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ABSTRACT

Scanning lidar remote sensing systems have recently become generally available
for use in ecological applications. Unlike microwave and conventional optical
sensors, lidar sensors directly measure the distribution of vegetation material
along a vertical axis	 and can he used to provide	 three-dimensional
characterizations of vegetation	 structure.	 Ecological applications of scanning
lidar have previously used uni-dimensional indices of canopy height. A new
three-dimensional approach to interpreting lidar waveforms was developed to
characterize the total volume of vegetation and empty space within the forest
canopy, and their spatial organization. These aspects of the physical structure of
canopies have been infrequently measured, either from field or remote methods.
We applied this approach to 21 plots in Dou glas-fir / Western Hemlock stands
on the west side of the Cascade range in Oregon, which had coincident lidar
measurements and field surveys. We were able to predict both biomass and leaf
area index from the volumes 	 of four classes of canopy	 structure. These
predictions were non-asymptotic over a wide range, up to 1200 Mg ha' of
biomass and an LAI of 12, with 90 % and 88 % of variance explained.
respectively. Furthermore, we were able to make accurate estimates of other
stand structure attributes, including the mean and standard deviation of diameter
at breast height, the number of stems greater than 100 cm in diameter, and
independent estimates of the basal area of Douglas-fir and Western hemlock.

79



These measurements are directly related to indices of forest stand structural
complexity, such as those developed for old-growth forest characterization.

INTRODUCTION

Characterization of forest structure in moderate to high biomass systems is one
of the key challenges in remote sensing. The need for wide-scale inventory of
the amount and complexity of forest structure is especially pressing in the
Pacific-Northwest where Douglas-fir [Pseudotsuga rnenziesid forests are of
particular interest. These forests are among the most productive in the world,
with primary old-growth stands having a total of as much as 650 x 	 g C/ha in
aboveground and belowground pools (Harmon et al. 1986). Furthermore,
differences in the physical structure of these forests at progressive stages in their
development have been the focus of intense scientific and management attention
due to the dependence of at least two endangered species on the physical structure
of old-growth stands. The ability to remotely sense both the total biomass and
physical structure of these forests would provide one way to meet the need for
forest inventory in support of research and management of both carbon balance
and habitat conditions.

The SLICER (Scanning Lidar Imager Of Canopies By Echo	 Recovery)
instrument is one of a new generation of lidar remote sensing systems that
augment traditional first-return laser altimetry with a surface lidar capability
(Aldred and Bonnor 1985, Nilsson 1996). Laser altimeters measure the distance
between the sensor and a target through the precise measurement of the time
between the emission of a pulse of laser light from the sensor, and the time of
detection of light reflected from the target. In surface lidar, the power of the
entire returning laser signal is digitized, resulting in a waveform that records the
vertical distribution of the backscatter of laser illumination from all canopy
elements (foliar and woody) and the ground reflection, at the wavelength of the
transmitted pulse (1064 nm, in the near-infrared). The use of relatively large
footprints (5-25 m) is optimized to recover returns from the top of the canopy
and the ground in the same waveform, yet be small enough to be sensitive to the
contribution of individual crowns. Details of the technical aspects of SLICER
can be found in (Blair et al. 1994, Harding et al. 1994). Motivation for work
relating forest attributes to lidar sensed canopy structure has been enhanced by
the announcement that VCL, the Vegetation Canopy Lidar mission, has been
funded by NASA's Earth System Science Pathfinder (ESSP) program (Dubayah
1997). Scheduled to be launched in mid 2000, VCL will provide global coverage
of surface LIDAR data similar to that used in this study, with transects of
contiguous 25 meter footprints spaced every 2 km along the earth's surface.

Canopy structure, "the organization in space and time, including the position,
extent, quantity, type and connectivity, of the aboveground components of
vegetation" (Parker 1995), should he expected to reveal a great deal about the
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state of development of forests in general and Douglas-fir/Western Hemlock
forests in particular. At the most basic level, differences in stand development
should be reflected in the mean and maximum height of the dominant individuals
in these stands (Lefsky 1997, Means et al. Submitted). However, even within
the context of stand development, the structure of these forests shows
considerable variance, as a result of differences in the local importance of various
mechanisms of forest succession and disturbance, and environmental factors
(Spies and Franklin 1991). The effect of these processes may be discernible
using subtler features of canopy structure. Young and mature Douglas-fir forests
have a high percent cover of uniformly distributed and sized trees, and as a result
their canopies are usually a densely packed mono-layer. The size and number of
small gaps in these forests are an indicator of the direction and speed of their
future development (Spies et al. 1990). These features should be observable by
the type of scanning lidar instrument used in this study.

Defining characteristics of old-growth forests include the existence of large
individual trees, high diversity of tree heights and DBH, relatively high species
richness, as well as the presence of large standing snags and felled logs. Multiple
canopy layers, or more specifically the continuous distribution of foliar surfaces
from the top of the crown to the ground, are a key physical feature of old-growth
forests distinguishing them from the simpler canopies of young and mature
stands (Spies and Franklin 1991). These physical characteristics are both the
cause of the old-growth forest's unique compositional and functional attributes,
and the most powerful class of measurements for discriminating young, mature
and old-growth conditions (Spies and Franklin 1991). Most of these
characteristics either have a direct effect on the vertical distribution of biomass in
the forest (e.g. large individual trees, multiple canopy layers) , or have an
identifiable vertical signature (e.g. high diversity of DBH). Therefore,
information about the total amount and complexity of forest structure is likely
to be closely related to the forest's three dimensional physical distribution, and
most clearly represented in the vertical dimension.

Most work in remote sensing of forested systems has been analysis in the
spectral domain, specifically the analysis of multi-spectral images. The spectral
qualities of forest stands are due both to the electromagnetic properties of the
elements that are present in each pixel (foliage. soil, woody debris, etc.) and to
their three-dimensional organization (Li 1986), which determines the total cover
of each element in the pixel and the distribution of illumination and shadow on
those elements. While these type of images have been extremely valuable for
general vegetation mapping, it has not been possible to derive from them
detailed biophysical information for moderately-high to high-biomass systems
(e.g., Fassnacht et al. 1994, Spanner 1990). A second approach to the use of
multi-spectral images is analysis in the spatial domain. This approach uses the
two-dimensional spatial pattern of spectral variability to infer aspects of the
physical organization of forests, and has had considerable success in predicting
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forest structure (Cohen 1990, Woodcock 1994, Woodcock 1988). However, these
approaches have been constrained by the requirement that they infer three
dimensional structure from its two-dimensional projection, in the form of a
remotely sensed image.

The failure of optical sensors to adequately measure the structural properties of
forests is not incidental; it is a consequence of the imaging process itself. These
sensors integrate energy and matter fluxes along the axis between the sensor and
scene. Integration along this dimension, roughly corresponding to the "z-axis" or
height of vegetation, combines the overstory, understory, and soil measurements
into a single measurement per pixel. This results in a two-dimensional remotely-
sensed image, with the spectral data for each pixel most influenced by cover of
canopy structure. More detailed structural information from closed canopies is
only possible when there are associated changes in the horizontal dimension
(both within and among pixels), such as varying proportions of tree and shadow
with changing tree density (Woodcock 1994, Cohen et al. 1990), or by the
increased presence of new scene components (such as lichen) in the forest canopy
(Cohen 1995). Lidar does not suffer from this limitation, because it directly
measures the vertical distribution of aboveground plant biomass.

Lidar is an established technology used to obtain accurate high resolution
measurements of surface elevations from airborne and Space Shuttle platforms
(Krabill et al. 1984, Bufton et al. 1991). The first generation lidar sensors for
vegetation studies were designed to record distance to the first reflective surface
intercepted by a laser pulse over a relatively small sampling area, or footprint,
approximately I m in diameter (Am et al. 1982, Ritchie et al. 1992). Returns
from the top surface of a forest canopy were combined with subsequent
measurements of distance to the forest floor, obtained through gaps in the forest
canopy, to infer the height of the dominant trees. A later, more sophisticated
technique involved recording the distance to the first and last reflective surface for
each footprint, giving a direct height measurement for each observation. Such
techniques have proven useful for predicting canopy height, timber volume and
forest biomass (Maclean and Krabill 1986, Naesset 1997, Nelson et al. 1988),
and percent canopy cover (Ritchie et al. 1993). However, the relatively small
geographic area covered in these data sets, challenges in analyzing the data, and
the lack of standardized methods for their geolocation have limited the use of
conventional lidar sensors within the ecological community.

The new generation of lidar instruments developed at NASA's Goddard Space
Flight Center (Blair et al. 1994, Dubayah et al. 1997) and elsewhere (Hyyppa
and Hallikainen 1996, Nilsson 1996) have minimized these barriers to a wider
application of the technology (Weishampel et al. 1996). Whereas earlier devices
used a small footprint and most often measured the distance to the first reflective
surface, the newer devices send out a laser pulse over an approximately 5-25 m
diameter footprint, and record the timing and power of backscattered light over
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the full height profile (Harding et al. 1994). Although the power of the return
signal falls as the signal is intercepted by canopy structure, return energy from
the ground is recorded in nearly all waveforms, which allows an estimate of the
total height of the stand, and indicates that some energy is available for the
detection of understory foliage, where present. Using an algorithm developed by
Drs. D. Harding and M. Lefsky (Lefsky 1997), the lidar waveform can be
transformed to estimate the bulk canopy transmittance and the vertical
distribution of reflective canopy surfaces. Two recent studies have demonstrated
that these new lidar devices can make accurate measurements of stand height.
aboveground biomass, and basal area in deciduous forests of the eastern United
States (Lefsky 1997) and Douglas-fir/western hemlock forests in the Pacific
Northwest (Means et al., submitted). In both of these studies, only uni-
dimensional measurements of average height were used, thus the full three
dimensional aspects of canopy structure was not exploited.

METHODOLOGY

Lidar waveforms were collected by the SLICER instrument in September, 1995.
SLICER was configured to measure five waveforms cross-track, with each
waveform covering a footprint 10 m in diameter. Geo-referencing of laser
footprints is performed by combining laser ranging data with aircraft position,
obtained via kinematic GPS methods, and laser pointing, obtained with a laser-
ring gyro Inertial Navigation System mounted on the SLICER instrument (Blair
1994) During the period in which these measurements were taken, the vertical
resolution of the waveforms collected by SLICER was set at 11 cm, which
when combined with the 600 sample-wide waveform, limited the waveform to a
maximum height of 66 m. Waveforms with this problem were hand corrected by
J. Means (Means et al. Submitted) based on independent estimates of topography
and field data, to eliminate the truncation error.

Field data for this study were collected from the vicinity of the H.J. Andrews
Experimental forest, located on the west side of the Cascade Range in Oregon,
USA. Twenty-one 0.25 ha field plots have been established under the existing
SLICER transects, with each plot associated with a 5 by 5 array of waveforms.
In each plot, trees with height greater than 1.37 m were identified by species,
measured for diameter at breast height (DBH) to the nearest cm, and evaluated for
crown ratio (the proportion of tree height which is canopy) the nearest 10 %.
Total aboveground biomass was estimated from DBH using allometric equations
(Means et al. 1994) Leaf area index values were calculated using allometric
equations relating stem DBH to sapwood cross-sectional area as found in (Urban
1993). Sapwood area was converted to all sided leaf area using the species-
specific coefficients in (Waring et al 1982).
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Figure 1: Canopy Volume Method

Waveforms were processed using the canopy volume profile algorithm (Figure
1). Following the procedures in (Ixfsky 1997) the waveform was transformed
into an estimate of the canopy height profile (CHP), the relative distribution of
the canopy as a function of height. A threshold value was then used to classify
each element of the CHP into either "filled" or "empty" volume, depending on
the presence or absence (in the profile) of canopy material. A second step
classified the filled elements of the matrix into an "euphotic" zone (Richards
1983) which contains all filled elements of the profile that are within the
uppermost 65 % of canopy closure, and an "oligophotic" zone, consisting of the
balance of the filled elements of the profile. These two classifications were then
combined to form three classes; empty volume beneath the canopy- (ie. closed
gap space), filled volume within the euphotic zone, and filled volume within the
oligophotic zone. These same classes were then computed for each of the twenty
five SLICER waveforms in a 5 by 5 array. The waveforms are then compared,
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and a fourth class is added, "open" gap volume is defined as the empty spa
between the top of each of the waveforms and the maximum height in the arr,
At this point, the total volume of each of the four classes of canopy struck
can be tabulated for each 5 by 5 array of waveforms.

To determine the ability of SLICER measured canopy structure indices to pred
a series of stand structure attributes (See Table I ), stepwise multiple regressio
were performed using as independent variables the total volume of each of t
four canopy structure classes and the total volume occupied by vegetatil
material, as measured by the combined volume of the euphotic and oligophot
zones. In addition, the mean canopy surface height, the number of waveforr
greater then 55m tall, the mean CHP height, as well as the maximum stai
height, canopy surface range, quadratic mean canopy height and average numb
of canopy structure classes per unit height were included as independa
variables.

RESULTS

Figure 2 presents canopy volume profile diagrams for representative youn
mature and old-growth plots. These diagrams indicate, for each I meter vertic
interval, the percent of each plot's 25 waveforms that belong to each of the fo
canopy structure classes. Young stands are characterized by short stature,
uniform canopy surface (as indicated by the height distribution of the interfa
between the euphotic zone and open gap space), and an absence of empty spa
within the canopy (ie. closed gap space). Mature stands are taller, but still a
characterized by a uniform upper canopy surface. In contrast to young stanc
mature stands have a large volume of closed gap space. Mature stands

, Douglas-fir often have a high density of large trees with uniform DBH. TI
uniformity of size leads to the uniform canopy surface height, and 	 tl
interception of light and other resources by these trees results in the absence
canopy structure at lower levels. Old-growth stands are distinguished fro
mature stands by their uneven canopy surface, and the wide vertical distributk
of each of the four canopy structure classes. Whereas stands from earlier stages
stand development have canopy structure classes in distinct vertical layers,
the old-growth stands each canopy structure class occurs throughout the heig
range of the stands. The continuous distribution of canopy surfaces from the tc
of the crown to the ground has been cited as a key physical feature of old-grow
forests distinguishing them from the simpler canopies of young and matu
stands (Spies and Franklin, 1991)

Scatterplots of predicted vs observed stand structure attributes are presented i

Figure 3, and results of the stepwise multiple regression are presented in Tab
1. The  strength of the relationships developed here are very strong in comparisc
to other remote sensing techniques, and compare favorably with allometr
equations relating complementary aspects of individual tree geometry.
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Figure 2: Canopy Profile Diagrams

Examination of the scatterplots indicates that the predicted values of aboveground
biomass and [Al show no asymptotic tendency, even at the largest values (1200
Mg/ha Biomass. LAI of 12). The equation predicting biomass involved positive
correlations with the total filled volume, and the number of waveforms taller
than 55m. The equation predicting LAI involved a positive correlation with the
total filled volume and the open gap volume, and a negative correlation with the
closed gap volume. This indicates that the surface area of leaves is proportional
to the volume they are distributed in, that increases in the vertical range of the
upper canopy surface increases LAI, and the presence of empty spaces within the
canopy decreases LAI. Although both LAI and aboveground biomass use the
total filled volume variable in their equations, scatterplots and regressions have
shown that the predicted values of each variable are no more highly correlated
with each other than the original data.

Mean DBH is predicted from the mean height of the canopy height profile. The
condition of high mean DBH is associated with the same characteristics as found
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in mature stands. High mean DBH occurs when there is a high density of large
trees with uniform DBH, which suppress smaller individuals. These Kum
conditions lead to the concentration of foliage near the top of the stand. Ii
contrast, the standard deviation of DBH is proportional to the number o
waveforms taller than 55m, the filled canopy volume and the open gap volume
because the combination of a few very large trees and the absence of moderatel3
sized trees (indicated by the open gap space) that results in high variability a
DBH. The number of stems greater than 100cm is most highly correlated Witt
the number of individual lidar waveforms in each stands 5 x 5 array that exceed:
55m in height.
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A positive correlation between open gap space and the density and basal area of
shade tolerant species such as Western Hemlock [Tsuga heterophylla -
Abbreviated TSHE], is used to predict Western Hemlock basal area. While the
basal area of western hemlock and the main shade intolerant species (Douglas-fir)
both increase with the maximum height of the stand, Western hemlock basal
area increases with the open gap space, while Douglas-fir basal area decreases.
The is due to the shade tolerant's dependence on shaded gaps for regeneration.
When the canopy is tall, but has many open gaps, the open gap space increases
along with the regeneration potential of Western Hemlock.

REFERENCES

Aldred, A. H., and G. M. Bonnor. 1985. Application of airborne lasers to forest
surveys. Petawawa National Forest Institute, Chalk River, Ont.
Blair, J. B., D. B. Coyle, J. L. Bufton, and D. J. Harding. 1994. Optimization
of an airborne laser altimeter for remote sensing of vegetation and tree canopies.
Proceedings of IGARSS'94..
Bufton, J. L., J.B.Garvin, J. F. Cavanaugh, L. Ramos-Izquierdo, T. D. Clem,
and W. B. Krabill. 1991. Airborne lidar for profiling of surface topography.
Optical Engineering 30: 72-78.
Cohen. W.. I. Spies, W. Cohen, T. Spies, and G. Bradshaw. 1990. Estimating
structural attributes of Douglas-fir/western hemlock forest stands from landsat
and SPOT imagery
Cohen, W. B. S., T. A.; Bradshaw, G. A. 1990. Semivariograms of remotely
sensed imagery for analysis of conifer canopy structure in the Pacific Northwest.
Dubayah, R., J. B. Blair, J. L. Bufton, D. B. Clark, J. JaJa, R. Knox, S. B.
Luthicke, S. Prince, and J. Weishampel. 1997. The vegetation canopy lidar
mission. Pages 100-112. Land Satellite information in the next decade II:Sources
and applications. ASPRS, Washington, D.C.
Fassnacht, K. S., S. T. Gower, J. M. Norman, and R. E. McMurtie. 1994. A
comparison of optical and direct methods for estimating foliage surface area index
in forests. Agricultural and Forest Meteorology 71: 183-207.
Harding, D. J., J. B. Blair, J. G. Garvin, and W. T. Lawrence. 1994. Laser
altimeter waveform measurement of vegetation canopy structure. Proceedings of
IGARSS'94.
Harding, D. J., J. L. Bufton, and .1. J. Frawley. 1994. Satellite Laser Altimetry
of Terrestrial Topography: Vertical Accuracy as a Function of Surface Slope.
IEEE Transactions on Geoscience and Remote Sensing 32: 329.
Harmon, M. E.et al. 1986. Ecology of coarse woody debris in temperate
ecosystems. Recent Advances in Ecological Research 15: 133-302.
Hyyppa, J., and M. Hallikainen. 1996. Applicability of airborne profile radar to
forest inventory. Remote Sensing of Environment 57: 39-57.

88

Krabill, W. B., J.G.Collins, L. E. Link, R. N. Swift, and M.L.Butler. 19f
Airborne Laser topographic mapping results. Photogrammetric Engineering
Remote Sensing 50: 685:694.

Lefsky, M. A. 1997. Application of lidar remote sensing to the estimation
forest canopy and stand structure. Department of Environmental Scienc
University of Virginia, Charlottesville, Virginia.
Lefsky, M. A., D. Harding, G. Parker, and H. H. Shugart. In Review. Lk
remote sensing of forest canopy and stand attributes. Remote Sensing
Environment.
Li, X. S., A. H. 1986. Geometric-optical bidirectional reflectance modeling of
conifer forest canopy. IEEE Transactions on Geoscience and Remote Sensil
GE-24: 906-919.
Maclean, G. A., and W. B. Krabill. 1986. Gross merchantable timber volur
estimation using an airborne lidar system. Canadian Journal of Remote Sensii
12: 7-8.

Means, J. E., S. A. Acker, D. A. Harding, B. J. Blair, M. A. Lefsky, W.
Cohen, M. Harmon, and W. A. McKee. Suhmitted. Use of large-footpri
scanning airborne lidar to estimate forest stand characteristics in the weste
Cascades of Oregon..
Means, J.E., H.A. Hansen, G.J.Koerper, P.B. Alaback and M.W. Klopsc
1994. Software for computing plant biomass- BIOPAK users guide. PNW-GTI
340. PNW Research Station, USDA F.S., Portland, Oregon
Menenti. A., and W. B. Krabill. 1986. Estimation of effective aerodynarr
roughness with altimeter measurements. Proceedings of the 12th Intematior
Geoscience and Remote Sensing Symposium 2: 1508-1510.
Naesset, E. 1997. Estimating timber volume of forest stands using airborne las
scanner data. Remote Sensing of Environment 61: 246-253.
Nelson, R., W. Krabill. and J. Tonelli. 1988. Estimating forest biomass a
volume using airborne laser data. Remote Sensing of Environment 24: 247-26'
Nilsson, M. 1996. Estimation of tree heights and stand volume using ;
airborne lidar system. Remote Sensing of Environment 56: 1-7.
Parker, G. G. 1995. Structure and microclimate of forest canopies. in N
Lowman and N. Nadkarni, eds. Forest Canopies - A Review of Research on
Biological Frontier. Academic Press, San Diego.
Ritchie, J. C., J. H. Everitt, D. E. Escobar, T. J. Jackson, and M. R. Davi
1992. Airborne laser mesurements of rangeland canopy cover and distributio
Journal of Range Management 45: 189-193.
Ritchie, J. J., D. L. Evans, D. Jacobs, J. H. Everitt, and M. A. Weitz. 199
Measuring canopy structure with an airborne laser altimeter. Transactions of it
ASAE 36: 1235-1238.

89



ti

E

>
C.)

E

0

a.)

CO

O

6a
6.)

E.	 §
O C7 

75- r'E

C.)	 •••••■

t)	 [1.
Ct	 E

c) 	 ›.-5

17)	 E.;%) 2
>

"
ct

C._)	

ti)
• .7.3	 E

E
E

Z

o>". 0t)

CO
27-> 2 	 cU	 TS

ut)

00	 rs-

N

00
oq	 00.kr,cN

C
Cs

in

J.

N
N

N

0•■

tr)

00

N

C

of

C

Do

C
C

—

O

C

00

`.0 N
N

E
C.) 13

N
C4 00N NN 07

e e
1.)

4.
CO

CO

CG

CO

1.)
V)

o_
	 82 2

*rJ
E 2 o E

CO

CO
CZ

g

CO
V)

E-

C E
L
cu

F0- to—	 A
o.)

1:)	 E
_c
0.1	 C/)

co
>

U
Vi

E

—
A

E _

Spanner, M. A. P., L. L.; Peterson, D. L.; Running, S. W. 1990. Remote
sensing of temperate coniferous forest leaf area index: The influence of canopy
closure, understory vegetation and background reflectance. International Journal of
Remote Sensing 1 I: 95-11 I.

Spies, T. A., and J. F. Franklin. 1991. The structure of natural young, mature,
and old-growth Douglas-fir forests in Oregon and Washington. Pages 91-109.
USDA Forest Service general technical report PNW-GTR. Pacific Northwest
Research Station., Portland, Or.
Spies, T. A., J. F. Franklin. and M. Klopsch. 1990. Canopy gaps in Douglas-
fir forests of the Cascade Mountains. Canadian Journal of Forestry Research 5:
(49-658.
Urban, D. 1993. A user's guide to ZELIG V.2. Dept of Forest Sciences, CSU,
Ft. Collins, Colorado. 77p
Waring. R.H., P.E. Schroder, R. Oren. 1982. Application of the pipe model
theory to predict canopy leaf area. CJFR 12:556-560
Weishampel, J. F., K. J. Ranson, and D. J. Harding. 1996. Remote Sensing of
Forest Canopies. Selbyana 17: 6-14.
Woodcock, C. E. C., J.; Gopal, S.; Jakabhazy, V.; Li, X.; Macomber, S.;
Ryherd, S.; Wu, Y.; Hanvard, V.; Levitan, J.; Warbington, R. 1994. Mapping
forest vegetation using Landsat TM imagery and a canopy reflectance model.
Remote Sensing of Environment 50: 240-254.
Woodcock, C. E. S., A. H.; Jupp, D. L. 1988. The use of variograms in remote
sensing: II. Real digital images. Remote Sensing of Environment 25: 349-379.

90 91


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7

