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CHAPTER 5

The  Role  of  GIS  and  LIDAR  as  Tools  for
Sustainable Forest Management
Fernández de Villarán San Juan, Rubén* and M. Juan Domingo-Santos
Departamento de Ciencias Agroforestales, University of Huelva, E-21819 Palos de la Frontera,
Spain

Abstract: Regarding activities related to sustainable forests management, the spatial
location  of  information  is  a  very  important  factor,  which  requires  tools  capable  of
acquiring this data and handling them in a georeferenced format. For this reason, forest
management  has  rapidly  incorporated  geospatial  tools  offered  by  new  information
technologies. Two important technologies used are Geographical Information Systems
(GIS)  and  the  remote  sensing  technology  known  as  LIDAR  (Light  Detection  and
Ranging).Forestry applications of these technologies can be grouped into two broad
categories:  (i)  Inventory  and  monitoring  of  natural  resources;  and  (ii)  Analysis  and
modeling  of  resources  to  facilitate  sustainable  planning  and  management.  The  first
category is designed to measure the surface area, quantity, composition and condition
of forest and natural resources of a management area. Thus, foresters use the LIDAR
technology  for  acquiring  digital  information  on  the  structure  of  the  forest  and  the
terrain; this information, properly processed with a GIS, helps analysts in assessing the
health  of  the  forest,  calculating  and  classifying  forest  biomass,  classifying  land,  or
identifying soil drainage patterns, among other things. In the second category, once the
above mentioned information has been mapped in a GIS environment, it is accessible
to  managers  and  researchers  who  can  analyze  and  create  models  that  optimize  the
decision-making on the resources under management, facilitating and optimizing forest
planning. Therefore, wood felling can be scheduled in a sustainable way, as well as the
design of firefighting infrastructures or the optimization of any other decisions related
to use of resources or the protection of wildlife. This chapter aims to make the reader
familiar  with  some  variables  of  sustainable  forest  management,  and  with  their
integration  into  a  GIS  environment,  as  well  as  to  introduce  the  basics  of  LIDAR
technology  and  its  powerful  capabilities  to  acquire  useful  information  for  forest
managers  and  planners.
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INTRODUCTION

Worldwide,  forests  are  a  source  of  products,  water,  biodiversity,  ecological
balance and human health plus life quality. Forest conservation is a major issue of
environmental  world  policies;  woodlands  need  protection  against  overexploi-
tation,  exposure  to  pollution,  fire  hazards,  and  deforestation  intended  for  other
land uses.

A  milestone  with  regard  to  forest  conservation  and  protection  was  the  Rio  de
Janeiro United Nations Conference on Environment and Development (UNCED)
celebrated in the year 1992, also known as the Earth Summit. The importance of
forests  for  the  environment  and  for  a  balanced  economic  development  of
humanity  was  there  set  up,  thus  concluding  that  the  sustainable  use  of  forests
should be considered as a basic element of Nations’ sustainable developments [1].

In  1993  at  the  second  Ministerial  Conference  on  the  Protection  of  Forests  in
Europe (MCPFE) held in Helsinki, Resolution H1 on the “General Guidelines for
the  Sustainable  Management  of  Forests  in  Europe”  provided  the  following
definition  regarding  a  Sustainable  Forest  Management  (SFM):

[…],  “sustainable  management”  means  the  stewardship  and  use  of
forests and forest lands in a way, and at a rate,  that maintains their
biodiversity,  productivity,  regeneration  capacity,  vitality  and  their
potential  to  fulfill,  now  and  in  the  future,  relevant  ecological,
economic and social functions, at local,  national, and global levels,
and that does not cause damage to other ecosystems [2].

Addressing  forest  problems  throughout  the  World  has  produced  several  forest
management certification schemes, at regional as well as global levels; all of these
schemes  are  based  on  certain  principles  or  criteria  which  have  been  developed
through  indicators.  An  example  of  such  a  criterion  set  adopted  by  some
certification schemes, is the pan-European criteria published for SFM at the Third
MCPFE (Lisbon 1998), adopted following the technical meetings held in Geneva
(1994) and Antalya (1995) [2]:

Maintenance  and  appropriate  enhancement  of  forest  resources  and  their1.
contribution to global carbon cycles.
Maintenance of forest ecosystems’ health and vitality.2.
Maintenance and encouragement of productive functions of forests (wood and3.
non-wood).
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Maintenance, conservation and appropriate enhancement of biological diversity4.
in forest ecosystems.
Maintenance,  conservation  and  appropriate  enhancement  of  protective5.
functions in forest management (notably soil and water).
Maintenance of other socio-economic functions and conditions.6.

In forestry properties, the basic tool to achieve healthy and useful forests, thereby
to  comply  with  all  of  the  SFM  criteria  and  indicators,  encompasses  the
Management  Plan  (MP).

Management Plans

The  MP is  a  document  or  a  set  of  documents  that  should  contain  useful  forest
information for decision making and development of an action plan (see e.g. [3].).

Some  MP  items  as  directly  related  to  the  topic  of  this  chapter  will  further  be
described briefly.

General Information Regarding the Managed Area

Spotting of protected habitats and protected species: they need to be localized on●

a map, as well as the buffer areas that may suffer exploitation restrictions.
Landform  analysis:  steepness,  microclimatic  conditions,  view-points,  view-●

sheds and other factors related to the relief set up of management constraints.
Land cover: forests are divided into management areas depending on vegetation●

type, tree species, site quality, tree and shrubs densities, etc.
Infrastructures: roads, tracks, footpaths, firebreaks, watering points, fences, and●

any  other  infrastructure  need  to  be  located,  whenever  useful  for  forestry
management  practices.

Forestry Resources Information

Existing  resources  such  as  wood,  fuelwood,  biomass,  cork,  pine  cones,  oak●

acorns,  mushrooms,  grazing  grass  and  shrubs,  herbs  or  any  other  actual  or
potential  productions.
Tree density: one of the main management variables; density and age define the●

clearings and regeneration fellings.
Canopy cover and basal area: along with tree density these variables allow to●

evaluate optimal land productivity uses.
Wood volumes and growth: calculated from tree height and diameter, allow to●

compute estimates on wood yield.
Biomass  volumes  and  growth:  modeled  from  several  tree  variables,  allow  to●

obtain estimates on biomass yield.
Age structure of the forest: within each management area and in the whole of the●
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forest managed, age structure will condition the silvicultural and management
systems.
Forest fire risk assessment, depends on terrain and meteorological variables as●

well as on vegetation and stocked fuel conditions.

Action Plans for SFM

Calculating the sustainable yield of wood, biomass or any other forest products.●

Localizing and quantifying the log fellings planned on a yearly basis during 5 up●

to 10 years. All restrictions regarding biodiversity, landscape, soil erosion or any
other  limitation  will  be  integrated  into  this  planning,  in  order  to  determine
felling  areas  as  well  as  felling  techniques.
Infrastructure development for fire protection and recreational use.●

Infrastructure development for resource exploitation.●

Localizing and quantifying any other actions for forest  improvement,  wildlife●

protection, etc.

TOOLS FOR INVENTORY AND MANAGEMENT PLANS

As has already been noted, resources information entails a basic step to manage
resources  in  a  sustainable  way.  Information  is  obtained  by  means  of  forest
inventories, based on forest sampling plot measurements together with statistical
analysis of the sampled data.

In  order  to  measure  sampling plots,  a  team of  2  to  4  persons must  localize  the
plot’s center and identify the trees inside of the plot, measure the trees and count
them. Staff may also mark down any other relevant information on the ecological
features of the sampled area.

Plot  measurements  are  time consuming and costly,  so  the  number  of  measured
plots must be limited to that strictly necessary. Depending on the variability of the
forest  characteristics,  the  number  of  plots  may  vary  from  about  one  plot  per
hectare  to  one  plot  every  25  hectares.

Ever since invented, remote sensing has broadly been applied in order to reduce
plot samplings. Satellite or airborne multispectral images (MS images) are very
useful to identify tree species, canopy cover, vegetation health, terrain elevation
and  other  useful  data  (see  e.g.  [4,  5].).  Nevertheless,  these  images  have  low
performance in providing most of the quantitative information concerning forests
(e.g. [6].), as listed before.

The LIDAR (Light Detection and Ranging) technology has been a revolutionary
tool  to  obtain  a  huge  amount  of  terrain  data.  It  does  not  only  obtain  terrain
elevations  but  in  addition  also  gives  the  terrain  surfaces  covered  by  each
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vegetation layer (grass, shrubs and trees). Table 1 presents the referred manage-
ment variables as well as the tools needed or useful to obtain them.

Table 1. Potential application of management tools to evaluate variables of forestry management plans.

Variable On-site plots MS Images LIDAR GIS Analysis

Protected areas A N

Landform analysis A N

Landcover A A C P

Infrastructures A N

Existing resources identification N

Tree density N A B P

Canopy cover-basal area N A B P

Wood volumes – growth N B P

Biomass volumes and growth N B P

Age structure N A P

Fire risk assessment N C A P

Sustainable yield N A P

Felling areas N

Infrastructure planning N
A: aid, very helpful; C: complementary aid; N: necessary; B: alternative to a needed tool; P: processed from
LIDAR data or image processing.

As  can  be  noted  from  Table  1  the  LIDAR  data  should  be  matched  to  some
reference plot data, in order to calibrate the system and so to minimize the errors.
Anyway, the applicability of the LIDAR technology may drastically reduce the
number  of  sampling  plots,  as  long  as  the  LIDAR  data  are  available  at  an
affordable  cost.

This chapter aims to present the basics of LIDAR technology as well as its actual
applications, combined with GIS, for the improvement of the quality and quantity
of data used in forest management and planning. These improvements may also
cause a significative cost reduction on data acquisition, which may lead to a better
monitoring of all kind of forests.

THE LIDAR TECHNOLOGY

The  LIDAR  technology  is  an  active  detection  technique  which  uses  the  same
principle as the RADAR technology, yet instead of using radio waves uses a laser
beam. While the RADAR uses radio waves to determine an object’s distance by
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measuring the time delay between a pulse transmission and the detection of the
reflected  signal,  the  LIDAR  makes  use  of  much  shorter  wavelengths  of  the
electromagnetic  spectrum.

The wavelength used by the laser of the LIDAR systems may vary between near
infrared  (NIR),  ultraviolet  (UV)  and  visible  (VIS),  according  to  the
measurement’s  objective.  While  to  measure  short  and  medium  distances
(topographic works) a wavelength of 1064 nm (NIR) is utilized, for bathymetric
measurements  the  wavelength  must  be  adjusted  to  532  nm  (green)  [7],  as
displayed  in  Fig.  (1).

Fig. (1).  Electromagnetic Spectrum indicating the most usual Wavelengths of the LIDAR Systems.

Therefore an object’s distance is determined by measuring the time delay between
emission of a light pulse and detection of the pulse reflected back from the object
(Fig. 2), taking into account that the laser light pulse travels at the speed of light.

With  the  intention  of  mapping  large  areas,  the  possibility  exists  to  mount  the
LIDAR system on an aerial platform (airplane, helicopter or drone), from which
to send the light pulse to the Earth's surface; some of these pulses bounce back to
the LIDAR sensor. The time taken by the laser beam to reach the Earth's surface
and bounce back to the sensor in the air  transport  is  used to estimate the Earth
surface element’s distance.

The LIDAR scanner is composed not only of the transmission and reception laser,
in  addition  it  also  presents  a  differential  satellite  global  positioning  system
(DGPS), which is applied to determine the platform’s location, together with an
inertial measurement unit (IMU) which enables to determine the platform’s angle
(pitch, roll, yaw) (Fig. 3). The information provided by the three systems, once
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integrated mathematically, provides a point cloud which records for each item the
horizontal coordinates (x,y) and the elevation (z).

Fig. (2).  Diagram of a LIDAR scanner and its working principle.

Fig. (3).  Components of a LIDAR system.

This type of technology allows to directly measure three-dimensional structures
and terrain surfaces.  Depending on the method used to  capture data,  extremely
dense point clouds can be obtained compared to other capture methods (up to five
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points  per  square  meter).  The  result  of  opting  for  such  a  high  resolution
technology entails a higher measurement precision of the terrain elevations and
the ground objects’ heights. This feature is one of the foremost advantages of the
LIDAR technology in comparison to other conventional optical instruments, such
as digital cameras. On this respect one of the first things to draw the attention to
this  technology  encompasses  the  effective  altimetry  accuracy  which  can  be
retrieved. Although the exact precision remains unknown, studies that have so far
been  conducted  agree  that  the  altimetry  accuracy  achieved  is  higher  than  that
obtained with planimetry, given that for extended areas the mean square error of
the planimetric coordinates [x,y] is estimated to amount to about 15 cm, while for
the “z” coordinate errors below 8 cm can be attained [8]. This accuracy can also
be achieved through photogrammetry, although this option is more expensive and
requires much more time handling and processing data.

A laser pulse produced by a LIDAR system embodies a known finite diameter,
therefore it could be possible that only part of the laser’s diameter was reflected
on  a  certain  object,  while  the  rest  of  the  pulse  would  continue  to  travel  until
reflecting on another object, thus the original pulse would have produced a second
reflection. Each pulse can in principle generate several reflections or returns as
can be seen in Fig. (4).

Fig. (4).  Various reflections generated by a laser pulse emitted by the LIDAR System.
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Initially,  LIDAR  systems  were  only  capable  of  recognizing  a  single  return,
nonetheless currently they can measure several returns per pulse (from 3 to 5) [9].
These multiple returns can be used to study and to analyze the information about
the objects on the Earth's surface. The signal of the first pulse allows describing
the surface or upper part of an object, while the signal of the last eco is typically
used to measure the soil surface.

Obviously with more returns per pulse registered the more accurate will  be the
information retrieved from the scanned surface, but the LIDAR dataset will tend
to be very large, simply owing to the large number of pulses emitted by the laser
scanner. Therefore most LIDAR systems have been designed to record up to five
returns per pulse, given that in practice it has been established that the fourth and
fifth pulse rarely occur.

The data quality and quantity obtained through a LIDAR flight depend directly on
some parameters of the laser scanner and on the flight’s configuration, given that
these  determine  the  point  density  captured  by  the  LIDAR  system.  The  flight
configuration parameters with a higher influence on quality are depicted in Fig.
(5) and listed below [10]:

Fig. (5).  Main flight parameters which sustain an influence on the LIDAR data quality obtained.

Pulse Frequency (F): Corresponds to the number of laser pulses that the sensor is
capable of emitting per second, usually in the range between 200,000 to 400,000
pulses per second (200 to 400 KHz).

Scanning  Frequency  (fc):  Number  of  scans  per  second  or  scanned  lines  per
second,  usually  25  to  90  Hz.
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Field  of  View  (FOV):  Maximum  angle  at  which  the  laser  beam  is  emitted
perpendicular to the flight direction. Generally the low field of view angles are
more  interesting,  since  usually  with  smaller  FOV  a  higher  product  quality  is
obtained,  since for  example very large angles increase the footprint’s  size with
respect to the size of the footprint in the nadir.

Flight Height (H): Corresponds to the scanning’s executed height. Depends on the
laser transmission’s power and also on the mobile platform operated.

Maximum  Scan  Width  (SW):  Maximum  scan  width  transversal  to  the  flight
direction,  depends  on  the  FOV  and  the  flight  height.

Divergence of the Laser Beam (D): Aperture angle of the laser beam.

Laser Footprint (Al): Illuminated Surface by a laser beam. Depends on the beam’s
divergence and the flight height.

Return  Density  per  Surface  Unit:  Corresponds  to  the  number  of  returns  per
surface  unit.

Considering forest areas, the first pulse will impact on the top canopy allowing to
characterize forest variables related to mass height or the canopy cover fraction.
Part of the pulse can generate second, third or further rebounds while reflected on
other  plant  parts  such  as  leaves,  branches  or  trunks,  which  allow  to  study  or
characterize forest variables, such as the canopy volume, the number of trees per
hectare or other density variables. The last rebound registered matches usually the
part of the laser beam reflected on bare soil, allowing to create topographic maps
or terrain elevation models.

Recently,  the  LIDAR  systems  used  to  measure  forest  variables  have  evolved,
allowing to be greatly improved [11, 12] in this manner they have incorporated
laser beams of a greater diameter or footprint (diameters of 5m up to 25m) being
able to receive and process the complete pulse wave, instead of only storing pulse
returns.  These  improvements  consent  to  attain  a  better  characterization  of  the
intermediate  parts  of  the  canopy and  therefore  of  the  forest’s  vertical  structure
(Fig. 6).

LIDAR systems, in addition to recording the time lag between the pulse emission
and reception, are also able to store information about each bounce’s intensity or
energy amount reflected, i.e. the laser beam’s return force after being reflected by
an object. Consequently, high reflectivity objects as could be snow or metal roofs
evidence high intensity or energy returns, while objects of a low reflectivity as for
instance  roads  return  low  energy  or  low  signal  strength  pulses.  Water  bodies
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absorb most of the laser beam energy and no rebounds are generated, except if
adequate wavelengths are radiated (near to the green region of the spectrum).

Fig. (6).  Laser beam response to different mass structures: (a) a regular mass of a single layer (b) a mass
with two height layers (c) absence of trees, bare soil with a bit of scrubland.

This rebound intensity information can be used to generate an image; usually an 8
bit  color  depth  (256  colors)  which  applied  to  a  grayscale  palette  allows  to
visualize point clouds similar to those of a panchromatic orthophotography (Fig.
7).  This  orthophotograph  once  properly  treated  with  a  geographic  information
system, allows to generate a raster layer or orthophotograph of a certain precision,
each  pixel’s  digital  value  containing  the  average  of  all  the  signal  rebounded
intensities  falling  within  a  same  pixel.

However,  it  should  be  noted  that  the  digital  value  stored  within  a  pixel
corresponds to the object’s reflectivity according to the laser wavelength applied
being the derived intensity data set not standardized, therefore its use is limited to
create orthophotographic images which prevent to retrieve any other information.
An  interesting  advantage  given  that  the  LIDAR  system  uses  an  active  sensor,
image  intensities  do  not  depend  on  the  prevailing  light  conditions,  allowing  to
capture data under cloudy conditions and even nocturnally.
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Fig. (7).  Rebound intensity image of the LIDAR system.

The information gathered by the LIDAR sensor is stored in a file type “Laser file
format Exchange activities” also known as LAS file, whose specifications have
been  developed  by  the  American  “Society  for  Photogrammetry  &  Remote
Sensing”. The LAS file is encoded in a public exchange format comprising three-
dimensional  point  type  data,  each  point  storing  as  minimum:  the  x  and  y
coordinates together with the registered height, the rebound intensity, the emitted
pulse number, the reflected pulse number, last, the pulse emission angle.

INFORMATION PROVIDED BY LIDAR

The  LIDAR  technology  presents  many  advantages  compared  to  the  other
traditional  cartographic  techniques,  such  as  photogrammetry.  It  possesses  the
ability  to  simultaneously  record  information  on  the  structure  of  the  vegetation
cover  and  on  the  soil  surface  that  exists  underneath  of  the  tree  canopy,  an
unthinkable  question  attained  by  using  the  traditional  techniques  of  photo-
interpretation.  This sampling accuracy increase of  the soil  surface substantially
allows  to  improve  the  ground  topographic  analysis  achieving  a  better
understanding  of  the  geographic  features.

In this manner the first product that can be obtained by the LIDAR information
consists  of  a  digital  terrain  model  (DTM),  which  simply  can  be  defined  as  a
numeric data structure representing the spatial distribution of the variable ground
height. Generation is achieved using the rebounds reflected on the bare ground,
regardless of whether they are the first, second or third rebound.
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The next information derived from the LIDAR point data clouds are the digital
surface models (DSM) which correspond to digital terrain models that include the
elevations of existing objects on the Earth's surface, such as trees, buildings or the
bare  soil  with  no  previous  coverage  [13].  This  surface  model  is  of  particular
interest  to  the  forestry  sector,  as  it  offers  a  clear  view  of  the  highest  canopy
surface of wooded areas. This model is generated, logically from the first rebound
of all the pulses [14], (Fig. 8).

Fig. (8).  Digital Terrain (DTM) and Surface (DSM) Models: DSM (red line and upper 3-D image) includes
canopy cover, whereas DTM (blue line and lower 3-D image) represents the bare ground landforms.

In contrast to the two previous models a third product of great forestry interest is
obtained  consisting  of  the  vegetation’s  digital  model  containing  the  canopy
heights  read  by  the  LIDAR  scanner  (Fig.  9).

Fig. (9).  Standardization of the Vegetation height recorded by the LIDAR scanner.
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Handling LIDAR data applied to forest inventories can potentially provide forest
variables at an individual tree level,  allowing to obtain a broader picture of the
forest’s  real  structure.  These  forest  mass  variables  usually  are:  height,  canopy
fraction  and  tree  profiles.  These  attributes  can  be  used  to  derive  other  forestry
measures  such  as  the  bi-symmetrical  area  and  wood  volume,  as  well  as  the
biomass  amount  for  energy  production  and  the  analysis  of  forestland  carbon
capture.

THE FORESTRY INVENTORY WITH LIDAR

Undoubtedly  forestry  is  one  of  the  fields  in  which  the  LIDAR  technology  has
exhibited its  highest  potential,  thanks to this  system’s ability  to generate  dense
three-dimensional  point  clouds.  LIDAR  data  provides  horizontal  and  vertical
information  with  a  high  spatial  resolution  and  accuracy,  with  forest  attributes
impossible to be obtained by any other remote means [15, 16]. Numerous authors
have presented results demonstrating the LIDAR system’s capability of measuring
dasometric forest mass variables and individual trees dendrometric measurements
[17 - 24].

Giving the main points on the forest variables obtainable or directly derived from
the  LIDAR  data  would  be:  canopy  height,  underlying  canopy  topography,
aboveground biomass, basimetric area, average trunk diameter, treetop volume or
vertical distribution of the vegetation [25 - 34].

Prior  to  obtaining  any  forest  variables  resulting  from  a  LIDAR  flight,  a  pre-
processing of LAS files is always needed, which usually consists of a point cloud
filtering (identification of bare soil returns and identification of returns produced
by objects on the ground), the MDE generation and the standardization of each
return’s height with respect to the ground (or creation of the MDV), followed by a
statistical analysis of the rebounds above a determined height (metrics of the LAS
file) (Table 2).

Table 2. Statistical Variables with forestry interest derived from a LAS file (flight metrics).

Statistical Variables derived from the laser return above a certain height Forestry Utility

Percentage of first returns above X meters Canopy cover (%)

Minimum Elevation Lowest canopy height

Maximum Elevation Highest canopy height

Mean Elevation Average Canopy Height

Elevation mode Canopy Height Mode

Elevation Standard deviation Forest regression models
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Statistical Variables derived from the laser return above a certain height Forestry Utility

Elevation Variance Forest regression models

Elevation Coefficient of variation Forest regression models

Elevation Coefficient of skewness Forest regression models

Elevation Interquartile range Forest regression models

Elevation Coefficient of Kurtosis Forest regression models

Elevation Average Absolute Deviation Forest regression models

Elevation Percentile 1 to 99 Forest regression models

A significant number of the main forestry attributes can be directly obtained from
the  (X,  Y,  Z)  data  provided  by  the  LIDAR system LAS files;  namely  some of
these  attributes  could  be:  Individual  tree  height,  Average  canopy  height,
Dominant  height,  Canopy  cover,  Number  of  trees,  Crown  size,  Height  to  live
crown, Crown volume.

Other  variables  must  be  obtained  indirectly  by  establishing  statistical  models
through empirical relationships, namely e.g. Wood volume, Biomass, CO2 stocked
in biomass, Quadratic mean diameter, Basal area, Leaf area index, Crown density.

As already mentioned above the forest  variable estimates derived from LIDAR
data  can  be  processed  resorting  to  either  of  two  approaches,  depending  on  the
rebound densities obtained in LIDAR flights.

The  first  approach  involves  evaluating  forestry  variables  at  the  individual  tree
level  which  necessitates  of  flights  capable  of  obtaining  high  point  or  rebound
densities  comprising  5  to  10  rebounds  per  m2  [35].  The  second  approach
corresponds to estimating forestry variables for an entire area or woodland, be it a
piece  of  inventory,  a  stand  or  a  complete  scrubland;  corresponding  usually  to
flights covering low point densities containing 0.5 to 4 rebounds per m2 [36, 38].

The most pronounced difference between these two approaches encompasses that
the  first  method  or  tree  method  is  based  on  the  detection  and  delineation  of
individual trees to subsequently apply allometric equations at the individual level;
in contrast the second method or mass method uses directly the returns reported
by the LIDAR sensor onto the work surface (plot, stand or scrubland) in order to
establish  statistical  relationships  allowing  to  estimate  the  forest  variables  of
interest.

The  mass  method attempts  to  reflect  both  the  vertical  and the  horizontal  space
organization  of the forestry mass  components. This type of inventory  is possible

(Table 2) contd.....
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owing to the LIDAR point cloud describing in detail and in a continuous manner
the vegetation structure as can be appreciated in Fig. (10).

Fig. (10).  Possible description of the horizontal and vertical mass structure.

In this inventory type the objective is based on knowing along the entire scrubland
surface  the  following  forestry  variables:  basimetric  area,  dominant  height  and
wood volume among other things.

In general the LIDAR inventories carried out by the mass method are considered
as double sampling inventories. The objective of this inventory method consists in
estimating  determined  forest  variables,  such  as  the  basimetric  area  whose
measurement  results  costly,  by  means  of  exploiting  its  relationship  with  other
auxiliary  variables  easier  and  more  economic  to  measure;  in  this  case,  the
basimetric area can be estimated using percentiles, the standard deviation of the
point cloud’s height distribution or the rebound percentage above a certain height
(Fig. 11 and 12).

Numerous  studies  seem  to  have  obtained  good  results  with  respect  to  various
forestry  variables,  determining  their  value  with  an  acceptable  accuracy,  for
example, Means et al. [19] used the height distribution percentiles and the canopy
cover  fraction  to  estimate  the  mean  mass  height,  wood  volume  and  basimetric
area of a Pseudotsuga douglasii forest, with tree heights ranging between 7 to 52
m, obtaining models with coefficients of determination (R2) of 0.93 and 0.97 and
0.95 respectively for the average height, the timber volume and basimetric area.
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Fig. (11).  LIDAR rebound distribution with respect to the vegetation and its relationship with canopy cover
fraction (CCF).

Fig. (12).  Relationship between the first rebound percentiles with the canopy cover fraction (CCF) and the
mass height.

In  Spain,  García  et  al.  [39]  applied  this  methodology  to  conduct  a  forest
inventory,  attaining  equations  of  total  volume,  aboveground  total  biomass,
basimetric area and trees per hectare with R2 values of 0.90, 0.89, 0.89 and 0.80,
respectively.

As has  already been indicated in  the  introduction,  traditional  forest  inventories
determine  the  object  forestry  variables  by  sampling  a  small  percentage  of  the
surface (sampling plots) to subsequently extrapolate the results to the entire area,
by  means  of  other  auxiliary  variables.  The  LIDAR  inventories  require  two
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sampling phases: a first phase carried out on ground which measures or estimates
the  variable  to  be  modeled  in  a  representative  area  sample  and a  second phase
which measures the auxiliary variables or LIDAR data, to subsequently establish
the  correlations  between  the  measurements  and  the  LIDAR  data  through
regression  models  (Fig.  13).

Fig. (13).  General workflow of a forestry inventory using LIDAR.

In this manner a traditional forest inventory will have an associated error derived
from  the  sampling  fraction,  whereas  a  LIDAR  inventory  will  lack  a  sampling
error  as  variables  are  measured  throughout  the  entire  mass  surface,  not  being
restricted to a fraction.  However,  the LIDAR inventory is  not devoid of errors,
since the data’s extrapolation is associated to the goodness of fit of the regression
models.

Thus,  inventories  by  traditional  plot  samplings  offer  good  estimates  over  large
management units or strata yet bad estimates in smaller units (inventory unit or
stand), on the other hand, LIDAR inventories allow to substantially improve the
error estimation of forest variables in smaller management units, making it easier
to improve the planning actions at a stand scale and to apply more competently
flexible  management  methods  that  respond  much  better  to  the  multifunctional
demands that society is requiring out of woodlands.
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The  main  differences  between  a  LIDAR  inventory  and  a  classic  inventory  by
sampling can be observed in Table 3:

Table  3.  Main  differences  between  forestry  inventories  with  LIDAR  and  a  classical  inventory  by
sampling.

Characteristic LIDAR By sampling

Information volume Up to 40.000 vegetation height figures per
ha

No more than 10 height and diameter
figures per ha

Sampling Fraction 100% Not more than 4%

Errors Depend only on the quality of the
regression models (plus possible
instrumental errors).

Depend on the sampling intensity
(number of plots) and on the quality of
the regression models (plus possible
instrumental errors).

Results Provides details at a local scale and of the
entire mass.
Problems to distinguish species and
diametric classes.

Provides robust data for complete
management units, not at a local scale
(stands or inventory units.
Possibility to distinguish species and
diametric classes.

Costs High fixed cost (flight and processing), but
covering extensive surfaces low cost per
surface unit (possible multi-functionality of
the LIDAR data for large areas).

Low fixed cost, mainly variable cost;
with larger surfaces higher costs. In
general, highcost per surfaceunit.

THE LIDAR DATA SOURCES

This section wants to convey that in addition to the LIDAR data obtained from a
planned flight and adjusted to the work’s objectives, currently a series of public
access Internet data sets are available, which may be useful with respect to some
works.  It  must  be  borne  in  mind  that  the  data  set  obtained  by  a  planned  flight
tends to present a much higher quality (usually) compared to the free access data,
given  that  the  point  densities  obtained  by  the  latter  tend  to  be  low  and  do  not
reach the minimum required for a forest inventory (over 0.8 points/m2 respective
to mass methods and 1.2 points/m2 for individual trees). Nonetheless, these freely
available  data  sets  comprise  a  very  good  quality  in  order  to  obtain  useful
information  suited  for  other  aspects  of  forestry  planning  such  as  digital  terrain
models or forestry infrastructure maps.

The  online  access  to  the  public  LIDAR  data  varies  significantly  among  the
different  spatial  data  infrastructures  (SDIs);  nevertheless  most  SDIs  possess  an
interactive system which allows to select data from a particular area.

Within the European Union, notably owing to the community 2007/2/EC directive
to establish an Infrastructure for Spatial Information in the European Community
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(INSPIRE), member States have carried out LIDAR flights over their territories,
aiming  to  obtain  high  precision  terrain  digital  models.  Availability  of  the  raw
flight data (LAS data) is uneven among the different countries,  given that each
country has applied their own criteria regarding quality and geoportal features.

The  United  States  is  the  country  which  produces  and  facilitates  most  of  the
LIDAR data; several sites offer free access data, even though all the information
is  recollected  in  the  “National  LIDAR  Dataset”  project  available  through  the
public  site  of  the  United  States  Interagency  Elevation  Inventory  (USIEI).

At a global level two very interesting initiatives can be cited which aim to create a
social  network  to  share  LIDAR  data:  i)  Open  Topography,  depending  on  the
University of California; ii) online-LIDAR community managed by the company
Dielmo.

When the public data does not adapt to the different objectives set out by the work
to be carried out, a specialized company running a LIDAR flight specific to the
work area of interest should be hired. Prior to its execution the planning of the
flight  should  be  undertaken,  taking  into  account  the  various  flight  parameters
which ensure that the data captured is sufficient in quantity and quality to generate
the required models. The LIDAR flight parameters which mostly influence on the
obtained  data  quality  include:  the  pulse  frequency,  the  scan  frequency,  the
scanner’s  field  of  vision,  the  flight  height,  the  flight  speed  and  the  laser’s
footprint, given that all these parameters affect the retrieved resolution or point
density per surface.

THE  SOFTWARE  FOR  LIDAR  DATA  TREATMENT  AND
INTEGRATION

It should be taken into account that the LIDAR data treatment and management
applications are continuously being renewed, particularly when such a novel and
innovative  subject  as  the  LIDAR  systems  are  considered.  Therefore,  Table  4
intends to give a general outline of the most featured and commercially available
software packages.

Table 4. Some examples of software for LIDAR data treatment.

SOFTWARE
NAME Creator Processing Source Observations

TerraScan Terra Solid Whole C

BCAL LIDAR
Tools Boise State University Standard O

Complement to the
remote sensing ENVI

software package
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SOFTWARE
NAME Creator Processing Source Observations

FugroViewer Fugro Standard O Displays other
vector/raster data

Fusion/LDV USDA Standard O High quality for DTM
and DSM

LASTOOLS Rapidlasso GmbH Standard C

ArcGis ESRI Standard C

Global Mapper –
LIDAR Module Blue Marble Geographics Standard C

Whole  processing:  all  processing,  including  calibration  of  the  LIDAR  sensors  and  data  quality  control;
Standard processing: classify, convert, filter and transform the point clouds to a raster image; C: Commercial;
O: Open source, free software.

CONCLUSIONS

Decision taking processes in forest management and planning need information
on a wide range of tree and vegetation variables, infrastructure, landforms, etc. All
this information is nowadays managed by means of GIS.

Forest inventory variables can be obtained on-site by measuring forest variables in
sampling plots. It is a costly and time consuming work; some forest areas may be
very  difficult  to  access.  As  forests  grow  and  change,  inventories  need  to  be
updated  every  5  to  10  years.

Multispectral remote sensing images have been used on forest management and
planning  ever  since  they  were  available.  These  images  are  very  helpful  on
identifying different land cover areas, locating infrastructures, etc. GIS platforms
allow viewing and processing (manually or automatically these images). However
accurate quantitative information on forest mensuration is not provided by remote
sensing images.

LIDAR technology uses the reflection of a laser beam signal, broadcasted from an
aircraft,  to  scan  a  3-D  model  of  the  terrain,  vegetation  or  any  other  objects
covering  the  terrain  surface.

As trees and vegetation in general are not opaque solids, the data obtained need to
be classified, filtered and converted by means of algorithms implemented through
the adequate software; most GIS platforms have tools developed for this purpose.

The processed LIDAR data provides directly forest variables such as Individual
tree height, Average canopy height, Dominant height, Canopy cover, Number of
trees,  Crown  size,  Height  to  live  crown,  Crown  volume.  Other  volumetric

(Table 4) contd.....
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variables like wood or biomass volumes can be inferred from regression models
based on data from on-site plot samplings.

LIDAR  data  must  be  sufficient  in  quantity  and  quality  to  generate  the  surface
models; the flight parameters will prompt the utility of data for forest inventory.

LIDAR technology decreases dramatically the cost of forest inventories for broad
areas of managed forests. It does not mean the disappearance of fieldwork but its
reduction,  especially  for  inventory  updates,  when  a  basic  on-site  sampling  has
been carried out previously.

High-performance  LIDAR  technology  involves  bulky,  heavy  components  that
usually require manned aerial platforms to operate. However, the development of
Micro-Electro Mechanical Systems (MEMS) has made it possible to reduce and
lighten LiDAR systems, facilitating their integration into micro unmanned aerial
vehicles  (UAVs  or  drones),  where  they  can  be  combined  with  other  remote
sensing devices such as infrared or visible spectrum cameras. These systems have
very  low  flight  height,  so  they  can  provide  greater  precision  than  manned
platforms, but their efficiency will be much lower because they have a narrower
scan width. They can be very useful for providing detailed, low-cost information
on the inspection of logging or any other forestry work at the local level.

LIDAR  information  implemented  on  a  GIS  platform  can  be  considered  a
revolution in forest management and planning; this technology will allow proper
sustainable management of natural areas or of low profit forests that cannot afford
classical inventories. It will also provide a powerful tool for the conservation of
natural protected areas threatened by deforestation or illegal practices, even when
these areas are difficult to access.

CONFLICT OF INTEREST

The author (editor) declares no conflict of interest, financial or otherwise.

ACKNOWLEDGEMENTS

Declared none.

REFERENCES
[1] United Nations, "The World Conferences: Developing Priorities for the 21st Century", UN Briefing

Papers, 1997

[2] Forest  Europe,  The  Ministerial  Conference  on  the  Protection  of  Forests  in  Europe.
http://www.foresteurope.org/

[3] P. Bettinger, K. Boston, J.P. Siry, and D.L. Grebner, Forest Management and Planning. Academic
Press, Elsevier: Burlington, MA, USA; San Diego, CA, USA; London, UK, 2009.



146   Frontiers in Information Systems, Vol. 1 de Villarán San Juan, Rubén and Domingo-Santos

[4] E. Tomppo, H. Olsson, G. Ståhl, M. Nilsson, O. Hagner, and M. Katila, "Combining national forest
inventory field plots and remote sensing data for forest databases", Remote Sens. Environ., vol. 112,
pp. 1982-1999, 2008.
[http://dx.doi.org/10.1016/j.rse.2007.03.032]

[5] R.H.  Wynne,  Forest  Mensuration  with  Remote  Sensing:  A  Retrospective  and  a  Vision  for  the
Future.Southern Forest Science: Past, Present, and Future. United States Department of Agriculture
Forest  Service.Southern  Research  Station.  General  Technical  Report  SRS-75.,  H.M.  Rauscher,  K.
Johnsen, Eds., , 2004.

[6] J. Hyyppä, H. Hyyppä, M. Inkinena, M. Engdahla, S. Linkob, and Y.H. Zhuc, "Accuracy comparison
of various remote sensing data sources in the retrieval of forest stand attributes", For. Ecol. Manage.,
vol. 128, pp. 109-120, 2000.
[http://dx.doi.org/10.1016/S0378-1127(99)00278-9]

[7] M.A. Lefsky, W.B. Cohen, D.J. Harding, G.G. Parker, S.A. Acker, and S.T. Gower, "Lidar remote
sensing of aboveground biomass in three biomes", Glob. Ecol. Biogeogr., vol. 11, no. 5, pp. 393-399,
2002.
[http://dx.doi.org/10.1046/j.1466-822x.2002.00303.x]

[8] J. Estornell Cremades, "Análisis de los factores que influyen en la precisión de un MDE y estimación
de parámetros forestales en zonas arbustivas de montaña mediante datos LIDAR", PhD dissertation.
Universidad Politécnica de Valencia, Valencia, 2011.

[9] J.S.  Evans,  A.T.  Hudak,  R.  Faux,  and  A.M.  Smith,  "Discrete  Return  Lidar  in  Natural  Resources:
Recommendations for Project Planning, Data Processing, and Deliverables", Remote Sens., vol. 1, pp.
776-794, 2009.
[http://dx.doi.org/10.3390/rs1040776]

[10] D. Gatziolis, and H.E. Andersen, "A guide to LIDAR data acquisition and processing for the forests of
the Pacific Northwest", In: Gen. Tech. Rep. PNW-GTR-768 U.S. Department of Agriculture, Forest
Service, Pacific Northwest Research Station: Portland, OR, 2008, p. 32.
[http://dx.doi.org/10.2737/PNW-GTR-768]

[11] J.B. Blair, D.B. Coyle, J.L. Bufton, and D.J. Harding, "Optimization of an airborne laser altimeter for
remote sensing of vegetation and tree canopies", Proceedings, International Geoscience and Remote
Sensing Symposium, pp. 939-41 Pasadena CA
[http://dx.doi.org/10.1109/IGARSS.1994.399307]

[12] J.B. Blair, D.L. Rabine, and M.A. Hofton, "The Laser Vegetation Imaging Sensor: a medium-altitude,
digitisation-only,  airborne  laser  altimeter  for  mapping  vegetation  and  topography",  ISPRS  J.
Photogramm.  Remote  Sens.,  vol.  54,  no.  2-3,  pp.  115-122,  1999.

[13] N.  Haala,  and  C.  Brenner,  "Extraction  of  buildings  and  trees  in  urban  environments",  ISPRS  J.
Photogramm. Remote Sens., vol. 54, no. 2-3, pp. 130-137, 1999.
[http://dx.doi.org/10.1016/S0924-2716(99)00010-6]

[14] G. Patenaude, R.A. Hill, R. Milne, D.L. Gaveau, B.B. Briggs, and T.P. Dawson, "Quantifying forest
above ground carbon content using LIDAR remote sensing", Remote Sens. Environ., vol. 93, no. 3, pp.
368-380, 2004.
[http://dx.doi.org/10.1016/j.rse.2004.07.016]

[15] K.S. Lim, and P.M. Treitz, "Lidar remote sensing of forest structure", Prog. Phys. Geogr., vol. 27, pp.
88-106, 2003.
[http://dx.doi.org/10.1191/0309133303pp360ra]

[16] C.  Wang,  and  F.N.  Glenn,  "A  linear  regression  method  for  tree  canopy  height  estimation  using
airborne LIDAR data", Can. J. Rem. Sens., vol. 34, pp. S217-S227, 2008.
[http://dx.doi.org/10.5589/m08-043]

[17] E. Næsset,  "Determination of mean tree height of  forest  stands using airborne laser scanner data",

http://dx.doi.org/10.1016/j.rse.2007.03.032
http://dx.doi.org/10.1016/S0378-1127(99)00278-9
http://dx.doi.org/10.1046/j.1466-822x.2002.00303.x
http://dx.doi.org/10.3390/rs1040776
http://dx.doi.org/10.2737/PNW-GTR-768
http://dx.doi.org/10.1109/IGARSS.1994.399307
http://dx.doi.org/10.1016/S0924-2716(99)00010-6
http://dx.doi.org/10.1016/j.rse.2004.07.016
http://dx.doi.org/10.1191/0309133303pp360ra
http://dx.doi.org/10.5589/m08-043


The Role of GIS and LIDAR Frontiers in Information Systems, Vol. 1   147

ISPRS J. Photogramm. Remote Sens., vol. 52, no. 2, pp. 49-56, 1997.
[http://dx.doi.org/10.1016/S0924-2716(97)83000-6]

[18] S.  Magnussen,  P.  Eggermont,  and  V.N.  La  Riccia,  "Recovering  tree  heights  from  airborne  laser
scanner data", For. Sci., vol. 45, pp. 407-422, 1999.

[19] J.E. Means, S.A. Acker, J. Brandon, B.J. Fritt, M. Renslow, L. Emerson, and C. Hendrix, "Predicting
forest stand characteristics with airborne scanning lidar", Photogramm. Eng. Remote Sensing, vol. 66,
pp. 1367-1371, 2000.

[20] J. Hyyppä, O. Kelle, M. Lehikoinen, and M. Inkinen, "A segmentation-based method to retrieve stem
volume  estimates  from  3-d  tree  height  models  produced  by  laser  scanners",  IEEE  Trans.  Geosci.
Remote Sens., vol. 39, no. 5, pp. 969-975, 2001.
[http://dx.doi.org/10.1109/36.921414]

[21] E. Næsset, and K-O. Bjerknes, "Estimating tree canopy heights and number of stems in young forest
stands using airborne laser scanner data", Remote Sens. Environ., vol. 78, pp. 328-340, 2001.
[http://dx.doi.org/10.1016/S0034-4257(01)00228-0]

[22] J.W. McCombs, S.D. Roberts, and D.L. Evans, "Influence of fusing LIDAR and multispectral imagery
on  remotely  sensed  estimates  of  stand  density  and  mean  tree  height  in  a  managed  loblolly  pine
plantation", For. Sci., vol. 49, no. 3, pp. 457-466, 2000.

[23] S.C. Popescu, R.H. Wynne, and R.F. Nelson, "Measuring individual tree crown diameter with LIDAR
and assessing its influence on estimating forest volume and biomass", Can. J. Rem. Sens., vol. 29, no.
5, pp. 564-577, 2003.
[http://dx.doi.org/10.5589/m03-027]

[24] S.C. Popescu, R.H. Wynne, and J.A. Scrivani, "Fusion of small-footprint LIDAR and multispectral
data to estimate plot-level volume and biomass in deciduous and pine forests in Virginia, USA", For.
Sci., vol. 50, no. 4, pp. 551-565, 2004.

[25] R.O. Dubayah, and J.B. Drake, "LIDAR remote sensing for forestry", J. For., vol. 98, no. 6, pp. 44-46,
2000.

[26] D.J.  Harding,  M.A.  Lefsky,  G.G.  Parker,  and  J.B.  Blair,  "Laser  altimeter  canopy  height  profiles:
methods and validation for closed canopy, broadleaf forests", Remote Sens. Environ., vol. 76, pp. 283-
297, 2001.
[http://dx.doi.org/10.1016/S0034-4257(00)00210-8]

[27] M.A. Lefsky, W.B. Cohen, S.A. Acker, G. Parker, T. Spies, and D. Harding, "LIDAR remote sensing
of the canopy structure and biophysical properties of Douglas-fir western hemlock forests", Remote
Sens. Environ., vol. 70, no. 3, pp. 339-361, 1999.
[http://dx.doi.org/10.1016/S0034-4257(99)00052-8]

[28] R. Nelson,  W. Krabill,  and G. Maclean,  "Determining forest  canopy characteristics using airborne
laser data", Remote Sens. Environ., vol. 15, pp. 201-212, 1984.
[http://dx.doi.org/10.1016/0034-4257(84)90031-2]

[29] R.  Nelson,  G.G.  Parker,  and  M.  Horn,  "A  portable  airborne  laser  system  for  forest  inventory",
Photogramm. Eng. Remote Sensing, vol. 69, pp. 267-273, 2003.
[http://dx.doi.org/10.14358/PERS.69.3.267]

[30] R. Dubayah, and J. Drake, "LIDAR remote sensing for forestry", J. For., vol. 98, pp. 44-46, 2000.

[31] D.J. Harding, M.A. Lefsky, G.G. Parker, and J.B. Blair, "LIDAR altimeter measurements of canopy
structure: Methods and validation for closed-canopy, broadleaf forests", Remote Sens. Environ., vol.
76, pp. 283-297, 2001.
[http://dx.doi.org/10.1016/S0034-4257(00)00210-8]

[32] J.C. Ritchie, D.L. Evans, D. Jacobs, J.H. Everitt, and M.A. Weltz, "Measuring canopy structure with
an airborne laser altimeter", Trans. ASAE, vol. 36, pp. 1235-1238, 1993.
[http://dx.doi.org/10.13031/2013.28456]

http://dx.doi.org/10.1016/S0924-2716(97)83000-6
http://dx.doi.org/10.1109/36.921414
http://dx.doi.org/10.1016/S0034-4257(01)00228-0
http://dx.doi.org/10.5589/m03-027
http://dx.doi.org/10.1016/S0034-4257(00)00210-8
http://dx.doi.org/10.1016/S0034-4257(99)00052-8
http://dx.doi.org/10.1016/0034-4257(84)90031-2
http://dx.doi.org/10.14358/PERS.69.3.267
http://dx.doi.org/10.1016/S0034-4257(00)00210-8
http://dx.doi.org/10.13031/2013.28456


148   Frontiers in Information Systems, Vol. 1 de Villarán San Juan, Rubén and Domingo-Santos

[33] E. Nasset, and T. Okland, "Estimating tree height and tree crown properties using airborne scanning
laser in a boreal nature reserve", Remote Sens. Environ., vol. 79, no. 1, pp. 105-115, 2012.
[http://dx.doi.org/10.1016/S0034-4257(01)00243-7]

[34] M. Nilsson, "Estimation of tree heights and stand volume using an airborne lidar system", Remote
Sens. Environ., vol. 56, no. 1, pp. 1-7, 1996.
[http://dx.doi.org/10.1016/0034-4257(95)00224-3]

[35] J. Hyyppä, and M. Inkinen, "Detecting and estimating attributes for single trees using laser scanner",
Photogrammetric Journal of Finland, vol. 16, pp. 27-42, 1999.

[36] P.  Treitz,  and K.W. Lim, "M.,  Pitt  D,  Nesbitt  D,  Etheridge D.  LiDAR sampling density for  forest
resource inventories in ontario, canada", Remote Sens., vol. 4, pp. 830-848, 2012.
[http://dx.doi.org/10.3390/rs4040830]

[37] M.K.  Jakubowski,  Q.  Guo,  and  M.  Kelly,  "Tradeoffs  between  lidar  pulse  density  and  forest
measurement  accuracy",  Remote  Sens.  Environ.,  vol.  130,  pp.  245-253,  2013.
[http://dx.doi.org/10.1016/j.rse.2012.11.024]

[38] P. Packalen, and M. Maltamo, "Estimation of species-specific diameter distributions using airborne
laser scanning and aerial photographs", Can J For Res-Revue Canadienne De Recherche Forestiere,
vol. 38, no. 7, pp. 1750-1760, 2008.
[http://dx.doi.org/10.1139/X08-037]

[39] M.  García,  D.  Riaño,  E.  Chuvieco,  and  F.M.  Danson,  "Estimating  biomass  carbon  stocks  for  a
Mediterranean forest in Spain using height and intensity LIDAR data", Remote Sens. Environ., vol.
114, pp. 816-830, 2010.
[http://dx.doi.org/10.1016/j.rse.2009.11.021]

http://dx.doi.org/10.1016/S0034-4257(01)00243-7
http://dx.doi.org/10.1016/0034-4257(95)00224-3
http://dx.doi.org/10.3390/rs4040830
http://dx.doi.org/10.1016/j.rse.2012.11.024
http://dx.doi.org/10.1139/X08-037
http://dx.doi.org/10.1016/j.rse.2009.11.021



