m with a 
standard derivation of 0.90 m. To correct the underestimation of tree heights resulting from lidar 
data linear regression models have been developed. Different error sources were analysed and 
considered to be of minor relevance for for est applications. As a result, height determination on the 
basis of l idar  data is as least as accurate as convent ional  g round measurements and is a lmost 
operational. 

INTRODUCTION 

The resear ch described herein was conducted in the Bavarian Forest National Par k which is lo­
cated in south -eastern Germany along the border to the Czech Republic. Within the par k three 
major forest types exis t montane spruce forests with Picea abies and partly Sorbus aucuparia 
above 1100 m ;  submontane mixed forest with Picea abies, Abies alba, Fagus sylvatica and Acer 
pseudoplatanus on the slopes between 600 and 1100 m ;  and spruce forests in wet depressions, 
often eviden cing cold ai r ponds, in the valley bottoms. The montane spruce stands were severely 
affected by the spruce bar k beetle ( Ips typographus) in the 1990s. 

In the year 2002 the Pro ject "Evaluation of remote sensing based methods for the identification of 
forest structures " was initiated. New methodologies are necessary because data acquisition in the 
forests of the national par k is challenging : the remoteness and the high proportion of dead wood 
makes data col lect ion expensive and dangerous  for the i nventory staff. M oreover, the traditional 
methods of permanent inventory and forest structure mapping can not deliver continuo us informa­
tion about the horizontal forest texture, which is of high importance for conservation issues. 

The aim, therefore, of the study is the evaluation of different remote sensing techniques and analy­
sis methods fo r detecting and mapping forest structures ( Table 1). In a further step, there are plans 
to develop special applications for the needs of the national par k administration. Here the main 
tas k is to develop a semi-automated approa ch for the mapping of forest development stages. 
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Table 1:  The research focus in the project is on the following forest structures 

Single Tree Tree stand 

position bou ndary 

species clos u re 

height layer structu re 

crown area vol u m e  

The first period of  the project which contin ued unt i l  J u ne 2003 was characterised by d ata acqu isi­
t ion,  p reparation and data storage.  Four test areas with an overa l l  s ize of 30  km2 were selected . 
Two of these test areas were estab lished i n  the core zone of the N at ional  Park where the forests 
have been unmanaged s ince 1 970 .  The two s ites were estab l ished i n  an area which was 
incorporated i nto park i n 1 997. Here ,  commercia! forestry took p lace unt i l  th is  t ime .  The stratum 
of the fi rst two test areas is  considered as "natura l  forest" and the other  one as "managed forest" . 
The test a reas within  each stratum .  are d istr ibuted i n  such a way that they inc lude examples of a l l  
three forest types. 

Figure 1: The different forest types in the Bavarian Forest National Park and the location of the 
Test areas. B and C are within the "natural forest" area, D and E are in the "managed forest" stra­
tum. (Light grey: spruce forests of the valleys, medium grey: mixed mountain forests, dark grey: 
mountainous spruce forests). 

Data that has been col lected i n  the project 

LIDAR 

There were two flights with the " Fal con " airborne lidar system from TopoSys. The first flights were 
in Mar ch 2 002 (valleys ; C,E) and May 2002 ( high elevations, B ,D) after snowmelt but prior to folia­
tion of the de ciduous trees. Height measurements were a cquired with a measurement density of 
51m2. The se cond flight was on Sept ember 3rd 2 002 and measurement density was 101m2 . For 
more details see Wehr and Lohr (1999). 
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Table 2: System parameters of the TopoSys laserscanner (TOPOSYS, 2003) 

Sensor type Pu lsed fiber sca n ner Distance resolution 1 , 95  em 

Range < 1 600 m Scan with 1 4 ,3°  

Wa ve length 1 560 n m  Range ' < 1 600m 

Pulse lenght 5 n sec With (at max. range) 390m 

Scan rate 653 Hz Data recording First Echo,  Last Echo, 
I n tens ity 

Pulse repetition rate 83 000 Hz Average measurement 3 meas./m2 

density (at max. range) 

1\/iUL /!FREQUENT RADAR 

A fl i g ht with the experimental SAR-System (E-SAR) from the German Aerospace Center was also 
flown o n  September 3 rd 2002, but data acqu i red covered on ly test area C .  The settings of the ra­
dar  system are described in Table 3 .  

Table 3 :  Frequencies and configurations during the E-SAR flight. 

Frequency Polarisation Interferometry Spatial Base- Temporal Base-
lines lines 

P-Band H H-HV-VH-W - - -

L-band HH-HV-VH-W Repeat-Pass 0 ,5 , 1 0 , 1 5  1 0  m i n .  
(x2) 

C-ban d  HH-HV / VH-W - - -

X-band w Sing le-Pass 1 -

AERIAL PHOTOS 

In May · 2 002, after the snowmelt, color infrared aerial photographs ( C IR A P) were acqu ired with a 
scale of 1 : 3 500 in test area 8 .  These photographs were s canned at 10 micrometers, resulting in a 
ground resolution of 0,03 5 m. 

In October 2002, a second A P  acquisition was made with a scale of 1 :10000. These images cov­
ered the whole par k and were scanned at 15 micrometers, resulting in a ground resolut ion of 0,15 
m. 

In addit ion, we had access to a relatively lo ng time series of historical color i nfrared photographs. 
Since 1988 there have bee n flights every year i n  scales ranging from 1 :5000 a nd 1:15000. 

OPTICAL SCANNERS 

Electro-op ti cal images were acquired si multaneously to the l idar ra nge measureme nt acquisitio n. 
Image data was recorded with the line camera of Toposys. The camera records four channels : 8 
(44 0-490 nm), G ( 500-580 nm), R ( 580-660 nm) and N IR ( 770- 890 nm). The ground resolution of 
these images is 0,5 meters. 

Another optical data source was flown more recently. On June 3 0rd Z/1 lmagings Digital Mapping 
Camera (DM C) was used to produce images with a ground resolution of 0,04 5 m in test area 8 and 
0,2 to 0,3 m in the other areas. The system is equipped with four pan and four multispectral cam­
era heads (red, green, bl ue and near infrared). 
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GROUND DATA 

Between 2001 and 2002, 16 reference plots were established and 28 existing permanent research 
plots were measured within the vegetation period. The size of these reference plots ranges be­
tween 20 by 50 to 50 by 50 meters. In 30 reference plots every tree position was measured with an 
accuracy of centimetres, in 14 with an accuracy of decimetres. From each tree higher than five 
meters DBH, height and crown base were measured. On eight plots we also measured the crown 
size. 

In 2002 a forest inventory was conducted in the test areas. Inventory sample points were distrib­
uted in a regular grid with an edge length of 200m. Each sample unit consists of a permanent in­
ventory plot with concentric circles with graduated diameters in breast height. That means that the 
trees with a DBH between 0 and 5.9 em are measured on a sampling area of 25 m2, the trees with 
a DBH between 6 and 1 1.9 em on a sampling area of 50 m2, the trees with a DBH between 12 and 
29 em on a sampling area of 150 m2, the trees above a DBH of 29 em on a sampling area of 500 

. in these plots tree position trees larger than 12 em), DBH, height and other inventory pa-
rameters were measured. Altogether we have collected data from 712 plots in the test areas. 

In 2003 forest structure mapping will be done. During the summer of 2003 homogenous forest 
patches (developmental phases) have been mapped by a combination of ground work and inter­
pretation of aerial photos. 

The first step to analyse the data was an accuracy assessment of the digital terrain model (DTM) 
and of the digital crown model. The main questions were: How is the accuracy in dependency on 
tree species, tree height, slope and what will be the effect of an improved DTM accuracy, by other 
filter techniques. 

METHODS 

Height measurements on the ground 

The ground work was conducted in the summer season 2002. The measurements were carried out 
with the "Vertex Ill" system. This altimeter uses subsonic impulses for the distance measurements. 
The basic principle for the measurements is the trigonometric pri ncip le.  For the height measure­
ments we used the defin it ions of Kramer ( 1 995) . 

Figure 2: Definitions of tree height for coniferous and deciduous trees as well as for angular trees 
according to KRAMER. 

Creation of the DSM and DTM 

The coordinates (Northing, East ing and E levation) for the desired coordinate system were calcu­
lated for each l idar stripe, using data from the GPS processing, the a ircraft INS ( Inertia l  Navigation 
System) and the single laser d istance measurements. l n  a fol lowing step, the points were firstly 
sorted i nto a g rid with a spacing of 0,5 m and a height resolution of 0,0 1  m .  The Data for the DTM 
then was resampled to a destinat ion spacing of 1 m . The calculated DSM data (Dig ital Surface 
M odel) was processed from the first return l idar d ata, with an emphasis on the higher values. The 
calcu lated DSM data contains height i nformation on bui ld ings, vegetat ion, terra in and other fea­
tures . Noisy pixels were removed by fi ltering . The DTM-data (Dig ital  Terrain Model) was processed 
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from the last echo data with an emphasis on the lower values. In order to obtain a model without 
buildings and vegetation, a further filtering step was necessary. Both models may show spots of 
total reflection. The holes resulted from the DTM filtering, as well as spots of total reflection are 
closed by interpolation. Data procession was done with the TopPit software from TopSys 
{TOPOSYS, 2002). 

Data preparation and analysis 

In the first step the binary data was clipped to the sizes of the reference sites and transformed to 
dBase IV format. For the DTM we used the spring flight data while for the DSM we used that from 
the summer flight. In the next step the point data was rasterized with Arc View GIS 3.2 and the 
Spatial Analyst Extension. After that the digital crown model (DCM) was calculated by subtracting 
the DTM from the DSM. 

As a second layer, we imported the ground data. For a better visual Interpretation of the DCM the 
resulting grid was converted to a triangulated network (TIN) and the trees of the ground data were 
visualized as points according to the species and their height (figure 3). 

The height of the trees were measured in the DCM and compared with the measurements on the 
ground. The measurements were only used when it was possible to identify the same tree in DCM 
and ground data. For the measurements the data was interpreted in the way that we did not meas­
ure directly above the bole position (ie. the tree trunk) but at the highest peak of the same tree in 
the DCM proximal to the bole position of the ground data. Besides the height of the DCM and of 
the ground measurement we also recorded the distance between the bole position and the as­
sumed tree top. 

For the accuracy assesment of the DTM we used measurements of high accuracy GPS in combi­
nation with traverse. For the interpolat ion of the ground data we used a b i l inear interpolation. After 
that the differences between DTM and surveyed data were compared . (Fischer and Knorzer 2002) .  

Figure 3:  Working environment for the visual interpretation of  the tree heights. The dots show the 
bole position of the trees measured on ground. The TIN represents the DCM. 
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RESULTS 
Accuracy of height measurements 

DECIDUOUS TREES 

The number of trees measured was 308. The mean of the differences between ground measure­
ments and the DCM was -0,37 m with a standard derivation of 1 ,43 m. The mean of the absolute 
differences was 1 ,01 m with a standard derivation of 0,90 m. 

CONIFEROUS TREES 

The number of trees measured was 448. The mean of the differences between ground measure­
ments and the DCM was -0,79 m with a standard derivation of 1,25 m. The mean of the absolute 
differences was 1,14 m with a standard derivation of 0,95 m. 

DEADWOOD 

The number of trees measured was 245. The mean of the differences between ground measure­
ments and the DCM was -0,26 m with a standard derivation of 0,79 m. The mean of the absolute 
differences was 0,55 m with a standard derivation of 0,62 m. 

ALL MEASUREMENTS 

The number of trees measured was 1001. The mean of the differences between ground measure­
ments and the DCM was -0,53 m with a standard derivation of 1 ,24 m. The mean of the absolute 
differences was 1,0 1  m with a standard derivation of 0,90 m. 
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Figure 4: Frequency distributions of the differences between ground measurements and DCM. 
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Quality of measurements in dependency of tree height 

In F igure 5 it is c lear that the differences between ground data and l idar data are relat ively smal l  in  
smal l  trees, especia l ly in  smal l  con iferous trees. The larger the trees, the larger the scattering of 
the measured d ifferences becomes. Surprising ly the variat ion of the differences is not h igher in 
deciduous trees. With increasing in tree height the mean measured difference decrease. The nu­
merical value of the mean measurement d ifference decreases 4,6 em per meter in deciduous trees 
and 3,1 em per meter in con iferous trees. 
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Figure 5: Dependency between the difference of height measurements on ground and out of the 
DCM and the tree height. 

Influence of slope 

According to Kramer ( 1 995) the tree height is perpendicular from the tree top to the ground (Figure 
1 ) . I n  F igure 6 the principle of height measurements at slope are shown . Here the tree height is the 
difference between an assumed vertical  l i ne from the root position and the apex of the tree. Be­
cause of this principle there is a systematic d ifference between g round measurements and the 
DCM for leaned trees calculated the by subtract ing the DTM from the DSM .  This error is shown in  
Figure 6. The steeper the angle of the slope and the larger the distance of  apex to  root posit ion the 
larger this systematic error becomes .  

Difference to roo! posllion 

Figure 6: Schematis showing measurement difference between ground measurements and meas­
urements out of the DCM of leaned trees on slopes. 

The mean distance between root posit ion surveyed in the field and the tree apex ident ified in the 
DCM is on ly 0,88 m for con iferous trees. For deciduous trees the mean difference is much larger: 
here the mean is 1 ,54 m .  For a l l  measured threes the mean is 1 ,08 m. I n  Figure 7 you can see the 
measured differences in  dependency to the tree heights. The d ifference between bole posit ion and 
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apex increases with the height of the trees. For the deciduous trees it increases ,with 2.5 em per 
meter and for the coniferous threes it i ncreases at 3.3 em per meter. The variance is much higher 
for the deciduous than i n  the coniferous trees. 
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Figure 7: Distance between surveyed bole position and lidar tree apex as a function of tree height. 

From the mean distance between surveyed bole position and l idar apex and the mean slope of 
10 ,3 degrees of the reference s ites , we calculated an average d ifference of 0 ,20 m .  For 87,4 % of 
a l l  the measured trees we found an difference smal ler than 0 ,5  m .  

Id entification of single trees 

For th is work on ly the trees measured on the ground,  which cou ld be clearly identified as a s ing le 
t ree i n  the DCM are used for the analysis, as i t  was done in  the h igh measurements. For the 
evaluat ion the t rees are classified i nto three height layers . Top layer: from 2/3 of the top height 
(medium height of the 1 00 highest trees) to highest tree; m iddle layer, 1 /3 to 2/3 of top height ,  bot­
tom layer: 5 m to 1/3 of top height. Of the trees i n  the top layer, 72% could be visua l ly identified . In 
the other layers the percentage of detected trees is m uch lower. For more deta i ls see Table 4.  

Table 4: Visual identification of individual trees out of a DCM with a resolution of 0.5 m. 

Mixed forest Coniferous Dead wood Total 

Top layer 69, 3 1 %  73,4 1 %  77,68% 72,1 1 %  

Middle layer 1 7 , 1 1 % 1 4 ,57% 59 ,78% 2 1 , 66% 

Bottom layer 2 ,89% 0 ,74% 40,93% 8 ,27% 
Total 24,38% 36,99% 56 , 1 6% 32 ,77% 

Accuracy of the d igital terrain model 

To evaluate if it would be worth invest ing more effort i n  test ing and adjust d ifferent DTM filter a lgo­
r ithms the differences between the measured tree root position and the DTM were calcu lated. To­
gether 7654 ground measurements of tree bole posit ions and g round surface posit ions were used 
for the accuracy assesment .  These measurements were done at 23 d ifferent reference sites .  The 
DTM of the summer fl i ght was on ly ava i lable for 1 4  reference sites . The mean d ifference between 
surveyed terrain height and the DTM was 0 ,027 m in the data of the spring fl ight and 0,078 m in  
data of  the summer fl i ght .  Standard derivation was 0 ,286 m in  spring and 0 ,348 m in  summer. 
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CONCLUSIONS 
The results of the height measurements with the lidar data shows the underestimation of tree 
heights especially in coniferous trees. As it was shown in the studies of Naesset (1997) Magnus­
sen and Boudewyn ( 1998). This is because the used measurement density of the lidar system, 
used in this study, is still not dense enough to capture the shoots of the trees. These differences 
are lower in deciduous trees as they have a flatter crown with no single shoots and their shoots are 
covered with leaves. On the other hand the scattering of the measurements in deciduous trees is 
larger. It is assumed that this is simply because of the difficulties in measuring deciduous trees 
from the ground. In dense deciduous stands it is sometimes challenging to decide which is the 
highest point of the crown as there is no single peak. In addition sometimes the peak is hidden 
behind a green wall of leaves because the branches of different trees interdigitate; it sometimes 
even happens that the wrong tree is measured. Further reasons for measurement errors and inac­
curacies are detailed discussed in Abetz and Merkel ( 1962) and Latsch et aL ( 1973). The best ac­
curacy we found for dead trees. Here the tree tops are normally broken, so that it is easier to find 
the spot to measure from the ground. Also the target for the laser beams is larger in comparison to 
healthy trees. Moreover dead trees are not as tal! as healthy trees. This seems to be important 
because when we differentiated the measurement accuracy between trees larger m 
trees smaller 30 m and found that the accuracy was much better in small trees (mean:-0,32 m; 
standard derivation: 1,04 m) than in the larger trees (mean:-1 ,8  m; standard derivation: 1,55 m). It 
is assumed that this difference is also strongly influenced by the ground measurements. Especially 
the high trees are pretty difficult to measure from the ground. It is hard to detect the shoots of the 
trees and the angle for the measurement becomes very steep, when the distance to the root posi­
tion is not as far as the assumed tree length. But if the ground personal has the right distance it is 
more difficult to see the top of the tree. 

To get i nformation about the accuracy of height measurement from the ground,  Bauer (200 1 )  ana­
lysed the height measurements and control  measurements of 1 203 trees. These measurements 
were done by inventory teams duri ng the regular inventory with in  the Bavarian state forests. The 
mean of the measurement d ifferences was 0.07 m, with a standard derivation of 1 .40 m. The mean 
of the absolute d ifferences was 1 .0 1  m with a standard derivation of 0.98 m. I t  is not surprising that 
the mean of this data is closer to zero than the one from the l idar data. The interesting th i ng is that 
the mean of the absolute differences and variance of this data is almost the same as in this study. 
Also EckmOI Iner and Rieger (2000) found that the error in groundmeasurements was between +/-
1 .23 and +/- 1 ,57 in Norway spruce and +/- 1 ,64 and +/-1 , 78 in European beech. Out of this we 
conclude that the height measurements from the l idar data are, besides the underestimation ,  at 
least as accurate as the measurements in standard forest i nventories and probably more accurate. 
We suppose that the variance in our resu lts is strongly influenced by the ground data and probably 
less by the l idar data. Hyyppa et al. (2000) and Persson et al. (2002) also found that the accuracy 
of the measurements achieved from the ground is comparable to the height estimations from the 
l idar data. The problem of underestimation of the height measurements by using the l idar data can 
be adjusted by the proposed l inear regression equations. 

To improve the fi ltering of the DTM has no high priority for our test areas because the measure­
ments are already pretty accurate for forestry purposes. A better algorithm can only enhance the 
accuracy of tree measurements by some centimetres. Therfore no big effort will be invested in this 
field within the project. 

The principle difference between height measurements according to the definition of Kramer 
(1995) and out of the DCM has a bigger impact on the results. When the slopes are steeper than 
20 degrees must be done a correction. This correction wi l l  be done on basis of the measured d if­
ferences between tree root and apex position col lected in  th is study and the steepness of the slope 
out of the DTM. 

As a resu lt DCMs derived from l idar data are a powerful and fu l ly operational method for tree and 
stand height determination. The results using this method are at least as accurate as conventional 
methods basing on the trigonometric pri ncip le. 
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ABSTRACT 
With an objective of detecting possible vegetation change expected to take place due to globa! 
warming in terms of quantitative change in forest biomass and leaf area index (LAI), two temporally 
separated airborne laser profiling missions were flown at a five-year intenral along a NS-oriented 
600 km transect across the boreal forest of western Canada. The transect extends from Edmonton, 
Alberta to Cluff Lake, northern Saskatchewan covering the prairie-boreal forest ecotone and boreal 
forest proper. The first airborne profiling mission was flown in the summer of 1997, and the second 
in the summer of 2002. The resultant continuous vegetation canopy profiles were calibrated for 
biomass and leaf area index against ground truth data obtained by a series of plot surveys of bio­
mass and LA! at some 48 sample plots laid out directly under the laser profiling flight pass. A com­
parison between the two temporally separated estimates of biomass distribution along the entire 
transect showed characteristic change in five years. The overall change across the transect was 
negative, which means that the biomass decreased in five years. More specifically, the most dras­
tic decrease occurred in the central 1/3 portion of the transect, with moderate increase in the 
northern 1/3 and moderate decrease in the southern 1/3. The decrease in the central portion was 
attributable to a major forest fire of 2002 which consumed considerable amount of biomass. On 
the other hand, the pattern of change on the both end of the transect is consistent with projected 
vegetation change expected to results from global warming, i.e. northward shift of the boreal forest 
zone with its southern side being invaded by prairie and the northern side invading tundra, indicat­
ing that the climate-induced vegetation change could well be already in progress. 

INTRODUCTION 

According to the IPCC (Houghton et al., 1990), the atmospheric carbon dioxide is increasing by 3 
ppm annually due to anthropogenic activities, and unless some effective countermeasures are 
taken immediately, is expected to increase to 560 ppm, double the level of pre-industrial era, by 
2030 to result in an increase in equilibrium global mean temperature of 2-5 OC and associated 
change in precipitation. This is a magnitude of change comparable to the shift from the glacial to 
inter-glacial climate, and should undoubtedly evoke massive vegetation change as projected by 
Emanuel et al. (1985) and Sweda et al., (1995). In the equilibrium climate of doubled C02 accord­
ing to the latter, explicit vegetation change in terms of shift from one category to another in 12 cli­
mate/vegetation zones of Koeppen would take place over 1/3 of the global land surface. This 
prospect of massive global change makes early detection of vegetation change one of the priority 
topics in vegetation science so as not to be taken aback. However, the research efforts worldwide 
with ground plot monitoring survey, aerial photography and satellite imagery do not seem to have 
been rewarded due to lack of coverage and/or insufficient accuracy of measurement. This is 
where the airborne laser profiling comes in with significantly wider coverage than the ground plot 
survey, significantly faster digital processing than aerial photogrametry, and much higher accuracy 
in capturing such quantitative vegetation characteristics as biomass and leaf area index (LAI) than 
satellite image analysis. 
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As precursors for detecting the vegetation change possibly under way, we have chosen above­
ground biomass and leaf area LAI since quantitative change in these and other measures of vege­
tation is expected to precede qualitative and explicit changes in species itself or its composition. 
Another important aspect of these measures of vegetation is that while change in biomass is di­
rectly associated with amount of carbon sequestered/emitted by terrestrial ecosystems, one of the 
important issues requiring precise quantification by the Kyoto Protocol, LAI, defined as the ratio of 
total leaf area on a given tract of land to the land area itself, is an important indicator of environ­
menta! function of forests since climatically influential fixation of carbon dioxide as well as flux of 
water and latent heat takes place through the leaf as photosynthesis and transpiration. 

Considering the GCM projections that global warming would take place unevenly over the globe, 
i.e. significantly more warning in higher than in lower latitudes, more in the Northern than in the 
Southern Hemisphere, and more in winter than in summer even in higher latitudes of the Northern 
Hemisphere (Houghton et a!., 2001), we have chosen our study area in the boreal region of west­
ern Canada. The choice of boreal forest can also be justified by the fact that it is the most intact 
expanse of forested region as compared with temperate and tropical forests. Of the boreal region 
of the world, Canada was chosen for its availability of advanced airborne laser profiling technology 
at relatively inexpensive cost, and well-developed infrastructure into the boreal wilderness which 
facilitates ground truth work to calibrate vegetation profile with biomass and LAI measurements on 
sample plots. 

METHODS 
Figure 1 show the study area and the airborne laser profiling transect which extends north from 
Edmonton (53.5°N, 113.5°W), Alberta for 600 km to Cluff Lake (58.0°N, 1 09.0°W), Saskatchewan. 
In spite of its length, this transect covers only two vegetation zones, namely the aspen parkland to 
the south and the boreal forest to the north (Rowe, 1972). 

Ooo 

Figure 1: Study area 
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The aspen parkland is an ecotone between the prairie to the south and the boreal forest to the 
north, and is characterized by scattered patchy stands of aspen (Populus tremuloides) in what 
originally was grassland of the prairie but has been converted into farmland. The boreal forest is 
characterized by mosaic of large patches of even-aged, single-species stands of a few limited tree 
species, i.e. black spruce (Picea mariana), white spruce (Picea glauca), jack pine (Pinus banksi­
ana) and aspen, all regenerated after fires. The airborne laser profiling missions for the present 
work were flown twice, the first in September 1997 (Sweda et al., 1999; Tsuzuki et al., 1999; Kusa­
kabe et al., 2000: Sasaki et al., 2001) and second in September 2002 with an interval of five years 
in between. Due to rapid progress in airborne laser altimetry technology, the laser emission fre­
quency in the two missions was different, i.e. 2000 Hz in 1997 and 12,000 Hz in 2002. To make 
the two missions comparable with each other as well as to squeeze the data, only one measure­
ment for every 5 m of flight distance was sampled, and used in the present analysis. In both cases, 
reflections from the canopy and ground were distinguished, and then a spline function was fitted to 
the ground reflection to estimate a continuous topographic profile, which then was subtracted from 
the canopy profile eventually to obtain vegetation profiles. 

To correlate these vegetation profiles of biomass , a 
ground truth surveys were the flight in which sample plots of equiva-

lent to square of stand height were set up in representative stands of jack pine, white spruce, black 
spruce and aspen, as well as in marsh thickets of willow and alder. In each plot, stem diameter at 
breast height (dbh) was censused with tree height measured on scores of representative sample 
trees, and more detailed measurement of stem form, branch weight and leaf area and weight on 
several sample trees felled in each plot. Then with these data, allometric regressions on dbh were 
established for stem volume, branch and leaf weights and leaf area, with which the standing stock 
of stem volume, aboveground biomass and LAI were calculated for each of the 48 plots surveyed. 

A comparison between the laser profile and ground truth revealed that both the biomass and LAI 
correlate well with the integration of vegetation profile, i.e. the area under the vegetation profile. 
As dimensional analysis indicates, biomass can be regressed linearly upon the profile area, while 
LAI can be upon that to the power of 2/3. So far as the correlation itself is concerned, regression 
by species showed better results. In the present analysis, however, no such distinction was made, 
and single regression equation was applied to the aggregate of all the species involved as shown 
in Figures. 2 and 3 since the species distinction by vegetation profile itself is still under develop­
ment and not applicable yet. 

RESULTS 

The 1997 and 2002 flight courses are shown in Figure 1. At a scale shown in the figure the both 
courses look exactly the same, but they were apart from each other to a maximum of a few hun­
dred meters in the distance perpendicular to the direction of flight as shown in the enlarged insets. 
However, in view of the total distance covered by the profiling flights, and the large patches of uni­
form vegetation of limited tree species regenerated after wild fires on uniform topography of alter­
nating flat plateaus and gently rolling hills, this much of difference was considered negligible. 

To show the vegetation characteristics of the entire transect, the vegetation profile resulting from 
the 1997 mission is given in Figure 4, in which an actual spot measurement sampled at every 100 
m is shown in a thin vertical spike, while the general trend obtained by smoothing them are shown 
in thick curves. The figures give us considerable information about the nature of the boreal forest 
as well as the potential of the airborne laser profiling. First of all, it clearly shows the vegetation 
boundary between the aspen parkland and the boreal forest proper at some 150 km north of Ed­
monton as a drastic change in mean vegetation height as well as in the pattern of individual spikes. 
In the aspen parkland the mean vegetation height is relatively low at 3-4 m due to spotty distribu­
tion of aspen stands with considerable proportion of treeless grassland, whereas it gets more than 
twice as high in the boreal forest section due to continuous cover of forest canopy. The low profile 
areas around 300 km from Edmonton and toward the northern end of the transect are burns from 
recent fires. The vegetation profile also indicates that the center of height growth for the boreal 
forest lies at around 250 km from Edmonton, from where the height decreases both northward due 
to increasing coldness and southward due to increasing aridity. 

109 



-

E 
-

-
.J:: 
0> 

"ij) 
.r:; 

c 
0 

:;::::; 
Ctl 

.... 
Q) 
0> 
Q) > 

ScandLaser 2003, Umea, Sweden 

t:. Pinus banksiana 
o Picea glauca 

<> Picea mariana 
o Populus trem uloides 

400 

300 

200 

100 

0 

0 

0 500 1 000 1500 2000 2500 3000 3500 

Figure 20" Regression of LAI upon vegetation profile area" 

6 

4 

2 

0 

t:J. Pinus banksiana 
o Picea g/auca 

<> 

<> Picea mariana 
o Populus trem uloides 

0 

0 500 1 000 1500 2000 2500 3000 3500 

Figure 3: Regression of LA! upon vegetation profile area" 

40 I 

30 

20 

10 

0 
0 100 200 300 400 

Distance from Edmonton (km) 

Figure 4." Vegetation profile from Edmonton to Cluff Lake. 

110 

500 600 



ScandLaser 2003, Umea, Sweden 

Figure 6 shows the changes in aboveground biomass and LAI in five years. In this figure red lines 
indicate 1997 distribution and green lines do 2002 counterparts, with blue lines showing the 

difference between them (i.e. 2002-1997). During this five-year interval, the overall mean biomass 
across the whole transect decreased by 5 DMtlha (dry matter ton per hectare) from 48 to 43 
DMtlha. A close examination shows that this decrease is mainly attributable to that in the middle 
1/3 section of the transect where a major fire (House River Fire) consumed a considerable part of 
the biomass in the summer of 2002 according to Hogg of the Northern Forestry Centre, Canadian 
Forest Service (personal communication). As shown in the figure, the decrease in biomass in the 
central portion of the burn amounted to 38 DMtlha. On the other hand, though somewhat ob­
scured by similar effect of minor fires, the southern 1/3 and northern 1/3 sections are cancelling the 
change with slight decrease in the former and similarly slight increase in the latter. As indicated in 
the figure, decrease in the southern 1/3 amounted to 0.8 DMtlha, whereas increase in the fire-free 
portion the northern 1/3 did 2.2 DMt!ha. LAI also showed a similar pattern of change with sig­
nificant decrease in the middle section, slight decrease in the southern section and slight increase 
in the northern section. 
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Figure 5: (a) Difference (blue) in aboveground biomass between 1997 (green) and 2002 (red), 
and (b) difference (blue) in LA! between 1997 (green) and 2002 (red). 
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Though slight, this change in biomass and LAI corresponds very well with the projected pattern of 
climate change and associated projection of vegetation change in response to doubling atmos­
pheric C02, in which the expected warming of the region as a whole helps the boreal forest grow 
better toward north, but increasing aridity toward south inhibits tree growth to allow the prairie and 
the ecotone of aspen parkland to invade north. Thus the change in biomass and LAI in the last 
five years can be reasonably interpreted as a realization of the quantitative phase of the projected 
vegetation change. According to Hogg (personal communication), forests of central Alberta to 
which the southern portion of our transect belongs are dieing back partly due to severe draught of 
1998 and partly due to outbreak of tent caterpillars. These factors as well as the forest fire can be 
considered as individual facets of multi-faceted effects of global warming as any disease can be a 
direct cause of death of individual organisms due to aging. 

CONCLUSIONS 
The pattern of change in biomass and LAI along the 600 km transect detected by airborne laser 
altimetry flown in a five-year interval matched well with the pattern of vegetation change expected 
to take place due to global warming. Although by circumstantial evidences of con-
sumption and decline forests respectively by fire and drought and insect infestation, this result 
decreasing biomass and LAI in the southern to central portion of the boreal forest region is not 
consistent with more global estimates resulting from analysis of satellite imagery. For example, 
Myneni et al. (2001) report that forest biomass is increasing in mid and high latitudes of the North­
ern Hemisphere as a whole. Two possible reasons can be considered for this discrepancy. Either 
southwestern Canada is a peculiar region where biomass is decreasing against the general trend 
of temperate and boreal zones of the Northern Hemisphere, or our transect was deviated too south 
so that biomass decrease due to drying overwhelmed increase due to warming. In other words, 
our airborne laser profiling would have shown overall increase in biomass as does the satellite 
estimate if it were flown into tundra covering not only the whole boreal forest region but also the 
southern end of tundra where forest may be invading. 
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ABSTRACT 
The applicability of small footprint, high sampling density airborne laser scanner estimation 

growth and harvested trees is demonstrated. Two laser acquisitions - one in 
September 1998 and another in June 2000 - were carried out using Toposys-1 laser scanner in 
test site (Kalkkinen), 130 km north of Helsinki. Three-dimensional tree height models were calcu­
lated for both data sets using raster-based algorithms. Object-oriented algorithms were developed 
for detection of harvested trees and forest growth estimation. Out of 82 field-checked harvested 
trees, 65 trees could be automatically detected. All mature harvested trees were detected; prob­
lems were encountered mainly with smaller trees. Forest growth was tested at tree, plot and stand 
levels. Applied methods included an object-oriented tree-to-tree matching algorithm, interactive 
orientation using point cloud and statistical analysis. The precision of the estimated growth, based 
on field checking or statistical analysis, was about 5 em at stand level and about 15 em at plot 
level. The authors expect that the methods may be feasible in large area forest inventories where 
permanent sample plots are used; the described methods may be applied to replace a large num­
ber of permanent plots with laser scanning techniques. 

1 o INTRODUCTION 

Forests are living ecosystems, characterized by continuous natural and anthropogenic processes. 
Natural processes include annual growth, mortality or natural disasters, whereas cutting or cultiva­
tion presents a typical anthropogenic action. Forest changes can be found by either detecting the 
actual forest and land use class resulting from a change or executing an inventory twice on the 
same area (Varjo and Mery, 2001). Remote-sensing-based methods utilize the former approach 
while national forest inventories typically use the latter. For example, the National Forest Inventory 
of Finland (Tomppo, 1991; Tomppo, 1997) utilizes permanent sample plots to monitor tree recruit­
ment, growth, health and mortality. Tree coordinates on permanent plots are registered to identify 
them during the next inventory. 

Remote sensing techniques have been widely applied during the last decades to replace or sup­
port the conventional forest inventories. Manual photointerpretation has been widely used for forest 
planning in Europe since the 1960's (Avery 1966). The development of more automated tech­
niques for forest inventory has been more difficult, and low success of satellite data application has 
been due to high information requirements (e.g. tolerated error in standwise inventory is typically 
15 % for main stand parameters). 

The development of high-resolution aerial photographs has made it possible to use pattern recog­
nition methods to detect individual trees (Gougeon, 1995; Dralle and Rudemo, 1996; Brandtberg 
and Walter, 1998). Recently, the process towards characterization of individual trees has been 
realized using a laser scanner (Brandtberg, 1999; Hyyppa and lnkinen, 1999; St-Onge, 2000; Hy­
yppa et a/., 2001a,b; Lim et a!., 2001; Persson et a/., 2002; Popescu et a/., 2002). Hyyppa and 
lnkinen (1999) demonstrated the possibility to measure single tree parameters (height, crown 
width, tree species). Based on Persson et at. (2002), tree crown can be automatically delineated 
with up to 70% accuracy and tree height can be measured with an accuracy better than 1 m. 
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The detection of changes in forested areas using remotely sensed imagery has not been accurate 
enough so far to meet the assessment requirements , especia l ly regarding s l ight or moderate 
changes such as th inn ing or forest damage (Hame, 1 99 1 ; O lsson ,  1 994; Varjo , 1 996). Advanced 
techn iques such as segmentation may improve change detection (Pekkarinen, 2002). Traditiona l ly ,  
change detection methods have·been p ixel-based. It is , however, possible to carry out an object­
oriented change detection analys is by using object-oriented image analysis and post-classification 
com parison. Concern ing forest i nventory , su itable object is ind ividual  tree. 

The objectives of this paper are to present and test a s ing le tree based approach for tree height 
g rowth estimation and to demonstrate a data processing stream for automatic detectio n  of har­
vested trees in boreal forest zones using laser scanner data , acquired at autumn 1 998 and early 
summer 2000. 

2. METHODS 

2.1 Test S ite and field data collection 

The test site appl ied for this demonstration is located in Kalkk inen , southern Fin land , 1 30 km north 
of Helsinki. State forest and some private forests of about 1 00 hectares in total were selected for 
the study. The main tree species of the test site, dominated by smal l  h i l ls , are Picea abies (Norway 
spruce) (49%) , P inus sylvestris L .  (Scots pine) (35%) , Betula verrucosa and Betula pubescens 
(si lver and downy b irches) ( 1 1 %). During the last decades there have been few si lvicultural  opera­
tions in  most of the state forest and some cuttings have been accompl ished i n  the private forest. 
20 stands i n  the test site were selected for genera l  demonstration of growth estimations. The aver­
age size of 20 stands is 1 .2 hectares. 

Field measurements were carried out i n  August 2002 to col lect g round truth data. For the val ida­
tion of automatic detection of harvested trees , 26 ind ividual  harvested trees and 1 5  clusters con­
sist ing of total 56 young harvested trees were found. For the val idation of g rowth estimations, tree 
height and shoot elongation were measured. With a tacheometer and a g lass fibre ,  the height of 
the smal l  trees was first measured , and then five consecutive shoots below the top of the tree, g iv­
ing the height of the tree after annual  g rowth periods between 1 997-2002. Tal ler trees were m eas­
ured using a tacheometer (Sokkisha S ET3C) and a theodol ite (Wi ld  T2002 with D istometer 
Di2002). F i rst, the d istance to the tree was measured and the ang les to the top of the tree and to 
the top of shoots were measured. The heights were then calculated. Only pine shoots were meas­
ured , s ince annual  shoot g rowth of other tree species is much more d ifficult to determine. One of 
the difficu lties in  the comparison between the reference data and laser-derived values was the two­
year separation between the two laser acquisitions. I n  boreal cond itions the annual  g rowth period 
lasts approximately from the beg inn ing of May to the end of August. Height g rowth d iffers between 
tree species. According to Kanninen et a l. ( 1982) , in  Fin land most height g rowth of Scots p ine is 
completed by 1 5  J une. 

2.2 Laser Acqu isitions and preprocessing 

The Toposys-1 laser scanner was selected for th is demonstration d ue to its high  sampl ing rate and 
steep incidence ang le. The laser data were acquired on 2-3 September 1 998 and 1 5  June 2000. 
The test site was measured from an a ltitude of 400 m resu lting i n  a nom inal  sampl ing density of 
about 1 0  measurements per m2. The survey altitude was selected to provide the number of pu lses 
needed to resolve individual trees. To conduct object-based ana lysis , trees should be del ineated 
based on a tree height model. 

1 1 5 



Scandlaser 2003, Umea, Sweden 

The tree height model was computed as the d ifference between the d ig ital surface mode l  (OSM)  
representing the top of the crown and the d ig ital elevation model (OEM) .  The OSM of the crown 
was obtained by taking the h ighest elevation value (z value) of a l l  laser h its with i n  each pixel (50 
em) . The value for missing pixels was obtained using Oelaunay triangu lation and l inear i nterpola­
tion . To generate a OEM from laser scanner data , points that reflected from trees and bu i ld ings 
were classified as non-ground h its . After class ification ,  the OEM was calculated using g round 
points . The accuracy of the OEM a lgorithm was tested by Ahokas et at. (2002) and an aceuracy of 
1 4  em i n  a h i l ly ,  forested environment was obta ined . 

Segmentations were performed on derived tree height models of both acqu isitions ( 1 998 and 
2000) and on 20 selected stands for del ineation of single trees using commercial software (Arbo­
rea l  Forest I nventory Tools of Arbonaut Ltd . ) .  The algorithm was described in Hyyppa et at. 
(2001  a) , and the performance of the segmentation algorithm compared to two other algorithms 
(deve loped at Joanneum Research in  Austria and U n iversity of Fre iburg in  Germany) is d escribed 
in Hyyppa et at. (2001 b) .  

2.3 Automatic Detection of Harvested Trees 

The method for detection of harvested trees was developed on the basis of a d ifference image; 
each p ixel value in  the image corresponding to the tree height model of the year 2000 was sub­
tracted from its correspond ing p ixel value in the image of the tree height model of year 1 998 .  The 
result ing d ifference image represents the pixel-wise changes between the two dates. Harvested 
trees can be clearly recogn ized and located visual ly .  I n  this study, an automatic method to locate 
the trees based on segmentation of the d ifference image was developed . A threshold val ue was 
first defined in order to d istingu ish major changes.  Then, a specified fi lter red ucing noise-type fluc­
tuation was appl ied .  Final ly, the location and n umber of harvested trees was determi ned by analyz­
ing the obtained segments. Figure 1 showed one example of the analysis of harvested trees. 

2.4 Estimation of Tree Height G rowth 

Based on earl ier work (e. g .  Hyyppa and l nkinen , 1 999) , the height of ind ividual trees can be ob­
tained with an accuracy better than 1 m .  However, when the trees are typical ly g rowing at a rate of 
5 cm-1 m per year in the boreal forest zone, it is extremely d ifficult to estimate single tree growth . 
Especial ly ,  the t ip of the trees can be missed by the laser h its . Practical forest operations requ i re 
average growth estimation at plot or stand leve l ,  not at tree level .  That can be obtained by calculat­
ing the d ifference of the means of al l  tree heights taken at two acqu isitions .  H owever, activities, 
such as selective th inning or cutting ,  occurred after first acqu isition could lead to false 
i nterpretation and to systematic errors in interpretation ,  if they are not considered in the analysis. 
Therefore an object-oriented tree-to-tree matching algorithm was developed to locate the same 
trees existed on both acqu isitions. S ingle tree heights from laser d ata was obtained by taking the 
h ighest value of each corresponding tree segment. Location of the trees was d efined as the loca­
tion corresponding to the h ighest value of the segments. If locations of two segments , each from 
one acquis ition ,  were with in  a specified d istance threshold , then these two segments were consid­
ered as a match . The growth of height of single trees was estimated by the tree height d ifferences 
of matched trees (laser-derived growth) .  Growth on a stand level was determi ned by mean d iffer­
ence for a l l  matched trees (laser-derived mean g rowth) .  The standard error (standard deviation 
d ivided by the square root of  number of  matched trees) was used to evaluate the precision of  the 
tree height est imates at stand level .  OEM compensation was applied optional ly (same OEM was 
appl ied for both acquisitions after removal of the systematic error) . 
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Figure 1. Data processing stream for automatic detection of harvested trees. Upper left: data of 
1 998, upper right: data of 2000, lower left: difference image, lower middle: thresholded and filtered 
image, and lower right: segmentation image. 

I n  add ition to the automatic technique developed above, an i nteractive method uti l iz ing point cloud 
data was tested to verify the single tree and plot level accuracy. F i rst, ind ividual  trees were found 
using segmentation and a tree-to-tree match ing was appl ied to the selected test trees. The point 
cloud of these trees was extracted from the laser data. The i nteractive orientation method depicted 
in Ronnho lm et a l .  (2003) was uti l ized to match the point clouds of selected trees between laser 
acqu isitions .  The height d ifference of data sets was interpreted using the lowest branches of the 
trees from the both viewing d i rections (NS and EW). Shifts were calculated for each g roup of trees 
independently. In this paper, the d ifference between the maximum tree h its was considered as 
g rowth (Figure 2) . 
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Figure 2. Point clouds for selected trees (black corresponding to acquisition in 2000 and white cor­
responding to acquisition in 1 998). The data sets have been interactively matched using the lowest 
branches. 

3. RESU LTS 

3.1  Analysis of Automatic Harvested Trees Detectio n  

Results obtained by com paring of  automatical ly derived harvested trees using methods described 
previously with field measurements showed that two small harvested groups (radius of crown ar­
eas less than 1 m) were m issed . The rest of the harvested trees or groups of cut trees were de­
tectable, although the number of recognized harvested trees were different (Table 1 ) .  The recogni­
tion of small deciduous trees was the most problematic. It was qu ite encouraging to n ot ice that 
several partial ly harvested trees (big branches cut off) near a new power l ine were automatical ly 
recognized even though they were neither circu lar in shape nor big in size. Figure 1 showed one 
example of the analysis of harvested trees. 

Table 1. Verification of hatVested tree detection 

Field-measured 

Laser -derived 

Number of single N umber of trees and 
harvested trees of corre-

26 56/1 5 

31  34/1 3 

3.2 Analysis of standwise g rowth 

Laser-derived growth at stand level was calculated for 20 stands using the depicted automatic al­
gorithm for forest growth . The results are shown in Table 2 .  I n  add ition to height g rowth, standard 
deviation (S . D . )  and standard error (S . E . )  of the mean were obtained as wel l .  The standard error 
of the mean i mpl ies the precision of the growth estimate. Typical ly, the standard errors were less 
than 5 em and in al l  cases less than 1 0  em . 
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Table 2. Statistics of standwise height growth. 

Number of Height (m) Mean 
Stand 

matched trees 
S .D  (m) . S .E .  (m) 

2000 Growth �m� 
1 26 44 8 .90 0.66 0.22 0.03 

1 28 923 25.45 0 . 1 0  0 .38 0 .0 1  

1 35 87 1 7 . 1 4  0 .48 0.40 0 .04 

1 36 780 7 .09 0 .60 0 .56 0 .02 

1 37 444 2 1 . 38 0 .22 0 .32 0 .0 1  

1 39 52 1 6 .87 0 .41  0 .56 0 .08 

1 40 206 2 1 .42 0 .20 0.49 0 .03 

1 47 333 22 .64 0 .04 0.35 0 .02 

1 48 64 2 1 .46 0 .04 0 .35 0 .04 

1 49 45 1 9 .26 -0. 0 1  0 .28 0 .04 

1 53 245 24.67 0 .09 0.26 0 .02 

1 56 1 46 22 . 08 0 .05 0 .30 0 .02 

1 58 245 1 9 .45 0 . 1 6  0.40 0 .03 

1 85 1 1 0 23 .21  0 .09 0 .38 0 .04 

1 88 60 1 6 . 1 4  0 . 1 1  0 .50 0 .06 

1 89 48 2 1 . 77 0 .20 0.42 0 .06 

1 90 1 32 8 .58 0 .58 0 .59 0 .05 

1 9 1 92 6.26 0 .75 0 .38 0 .04 

1 92 92 1 8 .55 0 .21  0 .29 0.03 

200 49 1 5 .23 0 .67 0 .38 0 .05 

After tree-to-tree matching , it was possible to have a scatterplot between the heights in  1 998 and 
2000 (Figu re 3) . The mean of the d ifferences gave the mean growth , whereas the standard error 
depicted the precision of the resu lts. Due to the inaccuracy of the obtained ind ividua l  tree g rowth , 
the precision of the estimation was based on obtain ing a large number of g rowth estimates . This 
also a l lowed the estimation of the g rowth as a function of tree height with in  the stand and with con-
fidence l im its, as demonstrated in F igure 4,  which is also a necessity in order to understand the 
variabi l ity of growth with in  one stand .  
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Figure 3. Scatter plot showing relation between matched tree heights between years 1998 and of 
2000. The systematic difference gives the mean growth and standard deviation describes the un­
certainty to measure single tree heights. 

0.8 

0.6 
:[ 
.c 0.4 i 
E C) 

0.2 

0 

-0.2 

I I I I 

-------�--- �---�-------�-------�--------�-------�--------
1 I I I I I I I I I I I I I 

: T II I i • ' ' ;;; 
---T------iJ I rrt:i�-----r-------i--------.. . . : . . . . : ri . . . . . I 

H !'I� If� I 
� 15 I 
I 

Height (m) 

I ... I II 
2:5 ::P:O 

Figure 4. Tree height growth with confidence intervals as a function of height for one stand. Tree 
heights were divided with about 1 m intervals. Height and growth are the average values of all 
trees within the intervals. 

Table 3 summarizes the results obtained using the point cloud and interactive orientation for se­
lected trees. In the Table 3, also values using previously described automatic method were given 
with and without OEM compensation. 
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Table 3. Comparison of treewise growths. 

Stand Tree Growth using Growth using Growth using Reference 
interactive orien- automatic method automatic method growth 
tation and point without OEM with OEM com-
cloud compensation pensation 

137 1 0.82 0.72 0.80 0.43 

137 3 0.65 0.70 0.74 0.60 

137 4 0.02 0.00 0.14 0.69 

137 16 0.32 0.50 0.47 0.41 

137 19 0.78 0.89 0.82 0.43 

137 20 0.12 0.19 0.15 0.23 

137 22 0.71 0.76 1.19 0.56 

137 23 0.36 0.55 0.57 0.25 

Average 0.47 0.54 0.61 0.45 

139 8 0.62 0.04 0.75 0.63 

139 9 0.62 -0.11 0.75 0.55 

139 10 0.45 -0.45 -0.39 0.68 

139 12 0.26 -0.08 0.39 0.36 

139 17 0.88 0.67 1.01 0.54 

139 18 0.23 -0.27 -0.04 0.47 

139 19 -0.39 -0.56 -0.26 0.33 

Average 0.38 -0.11 0.32 0.51 

In stand 137, the field-measured average growth was 45 em. Using interactive orientation method, 
2 em deviation from the reference mean was obtained and 9 em deviation with the automatic 
method. Out of eight trees, the growth of 5 trees could be estimated within 15 em with the interac­
tive orientation method and within 20 em using the automatic method. The standard deviation of 
these two DEMs was 17.7 em. The use of the DEM compensation modified the growth estimate by 
?em. 

In stand 139, the field-measured average growth was 51 em. Using interactive orientation method, 
13 em deviation from the reference mean was observed. Without tree 9, the deviation of the mean 
would have been 3 em. However, using the automatic growth model, deviation of 62 em without the 
DEM compensation and 19 em with the DEM compensation was observed. What was the cause 
for such a difference in the results? By comparing the laser-derived elevation models from the two 
years, it was found that in the stand 139, there was a systematic shift of 37 em to the level shown 
in stand 137 and the standard deviation of these two DEMs was 35.2 em. Obviously, the problems 
in the creation of the DEM affected the growth analysis. The matching of the data sets by using the 
lowest branches in interactive orientation method lead, therefore, to improved results. 
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Is it possible to measure single tree growths? It is obvious, that by taking just the maximum value 
of each tree, the probability of not getting the tip of tree measured is quite high. However, based on 
the Figure 2, one could draw a conclusion that single tree growth can be estimated on favourable 
conditions. That requires either the comparison of larger number of corresponding laser points of 
two different laser acquisitions or the comparison of model created using different acquisitions. 

4. CONCLUSIONS 

Automatic detection of harvested trees was demonstrated. Methods were developed in order to 
detect such trees from a difference of tree height models. Out of 82 field-checked harvested trees, 
65 trees were automatically detected. All mature harvested trees were detected. The data did not 
allow the monitoring of some of small trees in a reliable manner. 

Forest growth measurements using multi-temporal laser scanner data were also demonstrated. 
Methods were developed and depicted to derive forest growth at various levels. The major re­
quirement for the growth analysis was object-oriented matching between the tree height models. 
By applying interactive orientation, it was shown that plotwise mean growth can be estimated with 
accuracy better than 15 em. Typical standard error for mean growth estimation at stand level was 
less than 5 em. About 50 % of the individual tree growths were measured within 15 em by using 
only one laser point to represent the tree height. The major problems in getting accurate tree 
growth estimates are errors in OEM, segmentation, and tree-to-tree matching. 

One critical aspect that could strongly affect the results is the segmentation of single tree. The al­
gorithm applied tends to merge two or more trees in one segment rather than split one tree into two 
separate segments. Presently, most of the algorithms used for segmentation of laser scanning 
data are developed for aerial images, thus does not take full advantage of 3D information of laser 
scanner data. 

Tree to tree matching is directly influenced by single tree delineation as well as matching algo­
rithm. In this study, matching rate for 20 stands varied significantly. The lower of matching rate, the 
smaller number of tree could be monitored automatically. Therefore improvement in tree to tree 
matching is important for obtaining an unbiased estimation of tree growth at plot and stand levels. 
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ABSTRACT 

The possibility to estimate tree height and stand volume from airborne laser measurements and 
the effect of using different laser measurement densities on estimation errors have been evaluated 
in two independent studies in southern Sweden. 

The first study was made using 28 circular plots within a costal Scots pine stand (Pinus sylvestris 
L). A helicopter borne laser scanner having emissions at 532 and 1064 nm, but only the green 
beam was used to estimate tree heights and stem volume. The laser data were acquired during 
three independent missions made in June, October, and December 1991. Four different laser foot­
print diameters between 0.75 and 3.0 m were used. The sampling distance in each dataset was 
equal to the footprint diameter. It was found that the optimal footprint size for tree height prediction 
changed between different acquisition dates. The result shows that the most reliable height esti­
mates were obtained using less than 4.5 m between individual laser shots. A laser derived variable 
including both the waveform area and the laser measured tree height was found to be the most 
effective variable for predicting stem volume using regression techniques. This model produced a 
R2 of 0.78. 

A second study was made using a scanning laser that had emission at 1 064 nm and a footprint 
diameter of 3.7 m. The regression models were evaluated using 29 small (0.64 ha) forest stands 
that had been surveyed using 16 circular field plot (10m radius) in each stand. The results show 
that the estimation error (RMSE) for tree height and stem volume was 3% and 11% of the average 
value, respectively. It was found that the predictions of tree height and stem volume were not much 
affected when reducing the laser measuring density down to 0.10 laser measurements per m2• 

Both studies show that the tested methods gave reliable estimates of tree height and stem volume. 
An important finding was that the sampling density could be reduced to a certain degree without 
any significant decrease in prediction accuracy for stem volume and tree heigtlt. The possibility to 
reduce the sampling density will make the laser data acquisition more cost effective. 

INTRODUCTION 

The potential use of airborne LIDAR systems in forest surveys has now been investigated for more 
than 20 years. It has been shown that forest variables such as tree height and stand volume can 
be estimated using data from both profiling and scanning airborne LIDAR systems (e.g., Aldred 
and Bonnor, 1985; Maclean and Krabill, 1986; Ncesset, 2002). 

If accurate estimates of forest variables can be produced using LIDAR data, accurate forest man­
agement decisions can be made. However, the increase in utility due to better decision making 
using accurate estimates of variables such as stem volume should be compared with the costs of 
acquiring the data. One way to reduce the cost when acquiring LIDAR data is to increase flight 
height, which will result in lower laser measurement density. The effect of different measurement 
densities on the estimation accuracy for forest variables should therefore be investigated. 

The effect of using different footprint sizes for estimation of mean tree height has been investigated 
in different types of forests. Aldred and Bonnor (1985) found that the tree height was systematically 
underestimated within softwood forest probably as a result of the tendency for pulse reflections to 
be somewhat below the conical treetops. Underestimation was also found in hardwood forest. In 
the hardwood forest, the error was found to be strongly related to beam width, with lower errors 
using wider beams. This difference due to beam size was less evident in softwood forest. The re-
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suits indicated that a wider beam was optimal for height estimations in deciduous forest compared 
with the beam size optimal for softwood forest. 

For the first profiling LIDAR systems, the full waveform was usually digitized. These systems were 
followed by systems developed for terrain mapping without the possibility to save the full return. 
The use of full waveform digitizing large footprint laser systems could give new possibilities for es­
timating forest variables. Systems saving the full return have recently been developed as simula­
tors for planned satellite laser sensors but have already proven to be useful for estimation of forest 
variables in several types of forest including boreal, temperate and tropical forest (e.g., Lefsky et 
al., 1999a, b; Means et al., 1999; Drake et al., 2002; Lefsky et al., 2002). Lasers with wide beams 
can also be used to measure ground elevation in dense tropical forest where smaller laser beams 
would rarely reach the ground. Ground elevation has been measured in tropical forest with a preci­
sion of 1 m (Hofton et al., 2002). 

The possibility to estimate tree height and stand volume from airborne laser measurements and 
the effect of using different laser measurement densities on estimation errors have been evaluated 
in two independent studies in southern Sweden (Nilsson, 1996; Holmgren, 2003). The first study (I) 
was carried out in a costal Scots pine pine (Pinus sylvestris L.) stand and the second study (II) in 
hemi-boreal forest in southwestern Sweden. The objectives of study I were (1) to investigate how 
the use of different laser footprint sizes and sampling densities affects tree height estimates and 
(2) to determine if stand volume could be estimated using a scanning laser system. The objectives 
of study (II), were (1) to develop methods for estimation of forest variables at plot level using a me­
dium-sized laser footprint diameter, (2) to validate estimation of forest variables at stand level, and 
(3) to investigate the effect of different laser measurement densities on the estimation errors. 

MATERIAL AND METHODS 

Study I 

A helicopter-borne LIDAR system was used to determine tree heights and stand volume in an 
even-aged Scots pine (Pinus sylvestris L.) stand located on an island (Ale; lat. 58°54'N, long. 
18°13'E) 50 km south of Stockholm (A in Figure 1; Nilsson, 1996). The test site was 4 ha. 

Figure 1. The study areas used in study I (A) and study II (B). 
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FIELD DATA 

Field data were acquired from 28 circular plots (10 m radius). The diameter at breast height was 
measured on all trees. Tree heights were only measured on a sample of trees. For trees where 
only the diameter was known, the tree height was estimated using height functions derived using 
the sampled trees. The stem volume for each tree was calculated based on tree height and diame­
ter (Naslund, 1947). For all plots, mean tree height and stand volume was calculated. 

LIDAR DATA 

The L IDAR system was helicopter-borne and had emissions at 532 and 1064 nm. Only the green 
laser was used in this study. LI DAR data was collected at three different occasions by the Swedish 
Defense Research Agency in Linkoping. The first measurements were made in June 1991. In Oc­
tober, the test site was measured for a second time, and the final measurements were made in 
December 1991. At all three occasions, the LI DAR data was acquired from a flight height of 300 m. 
The L IDAR system recorded data at a rate of 62 or 160 laser pulses per second. Four different 
beam divergences in the rage of 2.5 mrad -10.0 mrad were tested (corresponding to 0.75 m-3.0 
m in footprint diameter). During the flights, the distance between adjacent laser shots in both the 
along track and the across track direction was set to approximately the laser footprint diameter. 

ANALYSIS 

Tree heights were derived using an algorithm originally developed for depth sounding. This algo­
rithm could only detect the first four peaks in the return sequence, meaning that the ground surface 
will not be detected if there are more than four peaks in the laser return. 

A variable related to stand volume was derived and used as the predictor variable in a stand vol­
ume regression function. This predictor variable was calculated using the laser waveform area and 
the laser measured tree height (Figure 2). 
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Figure 2. An example of a laser return (waveform). The figure also illustrates how tree height (/h) 
and waveform area (a) were defined. 

Study II 

The test site in study II was located in hemi-boreal forest at the Remningstorp estate (lat. 58°30'N, 
long. 13°40'E) in southwestern Sweden (B in Figure 1; Holmgren, 2003). The dominating tree spe­
cies were Norway spruce (Picea abies L. Karst.), Scots pine (Pinus sylvestris L.) and birch (Betula 
spp.). The area was essentially flat with height variation in altitude ranging from 120 to 145 m 
above sea level. 

FIELD DATA 

Circular field plots with 10 m radius were used in the study. All trees on the plots with a diameter 
greater than 5 em was callipered and their tree species recorded. The age of the dominating trees 
and site index was also recorded. Height was measured for a sample of trees. The tree height 
measurements were used to calibrate functions for estimation of height and form height. The static 
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functions used to derive height and form height had stem diameter as the most influential variable 
(SOderberg, 1992). Volume for all trees was estimated by multiplication of basal area and form 
height. For these functions, SOderberg (1992) reports that estimates produced by the single-tree 
functions have a standard deviation of 11% for Scots pine, 13% for Norway spruce, and 15% for 
birch. The magnitude of these deviations decreases significantly at more aggregated levels 
(Lindgren, 1984). All inventories of circular field plots were performed using the Forest Manage­
ment Planning Package (FMPP) (Jonsson et al. , 1993). 

The field dataset consisted of 10 m radius field plots within aoxao m2 squares that had been 
placed in the middle of forest stands. The requirements for placing a square within a forest stand 
were: (1) the stand must be within the area of laser measurements, (2) � 70% of the stem volume 
within the forest stand must consist of coniferous forest, (3) the size and the shape of the stand 
must allow the 80x80 m2 square to fit within the forest stand. The inventory of the field plots within 
the 29 squares was performed in the Spring of 2002. Within each square, 16 field plots (10 m ra­
dius) were placed using measuring tape on nodes of a regular grid with 20 m inter-node distance. 
Only the positions of the centre for the corner field plots were measured with the Differential Global 
Positioning System (DGPS). 

LASER DATA 

Laser data were acquired on September 13, 2000. Laser measurements were made from five par­
allel flight lines in the north-south direction with a length of 2000 to 2500 m and a distance between 
the flight lines of 200 m. The flight speed was 16 m/s, the scan frequency 16.67 Hz, and the scan 
width± 20 degrees. The flight altitude was 230 m and beam divergence 8 mrad which produced 
measurements with a footprint diameter of 3.68 m. The distance between the laser hits within a 
scan line was approximately 0.8 m and the distance between scan lines was approximately 0.5 m. 
Additional measurements were also made from five separate flight lines that were parallel to the 
main flight lines but shifted 50 m towards the east. 

ANALYSIS 

The height distribution of laser canopy returns were used for estimation of basal-area-weighted 
mean tree height and stem volume on the plots. The estimations on plots were aggregated to 
stand level (80x80 m2 squares). 

The laser reflection points were classified as ground or non-ground using the Terrascan software 
(Soininen, 1999). Each laser reflection point was also classified into one of the three classes, (1) 
single return, (2) first return of a double return, (3) second return of a double return. The ground 
reflection points were used for creating a Digital Terrain model (DTM). The height was derived for 
each reflection point as the vertical distance to the DTM below. 

Several laser variables were derived: mean value, standard deviation, 20th percentile (h20), 40th 
percentile (h40), 60th percentile (h60), 80th percentile (hso), 90th percentile (heo), and 95th percentile 
(h95). The vegetation-ratio (Dv) was the number of laser returns with a height> 3 m that was not a 
second return divided by all laser shots on the plot. The number of three different types of returns 
with a height value> 3m was derived: (1) number of single returns (n1), (2) number of first returns 
of a double return (n2), and (3) number of first returns of a double return that had their second re­
turn with a height value> 3m (n3). The pulse-type ratio (Op) was derived as 

(1) 

The relative standard deviation (relstd) was derived as the standard deviation of laser returns lo­
cated >3m above ground divided by the 95th laser height percentile. 

It was assumed that laser canopy height percentiles were related to mean tree height and the 
vegetation-ratio (Dv) was related to canopy closure. All estimated mean tree heights in this study 
were basal-area-weighted. Given that tree stem basal area is related to crown volume, a multiplica­
tive model with the vegetation-ratio (Dv) and one laser canopy height percentile would be suitable 
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for estimation of both basal area and stem volume. However, in order to apply linear regression an 
additive model must be implemented. Basal area, stem volume, laser canopy height percentiles, 
and the vegetation-ratio (Dv) were therefore transformed with the natural logarithm and these vari­
ables were used as variables in the model. It was assumed that the model could yield predictions 
with higher accuracies if variables related to forest structure were also included in the model. The 
relative standard deviation (relstd) could be a measure of how many laser reflections are located 
along the side of the tree crown with a higher value for trees with a relative long crown. The pulse­
type ratio (Dp) could be related to proportion of crown area that is close to edges because multiple 
pulses are most likely found at places with fast changes in elevation. All combinations of the ex­
tracted laser variables were tested using Dataset A in order to select the most suitable laser can­
opy height percentile for each model. The residuals were plotted against predicted values and no 
systematic error could be observed. This resulted in Equation 2 and 3 for prediction of  mean tree 
height (h), and stem volume (v), respectively. 

(2) 

(3) 

Stem volume was transformed to original scale by using the exponential function. Correction was 
then done for logarithmic bias by multiplying the predicted variables by the ratio between field­
measured values and predicted values (Holm, 1977). 

RESULTS 

Study I 

Tree heights measured with an airborne laser were found to underestimate the field measured tree 
heights by 2.1 to 3.7 m. As shown in Table 5, no optimal footprint size could be found. 

Table 1. Field measured tree heights, laser measured tree heights, and corresponding standard 
deviations for the plots covered by different laser data sets 

Laser footprint diameter (m) 

0.75 1.50 2.25 3.00 

Field Laser No. Field Laser No. Field Laser No. Field Laser No. 
data data plots data data plots data data plots data data plots 

Mean Jun. 12.6 8.9 21 12.5 9.3 25 12.7 9.5 26 

height Oct. 12.610.2 27 12.510.0 25 12.710.0 26 

(m) Dec. 12.6 9.5 26 12.510.4 25 12.7 9.9 28 

Stand. Jun. 1.5 2.1 21 1.4 2.4 25 1.3 2.3 26 

dev. Oct. 1.3 1.7 27 1.0 2.2 25 1.2 2.1 26 

(m) Dec. 1.2 1.7 26 1.1 1.4 25 1.5 1.8 28 
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The effect of different sampling densities or the distance between individual laser shots on tree 
height estimates was investigated using the dataset from June with a footprint diameter of 0.75 m. 
It was found that the most reliable estimates were obtained using less than 4.5 m between individ­
ual laser shots. 

It was found that the plot-wise mean of the product of the waveform area (a) and the laser meas­
ured tree height (/h) had a strong linear relationship with stand volume (vol) (Figure 3). The follow­
ing regression equation was derived: 

vol = 17.5 + 0.00372*I.(a*lh)ln, 

where, 

vol 

a 

lh 

n 

= 

= 

= 

= 

stand volume (m3/ha), 

waveform area for a single laser return, 

laser height for a single laser return (m), and 

the total number of laser returns from each plot. 

This equation resulted in an R2 of 0. 78. 
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(6) 

Figure 3. An example of the relationship between wood volume and the mean product ofthe wave­
form area and the laser measured tree height (l:(a *lh)ln). 

Study II 

Regression models were built using the field plots within all validation squares (80x80 m2) except 
the one where forest variables were to be predicted. This was repeated until predictions were 
made for all validation squares. In order to investigate the effect of laser measurement density, the 
number of laser measurements was reduced before prediction. 

For prediction of mean tree height at plots level, the RMSE was 1.07 m corresponding to 6% of the 
average value. When aggregating the predictions to 80x80 m2 squares the RMSE was 0.59 m, 
corresponding to 3% of the average value (Figure 4). 
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Figure 4. Estimated mean tree height plotted against field measured mean tree height for 29 
squares each with the size 0. 64 ha. 

For prediction of stem volume at plot level, the RMSE was 55 m3/ha, corresponding to 20% of the 
average value. When aggregating the predictions to 80x80 m2 squares, the RMSE was 31 m3/ha, 
corresponding to 11% of the average value (Figure 5). 
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Figure 5. Estimated stem volume plotted against field measured stem volume for 29 forest stands 
each with the size 0. 64 ha. 

The relative RMSE for mean tree height, basal area, and stem volume estimations was similar for 
the four different measurement densities (0.1 to 4.3 laser measurements per m2). Paired t-tests 
were used to test whether there was a difference between the absolute value of the difference be­
tween laser predicted and field measured values for the reduced and the non-reduced laser meas­
urement densities. There was no significant difference (p < 0.05) when using the lowest measure­
ment density compared with using the highest measurement density for estimation of tree height 
and stem volume. 

DISCUSSION AND CONCLUSIONS 

The underestimation of field measured tree height found in the first study is in agreement with 
other studies. The fact that the extractor algorithm used in the first study only detects the four first 
peaks in the return have to some extent increased the underestimation of tree heights. The under­
estimation is probably also a result of laser beams that hit at the side of the conical tree crowns, 
rather than hitting close to tree tops. Aldred and Bonner (1985) showed that laser measured stand 
heights for both hardwoods and softwoods underestimated field measured stand heights by 2.8 to 
3.1 m. In the first study, features of the returned waveform were found to be most useful for estima­
tion of stem volume. The ratio between number of returned pulses from the vegetation and the 
number total number of returned pulses was not included in the final regression model for estima­
tion of stem volume. This ratio was found to be useful for stem volume estimations in the second 
study as well as in other studies (e.g. , Ncesset 2002). 
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The estimation accuracies obtained for mean tree height, basal area, and stem volume at a stand 
level were similar to what was obtained by Naesset (2002) who predicted the same variables in 
similar forest types. It should be noted that the empirical derived relationships between laser vari­
ables and forest variables could be forest type dependent (Nelson, 1997). 

An important finding in both studies was that the sampling density could be reduced to a certain 
degree without any significant decrease in prediction accuracy for stem volume and tree height. 
The possibility to reduce the sampling density will make the laser data acquisition more cost effec­
tive. 

Both studies show that reliable estimations of tree height and stem volume can be obtained at plot 
and stand level. However, the methods used were different because different laser scanning sys­
tems were used. In the first study the full waveform was available as opposed to the second study. 
Commercial airborne laser scanners operated today have been developed for terrain mapping and 
usually do not digitize the full returned waveform. The possibility to use the full returned pulse to 
achieve estimates of forest variables should be further investigated. 
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ABSTRACT 

A portable, inexpensive profiling lidar was used to inventory forests in Delaware, a small state 
(5,205 km2) on the mid-Atlantic seaboard of the US. Ground and airborne sampling procedures 
are described, and large-area inventory results are reported and compared to independent esti­
mates. Systematic airborne lidar profiling measurements were used (1) to estimate forest mer­
chantable volume, biomass, and above-ground carbon state-wide; and (2) to estimate impervious 
surface and open water area. Over 1300 km of laser profiling data acquired along parallel flight 
lines 4 km apart were analyzed. In the best models, merchantable volume estimates were within 
10% of US Forest Service estimates at the county level and within 1% state-wide. Total above­
ground dry biomass estimates were within 19% of USFS estimates at the county level and within 
16% state-wide. Lidar estimates of percent impervious area surface for the three counties - New­
castle, Kent, and Sussex - were 11.02, 3.35, and 2.82% respectively, and 4.75% state-wide. 
Comparable estimates developed using 30m Enhanced Thematic Mapper digital data and mixture 
modelling were 8.76, 3.50, and 3.88% respectively, and 4.90% state-wide. Laser estimates of 
open water at the county and state level were comparable to 1997 GIS estimates. Open water 
estimates based on laser transect data showed the 3 counties to have 2.80, 1.97, and 4.61% of 
their county area covered by water, and 3.43% of the state covered by open water. Comparable 
1997 GIS estimates were 2.62, 2.07, 4.79% (county), and 3.51% (state), respectively. The results 
of the study indicate that Line Intercept Sampling techniques can be used in conjunction with a 
relatively inexpensive, portable airborne laser system to assess multiple resources regionally. 

INTRODUCTION 

Forward-thinking, progressive, environmentally and ecologically responsible nations of the world 
have adopted the Kyoto protocols in order to inventory, to monitor, and, ultimately, to reduce car­
bon emissions to mitigate global climate change. In support of these efforts, efficient sampling 
procedures need to be developed to periodically inventory standing carbon regionally on a timely 
basis. To this end, an investigation was undertaken to develop the hardware, software, and statis­
tical framework to inventory above-ground forest biomass and carbon remotely. An inexpensive, 
portable airborne laser system was built from off-the-shelf components (Nelson et al., 2003a) and 
used to inventory the standing forest biomass and carbon of Delaware, located on the mid-Atlantic 
seaboard of the eastern United States. The State covers 5,205 km2; it's dimensions are approxi­
mately 150 km N-S, approximately 55 km E-W near the southern end, and approximately 16 km E­
W near its northern border. Line Intercept Sampling techniques were employed to convert the sys­
tematic, linear airborne laser profiling measurements of forest height, height variability, and canopy 
closure to estimates of merchantable volume, total above-ground dry biomass, and carbon. In 
addition, the same laser measurements were employed to estimate impervious surface area and 
open water area. 
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Study Area 
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Three counties comprise the state - Newcastle, Kent, and Sussex. Newcastle County, northern­
most of the three and encompassing 1124 km2, is largely urban and suburban, with rolling topog­
raphy which ranges from sea level to 137 m above MSL at the Pennsylvania line at the northern tip 
of the state (http://www.udel.edu/dgs/Publications/pubsonline/info8.html). Kent County (1542 km2) 
and the southernmost county, Sussex (2539 km2), have a larger agricultural base; the topography 
is essentially flat. Slightly less than one third of the State is forested, and forest area is distributed 
fairly evenly across the counties in small, dissected parcels. The state supports coniferous, de­
ciduous, and mixedwood stands. Predominant conifer species include loblolly pine (Pinus taeda 
L.) and Virginia pine (Pinus viginiana Mill.). The major deciduous species in terms of frequency of 
occurrence include sweetgum (Uquidambar styraciflua L. ), black gum (Nyssa sylvatica Marsh. ), 
various oaks (Quercus spp.), hickories (Carya spp.), yellow poplar (tulip poplar or tulip tree, Uric­
dendron tulipifera L.), and red maple (Acer rubrum L. ). 

The University of Delaware (http://www.udel.edu/FREC/spatlab) provided the digital map used to 
stratify the state into eight general land cover types - conifer, mixedwood, hardwood (i.e. , decidu­
ous), wetlands, agriculture, residential, urban/barren, and water. 1992 color-infrared airphotos 
were used to build the initial GIS, which was updated in 1997 using B&W aerial photography. 

Airborne Laser Profiler 

A small, portable, first-return airborne laser profiling system was built using off-the-shelf compo­
nents. The system consists of a 2000 hz laser transmitter/receiver, a CCD video camera, a video 
titler, and video recorder, a differential GPS system, and a laptop computer. The entire system, 
called PALS (Portable Airborne Laser System) cost approximately $30,000 USD in 1999. The en­
tire system fits in two suitcases, and is designed to be bolted onto/into local for-hire aircraft. Ge­
neric components, compact size, portability, and low cost drove system design. The system is 
described in full in Nelson et al. (2003a). 

PALS was used to collect ranging data (Figure 1) on 1306 km of systematically located flight tran­
sects during the summer of 2000. The State's long axis is oriented N-S; 14 flight lines were ori­
ented parallel to the western boundary of the state every 4 km. Individual data collection runs 
ranged from 3 to 163 km. At SOmis (180 kph) in a Bell 206 Jet Ranger, the longest flight transects 
took approximately 1 hour to complete. With turns, a 5 km run-up at the start of each line, and 
transit time to/from airports, 2 flight lines could be measured within the safe operational fuel limits 
of the helicopter. The 1300 km of flight transect data were acquired in less than two days at a cost 
of $6000 USD. 

The laser transmitter operates at 2000 hz. A LabVIEW front end was written to collect the laser 
serial stream - range and amplitude - and the differential GPS serial stream. Only one of every 10 
pulses was recorded, no pulse averaging was done. At a nominal flying height above ground of 
150m and a laser transmitter beam divergence of 2.0 mr, the laser spot size at target was 30 em. 
At SOmis, the system recorded a laser pulse every 0.25 m along the flight transect. Post­
processing was done to identify the ground line beneath the forest canopy, thereby facilitating the 
calculation of tree heights and canopy density from the first-return laser ranges. 

Line Intercept Sampling 

142 - 40 m ground transects were located and measured in 7 of the 8 strata state-wide (open wa­
ter was not sampled). All trees whose crowns were intercepted by a plane vertically projected from 
the randomly oriented 40m transect were sampled. Sample tree location, i.e. , distance along and 
across track, dbh, total height, merchantable height ( 10cm top), height to maximum crown diame­
ter, and crown radius were noted. 
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The ground data were used to estimate merchantable volume and total above-ground dry biomass 
per hectare on each transect, as follows: 

b 
= 10,000 (f �) 

f i=l C; 

where b is estimated biomass per hectare on a given sample transect, n is the number of trees 

sampled along the ground transect of length l, i.e., 40m, b; is the biomass of tree i, and c; is the 

crown diameter, i.e., twice the crown radius, of tree i, i,i=l,n (Kaiser 1983; DeVries 1986). 
These same ground data were used to develop a canopy height model (CHM) for the ground tran­
sect. The CHM simulated what the airborne laser profiler would have measured had it flown over 
the top of the forest canopy directly above the 40m ground transect (Nelson 1997). Regression 
models were then developed which predicted ground-measured biomass (or volume) as a function 
of simulated laser measurements. 
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Figure 1. A 1.4 km section of a PALS flight line acquired over Delaware during June of 2000. The 
dotted line above the laser trace describes the aircraft flight path above mean sea level; that line is 
negatively offset to fit the flight profile onto the canopy trace. The nominal flight altitude was 150m 
AGL (above ground level). A 1992 color infrared photo (archived by the Spatial Analysis Labora­
tory, University of Delaware) of the flight segment is shown below the laser trace. GMT times 
(hhmmss) are posted along the actual flight line; each two second interval represents approxi­
mately 1OOm on the ground. The faint blue line just above the actual flight line (yellow) marks the 
planned flight path. 

Stratified sampling was employed to convert the airborne laser profiles into stratum, county, and 
state estimates of volume and biomass. Each of the 14 flight lines was registered to the University 
of Delaware GIS to assign a stratum identity to every laser pulse. The airborne laser flight tran­
sects were partitioned into 40m segments, and laser measures of height, canopy height variability, 
and canopy closure were used as independent variables in the stratum-specific volume and bio-
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mass equations. Predicted volume and biomass were tallied by stratum and county. Segments 
less than 40m were considered and weighted appropriately in situations where the airborne laser 

profile crossed stratum, county, or state boundaries. In the following discussion, b refers to bio­

mass/ha, calculated using the predictive equations, w is a weight, and the subscripts i, J, and k 

are county, stratum, and segment subscripts, respectively. biJk , for instance, is the estimate of 

biomass per hectare calculated using the airborne laser measurements on the eh segment in the 

i'h stratum in the i
t
h county. niJ is the number of airborne laser segments which transected the 

·t
h .t

h a . · · 1 stratum in the 1 county. u refers to the area of stratum 1 in county 1; a; are the county ar-
eas, and a is the state area. In this Delaware study, there were 8 strata and 3 counties. 

Stratum Estimates within County: 

mean, biomass/ha: 

where and 

variance: 

95% confidence limits: 

County Estimates within State: 

mean, biomass/ha: 

where 

variance: 

State Estimates: 

mean, biomass/ha: 

where: 

variance: 

a;/ 
W; = fa 

3 
and .Lw; =1 

i=l 

ni.f 

= �)w;1k)(b;pJ 
k=l 

[DeVries 1986, eqn. 22b, pg. 255] 

[DeVries 1986, eqn. 24, page 256] 
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LIS techniques were employed to estimate impervious surface and open water area. The PALS 
video record was used to document start and stop points in the airborne laser data stream where 
the flight transects crossed impervious surface or open water. Roof crossings, asphalt/concrete 
crossings, and water crossings were noted. Stratum, county, and state estimates of roof, as­
phalt/concrete, and water were developed as simple ratios. For instance, the percentage of area 
under roof in Kent County was calculated by dividing the total length of transects flown over roof­
tops in Kent County by the total length of transects flown over Kent County. 

Of all of the work done in this project, this documentation of impervious surface and open water 
crossings was most time consuming. Although simple, the work was labor-intensive. The video 
record was matched with the laser profile and amplitude profile to identify specific pulses where the 
particular surface started and stopped. The minimum mapping unit, i.e., the minimum distance 
considered, was 1 m, about the width of a nominal residential sidewalk. 

Accuracy Assessment 

The forest inventory estimates were compared with U.S. Forest Service - Forest Inventory and 
Analysis (FIA) estimates of volume and biomass at the county and state level. The FIA is the US 
federal agency charged with measuring and monitoring forests nationally, by state, and by county 
within state. Prior to 2000, the USFS-FIA was mandated to provide decadal updates of the forest 
resources of each state. They inventoried Delaware forests by measuring 215 systematically lo­
cated points in 1999. So as not to make allometry an issue, the same allometric equations em­
ployed by the FIA in Delaware (Scott 1979, 1981; Wharton and Griffith 1993) were employed in 
this study to estimate volume and biomass on the laser ground transects. 

Laser profiling estimates of impervious surface area were compared with county and state esti­
mates developed by Smith et al. (2003). They used sub-pixel mixture models to deconvolve im­
pervious surface from porous materials in Landsat ETM 30m pixels. 

Laser estimates of open water were compared with the University of Delaware GIS estimates of 
open water area (http://www.udel.edu/FREC/spatlab). Although this GIS was used to stratify the 
airborne laser data into eight different land cover types, it was not used or consulted as laser open­
water distances were measured. Rather, the PALS video record was used to determine where 
along a given laser transect open water was intercepted. The University of Delaware GIS open 
water estimates, then, are used to validate the PALS open water estimates. 

RESULTS 

Numerous stratified and non-stratified linear and multiplicative models which related ground­
measured volume and biomass to simulated laser measures were developed and cross-validated. 
Comparison of models developed for Delaware forests indicate that (1) considering all cover types 
collectively, stratification does not significantly improve accuracy; (2) considering conifer and 
hardwood models specifically, conifer volume and biomass predictions are significantly more ac­
curate than hardwood estimates; (3) multiplicative models, e.g., ln(biomass) = b0 + b1 
(ln(height1aser)), consistently fit better (i.e., have higher regression-R2 values) but perform worse 
(i.e., have significantly lower cross-validation R2) than explicitly linear models; and (4) explicitly 
linear models developed using standard least-squares techniques and nonparametric techniques -
minimization of absolute error - produce the most accurate results. Based on these findings, la­
ser-based estimates of merchantable volume and total above-ground dry biomass are developed 
using explicitly linear models. Laser-based estimates are compared with USFS-FIA estimates of 
volume and biomass, by county and state (Table 1). The FIA combines Kent and Newcastle 
County results to reduce standard errors of estimate in the smaller counties. Due to the ambigu­
ous nature of the findings regarding the merits of stratification in this study and in studies done by 
others, both stratified and non-stratified results are considered. It must be noted that, due to dif­
ferences between FIA - GIS cover type definitions and FIA - laser sampling methods, the FIA and 
laser estimates of volume or biomass are not directly comparable, i.e., one can not expect exact 
agreement. FIA timberland estimates for all Delaware tree species are compared with laser esti­
mates for the four land cover classes considered forested in the University of Delaware GIS -
hardwood, mixedwood, conifer, and wetlands. 
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Although it is certainly arguable as to which of these models is "best" due to the aforemen-tioned 
incompatibilities between FIA and laser estimates, the results in Table 1 indicate that laser- based 
transect sampling methods can be used to develop large area forest volume and biomass esti­
mates. Laser-based merchantable volume estimates are consistently within 2 standard errors of 
the USFS-FIA estimates at the county and state level. Laser biomass estimates fall just 

Table 1. Percent difference between USFS-FIA and airborne laser estimates total merchantable 
volume and total above-ground dry biomass, by county and state. Non-stratified and stratified re­
sults for Models 1 and 2 are compared to USFS-FIA estimates. Model 1 is parametric; model 2 is 
developed using nonparametric techniques. 

dependent stratifi- difference (%)* 

variable cation 
New/Kent Sussex Delaware model 

1 no -23. 5 -7. 5 t -14 .4 t 

Merchantable yes - 1 7. 6 t 4 . 9 t -4. 8 t 

Volume 2 no -9. 6 t 7. 7 t 0. 3 t 

yes -9. 6 t 14. 5 t 4 . 2 t 

1 no 1 2. 5 t 1 8. 8  1 6. 0  

Total 
7.4 t yes 22. 0 15. 5  

Above-Ground 

Dry Biomass 
2 no 1 5. 7 t 22. 7 19. 6 

yes 8. 3 t 2 1 . 1 15. 4  

* [(FIA-Iaser)IFIA] x 100. Negative percentages indicate a laser overestimate. 

:t Laser estimate is within ±2 standard errors of the USFS-FIA estimate. 

outside the FIA 95% confidence bounds at the state level, this due to relatively large discrepancies 
between laser and FIA biomass estimates in Sussex County. The basis for this difference in  Sus­
sex County is unknown. 

Per-hectare estimates of biomass developed using an explicitly linear, stratified, parametric model 
(Model 1 - stratified) are combined with areal estimates from the University of Delaware GIS to 
estimate state-wide carbon allocations, by land cover type and county (Table 2). A generic con­
version factor of 0.5 is used to convert above-ground dry biomass to carbon (Gower et al. 1997; 
Houghton et al. 2000; Nelson et al. 2000, Table 2). 

The importance of measuring carbon stores on land cover types that are typically considered "non­
forest" is highlighted by the numbers presented in Table 2. State-wide, approximately 20% of the 
above-ground carbon resides on lands identified as agricultural, residential, and urban areas; half 
of that in residential areas alone. Approximately one-fourth of Newcastle County (24.3%), an ur­
ban/suburban county just south of Philadelphia and including the large city of Wilmington, is resi­
dential. That residential area collectively supports one-third of the County's above-ground carbon. 

Although the primary reason for flying the laser flight lines over Delaware was to develop and test 
procedures associated with a laser-based, large-area forest inventory, it became apparent that the 
same data set could be used estimate the areas of a variety of land cover types, completely apart 
from those described by the Delaware GIS used to stratify the state. Line Intercept Sampling tech­
niques were applied to all 1306 km of the airborne laser profiles acquired state-wide. Each pulse 
was identified as belonging to one of the following classes, based on pulse height, pulse return 
amplitude, and/or based on the video record - forest, nonforest, roof, asphalt/concrete, water. Any 
pulse which measured a target over 3m tall, not manmade, was considered a measurement of a 
tree. Nonforest pulses were those over natural targets less than 3m tall. [Note: 3m was used as a 
cut-off to prevent mature corn from being identified as forest. This cut-off is slightly less than the 
USFS definition of a tree - 12 feet, or 3.7m (Griffith and Widmann 200 1).] Roof, asphalt, and con­
crete crossings were identified via the video record and aided by noting changes in the strength of 
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the return laser signal. Water crossings were obvious in the laser profile since water generally 
absorbed the 0.905 ).lm, near-infrared laser pulse. 

Forest, nonforest and open water estimates are compared with the University of Delaware GIS 
estimates. As in Table 1 ,  there are, in Table 3, issues concerning comparison of estimates which 
are not exactly comparable. For instance, the laser survey defines a forest pulse based on height; 
the GIS photointerpreters define a wetland (considered a forested cover type) based on drainage 
and wetlands cover, not necessarily on the presence/absence of trees. Much of the GIS wetlands 
category is forested, but there are extensive areas along the Delaware Bay and Atlantic Ocean that 
support marsh grasses and which are devoid of trees. Also, whereas the laser sample separates 
impervious surfaces from pervious forest and nonforest, the GIS does not. So some unknown pro­
portion of the GIS forest and nonforest polygons are, in fact, impervious. Despite these differ­
ences, GIS and laser estimates of forest area agree within 9% at the county level and within 4% for 
the State. Nonforest differences are within 5% for counties and within 1 %  for the State, with the 
exception of Newcastle County, the most urban of the three counties, where the difference is less 
than 12%. 

Table 2. Airborne LiDAR profiling estimates of above-ground carbon, in thousands of metric tons, 
by land cover, county, and for the entire state. SEE=standard error of estimate. 

m Newcastle Kent Sussex Delaware 

Hardwood 1592. 8 736. 7 1 86. 5 251 5. f  

SEE 26. 5 1 6. 7  9. 0 32. t 

Mixedwood 48. 1 467. 5  2047. 8 2563. t 

SEE 2. 7 5. 1 1 3. 6  14. E 

Conifer 20. 0 62. 8 658. 2 74 1 . 1 

SEE 1 . 6  2. 5 9. 9 1 0. 3  

Wetlands 346. 9 1404. 6 2050. 6 3802. 1 

SEE 18. 2  29. 7 31 . 7 4 7. (  

Forestland 2007. 8 2671. 7 4942. 9 9622. � 

SEE 32. 3 34. 6 3 7. 1 60A 

Agriculture 184. 8 320. 3 4 78. 7 984.4 

SEE 1 0. 4  1 5. 0  1 7. 4  25. 4 

Residential 636. 0 229. 9 453. 2 1319. 1 

SEE 20. 0 10. 3  1 3. 7 26. f 

Urban 1 89. 0 36. 5 1 02. 1 32U 

SEE 14. 2 3. 9 7. 4 16. f:  

Nonforest 1 009. 9 586. 5 1 034. 4  2630. t 

SEE 26. 7 1 8. 7  23. 3 40. 6 

Water 19. 6  5. 4 1 1 . 9  3

:� SEE 4. 3 1 . 2  1 . 9  

Total: 3037.4 3263.6 5989.4 12290.0 
SEE 42. 2 39. 3 44. 4 72. 9 
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Open water estimates should be directly comparable, though the minimum mapping unit (mmu) for 
the laser was much smaller (1m transect crossing length) than the mmu of the photointerpreters (4 
acres, or 1.62ha). Laser and GIS open water estimates differ by S0.2% at the county and state 
levels. 

Total impervious surface area is compared with estimates developed by Smith et al (2003). They 
used a mixture model to parse each 30m Thematic Mapper pixel into impervious and pervious sur­
face percentages. Impervious surfaces are non-point pollution sources, and monitoring im­
pervious surface area is important from a pollution monitoring and mitigation standpoint. Satellite 
mixture model estimates and airborne laser profiling estimates agree within 2.3% at the county 
level and within 0.2% at the state level. 

Table 3. Forest, nonforest, impervious surface, and open water estimates based on airborne laser 
profiling data (from Nelson et a/. 2003b, Table 2). Independent estimates are provided for com­
parison directly below the laser table. SEE = standard error of estimate. Percentages may be 
converted to area by multiplying the table entries by the following areas: Newcastle - 112412 ha, 
Kent - 154234 ha, Sussex - 253896 ha, Delaware - 520543 ha. 

Forest 

SEE 

Non forest 

SEE 

Pervious Surface 

SEE 

Roof 

SEE 

Asphalt/Concrete 

SEE 

Impervious Surface 

SEE 

Water 

Forest 

SEE 

TOTAL: 

Nonforest 

Impervious Surface 

Open Water 

Laser Profilina Estimates of Land Cover f%) 

Newcastle Kent Sussex Delaware 

27.92 26.85 33.66 30.4C 

0.71 0.50 0.39 0.31 

58.26 67.83 58.92 61.42 

0.58 0.53 0.37 0.2S 

86.18 94.68 92.58 91.82 

0.25 0.39 0.24 0.13 

3.45 1.13 1.04 1.59 

0.05 0.08 0.06 O.O.t. 

7.57 2.21 1.77 3.16 

0.11 0.12 0.09 O.Ot. 

11.02 3.35 2.82 4.75 

0.15 0.15 0.12 0.06 

2.80 1.97 4.61 3.43 

0.21 0.37 0.22 0.12 

100 100 100 100 

lndeeendent Estimates of Land Cover (%l 

Newcastle Kent Sussex Delaware Source* 

27.60 35.64 36.04 34.10 UD-GIS 

69.78 62.29 59.18 62.39 UD-GIS 

8.76 3.50 3.88 4.90 Smith 

2.62 2.07 4.79 3.51 UD-GIS 

* The University of Delaware GIS (UD-GIS) land cover percentages total to 100%. 
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CONCLUSIONS 

A statistical framework has been developed and tested whereby systematic, airborne LiDA R profil­
ing measurements of forest canopy height, height variability, and crown closure are converted into 
estimates of forest merchantable volume, total above-ground dry biomass, and above-ground car­
bon. Using stratified, linear parametric and nonparametric models, laser-based estimates of mer­
chantable volume differed from U.S. Forest Service-Forest Inventory and Analysis estimates by 
less than 5% state-wide and by less than 18% at the county level. Biomass estimates differed by 
:::;16% at the state level and :::;22% at the county level. Certainly the agreement isn't perfect, nor is 
perfect agreement a reasonable expectation given differences in land cover definitions and sam­
pling procedures The USFS-FIA estimates are based on 215 systematically sampled plot clusters 
which are post-stratified based on tree species encountered on the plots. The laser inventory is 
based on (1) 142 - 40m ground sample transects used to develop the regression relationships 
used to calculate volume and biomass, (2) a photointerpreted land cover map comprised of eight 
general land cover types (e.g., hardwood, mixedwood, conifer, wetlands); and (3) 1306 km of flight 
data. Though final judgement of the goodness of agreement is left to the reader, the authors are 
encouraged by the level of agreement between the two disparate inventory techniques. 

Dry biomass estimates were converted to above-ground carbon estimates by using a generic mul­
tiplier of 0.5 t C/1 t d ry biomass, and tallied by stratum, county, and for the State. The itemized 
carbon allocation for Delaware (Table 2) is provided as an example of the type of detail that can be 
extracted from airborne laser profiling data. The carbon table also highlights the importance of 
residential and urban areas with respect to C stores in developed areas. 

The results also support the fact that an airborne laser profiler can be used to estimate the areal 
extent of forest, nonforest, impervious surface area, and open water area. Impervious surface 
area can be divided into area under roof and area under concrete or asphalt based on the height 
characteristics of the surface. 

PA LS was designed to inventory large forested areas in out-of-the-way places, places such as the 
Amazon, the Congo, Madagascar, and the circum-polar boreal forests where relatively little is 
known about biomass and carbon stores. It is a sampling tool, and it is best applied in situations 
where repeated measures of forest structure (i.e., height, height variability, canopy closure), forest 
volume, biomass, and carbon are needed across large areas - 1 O's or 1 OO's of thousands of 
square kilometers. The laser system is designed to be small, robust, transportable, and (relatively) 
easily integrated onto local, for-hire aircraft. It is not wedded to a specific type of aircraft, rather it 
is meant to be flown on a variety of small planes or helicopters. At this point, the system has been 
used on a Bell 206 JetRanger, a UH-1 "Huey", and a Twin Otter. It's nominal operational envelope 
is 150 - 300m above terrain. 

Future work will involve efforts in a number of different areas with the overall objective being to 
develop an on-the-fly, laser-based, airborne forest inventory system which can be flown on many 
different types of small aircraft. Research areas include the following: 

1. Improve regressions used to predict volume and biomass. Though not discussed in this report, 
some of the predictive equations, most notably the hardwood equations, were weak, with R2 values 
occasionally less than 0.5. We believe that longer field transects, on the order of 100m, need to be 
considered in order to improve regression fits. Natural variation in the Delaware forests is high and 
highly influential observations common. Future studies will key on the use of nonparametric tech­
niques to develop the explicitly linear, predictive equations in order to mitigate the effects of out­
liers. 

2. Develop the flight hardware needed to fly PALS on other types of aircraft (e.g., Cessna's). 

3. Replace the first-return laser transmitter/receiver with a first/last return transmitter to facilitate 
identification of ground beneath canopy. 

4. Develop automatic ground-finding and roof-finding algorithms so that the laser data stream can 
be processed in-flight. If heights can be reliably measured and if roofs can be automatically ex­
cluded, then an airborne laser profiling system can be flown such that the laser and GPS data are 
stored and simultaneously processed to tally volume, biomass and carbon on-the-fly. Automated 
ground and roof finding algorithms have been developed and will be improved. It is realistic to ex-
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pect that, in just a few years, airborne laser profiling systems will be flown such that the volume, 
biomass, and carbon inventory is done when the aircraft touches down. 

Without doubt, the future of airborne laser remote sensing belongs to airborne and spaceborne 
laser scanners, not to airborne profilers. Currently, however, laser scanning systems are expensive 
and the data streams are dense. Profilers offer technical simplicity, transportability, and a man­
ageable data stream that allow researchers to consider processing real-time in remote areas. 
They also duplicate, at a much finer spatial scale, the data acquisition attributes of spaceborne 
laser profilers currently flying (the Geosciences Laser Altimeter System - G LAS, aboard the Ice, 
Clouds, and Land Elevation Satellite - ICESat) and proposed multi-beam profilers (the Vegetation 
Canopy LiDAR - VCL). The use of an airborne laser profiler such as PA LS should be considered 
in situations where volume, biomass, and carbon need to be repeatedly measured over large, re­
mote regions where little or no forest inventory information exists. The results of this study provide 
a quantitative assessment of the estimation accuracy which might be expected from an airborne 
laser profiler. 
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ABSTRACT 

The main purpose of this paper is to estimate and evaluate latest experiments in laser scanning of 
covered by forestlands and make some outline of it possible implementation in the future. Laser 
scanning of Earth surface may be considered now as a promising new technology of geomatics 
and should be estimated from forest inventory point of view. Experiments with laser scanning of 
forest land were done from helicopter M 1-8 (or plane A N-2) using standard mapping -laser AL T M-
1020 (Optech Inc.), which works as scanning distance measurer with frequency 5000-20000 im­
pulses per second, flight velocity- 200 km/hour, height- 200-400 meters. The wide of scanning 
strip depends on scanning angle and height. Scanning was adjoined by determination of coordi­
nates of all detected objects using system of ground based and flying G PS receivers Ashtech Z-12 
(Ashtech Z-Field Surveyor and Ashtech Z-Surveyor) which allows to determine coordinates of the 
ground objects with precision 15-20 em and construct the surface digital model. The scanned data 
after was treated with AL  TEX Observer software in interactive regime. Primary treated data is 
possible to transfer in such well-known G IS systems as ARCINFO, MAPIN FO, E RDAS Imagine 
etc. The forest inventory parameters such as tree stands growing stock, mean diameters and 
heights, leaf index etc. may be measured directly or calculated using data on diameters of tree 
crowns, stem diameters, tree heights. Estimated error of measurements was checked using 
ground inventory of scanned areas and it not exceed 10%. So, laser scanning covered by forest­
lands for forest inventory purposes seems to be one of the most promising new methods to con­
duct forest measurements. 

INTRODUCTION 

In Russia (at that time Soviet Union) laser methods, directed toward forest resources' survey had 
been developed before onboard aircraft and satellite lasers appear. There are mainly investiga­
tions which had been done at Leningrad Forestry Research Institute (LenNIILH) by V.I. Solodukhin 
with coauthors, who demonstrated high efficiency of forest laser profiling combined with traditional 
(classic) aerial photography for timber cruising purpose [Solodukhin et al. 1977, 1 985; Stolyarov et 
al. 1987]. 

In North America (Danilin, Medvedev, 2001) laser mapping methods using satellite and aircraft 
platforms was developed and widely practiced at geodesy, cartography and forest inventory and 
survey [Aldred et al. 1985; Krabill et al.1987; Chappelle et al.1989; Kalshoven et al. 1990; Ritchie 
et al.1993; Weltz et al.1994; Blair et al.19 96; Lefsky 1997; Ackermann 1999; Means et al. 1999, 
2000, 2001; Magnussen et al. 2000; Dubayah et al. 2000]. 

During last years with appearance and availability of satellite positioning and navigation systems 
(US G PS and Russian G LONASS), satellite and aerial laser scanning and digital video- and 
photography, new possibilities appears for remote sensing of terrestrial ecosystems and forest 
cover with highly accurate measuring relief and heights of ground objects at about ±1 0-15 em and 
positioning of their space coordinates at about ±15-20 em and higher accuracy [Ritchie et al. 1993; 
Sweda et al. 1998; Danilin et al. 1999, 2000, 2001, 2002; Medvedev 2000]. 

Experiments on laser scanning of covered by forest lands to examine will it be the proper method 
for forest inventory were done in Siberia together by Laboratory of Forest Inventory and Forest 
Planning, V.N. Sukachev Institute of Forest of Russian Academy of Sciences and Opten Limited. 
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METHODS 
This section mainly follows the paper ( Danilin, Medvedev, 2001 ). Aerial survey is made from Mil-8 
helicopter by laser scanning set AL  TM 1020 by Optech Inc., Canada. Video and photo scenes are 
recorded s imultaneously by Sony DCR-PC110 megapixel mini DV camcorder with Carl Zeiss 
Varia-Sonar optics and KODAK DSC-EOC 1 c digital camera with 3000x2000 pixel resolution CC D 
which provides 10 em high on ground linear resolution from 300 m of flight altitude at about 300 m 
of scanning path width [Opten's 2001, Danilin et al. 2000]. 

The width of the patch covered in a single pass of aircraft depends on the scan angle of the laser 
system and the aircraft flight height. Typically operating specifications are at flying speeds of 200 
to 250 kilometers per hour (55-70 meters per second), flying heights of 300 to 3,000 meters, scan 
angles from 0 up to 20 degrees, and pulse rates of 2,000 to 25,000 pulses per second. These pa­
rameters can be selected to yield a measurement point every few meters, with a footprint of 1 0 to 
15 centimeters, providing enough information to create a digital terrain (DTM) and forest vegetation 
model adequate for many forestry and forest engineering applications, including the design of for­
estry operations, projecting and alignment of forest roads, the determination of timber stock and 
volumes of ground works, and the design of harvesting schemes and structures. 

The position of the aircraft at the time of each measurement is determined by phase difference 
kinematic Global Positioning System (GPS). A irborne and ground based GPS receivers Ashtech Z-
12, Ashtech Z-Field Surveyor, Ashtech Z-Surveyor are used for the laser airborne survey. Rota­
tional positions of the beam director are combined with aircraft roll, pitch and heading values de­
termined w ith an inertial navigation system, and the range measurements to obtain vectors from 
the aircraft to the ground points. When these vectors are added to the aircraft locations they yield 
accurate coordinates of points on the surface of the terrain. Uncertainty of one-time measurement 
of geographical coordinates us ing ALT M-1020 machine and Ashtech GPS does not exceed 0.1% 
of flight height (Basic 2001 ). 

General scheme of airborne laser terrain mapping system had been used for inventory of forest 
lands is shown at figure 1. 

Laser sensing data and digital video images and photographs are examining for quality and pre­
processing at once on board of aircraft and later on ground using special software which allow to 
get geometric parameters and highly accurate coordinates of separate trees and well readable 
morph structural characteristics of forest canopy along the flight course. 

All images and database are presented at three dimensional (30) view as customers may work 
with dig ital terrain model (DTM) and video- and photographs at more comfortable regime. 

At 2000 general methodology of forest cover mapping and stand structure interpreting by AL  TM-
1 020 machine was studied and developed. The research had been placed along 200 km flight and 
sampling transect at Turukhansk region of Krasnoyarsk kra i, Central Siberia, within Bakhta river 
basin (right tr ibutary of Yenisei river) (63-64°N, 91-92°E) at subzone of Siberian middle taiga domi­
nated by larch (Larix sibirica) - spruce (Picea obovata) - Siberian pine (Pinus sibirica) forests in 
some sites mixed with b irch (Betula pendula) and sphagnum bogs and wetlands. 

For ground verification of aerial survey data 35 sample plots were established along the transect 
representing all dominating forest types and s ite environments. At the sample plots sample trees 
were selected, measured and cut down by 2 em DBH and 1 m height range for stem analysis and 
stand phytomass assessment. 
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Figure. 1. General scheme of airborne laser terrain mapping system. 

Interactive processing of laser and digital photo data is implemented by o riginal Altex Observer 
software [Aitex 1999] which is intended for use on IBM-compatible computers and provides the 
following capabilities: 

• Visualization of primary data of laser location survey and results of their topological proc­
essing in user-defined scale and aspect. 

• Data separation into true terrain geometry, vegetation, manmade objects and structures 
with a possibility of their individual visualization. 

• Visualization of digital aerial photos of the route draped on laser data. 

• Displaying of digital or raster topographical map and marking location of the surveyed ob-
ject. 

• Defining of space and altitude geodetic coordinates of any objects and areas. 

• Available data sets (copy of screen) 

• Creation and visualization of profiles and sections (putting of corridors and different projec­
tions). 

• Computer-aided carrying-out of complex geometric measuring: calculation of distances be­
tween trees, between crowns and ground, between the trees and other objects marked by 
operator etc. 

• Conducting of information-searching operations and data output with forming listing of criti­
cal vegetation zones (burnings, cuttings, silkworm forest damaged areas and others). 

• Synthesizing of halftone shaded scene images with arbitrary selection of a lighting source. 

• Tuning export of data to any software for thei r specialized post processing such as Auto­
CAD, PLS-CADD, POLE-CAD, ArcView, Arclnfo, Maplnfo, E rdas Imagine ( Fig. 2). 
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Figure 2. Visualization and complex geometric measurement of forest stand laser location data at 
Altex Observer working window. 

Regression analysis of relationships between forest landscape relief shapes as it presented by the 
field of heights above sea level (altitudes) at the points with known from GPS determinations geo­
graphical coordinates and parameters of structure and productivity of forest cover was done 
(Usol'tcsev, 1998; Alekseev, Chernikhovsky, 200 1). 

Regression equation was used in following form: 

y=a*H+b*S, 

where y- parameter which describes the structural or productivity feature of forest cover such as 
share of conifers on covered by forest lands, share of broadleafs on covered by forest lands, 
share of productive forest lands, growth class of forest lands, growing stock etc. 

H- is the entropy of the field of heights. 

n 

H =-LPi *In Pi' 
i=l 

where Pi- is relative height of relief surface at point I, 

n 

Pi = hi I I hi , hi- altitude at the point I, n - number of points at which estimation of altitude was 

i=l 
done, 

S- standard deviation of the field of heights. 
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S= n-1 
n 

I. hi 
here h-is mean height above sea level of forest landscape, h = i=l . 

n 
Parameters H and S appears good describes the shape of relief of forest landscapes meanwhile 
last play key role in energy, water and nutrition's exchange in the forests ecosystems determining 
its structure and productivity. 

Regression analysis was done for two sample areas Karelian Isthmus of Leningrad region and 
reserve "Verhne-Tazovsky" of Yamalo-Nenetsky autonomous district. 

RESULTS 

As a result of processing of the laser location data we get primary ground profile, which consist of 
vegetation and topographic (ground) surface profiles (Fig. 3a). Topographic surface is interpolated 
consequently by equalization and joining (unification) of points, where laser beam had reached the 
ground penetrating through tree crowns/leaves ( Fig. 3b). Eliminating topographic profile from the 
primary one we get forest vegetation/tree stand profile ( Fig. 3c). 

The analysis of forest vegetation and tree stand structure integrated with aerial digital photographic 
and video data allow to accurate interpretation of different types and layers of forest vegetation 
dividing it by tree species, density and other parameters ( Fig. 4). 

The laser location survey method combined with high-resolution digital photography as well as on­
ground and airborne GPS support allow remotely, operatively and with high accuracy to get 
information on forest cover condition and environment with a basic scope of data on surveyed 
object which may be a foundation for various thematic G IS compilations of different complexity. ��1230�1 
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Figure 3. Main stages of processing of laser location data of forest vegetation profiles. 
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Figure 4. Integrated profile of tree stand: mixed mature (MM), young coniferous (YC) and secon­
dary deciduous (SO) stands. 

The laser location survey method combined with high-resolution digital photography as well as on­
ground and airborne G PS support allow remotely, operatively and with high accuracy to get infor­
mation on forest cover condition and environment with a basic scope of data on surveyed object 
which may be a foundation for various thematic G IS compilations of different complexity. 

Comparison of remote and ground based data 

To check the precision of remotely obtained data on growing stock volumes and above ground 
phytomass of tree stands the comparisons with the data from sample plots were done. The results 
are presented in table 1. (Danilin, Krasikov,2001 ) . 

For comparisons the data from 10 sample plots were used, Tree stands on sample plots are Larch 
dominated. 

Deviation of sample plots and laser scanning data generally less than 10%. 
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Tablet.· Comparison of laser scanning data and the data from reference sample plots (Danilin, 
Krasikov, 2001) 

Above ground 

Mean � Growing stock, 
Deviation phitomass, Deviation ro m3/ha Uha dry t5 

Q) matter ..: 
[!? >< ro ... 

.s ro ro Q) ffi Q) 
N2 Speices Q) "C 0. ro ro ro ro 

>. .!: E E (/) ro "C ro "C 
composition Q) "C "C eli .l!l E u oi � Cl Cl 

0 c: 0 c Cl Ci5 ..: IAI ·c: ·c: (/) <( :E Q) .i- Q. c: �E *- Q. c c: *-Cl Qi Q) ro 0 
Q) ro � 0 

"Qj E "iii Q. u Q. u 
c: (/) (/) :r ro Q) E a; E a; '5 0 ro ro 

(/) (/) (/) (/) 
ro ro 

._J ._J 

1 
9Larch 

250 IV 22.0 31.7 17.1 220 169 178 9 5.3 139.6 146.6 7.0 5.0 
1Spruce 

2 
9Larch 1 Sprue 

130 IV 20.7 26.0 20.2 380 192 205 13 6.8 152.6 162.8 10.2 6.7 
e+Birch 

3 
9Larch 1 Sprue 

e 
160 Ill 23.0 28.6 30.0 470 307 303 -4 -1.3 253.8 251.3 -2.5 -1.0 

9Larch 1 Cedar 
4 +Spruce, 170 Ill 23.6 30.0 29.1 412 310 300 -10 -3.2 251.2 244.0 -7.2 -2.9 

Birch 

5 10Larch 100 IV 19.4 20.0 17.2 547 149 157 8 5.4 121.8 127.8 6.0 4.9 

6 
1 OLarch+Ced 

ar 
260 IV 22.6 33.0 19.2 225 197 192 -5 -2.5 158.9 155.8 -3.1 -2.0 

7 
9Larch 1 Sprue 

120 IV 20.2 24.2 18.9 418 170 173 3 1.8 141.9 144.0 2.1 1.5 
e+Cedar 

8 
10Larch + 

210 IV 22.0 31.0 17.1 227 168 156 -12 -7.1 137.7 128.7 -9.0 -6.5 
Cedar 

7Larch3Cedar 
9 + Spruce, 200 Ill 24.0 30.0 27.9 395 295 306 11 3.7 244.9 253.0 8.1 3.3 

Birch 

10 
9Larch 1 Cedar 

210 v 17.5 24.5 18.2 386 145 148 3 2.1 116.4 118.1 1.7 1.5 
+Spruce 

Results of regression analysis in the system "forest landscape relief shape - structure and 
productivity of forest cover". 

Table 2 and 3 presents the results of regression analysis of relationships between forest landscape 
relief shapes and parameters of structure and productivity of forest cover for two sample areas. 

Table 2: Results of regression analysis "forest landscape re!iefshape - structure and productivity of 
forest cover'' for Karelian Isthmus of Leningrad region. 

Parameters of regression equation 
Structure or productivity of forest Y=a*H+b*S 
cover, Y a b Coefficient of 

determina-
tionR2,% 

Share of forest land dominated by 8.8 2.6 93.2 
Scots pine 
Share of forest land covered by coni- 15. 1 1.6 98.7 1 
fers 
Share of forest land covered by 7.8 1 - 1.55 85. 17 
broad leafs 
Share of forest land dominated by 6.5 - 1.22 84.54 
birch 
Share of forest land covered by forest 17.44 - 1.88 97.2 1 
of bilberrv type 
Mean growth class of birch stands 0.47 0.04 99.5 

150 



ScandLaser 2003, Umea, Sweden 

Table 3: Results of regression analysis "forest landscape relief shape- structure and productivity of 
forest cover" for reserve "Verhne-Tazovsky" of Yamalo-Nenetsky autonomous district. 

Parameters of regression equation 
Structure o r  p roductivity of forest Y=a*H+b*S 
cover, Y 

a 
b Coefficient of 

determina-
tion,q2,% 

Share of forest land covered by forest 15.69 0.9 99.05 

Share of p roductive forest land 16.83 0.64 98.84 

Share of forest land dominated· by 22.8 -2. 1 91.62 
Scots pine 

Share of forest land covered by coni- 22.67 -0.5 1 99.07 
fers 

Share of forest land covered by light 23.09 - 1.68 95.48 
conifers 

Share of forest land dominated by -0.24 0.08 42.3 
aspen 

Share of forest land covered by forest 13.19 - 1.70 73.56 
of Lichen type 

- Green mosses type 2.89 1.43 89.65 

- Ledosum-Vacciniosum type 4.58 0.46 85.20 

-Vacciniosum-Ledosum-Mosses type -1.77 0.96 68. 12 

-Ledosum-Sphagnum type 3.27 -0.35 65.9 

Biodiversity index (0-MH,D,eKc) 0.40 0.05 87.72 

Meang rowth class of all species 1. 17 -0.0 14 99.74 

Mean g rowing stock of all species, m3/ 16.85 1.87 97.60 
hectare 

The data of table 2 and 3 shows us that structural features of forest cover which can't be determine 
by laser scanning alone may be estimated using above results of reg ression analysis. Needed for 
such analysis data on landscape relief may be obtained either f rom GPS work in parallel with laser 
o r  separately, f rom topographic maps. 

Cost estimation 

Only current expenses without needed investments was estimated both for laser scanning and 
traditional methods of inventory for Russian conditions. Cost of laser scanning was estimated us­
ing following parameters: flight height - 300 meters and scanning angle - 20 degrees results in 
scanning strip width 200 meters or scanned area 4000 hectares per hour. One our work of Ml-8 
cost approximately 1000 USD/hour, so current cost of laser scanning may be estimated as 0,25 
USD/hectare. 

T raditional forest inventory have the standard area, which should be inventoried by one person as 
66 hectares/day. Taken into account mean salary 10 USD/day cost of t raditional inventory may be 
estimated as 0, 15 USD/hectare. So, still now t raditional inventory more informative and cheaper. In 
the most p robable future standard a rea will decrease but salary increase and general balance be­
come more favorable for laser scanning as a method of forest inventory. 
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CONCLUSIONS 
Estimation of possibilities to use laser scanning data for forest inventory and subsequent forest 
management shows that some needed for forest management parameters can't be estimated by 
laser scanning method alone. These parameters are species composition, age, site growth class, 
compartments borders within covered by forest land, forest type, regeneration, vitality class, wood 
quality class. So, now laser scanning method needs for support from some other methods of data 
obtaining or data treatment such as photo survey, video survey or preliminary regression analysis. 

As a method of forest survey laser scanning has obvious merits such as 

• High-tech new promising method with good perspectives for the future 

• High precision in determining of height, diameters and density of trees 

• All the data are obtained from very beginning in digital formats 

• Possibility for creating of 3D digital terrain models as an additional result of scanning 

• Possibility for tree level of forest inventory 

Now main fields of application of laser scanning method in forestry may be forest inventory for the 
areas out of intensive forestry and forest industry, monitoring of forest lands, total biomass and 
carbon stock estimations, landscape analysis on the base of 3D terrain map­
ping.ACKNOWLEDGEMENTS 
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ABSTRACT 

Tree height and stocking density are two of the most important parameters for the estimation of 
standing volume in commercial forest plantations. However, field measurements may be labour 
intensive, spatially limited and not very representative if not carefully planned. In contrast, remote 
sensing methods are becoming a cost-effective alternative to field measurements because they 
provide: More rapid and frequent data acquisition, faster processing to deliver information, 
automated processing to deliver information, maps and information delivered at a much greater 
sampling intensity and maps of forest attributes below the stand level. 

This paper will describe the work undertaken in two forest districts in Britain (Kielder Forest in the 
North of England and Aberfoyle, in the West of Scotland). The aim is of this project is the devel­
opment of a method for the estimation of stocking density, standing volume, and the spatial distri­
bution of number of trees and volume for forest planning purposes using a combination of digital 
aerial photography and airborne Lidar. 

Lidar data were flown at an intensity of 4 returns per m2. Digital aerial photography was collected 
at a ground resolution of 20x20 em during the same flight. The flight dates were in September 
2002 and March 2003 in order to avoid the start of the growing season. 

Field work data for the validation of this analysis was undertaken at two scales. At the stand level, 
12 plots of 50x50 metres each were sampled in each district, where stand parameters such as 
number of trees, dbh, dominance, top height, x-y location of each tree and forking, were collected. 
The location of each plot was established using a differential GPS and the location of individual 
trees was achieved using a field laser and transects starting from a well located point. 

Inside each plot, 3 plots of 1 Ox1 0 metres were randomly located, where tree data such as number 
of trees within the plot, the height and dbh of each one, crown diameter (n-s and e-w) and height to 
the first live whorl, were also collected. These small plots provided the data for the validation of 
remote sensing methods at tree level. In particular, crown dimensions and individual tree heights 
provided a good source of information for the validation of the Lidar data. 

Parameters such as actual spacing, basal area, yield class, standing volume and stem volume 
were calculated later using standard procedures. 

Data were analysed at two scales (tree and stand level) using a multi-resolution and object ori­
ented image analysis in eCognition (Definiens, 2003). The automatic location of each tree was 
achieved using a segmentation method that aimed at the discrimination of tree tops based on re­
flectance and shape. The result of this analysis rendered image primitives that where further clas­
sified. This classification followed a rule-based system where Lidar and aerial photography data 
were combined to retrieve stand and trees properties. The method used a fuzzy classifier and 
properties were assigned to the stand and tree classes according to the degree of membership to 
each class. The link between the two working scales followed the hierarchical structure defined in 
an object-oriented analysis technique. This link will determine the applicability of the of current 
growth and yield models as they are normally affected by the level of homogeneity of the stands. 
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ABSTRACT 

During the last decade the protect ion of nature has become a very important aspect for interfer­
ence or structural alterations. It is necessary for all planning, which might have consequences for 
nature or impairments of nature, to get information about the actual state and the variations of 
landscape components. A promising f ield for the extraction of the needed information is the lidar 
(light detection an ranging) remote sensing technology. This technology provides vertical informa­
tion of the land surface, especially of the vegetation. 

In this approach the automatic extraction of information is based on the combined analysis of l idar­
and GIS-data. The remote sensing system used consists of a lidar scanner and a RGB/ N IR digital 
line camera. The laser scanner device is a discrete-return lidar device. It is able to record the f irst 
and last pulse of each foot pr int simultaneously. The main objective of the current project, called 
NATSCAN, is to determine basic variables for forest inventories such as tree species, tree height 
and crown area. These parameters are used to estimate further variables like tree age, stem di­
ameter, hid-proportion, timber volume and tree species distribution. In order to achieve the above 
main objectives three important tasks are the delineation of trees, the determinat ion of the tree 
species and the delineation of stand units. The paper will focus on the automatic delineation of the 
tree crown shapes, the automatic recognition of forest stand units and the calculation of the mean 
tree height of the highest trees in each stand unit and the calculation of the crown cover density in 
each unit. 

1. 1NTRODUCTION 

One great aim of the project NATSCA N is to use lidar remote sensing for the extraction of the ob­
ject heights such as tree heights or generally the height of the vegetation. The height is an impor­
tant variable in the different types of monitoring and inventory systems. It is a basic parameter for 
planning. A further a im is to extract other variables which can be derived from the lidar data. An­
other field of the project deals with the protection of high voltage power supply lines. The conclu­
s ion in this research field is drawn depending on the information which are extracted from the lidar 
data, too. For example power supply l ines have to have a minimum distance to different objects 
such as trees, people, cars, buildings, etc. Therefor the lines have to be checked periodically to 
detect the changes in the area of the supply lines. If varying objects like trees reach a special 
height so that the distance from their top to the lowest line is too short, the trees have to be cut. In 
the past this information was collected manually. 

In Germany forest inventories are derived every ten years. The forest inventory generally consists 
of three parts. The first one is involved with the determination of the current state, that means the 
estimation of tree species and tree species distribution, timber volume, stand inventory, increment, 
etc. The second one is the supervision of the execution of the planning for the last decade. The 
last one provides the planning for the following decade. In the following forest inventory means in 
this article the first part of the three steps. This inventory is an expensive system due to the fact 
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that the information of the current state in particular is measured manually. Furthermore only aerial 
photos are used to delineate the forest stand units. In a further step the analogue datasets have to 
be digitalised. Variables like mean tree height, tree species distribution, cover densities, etc. are 
estimated by field surveys and calculated for each stand unit using statistical methods. 

During the last years the interest has grown to decrease the costs of these inventories by reducing 
the time effort. For these different kinds of inventory systems lidar remote sensing offers great 
possibilities. Many studies have shown this suitability before. But still there is a lack of applications. 
In the project NATSCAN are several approaches for the automatic extraction of the needed infor­
mation researched. Within the project an enhanced demonstrator lidar sensor will be developed by 
TopoSys and tested at Felis. The main advantage of the new system will be a higher spatial reso­
lution and homogenous foot print distribution. 

2. MATERIALS 

2.1 Study areas 

There have been chosen three study areas for the development of the algorithms in the project. 
The study areas should combine as many different characteristics of forest stands as possible. The 
first area is in the Northwest of the city Freiburg/ Breisgau. It is planar at a height of about 250m 
above sea level. The tree species distribution and age class distribution is diversified. Furthermore 
the tree species occur in mixed stands. In contrast to this the second study area is in the South­
east of Freiburg. It is a mountainous area with a height from 500 to 900m above sea level. There 
occurs the typical mountain mixed forest. The tree species distribution is diversified, too. The third 
area has been chosen for the extraction of man made objects and the development of algorithms 
for the inventory system used at power supply lines. It is near by the city Engen/ Lake Constance 
and it is mostly planar or slightly mountainous. 

2.2 Data sets 

In the project different types of data sets are used- laser-, multi-spectral- and GIS-data. The data 
sets are collected and used as described in the following. 

2. 2.1 LASER AND MULTI-SPECTRAL DATA 

The lidar and multi-spectral data used are recorded during spring and summer 2002 by TopoSys 
with their FALCON system. The used laser scanner device is a discrete return lidar system. It re­
cords the first and the last pulse of each laser beam simultaneously. The lidar sensor consists of 
127 fan-formed glass fibre cells at the input and at the output side. Another cell is used for the cali­
bration. The angle between the cells amounts 2mrad. The laser light is sent off with an angle of 
1mrad. This means, that the footprint has a diameter of 1m at a flight height of 1000m. The sensor 
device consists not only of the laser scanner, but contains a digital line scanner. It is able to record 
RGB and N IR data. Each scan line has 682 pixel at a resolution of 0,55m at 1000m survey height. 
The wave length of the channels are 440 - 490nm in channel 1, 500 - 580nm in channel 2, 580 -
660nm in channel 3 and 770 - 890nm in channel 4. 

2. 2. 3 FOGIS 

The abbreviation FOGIS means " Forestal Geographic Information System Baden-Wuerttemberg". 
FOGIS is the digital result of the forest inventory of the government of Baden-Wuerttemberg. For 
each forestry office this inventory is done every decade. The results of the field surveys are drawn 
in maps, which are digitised with a special FOGIS-software based on Arclnfo©. The GIS­
geometries are relayed to a special data base, which contains the information about tree species, 
tree age, tree height, stem diameter, standing volume, etc. The forest inventory is the execution 
control of the last ten years and declares the planning for the following decade. 
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3. METHODS 
3.1 Single tree delineation 

The extract ion of single trees in very dense forest areas is compared to the estimation of man­
made objects an even more d ifficult task as nature is chaotic: no right angles, no plan surfaces, no 
distinct deli m itation between objects ex ist. The delineation of s ingle trees or groups of trees is 
done in a sequential manner. 

So far the procedures developed are based on the rasterised digital surface model (DSM) and the 
digital terrain model (DTM) . For the development the HALCON image processing software has 
been used. It is a developing system mainly used in the area of machine v ision appl ications and 
consists of a huge l ibrary of image processing routines, which can be integrated into own software 
developments based on C, C++ or COM. Additionally it provides the developer w ith a case tool 
called Hdevelop. 

3.1.1 NORMALIZED DIGITAL SURFACE MODEL [NDSM) AND THE SMOOTHING MODEL {SNOSM) 

The first step in the processing chain is the calculation of the normalised digital surface model 
(nDSM) by subtracting the DTM from the DSM. This step should only be used in areas where no 
extreme topography occurs, otherwise the surface, which in fact represents the canopy of the 
trees, is changed and the tree del ineation will produce falsified results. 

Thereafter the forest area is classified into "old growth" and "young growth" regions. As threshold 
conduced t he tree height. Trees which are h igher than 22m, especially broad-leafed trees, have 
quite large height variations in their crown topography. The variat ions can in a later step be used to 
d istinguish between broad-leafed and con iferous trees. In th is basic state, where the interest is 
concentrated on the del ineation of single trees or groups of trees, these variations worsen the de­
s ired results of the delineation processes. 

Figures 1a,b show the DSM and DTM and f igure 1c the calculated nDSM. The n DSM has been 
grouped into two domains "young growth" and "old growth". The "old growth" domain has been 
filtered by a Gaussian f ilter with a large sigma to smooth the rough tree canopies to avoid an "over­
segmentat ion" by the following pouring algorithm. In the "young growth" domain none or only a 
very "mild smooth ing" has been done, otherwise tree crowns would be spur iously merged. After the 
filtering processes the domains have been merged to the smoothed nDSM (snDSM) , see f igure 
2a. 

3. 1. 2 POURING - THE RAINDROP MODEL 

A pouring algorithm is used to estimate both tree tops and corresponding "light crown boundaries" 
in the snDSM. The pouring algorithm is provided by the HALCON software and works s im ilar to a 
watershed algorithm. It assumes the input data describing a "mountain range". Firstly the local 
maxima are calculated. Gray-values, i.e. tree heights, wh ich have larger values than the ir 4-
connective neighbours are marked as maxima. Secondly, starting from these maxima an expan­
sion is done unt il the valley-bottoms are reached, like raindrops running downhill in all possible 
d irections. This part of the algorithm continues as long as the examined points found are smaller or 
equal. Thereby some points of the valley-bottom can belong to several maxima. In a f inal step 
these unsure points are assigned by a un iform expans ion of all affected regions, see figure 2b. 
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Figures 1: 1a) shows the DSM from the test site West of Freiburg (South Germany); 1b) 
shows the DTM and 1c) shows the normalised DSM (nDSM), calculated by subtracting the DTM 
from the DSM. Tree heights can by measured directly in this model. 

Figures 2: 2a) snDSM - Areas with tree heights less than 22m are classified as "young growth" 
and where the heights are greater than 22m are "old growth". The nDSM has been smoothed by 
Gaussian filter with different sigma, depending whether it is "old growth" or young growth". 2b) 
Result of the Pouring algorithm. The green border lines show the created tree regions and the 
small blue ones the pouring maxima regions. The algorithm does not stop at the tree border, but at 
the bottom-valleys, which e. g. can be the real surface or small trees with a more or less flat crown 
standing between two or more large trees. 

3.1. 3 FORM PARAMETERS AND MUTUAL RELA TIONS 

There still exists a lot of mismatched, merged or not recognised trees, e.g. a substantial amount of 
regions which are too small or have shapes which are impossible for being trees. 

To enhance the result the following parameters and relations have been introduced : 

Removal of border trees: Trees lying at the image border are dissected and falsify the calculation. 
Therefore they are extracted and suppressed. 

Minimal area: All regions consisting of equal or less than an choosable "area threshold", depending 
on the tree height are assumed not to be separate trees, but part of an adjacent tree. These re­
gions are merged with that neighbouring tree having the longest "border line" in common. 

Anisometry (Ratio of radius ra and rb): The parameter anisometry describes the ratio of two esti­
mated radii lying perpendicular to each other in the two main directions of the region. For a circle 
this value is 1.0. If this ratio is too large, which means that the region has a very long but narrow 
shape, it is improbable that this region represents a tree. If there is no plateau in the region it is 
merged to the adjacent region with the most similar orientation. Plateaus are calculated in the unf il­
tered 16bit image (DSM) as the highest points in the 4-connectivity or 8-connectivity neighbour­
hood. Otherwise no merging takes place 
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Compactness: The compactness of the extracted tree regions is examined . It is defined as the ra­
tio between the squared circumference and 4*pi*area. A circle has a compactness of 1.0. The 
value becomes smal ler in case that the correspond ing shape d iffers more and more from a circle .  
I t  is assumed that a tree crown has more or less the shape of a circle or el l ipse. Depend ing on the 
shape of single tree the del ineation is improved either by openi ng or closing, two morphological 
operators. Overlapping regions are separated. 

Minimal distance between tree tops (pouring maxima): Final ly, the d istance between tree tops of  
neighbouring regions is examined . In case that the d istance is less than "d istance threshold" aga in  
depending on the tree height the two adjacent regions are merged . The result o f  this process i s  
shown i n  figure 3. 

Figure 3: Merging Algorithm - The regions calculated by the pouring algorithm are changed. The 
blue border lines show the corrected and the red ones the part of the border lines, which have 
been originally calculated by the pouring algorithm. 

Figure 4: Ray-algorithm - 4a,b) show two examples, where the regions created by the pouring 
algorithm are reduced, based on a slope criteria. 4c) shows the final result after the ray algorithm. 
The blue border lines show the new corrected and the red ones the part of the border lines, which 
have been calculated by the merging algorithm. 

3.1.4 RAY-ALGORITHM 

The enhanced tree area can sti l l  conta in parts of the real surface or i nclude sma l l  trees which have 
a more or less flat crown and stand between the large trees. This is caused by the fact, that the 
pouring a lgorithm executes unt i l  a l l  bottom l ines i n  the whole image are found . Therefore the bor­
der l ines do not always represent the border of the trees. This means that several tree crowns are 
estimated too large. Therefore the "ray-search algorithm" is included and it works as fol lowing: 

Choosing approximate tree tops. It is assumed , that the maxima extracted by the pouring a lgo­
rithm represent the tops of the trees. These points are the starting posit ions of the algorithm. 
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Calculation of rays between the maxima and a special amount of border points. 

Along each ray the d ifference in elevation is calculated with in  d istinct arbitrary chooseable 
steps. A d ifference in elevation of -2.0m/0.5m was empirical ly chosen as threshold ,  but can be 
adapted based on the tree height. 

If the calculated elevation is negative and smal ler than the threshold ,  the position on the ray is 
marked as a new border point. Otherwise the original border point ,  wh ich is the end point of 
the examined ray , wi l l  be retained . 

Creation  of the new tree crown by calculating the new border polygon based on retained bor­
der points and the new ones.  

The ray-search algorithm is proceeded for a l l  tree regions. Two test regions and the final result is 
shown in figure 4 .  

Figure 5: The classification of the two main forest groups broad-leafed trees and conifers is based 
on the ratio between "light crown height" to "light crown area". The green bordered regions are 
classified as conifers and the red ones as broad-leafed trees. The blue bordered region is a conifer 
area extracted from FOG IS. 

3.2 Classification of broad-leafed trees and conifers by the ratio "light crown height " ver­
sus "light crown area" 

Up to now just one criterion for the classification of the two main groups of trees - broad- leafed 
trees and conifers has been i nvestigated . It is the ratio "l ight crown height" to " l ight crown area". 
The ratio becomes larger for con ifers than for broad-leafed trees. Unfortunately this is not true for 
young broad-leafed trees as they a lmost have the same shape as con ifers. Therefore the ratio 
should on ly be used in areas,  where young broad-leafed trees do not occur. As the aim is to d istin­
guish between the two groups, a l l  areas with young trees should be excluded from the investiga­
tion concerni ng this criterion .  The fina l  result of a l l  processing steps concern ing tree del ineation 
based only on laser data is presented in figure 5. 
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3.3 Estimation of stand characteristics 

3.3. 1 STAND UNIT DELINEATION 

As mentioned above first of a l l  a n DSM has been calcu lated . After that every pixel value expresses 
the object height and here the tree height respectively. The i mage is fi ltered i n  d ifferent ways for 
the extraction of the d ifferent stand units. This is done under the assumption, that stand units could 
be d ifferentiated by their height characteristics . The d ifferent closeness of the canopy shou l d  lead 
to characteristical criteria ,  which can be used for the segmentation .  Every segmented region is cut 
out to avoid mu ltiple segmentations .  Without that it wou ld  lead to errors or i nterferences. Every 
fol lowing segmentation step is operated at the newly reduced i mage. The easiest step is using the 
origina l  tree height with a segmentation at a threshold at 15m . This is possible due to the fact that 
young forest stands have a homogenous canopy, which is m ostly closed . This is the on ly step us­
i ng a real tree height. All other segmentations are calculated after the use of a special fi l ter. Every 
filter emphasises the accordi ng criteria of the extracted stand un it .  For one step a mean smoothing 
filter is used which is able to smooth in a defined range of gray values. The fi lter mask h as a s ize 
of 15 x 15 pixels. This is usefu l to extract stand u nits that are dominated from broad-leafed trees 
with a height above 25m . Another filter calculates the local deviation .  This is very capable to d etect 
stand u nits with a homogenous texture l i ke young planted con iferous trees. The uniform ly charac­
ter of th is  stand type can be easi ly used for the segmentation . After the extraction of a stan d  un it, 
the del ineated area is cut of the origina l  image. Thus once detected the stand un it doesn't influ­
ence the fol l owing segmentation steps. The figure 6 shows the result of the automatic delineation 
of the stand units. With the used algorithm it is possible to d iv ide the image in the d ifferent stand 
units .  

3.3.2 MEAN STAND HEIGHT 

Depend i ng on the single tree del ineation a mean stand height for each stand  un it is calculated . 
The automatic del ineated crown shapes represent the dom inant trees i n  each stand unit. Their 
heights are used to calculate a mean stand height of the dominant species. The single tree shapes 
are extracted as described above. For every tree crown shape the maximum gray value is re­
corded assum i ng that th is value is the top of the tree. Furthermore the position of every maximum 
value is  extracted , too .  Thus an index of  every stand unit is assigned to  every maximum height 
value, which belongs to the correspond i ng stand un it. Using this index it is possible to calcu late the 
mean height for every stand  un it. Furthermore the values can be visual ised by their position  to ver­
ify, whether they real ly represent the tree tops or not. 

3.3.3 CROWN DENSITY 

The calcu lation of the crown density i n  each stand un it depends on the single tree del ineation, too .  
First the area of  every stand un it and second the area of  every crown shape is calcu lated . Thereaf­
ter the shapes of the crowns and the stand  un its are cl ipped . The crown covered area is set in  ratio 
to the area of the corresponding stand un it. The resu lt is the crown density i n  each stand un it. With 
th is parameter it is possible to draw conclusions to the stand density. 

3.4 Comparison between GIS and automatic delineation 

The FOGIS del ineation is provided using ortho aeria l  images. It is done by visual i nterpretation and 
is proofed by field surveys. However figure 7 shows that the FOGIS data contains errors. The 
courses for these errors are on the one hand errors done by the i nterpreter and on the other hand 
errors d uring the d igita l isation .  The arrows mark two points, where the l ine management is not 
comprehensible. Furthermore figure 7 shows one important aspect. The automatic del ineation 
could be done wel l on ly depend i ng on the height information of forest stands.  It is possible to use 
the screened l idar data to extract stand un it boundaries automatica l ly .  Indeed it has to be said ,  that 
the automatic l i ne management is not as straight as the one of a human i nterpreter. This is caused 
by the fact that the automatic del ineation depends on the boundaries of the tree crowns. This 
means that the older the trees in the stand un it are the more frayed is the l ine management. This is 
i ncreased the greater the used fi lter mask is .  
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Figure 6: Result of the stand unit delineation. 

Figure 7: FOGIS Delineation. The red arrows mark two examples for errors in the line manage­
ment. In comparison to figure 6, it becomes apparent that the algorithm for the automatic stand unit 
extraction works well. (FOG IS data from the government of Baden-Wuerttemberg). 

4. DISCUSSIONS 

A hundred percent correct solution wi l l  never be reachable i n  our opin ion ,  especial ly with an  auto­
matic inventory method . In several cases this is not possible either for an i nterpreter to d etermine 
from top view, whether a scanned object describes a s ingle tree or a part of a tree crown. It  is ob­
vious that i n  such a case a computer detect anyth i ng more. The most significant problem occurs at 
the extraction of the single tree crowns. Especial ly in forest stands that consists main ly of o lder 
broad-leafed trees it is d ifficult to detect the right crown shape. Very often one great tree crown is 
d ivided in  three or four big branches.  Every branch is detected as a single crown and sometimes it 
is not possible for a human to identify the right crown shape. However, compared to the methods 
used for forest inventory , the laser-based methods wi l l  satisfy the requ irements both i n  a faster and 
more economic way, if it is possible that the est imated results are rel iable with in  a defined l im it .  For 
forest i nventories often the old yield tables are used . Many stud ies have shown , that these tables 
are uncertain  to estimate the timber volume. The results of the laser scanner data deviate from the 
forest i nventory inevitably. Therefore a special field survey has been implemented. But the pa­
rameters of this survey sti l l  have to be calculated so that so far no exact reference exists. 
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ABSTRACT 

I n  th is study ,  a i rborne iaser scanner data were used to est imate total a boveground biomass for 
tolera nt hardwood forests composed predominantly of m ature sugar maple (Acer saccharum 
Marsh. ) and yel l ow b i rch (Betula a!leghaniensis Britton) i n  the Turkey Lakes Watershed (47 ° 03' N 
84° 25' W) near Sau lt Ste. Marie ,  Ontario , Canada. G round reference d ata were col lected du ring 
the fi rst two weeks july ,  for 44 circular sample p lots , each 0 . 04 ha  400 m2) i n  area. ALS 
data were on  August 24 , us ing an  Optech Airborne Laser Terra in  M apper 
model 1 225) . I t  is assumed that the vertical d i stribution of l idar  is  related to the vert ical distribut ion 
of fol iage/need le a rea following a simple quantile-quantile relat ionsh ip . Based on th is assumption ,  
so  long as a consistent canopy-based quanti le  est imator is  selected , aboveground b iomass shou ld 
be able to be est imated. F ive models , each based on d ifferent,  yet consistent canopy-based quc:m­
ti le estimators, are tested. Al l  five models were comparable with coefficient of determination  values 
rang i ng from 0.76-0 . 82 and RMSE rang i ng from 1 .59- 1 .80 Mg/ha .  

INTRODUCTION 

For the purpose of updating forest i nventories or expanding forest inventories to include areas for 
which l i ttle or  no i nformation has been previously avai lable, l i ght detection and rang ing (l idar) may 
become the choice remote sensing platform for these samp l ing and mapping tasks . The key ad­
vantage of l idar that distingu ishes it from other remote sensing technolog ies (i .e . ,  optical and radar) 
l ies in its capability to readily provide measures of tree/canopy heights. A rich body of l iterature 
exists i n  the forestry and forest science domains where several a l lometric relationsh ips for trees 
have been explored. The classic example would be the commonly used relationsh ip  between di­
ameter-at-breast height (DBH), measured at 1.3 m aboveground level, and total and component 
tree biomass (Ter-M ikael ian and Korzukhin, 1997). Surrogate variables for DBH have also been 
explored, such as crown size (Wile, 1964), and crown width in combination with tree height (Bon­
nor, 1964). The ability to measure DBH or surrogate variables for DBH from remotely sensed data 
would a l low existing a l lometric relationships to be exploi ted. The opportun i ty also exists for l idar 
remote sensing for forest research to develop new remote sensing-based estimators . 

The purpose of this paper is to present a theory on the relationship between the vertical distribution 
of laser returns and fol iage/needle area, and how canopy-based quanti le estimators could be used 
as an estimator of aboveground biomass. Although this paper on ly reports resu lts for the estima­
tion of aboveground biomass, our approach should be equa l ly appl icable to other biophysical 
properties according to theories from the biolog ica l  scal ing l iterature (Niklas, 1994). 

LIDAR AND FOliAGE/NEEDLE RElATIONSHIP 

Magnussen and Boudewyn (1998) demonstrated for Douglas-fi r that the vertical distribution of la­
ser returns was related to the vertical distribution of needle area according to a simple quanti le­
quanti le relationsh ip .  In other words, if 25% of the l idar returns were found above a canopy height 
x, 25% of the needle area could also be expected to be above that level . We assume with l idar 
remote sensing that this relationship holds for other species. In turn, fol iage/needle mass can be 
derived from fol iage/needle area providing that specific leaf area (SLA) for the tree species is 
known . If we were to assume that SLA did not change downwards through the canopy, we can 
expect l idar to be capable of estimating fol iage/needle biomass . According to some theories from 
biology, such as the pipe-model theory, various characteristics of a tree, such as need le/fol iage 
and total mass, are constrained by the basal diameter of the tree (i .e . ,  DBH). Consequently, a rela-
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t ionsh ip  between need le/fo l iage a n d  total mass exists. Th is relationsh ip can b e  exploited t o  esti­
mate tota l  aboveground b iomass with l idar-based remotely sensed est imators. So long as a con­
s istent canopy-based quant i le est imator is selected across sample p lots , a consistent proportion  of 
fol i age/need le area and mass are measured and thus, tota l aboveground biomass can be esti­
mated based on known a l lometries. The results from using five l i near models to est imate tota l 
aboveground biomass, each based on d ifferent but consistent canopy-based quanti le  est imators ,  
a re presented. 

STUDY AREA 

The study a rea was the Turkey Lakes Watershed (TL\JV) (47 ° 03 '  N 84 ° 25 '  W) located approxi­
mately 60 km north of Sau lt Ste. M arie , Ontario , Canada (F igure 1) near the northern edge of the 
G reat Lakes-St. Lawrence forest region on the Canadian S hield. The o ld-growth hardwood forests 
found in the TL W a re predominant ly com posed of uneven aged mature to overmature sugar map le  
(Acer saccharum Marsh. ) and yel l ow b i rch (Betula a!leghaniensis Britton).  A sustainab le forest har­
vest ing project was i mplemented i n  the TL W i n  1997 to exp lo re the i mpacts of various s i ivicu ltura l  
treatments on the forest ecosystem (Morrison a/., 1999)0 treatm ents were to a tota l  
of 17 h arvest b locks clearcut; (i i )  selection; and ( iv) control (Le . , no 
treatment). 

Turkey Lakes Watershed Study Area 
e 

Figure 1: The geographic location of the Turkey Lakes Watershed study area in Canada. 

GROUND REFERENCE DATA 

Ground reference data were col lected during the first two weeks of Ju ly ,  2000. Thirty-six circu lar 
sample plots , each 0.04 hectare (ha) (or 400 m2) i n  area , were randomly d istributed across the 
harvest blocks. Another eight sample plots were established just s l ightly beyond the boundary of 
the harvest b locks i n  und isturbed forests and can be considered as addit ional contro l t reatment 
plots. The l ocation and type of each sample plot are presented in Figure 2. In addit ion to record i ng 
the species of trees with a DBH greater than 9 em, DBH and tree height were measured on each 
plot using a d iameter tape and vertex hypsometer, respectively. A threshold DBH of 9 em was se­
lected as per Canada's National Forest Inventory sampl ing protocol for 0.04 ha plots (Gi l l is ,  2001 ). 
Site-specific biomass equations (Morrison , 2002) were used to derive estimates of total above­
ground biomass for the sample plots. Summary statistics for the sample plots are summarized i n  
Table 1 .  
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Sample Plots 
Harvest Blocks 
IH ; J clearcut 
-control 
�selection 
- shelterwood 

Figure 2: The spatial distribution of the 44 sample plots over the TL W harvest blocks. 

Table 1: Summary statistics of 44 sample plots in the harvest blocks of the TLW 

Variable Mean Median Minimum Maximum 
Diameter (em; 1.3 m aboveground) 22.7 18.6 9 81.6 
Maximum height (m) 17.8 17.5 7.6 32.6 
Biomass (Mg/ha) 138.3 138.8 2.2 306.0 

liDAR DATA 

The TLW was surveyed on August 24, 2000 using an Optech AL TM 1 225 with the survey parame­
ters described in Table 2. The harvest block areas in  the TLW were surveyed by two sets of fl i ght 
l ines i n  different di rection for the purpose of increasing the laser po int density . C lassification of the 
l idar three-dimensional point cloud i nto g round and vegetation returns was carried out by a l idar 
service provider. Over 50 million l idar returns were acqu i red over the 1 000 ha TLW. 

Table 2: Lidar system configuration for survey of the TLW using an Optech AL TM 1225. 

Parameter Value 
Pulse rate 25kHz 
Scanning frequency 15Hz 
Scan range ± 15° 
Collection mode First and last return, and intensity 

Laser wavelength 1047 nm 

Aircraft platform Piper Navajo 

Aircraft altitude 750 m 

Aircraft velocity 60 m/s 

Swath 400 m 

Lateral post spacing 0.6 m 

Forward post spacing 2.0 m 

Footprint size 20 em 

Overlap between flight lines 25% 
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METHODS 

Ground OEM from Laser Data 

I n  order to derive canopy heights , a g round reference level is requi red , which is derived by i nterpo­
lati ng a d i g ita l e levat ion model (DEM) us ing those laser returns that have been classified as 
g round. A D EM for the TLW with a cel l  reso lut ion of 1 . 0 m was derived us ing the inverse d istance 
weighted i nterpolator. G iven the large  number of x,y,z points characteristic of l idar  data , any other 
spatia l  i nterpo lator wou ld  have also been a su itable interpolator (see Lloyd and Atkinson , 2002). A 
comparison of the DEM values with val idat ion d ata col lected a long two transects in  the fie ld  us ing 
trad itiona l  survey ing techniques (n = 47) resu lted in an root-mean-square error (RMSE) of 0 .27 m .  

Laser Canopy Heights 

For each vegetat ion laser return's z-value ,  by subtract ing the OEM z-value correspond ing to its x-y 
coord inates yie lds l aser vegetation  heights. However ,  F igu re 3 ,  a g raph where the laser vegetation  
heights are p lotted aga inst their matching  OEM heights for a rando m ly selected sample p lot ,  

that some laser returns are m isciass ified as and that  the vegetation class 
nrl.,>l'"<::ft"'l"H and canopy l aser retumsc 
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Figure 3: Z-values of vegetation returns plotted against their corresponding OEM z-value with 
matching x-y coordinates. 

As we are assuming that the vertical d istribut ion of laser returns is related to the vert ical d istribu­
tion of fol iage area within the canopy, it is necessary to separate the vegetation returns into a can­
opy class and an understory class (i .e .. , non-canopy returns). We adopt an approach s im i lar to the 
one taken by Magnussen and Boudewyn (1 998), where a segmentat ion a lgorithm us ing expecta­
tion-maxim izat ion (EM) (Dempster et a/., 1 977) was used to statistical ly separate the laser canopy 
return from the other classes, thereby avoid ing the use of a 'hard' threshold (e.g. , fi l ter all laser 
returns less than 5 m). 

The premise of the EM algorithm used here is to i n it ial ize two l inear models with random parameter 
values and then iterate unti l  the parameter values converge. The iteration process consists of two 
steps: an expectation (E) step and a maximization (M) step. During the E-step , for each data point, 
two weights are calculated , with both weights summing to 1 .  The weights are ca lculated using a 
'softmin' function (Eq. 1 and 2) that uses as input the residuals from two l inear models with known 
parameters (Eq. 3 and 4). The model parameters are calculated d uring the M-step using weighted 
least squares (Eq. 5). Data points are assigned to the model with the m in imal residual value. The 
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E- and M-step are iterated unt i l  m odel parameters converge. The resu lts of apply ing a segmenta­
tion a lgorithm using EM to a randomly selected sample p lot are shown in F igure 4. On average ten 
iterat ions were required for the parameter val ues to converge. For each sample p lot ,  l aser canopy 
returns were classified using the above described a lgorithm. 

-r/ (i) I a2 
( .) 

e 
w l = " ? ') I -r2(i)Ja· -r-(i)Ja· 

e ' +e 2 
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Statistical Analysis 

Eq. 1 

Eq. 2  

Eq. 3 

Eq.4 

Eq. 5 

A multip l icative model formu lated as Eq. 6 was selected, which can be translated i nto l i near form 
according to Eq. 7. This type of model has been used successful ly by others to model various for­
est biophysica l  properties (e.g. ,  Mean et a/., 1999; Ncesset, 2002; Lim et a/., in press). The l og 
transformations required i n  Eq. 7 also ensures i n  most cases that regression assumptions are not 
inval idated. Total aboveground biomass is used as the dependent variable, whereas the laser 
height metrics corresponding to given canopy-based quanti les (i .e . ,  o

th
, 25

th
, 501h, 75

th
, and 100

th 

percenti les) are uti l ized as independent variable. Natural log transformations are appl ied to the 
dependent and independent variables. Consequently, a total of five l inear  models were derived. 

g = fJoh/' 

In g = In /]0 + fJIIn hL 

Eq. 6 

Eq. 7 

where g is the forest metric of interest, hL is some laser height corresponding to a given canopy­
based quanti le, and /]0 and /31 are regression coefficients . 

RESULTS 

The least-squares fit for the five models are depicted graph ical ly i n  Figure 5. For the models using 
the 50

th 
and 75

th 
percenti le, one plot, which corresponds to a clearcut plot, fal ls  out and no longer 

fits the general  l inear relation .  Further examination of the ground reference data for the clearcut 
plot reveals that the sample plot consists of only a single tree. Because of the presence of a s ingle 
tree , the majority of laser returns l i kely penetrated through the tree canopy resu lting i n  the 50

th 
per­

centi le and beyond not corresponding to measures of the tree canopy, but instead near ground 
returns .  Consequently, the s ingle clearcut p lot  was removed from the regression for the 50

th 
and 

75
th 

percenti le models (new least-squares fits in red in  Figure 7). The same holds for the 1001h per­
centi le model, where the 1 oa

th 
percenti le for the clearcut sample p lot is, in fact a negative canopy 

height. The negative tree height was derived as a result of the overest imation of the ground in  the 
sample plot and when the natural log of a negative value is taken, an exception to the calcu lation is 
created. Therefore, the clearcut plot was not considered i n  the 100

th 
percenti le model . 
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Figure 5: Least-squares fit for the dh percentile (A), quartile (B), median (C), 3rd quartile (D), and 
tooth percentile (E) models (colour figure). 

The coefficient of determination (�) and RMSE values for the five models tested are summarized 
in Table 3. The� values for the five models are a l l  very simi lar as is the case for the RMSE .  

Table 3: Statistical results o f  the five linear models tested using canopy-based quantile estimators. 

q(LHT) p-va/ue ? RMSE (Mg!ha) n 
0.00 <0.001 0.816 1.67 44 
0.25 <0.001 0.756 1.80 44 

. 
0.50 <0.001 0.772 1.71 43 

. 
0.75 <0.001 0.791 1.67 43 

. 
1.00 <0.001 0.820 1.59 43 

• A clearcut sample plot was excluded from the reQression. 

1 7 1 



Scandlaser 2003 ,  U mea , Sweden 

CONCLUSIONS 

Although the five models were not tested to determ ine if they were statistical ly d ifferent from one 
another, the resu lts provide prel i m i nary support for the concept of canopy-based quanti l e  estima­
tors for aboveground b iomass. A key assumpt ion made was that the vertical d istribut ion of l i dar  
returns was related to  the vertical d istribution of  fol iage/need les for tree species; however, the as­
sumed quant i le-quanti le  relationsh ip requ i res further val idat ion. In add it ion, the TLW forest is  a 
relatively homogeneous forest and how canopy-based quanti le est imators for aboveground  b io­
mass perform i n  more heterogeneous and structura l ly comp lex forests remains u ntested. 

At present, the same approach presented in this paper is being tested with g round reference and 
i idar d ata from Shawnigan Lake, which was the d ata used by Magnussen and Boudewyn ( 1 998). 
The relat ionsh ip between need le area and l idar  was reported on  and therefore the assumption 
made in  th is research with sugar maple is not required with that data. The capability of other l aser 
height metrics for estimation of b iophysical parameters are a lso being  explored (Lim et al., i n  
p ress). 

M any !!dar-related stud ies have been pub lished demonstrat ing the capab i l ity of the techno logy to 
estimate forest p roperties of i nterest to forestry and beyond  (reviewed by Lim et al., 2003). H ow­
ever, attention a lso needs to be p laced on  addressing the questio n  of why various laser heig ht 
metrics themselves are successful estimators. Answers to th is question can on ly  be achieved with 
more research i nto the rel ationship  between the vertical d istribution  of l idar  and forest canopy 
structure. P rovid ing  the relationsh i p  can be understood, the opportunity exists to use l idar-based 
empi rical d i stri bution funct ions to model  aboveground b iomass change through t ime.  
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ABSTRACT 

Helicopter-borne laser scanner d ata with h igh  sampl ing density of d ifferent seasons were com­
pared to i nvestigate the capabi l ity in generating DEM (digital e levation m odel) and canopy stratifi­
cat ion and understory vegetation were extracted from them in a tem perate deci duous forest. The 
laser scanner data were acquired on 24 August 2001 in a fu l l- leaf season and 1 4  Apri l  2002 in a 
leafless season with samp l ing  density of more than 25 points/m2. The OEM for the study p lot was 
generated from the last pu lse data of the leafless season after rem oving noise d ata reflecting from 
b ranches, stems and understory vegetation. The transmittances through  canopy layers and under­
story vegetation of the last pulse data in the leafless season and the ful l- leaf season were calcu­
lated. As a result ,  their transmittances were 20 % and 69 % respectively. These indicate the over­
whelming  advantage of the data in a leafless season to generate OEM in a temperate deciduous 
forest. The three-dimensional structure of canopy stratification and understory vegetation were 
extracted by assuming a series of adjoining spaces with 1 meter wide along a certain direction in 
the study p lot. Whole laser scanner data within each space were projected to a corresponding ver­
tical plane to comprehend the canopy stratification and distribution of understory vegetation. Scat­
tering points on a vertical p lane shows canopy layers , understory vegetation and the ground . From 
a series of vertical p lanes , we cou ld identify the structure of canopy - understory vegetation - to­
pography as wel l  as the gap structure. 

INTRODUCTION 

Observation with remotely sensed data is effective for forest monitoring widely and many methods 
for monitoring and forest inventory have been developed for the last several decades. In spite of its 
advantages , however, there is a l im it to conventional remote sensing for forest inventory because 
of acquisition of two-dimensional information . Lidar (light getection g_nd ranging) remote sensing is 
an expansion from two-dimensional observation to three-dimensional measurement and we expect 
to improve accuracy of estimate on potential of productivity and biomass through acquisit ion of 
data about height. There has been growing interest in the utilization of l idar remote sensing i n  for­
estry. 

The stud ies on appl ication of airborne laser-profi l ing systems to forestry were started in 1 980s 
(Maclean and Krabi l l ,  1 986; Nelson et a!., 1 988). They recognized the powerful potential in those 
days, however, its practical use has been restricted for a long time because of l imitat ions with 
measuring i nstruments and the lack of com puter capacity for calcu lat ing and analysing the huge 
amount of measurement data. Airborne laser scanning systems are now available to extract three­
d imensional  structure of forest stand . Advance of the GPS and the i nertia l measurement unit (IMU) 
has made it possible extract stand parameter such as mean height, mean diameter at breast 
height (DBH), stand volume statistical ly (Nelson ,  1 997; Ncesset, 1 997a; N cesset, 1 997b; Magunus­
sen and Boudewyn ,  1 998; Magunussen et a!. , 1 999; Means et a/., 2000). Recently, stud ies con­
cerning forest lidar remote sensing seem to be d ivided into two streams.  One is about its practical  
use and evaluation of cost-performance in forest inventory (Lefsky et a/., 2001; Ncesset, 2001; 
Ncesset, 2002) and the other is concerning d irect observation of individual trees with high sampling 
density for ecological approaches. As a pu lse repetition frequency has increased rapid ly ,  observa-
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t ion using a laser scann ing system expands stand characteristics to measurement of i nd ivid ua l  
trees (Hyyppa et a!., 2001 ; Persson et a!., 2002; Brandtberg et a!., 2003; H i rata et a!., i n  press). 

Udar remote sensing is very useful for eco log ica l  stud ies because three-dimensional  canopy struc­
ture for eva luating  forest functions can be measured (Lefsky et a!., 2002). The measurement by 
hel icopter-borne laser scann ing system has two advantages compared with a i rp lane-based meas­
urement. One is  the flying altitude and the other is the flying speed. These advantages resu lt i n  
smal ler footprints and shorter d istance between neighbouring footprints. Th is  d istance becomes 
more s ignificant when the canopy structure has com plex stratificat ion (H i rata et a/., 2003). A m ixed 
deciduous forest normal ly  has several l ayers. This study a ims to compare the transmittances of 
laser i n  a fu l l- leaf season and a leafless season for generation of DEM and extract a canopy -u n­
derstory vegetat ion -topography structure i n  a tem perate deciduous forest. 

METHODS 

Study plot 

This study was conducted i n  the 6-ha plot i n  Forest at the southern 
end of Abukuma M ountains, centra l Japan (36°56' N, 1 40°35' E, 61 0 - 650 m above sea level). 
The mean annua l  temperature is 9.0 °C , with the h ighest monthly mean of 20.5 oc i n  August and 
the lowest one of  - 1 .6 oc i n  February. Annua l  precip itat ion is about 1 750 mm,  concentrated i n  Au­
gust and September, and there is l ittle rai nfa l l  in December and January. Maximum snow depth is 
occasiona lly 50 em in  winter, but it usual ly melts away i n  a few days. The forest has been pro­
tected from human i mpact for 80 years or  m ore. There are more than 50 woody species in it, 
dominated by Quercus serrata Murray, Fagus japonica Maxim. , and Fagus crenata Blume. De­
tai led del ineations of the stand structure and dynamics of the commun ity are ava i lab le in M asaki et 
a l.. (1992), Nakashizuka et a! .. (1992), and Abe et at .. (1995). 

All trees with more than Scm DBH in the 6 ha p lot were identified , tagged and mapped. We re­
corded the DBH of a l l  trees. Litter traps have been set up with every 1 0-meters interval in the 1.2 
ha core area within the p lot. For a l l  trees over 5 em DBH in  a half of the core area, tree height  and 
the coordinates of top and base were measured. 

Laser scanner data 

The ALMAPS (Asahi Laser Mapping System), which consists of the ALTM 1225 laser scanning 
system produced by the Optech , Canada ,  the GPS airborne and g round receivers, and the inertia l 
measurement unit (IMU) reporting the helicopter's rol l ,  pitch and heading ,  was used to acquire the 
laser scanner data. The laser scanner transmits the laser pu lse at 1 064 nm (near-infrared) and 
receives the first and last echoes of each pulse. The elapsed time is measured to calculate the 
distance between the scanner and the object. 

The laser scanner data were acquired on 24 August 2001 and 1 4  April 2002. The flight a l titude of 
the helicopter above the ground was about 250 meters and the average of the flight speed was 
approximately 1 4 m/sec. The pu lse repetition frequency was 25 kHz and the scan frequency was 
25 Hz. Maximum scan angle (off nadir) was 12°. The beam d ivergence was 1 . 0 m rad. Overlap of 
scanning between neighbouring fl ight l i nes was about 50 %. Sampling densities of two different 
times were 25.0 points/m2 and 31.9 points/m2 respectively. Therefore , the footprint d iameter was 
approximately 25 em and the d istance between neighbouring footprints was less than 20 em. Both 
first pu lse and last pu lse were acqui red to extract forest canopy and topography in rug ged terra in. 

Data analysis 

Post-processing for the LIOAR data was performed to correct aberration. A OEM with 25 em 
ground resolution for the study plot was generated from the last pu lse data of the leafless season 
after removing noise data reflecting from branches ,  stems and understory vegetation .  M inimum 
value was extracted in every 0.25 m2 and extreme values were removed comparing neigh bouring 
ones. 

We compared transmittances of laser through canopy in a ful l- leaf season and a leafless season to 
evaluate the capabi l ity in generating OEM from last pu lse data of both seasons. Transmittances 
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through of last pu lse d ata in  a fu l l- leaf season and a leafless season were calcu lated using the 
threshold of less than 1 meter above the g round. 

Next, we assumed adjo in i ng spaces with 1 m wide a long a certain  d i rection i n  the stand and whole 
measurement d ata with in  each space were projected to a correspond ing  vertical p lane to recover a 
canopy structure. Scattering points i n  a vertical p lane showed mu lt ip le layers of a forest canopy 
with i n  a correspond ing space. A series of projective p lanes of measurement data for each p lot was 
p repared to verify stratificat ion. 

RESULTS AND DISCUSSION 

After post-processing  for acqui red d ata , 3-D models concern ing forest canopy surface and topog­
raphy were generated from both first and last pu lse d ata (Figu re 1 ). A fine  DEM with 25 em g round 
reso lution was generated from the last pu lse d ata of the leafless season after removing noise data 
(F igu re 2). 

. .. 
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j ..... 
&'tS 
••• 
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Figure 1: 30 models from first and last pulse data Figure 2: The OEM for the study plot 

Figure 3 shows the last pu lse data in the fu l l- leaf season and the leafless season to understand the 
d ifference of transmittance between them . Figure 4 shows the vertical planes where the whole last 
pulse data in the fu l l- leaf season and the leafless season within 1 meter wide were projected . 
Dense scattering points of the right figure (in the leafless season) represent the ground elevation .  
We see from these figure that i t  is  important to consider the time of  data acquisition to  generate 
accurate OEM. 

The transmittances through canopy layers and understory vegetation of last pu lse data in the leaf­
less season and the fu l l- leaf season were calculated in every 1 m2. As a result ,  their mean trans­
mittances were 20 % and 69 % respectively .  We saw that even last pulses were reflected by fo­
l iages in ful l- leaf season in a tem perate deciduous forest. Therefore, measurement points where 
the laser pulses transmit throug h  canopy layers to the ground were found around crowns of trees. 
These indicate the overwhelming advantage of the data in a leafless season to generate DEM in a 
tem perate deciduous forest. 

1 76 



Scandlaser 2003 , U mea , Sweden 

in the full-leaf season in the leafless season 

Figure 3: Comparison of the transmittances from the last pulse data betlNeen the full-leaf season 
and the leafless season 
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Figure 4: Vertical planes where the last pulse data within 1 meter wide were projected 

The three-dimensional structure of canopy stratification and u nderstory vegetation were extracted 
by assuming a series of adjoining spaces with 1 meter wide along a certain direction in the study 
plot. Whole laser scanner data within each space were projected to a corresponding vertical p lane 
to comprehend the canopy stratification and d istribution of understory vegetation (Figure 5). Scat­
tering points on a vertical p lane shows canopy layers, understory vegetation and the ground. From 
a series of vertical planes, we could identify the structure of canopy - understory vegetation - to­
pography as wel l  as the gap structure. We saw from this figure that both first and last pu lse data in 
the fu l l- leaf season were reflected the canopy surface or fol iage,  and on ly a weak pulse was re­
turned from the g round surface. The first and second layers as wel l  as gaps could be interpreted 
and disting uished from the measurement in the fu l l-leaf season ,  but understory vegetation could 
not be identified.  While this may cause us to underestimate stand density and overestimate stand 
heig ht, i t  is nonetheless quite effective for estimating stand volume because smal l  trees occupy 
on ly smal l  part of the stand. On the other hand ,  understory vegetation and topography were very 
clearly identified from the both pulse data in the leafless season. We could understand the "canopy 
- understory vegetation - topography" structure from combination of l idar measurements of two 
different seasons. 
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Stratification of canopy layers , d istribut ion u nderstory and topography is closely associated with 
the dynamics of a forest. This stratification cou ld  be extracted from laser scanner data with hig h  
samp ling density. This analysis indicated that there are several opportunities t o  use helicopter­
borne Ll DAR measurement for ecological studies. As the canopy structure of a mixed deciduous 
forest is particularly compl icated , its measurement requires quite smal l  closely-spaced footprints . 
In addition ,  two measurements, one in summer and one in winter, can provide more are ecological 
information about a deciduous forest. 

Forest conditions,  such as species, forest patch size, topography where they g row, are quite d if­
ferent in each country. Therefore, suitable methodologies for applying l idar remote sensing to for­
estry have to be developed for respective forest cond itions .  
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ABSTRACT 

Forest inventory with traditional field measurements on a large scale is very time-consuming and 
expensive. Therefore, the last time a nation-wide Dutch forest statistics inventory was performed in 
the period1980-1983. Forest stand parameters that were described include dominant tree height, 
diameter at breast height, stem number, basal area, timber volume and forest structure (canopy 
gaps, canopy and shrub layers). These forest stand parameters describe the internal dimen­
sions of a forest stand. 

L IDAR (Light Detecting and Ranging) is an active remote sensing technique that measures the 
height of the terrain. In The Netherlands, U DAR is used for the construction of a nation-wide digital 
elevation model at 5-meter grid-level. In this paper a study is described that investigated the possi­
bilities of UDAR data to update Dutch forest statistics in an effective way . 

For a study area near Wageningen, the Netherlands, aggregated LIDAR parameters at a 5x5-
meter grid were computed for visualisation and quantitative analysis. At forest stand level the data 
were further aggregated for regression analysis with field data. Histograms of tree height at forest 
stand level were computed. 

The results of this study showed the potential of UDAR data to estimate 3D forest stand properties 
for large areas. The result of the regression analysis showed that LIDAR derived parameters were 
highly correlated with 3D forest parameters measured in the field. The aggregated LIDAR Height 
Dominant (LHD) parameter showed a good similarity with the measured dominant tree height 
(Hdom) for the selected homogeneous forest stands. The LHD parameter can be derived from the 
histogram of the forest stand heights. A map composition with an aerial photograph, several grid 
images, the forest stand height histogram and forest stand information is a valuable tool to inter­
pret several LIDAR parameters at forest stand level visually. 

INTRODUCTION 

A forest stand is a parcel with uniform forest parameters. In the Netherlands it is usually even-aged 
with one dominant tree species. Forest parameters describe the actual situation of a forest stand 
(SBB 1988; Koop 1989; Stolp 1994). Dominant tree height, diameter at breast height, stem num­
ber, basal area, timber volume and forest structure (canopy gaps, canopy and shrub layers) are 3D 
forest stand parameters. These 3D forest stand parameters describe the internal dimensions of a 
forest stand. 

3D forest stand parameters are valuable management information for forest owners, forestry policy 
decision-makers, forestry and climate researchers and the timber working industry. These parame­
ters are usually acquired with field measurements at stand level or with sample points. However, 
3D forest parameters change in time and they have to be updataed regularly through monitoring. 
Nation-wide acquisition of 3D forest parameters at forest stand level in The Netherlands has been 
performed 4 times in the past with a standard procedure for data acquisition. Forest Statistics 
1939-1942 (Clement and Kooistra 2003) and Forest Statistics 1980-1983 are available in a geo­
graphic information system (Clement 2001). 

Forest inventory with traditional field measurements on a large scale is time-consuming and ex­
pensive and for that reason the last time a nation-wide Dutch forest statistics inventory has been 
performed was in the period 1980-1983. At a nation-wide scale it can only be done with a sampling 
strategy like in the project "Meetnet Functie Vervulling" (Dirkse and Daamen, 2000, Dirkse et at 
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2001). This project has a larger goal than acquiring traditional forest parameters. The focus is 
monitor function fulfilling for forest and nature. For the selection of sample points a forest map was 
constructed using a land-use map in combination with the topographical map of The Netherlands. 
This forest map is not an update of the Forest Statistics 1980-1983 because of forest definition 
differences. Updating of Forest Statistics 3D forest stand parameters could be a complement to the 
"Meetnet Functie Vervulling" project used for future monitoring. 

Potentially remote sensing is a powerful tool to observe forest stand parameters, especially UDAR 
techniques. With a LIDAR (Light Detection And Ranging) instrument from an aircraft or spacecraft 
a laser pulse is transmitted to an object. After the laser pulse hits an object the time delay of the 
reflection is measured by the sensor. With this time delay we know the distance between object 
and source. The location of the source and the direction and distance to the object are also known. 
Then a calculation can be made of the object location in X, Y and Z direction with a reliability de­
pending on the used instrument and flight height. 

A UDAR footprint is the projection of the laser beam on the ground: a small footprint deals with a 
diameter of 0.2-1 meter, while for a large one it is 10-25 meter (Means, 1999)0 Most commercial 
UDAR sensors are small footprint sensors because these sensors are more suitable for deriving a 
detailed digital terrain model. Large footprint LIDAR is in an experimental phase but with promising 
possibilities for measuring forest biophysical parameters (Lefsky et al., 2002, Drake et al., 2002). 

Since 1995 laser-scanning techniques are operational on a large scale. With LIDAR the instrument 
scans a swath beneath the aircraft and collects many L IDAR hits of the surface. Several grid­
based experiments have been performed to derive forest parameters (Hyyppa et al. , 1999; Means 
1999; Means et a!., 2000, 2001 ;  Naesset 1 997a,b; St-Onge and Renaut 2001 ). These studies 
show that it is potentially possible to derive 30 forest stand parameters with LIDAR measurements, 
but there is no standard methodology available yet. In this study it was investigated how to obtain 
30 forest stand parameters of Dutch pine from LIDAR. 

The research questions of the study were: 

1 .  What is the best way of visualisation of UDAR data of a forest stand (vertical and horizontal 
height distribution) for the interpretation and classification of 30 forest stand parameters and selec­
tion for field work? 

2. What are the relationships between UDAR measurements and 3D forest stand parameters, in 
particular timber volume, for homogeneous Dutch pine forest stands as most common tree species 
in The Netherlands? 

MATERIALS AND METHODS 

The location of the study area is near Wageningen in the Netherlands (figure 1). The study area is 
8 1  km2 in size, of which 36.5 km2 is covered with forest. The forests are located on the higher parts 
(30-75 meter above sea level) of the study area. The higher parts are glacial formed sandy plains 
with steep hills at the southern border. 

The GIS of the latest forest statistics inventory (1980-1983) has been used to select homogeneous 
forest stands in the study area for further analysis and for aggregation of LIDAR data (figure 2). 
Aerial photographs were used to judge the pre-selected forest stands on homogeneity and canopy 
structure. 

Top 10-vector is the base-map with the topography in The Netherlands. This is a map based on 
black-and-white aerial photographs and field survey. For locating the selected forest stands on an 
overview map the 1:250.000 map has been used and for detailed studies the 1 : 10.000 map. 
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Figure 1: Location of the study area 

Figure 2: Left: map of the forest statistics from 1939 drawn on a topographical underground; Right: 
aerial photograph 2001 of same location. Both have on top the forest statistics 1980-1983 poly­
gons in white. 

Figure 3: Digital terrain model of the study area near Wageningen. 

The LIDAR data were specifically acquired to construct a digital terrain model (Heerd 2000). The 
data was delivered in ASCII format with X, Y, Z-values in two different data sets (two different flight 
tracks). The data acquisition period was March and April 2000, with an average of 2400 LIDAR hits 
per ha. Figure 3 shows an example of the digital terrain model. 

Each LIDAR record was assigned to a 5x5 meter and 25x25-meter grid with a unique grid-id. With 
these unique grid-ids and the unique forest id-number new key-attributes were assigned to each 
LIDAR record. With these key-attributes it was possible to generalise the LIDAR data in grid-size 
windows within the forest stands. Each LIDAR data point with key-attributes was allocated to a 
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grid-cell and to a forest stand. With this method grid-cells could be divided between two or more 
forest stands. 

Several computer scripts were developed to derive appropriate aggregated L IDAR parameters at 
forest stand and at 5x5-meter grid level for visualisation and analysis purposes. A suitable grid size 
for aggregation and visualisation on a 1:10.000 scale was a 5x5-meter grid. With a 5x5 meter grid 
details in forest canopy structure and canopy gaps can be recognised as weil as forest roads and 
forest stand boundaries. 

After computing the DTM the distance of each UDAR data point above ground level was computed 
and put in 1-meter height classes. Height histograms at forest stand level were computed. A height 
histogram is comparable with a "signal return waveform" (Drake et al., 2002) and can be described 
as a signal return of a single observation of a large footprint (10-25m) L IDAR trough a forest can­
opy. Therefore, these forest stand height histograms are displayed in the same way as the signal 
return waveform (see figure 4). Forest stand height histograms might deliver similar information as 
signal return waveforms. 

Finally, statistics were determined. The following aggregated L! DAR parameters were 
on forest stand level: 

= L IDAR Height MAX: maximum height per stand 
= UDAR Height Mean: average height per stand 

�t LHX 
e LHM 
e LHW 
• LHC 
e LHD 
• LSC 

= L IDAR Height Weighted, calculated as :Eh212::h (according to Hyyppa et at., 1999) 
= L IDAR Height Crown: average of all hits> 2 meter above ground level 
= UDAR Height Dominant: LHC + 2x standard deviation 
= UDAR Soil Cover: percentage hits< 2 meter above ground level. 
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Figure 4: Forest stand height histogram (left) and signal return waveform (right). 

All forest stands in the study area were judged concerning homogeneity based on aerial photo­
graph interpretation. A map composition with aerial photograph, several grid images, the forest 
stand height histogram and forest stand information was made to interpret the several LIDAR pa­
rameters at forest stand level. Moreover they were used to prepare the field survey. An example is 
presented in figure 5. 

The criteria for selection of homogeneous forest stands were: 

• Area should be at least 1 ha. 

• Clear boundaries of the forest stands on aerial photographs. 

e No large gaps in the canopy present. 

• Only one canopy layer visible on the "forest stand height histogram". 

• Forest stand should be located in a flat area. 

• The stand should look spatially homogeneous on the four grid images. 

For the selected forest stands a field survey was carried out in 2002 to estimate the actual 30 for­
est parameters. Timber volume (V02 in m3 per ha), dominant tree height (HD02 in m), basal area 
(BA02 in m2) and mean diameter at breast height (002 in em) were determined. Once the field 
data were collected and processed, statistical regression analysis with the LIDAR derived parame­
ters at forest stand level has been applied. 
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Forest stand 243 with Dutch Pine 

SPECIES Dutch Pine 
AGE 57 
082 16 
\182 100 
H82 13 
UIX 15.2 
UiW 13.2 21 
UIC 13.2 
UIM 7.6 
UiD 20.1 ·s 
LSC 43 ., 002 23 
V02 350 
H002 21 
BA02 34 
S02 817 

o.o 5.1) to;;I.O - S.C :;oo.o ='S.D 3-'.0 35.0 40.0 45.0 

Figure 5: Forest stand report with several L!DAR derived grid images. 
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RESULTS 

The number of Dutch pine forest stands measured in the field was 24. Linear regression models 
were applied (table 1). 

Table 1: Coefficients of variation (R2) between UDAR derived and measured 30 forest parameters. 
Only significant values, when testing at a significance level of 5%, are shown. 

Forest L IDAR parameters 

3D parameters LHD LHX LHW LHC LHM LSC 

V02 0.57 0.66 0.69 0.57 0.77 0.32 

HD02 0.82 0.84 0.82 0.83 0.62 -

BA02 0.17 0.25 0.28 0.17 0.49 0.65 

UDAR Mean (LHM) parameter the correlation rneasured timber 
volume (V02) (figure 6: R2 of 0.77). LHM describes the whole canopy: low values indicate open or 
low canopy and high values indicate a dense and high canopy. Hyyppa et al. (1999) found for the 
LHW parameter a higher correlation with timber volume than for the LHM parameter. 

The LIDAR Height Dominant (LHD) parameter shows a good similarity with the measured height 
dominant (HD02) for Dutch pine forest stands (figure 7), while the mean height parameter used by 
Naesset (1997a) underestimates the ground truth mean height by 4.1 - 5.5 meter. In literature 
there is no (small footprint) L IDAR derived parameter described yet, which is directly comparable 
with the actual tree height. For large footprint UDAR there is the signal return waveform and the 
first return delivers the tree height within the footprint area (Lefsky et a/., 2002). In this study it is 
shown that small footprint L IDAR can be used also to estimate tree height after statistical aggrega­
tion of L IDAR data. 
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Figure 6: Graphical relationship between timber volume (V02) and LIDAR Height Mean (LHM). 
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Figure 7: Graphical relationship between measured dominant tree height (HD02) and LIDAR 
Height Dominant (LHD). The line shows an almost one to one relationship because LHD is directly 
comparable with measured dominant height. 

Another interesting relationship concerns the LIDAR Soil Cover (LSC) with the basal area (BA02). 
This relationship can be explained because with a thinned forest stand the signal can probe 
deeper into the canopy resulting in more ground hits. LIDAR Soil Cover (LSC) shows the highest 
correlation with basal area (BA02) (R2 of 0.65). Naesset (1997a) used the mean canopy density, 
which is comparable with LSC, in a model to estimate timber volume. Means (2000) used the same 
approach and obtained high values for R2• Means used the natural logarithm of the basal area and 
timber volume but in this study the results did not improve significantly using the natural logarithm. 

Estimating actual tree height for Dutch pine yielded for all LIDAR parameters good results but the 
LHD parameter is more directly related. For timber volume a more sophisticated model could im­
prove the results (Naesset 1997a,b; Means et at., 2000, 2001). Multiple regression however, did 
not yield a significant improvement is this study. 

CONCLUSIONS AND RECOMMENDATIONS 

In this study the potential of LIDAR data to estimate actual 3D forest stand parameters for homo­
geneous Dutch pine forest stands is discussed. The results of the applied regression analysis are 
only valid for similar forest types and not for mixed or heterogeneous forest stands. The results of 
this study indicate the potential of LIDAR data to estimate 3D forest stand properties for large ar­
eas. 

It can be concluded that 

1. The results of the regression analysis show that LIDAR derived parameters were highly corre­
lated with 3D forest parameters. 

2. Forest stand height histograms characterise the internal structure of a forest stand and were in 
agreement with the "signal return waveform". 

3. The LIDAR height dominant (LHD) parameter has promising capabilities to estimate the actual 
(measured) dominant height of a forest stand. 

4. The LIDAR Height Mean (LHM) parameter shows the highest correlation with measured timber 
volume on forest stand level. 

5. Forest stand reports are very useful to obtain a first impression of the actual situation of the 
forest stand. This information is important to plan field survey. 
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Recommendations: 

1. Model improvement to predict timber volume and other forest parameters, especially in the 
case of different tree species and heterogeneous forest stands. 

2. To investigate how 3D forest stand parameters might be obtained for mixed forest stands. 

3. To investigate how to derive L IDAR parameters of forest stands on steep hillsides. 
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ABSTRACT 

Cost-efficient provision of forest information is a centra! issue for the state forest service in Meck­
lenburg-Vorpommern. Standard mensurational attributes, such as tree height, dbh and number of 
stems continue to be important basis information for forest management planning. 

In this paper the use of laser-data to estimate these attributes is tested and analysed, and first ex­
periences are presented, where TopoSys GmbH laser data were used with 5 foot- prints per m2• 

• For mean tree height the "Weise'sche" top height was estimated (= mean height of the 
20% tallest trees in the population/stand). 
Also, individual tree heights were derived. 

• Mean dbh was then modelled as a function of "tree top surface" and tree height. 

Field data are available for the study stand so that the accuracy of the predictions of stand and tree 
attributes could be checked. First experiences of this ongoing research show that the developed 
method allows approximating tree height, number of trees, dbh, and basal area such that they 
compare well to the terrestrially measured data. 

INTRODUCTION 

The state forest service needs precise forest inventory data for answering many forest related 
questions and to make use of it in the forest management. This data used to be terrestrially meas­
ured. Throughout the improvement of laser technology a forest inventory method has been devel­
oped which could give precise information about the forest and its structure. 

During the process of developing this method it has become evident that information about single 
trees is often difficult to derive as ruling trees and dominated trees are hidden by dominant trees. 
And therefore they can hardly be detected. The spatial unit for all the following examinations is the 
single tree stand. 

188 



ScandLaser 2003, Umea, Sweden 

T H E  R ES EARCH AREA 

The examined area is situated in the southeast of Mecklenburg- Vorpommern in the forest district 
of Streiitz. The area is particularly interesting because of the high diversity of tree species and the 
strong growth. For the first examinations a nearly 30 year old stand of larch (Larix decidua) has 
been chosen. The stand parameters were terrestrially measured in the summer of 2002 and in 
February 2003 by means of a total inventory. 

Table 1: Terrestrial data of the research are 

Tree species larch 

Area size 0.914 ha 

DG (quadratic mean diameter) �_I em 
�----�---------�--�--·-·- i 

HG (the height of the tree with the mean basal area) 23.89 m 

so 0.75 

G (basal area) 17.13 m2 

Number of trees 310 

Figure 1: Location of the research area in Mecklenburg- Vorpommem (Germany) 

LASER DATA 

In April 2002 the first research area was scanned by an airborne L IDAR system of the Toposys 
Company. 
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Table 2: Performance parameters of TopoSys If (Lohr and Eibert, 1999; TopoSys 2002). 

Sensor type puis modulated laser radar 

Scanning principle fibre optic line scanner 

Range 1600 m 

Distance resolution 1.95 em 

Scan width 14.3" 

Scan rate 653 Hz 

Laser wavelength 1560 nm 

1 Fie!d of view 

Data recording First and Last Echo, Intensity 

Density of measure-points 5 per m2 

Number of pixel per scan 127 

Swath width (at 1000 m height above ground) 250m 

Resolution of a distance measurement < 0.03 m 

Height accuracy of TopoSys DEMs <0.15 m 

Spectral channels 450 nm - 490 nm Blue 

500 nm - 580 nm Green 

580 nm - 660 nm Red 

770 nm - 890 nm Near Infra-Red 

Last and first pulse raster data with a raster size of 1 x1 m have been provided. From a survey alti­
tude of 1000 m the swath width on ground is about 250 m, the average measurement density is 
four to five measurements per m2• Parallel to this laser data, pictures were taken with a four­
channel line camera. The information content of these images has to be evaluated as not sufficient 
due to the date of data collection in spring time. 

Processing of the data 

The pixel of vegetation which can be found in the DTM (last pulse) ground data were eliminated by 
a filter method which includes minimum-detection, interpolation and thresholds. 

The high points DSM (first pulse) were smoothed by Gaussian filter kernels. The intensity of filter­
ing is determined by the standard deviation and it influences the tree height as well. As the 
smoothing is not dependant on direction, in the resulting image no artefacts can be found (Pinz 
1994). 

( 1) 
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When taking the difference of the filtered DTM and DSM an absolute forest model or tree model is 
created. 

Determination of stand extend with the help of auxiliary data (vector information) 

For the further evaluation it is necessary to choose the stand units on which the evaluation should 
be based. 

Due to the fact that a suitable algorithm is missing the stand borders are extracted from the exist­
ing vector data of the state forest service, so the following evaluation refers to single stands. 

Extraction of inventory parameter 

The knowledge of different forest key variables of the simplifies its management and makes it pos­
sible to describe the forest. Important parameters in this context are the tree height, the dbh, the 
basal area, the number of stems and the tree species. 

Extraction of the tree height 

From the tree model iocal are means simple filter by 
a certain number of neighbouring pixels. After the calculation of many different statistic values (e.g. 
mean value) in the course of the research the following method for the determination of the tree 
height with the help of the mean basal area has proven to be successful. 

Derived from the well known "Weise'sche" top height (Kramer and Ak<;a, 1995) one calculates the 
mean value of the 20% of the highest data from the filtered data. 

Quadratic mean diameter and the basal area of the complete stand 

The dbh of a single tree cannot be derived directly from the tree model because of the crown over­
lapping. 

One way to overcome this restriction is to regard the tree crowns as shapes of mountains. This 
means that the tops of the crowns are represented by the tops of the mountains and the transitions 
to the neighbouring crowns are shown as valleys. The area that is occupied by a "mountain" repre­
sents the crown surface area. Therefore, the correlation between the dbh and the crown surface 
area can be used for the calculation of the dbh. 

kbi = crown radius of the single tree 

di = dbh of the single tree 

bo, bt = regression coefficients 

(2) 

For all the existing tree species in the northern part of Germany the regression coefficients of many 
test stands have been determined in order to create the programme ,BwinPro"(Nagel, 1999, 2001). 
Access to that data was given for the research on hand. 

The crown surface area was segmented by means of a watershed algorithm. To achieve this aim, 
the tree model must be reflected over the crowns, so that the highest point in the original data be­
comes the lowest point after the reflection was done. In this method the borders of the crowns are 
represented as mountain ridges and by calculating the drainage basin they are vectorized. 

The segmented areas can finally be used to calculate the dbh. 

!n the process of segmentation however, there occurs an overestimation of the crown surface area 
and consequently an overestimation of the dbh of the single trees. This problem results from the 
fact that the spatial density of trees often is very high so that no individual crowns could be devel­
oped and often two or three trees form a "single crown". 

In order to minimize this error and to generate the actual dbh distribution, the following calculation 
methods are used. 

From the already calculated dbh of the single trees a theoretical mean dbh (tD8) is calculated. 
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After this a new dbh of the single trees is calculated. The non-linear statistic correlation between 
the dbh and the height of the stand, which can be represented in a height curve, served as the 
basis for the correction and derivation of the dbh. In Germany several standardised height curves 
for the reduction of height measurements required have been developed and those have been 
parameterised for the main tree species. 

For the calculation relevant for the research on hand the standardised height curve according to 
GAFFREY (1988) was used, which includes the height of the tree with the mean basal area, the 
height of the single tree, the quadratic mean diameter and the dbh of the single tree. To get this 
result the formula was solved according to di and the dbh of the single trees were calculated. 

hi = height of single tree 

HG = the height of the tree with the mean basal area 

tOG = theoretical DG 

di = dbh of the single tree 

ao, a1 = regression coefficients 

(3) 

(4) 

The height of the single trees as well as the height of the stand was extracted from the L IDAR 
data. The overestimated tOG is included as a weight for the specific characteristics of  the stand. 
The crown surface area is influenced by the tree species, the handling of the stand, the stand den­
sity etc. These factors are not taken into consideration for the calculation of the crown surface area 
I dbh. From this newly gained data the basal area of the stand is deducted. 

G = 1t *d2 
i 4 I 

(5) 

With the above described method only a part of the stand is represented, however it represents an 
image of the real stand. This gets evident because of a small basal area of 13.69 m2 as opposed to 
the terrestrial basal area of 17.13 m2 and this is underlined in figure 2. Here the dbh distribution of 
the terrestrial total enumeration and the dbh distribution detected by the L IDAR scanner are 
shown. The eloping trees in the maximum area starting at 40 em are caused by crown segments 
which are formed by groups of trees that grow very closely and therefore they are highly overesti­
mated. 
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Figure Description of the dbh distribution of the test stand and the dbh distribution after the sec-

In order to find out the real stem number in a stand the formula for the basal area was employed 

without the constant n: /4_ 

G = I,G. 
l 

G; = basal area of single tree 

G = basal area 

d; = dbh of the single tree 

N =number of trees 

(6) 

During the examinations it became clear that this constant equalizes approximately the amount by 
which the basal area was underestimated in the evaluation. With the aid of an estimated basal 
area, now the number of individual stems in a stand can be estimated by using formula (7). 

N = 40000*G 
1[ * d;2 

(7) 

To conclude from the part of the image of the stand to the actual distribution of stand dbh, one will 
have to correct the frequency distribution of the dbh with the newly determined number of individu­
als. 

35 .-------------------,----------;::-----ct.-.::er=res::;-:tr""ial,-----, 
30 �------·--------Jt----1 

mensuration 
-LIDAR-dbh 

:!1 25 �-----------v------Jmr-----1 - LIDAR-dbh-
b correction 
� 20 �----------���--�==========� 
0 
i 15 �--------������----------� 

.Q 
§ 10 �------��C'ilir----lb;bl-' 
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Figure 3: Description of the dbh distribution of the test stand and the dbh distribution after the sec­
ond derivation and the correction of the stem number 
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As well as for the tree height, the estimation accuracy of dbh, basal area and stem number in a 
stand highly depend on the quality of the used DTM and the standard deviation of the filtering of 
the DSM. 

R ESULTS 

While examining a thirty-year-old larch stand, the height of the tree with the mean basal area, 
which represents an important factor in the context of estimating the quality of a stand, could be 
determined. The height of the tree with the mean basal area (23.89 m) which was gained through a 
terrestrial total inventory could be calculated from the L IDAR data with the following method: ex­
traction of the local maxima and the calculation of the mean values of the 20% of the highest 
points of this extraction. As can be seen from the table 3, the results highly depend on the quality 
of the DTM and the degree of smoothing of the DSM (Gaussian filter kernels). For the evaluation of 
the results the gained accuracy and the amount of errors should be seen in relation to the variation 
of the results the terrestrial height measurements. 

Table 3: Change of the stand height by use of different filter and detection parameters 

Numbers of 
Standard devia- neighbours con- Filtering of the Height of single 

Number of stems 
tion (cr) with filter- sider in detection 
ing of the DSM of the local maxi- vegetation in DTM tree 

mum (hg) N 

no filtering 4 no 23.27 469 

no filtering 4 yes 23.70 438 

0,3 4 no 23.25 456 

0,3 4 yes 23.71 415 

0,4 4 no 23.25 369 

0,4 4 yes 23.79 338 

0,5 4 no 23.01 327 

0,5 4 yes 23.61 292 

0,6 4 no 23.43 247 

0,6 4 yes 22.85 272 

0,6 8 no 21.15 216 

0.6 8 yes 23.09 208 

0.6 24 no 23.70 149 

0.6 24 yes 23.13 153 

0.9 4 no 23.18 197 

0.9 4 yes 22.48 239 

The quadratic mean diameter of a stand could be determined with sufficient accuracy after using 
the segmentation of the crown surface area with the watershed algorithm, and also by means of 
the described second derivation with the simple correlation between the dbh, the crown surface 
area and the standardised height curve. As can be seen in table 4, the difference between the ter­
restrially gained DG and the DG from LIDAR data is smaller than one mm. If the formula (6) is em-
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ployed, the basal area of the stand is 17.44 m2 and varies only a little from the actual basal area 
(terrestrial inventory = 17.13 m2). 

From the corrected basal area the number of stems could be estimated. The estimation showed 
313 trees in the area, which means that it differed by three stems from the actual area (terrestrial 
inventory). 

After having corrected the dbh distribution with the estimated number of stems, the changed dbh 
distribution nearly describes the same shape as the terrestrial one (see figure 3). Minor differences 
in the frequency can be observed in the dbh range between 24 and 27 em and in the maximal fre­
quency. The difference cannot be found in a varying frequency class, but in the number of values 
in the class. The maximal frequency for terrestrial and UDAR data is 23 em and it varies only with 
the number of individuals in the class. 

Not only the stand height but also the dbh, the basal area of the stand and the number of stems 
are strongly influenced by the quality of the initial data. 

Table 4: Comparison of the results of the survey by means of different filter and detection parame­

ters 

Data 05-04-1 05-04 Dabelow 

(filtering of the DSM with (filtering of the DSM with (terrestrial mensuration) 
a = 0.5, detection of the a = 0.5, detection of the 
local maximum with 8 local maximum with 8 
neighbours, filtering of neighbours) 
the vegetation in DTM) 

DG 26,62 em 24,79 em 26,53 em 

Ho 23,62 m 23,10 m 23,89 m 

N 246 255 310 

N (formula) 313 324 

G 13,69 m2 12,15 m2 17,13 m2 

G (estimated) 17,44 m2 15,67 m2 

CONCLUSIONS 

The first results reveal that by using the described method the mean height of the stand, the quad­

ratic mean diameter, the basal area and the number of stems can be determined with the neces­

sary accuracy for the forest inventory. As opposed to works by Nilsson (1994), Nresset (1997), 

Ziegler et a/. (2001 ), the aim of this study was to determine the stand parameters directly. This 

procedure has got the advantage that not all the individuals have to be detected. Furthermore, a 

direct comparison with single trees in the area is not necessary, which would be very difficult as 

the survey of the crown tops is not easy and very time-consuming. 

Another aspect that still has to be critically observed is the use of the constant :n: I 4 for the basal 

area estimation. This constant serves as a correction factor for the underestimation of the number 

of stems, because of the fusion of crowns in very dense stands, and it is dependant on the stand 

density and the respective trees species. This method like any method needs to be verified in fur­

ther test stands and if necessary it has to be modified. 
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ABSTRACT 

Laser scanners of small footprint diameter and high sampling density provide wide possibilities for 
different forestry applications. They offer the possibility to obtain accurate height information on the 
forest canopy. In addition, when applying tree crown segmentation methods, individual single trees 
can be recognised and tree height as well as crown area can be detected. Underestimated tree 
heights are corrected to correspond to the tree heights measured in the field, i.e. an additional 
height calibration model is used. 

The tree crown segmentation method used cannot detect suppressed trees from a height model 
based on laser scanning. Consequently, the shortest trees of the dominant tree layer may not be 
recognised. However, these trees can be predicted by using theoretical distribution functions. In 
this study, two different methods are used to predict small trees. In the first method, the parameter 
prediction method is utilised with the complete Weibull distribution, the parameters of which are 
predicted with separate parameter prediction models; thus, small trees are determined from the 
predicted tree height distribution. In the second method, the two parameter left-truncated Weibull 
distribution is smoothed to the detected tree height distribution. For the calculation of plot volumes, 
individual tree volumes are predicted by using the existing national volume models, which are 
based on the diameter at breast height and total tree height. However, before the volume models 
can be applied, diameters at breast height are needed for all trees. They are calculated from the 
diameter prediction model, the independent variables of which are the tree height and crown area 
or the tree height only. 

INTRODUCTION 

The use of different remote sensing materials in forest inventories has in recent decades become a 
realistic alternative. In Finland, satellite images are used in the multi-source National Inventory as 
auxiliary material (Tomppo 1993), whereas aerial photographs are in operational use in inventories 
by compartments to delineate stands and update changes (e.g. Anttila 2002a). In Norway aerial 
photographs have been used as a main information source in forest inventories (e.g. Ncesset 
1995, 1996). 

The main problem concerning the use of spectral value-based remote sensing methods has been 
that the accuracy of the results has not usually been found to be on a satisfactory level. According 
to Tokola and Heikkila (1997), reliable estimates of stand characteristics can be obtained using 
Landsat TM satellite images for areas larger than 150 ha. However, for single stands or forest es­
tates remote sensing-based estimates have usually been inaccurate. The accuracy is also de­
pendent on the resolution of the images. In recent Finnish studies the prediction accuracy of stand 
volume has varied from 30 to 40 % (Anttila 2002a, Anttila 2002b, Anttila and Lehikoinen 2002, Hy­
vtinen 2002). The methods examined included visual interpretation and single tree pattern recogni­
tion of digital aerial photographs and non-parametric generalisation of stand characteristics based 
on characteristics of both digital aerial photographs and satellite images. 
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One specific problem when utilising spectral values of remote sensing images is the saturation of 
forest reflectance (Nilson and Peterson 1994). After canopy closure the observed spectral values 
do not considerably change although the amount of tree stock increases. Therefore, the results 
are more likely underestimates when obtained for stands that are maturing or at the stage of ma­
turity (see, for example, Ardo 1992, Trotter et al. 1996). 

One solution to the saturation problem is to consider the physical properties which are directly re­
lated to single tree dimensions. In such cases, estimates of tree heights can be produced by using 
several digital aerial photographs and 3-dimensional matching approaches (e.g. Korpela 2000, 
Gong et al. 2002). However, it is more likely that utilise airborne scanning laser (LIDAR) would be 
used. 

Airborne lidars (profiling systems) have been used already in the 1980s to predict stand character­
istics (e.g. Nelson et al. 1988). However, when using scanning sensors of small footprint diameter 
(10 to 30 em) it is possible to get accurate height information on the forest canopy (e.g. Ncesset 
1997a, b, Magnussen and Boudewyn 1998, Magnussen et al. 1999, Means et a. 2000). Numerous 
studies have then indicated that, for example, mean height (e.g. Naesset 1997a, Magnussen and 
Boudewyn 1998) basal-area (e.go Lefsky et aL 1999, Means et ai. 2000, Naesset 2002) and stand 
volume (e.g. Naesset 1997b, Means et al. 2000. St-Onge and Renaud 2001) can be predicted ac­
curately by using laser scanning. 

Magnussen et al. (1999) proposed that if 6-10 laser hits per tree crown are obtained, individual 
trees may be detected; this was first demonstrated by Brandtberg (1999) and Hyyppa and lnkinen 
(1999). For example, in the study by Hyyppa and lnkinen (1999) the number of laser pulses was 
increased to more than 1 0 measurements per one square metre to recognise individual trees. Re­
cently, St-Onge 2000, Gougeon et al. (2001), Hyyppa et al. (2001 a), Lim et al. (2001), Magnussen 
et al. (2001), Persson et al. (2002), Popescu et al. (2002), Holmgren et al. (2003) and McCombs et 
al. (2003), among others, have used laser scanning or a fusion of laser scanning and different mul­
tispectral imageries to detect single trees. After preprocessing the data, single trees can be rec­
ognised by using different tree crown segmentation methods (e.g. Hyyppa et al. 2001a, Persson et 
al. 2002, Popescu et al. (2002, Holmgren et al. 2003). 

In most of the studies on single tree laser scanning tree height is considered. However, it is also 
possible to calculate tree volume by using single tree models. Firstly, tree diameter is predicted by 
using tree height and segmented crown area (e.g. Hyyppa and lnkinen 1999, Persson et al. 2002) 
and, secondly, tree volume is calculated by using standard models, e.g. the functions of 
Laasasenaho (1982) in Finland. The obtained accuracy (RMSE) at the stand level has been 
slightly over 20 % (1 0 % if bias is not included (Hyyppa and lnkinen 1999)) for volume (Persson et 
al. 2002, Holmgren et al. 2003). 

The common problem when using different individual tree recognition methods is that only the 
dominant tree layer is detected. Suppressed trees may not be found and the detection of the 
shortest dominant trees and tree groups is also difficult. This has caused the results to usually be 
underestimates. Even if the laser scanning produces information also under the dominating tree 
layers (e.g. Hyyppa et al. 2000b, Ncesset and 0kland 2002), the current segmentation methods 
cannot utilise it. In the study by Maltamo et al. (2003) a theoretical distribution function was com­
bined with a diameter distribution estimate obtained from video imagery. The segmentation method 
found only large trees whereas small trees were predicted from the Weibull distribution obtained 
with the parameter prediction method. Diameters of large trees were calculated from segmented 
crown areas. The accuracy of estimated stand characteristics was improved considerably, espe­
cially in the case of number of stems. 

This study examines the accuracy of single tree laser scanning used to produce estimates of plot 
volume and number of stems. These estimates are tested by using highly accurate field data and 
large mapped sample plots. The second objective is to combine a theoretical distribution function 
with the tree height distribution obtained with single tree laser scanning. Two well-known parame­
terisations of the Weibull function and two methods for the determination of distribution parame­
ters, respectively, are used to predict heights of small trees: the two parameter Weibull with the 
parameter prediction method and the left-truncated Weibull distribution function with estimation of 
parameters from incomplete laser scanning data. 
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Test site 
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The test site was placed in a state owned forest area of approximately 50 hectares located in Kalk­
kinen, southern Finland, 130 km north of Helsinki. The test site is rather hilly and is situated ap­
proximately 110 m above sea level. The main tree species are Norway spruce (50 % of volume), 
Scots pine (35 %), silver birch and downy birches ( 1 5  %). The tree stock of the area is naturally 
regenerated and there have been no silvicultural operations in most parts of the area during the last 
decades. Therefore, the tree stock can be considered to be in a semi-natural state. The test site has 
been used earlier for accuracy verification of different sources of remote sensing data (Hyyppa et al. 
2000a). The correlation coefficients between remote sensing and field data were lower than in other 
corresponding studies, indicating that the area is difficult for remote sensing-based inventories. 

Field measurements 

During the summer of 2001 ten systematically located rectangular sample were established 
on the test The basic size of a sample was 30 m by m, to get around 100 trees per 
plot, plot sizes of 25 m by 25 m and 30 m by 40 m were also used. Most of the sample plots in­
cluded dense understorey and were dominated by Norway spruce, although, each sample plot 
included more than one tree species. All trees having a diameter at breast height (DBH) of more 
than 5 em were mapped and tree species, DBH, tree height, and height to the living crown were 
registered. Tree volume was calculated by tree species using the volume function of Laasasenaho 
(1982). Altogether 675 trees were measured. For example, volume and median height of the sam­
ple plots varied between 217-533 m3ha·1 and 18-30 m, respectively. 

For the construction of parameter prediction models of height distribution additional sample plot 
material , including 1 0  sample plots of the study material, was used. The additional plots were lo­
cated nearby and measured in the same way as the study material. The total number of the sam­
ple plots was 33 comprising altogether 2700 trees. 

Subsequently, the Global Positioning System (GPS) was used to determine the position of the four 
corners of each of the 1 0 sample plots. The coordinates of the corner points were measured by 
using a Leica SR530 RTK GPS system. RTK is based on the concept of relative GPS where two 
receivers, one at a reference point with known coordinates and one at a new point, simultaneously 
measure signals from the same satellites. Horizontal accuracy of the RTK measurements was veri­
fied to be approximately 0.015 m and vertical accuracy approximately 0.02 m in relatively open 
areas in another study (Bilker and Kaartinen 200 1 ). If the RTK did not succeed in giving the corner 
points due to insufficient coverage of GPS satellites, a tacheometer was used to measure the cor­
ner points. It is expected that the corner points be measured with an accuracy better than 1 0  em. 

Laser scanning 

The laser scanning acquisition was carried out on June 1 5, 2000 using a Toposys-1 laser scanner. 
The performance of the TopoSys- 1 laser is depicted in Table 1 and the information can also be 
found at www.toposys.de. Three DGPS receivers were employed to record the carrying platform 
position: one on the aircraft, and two on the ground (the first as the base station, the second for 
backup). The test site was measured from an altitude of 400 m resulting in a nominal sampling 
density of about 1 0  measurements per one square metre. The survey altitude was selected to pro­
vide the number of pulses needed to resolve individual trees. However, the scanning mechanism 
of the Toposys-1 was not optimal , giving significantly higher pulse density in the flight direction 
than in the across-track direction. Due to the relatively low survey altitude applied, the swath width 
was approximately 1 00 m. First pulse data were applied since previous studies have shown that 
first pulse data can be successfully used for digital elevation model (OEM) generation in a boreal 
forest zone (Hyyppa et al. 2001 a). The advantage of the Toposys-1 is its low scan angle, which is 
at maximum 7 degrees. Due to the overlapping of the nearby strips, the low scan angle provides a 
reasonably small amount of shadows. This results in high accurate OEM and in good geometric 
quality of the image. 
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Preprocessing of laser data 

The data was cal ibrated with the cal ib ration  fl ight from cross-tracks over the Ka lkkinen area . The 
captured data of the fl ights were transformed i nto the F inn ish coord inate system KKJ-3 . The sys­
tematic errors occurring i n  the transformation were corrected by using g round control points of 
summer cottages, road j unctions and the base map .  The height of road junct ions were used to 
cal ibrate the terra in height and the p lan imetric cal i b ration was performed with summer cottage out­
l ines measured with 2-5 em accuracy using RTK G PS and a laser d istometer. 

Table 1. TopoSys-1 laser scanner performance parameters 

Parameter 

Sensor 
Laser pulse frequency 

Scan f requency 
F ie l d  of v iew 

Measurement density 

N u m ber of shots per scan 

Swath width at 80 0 m 

Position accuracy 

Elevation accuracy WGS84 

Laser classification 

Performance(s) 

p ulse-modu lated , TopoSys-1 

83  000 Hz 
630Hz 

± 7 . 1 degrees 

4 . . . 5 per m2 at  800 m 

1 28 para l le l  shots (one of which is the refer­
ence 

200 m 
x, y < 1. 0  m 

z < 0.15 m 
class 1 by EN 60825 (eye-safe) 

The laser scanner survey provided a po int c loud , in which the x, y and z coord inates of the points 
are known. The points of the first pulse data are reflected from the topmost surface, which can be 
terrain, vegetation or buildings. The digital surface model (OSM) was obtained by taking the high­
est value of all laser hits within each pixel (50 em), and then interpolating the value for missing pix­
els. A corresponding approach has been used in the study by Popescu and Wynne (2003). By fur­
ther processing the data and classifying the points to terrain and vegetation points, it was possible 
to produce a digital elevation model (OEM) and a digital tree height model (OTHM). The principle of 
preprocessing of laser data; detection of single trees and calculation of plot volume by using differ­
ent approaches is also presented in Fig 1. 
In  order to generate the digital elevation model, OEM, from laser scanner data, the points that are 
reflected from non-ground objects, such as from trees and buildings, must be classified as non­
ground hits. This was accomplished by a method developed at the Finnish Geodetic Institute (FGI ) 
based on an algorithm of Ruppert et al. (2000). The general idea was to combine the high resolu­
tion digital elevation model, which was created by looking at the minima of all the laser measure­
ments belonging to each pixel, with a low resolution one for identification and removal of non­
ground points. This combination can then be repeated as frequently as it is necessary to generate 
a OEM of the desired resolution. The procedure starts with a coarse resolution. I teratively, the 
resolution is improved until the desired resolution is reached, and a rough ground surface is cre­
ated. This surface is usually lower than the real surface, especially in hilly areas, since a minimum 
value was taken for each OEM grid. Thus, a final refinement is performed to recover the original 
laser scanner data of the ground points by comparing the laser measurements with the corre­
sponding values of the created surface and using them in the final interpolation of OEM. The accu­
racy of the OEM algorithm was tested by Ahokas et al. (2002), and in a hilly, forested environment 
an accuracy of 14 em was obtained. The methods for calculating the OEM on forests is relatively 
mature, and even commercial software exist to perform the task, e.g. TerraScan by Terrasolid Ltd 
(Soininen 1999). It has been shown that the algorithm of the FGI for OEM is comparable in accu­
racy with the TerraScan (Ahokas et al. 2002), which is based on the method by Axelsson (1999). 
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The tree height model (DTHM)  was computed as the d ifference between the d i g ital surface model 
and the d ig ita l  elevation m odel. An example of the fina l  DTH M  is presented i n  F ig. 2. The field 
measurements, rectified to the corresponding coord ination system ,  are a lso p resented. In a h igh 
resolution laser scanner image,  ind ividua l  trees are read i ly identifiable by a h uman interpreter as 
d isp layed i n  F ig. 2. 

I Cloud of laser noints (x. v. z coordinates) 

� 
Digital surface model I 

� 
Digital elevation model I 

� 
Digital tree height model I 

� 
Detection of ilfflrlividua1 tree heitdrts and se£:mentation of cro·wn areas J 

Prediction of the Weibuli pdf with I parameter prediction method 

Heigbts and total number of 
small trees (N,) 

Prediction of diameters at 
breast height ld = f(h)J and 
volumes [v, = f(d,lt)] for small 
trees 

Determination of total plot 
volume [ V = Ev1 + Ev,] and 
number of trees [N = En1 + En,J 

� 
Calibration oftree heights _I 

� 
Total number of large trees (N,) I 

Prediction of diameters at breast 
height [d = f(h, crownarea)] and 
volumes [v1= f(d,lz)] for large trees 

I I 

Determination of total plot 
volume [V = Evl] and number of 

trees [N = En1 + En,J 

Estimation of the left-truncated 
Weibull pdf 

Heights and total number 
of small trees (N,) 

Prediction of diameters at 
breast height [d = f(h)] and 
volumes [v, = f(d,lz)J for 
small trees 

Determination of total plot 
volume [V = Ev1 + Ev,] and 
number of trees [N = En1 +En,] 

Fig. 1 The principle of the preprocessing of laser data, detection of single trees and calculation of 
plot volume using different approaches. 

To get l ocation and crown area of ind iv idual  trees , tree crowns were segmented from the DTHM 
(see a lso F ig. 1 )  using a commercial software Arboreal Forest I nventory Tools of Arbonaut Ltd. , 
wh ich was orig ina l ly  developed for aeria l  photos and vid eo images (Leppanen et a l. 1 999). In the 
software, segmentation of tree crowns consists of filtering, finding local maxima for seed points 
and seeded region growing segmentation (Maltamo et at. 2003). The laser-based algorithm is also 
depicted in Hyyppa et al. (2001 a) and the performance of the segmentation algorithm compared to 
two other algorithms (developed at Joanneum Research in Austria and the University of Freiburg in 
Germany) is depicted in Hyyppa et at. (2001 b) and in the final report of the EC-funded HIGH-SCAN 
project (Hyyppa and Hyyppa 2001). 
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Fig 2. An example of the final DTHM in one sample plot. 
Crosses indicate the locations of trees measured in the field. 

ScandLaser 2003 , Umea, Sweden 

To locate trees, the DTHM was low-pass filtered and searched for local maxima, whose positions 
were considered to be tree locations and seed points for crown segmentation. The estimates of 
laser scanning-based tree heights were then obtained from the unsmoothed DTHM. In the seg­
mentation program, a local maximum was defined to be a pixel whose value is greater than the 
value of any of its eight neighbouring pixels, i.e. the size of the search window was 3 by 3 pixels. 

The sample plots were processed separately to get an optimum result for each one, but in principle 
the method is extremely robust (see Hyyppa and Hyyppa 2001). In the laser inventory part of the 
Forest Inventory Tools of Arbonaut Ltd, you have three parameters: filterPar, describing the 
amount of filtering (the value 2 was selected in this study), area cutoff and seed threshold. The 
adjusting of the parameters is based on the visual checking of the tree detection and crown seg­
mentation result. The amount of filtering affects to the number of local maxima, i.e., it decides in 
how many segments the image is split. The amount of filtering was selected to be as low as possi­
ble but large enough to prevent getting multiple maxima within clear individual crowns. Further­
more, it was expected that each segment would present the area of a single tree crown. The latter 
two parameters indicate the range of tree heights included in the analysis. Selecting the values 3 
and 40 indicates that trees up to 40 m in height, the branches of which are higher than 3 m above 
the ground, are included in the segmentation. 

Calculation of plot volume 

When compared to the corresponding field measurements the result of the laser scanning and tree 
segmentation processes is a tree height which, unfortunately, is an underestimate for two reasons. 
The first reason is that laser pulses hit the topmost part of the tree, which is not the tip of the tree 
stem. The second reason is the time difference of about one growth season in the laser campaign 
and field measurements. Tree heights were corrected using a calibration model by Maltamo et al. 
(forthcoming): 
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hcorrected = 1.871 + 0.963X hlaser • ( 1 ) 

where hcorrected is the est imate for the correct tree height (m) , and h1aser is the tree height (m) ob­

tai ned from the laser scann ing data by using the tree crown segmentation  method .  

To be ab le to uti l i se volume functions,  d iameters at  b reast height were needed for a l l  trees (see 
also F ig 1 ). For the determination  of d iameters at breast height a prediction  m odel was constructed 
using tree height and segmented tree crown area as explanatory variab les. D ue to the spatia l ly 
h ierarchi ca l  correlation  structures (sample p lots , trees) of the study materia l ,  the basic assumption  
of  the O LS est imat ion about noncorrelated residuals d id  not ho ld and a m ixed model l i ng was ap­
p l ied in the estimation of l inear pred iction models (see, e . g . , Searle 1 97 1 ,  Go ldstein 1 996). A l l  l aser 
detected trees , a total of 275, were used in the modell ing" The laser-based trees were matched 
to the trees by overlaying the locations of both on the DTHM and eac h  laser tree 
locat ion v isual ly to the nearest tree or one of the nearest trees . In the l i nking  of the locations ,  laser 
derived he ights cou ld be used to select a match ing tree of s im i lar  height to prevent the l i nking of, 
for example ,  a tal l  tree to an understorey tree . 

Tree volu mes were calcu lated us ing Laasasenaho's ( 1982) m odels for p ine ,  spruce and b i rch . I n­
dependent variables of these m odels are d iameter at breast height and total tree height. Due to a 
lack of tree species classification ,  d ifferent species were weighted by 1 /3 .  

Modelling of the height distribution of small trees 

The estimation of the height distribution of small trees was implemented with two separate meth­
ods. In the first method a complete two-parameter Weibull distribution was applied, whereas the 
second method was based on the application of the left-truncated two-parameter Weibull distribu­
tion. Respective probability density functions for the complete and left-truncated two-parameter 
Weibull distribution are as follows: 

f(x) = 
0 :S: X < oo; b, C > 0 

(2) 

0, x<O 

f(x)= t :::; X < oo; b, C, t > 0 
(3) 

0, x<t 

where x is a random variable ,  i . e .  tree d iameter, b is a scale parameter, and c is a shape parame­
ter. The distribution parameters of both Equations 2 and 3 were obtained by applying an iterative 
Maximum Likelihood (ML) estimation. 

In the first method, the parameters of the distribution were estimated by smoothing it separately to 
entire height distributions of larger field data consisting of 33 sample plots. Parameters of the esti­
mated distributions were regressed using characteristics of the height distribution. Observed 
maximum height and mode class of dominant tree layer of the height distribution were used; both 
the maximum height and mode class of dominant tree layer can be obtained from laser scanning. 
The first method corresponds to the method by Maltamo et al. (2003). Instead of modelling diame-
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ter d istr ibutions ,  th is study model led tree height d istribut ions and the choice of truncation po int was 
not fixed. Parameter pred iction models were est imated using least squares est imators because 
this d ataset d id not conta in  h ierarch ical correlat ion structures; only one pair of b and c parameters 
was obtained for each p lot. 

I n  the app l ication  phase the parameters b and c were pred icted using est imates of maximum 
height and  mode class obtained from laser scann ing .  The  value o f  the  Weibu l l  cumu lative funct ion 
was solved us ing a subjectively chosen height class of truncation po int as a random variab le. Sub­
sequently, the total number of stems per hectare was calculated us ing i nformation about the pro­
portion of short trees and the est imated number of dominant trees o btained from laser scann ing . 
For the calcu lat ion of vol umes of short trees , a separate pred iction  model for d iameter at breast 
height was constructed by us ing a l l  675 measured trees of the study materia l. The on ly  explanatory 
variab le of the model for d iameter at breast height was total tree height. I n  model  app l ications ,  d i­
ameters at breast height were pred i cted for the mean trees of 1-cm height classes o btained from 
predicted he ight d istribut ions, after which stem volumes were calcu lated us ing volume funct ions. 

I n  the second method , the left-truncated Weibu l l  funct ion was used to smooth o ut the samp le  p lot­
wise height d istr ibut ion data obtained from l aser scann ing. This was done separately for the 10 
sample p lots of the study materia l .  F urthermore ,  sample p lotwise values of the trun cation po int 
were chosen subjectively .  The  share of smal l  trees was then calcu lated as i n  t he  first method . I n ­
stead o f  pred icting parameters b and c ,  t he  orig ina l  est imates for t he  parameters were used . Th is 
type of approach has previously been used , for i nstance ,  i n  the study by Zutter et a l. ( 1986) , wh ich 
considered d iameter data truncated at a specific thresho ld leve l .  Truncated d istri but ion functions 
have a lso been used , for example ,  i n  exam in i ng the height d istri butio n  of en l isted so ld iers i n  rela­
t ion to the popu lation  as a whole (Vuori 2002) . The calcu lat ion of plot volume by using tree heights 
of i ndividua l  trees, constructed tree m odels and d istribut ion functio n  approaches to predict smal l  
trees are presented i n  Fig . 1 .  

The criteria used in  the com parison of the accuracy of p redicted stand characteristics were the 
Root Mean Square Error (RMSE} and b ias.  The corresponding relative values were obtained by 
d iv id ing the absolute value by the mean of the true value .  I n  the study by Hyyppa and l n kinen 
(1999) standard e rror (sd) of the estimates were used , i .e .  systematic error was removed from rel i­
ab i l ity figures. Correspond ing figures were also calculated in  this study using the fol lowing formu la: 

(4) 

Although the d ataset used was q uite smal l ,  the rel iab i l ity figures were calcu lated for the com pari­
son of results between this and earl ier stud ies. Furt hermore ,  visual examinations were made. 

RESULTS 

The basic non l inear form of the model for the d iameter at breast height of ta l l  trees is mu lt ip l icative . 
Due to the m u lt ip l icative form of model errors and in  order to l i nearise the re lationship between the 
dependent and independent variab les ,  the basic non l inear model was transformed into a l inear 
form by taking  a natural logarithm .  Therefore it was possib le to implement the est imat ion of m odel  
parameters with l inear reg ression est imators. A mixed model  for d iameter at breast height is as 
fol lows: 

(5) 

where dij i s  the d iameter at breast height (em) of tree j in the sample p lot i, hcorrectediJ is the corrected 

tree he ight (m) detected using laser  scann ing ,  crownareaij is the area of the seg mented tree crown 
(m2) ,  p0 , p1 and p2 are fixed parameters, si is the random sample p lot variab le (s; � N(O,cr;)) and 

eij is the random error term (eiJ � N(O,cr;)). Because the measurements of the orig ina l  fie ld data 
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were restricted to trees with a m in imum d iameter at breast height of 5 em, the model is not va l id  for 
smal ler trees than the selected threshold d iameter. 

As crown areas of short trees , i . e. trees that are obtained with the d istribution-based methods,  a re 
not known,  their  d iameters at breast height cannot be pred icted using Equation 5. A specific model  
for the d iameter at  breast height of smal l  trees is as fo l l ows: 

(6) 

Respective pred iction  models for the parameters b and c of the Weibu l l  d istribution (Eqn 2) are as 
fol l ows: 

(7) 

(8) 

where modei is the mode class of height d istribut ion (m) , hmax is the observed maximum height 
I 

(m) , and ei is the random error term (e; � N(O, cr; )) . Since the i inearisat ion of a cand idate equat ion 

for parameter c, which was mu ltip l icative includ ing an error term , d id  not improve the model fit ,  a 
non l inear Equation  8 with an add itive error term was selected. The least-squares est imates of the 
parameters of Equation  8 were obta ined with an iterative Leven berg-Marq uardt algorithm of S PSS 
software (1999). 

A 

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 
Tree height, m 

II Observed 0 Estimated Ill PPM 

B 

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 
Tree height, m 

111 Observed 0 Estimated Ill Truncated 

Fig. 3 Examples of the height distributions measured in the field (Observed) and detected by laser 
scanning (Estimated) combined with trees obtained from a theoretical distribution function Using 
(A) the parameter prediction method (PPM) and (B) a left-truncated distribution (Truncated).  

Examples of the height d istribut ions obta ined with the parameter pred iction  method and the trun­
cated distribution method are presented in Figs 3a and 3b. The fit between the original height dis­
tribution of field measurements and the estimate of laser scanning, both with and without the pa­
rameter prediction method (Fig. 3a), seems to be quite accurate. In the case of a left-truncated 
distribution the shortest trees cannot be described properly (Fig. 3b). 

The RMSE of the original laser scanning was 25.0 % for plot volume and 74.4 % for number of 
stems, whereas biases were 24.3 and 61.4 %, respectively. When the parameter prediction 
method was used to describe short trees the reliability figures were in the case of RMSE 16.0 and 
49.2 % and in the case of bias 8.2 and 6.3 %, respectively. With the left-truncated distribution ap­
proach the improvement in the accuracy was modest, the RMSE figures being 22.5 and 72.7 % 
and biases 21.6 and 59.2 %, respectively. Finally, the standard error of the volume estimates was 
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5.8 % for the orig ina l  laser scann ing ,  14 .7 % for the parameter pred iction  method and 6.3 % for the 
truncated d istribut ion approach. 

DISCUSSION 

The accuracy pred iction of p lot volume of orig ina l  laser scann ing was a l ready on a satisfactory 
leve l ,  the RMSE being under 30 %. Correspond ing rel iab i l ity f igures for a l aser scann ing-based 
est imate of stand volume in boreal cond it ions have been reported by Persso n  et a!. (2002) and 
Ho lmgren et a l. (2003) , for example. Ho lmgren  et a l. (2003) a lso found that the pred ict ion of vol­
ume was s l ightly more accurate when us ing p lot level models (22 %) than when using tree level 
m odels (26 %). i n  the present study, contrary to the g ood resu lts in  the pred i ct ion of p lot vol ume,  
the RMSE of number of stems was very h ig h ,  being over 70 %. The large d ifference between these 
figu res is d ue to the fact that, according to Vuoki la ( 1980) , in boreal forests 85 % of the volume of 
the tree stock consists of the dominant tree l ayer. The obta ined rel iab i l ity fig u re for p lot volume is 
com parable to the convent iona l  fie ld inventory by compartments. For example ,  in the study  by Ant­
t i la (2002a) the correspond ing figure was 32 °/o, a lthough  considerably more accurate res ults have 
a lso been obtained i n  stud ies on the checking inventories (e.g . P oso 1983, Laasasenaho 
and Paivinen 1986 , Pussinen 1992 , Stah l 1992) .  

T h e  level o f  accuracy i s  a lso dependent on  the fie ld m ateriaL In  th is study the size o f  the materia l  
was very smal l  and the resu lts should be considered reg ional  o r  even local .  I n  add it ion , the area 
has earl ier been found to be heterogeneous in terms of the stand  structure and species composi­
t ion; it is  d ifficu lt to i nterpret by using rem ote sensing methods and even to assess by means of 
stand variables (Hyyppa et a l .  2000a) . This is due to the h igh  amount of tree stock and very dense 
u nderstorey in some of the sample p lots. Such stockings are rare in managed forest where the 
accuracy of lase r  scann ing can be expected to be even  better. 

The standard error of p lot volume of the orig ina l  laser  scanning was very low, being on ly 5.8 %. 
Th is figure is even  smal le r  than in  the study by Hyyppa and l n kinen (1999), where the accuracy 
was a l ready better than 1 0  %. This i ndicates that lase r  scanning has the ab i l ity to produce h ighly 
accurate volume estimates .  H owever, in  both studies stand volume predictions are clear underes­
t imates ,  the bias being over  20 %. Therefore , to be ab le to effective ly uti l i se the lase r  scanning one 
has to solve the prob lem of how to ca l ibrate the estimates. In th is study the so lutio n  was to apply 
theoretica l d istributions to describe sma l l  trees using the approach orig ina l ly  presented by M altamo 
et  a l .  (2003) .  Th is  methodology improved the results by means of  both RMSE and b ias ,  but, corre­
spond ing ly ,  the standard errors increased somewhat. Comparing the app l ication  of this study to 
the ori g ina l  approach of Ma ltamo et a l .  (2003) , the main  difference is that the truncation poi nt can 
now be free ly chosen separately for each stand. 

The approach us ing separate parameter models improved the results considerably, the RMSE of 
p lot vo lume being on ly 16 %. This can be considered to be on the same level as a very accurate 
fie ld inventory by compartments. The RMSE of number of stems also decreased considerably al­
though the stem number characteristics were sti l l  s l ightly u nderestimated. 

When app ly ing the parameter prediction method one has to decide subjectively the truncation point 
for which the proportion of smal l  trees is calcu lated by using a cumu lative d istribution function .  
Usual ly th is  po int is selected just below the shortest detected tree althoug h  th is m ay lead to  unreal­
ist ical ly  h i gh  est imates i n  some situations whe re only very high laser scann ing-based trees are 
found. Another problem with th is method is that the detected tree height d istri but ion and the pre­
d icted d istribution  of smal l  trees may not correspond to each other very wel l in a l l  situations.  Al l  i n  
a l i ,  th is approach needs further methodolog ical development and ,  especia l ly ,  the selection of  the 
truncation po int needs to be studied more (see e . g .  Vuor i  2002) . However, both larger field and 
rem ote sensing data are needed before it is possible to imp lement proper  analyses on the subject. 

The second a lternative to describe smal l  trees was to uti l ise the left-truncated form of the two­
parameter Weibu l l  d istri bution .  Truncated diameter distributions have been p reviously considered 
for i nstance in the study by Zutter et a l .  (1986). The basic princip le of th is  method is that the distri­
bution function is estimated to the tree distribution observed from laser scanning . As in the case of 
the parameter prediction method , one has to choose the truncation point. This value is then used 
as the truncation parameter  in the Weibu l l  d istribution ,  after which smal l  trees are calcu lated by 
using i nformation  on the val ue of the cumu lative funct ion at the truncation point. 
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When apply ing the truncated d istribution function  the improvement in the results was on ly m inor. 
The main reason for th is is the fact that the shape of the height d istribution resu lt ing from the seg­
mentation  p rocess is not truncated . Therefore , the cumu lative proport ion of smal l  trees ca lcu lated 
by the Wei bu l l  d istribut ion was usual ly very sma l l ,  i nd icating that less than 10 % of the trees were 
not detected .  Th is s ituation  is not rea l istic s ince 60 % of the trees were not found with the identifi­
cat ion method of s ing le trees in the study area (Ma ltamo et a l. ,  forthcoming) . I n  the case of the 
parameter pred ict ion method the calcu lated cumulative proport ions of smal l  trees at the truncation  
point were considerab ly larger. 

The methods used in  th is study to describe smal l  trees are only capable of p roducing un imoda l  
d istribut ions.  However, the study material i ncl uded m ixed forests a lso with mu lti- layered canopies. 
Therefore , it is  possib le that, although accurate resu lts were obtai ned in  th is study ,  the descript ion 
of the height structure may not be real ist ic, i . e .  a g iven stand may i nc lude short and tal l  trees 
whereas ta l l  and average trees were produced . For  such mu lt imodal stands a more complex meth­
odology shou ld  be developed . I f  the height d istribut ion is mu lt imoda l ,  then d istr ibution approaches 
which can p roduce these forms could be uti l ised. S uch methods inc lude percent i le-based methods, 

m ixiure d istributions and non-parametric methods (Borders et a l. 1987, Ma!tamo and Kangas 
1998, et al. 2000 , Uu et a i .  2002) .  I n  add it i on ,  it is possib le to  obta in  at least some i nfor­
mation on  the occurrence of lower tree sto reys by ana lysing the profi les of laser scann ing data or  
percent i les of  reflected laser pu lse heights (e . g .  Hyyppa et  a l .  2000b , Ncesset and 0k land 2002) . I t  
should a lso be remembered that the current crown segmentation  method does n ot i nclude recogn i­
t ion of t ree species . If the detected s ingle tree d ata were to i nclude species i nformation  as wel l ,  the 
need for more complex methods in m ixed stands wou ld be m inor. 

S ince the c urrent segmentation  method cannot separate trees growi ng c lose to each other, even if 
they belong to the dominant tree layer, it is  obvious that the amount of detected large trees should 
also be calibrated. For instance, Maltamo et al. (forthcoming) found that only about 80 % of the 
trees of the dominant layer were recognised. Therefore, specific calibration coefficients could be 
estimated for each height class. Subsequently, small trees could be combined to estimates by us­
ing the more advanced methodology described earlier. This approach would be an effective cali­
brator of the obtained tree stock and the original very small standard error of the estimate would 
then remain low. 

When apply ing laser scann ing the saturat ion of forest reflectance is a m inor  p rob lem . The p lot vol­
ume of the most stocked sample plot was about 530 m3ha-1 (measured in the field) and the esti­
mate of laser scanning 440 m3ha-1. When small trees were combined to this estimate the total vol­
ume of the plot was 580 m3ha-1 . When obtaining stand volumes of this magnitude it is more likely 
to have unrealistic estimates in boreal conditions. However, when these figures are compared to 
growth and yield series of managed and unmanaged stands (llvessalo 1920), it can be said that 
they still represent stands with the maximum yield potential. Therefore, when applying the methods 
of this study, the maximum level of possible stand volumes should be set. 
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The main objective of th is study was to develop rel iab le pro cessing and analysis techn iques to 
fac i l itate the use of small-footprint l idar data for estimating tree crown d iameter by measur ing ind i­
vidua l  trees identifiable on  the three-dimensional i idar  surface. I n  add ition ,  the study exp lored the 
importance of the l idar-derived crown d iameter for estimating tree volume and b iomass. The l idar  
data set was acqu i red over deciduous ,  coniferous,  and m ixed stands of varying age classes and 
sett ings typ ical of the southeastern United States. For identify ing ind ividua l  trees,  l idar processing 
techn iques used data fusion with multispectral optical data and local fi l tering with both square and 
circular windows of variab le s ize. The crown d iameter was calcu lated as the average of two values 
measured a long two perpend icu lar d i rections from the locat ion of each tree top, by fitt ing a fourth­
deg ree polynomia l  on both profi les. The l idar-derived tree measurements were used with regres­
sion models and cross-val idation  to estimate p lot level field-measured crown d iameter. L inear re­
gression was also used to compare plot level tree volume and b iomass est imation with and without 
i idar-derived crown d iameter measures from ind ividua l  trees. Results for estimating crown d iameter 
were s imi lar  for both p ines and deciduous trees, with R2 values of 0.62- 0.63 for the dominant trees 
(RMS E  1.36 to 1 .4 1  m) .  L idar measured crown d iameter improved R2 values for volume and b io­
mass estimation by up  to 0.25 for both p ines and deciduous p lots (RMSE improved by up  to 8 
m3/ha for volume and 7 Mg/ha for b iomass). For the pine p lots, average crown d iameter a lone ex­
pla ined 78% of the variance associated with biomass (RMSE 31.28 M g/ha) and 83% of the vari­
ance for volume (RMSE 47.90 m3/ha). 
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The concept of i nd ividua l  tree-based ana lysis of l idar data is sti l l  i n  its early stages. To better i nter­
pret the resu lts from the analysis more attention  m ust be paid to the way forest type i nfluences the 
l idar returns. To be able to a utomate the i nterpretat ion of real-world images, a technique simi lar  to 
b io log ica l  vis ion cou ld  be used. Scale-space theory is a framework for hand l i ng image structures 
(e.g. trees) at m u lt ip le scales that has been developed by the computer vis ion commu nity. Trees of 
d ifferent crown sizes shou ld be d etected at d ifferent scale levels. However, the presence of sub­
crowns that look l i ke i nd ividua l  trees i n  some forest types comp l icates the decis ion process. Possi­
b ly ,  if the forest type can be est imated ind i rectly from the data , the com puter system m ight be 
adapted to the new situation. Here the notion 'forest type' focuses on tree species com position and 
the width of the tree crown s ize d istr ibut ion. To demonstrate the behaviour  of d ifferent forest types 
i n  scale-space we introduce and d iscuss the difference between the optimal  object scale and the 
optimal  image scale. Certain d ifferentia l  geometry concepts can be used to ana lyse the canopy 
surface. We show how different forest types by necessity imply different strategies and i l l ustrate 
our  proposed adaptive analysis strategy with two d ifferent l i dar data sets , both acqu i red with hel i­
copter-borne SAAB TopEye l aser profi l i ng  systems. The first data set was captured over a con ifer­
ous forest i n  southern Sweden 1998, and the second data set was captured d uring the winter 2001 
over a senesced ( leaf-off) deciduous forest in West Vi rg in ia ,  USA. 

INTRODUCTION 

Lidar data are useful for studying various forest properties such as t imber volume,  mean tree 
height and crown coverage (e.g. N il sson, 1996). Most previous stud ies focus on the estimation of a 
local ly averaged forest attribute per stand or sample p lot (e.g. Na:lsset, 2002). The i ncreasing so­
ph istication of l i dars, especia l ly the expected h igher rates of sampl ing frequencies (F lood , 2001) , 
improves the economics of acqu i ring h igh-spatia l  resol ution data. H owever, the techn ica l  develop­
ment is not on ly l im ited to the l idars ,  but is also sign ificant for other a i rborne sensors and satel l ite 
instruments. Consequently, a recent trend in the remote sensing research commun ity has become 
detect ion and analysis of i nd ividual trees using various remotely sensed data , e.g. d ig ital aeria l  
photographs (e.g. P inz et  a l . ,  1 993; Gougeon ,  1995; Pol lock, 1996; Brandtberg and Walter, 1998; 
Hi l l  and Leckie, 1999), l i dar  data (e.g. Hyyppa and l nkinen ,  1999; Brandtberg , 2000; Na:lsset and 
0kland , 2002; Persson et a l. ,  2002; Brandtberg et a l. ,  2003; Warner et a!. , 2003) and h igh spatia l  
resolut ion sate l l ite i magery (e.g. Hu i  et al. ,  2000). 

Several l i dar-stud ies use various image processing approaches where scale-space theory p lays a 
fundamental role in the detection process of visible and mostly overstory ind ividua l  trees (e.g. 
Brandtberg , 1999, 2000; Zieg ler et a l. ,  2000; Brandtberg et al. , 200 1 ;  Schardt et al. , 2002 ; Persson 
et a l. ,  2002; Brandtberg et a l. ,  2003; and ind i rectly Hyyppa et al. , 200 1 ). Scale-space theory is a 
framework for visual operations orig ina l ly developed by the computer vision commun ity. Thus ,  an 
appropriately developed sca le-space method is capable of hand l ing the m ulti-scale nature of the 
image d ata from the forest under study. On the other hand , an inappropriately developed method 
cou ld  resu lt in severe errors in the extracted forest i nformation under certain  cond itions. 
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The entity 'forest type' has numerous  meanings but here we focus on the local (approximately one 
hectare) structural  complex ity , ind i rect ly induced by the tree crown s ize d istri bution and tree spe­
cies composition. For example ,  in  th is study there is a clear d ifference between an even-aged , 
one-species p lantation and an u neven-aged , natura l ly regenerated m ixed-species forest. Different 
forest types, composed by ind ividua l  trees of d ifferent crown size and species composition ,  behave 
d ifferently i n  scale-space. This means that a method developed on one forest type might fa i l  on 
another forest type , especia l ly if the latter one is the more complex and chal leng ing one. 

There is a lso a poss ib i l i ty that a particu lar  method appears as more successful than it is ,  just be­
cause the d iff icu lt forest types were i ntentiona l ly or un intentiona l ly  avoided. Therefore th is study 
draws the attention to the problem of d ifferent forest types and how they behave i n  scale-space 
and how d ifferences between forest types could be d iscovered using various methods. The objec­
tives of th is  study are to compare two s ign ifi cantly d ifferent forest types from two countries (Swe­
den and the U SA) , analyse thei r d ifferent behaviours i n  scale-space , and ind icate which operators 
m ight be useful for forest type and I or species classificat ion. 

MATERIAL 

For th is study two different smal l  foot-pri nt h igh sampl ing density l i dar  data sets were avai lab le ,  
both acqu ired with the TopEye instrument (Saab Survey Systems AB ,  1 997) . The fi rst d ata set 
(denoted A in th is paper) was acqu i red in southern Sweden in 1998 (September 3-4) overmostly 
even-aged homogenous con iferous forest stands and the second  data set (denoted 8) was ac­
qu i red in 200 1  (February 1 )  over a mature senesced ( leaf-off) deciduous forest in West Virg i nia ,  
USA. For th is study a one-hectare study area of  data set A depicts an  even-aged stand with Nor­
way spruce (Picea abies) as the on ly  species and the tree crown size d istribution is narrow. From 
data set B a one-hectare area depicts a m ixed forest type dominated by three canopy species: 
native oaks (Quercus spp; 48%), red maple (Acer rubrum; 16%) and yellow poplar (Liriodendron 
tuliperifera; 1 9%). This area has a relatively broad tree crown size distribution. More details about 
the two test sites and the two data sets can be found in Brandtberg (200 0) and Brandtberg et al. 
(2003), respectively. Fig. 1 shows interpolated lidar data from the two different test sites. The num­
bers of visible trees are about 73 in the left image and about 60-70 in the right image. 

Figure 1: Left image shows interpolated lidar-data of a 50 x 50 m sub-area acquired over a Notway 
spruce stand in southern Sweden (data set A). Right image shows a corresponding image from a 
leaf-off deciduous forest in West Virginia, USA (data set 8). Pixel sizes are 25 em. 

METHODS 

This study is based on scale-space theory and differential geometry concepts in combination. A 
brief overview of the theoretical background is given below. 

Scale-space theory, introduced by Witkin (1983) , is a framework for visual operations developed by 
the computer vision community to handle the multi-scale nature of image data (a tutorial overview 
of scale-space theory is given in Lindeberg (1996)). An inherent property of these image structures 
(e.g. tree crowns) is that they only exist as meaningful entities over certain ranges of spatial 
scales. 
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A m ulti-scale representation of a n  image can be derived by convo lut ion of the image with Gaussian 
kernels of d ifferent variances (scale parameter t = a\ The 20 Gaussian kernel  at scale  level t is  
g iven by Lindeberg ( 1 993a) : 

1 (x2 + y2 ) g(x, y; t) = - exp( ) 2m 2t 

where x and y are the cel l  coord inates of the kernel centred at the ori g i n  (0 ,0). 

( 1 )  

A n  important issue when using scale-space theory is how to select appropriate scale levels for 
further analysis. One way is to make use of a scale-selection tool that is based on  local extrema 
over scales of  d ifferent combinat ions of  normal ised scale i nvariant derivatives ca�=l/tax) (L inde­
berg , 1 993a). At these scales d istinctive structures can be detected and analysed further. I t  can 
be shown that an  ideal Gaussian b lob with characterist ic rad ius  -Ito assumes a max imum of its 
sca le-space signature at a scale ( i .e. ,  at scale to) proportiona l  to the rad ius  of the b lob. The scale­
space s ignature of a blob is g iven by the normal ised Laplacian I fY'2L I = t I Lxx + Lyy I , where Lxx 
and L,ry are the second-order i mage derivatives a long the x- and y-axes, respectively ,  computed at 
the spatiai maximum of the b lob. Th is or  s im i lar  techn iques were used on l idar d ata in Brandtberg 
et a l. (2001 ,  2003} and p robably a lso i n  Schardt et a! . (2002). 

According ly ,  for an  i mage with numerous Gaussian b lobs of the same size there is a s ing le optima l  
scale  level , based on the optima l  object scale described above. Th is  s ing le level w i l l  be call ed the 
opt ima l  image scale. I f  the b lobs have s l ightly d ifferent s izes there is sti l l  such an optima l  scale. 

I n  th is study we also make use of some fundamental  concepts based on differential geometry (see 
Morse (2003) for a brief overview). Differential geometry is geometry using differential calculus, an 
approach that makes it possible to perform useful shape description and analysis of an individual 
tree or groups of trees in a forest. Scale-space approaches using these differential geometry enti­
ties can also be developed. 

The lidar point data are initially interpolated so that the lidar height data are converted to a tradi­
tional digital image. The notation for this 20 image will be L(x,y), where (x, y) are the image coordi­
nates. In this particular case we can think of 'L' as short for Lidar-image, but originally it stands for 
Luminance. The first and second-order image derivates are denoted Lx and Lxx, respectively. To be 
able to perform second-order geometry analysis the Hessian matrix (H)  of second-order image 
derivatives must be defined. The eigenvalues and eigenvectors of H have important geometric 
meanings that will be used here. The first eigenvector is the direction of the greatest curvature and 
the second eigenvector (orthogonal) is thus the direction of the least curvature. The corresponding 
eigenvalues are the amounts of these curvatures. The concepts principal directions and principal 
curvatures are used in this context. The curvatures are denoted K1 and K2 and I K1 I 2:: I K2 1 is thus 
always valid. In this study, the sum of the two principal curvatures is always negative on top of 
smooth convex tree crowns. 

The principal curvatures can be used for various new concepts like Gaussian curvature, mean cur­
vature, Laplacian and deviation from flatness. The Gaussian curvature K is the determinant of H 
and is K = K1K2 . K indicates the local "extra" area a curved surface patch occupies as compared to 
a flat area. The mean curvature M is the average of K1 and K2 and it can also be found by calculat­
ing Laplacian = Lxx + Lyy and dividing the sum by two. Another local surface measure is deviation 
from flatness (closely related to K) and is defined as D = K1K1 + K2K2 . All these quantities are invari­
ant under rotation, i.e. they do not change with arbitrary selection of spatial coordinate system (e.g. 
rotation). Th is latter feature is important because usual ly trees i n  a forest shou ld be analysed i rre­
spective of their spatial and rotational position. 
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Koenderi n k  and van Doorn ( 1992) i ntroduced a shape classification  space, based on the princ ipa l  
curvatures described above, and this space is a Cartesian p lane K 1  x K2 . I n  th is  paper, we wi l l  use 
the polar form [S , C] of this space, which is defined in M orse (2003) as: 

S = arctan(:� J (2) 

(3) 

where S is the shape ang le and C is the square-root of deviat ion from flatness D. Points with the 
same S (but d ifferent C) have the same type of shape accord i ng to th is idea. For instance, when K1 
= K2 the surface is spherical local ly around the po int under study. Because we are analysing con­
vex surfaces on ly ,  the S-val ues wi l l  be normal ised to percentage (%) ,  instead of using rad ians. 
This means that 0% corresponds to an ideal con ic-shaped object and 100% to an ideal parabo l ic­
shaped object. N elson ( 1997) concluded that the canopy shape affects l idar  data and made use of 
several typical crown shape equations for s imu lat ion stud ies. Consequently, here we wi l l  est imate 

<:h�::.n"''"" of smoothed blobs i n  ou r  two /"j !t?•::>ro;ew 

footprint h igh samp l ing  density data sets. 

The princ ipal  curvatures can be normal ised i n  scale-space i n  the same way as the Laplacian ,  as 
described by L indeberg ( 1993a). For instance ,  if the square root of the deviation from flatness (i . e. 
C) needs to be normal ised, then C m ust be mu ltip l ied by the scale parameter t. A particu lar  scale 
where the n orma l ised operator response assumes a m aximum for a b lob7 cou ld be defi ned as the 
optimal  scale for that b lob .  In th is study, we analyse the operator responses at the spatia l  maxima 
of  a l l  b lobs  i n  the sub-image. I n  th is way we can show how d ifferent forest types influence the 
characteristics of the response as a function  of scale .  Furthermore ,  the mean value with in  a sub­
area in  the forest (e . g .  50 x 50 m) cou ld  be defined as the optima l  scale for the forest (a large 
group of  visib le ind ividual  trees) . I n  Brandtberg (2000) , a closely related method was defined to  
find a s ing le  optima l  scale for each sub-image. Another approach is to  analyse the whole convex 
and smooth canopy surface and calcu late a mean value of the operator responses . 

RESULTS 

This section presents the resu lts of the analyses of the sub- images i n  F ig .  1 .  The degree of Gaus­
sian smoothing was selected as equal  steps along the log (t)-axis. F ig . 2 shows the two test- images 
at scale  t=20 (cr=4. 5) .  The processing for F ig . 2 was carried out on an enlarged data set from that 
shown in  F ig .  1 ,  in  order to avoid image edge effects . Both sub- images in  Fig . 1 and 2 ,  respec­
tively , a re on a slope; the left image is on a s lope to the left and the right image is on a slope 
downwards .  The tree heights are a lmost the same with in  each image and the ground is partly visi­
ble as relative dark areas. N ote that laser beams that penetrated the upper canopy surface and 
reached the g round floor were not removed in  this study. 

Figure 2: Left and right images show Gaussian smoothed (t=20) versions of the corresponding 
images in Fig. 1 .  

7 A deta iled mathematical defi n it ion of a bri gh t  o r  da rk blob is  g iven i n  L i ndeberg ( 1 993b) .  
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The numbers of local max ima were counted in the two sub- images and their g raphs as a function 
of  log (t) are shown i n  F ig. 3. For both set A and B the graphs are contin uously decreasing , but for 
set A there is a relatively stable scale interval where not m uch erosion of the objects take place. 
This means that the number of local max ima is l argely unaffected by the smoothing  p rocess and 
thus few scale-space events (e.g. trees are merg i ng with each other) take p lace. 
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Figure 3: Plot of the numbers of local maxima as a function of !og(t) for the two different sub­
images in Fig. 1. Note the relatively stable plateau for data set A at log(t) = 3. 

F ig . 4 shows the mean b lob signatures, com puted at the local maxima ,  that were calcu lated ac­
cord ing to the method described i n  Undeberg (1 993a) . For set A the graph has on ly one reason­
able choice of maximum .  Conversely, for set 8, the g raph is relatively flat causing some ambigu ity 
i n  the i nterpretation .  H owever, there is a weak l ocal maximum on the 8-graph at log (t)=3 .5  . These 
two scales are thus "optimal"  accord ing to th is  o perator. H owever, th is particu lar mean s ignature 
measure tends to overest imate the optima l  image scale,  but it is useful for other purposes (e.g .  
Brandtberg et a l. ,  2003) . The B-g raph  has g reater magn itudes d ue to the h igher image contrast 
caused by the visib le  g round between the trees ,  e . g .  in F ig .  2 .  
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Figure 4: Plot of the mean blob signatures as a function of log(t) for the two sub-images in Fig. 1 .  
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Fig. 5 ,  which resembles F ig. 4,  shows the scale-normal ised mean square root of deviation  from 
flatness as a funct ion of log(t). The same conc lus ions are val id here as for F ig. 4. 
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Figure 5: Plot of the scale-normalised mean square root of deviation from flatness as a function of 
log(t) for the two sub-images in Fig. 1 .  

Fig . 6 shows the  mean shape ang le  for a l l  local maxima with in  each sub-image as a function of 
log (t) . The coniferous b lobs are thus much more symmetrical than the deciduous b lobs at the lower 
scale levels .  When the coniferous trees are merg ing with each other they become more e longated , 
which is expected as long as they merge as two and two. The mergers of the deciduous trees are 
more rando m ,  which results i n  a relatively stab le mean shape angle i n  scale-space. 
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Figure 6: Plot of the normalised shape angle (in [0: 1 00]) as a function of log(t) for the two sub­
images in Fig. 1 .  
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The standard deviation for the scale-normal ised .Yo i n  set A (Fig. 5) is about 70% of the same 
val ue for set B (0 .65 to 0 . 9) at t=20 .  Th is ind icates , as expected , that the forest type in set A is 
much more uniform regard ing the ind ividua l  trees . The standard deviation  for the normal ised shape 
ang le in F ig .  6 is approximately  20 for both sub- images over a l l  scales.  Th is ind icates that the visi­
b le tree surfaces are changing their average shape continuous ly i n  the same d i rect ion under 
Gaussian smooth ing ,  and thus fol lows the g raphs s lavish ly .  

F ig . 7 shows the g raphs for the mean values of the shape ang le d istributions as a function of log(t) 
for the two sub- images in F ig .  1 .  I f  the 50%-level is treated as a de l im iter between con ic and para­
bo l ic-shaped objects it is conc luded that the majority of the Norway spruce trees in F ig .  1 is more 
con i c  than parabo l ic, i rrespective of the selected scale. i nteresting ly ,  the deciduous trees (set B) 
appear to be s l ightly more con ic-shaped ( i .e .  < 50%) rather than spherical or  parabol ic-shaped at 
a l l  scale levels (F ig . 7), which is q u ite the contrary of our  expectat ions .  F ig . 8 shows the resu lt from 
a sim u lat ion study based on three typical crown-shapes (sing le  b lob images ,  radius 32 p ixels) , 
s im i lar  to the i nd ividua l  tree-based equations (as z=f{x, y) )  g iven i n  Nelson { 1 997) . Furthermore ,  a 
Gaussian- l ike b lob g ives a stra ight l i ne at y=55°/o in F ig .  8. The g raphs ind icate how the theoretical 
crown models are affected the Gaussian smoothing  p rocess. 
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Figure 7: Plot of the mean value of the shape angle distribution (S) as a function of log(t) for the 
two sub-images in Fig. 1 .  
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DISCUSSION 

I n  scale-space vision ,  the deciduous forest in th is study is a general ly more randomised-structured 
object as clearly shown in F ig . 3 .  There are no obvious s ing le scale levels where all the trees are 
vis ib le as s ing le blobs and thus there are no i nherent stable scale i ntervals in  this forest type. Typi­
cal ly ,  the deciduous forest causes weak local maxima on some operator responses, if any. Laser 
beams that penetrated the upper canopy surface might be removed (e . g .  Brandtberg , 1 999 ,  2000; 
Persson et al . ,  2002; Brandtberg et at . ,  2003) . H owever, removal or suppression of these beams 
d oes n ot affect the general shapes of the graphs i n  Figs. 3-7 , even if the g raph for data set B in 
F ig . 3 is s ign ificantly reduced in the beg inn ing . The general  shapes of the g raphs are maintained , 
so it is conc luded that the operat ion is redundant, especia l ly when it is combined with scale-space 
(Brandtberg et a l . ,  2003) . However there might be another reason for the removal ,  e .g .  creat ion of 
a manual ly  i nterpretab le i mage. Furthermore ,  the coniferous forest i n  F ig .  1 seems to be more 
opaque than the leaf-off forest. H owever, the B-data have h igher samp l i ng density (h igher spat ia l  
resol ut ion) , which probably affects F ig .  1 and F ig .  3 to some extent. 

!n this paper it was shown that the forest type i nfluences i mportant operator responses d i rectly. 
Com plex forest types (as the B-data) characterised by several species and a wide range of crown 
s izes , behave d ifferently i n  scale-space, making it harder to correctly identify i nd iv idua l  trees . U n­
fortunately , it m ight be tempting  to i ntentional ly choose a simp le forest type and c la im that the new 
method is genera l ly  app l icable .  Therefore, an improved ind iv idua l  tree-based l idar-anaiysis system 
adapted to complex forest types , but app l icable on s impler types, is under development and wi l l  be 
presented e lsewhere .  

CONCLUSIONS 

Forest types i nfluence certai n  operator responses i n  scale-space in  d ifferent ways, so no general ly 
appl icable mag ic  operator was found  here .  S imple forest types have often a s ing le scale level 
where most of the trees appear as s ingle bright blobs, whereas complex forest types have no such 
scale levels .  In the latter forest type , a visible tree might never show up as a s ingle bright b lob at 
any scale. The genera l  canopy shape (i .e .  symmetry and type of shape) can be estimated from the 
smoothed l idar- image,  but the numerical values depend on the degree of Gaussian smooth ing .  
D ifferential geometry operators in  combination with scale-space theory are powerful tools  to ana­
lyse ind ividual  trees in  d i g ital images. 
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ABSTRACT 

Hig h-resol ut ion a i rborne laser scanner data offer the possib ility to d etect, measu re, and classify 
i nd ividua l  trees. Together  with aerial i magery th is data can a lso be used for 30 visual izat ion of for-
est landscapes. An autom at ic method detection, measurements, and species classificatio n  
ind iv idua l  trees is out l ined here. First, i nd iv idual  trees are detected using a canopy model p roduced 
from laser data. Second, crown area and tree height a re derived for each tree. Th i rd ,  classificat ion 
i s  performed based o n  features derived from l aser data for each d etected tree . 

Th is m ethod has been validated on  twelve fie ld p lots (20><50 m2) at the test area Remningstorp in 
southwestern Sweden. The field plots were dominated by Norway spruce (Picea abies L. Karst.) 
and Scots Pine (Pinus Sylvestris L.). in total, 71% of all trees with a stem diameter >0.05 m were 
detected. Since a large portion of the undetected trees had a small diameter, 91% of the total stem 
volume was detected. Height and crown diameter of the detected trees could be estimated with a 
Root Mean Square Error (RMSE) of 0.63 m and 0.61 m respectively. Stem diameter was estimated 
with an RMSE of 3.8 em using laser measured tree height and crown diameter. Thus, most visible 
trees could be detected using laser data and tree height could be measured with the same accu­
racy as conventional field measurements of individual trees. 

For classification of tree species, a classifier was trained with trees on all plots except for the trees 
on the plot that was classified. It was found that spruce could be separated from pine on an indi­
vidual tree level with an overall accuracy of 95%. In ongoing work another classifier is under de­
velopment to separate between pine, spruces and deciduous trees. Work has also been performed 
on combining laser data and aerial imagery to support the classification process. 

Finally, we present some result on 30 visualization of forest. Laser data and aerial imagery are 
used in combination to build 30 models of forest landscapes. 

INTRODUCTION 

Laser scanner data offer the possibility to automatically extract information of single trees such as 
position, size and species. Using laser data a digital canopy model describing the outer contour of 
the tree crowns can be created. The canopy model is used to detect individual trees. Height and 
crown diameter of the detected trees can also be derived from laser data. Using the measured tree 
height and crown diameter, the stem diameter can be estimated and hence also the timber volume. 
Having delineated individual tree crowns, the tree species classification can be performed. The 
classification is based on the shape and structure of the tree crown as measured by the laser to­
gether with intensity data from the returned pulses. 

An automatic method to detect and measure individual trees from laser data has been developed 
and validated at a test area in southwestern Sweden (Persson et al. 2002). Tree species classifica­
tion of Scots pine and Norway spruce has been validated at the same test area (Holmgren & Pers­
son 2003). Because the Swedish forest consist of 42% Norway spruce (Picea Abies L. Karst. ), 
39% Scots pine (Pinus sylvestris L. ), and 19% deciduous trees (Anon 2002), classification into 
these three species classes would be very useful. Therefore further efforts are made to be able to 
classify the tree species into these three classes with high classification accuracy. Aerial images 
are integrated with laser data without any resampling of the image. One way to extract the star­
shaped pattern that is typical for spruce trees from high resolution aerial images is demonstrated. 
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Research is  performed at the Swedish Defence Research Agency (FOI )  and the Swedish Univer­
sity of Agricultural Sciences (SLU) with the com mon aim to develop and validate methods for de­
tection and measurements of ind ividual trees. For several m ilitary applications ,  it is necessary to 
be able to efficiently create three-dimensional models of the environment. Using these models and , 
if available , aerial imagery, detailed and realist ic 3D visualization models of the forest landscape 
can be constructed. There are many potential applicat ions for visualization, e.g. landscape design, 
forest and territory management ,  and m ilitary and civil vehicle driving training. For forestry applica­
t ions, forest variables need to be estimated for planning forestry activities. Areas of special eco­
log ical interest also need to be monitored , for example forest close to rivers or lakes. The possib i l­
ity to detect and measure ind iv idual trees not only allow for detai led assessment of the present 
forest but also for apply ing growth models in order to visualize forest as it is  expected to appear i n  
the future. For example , a system for modelling i nd ividual tree g rowth is being developed with the 
a im to support ecological applications in mult ipurpose forestry plann ing (SOderberg & Nystrom 
2001). The starting  point with th is growth model project is that trees to a large extent d i ctate the 
condit ions for other species. Trees are also man ipulated by forestry treatments therefore regulating 
the eco logical conditions. Data from permanent fie ld  p lots from the Swedish nat iona l  forest i nven-

is  being used for bui l d i ng the growth m odels. 

Current developments, both among system vendors and applied research, show a trend towards a 
comb ination  of laser sca nner data with d igital i mages. High density laser data is  useful for tree 
canopy delineation ,  and for measuring canopy shape and structure. Opt ical data is useful for clas­
sificat ion of tree species by analyz ing the structure of branches i n  the canopy. Another option is to 
integrate high resolution near-infrared i mages for separation of deciduous trees from coni ferous 
trees. The aim of the ongoing work reported in this paper is  to develop and val idate methods for 
detecting, measuring and identifying species of individual trees using laser data and laser data 
combined with aerial images. 

DATA COLLECTION 

The data used in this work are from two different areas in southern Sweden, the Remningstorp 
forest estate (lat. 58°30'N, long. 13°40'E) and a military training area, Kvarn (lat. 58°40'N, long. 
15°20'E). The data acquisition has been performed using the airborne laser scanning system Top­
Eye which operates at a wavelength of 1.06 IJm and with pulse rates up  to 7 kHz. The measure­
ments have an accuracy of 0.1 to 0.3 m (Sterner 1997). The forests of both areas are dominated 
by Norway spruce (Picea abies L. Karst. ), Scots pine (Pinus sylvestris L. ) and birch (Betula spp.). 
At the Remningstorp estate, also field measurements of individual trees have been performed 
which has made it possible to evaluate the methods. 

Remningstorp 

The laser data acquisition was performed the 13th of September 2000. The area is essentially flat 
with a variation in elevation of 120 to 145 m above sea level. Laser measurements were made 
from five parallel flight lines in the north-south direction with a length of 2000-2500 m and a dis­
tance between the flight lines of 200 m. The flight speed was 16 m/s, the scan mirror frequency 
16.67 Hz, and the scan width ±20°. The beam divergence was 1 milliradians and the flight altitude 
130 m above ground giving a footprint diameter of 0.26 m on ground. The distance was 0.44 m 
between the laser-hits on ground within a scan line and 0 . 48 m between scan lines at nadir accord­
ing to the flight specification. 

Field measurements were made on twelve rectangular field plots (50x20 m2) within the estate. Six 
of the plots were dominated (>80%) by Norway spruce and six by Scots pine. Within the plots, the 
position of all trees (2::0.05 m stem diameter at 1.3 m above ground), the stem diameters (1.3 m 
above ground), and the tree species were recorded. For a number of randomly selected sample 
trees (approximately 15 per field plot), the tree height and crown base height were measured using 
an ultra sound distance and angle device. The crown diameter was measured by projecting the 
outermost part of the crown to the ground and then measuring the distance on the ground in one 
direction as described by Jacobsons (1970). 
Kvarn 
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At Kvarn , the laser data acqu isit ion was performed over a 1500x2500 m2 area i n  August 2000 . The 
area was flown i n  two d i rect ions perpend icular to each other resu lt ing in a final point density of 
about 15 points per m2. The flight speed was 20 m/s ,  the scan m i rror frequency 25 Hz, and the 
scan width ±10°. The beam d ivergence was 1 m i ll irad ians and the flight alt itude 130 m above 
ground . High resolution aerial images were also captu red over the area. 

PRE-PROCESSING OF DATA 

The algorithm for detect ion of ind iv idual trees works on gridded data (in th is case 0 .33x0.33 m2) 
and two raster layers are therefore first created . One raster contains the h ighest laser point  w ith in 
each cell (DSMmax) and one contains the lowest value (OSMmin). I n  Figure 1 b ,  DSMmax over an  area 
in Kvarn is shown . A fi rst step when extracting objects is to est imate the ground surface (DTM). 
The ground est imation works on OSMmin and is  based on  theories of active contours (e .g. , Cohen ,  
1991; Cohen and Cohen ,  1993; Kass et  a l. ,  1998). The contou r  can be seen as a net pushed u p­
ward from u nderneath the surface and attached to the laser points (Eimqvist 2002) (Figure 1c) . 
When the ground level surface has been estimated , p ixels above ground are further processed.  
Pixels more than 2 m above the ground level a re classified as vegetat ion ,  bu i ld ings ,  power-lines,  or  
posts by us ing local height variations and the shape of  objects (Figure 1d) .  Also the ground p ixels 
are classified as road or non-road p ixels using the i ntensity of the returned pulses. 

Figure 1: Extraction process. (a) Orthophoto. (b) Gridded height data (DSMmax). (c) Estimated 
ground surface (DTM). (d) Classification, ground (light gray), buildings (darkest gray), vegetation 
(white), power-lines (black), roads (dark gray). (e) Extracted single trees. (f) Tree species classifi­
cation, spruce (black), pine (gray), deciduous (white). 
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The method of  identifying ind ividual trees consists of three main steps: 1)  a d ig ital canopy model 
(DCM) of the trees is  created , 2) the DCM is smoothed with d ifferent scales and three d ifferent 
surfaces are produced and , 3) the appropriate scale in d ifferent parts of the image is determined 
(Persson et al. 2002). 

Since the laser pulses often penetrate the canopy of trees with varying depth , there may be large 
height variations with in  i nd ividual tree crowns making it d ifficult to separate trees from each other. 
In o rder to exclude measurements that result from pulses having penetrated the canopy, the same 
active contour  a lgorithm that is  used to est imate the g round level is applied on  DSMmax, but th is 
t ime from above , i n  order to create the DCM. To remove height variat ions, left after penetrat ion 
removal and caused by branches, smoothing is needed. The degree of smoothing needed so that 
each tree has a s ingle height maximum depends on  the s ize the tree crown. S ince the tree 
size varies with i n  a forest and is not a pnon, d ifferent scales of smooth i ng are used. 
Finally ,  the appropriate scale i n  d ifferent parts of the imag e  i s  determined by fitting a parabol ic sur­
face to the canopy model. Fig u re 1 e shows the est imated crown coverage of the detected trees. 

Measurements 

For each i dentified tree , the tree position, tree height ,  and crown d iameter are measured and stem 
d iameter and timber volume estimated as follow: 

Stem position - the centre of the pixel of a local maximum 
Height- maximum height value above ground within a crown segment 
Crown diameter- calculated using the area of a segment assuming the segments have the shape of a circle 
Stem diameter- predicted using linear regression with height and crown diameter as variables 
Stem volume- calculated using volume functions (Naslund 1947) with the height and stem diameter as inputs 

Classification 

After having d etected single trees ,  the species of each tree can be classified (Holmgren & Persson 
2003). All laser points within each segmented tree crown were grouped together to form the point 
cloud belonging to each tree. The laser points were divided into three groups according to their 
distances to the DCM or ground: ground hits, within crown h its, or DCM surface h its (Figure 2). 

Pine 

1471582 1471586 

Figure 2: Laser points of a pine, spruce, and deciduous tree. 

To separate between species, different variables are derived from the point clouds to capture dif­
ferences in crown shape and structure. The extracted variables are based on proportion of laser 
returns of different types and measurements of height distribution, intensity, and geometry. 

225 



ScandLaser 2003 ,  U mea , Sweden 

Variables w ith a high correlat ion coefficient (lrj 2:: 0 .70) between each other were g ro uped together. 
I n  order to test the d ifference i n  the two tree species g roup means, the student's t-test was per­
formed for all variables and a t-value was calcu lated for each variable .  Eight g roups of variables 
were formed and the variable with the h ighest absolute t-value with in each group was selected to 
be used in the classification. 

The selected variables were: 

Segp 

pveg-

stdevint-

meansurface -

p2-

psurface­

relstdev­

relperc90-

mean of a and b derived from parameters obtained from fitting a parabolic surface, z=d;c-:xo'f +l{y-Jti -+c. to the laser points 

proportion of returns that was located above crown base height 

standard deviation of the intensity of the returned pulses 

mean intensity of the surface returns 

proportion of first returns 

proportion of surface returns 

relative standard deviation of laser heights 

the 901h height percentile divided by estimated tree height 

All variables were derived us ing laser retums l ocated the crown base height. The 
crown height was calculated using 0 .5-m he ight layers. Each layer contain i ng  less than 1% 
the total number of non-ground laser po ints withi n  the segment was set to zero and the others to 
one. A one d imensional median filter (size 9) was then applied on the array of he ight layers to re­
duce the influence of laser points from low vegetat ion and neighbour  trees. The crown base height 
was set as the d istance from g round to the lowest l aser data po int i n  the fi rst one-layer found.  

The class ificat ion was performed using both classical linear and q uadrati c  d iscrim inant functions. 
The trees on one plot were classified using all trees on the other plots as training data. This was 
repeated until all trees on all plots had been classified . 

Linking of laser detected and field measured trees for validation 

Each detected tree in laser data was automatically linked to the corresponding field measured tree. 
For tree crown segments having only one field tree within the segment, the field tree was linked to 
the laser-detected tree. For cases when there were more than one field tree within the segment, 
the field tree that was closest (x, y-distance) to the position of the laser-detected tree was linked to 
the tree . Seg ments without any field tree were judged as false detect ions. Using th is l ink ing proce­
dure that is only based on position could cause small undetected trees to be linked to large trees if 
positioned closer than the correct taller tree. Therefore, linked trees with a height difference of 
more than 1.5 times in height (seven trees) were excluded for the validation of measurements of 
individual trees. 

RESULTS 

The ability to link the trees made it possible to evaluate the results on an individual tree basis. 
Thus, it was possible to study number of detected tree, compare the automatically laser measured 
forest parameters with the manual field measurements, and evaluate the tree species classification 
results (Persson et al. 2002, Holmgren & Persson 2003). 

Detection 

I n  Figure 3a, the estimated and f ield measured tree positions are shown for one of the plots. This 
alg orithm d etected over 70% of the field measured trees, where most undetected tree are small 
(Figure 3b, Table 1). The detection rate for larger trees (stem diameter>0.20 m) is much higher, 90 
%. Since most of the missed trees have a small stem diameter, 91% of the total stem volume is 
detected (Table 1). 
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plot 10 

50m 

60 

20m 

Figure (a) Laser-measured position of treetops (black dots), field-measured stem positions 
(white dots), laser-measured and measured position the same pixel (black circle a 
white dot in it), and undetected field-measured trees (white crosses). Number detected trees 
for different stem diameters. 

Table 1: Number of detected trees and estimated stem volume on the field plots 

Detected trees(%) with a stem diameter Stem volume (m3) 

Plot Detected Detected 
Total using 

;, 5.0 cm >10.0 em >15.0em >20.0 em using laser using field 
data data 

field data 

1 96 96 96 96 46 39 39 
2 49 50 61 69 40 42 55 
3 87 96 96 96 24 25 25 
4 62 93 93 93 28 24 26 
5 67 89 93 93 31 27 29 
6 41 54 70 89 10 12 19 
7 76 78 82 89 45 51 57 
8 n n 78 85 41 43 46 
9 85 85 87 86 58 54 59 

10 85 86 89 98 34 34 37 
11 83 83 85 87 43 59 64 
12 95 95 95 97 51 51 52 

5621795 549/694 531/621 471/522 
Total (71%) (79%) (86%) (90%) 451 (89%) 461 (91%) 508 

<P 

Laser vs. field measurements 

The field measured tree position, tree height, crown diameter, crown base height, stem diameter, 
and stem volume were compared with the laser estimates of these variables. The average posi­
tional difference of the stem positions was 0.51 m where the field measured position was meas­
ured at the center of the stem 1.3 m above ground and the laser measured position was taken as 
the position of the local maximum of the laser data (Figure 4a). Height, crown diameter, and crown 
base height of the detected trees can be estimated with a Root Mean Square Error (RMSE) of 0.63 
m, 0.61 m and 2.82 m, respectively (Figure 4b-d). The correlation coefficient (r) was 0.99, 0.76 and 
0.84, respectively. The crown base height was on average overestimated by 0.75 m. 

The stem diameter can be estimated with a RMSE of 3.8 em corresponding to 10% of the mean 
value (Figure 4e). Also, the stem volume of each sample tree, calculated using the laser estimated 
tree height and stem diameter, was plotted against the stem volume, calculated using the field 
measured tree height and stem diameter (Figure 4f). The RMSE of the volume estimates was 0.21 
m3 corresponding to 22% of the mean value. 
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Figure 4: (a) Laser measured stem position, (b) tree height, (c) crown diameter, (d) crown base 
height, (e) tree height times crown diameter, and (f) stem volume of sample trees plotted against 
field measurements, 135 trees. 

Classification 

The classification was performed for all possible combinations of the eight selected variables. Ta­
ble 2 shows the result for the best combination when using six variables. An overall accuracy of 
95% was achieved. 

Table 2: Classification results for both individual plots and for all 
plots together for the best combination when using six variables 

Linear Quadratic 
Plot classification classification 

(%) (%) 

1 89 85 
2 78 78 
3 93 93 
4 95 95 
5 98 95 
6 100 96 
7 100 100 
8 100 97 
9 92 88 

10 99 99 
11 89 95 
12 95 93 

total 95 94 

VISUALIZATION 

Visualization models usually consist of a ground surface model , a geospecific  orthophoto or a gee­
typical ground texture map draped over the surface model, and a number of individual 30 object 
models placed on top of the ground surface at appropriate positions. The results from the tree 
analysis described previously form a very good input data set for 30 modelling of the forest land­
scape. The DTM can be used directly as ground surface model. The result of the tree species clas­
sification and the measured tree variables can be used to control construction of individual tree 
object models which are placed on the ground surface at the estimated positions. An orthophoto 
mosaic, constructed from aerial images, can be draped over the ground surface. 

There are a number of different types of tree object models that can be used in modelling of the 
forest landscape. They are distinguished by their appearance and level of detail (Figure 5). If there 
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are many trees in a forest, the level of detai l  of each ind iv idual tree will have a h igh impact on the 
complexity of the overall model. Therefore the most suitable tree model for an occasion depends 
on applicati on requ i rements and the performance of the computer hardware for 3D visualization. 

Figura 5: of tree of detail 
of polygons). (a) A "billboard" model where a picture of the tree is placed on a single rectangular 
polygonal surface, (b) a "crosshatch" model where two pictures are placed on two crossed rectan­
gular polygonal surfaces, and (c) a full 3D-model constructed using a large amount of small planar 
polygon surfaces (in this case 138740 polygons). 

Based on the data from the Kvarn area, a number of d ifferent models , d ifferent sub areas , d ifferent 
level of details, etc, have been constructed. In Figure 6, two different views from one model that 
uses billboard models for the trees are illustrated. 

Figure 6: Two views from a model of the Kvarn area. Individual trees are modeled using billboard 
models. 

ONGOING AND FUTHER WORK 

Classification of not only pine and spruce but also deciduous trees will be performed and validated. 
Also, the available aerial images will be combined with laser data to support the classification. 

Extended classification 

At the Kvarn area, a classifier has been trained to separate between pine ,  spruces and deciduous 
trees. No field measurements are yet available for training. I nstead trees of the d ifferent classes 
were selected from the aerial images by visual interpretation for training and validation. The result 
corresponds well with visual interpretation of the images (Figure 1f). Additional field measurements 
have been done in the end of 2002 at Remningstorp test area. The validation dataset now also 
include field plots dominated by deciduous trees. Laser data were also acquired over these addi­
tional field plots. Aerial near-infrared images were co-registered with the laser data. 

Aerial images 
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Work has also been performed on combining laser data with aerial imagery to support the classifi­
cation. The camera position (Xo, Y0, Z0) and orientation (roll, pitch, and heading) of each image can 
be obtained using the GPS- and INS-data from the laser scanning system. 

Producing ortho-photos in forest areas will result in displacements of tree crowns if using the esti­
mated ground surface (DTM) as height model. If instead the Digital Surface Model (DSM) is used, 
the trees will be more correctly positioned but have some distortion due to height variation within 
tree crowns that can not be modeled. Another problem is that the resampling during the ortho­
rectification will change the spatial pattern in the image and therefore make texture analysis more 
uncertain. In order to avoid these problems, each tree segment was mapped to the corresponding 
pixels in the aerial image. The coordinates (X, Y) for each pixel in the segment together with their 
height (Z) were used to find the corresponding coordinates (xp, yp) in the images 

(1) 

(2) 

where f is the focal length and x0, y0 the principal point. M is a 3x3 rotation matrix that contains 
trigonometric expressions of the rotation angles (roll, pitch, heading) (Boberg 2001 ) . Since the im­
ages overlap, one tree can exist in several images. The image with its camera position (X0, Yo) 
closest to the center of the tree was used. In Figure 7, the corresponding segments in the images 
can be seen for some of the detected trees in the laser data set. 

Figure 7: (a) Detected trees marked on the elevation data. (b) Estimated crown segments. (c) Cor­
responding crown segments in aerial image. 

The delineated tree crowns from the optical images can be used to support the classification. Addi­
tional features based on spectral as well as spatial information can be extracted. The spectral in­
formation of near-infrared images could be used to separate between deciduous and conifer trees. 
A spatial image feature that can be extracted in order to separate spruce trees from other trees is 
star pattern of branches. 

Initial attempts have been made to extract star-shaped patterns using the theory of rotational 
symmetries (Johansson 2001). Many different classes of patterns and symmetries can be de­
scribed using the local orientation in double angle representation. In the double angle representa­
tion, a complex number, z, will have a phase that is double the local orientation, a phase e will be 
represented with a vector pointing in the 28-direction (z = ei28). A double angle representation can 
be calculated using the image gradient Vf = Ux,fy) 

(3) 
where r is a coefficient that controls the energy sensitivity. 

II i(mp+a) 
A special case of rotational symmetries are n:th order symmetries, 

z = z e 
. Figure 8 shows 

examples of n:th order rotational symmetry patterns where each n represents a class of patterns 
and a class members. Different frequencies of the patterns can be used. The patterns are derived 
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in [Johansson 2001]. In this example, the 2nd order patterns (circular, spiral, and star shaped 
symmetries) have been used. 

a= 

a = 

a = 

a = 

Figure Examples of n:th order rotational symmetry patterns, z 
=ei(mp+a>. 

To detect features (e.g. star pattern), a local orientation image in the doubie angle representation 
is first calculated. Having defined the image in double angle representation, a rotational symmetr1 
n::.irt·.:;,r·n can be detected correlating z with a filter rneans in each local 

neighbourhood the scalar product is computed 

where a is a window function (e.g. a Gaussian function). 

An image pattern z = lz l ei(mp+a) will result in a filter output 

Sn =(a, lz l)eia 

(4) 

(5) 
A high magnitude lsnl indicates a high probability that the pattern belongs to class nand the agu­

ment Ls n corresponds to the class member. 

In Figure 9a, a crown segment of a spruce is shown. The image was represented in double angle 
representation and in Figure 9b the filter response is shown. The arguments of around 180° indi­
cate that a star pattern is present. 

Figure 9: (a) Crown segment, spurce. (b) 2nd order rotational symmetry response. 

Terrestrial laser scanning 

In order to study the usability of terrestrial laser scanning for detailed forest mapping, a number of 
initial test have been performed. In these tests, the ILRIS 30 scanner from Optech Inc 
(www.optech.on.ca) was used. This scanner has a range accuracy of approximately 5 mm, a Field­
of-View of 40°X 40°, and a spot spacing of <2,6 mm at 100 m. The maximum range is approxi­
mately 800 m (depends on material reflectivity). 

The data sets produced by a terrestrial laser scanner can be viewed as range images or "point 
clouds" where each measured point have a (X, Y, Z) coordinate and an intensity values. The coor­
dinate system is usually centred in the scanner itself. Using special software, different point clouds 
can be amalgamated using "common" points and coordinate transformations. 
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Figure 10: From left to right, two range images obtained using the ILRIS-30 terrestrial laser scan­
ner, direct measurement of stem diameter in a range image. 

In Figure 10 , two range images obtained using the ILRIS 30 scanner are shown. Depending on 
what part(s) of the trees that are visible in the range image(s), a number of variables can be measc· 
ured directly in the images, e.g. stem diameter, tree height and crown diameter. position of the 
tree relative the scanner can also be determined directly, and if the scanner position is known in 
some reference system then the tree position in this reference system is also known. 

The idea is to use this type of scanner to produce detailed maps of small areas in the forest, e.g., 
field plots used for evaluation and calibration of the data analysis methods for airborne laser scan­
ners). This work is in its early faces. 

CONCLUSIONS 

The results show that it is possible to detect most of the visible trees, measure these trees, and 
identify the tree species of the trees using high density laser data. The accuracy of tree height 
measurements is similar to what can be expected by using traditional manual field methods 
(Lindgren 1984). It is possible to empirically relate laser measured tree height and crown diameter 
to stem diameter using a training dataset and in that way also estimate stem volume of individual 
trees. It is also possible to perform tree species classification using a local training dataset The 
requirement of the training dataset, for example the geographical limitations should be investi­
gated. Field methods should also be developed to efficiently obtain detailed training datasets that 
can be used together with the high accuracy airborne laser measurements. One option could be to 
use ground based laser scanners for retrieval of field data. 

ACKNOWLEDGEMENTS 

The laser measurements at Remningstorp were financed by the Swedish National Space Board. 
The field measurements were financed by the Hildur and Sven Wingquist Foundation for Forest 
Research. The authors would like to thank Hakan Sterner and the staff at TopEye for delivering 
high quality laser datasets. 

RE FERENCES 

Anon 2002, Forestry statistics 2002. Official statistics of Sweden, Swedish University of Agricul­
tural Sciences, Umea, ISSN 0280-0543. 

Boberg, A. 2001. Oigitalt ortofoto och dess egenskaper. Kartbladet Nr 2:2001, pp. 6-17. 

Cohen, L. D. 1991. On active contour models and balloons. Computer Vision, Graphics, and Image 
Processing, 53, 211-218. 

Cohen, L.O. & Cohen, I. 1993. Finite element methods for active contour models and balloons for 
20 and 30 images. IEEE Transaction on Pattern Analysis and Machine Intelligence, PAM I, 15(11), 
1131-1147. 

232 



ScandLaser 2003, U mea , Sweden 

Elmqvist, M. 2002. Ground surface estimation from a i rborne laser scanner data using active shape 
models. The I nternational Arch ives of the Photogrammetry, Remote Sensing and Spatial Informa­
tion Science. ISPRS Com mission I l l  Symposium ,  Graz 2002, Vol.  XXXI V, Part 3A, pp. 114-118. 

Holmgren, J. & Persson ,  A. 2003. I dentify ing species of ind ividua l  trees using a irborne laser scan­
ner. To appear in Remote Sensing of Environment. 

Jakobsons, A. 1970. The correlation between the d iameter of the tree crown and other tree factors 
- mainly the breast-height d iameter. Analysis based on sample trees from the National Forest Sur­
vey. Department of forest survey, Royal Col lege of Forestry , Report 14. Stockholm ,  Sweden. 

Johansson ,  B. 2001. Multiscale curvature detect ion in computer vis ion. Lie. Thesis L iU-Tek-Lic-
2001:14, Dept. EE, Lin koping Un iversity. Thesis No. 877, I SBN 91-7219-999-7. 
http://www .isy .l iu .se/cvi/ScOut!Theses/Papers/8 Johansson l ie. pdf 

http://www. isy. ii u .se/cvi/Research/F eature/rotsym/tutoria l /  

Kass, M., Witkin ,  A. & Terzopou los,  D. 1998. Snakes: Active contour  m odels. I nternational Journal 
of Computer vis ion , 1 , -331 

L indgren , 0. 1984. A study of circular samp l i ng of Swedi sh forest compartments. 
Forest Mensuration  and Management, Swedish U niversity of agricultura l  Sciences, Report 11. 

Naslund ,  M. 1947. Funct ions and tables for comput ing the cub ic volume of stand ing  trees: p ine ,  
spruce and b i rch i n  southern Sweden and in  the whole of Sweden. National  Forest Research I n st i­
tute Report 36:3, 81 p. 

Persson A., Holmgren, J. & SOderman, U. 2002. Detecting and measuring individual trees using 
airborne laser scanning .  Photogrammetric Engineer ing and Remote Sensing , 68(9), 925-932. 

Sterner, H. 1997. Helicopter aerial laser ranging. Proceedings of the 3rd EARSEeL workshop on 
LIDAR Remote Sensing of Land and Sea, Tallinn, Estonia, pp. 113-118. 

SOderberg, U. & Nystrom, K. 2001. An outline of a system of individual tree growth models for eco­
logical applications in multipurpose forestry planning. In Heikkinen, J., Korhonen, K.T. , Siitonen, 
M. , Strandstrom, M. & Tomppo, E. (eds.). Proceedings of the 2001 SNS Meeting, Nordic Trends in 
Forest Inventory, Management Planning and Modelling, Solvalla 2001, Apri l 17-19. 

233 



ScandLaser U mea , Sweden 

ASSESSING PLOT-LEVEL FOREST METRICS WITH A 

GROUND;..BASED SCANNING LIDAR 

Dr. Paul Treitz1, Dr. Chris Hopkinson1,2, Ms. Laura Chasmer1, and Mr. Colin Young-Pow 

1. Department of Geography, Queen's University , Kingston, Canada 
2. Otterbu rn Geograph ic ,  387 Nelson St., Kingston, Ontario ,  K7K 4M9, Canada. 
3. Optech I ncorporated , 100 Wildcat Rd., N. York, Ontario ,  Canada 

ABSTRACT 

A g round-based scann ing LiDAR (Light Detection And Rang ing)  system was eval uated to assess 
its potentia l  uti l ity for p lot-level forest mensuration data extract ion . Gro und-based L iDAR and field 
mensurati on  data were col lected for two forest p lots l ocated with i n  a red pine conifer p lantation and 
a m ixed decid uous stand dominated by sugar  maples. Five LiDAR cloud scans were col­
lected from d ifferent vantage points each p lot over a six-hour  period on 5th 2002 using an 
Optech I nc. ILR I S  30 laser i mager. Field validat ion data were collected manually over several days 
d uring the same time period. Parameters that were measured in the field , or derived from field 
measures i ncluded: (i) stem locat ion; ( i i )  tree heigh t; ( i i i) stem d iameter at breast height (dbh); (iv) 
stem density; and (v) t imber volume. These measu res and p lot est imates were then com pared to 
those derived from the I LRIS-3D data ( i.e., the LiDAR point cloud d ata). 

I t  was found that all parameters could be measured or derived using the ground-based LiDAR sys­
tem. T here was a sl ight systematic und er-estimation of mean tree h eight result ing from canopy 
shadow effects and sub-optimal scan sampling distribution. Timber volume estimates for both plots 
were within 7% of manually derived estimates. All parameters have the potential for objective 
measurement or derivation with little manual intervention. However, locating and counting trees in 
the multi-tiered deciduous plot required more subjective interpretation than in the pine plantation. 
Overall, ground-based LiDAR provide an objective and consistent methodology for forest metric 
assessment. 
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ABSTRACT 

Three d imensional  tree architecture determines l i ght i nterception efficiency and is thus d i rectly cor­
related to growth and photosynthesis efficiency. I n  the framework of an explorative study, the pos­
s ib i l ity to d escribe the structure of o rchards by us ing a g round based l aser-system was tested .  The 
system consists of the S ICK Laser Measurement System 200 (LMS200). The LMS200 is a com­
pact non-contact optical measurement system which accurately determi nes the d istance to the fi rst 
object encountered a long the path of the emitted laser beam. The laser scans the surrounding  
vegetation in  a two d imensionsional  po lar p lane by  means of a rotat ing m i rror (angu lar  resol ut ion of 
0.25° and a frequency of 1550Hz). The th ird d imension was obtained by mounting the LMS200 o n  
a moving  p latform that has a constant speed i n  the d i rect ion perpen dicu lar t o  the polar p lane .  A 
fie ld test was performed on twelve d ifferent orchard types and structura l  i nformation was extracted 
out  of  the measured values. 

The d ata were used to calcu late the 1) 30 horizontal - and vert ical d istribut ion of vegetative mate­
rial , 2) fractal d imension (FD) which describes the organisation of biomass in 2 d imensions after it 
is orthogonally projected onto a plane, 3) herbicide filtercapacity for spray efficiency, 4) shape and 
5) volume of the orchards. Variables one, three and four differed significantly and were used to 
characterisize the different orchard types. Because of their incompatibility with traditional reference 
descriptors, a direct comparison was not possible. Variables two and five, on the other hand, were 
significantly correlated with reference data. Since the laser beams do not penetrate the canopy 
after the first reflection, detailed in depth description of the canopy was not possible. During the 
calculation of the LAI (parameter two), anomalies were encountered .  These problems sug gest that 
additional analysis is needed to optimize the laser-based measurement protocol. 

The preliminary results show that the laser system offers a cost-efficient tool for describing the 
three dimensionel structure of complex vegetation canopies. In the near future, the laser system 
will be adapted to model natural forest canopies. An improved measurement protocol will provide 
three dimensional architectural information that will be analyzed using mathematical and visualisa­
tion software. 
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ABSTRACT 

Quantitative forest measurements have trad itiona l ly  been recorded us ing manual  g round-based 
survey techn iques. Whi l st measurements such as tree d iameter and height are rel atively eas i ly  
obta ined using th is  method , i t  is  more d ifficult to obta in  accurate measurements of parameters 
such as tree taper without actual ly fell i ng  the tree. I n  add ition ,  manua l  measurements are prone to 
some degree measurement error. Th is study i nvestigates the app l i catio n  of terrestria l  laser 
scann ing for provid ing quantitative forest parameters at the p lot-level. The methodo logy was 
tested in Kielder forest, Northumbria, Eng land us ing stands of mature S itka spruce (Picea s itchen­
sis) and of a Sitka spruce I Lodgepole pine (Pinus contorta) mixture. The stocking density be­
tween the two sites d iffered , with the S itka spruce s ite th inned to approximately 600 trees per hec­
tare, managed as a continuous cover crop. In contrast, the stand mixture although self thinning, 
had a density of 2,800 trees per hectare. The results of the study suggest that forest parameters 
such as tree diameter, taper and tree height can be measured directly from the laser scan point 
cloud return, in instances where the sensor's view of the tree is not obstructed. However, as 
shadowing caused by tree density or branching frequency increases, the amount of useful informa­
tion contained in the scan decreases. Future work will look to assess the benefit of increasing the 
number of scans recorded in each plot in an effort to reduce this impact. 

INTRODUCTION 

In Britain, productive conifer woodlands cover approximately 1,658,000 hectares, this constitutes 
60% of the total woodland area and 6.7% of the total land area of the country (Forestry Statistics, 
2002). For the effective management and planning of this resource, an estimate of the volume of 
wood it contains is essential. At a broader scale such estimates can also be used to calculate for­
est biomass, from which carbon sequestration rates can be derived. Directly or indirectly, the esti­
mate is based on the timber volumes of individual trees. Hence, estimation of stem volume is an 
important aspect of forest mensuration. Typically, this type of basic information is obtained using 
ground survey methods. Common measurement parameters at the compartment level8 include 
mean top height9, diameter at breast height2 and basal area 10. While these measurements are 
obtained easily using conventional ground-based sampling techniques, the benefit of laser scan­
ning systems is that they able to acquire both basic and more detailed measures of timber quality 
characteristics such as stem form, which is dictated by tree taper (expressed in mm m-1). Taper 
measurements are often made by felling or climbing the tree, which is time consuming and difficult. 
One of the obvious benefits of improved quantification of stem form is that it would lead to more 
accurate measurements of standing timber volume whilst also providing a non-destructive method 
of validating growth, yield and forest biomass models. Improvements of such models may lead to 
improved timber production forecasting and carbon stock estimation. 

The aim of this study is to evaluate the potential of terrestrial laser scanning technology for provid­
ing accurate measures of forest parameters, and in particular measures of timber quality. The 

8 A compartment or stand is the primary management unit used in forestry. Typically compartments 
are homogeneous in terms of both tree species and growth. 

9 Mean top height is the average height of the 100 trees of the largest DBH (diameter at breast height, 
1.3 m) per hectare. 

10 
Basal area is the sum of all (living) trees in a stand, expressed in m

2 
ha-1. 
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hope is that a method can be devised that automates the collect ion of such data that is both accu­
rate and cost effective. 

STUDY AREA 

The forest areas used in th is research are commercial up land conifer forest compartments located 
in Kie lder Forest Distri ct ,  Northumbria, England (figure 1), and form part of a larger 55,000 hectare 
forest estate managed by the U K  Forestry Commiss ion .  Field stud ies were conducted in two forest 
compartments. Site 1, l ocated close to Kielder Water ( latitude 55° 12' N, l ongitude 02° 35' W), is a 
mature S itka spruce stand ,  p lanted at  an i n itia l  density of  2 ,500 trees per hectare that had been 
progressively th inned over t ime to a tree density of 600 trees per hectare (fig u re 2). Site 2 is l o­
cated 10 km south east of s ite 1 (latitude 55° 07' N, long itude 02° 28' W) and is a structured m ix­
ture of Sitka spruce and Lodgepole p i ne p lanted at 2 ,800 trees per hectare. U nder this p lant ing 
reg ime, a m ajority of the p i ne is either severely suppressed or  i n  an advanced stage of decay (fig­
ure 3). At the t ime of measurement, the canopy was open at s ite 1 due to the recent th inning and 
closed at s ite 2. The u nderstorey vegetation at both s ites was a comb ination of dead needles and 
moss . 

Figure 1. Location of the study area 

Figure 2. Site 1, Sitka spruce stand 
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Figure 3. Site 2, Sitka spruce and Lodgepole pine species mixture. 

DATA & METHODOLOGY 

Two 0.02 hectare sample plots were established at each of the selected sites. The ground survey 
data recorded in each sample plot included measurements of tree diameter at breast height (DBH) 
and total tree height. The basal area was derived from tree diameter and sample size information. 
The summary plot statistics presented in table 1 shows that the main difference between the two 
sites is the number of trees per hectare, with site 1 having significantly  fewer trees than site 2. The 
progressive thinning regime of site 1 has also resulted in an increase in mean diameter compared 
to site 2. 

Table 1. Summary of measured forest parameters 

Site Species Planting Tree 
Reference year Density* 

(Years) (trees ha-1) 

Site 1 Sitka spruce 1933 600 

Site 2 Sitka spruce I 1956 2,800 
Lodgepole pine 

Mean Basal area Mean tree 
diameter (m2 ha-1) height 

(em) (m) 

34 60 26 

23 59 18.5 

* Note: the tree density for site 2 is calculated for al l trees, dead or alive. The figures for mean di­
ameter, basal area and height are based on living trees only. 

Three scans were recorded using a LPM-300VHS Riegl high-speed laser scanning system linked 
to a laptop computer (figure 4). This scanner has a vertical and horizontal scanning range of 150° 
and 180° respectively11. The scanning rate can be varied depending on the resolution required, 
with a maximum data capture rate of up to 12,000 points per second. The beam divergence in­
creases by approximately 30 em per 100 metres. The scanner emits laser pulses in the near­
infrared range (-900 nm), with data captured as the scanning mirror oscillates continuously 
through the vertical and horizontal extent of the defined scanned area. Within this area, very accu­
rate measurements of the objects distance from the scanner can be obtained by recording the time 

1 1  I t  i s  worth not ing that that a key featu re of th is scan ner  is  the ab i l ity to scan a hemispherica l  view 
( i . e .  d i rectly overhead ) .  
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taken for the laser pulse to h it the target and retu rn to the sensor. The i ntensity of the retu rn is 
recorded and quantized to 8-bits . 

L 
Figure 4. Riegl high�speed laser scanner. 

Two scans 1 were recorded us ing two positions located diagonal ly across the sample p lot to 
ensure adequate overlap of the scans.  Reflective m arker poles were located with i n  the samp le p lot 
to provide reference points, enabl ing the opposing point c louds to be merged . Once merged it i s  
possib le to view and classify the forest structure i n  three d imensions us ing TerraScan rM software 
(figures 6 & 7) . The same method was repl icated at s ite 2, although on ly one scan was recorded.  

RESULTS & DISCUSSION 

The results of the first set of intensity scans for the different sites are illustrated in figures 5 & 6. I t  
is clear to see that the increased tree density and branching intensity of site 2 (Sitka spruce and 
Lodgepole pine species mixture) has a large impact on the effective range of the scan, which is 
approximately 8 m (i.e. equivalent to a 0.02 ha sample size). Despite this limitation it is possible to 
get an impression of the general structure of the forest and acquire measurements such as DBH 
for all trees. A measure of tree density can also be obtained by making use of the range informa­
tion (figure 5). Furthermore, in some situations tree taper and branch frequency can be quantified 
up to the point where the lower canopy starts (4 m) . Beyond this point, shadowing caused by 
dense branching prevents meaningful measurements being acquired. 

Figure 5. Range image of species mixture, maximum range set to 8 m (note the backpack in bot­
tom left corner of the scan). 

239 



ScandLaser 2003, Umea, Sweden 

In  contrast, in site 1, (with 600 trees per hectare) the level of information that can be retrieved is 
improved with individual trees clearly resolved up to a distance of 30 metres from the scanner. For 
a number of trees in the plot a full profile from the base to the tip of the tree has been imaged. I n  
these instances, total tree height can also be retrieved from the scan and tree taper can be calcu­
lated for the clear part of the tree bole. However, beyond this point the upper canopy obscures the 
scanners view of the tree stem. 

Figure 6. Range image of Sitka spruce stand, maximum range set to 30 m. 

By merging the two opposing laser scans a picture of the forest structure in three dimensions can 
be visualised and quantitative measures derived. Table 2, provides a comparison of field meas­
ured and laser derived DBH measurements for site 1. This data is also presented spatially in fig­
ure 7, with the red outline representing the laser return from the tree stem at a height of 1.3 m (i.e. 
DBH). 

Table 2. Comparison of field measured versus scanner derived DBH for site 1 

Tree No. Field Measured Scanner Difference 

DBH DBH 

(em) (em) (em) 

1 34 34 0 

2 44 44 0 

3 29 28 -1 

4 38 39 +1 

5 34 34 0 

6 29 30 +1 

7 29 28 -1 

8 42 44 +2 

9 36 38 +2 

10 43 39 -4 

11 28 24 -4 

12 29 27 -2 
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Overall the results presented in table 2 indicate that there are minor differences between scanner 
derived and field measurements of DBH. The largest difference is a 4 em underestimation in the 
scanner derived DBH measurement for trees 10 and 11. In both cases the trunks of these trees 
were not clearly resolved either due to the acute angle of the scan (see inset) or where the scan­
ners view of the target tree was obstructed by adjacent trees. 

Figure 7. Plan view of site 1, with the opposing scans merged. Inset of tree 10 illustrates the ef­
fect of the scanner setting. 

The main applications of this type of technology could well be the validation of existing forest 
growth models and quantification of above ground biomass. The results demonstrate that tree 
density has a significant influence on the level of information that can be retrieved from the laser 
data. The quality of the data retrieved in the lower density open forest stand is promising. In this 
environment it is possible to make accurate measurements of tree diameter, taper and in some 
cases total tree height. In denser stands (>2,500 trees per hectare) the quality of the information is 
significantly reduced. It is worth noting, however, that a majority of European boreal forests and 
Australasian plantation forests are more intensively managed, with stand densities usually ranging 
from 200 to 1,400 trees per hectare (Naesset, 2002; Watt et al., 2003). Perhaps a more prudent 
approach in densely stocked stands would be to scan smaller groups of trees, or even individual 
trees in order to improve the level of information obtained. Where wood volume can be calculated 
it should be possible to derive stand biomass and carbon content using published values of wood 
density and wood carbon conent. Figure 8, provides a plan view of site 1 classified into four vege­
tative categories; upper canopy (vegetation > 10 m from the ground), lower canopy (vegetation < 
10 m from the ground), tree stems and the ground surface. This sort of information will be of in� 
terest to researchers modelling forest carbon sequestration rates as it is estimated for example 
that that the tree trunk generally accounts for 60% of the aboveground biomass ( Imhoff, 1995). 
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Figure 8. Plan view of site 1, classified into four vegetative categories. 

CONCLUSION 

The results of this study suggest that it is possible to use terrestrial laser scanning data to accu­
rately measure forest parameters such as tree diameter, taper and density at a plot-level. In situa­
tions where the scanner has an unobstructed view it is also possible to derive total tree height. 
However, as tree density and branching frequency increase, the usefulness of this type of informa­
tion d iminishes. In these situations single tree scans rather than wide angle scans may be a more 
appropriate approach. It is possible that laser scan data could be used for the calculation of stand­
ing timber volume, validation of growth and yield models and quantification of above-ground bio­
mass. Future work will seek to evaluate the information content that can be obtained by high­
resolution scanning of single trees. This may be an effective means of providing quantitative 
measurements of additional structural parameters such as canopy extent and volume and branch 
size and frequency. 
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ABSTRACT 

Cleaning and spacing in young forests gives remaining stems better growing conditions. The in­
vestment is considered high in Sweden, as the work is often laborious and there are difficulties in 
finding personnel for cleaning. New techniques, e.g. cleaning autonomous artificial agents, 
e .g. robots, may a solution requires that stems are found automatically. The aim here is to 
test whether horizontal laser scanning can be used for finding trees in young forests. An automatic 
method for extracting tree stems in images created from laser measurements is presented. The 
user has to provide five situation-specific parameters. The proposed method is able to find the 
stems and measure the height and diameter on them. 

INTRODUCTION 

Forest management includes recurrent removal of trees during to whole rotation period. The pur­
pose is to give remaining stems better growing conditions. When the main part of the cut volume 
originates from stems of less than 10 em in diameter at breast height, the operation is called clean­
ing and spacing, or pre-commercial thinning, here denoted as cleaning (Pettersson & Backe 1998). 
This operation can be selective, geometrical, or a combination of both (Berg et a/., 1973). In the 
selective operation, the main-stems are chosen individually. A selected main-stem is a stem that is 
left, because it is considered to be of good quality or because it, for various reasons, is considered 
better than any nearby stems. In the Nordic countries, selective cleaning with a motor-manual 
brush-saw is predominant today. 

The cleaning area, as well as the percentage of stems that are cut through cleaning, has been 
diminishing in Sweden; especially following the new revised Forestry Act of 1994, where it is no 
longer compulsory to perform cleaning (Vestlund 2001). Cleanings are today done at some 
200,000 ha per year (Anon. 2002), but Pettersson & Backe (1998) states the yearly need to be 
about 300,000 ha. It seems thus, that the willingness to pay for cleanings is less than the actual 
costs. The work is also laborious and this might explain why there are difficulties in finding person­
nel for cleaning. Therefore, new techniques seem to be needed for making future cleaning less 
expensive and for reducing the human workload. Cleaning with autonomous artificial agents, e.g. 
robots, may be a solution. However, a crucial stage in making a selective cleaning system is the 
need to first automatically find and thereafter select stems in the stand. To capture information 
about the stand, machine vision could be used. Hague et a!. (2000) describes this as a cheap, fast 
and powerful sensing method. Still, it has its drawbacks, especially in an out-door environment 
where it has to handle natural lighting conditions. Direct sunlight, shadows, and clouds will affect 
the collected data and artificial light will create shadows. Hague et a/. (2000) states that other diffi­
culties are storing and processing data, extracting useful information from the images, as well as 
dealing with natural objects. 
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Hagstrom (1 997) detected and segmented trees in a mature stand using measurements with laser, 
here the diameter of the trees were some 0.5 metres. Hagstrom started by locating the trees to a 
2-D histogram, thereafter labelled measurements within a vertical cylinder around the highest 
peaks in the histogram. To find straight but non-vertical trees he tried to find the centre line of the 
tree. Measurements belonging to two trees are removed. This process identifies and measure po­
sition as well as diameter for these relatively large trees. 

The ability to find stems can also be used for "semi-automation" in cleanings and thinnings. Thin­
ning is described as a mentally demanding work with complex decisions, precision work with crane 
and tool manoeuvrings, as well as high work-load. This can be a reason why many forest machine 
operators have neck and shoulder pains (Lofgren et a!., 1 994). This mental stress was also found 
in mechanised cleaning (Gellerstedt 1 997). 

The aim here was to test laser scanning for finding stems in young forest stands with the intention 
making a feasibility study of computer-based selective cleaning. 

METHODS 

In this study horizontal laser scanning was selected, since it does not depend on external light and 
since the captured information also includes distance data. The distance is interesting, because 
main-stems are selected both based on quality criteria and on relative positions. 

Laser-measurements were made 26th of June in 200 1 ,  at Bennikebol approximately 5 km north of 
Arlanda Airport. The stand had 7,000 stems per hectare, 50% softwood and 50% hardwood. It was 
1 5  years old and the average height was 4 metres. The laser scanning was made with an Ac­
curange 4000 distance measuring laser mounted on a scanner developed by Mobile Robotics. The 
scanner was positioned at 0.6 meters above ground on a wooden box. Due to the uneven ground 
the box was slightly unstable which might have affected the measurements. The scanner has a 
theoretical maximum range at 20 metres and a distance accuracy of 1 mm. It is a modulated dis­
tance measuring laser with spot size of about Smm in diameter. The scanning was made at 10 
kHz, see Table 1 .  

Table 1: Information about the measurements. 

Location Picture size Picture size Mirror rotation Laser-plane Mirror rotation Estimated 
raw data processed angle (0) angle (0) (Hz) time (s) 
(pixels) data (pixels) 

Location 1 430*299 430*273 67,7-135 60,8-157,5 6,25 69 
Location 2 589*400 568*36 1 45-135 45-177,6 6,25 94 

The mirror rotation angle (a) determines how wide the scanning is and the laser-plane angle (�) 
the height of the picture. When the angle for both a and � is 90°, the scanning is made straight 
ahead. The number of measures was set to 400 per 90°; this determines the velocity of the mirror 
rotation. Each scanning produces five different layers of data for each pixel: the angles a and �, 
distance, amplitude, and ambience. Amplitude is light reflection and ambience is background light, 
Figure 1 .  

The raw data from the scanner was transformed into images. This transformation was made by a 
program supplied by Mobile Robotics. If rows or columns lacked many measurements they were 
removed from the transformation step. This is why the size of the processed data is smaller than 
the raw data. During the transformation step, trees in the outer part of the image also become 
slanted towards the centre of the image. 
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Figure 1: The left image visualise the distance values from the scanner. Dark pixels are near the 
scanner and bright pixels are further away. The pixels in the sky are dark because the distance 
from the scanner is too large to give any distance value. The right image shows the amplitude val­
ues for the same scene, the brighter the more reflectance. The images display tree no. 1 in Loca­
tion 1. 

Since we know that trees in the images have rectangular and more or less vertical stems we ana­
lysed the images to find vertical lines, i.e. trees. The method is automatic, but needs five user­
defined parameters that can be situation dependent. Two parameters are the minimum and the 
maximum distance from the laser sensor. Two more are lower and upper values of the amplitude 
of the signal. The last parameter is a threshold, T, close to one, to decide if the found pixels can be 
considered to form a line segment or not. The following steps are used in the algorithm. 

1. Find all pixels with the following properties: 

a. The distance value is inside its given interval. 

b. The amplitude value is inside its given interval 

c. The difference between the maximum and minimum distances in a region consisting of 
seven rows and one column around the central pixel is smaller than 0.15 m. Since the 
trees are locally straight, the region only has one column and some rows. Some distur 
bances in the laser measurements are present, and also the stems could lean towards 
or away from the sensor, therefore the distance 0.15 m is used. 

2. Figure 2a illustrates the found pixels from this first step. 

3. Check if the pixels found from step 1, in a given region, create line segments. Since the stems 
are vertical, but not straight, the size of the region used is 10 pixels wide and 30 pixels high. The 
check of straightness is done with Principal Component Analysis (Gonzalez & Woods 1993). Here 
the row and column value of the pixels are used as input to the PCA. The output is two eigenval­
ues representing the dispersion of the pixels in the direction of the respective eigenvector. If the 
ratio between the largest eigenvalue and the sum of the two eigenvalues is larger than the given 
threshold, T, it means that the pixels create a line segment. These pixels are kept for further analy­
sis, Figure 2b. 
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4. A line is fitted to the pixels that are left, using linear regression analysis with the model y=Ax, 
where y contains the column values and A the row values. Outliers are removed with Jackknife 
residuals (Kieinbaum eta!., 1988) Figure 2c. 

5. The last step is to include all pixels along the fitted line that fulfils distance and amplitude crite­
ria. This is done by repeatedly taking one pixel from the ones included in the line and not yet inves­
tigated. By looking in a 3*3 neighbourhood of the pixel and adding all pixels fulfilling the criteria, the 
line is updated to include more pixels and a new pixel is taken for investigation, Figure 2d. 

Figure 2: The method illustrated in images. (a) Pixels fulfilling the distance and amplitude criteria. 
(b) Pixels creating a line segment. (c) Outliers have been removed and a regression line has been 
fitted to the remaining pixels. (d) Extension of the pixels along the line that fulfils the distance and 
amplitude values. 
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From the final image, Figure 2d, it is possible to estimate the height and width of the tree, in which 
direction the tree is and the distance from the sensor to the tree. With the exception of the height, 
the estimation is done by subtracting the minimum value from the maximum value among the pix­
els in the last image. The height is estimated by subtracting the minimum height from the maximum 
height among the pixels in the resulting image from the first step, Figure 2a. 

RESULTS 

In Figure 3 results from the method are shown. The image corresponds to Figure 2d with the dis­
tance value image added for better viewing. All pixels belonging to the stem are not found, but this 
is not necessary in order to find the tree. 

Figure 3: On the left a photo of the forest and on the right the laser image. The photo is taken from 
a higher point ( 1.5 m above ground) compared to the laser image (0. 6 m above ground) which is 
the reason why the two images are slightly different. Tree no. 2 to 5 at Location 2 are marked. The 
pixels belonging to the found stems are shown in white. 

Parameters estimated by the program and from field measurements are shown in Table 2 for the 
marked stems in Figure 1 and Figure 3. Distance measurements between the trees marked in Fig­
ure 3 are shown in Table 3. 

248 



ScandLaser 2003, Umea, Sweden 

Table 2: Tree data estimated by the program compared to manual measured data, in parenthesis. 
The manually measured diameter is taken at 1 metre above ground. The distance is from the 
scanner to the tree. 0 is the point where the laser scanning is made straight ahead, i. e. the angles 
a and {3 are 90°. All values are given in metres. 

Tree no. 1 2 3 4 

Diameter 0.05 {0.04) 0.03 (0.03) 0.5 (0.03) 0.02 (0.02) 

Height 3 .78 (3.8) 2 .74 (3 .9) 4 .16 (3.1) 3 .41 (3.2) 

Depth 2.26 1.53 1.71 1.18 

Horizontal deviation -0.05 -1.33 -0. 33 0 .06 
from 0 

1 Distance ' 2.26 (2.3\ 2.02 (2.1) 1.74 (2.0) 1.18 (1.5) 

Table 3: The estimated distances between tree pairs Location 2. All values are 

Tree pair Distance 
2,3 1.01 
3,4 0.66 
4,5 0.69 
3,5 1.21 

CONCLUSIONS 

5 

0. 04 (0.03) 

3 .41 (3.9) 

1.16 

0.74 

1.37 (1.7) 

In metres. 

The proposed method is an automatic method which needs interaction with the user. One reason 
for not creating a fully automatic method without interaction from the user is the extra need of 
scans through the image and therefore also need for extra controls. At this early stage the aim was 
not to create a fully automatic method, but rather to see if the images are suitable for the task of 
finding stems for cleaning. This is also the reason for using pre-defined thresholds. if a fully auto­
matic method is to be developed, some of the thresholds should probably be varying, or, even bet­
ter, calculated from the image. One other thing that must be solved is the problem in step 2. It can 
happen that the found pixels are from different trees and then the regression line will be between 
the two trees instead of in one of the trees as in the usual case. 

The method work fine when only the stems are to be found. However, the estimations of the pa­
rameters are not fully correct. The problem with the height is that the stems cannot be seen in the 
top of the trees. This is the reason for using the image from the first step when estimating the 
height. However, there are other stem characteristics that are more important than the height 
(Karlsson et a!., 1997). The diameter for tree no. 3 is incorrect due to the fact that we not only find 
the stem but also the branches. 

The distance between two stems after a cleaning in stands 1 metre in height or more should be at 
least 1 metre (e.g. Brunberg 1990; Anon. 1999). This implies that either tree no. 4 or 5 should be 
cut (Table 3). According to today's cleaning instructions, preferably straight, vigorous, and undam­
aged stems should be selected to remain (e.g. Karlsson et a/. , 1997). As seen in Figure 3, tree no. 
4 has a crook and should therefore, according to these instructions, be cut. 

More laser measurements are necessary in order to discover where, i.e., in which types of forests, 
this method can be used. Possibly more information on the adjustments will also be needed. For­
est is a very heterogeneous and unstructured environment and it is not certain that a method that 
can find stems in one type of stand will be appropriate for another type of stand. With more meas­
urements a more general conclusion can be made on how the stems could be extracted from the 
in-data. With more knowledge about the pros and cons of laser measuring, new ways to tackle the 
problem certainly will arise. 

New measurements should contain other forest types, and perhaps also other sensor types. Ber­
tozzi et al. (2000) states that millimetre-wave radars are more robust to fog and rain than laser 
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beam sensors but are more expensive. This advantage might make millimetre-wave radar interest­
ing to explore. Machine vision in combination with another sensor (e.g. laser scanner, radar) will 
probably be the solution to identify and position the target, i.e. the main-stem. 
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ABSTRACT 

In the Natscan project terrestrial laser scanning is used for deriving detailed information about tree 
quality and forest stand parameters. The authors describe an automatic method for determining 
tree diameters at breast (DBH) using terrestrial scanner Special 
attention is given to the data-processing that must be carried out before this information can be 
derived from the raw data. First, a digital terrain model is calculated by creating a subset of coordi­
nates containing lowest Z-values. Subsequently, filter methods are described to delete any noise 
points which result from the ambiguity problem connected with phase difference scanners. Finally, 
the process of tree stump coordinate and DBH determination by using Hough-transformation and 
circle approximation is described. 

In comparison with a conventionally measured reference data set results for the stump coordinate 
and DBH are very promising. The differences fall within the expected range, although some im­
provement on developed algorithms is still necessary. The information derived so far can be used 
a basis for further automatic determination of other single tree characteristics such as tree species, 
tree height, crown projection area as well as location and type of wood defects. 

INTRODUCTION 

Information about current state and recent changes of forests are important basics for forest man­
agement and planning. In addition to well introduced airborne laser scanning, the use of terrestrial 
laser scanning is quite common in architectural measurements but has hardly been tested for the 
measurement of natural objects such as local terrain, standing trees or stags. 

In the NATSCAN project one objective is to develop methods to automatically quantify characteris­
tics used in conventional forest inventories. In addition, quality assessment of single trees in forest 
stands based on laser scanning techniques will be improved (Thies ef al., 2002). The approach to 
the project is a combined inventory method which includes aerial laser scanners for covering large­
scale areas and terrestrial laser scanners for deriving information about tree quality and inventory 
parameters as for example diameter at breast height (DBH), branch-free bole length, tapering or 
sweep of the bole based on sample plots. Terrestrial laser scanning, contrary to aerial laser scan­
ning, measures trees from underneath the canopy and does this with very high resolution which is 
the basis for the described objective. 

In this paper we roughly introduce the use of terrestrial laser scanners for forest inventories. Spe­
cial emphasis will be placed on the automatic recognition of trees in point clouds representing 
sample plots with an average size of approximately 500 m2. I n  addition to several filtering methods 
one pre-requisite for the automatic process is the separation of a digital terrain model (DTM) which 
is also described. 
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METHODS 

The laser scanner 

For our research we used the I MAGER 5003 from Zoller + Frohlich which is based upon the spot 
Z+F Laser Measuring System LARA and can be fitted alternatively for two distance ranges, 25.2 m 
and 53.5 m. 

Advantages of a phase difference scanner are both its high accuracy and its speed. The system 
realises an absolute accuracy within millimetre-range. As well as the distance, a value for reflectiv­
ity is also recorded. This intensity image delivers a 15 bit grey value image of the scanned area 
which is comparable to a black and white picture ( Heinz, 2001 ) . 

The beam deflection unit enables one to image a 360° horizontal field of view and a 31 oo vertical 
field of view (the vertical view is cut 01"1' underneath the scanner). The maximum number of pixels 
vertically is 15,000, the maximum number of pixels horizontally is 36,000. The achieved angular 
accuracy for this deflection unit after calibration is approximately 0.01 o (Zoller + Frohlich, 2003) .  

A disadvantage a phase difference scanner is  the limitation of  the maximum distance. When 
objects are beyond the ambiguity interval the results will contain additional point-noise. Measured 
distances in forests are usually greater than 25 metres, therefore we use a scanner with a range of 
53.5 metres. 

Measurement setup 

The sample plots are scanned from various positions. On average, four scans evenly distributed 
around the centre of the plot were made, each about 1 0 to 15 meter distance from the centre of the 
plot, so that a central overlapping zone was guaranteed . Targets were used to match the data from 
the different scans and to orientate the point clouds in a georeferenced coordinate. These targets 
were placed in such a way so that they are visible in most of the scans. At least three targets were 
necessary to register a scan. To achieve higher accuracy we insured that between five and six 
targets were visible for each scan (figure 1 ) . For georeferencing the point clouds targets were 
measured with a total station and connected to the German national coordinate system (GAUSS­
KRUEGER coordinates). 

Figure 1: Typical measurement setup. 
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Digital Terrain Model 

I n  a first assumption a good recognizable feature of a tree is a perfectly circular stem cross­
section. For the selection of points representing stem cross-sections, a digital terrain model must 
first be determined. In later stages of data analysis these terrain models also help to derive tree 
heights and to calculate the slope and orientation of a stand. 

A disadvantage of the laser scanning technique is that all measured points are unqualified. Points 
only represent their positions and intensity and not on which object they reflected. To select points 
which represent the ground surface the first step is to search for the lowest points. For this purpose 
the point cloud is separated in a grid with a regular size of 50 x 50 em. In each grid cell the point 
with the lowest Z-value is selected. This sub-sampling of coordinates is the base point collection 
for further analysis. In  the next step these data points have to be tested against an exclusion cone 
around the scanner and a-priory information about what the estimated maximum terrain height and 
the maximum steepness of a slope are. From the scanner position a cone is projected which de­
scribes the relation of surface height and distance to the scanner (figure 2). Coordinates inside this 
cone will be ignored. 

Figure 2: Exclusion cone. All reflected scanner points within the cone above the scanner will not be 
used for the determination of the ground surface. The dihedral angel of the cone is 180° - 2 a. 

Clearly a point representing a height above the maximum terrain height cannot be part of the 
ground surface, so if a point in the selection is much higher than its neighbouring points and ex­
ceeds a given maximum the point will be deleted. The last automatic test on the surface points is a 
maximum slope test. If a point causes a steep slope in the surface it will be removed. 

An optical test is still essential after finishing the automatic derivation of the collection representing 
terrain coordinates. This test can be carried out on the drawn points. Points that are obviously not 
part of the surface can be manually removed from the selection. 

A digital terrain model with a grid size of 50 x 50 em is calculated with the selected points. 

Filtering 

Due to the ambiguity problem the resulting point cloud from a laser scan includes point noise. 
Points reflected at a 60 meter distance from the scanner behave as if they were only 6.5 metres 
away (60 meters minus the wave length of 53.5 meters). Before any algorithm can be applied to 
the data, these pixels must be identified and removed. 

The first filter technique we use is a filter that deletes isolated points. Searching along the scan 
direction every single point has four neighbouring pixels. If the distance of a pixel is extremely dif­
ferent from its neighbouring pixels it is separated as isolated coordinate and deleted from the point 
cloud (figure 3b). The second filter used for noise detection is based on the intensity of the reflec­
tion. The intensity value of measured points ranges from 0 to 32,767. A very low value indicates a 
reflection from a point beyond the ambiguity range and can be considered to be point noise. Ac­
cording to our experience natural objects never have high intensity values. This means that a very 
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high intensity (e.g. 20,000 or higher) also indicates point noise when measuring in forest stands. 
After using both filters most point noise is deleted from the dataset (figure 3c). 

Figure 3a: Intensity Image of a scan; b: point cloud without isolated points, fi!ter·by a value of 2 
metres; c: point cloud b filtered by points of an intensity less then 500 and more then 20, 000. 

Another disturbing factor for the automatic separation of trees based on 3D-point clouds are the 
foliage and branches between the scanner and trees. These have to be detected. To isolate tree 
boles from overlapping branches regions with only slight differences in distance values between 
neighbouring pixels are separated. The density of pixels is relatively high close to tree boles (cor­
responding to little distances between neighbouring pixels). If a chosen distance is exceeded pix­
els are not recognised. 

Coordinates of tree stump base and diameter at breast height 

Using the digital terrain model a search for circles as a model of tree cross-sections has been im­
plemented. To find these circles all coordinates in a layer with a height between 1,25 and 1,35 me­
tre above terrain were extracted from the point cloud. The 30 coordinates were converted to a 
regular raster image (figure 4). For this conversion a pixel size of 1 cm2 was chosen. 

Figure 4: The selected layer of 10 em height will be covered with scan points. These 
scan points will be mapped on a plane and fitted to an regular raster of 1x1 em. 

After this conversion is done, standard pattern recognition methods can be applied. We decided to 
use a Hough-transformation to detect circles in raster images. 
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The Hough-transformation uses a parametric description of simple geometrical shapes in order to 
reduce the computational complexity of their search in a binary edge image. The method for 
searching circles use the parametric description: 

(x-a)2 +(y-b)2 =r2 

With a fix radius r the parameters a and b stretch a parameter matrix P(a,b). For every filled pixel 
(value 1) in the binary edge image a set of corresponding parameter values a and b is calculated 
matching the defined value r. The appropriate parameter matrix P(a,b) will be increased by 1 for 
these parameters. At the end of the procedure, each parameter matrix element P(a,b) shows the 
number of parameters that satisfy. I f  this number is above a certain threshold a circle is declared 
(Pitas, 2000 and Paulus et al. , 2001). 

bin�'ry, orig inat Imag��··· .. 
' ; ,• -,_ . ' ' ,. , >  _-;• . ' ,.,..�,' ., 

Figure 7: The Hough-transformation uses a parametric description of simple geometrical shapes in 
order to reduce the computational complexity of their search in a binary edge image. 

The Hough-transformation needs to have a diameter value before it can recognise a circle. Be­
cause the tree diameter is not known before applying the algorithm we start with a value of 1 00 em 
and reduce the value in increments of 10 em. 

.,. .,. 

( """'· 
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Figure 6a: Binary image layer with 'C' circle ring; b: Hough image; c: Hough circle. 

The determined Hough circle is expanded by 10% to ensure the identification of all pixels that 
could be part of the stem. On the selected pixels an algebraic algorithm is used to fit the circle pre­
cisely. The centre coordinate minus 1,30 m is assumed to be the tree stump coordinate and the 
diameter of the circle is equivalent to the DBH. 

RESULTS 

In one test area, 28 Douglas- and silver fir trees with a diameter above bark in DBH of greater than 
7 em were measured conventionally . The reference data was measured with a total station (posi-
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tion) and a calliper (two cross-wise measurements in DBH). With the coordinates and DBH we de­
rived using the laser scan data we could correctly identify 26 out of the 28 trees. We consider this 
very promising. The two trees that could not be identified were densely overlapped by small 
branches in the direct line of sight from the scanner to the tree. The branches disturbed or blocked 
the measurement of the trees too much. 

i 
2039(1-i 

11 0 

' 

r 

DBH 
0 reference 26 

�� laser scan \ .. / 

+ tree stump by total station 

Figure 7: Plot with DBH measured by total station and derived out of the laser scan data. 

For two trees the difference between the reference and derived tree reaches up 90 em. This is due 
to an extreme sweep close to the base of the stump. Because tree positions are measured at 
1 .30m height, sweep has a very strong influence on their positions. For all other trees the differ­
ences are less than 20 em. 

One of the trees shows a great difference in DBH compared to its reference. Noticeable for this 
tree is that the circle determined by the Hough-transformation resulted in a more accurate ap­
proximation than the circle resulting from the algebraic algorithm that is supposed to be superior. 

Table 1: Comparison of the reference data and the results from the laser scan. Originally 28 trees 
were measured. 26 were automatically identified in the point cloud. Two were excluded because of 
their sweep and one was excluded because of an error in the algebraic algorithm. The calculated 
position differences are based on 23 trees. 

min max mean standard deviation (o-) 
[em] [em] [em] [em] 

Radial position differences 2.0 17.1 5.0 3.6 
DBH differences -5.8 5.6 1.7 2.8 
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The method used to locate trees in the laser scan identified more trees than were actually present. 
This effect was caused by a dead tree lying on its side, the thick branches of which were them­
selves recognised as trees. A repetition of the automatic diameter estimation in upper parts of the 
bole would help to identify these specific patterns. 

CONCLUSIONS 

The approach for deriving tree characteristics from terrestrial laser scanner data described in this 
paper allows an automatic identification of trees, their positions and the DBH (as well as additional 
diameters in variable tree heights). The results can be used as a basis for further automatic deter­
mination of other single tree characteristics such as tree species, tree height, crown projection 
area as well as location and type of wood defects. 

Developed methods and algorithms must be improved, especially the combination of Hough� 
transformation and algebraic algorithm needs some enhancement. In  the near future RGB colour 
information will be added to the 3D geometry data. This will certainly improve filter methods and 
also facilitate the determination other forest inventory parameters, especially vvood defects and 
biomass distribution. 

I n  the future, the main point of emphasis will be to separate information about crown structure from 
the 30 point clouds, to estimate crown variables such as crown width, crown surface area, etc. and 
compare them with results derived from airborne laser scanner data as well as conventionally 
measured crown parameters. I n  addition, the implemented algorithms should be tested based on 
just one scan from the centre of the sample plot, so that it is an option to use the terrestrial laser 
scanner technique for deriving precise 3D models of certain forest stands or for collecting a high 
number of data from different sample plots as is usual in most national forest inventories.  

In  addition to the accuracy of the data the great advantage of this technique is to obtain repeatable 
results of measurements because of the high level of automatism. Effects resulting from subjective 
influences like different measuring persons, accuracy of a number of different measurement de­
vices etc. are excluded. 
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ABSTRACT 

The accuracy of forest stem volume estimation at stand level has been investigated using a com­
bination of multi-spectral optical SPOT-4 satellite data and field measured tree height data. The 
hypothesis is that the accuracy will be improved for the combined stem volume estimates com­
pared to using SPOT-4 data The test site, Remningstorp, is located in the south of Sweden 
and consists mainly of coniferous forest. At Remningstorp, a laser scanning campaign is planned 
to take place during the summer of 2003 and laser data will be acquired for the test site. This will 
give the possibility of investigating the usability of combining multi-spectral optical satellite data 
and tree height measurements from laser data, at stand level. However, tree height measurements 
used in this study were collected using an objective inventory method in order to obtain standwise 
tree height measurements similar to those derived from laser data. The stem volumes for the in­
vestigated stands were in the range of 15-585 m3 ha-1 with an average stem volume of 266 m3 ha-1 
and an average stand size of 3.5 ha. Regression analysis was used to estimate stem volume at 
stand level. The results showed a significant improvement for the combined stem volume estimate 
with a root mean square error of 29.6 m3 ha-1 (11.1% of the average stem volume) in comparison 
to stem volume estimates found in the literature based on multi-spectral optical SPOT satellite data 
only. The obtained accuracy is in agreement with previously presented results based on laser data 
with a relatively dense sample of laser measurements. The results imply that the combination of 
multi-spectral optical satellite data and tree height data can be used for standwise stem volume 
estimation in forestry applications. 

INTRODUCTION 

Remotely sensed data in the form of aerial photos have been used for decades to estimate forest 
variables in support of forestry management planning. Through manual interpretation of aerial pho­
tos using a stereo instrument, stand delineation and estimation of tree species composition and 
canopy closure could be performed. The stereoscopic view also allows accurate tree height meas­
urements in forest stands if the ground is visible in the photos. Using tree height and canopy clo­
sure, standwise stem volume could then be indirectly estimated. A forest stand is considered as 
homogenous forest in terms of tree cover and site conditions, typically 0.5-20 ha in size. Stem vol­
ume, one of the most important variables in forestry planning, represents the trunk volume per unit 
area (m3 ha-1) excluding branches and stumps. Aerial photo interpretation is often carried out to­
gether with a field inventory to improve forest variable estimation. The photo interpretation and field 
inventory is based on manual work and relies on the expertise of the personnel involved. In Swe­
den, the described procedure is known as the National Land Survey method and has primarily 
been used among the forest companies (Age, 1985). For stem volume estimation at stand level 
based on aerial photos the accuracy in terms of standard error is about 15% of the average stem 
volume (Stahl, 1992). 

For large-scale forest inventories, the advantages of using remotely sensed data are large, espe­
cially if objective and automatic methods could be developed to a low cost per area unit. In this 
context, the possibility of using remotely sensed data from passive (optical) and active sensors 
(laser and radar) is investigated to directly or indirectly assess forest variables useful for forest 
management planning. High-resolution laser scanning and low-frequency synthetic aperture radar 
are sensor technologies that have shown potential for operational use in forestry applications. In 
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this paper, the potential use of multi-spectral optical satellite data and laser scanner data for stem 
volume estimation is addressed. 

In Scandinavia, it has been demonstrated that high-resolution laser scanner data provides accu­
rate estimation of forest variables at stand level (e.g., Hyyppa et al., 2001 ; Ncesset, 2002; Holm­
gren, 2003). Hyyppa et al. (2001) investigated boreal forest characterised by stem volume in the 
range of 2-335 m3 ha-1 ,  reporting standard errors for mean height, basal area, and stem volume of 
1 .8 m (9.9% of the average mean height), 2.0 m2 ha-1 (10.2%), and 18.5 m3 ha-1 (10.5%), respec­
tively. A study performed by Ncesset (2002) was based on coniferous dominated stands with stem 
volumes ranging from 9 1 -41 5 m3 ha-1 . The stands were divided into three strata according to age 
class and site quality prior to evaluation. The standard deviations of the differences between pre­
dicted and ground-truth values of mean height, basal area, and stem volume were found to be 
0.61- 1 . 1 7 m, 2.33-2.54 m2 ha-\ and 1 8.3-31.9 m3 ha-1 (corresponding to 1 1 .4-1 4.2% of the aver­
age stem volume), respectively . I n  Holmgren (2003) laser data were used to predict mean height, 
basal area, and stem volume in coniferous forests with stem volume in the range of 0-600 m3 ha-1 0 

The accuracy, in terms of root mean square error (RMSE), was 0.59 m (3% of the average mean 
height) , 2 .7  m2 (10%), m3 ha-1 (11 %) ,  respectively, for the best case investigated. 

When estimating stem volume using laser data, both the vertical and horizontal structure the 
forest vegetation needs to be accurately captured. As the vertical structure (tree height) is meas­
ured directly, adequate measures describing the horizontal structure (forest density) need to be 
derived from laser data. The above reported results rely on a relatively dense sample of laser 
measurements (up to a few meters between laser footprints). I n  the scenario of several meters 
between laser footprints, stem volume is expected to be less accurately estimated due to uncer­
tainty in laser data derived forest density measures. However, standwise mean tree height is still 
believed to be accurately estimated using low laser measurement density. Given a sparse sample 
of laser measurements, the forest density may instead be captured using optical satellite data to 
accurately estimate stem volume at stand level. 

Nilsson (1997) investigated the possibility of combining multi-spectral optical Landsat TM satellite 
data and field measured tree height data to improve estimation accuracy for stem volume. The 
study was carried out in boreal forests using the kNN method at sample plot level. In the evaluation 
dataset (plot radius of 7 m) the mean tree height and stem volume were 12.9 m and 149 m3 ha-\ 
respectively. The result showed that the MSEs for stem volume decreased by 46% (on average) 
compared to the MSEs observed using Landsat TM data only. Holmgren et al. (2000) also used 
the kNN method to estimate stem volume in boreal forests by combining Landsat TM data with 
field data. The stem volumes for the stands used as validation dataset were in the range of 0-480 
m3 ha-1 (on average 156 m3 ha-1). The accuracy, in terms of standard error, for the stem volume 
estimates was found to be 36% of the average stem volume using satellite data only. By adding 
site index, age, and mean tree height as ancillary data the standard error was improved to 17%. 

The objective in this study is to evaluate the accuracy of standwise estimation of forest stem vol­
ume using multi-spectral optical SPOT-4 satellite data and tree height data in combination. In the 
present study, tree height measurements were collected using an objective inventory method in 
order to obtain standwise tree height measurements similar to those that could be derived from 
laser data. 

TEST SITE DESCRIPTION 

The test site, Remningstorp, is located in the south of Sweden (58°30'N, 1 3°40'E) and covers 
about 1200 ha of productive forestland (Figure 1 ). The prevailing tree species are Norway spruce 
(Picea abies) , Scots pine (Pinus sylvestris) ,  and birch (Betula spp.). The dominant soil type is till 
with a field layer consisting of blueberry ( Vaccinium myrtillus) , cowberry ( Vaccinium vitis-idaea) or 
narrow thinned grass (Deschampsia f/exuosa) .  In the denser forest a field layer is not present. The 
topography is fairly flat with a ground elevation varying between 1 20 and 145 m above sea level. 
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Figure 1: Test site location showing 61 objectively inventoried forest stands (shaded grey). 

FIELD DATA 

The ground data available for the test site consisted of a digital stand boundary map, a coarse 
(50x50 m2) digital elevation model (OEM), and standwise field measurements. 

The field inventory was carried out using the forest management planning package (Jonsson et al. , 
1993). In each stand, sample plots (radius 10 m) were placed in a randomly positioned systematic 
grid. On each plot all trees were tree species determined and callipered at breast height (i.e. , 1.3 m 
above ground). For randomly selected sample trees, chosen with a probability proportional to basal 
area, tree heights were also measured. Hence, field data were collected using an objective and 
unbiased method. 

Altogether 106 stands were randomly selected for field inventory assuring. that the entire stem vol­
ume range was represented in the analysis. The standwise estimated stem volumes from field 
measurements collected between 1997 and 2002 were adjusted to 2000 to match image data ac­
quisition. For this study, stands were selected to represent coniferous forests with various stem 
volumes using the criteria of coniferous stem volume >70%, soil type till, and ground slope <4°. 
The selection criteria were used to obtain a broad range of stem volumes and to keep influencing 
variables as constant as possible. In total, 61 stands fulfilled these criteria giving stem volumes in 
the range of 15-585 m3 ha-1 with an average of 266 m3 ha-1. The stands varied between 0.6-19.2 
ha in size with an average of 3.5 ha. On average nine sample plots were measured in each stand. 
The estimated accuracy, in terms of standard error, was about 9% of the average stem volume at 
stand level. 

OPTICAL SATELLITE DATA 

SPOT-4 is a multi-spectral optical satellite orbiting the Earth in a near polar and sun-synchronous 
orbit at an altitude of about 800 km. The high resolution visible and infrared optical instrument has 
a green (81), red (82), near infrared (83) , and mid infrared (84) band measuring reflectance repre­
sented by digital numbers (DNs) in the wavelengths 0. 50-0.59, 0.61-0.68, 0.79-0.89, and 1.58-1. 75 
�m. respectively. The images cover 60x60 km and the ground resolution is 20 m with a radiometric 
resolution of 256 digital levels. The optical image used in this study was registered under cloud 
free conditions on July 3, 2000 with track 053, frame 230/2, view angle -20.8°, and sun elevation 
angle 52.8°. The image was geometrically precision corrected by the Swedish Space Corporation 
to the Swedish National Grid with a geometrical error of about 10 m. 
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METHOD 

In order to estimate standwise stem volume a model was developed using linear regression analy­
sis. The set of predictor variables chosen consisted of the average ON of the multi-spectral bands 
81-84, ditto squared, the ratio between the bands, and the objectively inventoried mean tree 
height, at stand level. In total a set of 15 predictor variables were investigated. The selection of 
predictor variables to be included in the model was based on residual studies, statistical signifi­
cance of the estimated regression coefficients, and the coefficient of determination. The model for 
estimation of stem volume using SPOT -4 data and mean tree height data, at stand level, is ex­
pressed as: 

2 Bl B2 
ln(v;) = a0 + a1Bl; + a2Bl; + a3 -' + a4 -_ -' + a5 ln(h;) + £1 + 8; 

B3; B4; 
(1) 

where vi is the stem volume in m3 ha-1 for standi, a0, a1, . . .  , a5 are the regression coefficients, B1i, 
82;, B3i, and B4i are average DN stand i, respectively, h; is the mean tree height, Ei is the 
random error for true stem and o; is error ith stand. The 
variables E; and i5i were assumed to be independent and normally distributed with zero expecta­
tions and variances cr2

1 = Var(E:i) and cr2
2i = Var(/5;). The regression coefficients were estimated by 

means of ordinary least squares (OLS). 

A correction factor for logarithmic bias was applied as the average of stem volume estimated from 
the field measurements divided by the average of the predicted stem volumes. Furthermore, cor­
rection for the sampling error was carried out as described in Fransson et al. (2001). Finally, a 
cross-validation test was performed to ensure that the function was not overfitted. 

RESULTS 

The estimated stem volume from field measurements plotted against the combined stem volume 
estimate from model (1) is shown in Figure 2. All regression coefficients in (1) were found to be 
significant (p < 0. 001) except for the intercept (a0). The regression coefficients were estimated to a0 
= -0.410, a1 = 0. 170, a2 = -0. 004, a3 = -5.37, a4 = 3. 03, and a5 = 1.50. The relative RMSE before 
correction of the sampling error was 13. 2% of the stem volume (corresponding to 35. 1 m3 ha-1 for 
the average stem volume) and with the sampling error removed 11.1% (29.6 m3 ha-1). The coeffi­
cient of determination (adjusted) from the regression analysis was 97.6% and the correlation coef­
ficient between stem volume and mean tree height estimated from field measurements for the 61 
stands was 0.87. 
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Figure 2: Stem volume plotted against estimated stem volume from a combination of SPOT-4 data 
and mean tree height data, at stand level, using regression model (1) with a reference line, for 61 
objectively inventoried stands. 
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The square root of the ratio between the estimated total variance about the regression function 
with cross-validation and the estimated total variance about the regression function without cross­
validation was found to be 1.05, which is considered acceptable. 

DISCUSSION 

In this study, the combination of multi-spectral optical SPOT-4 satellite data and forest tree height 
data for estimation of stem volume, at stand level, has been investigated using regression analy­
sis. The analysis was based on coniferous forest stands at a test site located in the south of Swe­
den. The estimation accuracy was expressed in terms of root mean square error (RMSE). Stand­
wise field measured tree height data were used due to limited availability of laser scanner data. 

The results show that accurate estimates of standwise stem volume can be obtained with a RMSE 
of 29.6 m3 ha-1 (corresponding to 11.1% of the average stem volume). The obtained accuracy is in 
agreement with previously presented results based on laser data with a relatively dense sample of 
laser measurements (e.g., Hyyppa et al., 2001; Naasset, 2002; Holmgren, 2003). However, stand­
wise mean tree height used in present study is believed to be accurately estimated using only 
a sparse sample of laser measurements, which will reduce costs in large-scale forest inventories. 

In comparison with studies based on multi-spectral optical satellite data, the results reported by 
Fransson et al. (2001) showed that stem volume in boreal forests could be estimated with RMSEs 
of 24-36% of the average stem volume using SPOT data. The study was performed at a boreal 
forest test site with stem volumes in the range of 0-305 m3 ha"1 (on average 129 m3 ha-1). Magnus­
son and Fransson (2003) estimated stem volume at stand level using SPOT -4 data and obtained a 
RMSE of 23.5% on the same dataset as used in this paper. Hence, by adding standwise mean tree 
height as explaining variable in the regression analysis the RMSE was improved by about 53% 

(23.5% to 11.1%).  The studies by Nilsson (1997) and Holmgren et al. (2000) also showed a signifi­
cant improvement when combining multi-spectral optical satellite data with field data. 

The next step will be to perform standwise stem volume estimates using multi-spectral optical sat­
ellite data and laser data. Further research is needed to investigate the required number of laser 
measurements per area unit in order to achieve accurate mean tree height estimates. 

Replacing the field measured tree height data with laser measured tree height data acquired from 
a sparse sample of laser measurements, the proposed method may be suitable in large-scale in­
ventories in order to improve cost-effectiveness. In such a scenario, empirical relationships be­
tween stem volume and remotely sensed data (i.e., multi-spectral optical satellite data and tree 
height data measured from laser scanning) need to be developed using a sample of known refer­
ence stands. These relationships could then be used to estimate standwise stem volume for each 
stand using the proposed remote sensing data sources. In addition, optical satellite data may also 
be used for segmentation of stand boundaries and provide useful information about the proportion 
of coniferous and deciduous trees. 

In conclusion, the results for standwise stem volume estimation were found to be better than using 
the conventional National Land Survey method, implying that the combination of multi-spectral op­
tical satellite data and tree height data can be used in forestry applications. 
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ABSTRACT 

Visual interpretation of aerial photographs or numerical satellite analyses have shown a 
for large area forest-mapping tasks, such as estimation of stem volume, the discrimi-

nation of tree species, the classification of site types and forest taxation, and the detection of forest 
changes. The results, however, have seldom been satisfactory for small area inventories or for 
operative forest planning. With the development of digital technique, the amount of remote sensing 
material available for forest inventories increases with escalating pace. Digital aerial photographs, 
airborne video imagery, spectrometers and ranging radar detection represent the latest in airborne 
images and compete with dozens of new, more accurate satellite images. One of the most promis­
ing alternative of these new technologies for increase accuracy and efficiency of forest inventory is 
airborne laser scanner data. 

The present state of the art in laser scanning indicates high potential in assessing various parame­
ters of single trees, and to adapt this information for plot and stand level. The height of individual 
trees can be measured at the best with an accuracy of 50 em. At stand level, basal area and stem 
volume can be obtained with a standard error of about 1 0 % if the relation between height and di­
ameter of the tree is solved appropriately. The use of the distribution function can helped in as­
sessing the amount of wood in the second and third storeys. Tree species can be obtained with the 
help of the aerial imagery to about 80-90 % correctness for individual trees. Using multi-temporal 
data sets it has been shown that even the plotwise growth of trees can determined with about 10 
em precision using laser scanner (based on 2 years separation in laser acquisitions). The corre­
sponding value for standwise growth is 5 em. All mature cut or fallen trees can be automatically 
detected. Jn addition, laser survey provides a DEM with accuracy between 20-40 em in hilly, for­
ested areas. In this context, we analyze possibilities of laser scanning data in operative forest 
planning and in a strategic planning inventory taking into account the information requirements 
related to wood purchasing as well as increasing needs for ecological information such as meas­
urements of landscape level biodiversity. 

1. INTRODUCTION 

Detailed and timely information on forests are required by e. g. traditional forest management, forest 
certification and assessment of forest biodiversity. This increased demand of information combined 
with the desire to reduce costs have created a need to increase the efficiency of forest information 
acquisition. Technologies for acquiring spatial forest resource information have developed rapidly 
during the past years. Field work has been enhanced by satellite positioning systems (GPS), auto­
matic measuring devices, field computers and wireless data transfer. Modern remote sensing, in 
turn, provides cost efficient spatial digital data which is both spatially and spectrally more accurate 
than before. 

Promising results in generalizing field inventory results to large forest areas using remote sensing 
have commonly been achieved (e. g. Tomppo 1990, Tokola 1990, Tokola & Heikkila 1997, Katila & 
Tomppo 2001, Hyvonen 2002). However, apart from visual interpretation of aerial photos, remote 
sensing has rarely been used in forest planning compartmentwise inventories. This is because of 
two main reasons. Firstly delineation of compartment boundaries is a highly subjective matter and 
thus difficult to accomplish automatically via numerical methods. Secondly the accuracy of nu-
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merical interpretation methods has so far not been adequate enough. With the development of 
digital technique, the amount of remote sensing material available for forest inventories increases 
with escalating pace. One of the most promising alternative of these new technologies for increase 
accuracy and efficiency of forest inventory is airborne laser scanner data. 

The present state of the art in laser scanning indicates high potential in assessing various parame­
ters of single trees, and to adapt this information for plot and stand level. The height of individual 
trees can be measured with high accuracy. At stand level, basal area and stem volume can be 
obtained with a error acceptable for practical forestry if the relation between height and diameter of 
the tree is solved appropriately. The use of the distribution function can helped in assessing the 
amount of wood in the second and third storeys. Tree species can be obtained with the help of the 
aerial imagery. Using multi-temporal data sets it has been shown that even the plotwise growth of 
trees can determined. Mature cut or fallen trees can be automatically detected. In addition, laser 
survey provides a DEM with high accuracy in hilly, forested areas. 

The cost of laser scanning is relatively high. However, due to the improved availability of the laser 
scanner and also due to the technological development, the costs of laser scanning are all the time 
decreasing. Practical forestry today includes the possibilities of using laser scanner for standwise 
forestry as suggested by Ncesset (2002). On other hand, the development of individual tree 
characterization proposes possibilities of using such techniques in practical forestry. Due to the 
present high costs related to individual-tree based solutions, we analyze the possibilities of using 
laser scanner as a sampling device. 

This paper describes a possible practical solution for operative forest data acquisition. We first 
analyze the technical possibilities related to the laser scanner and then apply that for large area 
forest inventory. 

2. TECHNICAL POSSIBILITIES 

2. 1 Profile imaging and laser scanning 

Profile imaging is aimed to produce height profiles of the imaged objects by imaging the area of 
interest in parallel flight lines. S ince the flight altitude is only 100-200 m a single flight line covers a 
relatively narrow strip of terrain. A 3D profile of the imaged area can be accomplished by jo in ing 
several flight line images. Examples of profiling sensors are the laser based LIDAR (light detection 
and ranging) radar and the profiling microwave radar. According to Hyyppa (1993) a profiling mi­
crowave radar is capable of measuring the stock's mean and dominant height, basal area, stem 
volume, crown height, development class and soil type. The main problem has stemmed from the 
low ground width of the images. The resulting flight line density in operative use has been so high 
that imaging costs have soared out of bounds. 

Laser scanning provides more promising imagery than profile imaging. This technique makes it 
possible to reach even the single tree level in forest imaging. A laser scanner emits an optical I 
infrared laser pulse perpendicular to the flight line. Each image row consists of pixels representing 
almost adjacent ground elements. The x, y and z coordinates are derived for each pixel. By analys­
ing these measurements both 3D terrain and crown models can be derived. The difference of 
these models is the height model of the stock. The main advantage of this technology compared to 
optical remote sensing is that in this case the physical dimensions of the imaged objects are 
measured directly. Ground reference measurements are therefore not required which in turn re­
duces the total measuring costs (Hyyppa & lnkinen 1999). 

2.2. Assessing forest stand attributes by use of laser scanner 

2.2. 1 TREE HEIGHT MEASUREMENTS 

In Hyyppa and lnkinen (1999) and Hyyppa et al. (2001), it was demonstrated that high-pulse-rate 
laser scanners are capable to detect single trees in boreal forest zone. It was shown that tree 
heights of individualtrees in the dominating storey could be obtained with less than 1 m standard 
error. However, the results shown in Yu et al. (2003) suggests that better accuracy than 50 em can 
be obtained with high sampling density airborne laser scanners. In the Table 2 of Yu et al. (20 03), 
standard deviation of height estimates between two laser acquisitions are given. If all the trees are 
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growing at the same rate within the same stand, the standard deviation also describes the stan­

dard deviation of the height estimation divided by .fi . This implies that even an accuracy of 20-30 
em can be obtained for single tree heights. This is better than the accuracy obtained with conven­
tional hypsometers. Several other studies have also indicated that the mean height can be pre­
dicted accurately using laser scanning ( Naesset 1997, Magnussen and Boudewyn 1998). 

2.2.2. TREE SPECIES RECOGNITION 

Holmgren and Persson (2003) have shown that airborne laser scanning, measuring structure and 
shape of tree crowns, could be used for discriminating between spruce and pine. The portion cor­
rectly classified trees on all plots was 95 %. 

2.2.3 ESTIMATION OF TREE PARAMETERS FOR INDIVIDUAL TREES 

Persson et al (2002) showed that 71 % of the trees could be correctly detected using laser scan­
ner, however, 91 % of total stem volume was detected. The segmentation was improved on fitting 
a second-order parabolic surface to the height data 

2.2.4 GROWTH AND HARVESTED TREES 

The applicability of small footprint, high sampling density airborne laser scanner for estimation of 
forest growth and detection of harvested trees was demonstrated in Yu et al. (2003). Two laser 
acquisitions - one in September 1998 and another in June 2000 - were carried out using Toposys-
1 laser scanner in test site (Kalkkinen), 130 km north of Helsinki. Three-dimensional tree height 
models were calculated for both data sets using raster-based algorithms. Object-oriented algo­
rithms were developed for detection of harvested trees and forest growth estimation. Out of 82 
field-checked harvested trees, 65 trees could be automatically detected. All mature harvested trees 
were detected; problems were encountered mainly with smaller trees. Forest growth was tested at 
tree, plot and stand levels. Applied methods included an object-oriented tree-to-tree matching algo­
rithm, interactive orientation using point cloud and statistical analysis. The precision of the esti­
mated growth, based on field checking or statistical analysis, was about 5 em at stand level and 
about 15 em at plot level. The authors expected that the methods may be feasible in large area 
forest inventories where permanent sample plots are used; the described methods may be applied 
to replace a large number of permanent plots with laser scanning techniques. 

2.2.5 QUALITY OF STEM 

The objective the study by (Pyysalo and Hyyppa, 2002) study was to carry out reconstruction of 
single tree crowns from laser scanner data to use the obtained vector model for feature extraction. 
The reconstruction was implemented in several stages. In the study it was found that dense laser 
scanner data detail describes the upper canopy of forest and therefore is suitable for tree height 
information extraction. The lower crown was found less detail measured with laser scanner and 
parameters extracted from that part were less accurate, but trend setting. Even though, the crown 
base line was less accurately determined, such information may be used to detect crown base line 
giving information on the quality of the stem. 

2.2.6. DIGITAL ELEVATION MODEL (OEM) 

Hyyppa et al. (2000) obtained an average standard error for OEM in the forest area of about 22 
em. The accuracy of various OEM algorithms was tested by Ahokas et al. (2002), and an accuracy 
of 14 em in a hilly, forested environment was obtained. Information on OEM can be used to further 
estimate growth, determine good routes for forest road network. 

2.2. 7 SUPPRESSED TREES 

Maltamo et al. (2003) proposed the use of theoretical distribution functions to account for the sup­
pressed trees. The tree crown segmentation method used cannot detect suppressed trees from a 
height model based on laser scanning. Consequently, the shortest trees of the dominant tree layer 
may not be recognized. These trees can be predicted by using theoretical distribution functions. 

2.2. 8 BIODIVERSITY 
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The three commonly referred components of biodiversity are genetic, species, and habitat (ecosys­
tem) diversity. Habitat composition of a forest area reflects its species richness. Geographic infor­
mation systems (GIS) and remote-sensing techniques are now increasingly used to study the dis­
tribution of animal species based on habitat distribution. Holopainen (1998) developed habitat 
classification system for the estimation of habitat diversity using airborne images. 

By tradition, biodiversity conservation has been focused on protecting individual threatened spe­
cies, however, this species-by-species approach is expensive and inefficient. Due to the complex 
relationships between species and their biotopes, a biotope approach to the conservation of biodi­
versity is often preferable. Of the many means of describing vegetation diversity, the most common 
are extent, structure, composition, biomass or production, and condition. Each of these can be 
assessed on the ground, but they may be assessed more effectively from various forms of remote­
sensing data. 

Several digital image features can be used in numerical classification and in the assessment of the 
diversity of a forest (Parmes 1996). The features can be derived from the digital numbers of single 
pixels, segments, or groups of segments. Traditionally, texture has been divided into statistical and 
structural texi:ure ( Haralick 1979)0 Statistical texture can be understood as the randomlike variation 
of tone values in the neighborhood, while structural texture quantifies the structure, form, and loca­
tion of pixels or segments. If geometric, contextual, and pattern features are used, presegmenta­
tion of the image is needed. Presegmentation divides the image area into units of homogeneous 
tone values. Once the image has been segmented, geometric features such as the size and shape 
of land cover units and their distribution can be calculated. The frequency of segment boundaries 
describes the texture or diversity of a landscape. In contrast, the ratio of the size of the segments 
to their boundary lengths is correlated with the complexity of the landscape (Parmes 1996). When 
the structure becomes more clear and shows better spatial resolution, it is possible to use struc­
tural contextual features, in which the units are homogeneous stands, or labels of a group of 
stands. If location of these stands is known, spatial heterogeneity can be characterized by frag­
mentation. In practice, the natural distribution of ecosystems is heavily fragmented, mainly as a 
result of human intervention. 

The fragmentation of a forest area can be characterized by using some simple metrics of land­
scape, e.g. biotope areas, density, size, and variability. Edges, shapes, core areas, and nearest 
neighbors can also be used as indicators of landscape diversity. A group of d iversity indices exists, 
traditionally used in the assessment of species diversity, that can also be used to determine land­
scape diversity. 

Holopainen (1998) studied Forest habitat mapping by means of digitized aerial photos and multis­
pectral airborne measurements. The habitat classification used aimed to compress tree stand and 
ground vegetation information into a single variable. Classification based on tree and ground vege­
tation. Holopainen (1998), Holopainen & Wang (1998a) and Holopainen & Jauhiainen (1999) found 
out that habitats derived by tree information were possible to identify with high accuracy using nu­
merical interpretation of aerial photographs. However, when accounting ground vegetation, the 
classification accuracy was decreased remarkably (Holopainen & Wang 1998a, Jauhiainen et al. 
2003). 

Laser scanning has advantage compared to interpretation of digital aerial photograps by having 
possibility to detect measurements also from ground vegetation and under storey. That means it 
would be possible to derive valuable information also for calculation of landscape level biodiversity 
indices and indicators. 

The tree height maps of the forests can also be used to preserve biodiversity. E.g. Russian flying 
squirrel is rare within the European Commission and special actions are carried out to preserve the 
habitat. It is possible to selectively harvest the trees and still leave transition areas for the squirrels 
within the road construction processes. 

3. PROPOSED SCENARIO 

Presently, the availability of the laser data is significantly improving each year and the costs are 
steadily decreasing due to the acceptance of new systems with higher sampling density and higher 
flight altitude. Most of the presently available laser systems can detect individual trees. Present 
costs for laser survey are highly dependent on the size and shape of the test site. The most eco-
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nomic use of the laser scanning in forestry is to apply it on a strip-base sampling, since long stripes 
are economic to fly. Thus, large-area forest inventory using permanent or non-permanent sample 
plots are perhaps the most feasible operative applications for laser scanning at single tree level. 
Furthermore, Laser scanning sample could be utilized in compartment-wise forest inventory if 
some cheaper remote sensing material (e.g. digital aerial photographs) is available for generalising 
laser scanning result to whole forest area. 

Thus, in addition to the laser scanner flight, we recommend the use of a separate aerial survey, to 
help in the tree specie classification and for generalising. Laser scanner survey is recommended to 
be repeated every 8-10 years. The use of theoretical distribution functions is suggested to account 
for the suppressed trees. 

The obtainable parameters for the plot are the following: 

1. Individual tree heights and mean tree height 

2. Percentage of crown coverage, crown area for each tree, basal area, mean basal area, mean 
diameter 

3. Stem volume of each stem, mean volume 

4. Tree species 

5. Number of stems 

6. Growth (individual tree height crown, crown growth, mean volume growth) 

7. Quality of the stems 

8. Site quality and fertility (from the growth data) 

4. DISCUSSION OF THE SCENARIO 

4. 1 Example 

Let's take a forest inventory example. In the following, we compare costs of traditional 
compartment-wise forest inventory to airborne laser scanning based inventory. The selected study 
area is virtual company Forest Ltd situated in central Finland. Forest Ltd. has about 200 000 ha 
forest that should be inventoried. Because full coverage of laser scanning might be too expensive 
for forestry purposes, our starting point is a multi-phase sampling involving laser scanning, digital 
aerial photographs, and field measurements. S ufficient laser scanning sample would be 1 0 % of 
forest area, that is 20 000 ha (200 km2) in our example. If our area is 40 km x 50 km square and 
flight line widht is 200 m, we should have 2 0  flight lines each 50 km in length. 

The processing of the laser data has the following steps: 1) tranformation of the data to local 
coordinates, 2) classification of the point cloud into underground hits, ground hits and vegetation 
hits, 3) calculation of the OEM and DSM corresponding to crown level, 4) calculation of the 3-D 
tree height model, 5) segmentation of the tree height model, 6) derivation of the treewise 
parameters from the laser data and digital aerial photographs 7) derivation of plotwise statistics as 
well as generalization of the data for aerial photographs. 

In tree level analyses tree crown models are derived using either digital photogrammetry of aerial 
photos or laser scanning. In our example, tree heights are derived using laser scanning sample, 
tree species and crown size by means of aerial photographs, and other tree characteristics using 
various tree models. Successful implementation of this approach requires successful tree crown 
identification especially in two-storey and multi-storey stands and appropriate tree models. Theo­
retical models taking into account trees invisible on the remotely sensed imagery are also required 
in order to achieve unbiased analysis results. 

S ingle-tree-based inventory is applied for the whole laser scanning data. Typically, automatic 
segmentation leads to 50 % correctly classified segments and also 50% of the existings trees is 
assumed to belong to the dominating storey. This means that by fully automatic techniques, 25 % 
of the trees existing in the surveyed area are collected and processed. This means, that by the 
laser survey, we can collect 2.5 % sample of all the trees in the Forest Ltd. test site. 
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Laser scanning sample would be generalized to study area by digital aerial photographs. Numeri­
cal interpretation of digital aerial photos has been hindered by radiometric irregularities in the im­
agery. Issues related to e.g. the atmosphere, central projection, sun angle, topography, film prop­
erties, and camera optics cause bi-directional reflectance effects which makes similar objects in 
different parts of image differ greatly in respect to their image features. This phenomenon causes 
difficulties even in visual interpretation and is especially problematic in numerical interpretation 
which is commonly based on the stratification of image features into homogenic classes or strata. 
Empirical and semi-empirical correction methods have been applied quite successfully with digital 
aerial photos (Holopainen & Wang 1998a, 1998b, Pellikka 1998, Holm 1999, Mikkola & Peliikka 
2002), video imagery (e.g. King 1995) and spectrometer imagery (e.g. Leckie et al. 1995). 

Traditional pixel-by-pixel image analysis is not applicable when employing very high spatial resolu­
tion (VHR) image material because the size of a pixel is typically smaller than the object of interest. 
As a solution to the determination problem segment -based approach in which image segments 
serve as units of feature exiraction and image analysis has been suggested (e.g. Pekkarinen 
2002). Segmentation divides the image completely into continuous, non-overlapping homogeneous 
sets of pixels (Pekkarinen 2002). 

Here, we suggest automatic segmentation empirically corrected digital aerial photographs. 
Segments can be used as units of feature extraction. Laser scanning sample can be generalized to 
segments using k -nearest neighbour (k-NN )  estimator. Feature space would consist of segment­
based spectral and textural features. 

4.2 Comparison of the costs of laser scanning and aerial photography versus conventional 
compartment-wise forest inventory 

Since there are not any laser scanner in Finland, the costs of the laser scanning flight would con­
sist of the mobilisation and survey costs. That would be 12 000 Euro for the mobilisation and 
roughly 40 000 - 50 000 Euro for the data acquisition and preprocessing. It is assumed that full 
coverage of aerial photography is collected as standard procedure of forest inventory. In the follow­
ing, we estimate that the total costs of laser surveys are 60 000 Euro, which means 3 Euro per 
hectare of collected data and 0.3 Euro per hectare for the whole inventory area. Additional 60 000 
Euro would be needed for the processing of the laser data into location-based tree-wise informa­
tion Therefore, the additional costs of laser scanning is 0.6 Euro per hectare. Another survey after 
8-1 0 years would cost the same amount. 

Aerial survey that is used for tree species recognition and for generalising the laser scanning sam­
ple to whole forest area is, of course, more expensive when flying lower. If our aim is to make tree­
wise measurements (tree species) using aerial photos, scale of 1: 16 000 or better (Korpela 2000) 
is required. If our goal is compartment-level segmentation smaller scale (e.g. 1:30 000) is enough. 
In our example, we would like to make tree-wise estimations, i.e. we use photos that are photo­
graphed at the scale of 1:16 000. Preprosessing (radiometric correction and segmentation of about 
300 aerial photos) and estimation of results to whole forest area would cost approximately 300 € I 
photo, i.e. 90 000 €. The cost of the (ortho)photos would be about 200 € I photo, i.e. 60 000 €. 

In traditional forest inventory, the cost for permanent sample plots are normally 100 $ per plot. In 
2000, total costs of compartment-wise inventory in Finland was 17,9 € I ha, in which about 45 % 
(7.9 € I ha) is cost of field measurements (Uuttera et al. 2002). The usability of laser scanning 
based inventory in practise is dependent on amount of field work . .  Assuming the accuracy of laser 
scanning data in estimating forest variables such as tree hight, diameter, basal area, and volume 
of trees is as high as in previous research, and that accuracy of tree species recognition using digi­
tal aerial photographs is sufficient, volume of stand, tree species and timber assortment distribu­
tions would be possible to estimate without field measurements. In addition, growth of the trees 
and site quality would be possible to measure using multi-temporal laser scanning data. 

However, field measurements would still be needed in assessing biodiversity indicators and key 
biotopes. In our scenario, it would be possible to map potentially important areas of biodiversity 
using tree height maps estimated by laser scanning or using fragmentation indicators estimated by 
digital aerial photographs. Field measurements can be concentrated to those areas, and e.g. 
guided transect sampling (Ringvall 2000) could be utilized. 
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Modern measuring equipment provide a worthy means also for improving the efficiency and accu­
racy of field measurements. Today field measurements are carried out with the aid of field com­
puters and satellite positioning systems with which measured forest data can be transferred di­
rectly to forest databases attached with accurate positioning data. Devices for improving the effi­
ciency and accuracy of stock measurements have also been developed. The Helsinki University 
Dept. of Forest Management has e.g. developed a new stock measurement device called the la­
ser-relascope which is based on laser measurements of angles and distances. The device can be 
used to measure tree heights and tree diameters at arbitrary heights from plot centers without ac­
tually visiting the trees. All measurements are further positioned using GPS (Laasasenaho et al. 
2002). 

If we assume, the field measurements are needed in 20 % of forest area, and that the costs of 
measurements is more expensive than in traditional compartment-wise inventory (about 10 € I ha), 
the costs of the field work wouid be 400 000 € in our example. In Table 1, costs of laser scanning 
based inventory are compared to costs of traditional compartment-wise inventory. 

Table 1, costs of laser scanning based inventory are r·runn�"''c" to costs of traditional compartment-
wise inventory 

Laser scanning based inventory Traditional compartmentwise inventory_ 

laser scanning 60 000 € 

�recessing of laser scanning data 60 000 € 

Digital aerial photos 60 000 € 

Pocessing of aerial photos 90 000 € 

Field Measurements 400 000 € 

Total costs 670 000 € (3.35 € I ha) 3 600 000 €(18 € / ha) 

4.3 Other possible application of laser-derived individual information 

Extracting information needed in forest models - The correct delineation of single crowns is the 
basis for most of the other information which can be derived from laser scanner data. It is also ba­
sis for the information needed for most of the forest and meteorological models. An automated 
procedure to assess single crowns is a decisive step towards a better database for the models 
and, therefore, a remarkable increase in model quality. Single crown information until now is very 
difficult to assess. With terrestrial methods, the time consuming procedure is in most cases feasi­
ble only for sample plots. Based on the single tree information distribution, diversity or statistics 
can be calculated. Most of this information is needed in forest related models but is not available 
today. 

Updating of location-based single tree maps, especially in park and city areas. Single trees, parks 
and gardens are an essential part of the urban environment. Information on trees and forested ar­
eas (e. g. parks) is needed for city mapping and modeling. In large-scale map databases single 
trees are normally stored as points and presented in the map with symbols describing the type of 
the tree, e.g. a coniferous or a deciduous tree. Larger groups of trees and gardens are presented 
with symbols inside an area or on a line (a row of trees). It is possible to automatically update 
these tree maps. 

PreseNation of ecological corridors - The tree height maps of the forests can also be used to pre­
serve ecological corridors. E.g. Russian flying squirrel is rare within the European Commission and 
special actions are carried out to preserve the habitat. It is possible to selectively harvest the trees, 
e.g. in the road construction process, and still leave ecological corridors that anables squirrels to 
fly across the road to the opposite site of the forest. 
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5. SUMMARY 

When considering remote sensing in forest inventories one must weigh its costs and benefits. How 
big are the reductions in field work costs compared to the costs stemming from the acquisition, 
pre-processing and interpretation of the remotely sensed imagery. If remote sensing is regarded 
beneficial the next step is to consider the type of remote sensing to be applied. Will the imagery be 
acquired by satellites or aircraft and what is the most suitable spatial, spectral, radiometric, and 
temporal resolution of the imagery. These issues deal with the size of the inventory area, purpose 
of the inventory (mapping, monitoring), desired level of accuracy (region, compartment, tree) and 
image costs. In other words, if the purpose of the inventory is say to locate highly stocked areas for 
wood purchasing purposes highly detailed information may not necessarily be required. In this 
case the use of moderate cost mid-resolution imagery (e.g. Landsat) may be recommended. On 
the other hand, if the purpose of the inventory is to assess within compartment variation or single 
tree characteristics very high resolution satellite data, digital aerial photographs or laser scanning 
data is required. 

The paper presented a feasible concept and an example of using a laser scanner data as a sam­
pling device large-area forest inventory. It was assumed that with i 0 % coverage, additional 
cost will be 0.6 Euro per hectare due to laser mobilization, acquisition, preprocessing and process­
ing into treewise information using single-tree approach. Total costs of compartment-wise inven­
tory would be approximately less than 4 € I ha when using laser scanning, digital aerial photos and 
directed field measurements. 

There are currently huge number on-going research projects involving development of new geo­
graphical information acquisition methods in forestry, e.g. the use of digital aerial photograps or 
laser scanning in forest inventory. For example, "Forests in GIS" post-graduate school run at the 
Helsinki University Dept of Forest Management is focused to these issues. It is therefore quite rea­
sonable to expect good results in the present day aspirations to produce more detailed forest in­
formation at a lower cost for various forestry related purposes. It however remains to be seen will 
emphasis be put on the utilization of new remote sensing techniques or on the rethinking and reor­
ganizing of the actual inventory and planning processes. 
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