
REMOTE SENS. ENVIRON. 50:255-266 (1994) 

Mapping and Monitoring Conifer Mortality 
Using Remote Sensing in 
the Lake Tahoe Basin 

Scott A. Macomber* and Curtis E. Woodcock* 

A prolonged drought in the western United States has INTRODUCTION 

resulted in alarming levels of mortality in conifer forests. Drought conditions during the years 1986-1992 re- 
Satellite remote sensing holds the potential for mapping suited in considerable mortality of coniferous trees in 
and monitoring the effects of such environmental changes the Sierra Nevada mountains of California. Drought 
over large geographic areas in a timely manner. Results weakened the trees, leaving them vulnerable to attack 
from the application of a forest canopy reflectance model by insects such as the fir engraver beetle, Scolytus 
using multitemporal Landsat TM imagery and field mea- ventralis LeConte, and the Jeffrey pine beetle, Dendroc- 
surements, indicate conifer mortality can be effectively tonus jeffreyi Hopk. (Smith, 1971; Ferrell, 1986; Swan- 
mapped and inventoried. The test area for this project is son, 1992). The tree mortality encompasses a wide range 
the Lake Tahoe Basin Management Unit in the Sierra of topographic, ecological, and geographic conditions 
Nevada of California. The Landsat TM images are from and involves many species of conifers. 
the summers of 1988 and 1991. The Li-Strahler canopy The primary goal of this investigation is to evaluate 
model estimates several forest stand parameters, includ- the potential for measuring and mapping the loss of 
ing tree size and canopy cover for each conifer stand, conifers due to drought related effects using Landsat 
from reflectance values in satellite imagery. The difference Thematic Mapper (TM) imagery. The approach pre- 
in cover estimates between the dates forms the basis for sented here adapts current techniques for estimation of 
stratifying stands into mortality classes, which are used forest stand structure from TM imagery using the Li- 
as both themes in a map and the basis of the field sampling Strahler geometric-optical canopy reflectance model (Li 
design. Field measurements from 61 stands collected in and Strahler, 1985). It also implements an automatic 
the summer of 1992 indicate 15% of the original timber image segmentation scheme at the outset, providing an 
volume in the true fir zone died between 1988 and 1992. analysis of forest stand attributes based on regions in- 
The resulting low standard error of 11% for this estimate stead of the more traditional per-pixel analysis. This 
indicates the utility of these mortality classes for detecting exploratory investigation, designed both to locate and 
areas of high mortality. Also, the patterns in the estimated measure the amount of conifer mortality occurring be- 
mean timber volume loss for each class follow the expected tween 1988 and 1991, was done for the Lake Tahoe 
trends. The results of this project are immediately useful Basin Management Unit in the Sierra Nevada mountains. 
forfire hazard management, by providing both estimates The ability to determine the level of insect damage 
of the degree of overall mortality and maps showing to trees in the Basin would be beneficial to several 
its location. They also indicate current remote sensing aspects of area management, including timber harvest 
technology may be useful for monitoring the changes in and salvage, fire prevention, wildlife management, and 
vegetation that are expected to result from climate change, development planning. The methods used are expected 

to be applicable to other geographic areas, and to other 
situations where rapid and widespread change in canopy 
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a later date (2 July 1991). Instead of attempting to weaknesses of this method include a high standard error 
detect the dead trees themselves, the change in canopy for the estimate [for example, + 25% for the estimate 
cover in each stand was the signal exploited. As trees die, of board feet lost in northern California between June 
their needles cease photosynthetic activity, changing the 1977 and June 1978 (Smith, 1983)], and the fact that 
way they reflect solar radiation. The percent cover (the maps cannot be produced showing the geographic distri- 
proportion of ground covered by living tree canopy) bution of mortality because of the sampling strategy 
also decreases. Thus, in areas of significant mortality, a used. 
difference in living crown cover should be detectable. The Intermountain Region of the U.S. Forest Ser- 
As a result, the detection of change and mortality was vice (Region 4 includes Nevada, Utah, southern Idaho, 
heavily dependent on the methods used to map crown and the Bridger-Teton National Forest in Wyoming) 
cover, uses annual and biennial aerial detection surveys (ADS) 

Estimating mortality and tree loss for the entire to detect and monitor highly visible injury to trees 
Tahoe Basin was accomplished by stratifying the forest caused by insect infestations (Beveridge and Knapp, 
areas according to the degree of change (estimated by 1984). A skilled aerial observer in an aircraft observes 
comparing the canopy model results from the 1988 and and identifies damage to trees, then uses symbols and 
1991 images). By sampling selected stands from each colored pens to mark the location, extent, nature and 
of 10 "mortality" strata in 1992, it was possible to esti- severity of the damage on sketch maps, and then digi- 
mate both the timber volume lost and the standard tizes the information into a GIS database for further 
error of that estimate from 1988 to 1991 and 1992. The analysis. The products of this method include, but are 
quality of the stratification and of the results were largely not limited to, estimates of mortality by number of trees 
determined by the low standard error for the estimate and total area affected. Using a GIS allows information 
of lost timber volume and the patterns of mortality in to be analyzed in terms of various parameters, such as 
the strata, tree species, pest species, and year of death, and also 

allows for the production of maps showing the distribu- 
tion of mortality. Currently, Region 4 estimates the 

Background annual loss of trees due to pests, but provides no mea- 
There has been a cooperative research agreement be- sure of the robustness of the estimate such as the stan- 
tween the Boston University Center for Remote Sensing dard error (personal communication with Julie Weath- 
and the United States Forest Service Region 5 Remote erby, Forest Pest Management Office, USDA Forest 
Sensing Group (in Sacramento, California)since 1988.  Service, Boise Field Office, Idaho). This method is 
This research has focused on developing a set of new highly dependent on the skills and biases of the aerial 
methods for mapping and inventorying forest vegetation observer, and the results would vary if more than one 
using remote sensing and geographic information sys-  observer were used. 
tems (GIS) with the goal of transferring the technology Several studies have shown that detection of forest 
directly to their group (Woodcock et al., 1995), The damage using remotely sensed spectral data is possible 
research presented here is an extension of this project, because differences in spectral reflectance are generally 

Traditional methods for measuring tree mortality in correlated with differences in forest conditions (Rock 
forests usually depend on aerial photography and/or et al., 1986; 1988; Vogelmann and Rock, 1988; Leckie, 
sketch maps drawn by an observer in an aircraft. Wert 1987; Westman and Price, 1988). The most common 
and Roettgering (1968) combined an aerial survey and difficulty faced by researchers using the change detec- 
ground survey with a then new probability sampling tion methods discussed above may be that the difference 
technique to estimate damage from a Douglas-fir beetle between spectral signals of the dead trees and living or 
epidemic. Articles by Byler (1978) and Smith et al. damaged trees must be greater than and distinct from 
(1983) described the pest damage inventory in Califor- differences in spectral signal caused by other factors. 
nia (PDI), which used the same techniques for estimat- This separation of effects is made difficult by three 
ing timber mortality from dwarf mistletoe and insect general sets of factors. First, the variance among the 
infestations. Airphotos were acquired for random loca- signals of living trees in an image can be greater than 
tions within a forest and manually photointerpreted for the difference between living and dead trees due to 
dead trees; then sites were randomly selected from the several reasons. Leckie (1987) cites several factors lim- 
photos and measured on the ground. This provided iting the success of using airborne MSS data for defolia- 
estimates of tree mortality for a forest or group of forests tion assessment of conifers, among them: radiometric 
and the standard deviation or standard error for the distortion from atmospheric effects and topography, 
estimates. The success of this method depends on the small spectral differences between damaged and undam- 
acquisition of current, large scale aerial photographs, aged trees, and a relatively large spectral variability of 
good photointerpretation of tree mortality, and the col- areas of similar defoliation due to differing forest stand 
lection of field data from a large number of stands. The characteristics. Topographic slopes are shown to cause 
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more differences in spectral values between stands with elevation, slope, and aspect. Field observations were 
similar damage levels than occurs between stands with collected and used for calibrating a GIS model which 
different levels of damage. Second, when examining predicts the regional type for each topographic situation. 
multitemporal data several factors external to the nature The model was implemented using GRASS, a public-do- 
of a target object cause shifts in measured spectral main geographic information system (USACERL, 1991). 
reflectance of the same object at different times, in A description of this process as it was applied to the 
addition to those factors representing change in the Stanislaus National Forest in California can be found in 
object itself. These external factors, referred to as global Macomber et al. (1991). 
effects, are radiometric distortions or shifts affecting After the regional type of each conifer stand and 
most or all of an image, which are caused by three the components' spectral signatures for each regional 
factors: atmospheric conditions, sun angle, and soil mois- type were determined, the spectral data for each stand 
ture (Singh, 1989). Third, geometric misregistration is were sent to the forest canopy reflectance model. The 
known to impact adversely change detection, even when model estimated, for each stand, the mean tree size 
the same image is misregistered against itself at the (crown radius) and stand density (number of trees per 
subpixel level (Townshend et al., 1992). acre). Using these parameters, it was possible to estimate 

The methods discussed in this article combine the the percentage of each stand covered by tree canopy, 
techniques used in digital image processing of remotely one component of the labels used in the final vegetation 
sensed data with traditional sampling and field observa- maps. 
tion methods used by the U.S. Forest Service. Instead 
of using airphoto interpretation to identify dead trees The Li-Strahler Invertible Forest Canopy 
in a forest, a form of image differencing is used to create Reflectance Model 
a map of forest stands stratified by mortality. From these The Li-Strahler model is designed to estimate the size 
strata, a random sample of stands are chosen for field and density of trees from remotely sensed images (Li 
sampling. This approach eliminates photointerpretation and Strahler, 1985). It is a geometrical/optical model, 
for dead trees (and thereby the necessity of current, and as such relies on the three-dimensional structure of 
large scale airphotos), field observations from aircraft, the canopy as the primary factor influencing reflectance 
and the intermediate step of producing sketch maps. from the canopy. In this study, trees are modeled as an 

ellipsoid with r as the half crown width, b as the vertical 
half-axis, and h as the height from ground to the bottom 

METHODS of an ellipsoidal crown (Fig. 1). The model assumes that 
the satellite measurements (pixels) are larger than the 

Overview of Vegetation Mapping Procedures size of individual tree crowns, but smaller than the size 
Conceptually, the process of change detection can be of forest stands. The signal received by the sensor is 
thought of as a comparison of maps from two different modeled as consisting of the sunlight reflected from 
dates. In practice, it can be a complex and difficult tree crowns, the background, and the trees' shadows in 
process. First, forest vegetation maps were produced the field of view of the sensor. Thus, the signal can be 
using a set of methods involving the Landsat TM multi- modeled as a linear combination of four components 
spectral imagery, digital elevation data and field data. and their areal proportions: 
Descriptions of the entire classification, mapping, and S = K~G + K~C + K,T + K~Z (1) 
inventory procedures are available in Woodcock et al. 
(1990; 1995). where S is the brightness value of a pixel, K~, K,, Kt, and 

The forest vegetation map was produced by first K= represent the areal proportions of sunlit background, 
partitioning the satellite image into stands, using an sunlit crown, shadowed crown, and shadowed back- 
automatic image segmentation procedure (Woodcock ground, and G, C, T, and Z are the spectral signatures 
and Harward, 1992). The segmentation parameters pro- of the respective components (using digital number 
duced stands ranging in size from about 2 ha to 20 ha. values). 
This minimum mapping unit size is necessary for Forest Critical to this study is the "treeness" parameter, or 
Service inventory maps which are used at a scale of m, which is defined as the mean of nr2/A, where n is 
1:24,000. An unsupervised maximum likelihood classi- the poisson parameter, or the number of trees per pixel, 
fication procedure was used to create a per-pixel classi- and A is the area of a pixel. Conceptually, m is like a 
fication for the entire area. Each stand was then assigned crown area index, and when multiplied by n would be 
to one land cover class, depending on the composition equivalent to the proportion of the area covered by tree 
of the pixels in the per-pixel classification, crowns if they did not overlap. The parameter m is 

Regional forest types (which are broad conifer spe- important in the interface between the remote sensing 
cies associations) were modeled based on the relation- signal and the forest parameters. Figure 2 shows four 
ship between conifer species and the terrain variables, hypothetical component signatures in brightness-green- 
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of the canopy model are the standard brightness and 
greenness indices from the Tasseled Cap transformation, 
calculated using the published coefficients for Landsat 
TM (Crist and Cicone, 1984a, b). A piecewise linear 
contrast stretch was applied to each index to create 
single-byte bands. 

r Field Measurement of Test Stands (Summer 1991) 
Estimates of the spectral signatures in brightness and 
greenness for the model components [sunlit tree crown 
(C), sunlit background (G), shaded tree crown (T), and 

~ Q j  shaded background (Z)] are necessary for inversion of 
the canopy model (Fig. 2). They are estimated using a 
combination of field measurements and the spectral 
data extracted from the TM image for those stands. 

During July and August 1991, test stands were 
selected from and hand-delineated on airphotos, and 

Figure 1. The tree geometry then visited by teams of trained field workers. Each 
parameters of the Li-Strahler stand was sampled using 16 variable-radius plots ac- 
canopy model, h is the height cording to standard Forest Service techniques (Dilworth 
from ground to the bottom of h an ellipsoidal crown, b is the and Bell, 1971). Species and diameter-at-breast-height 
vertical half-axis, and r is half (DBH) were measured for each tree sampled. In addi- 
the crown width. The ratios tion, for two trees randomly selected at each point 
r/b, h/b, and b+h/r are within the stand (the first live conifer trees to the east 
used todescribecrowngeom- of north and west of south), the height of the tree, 
etry and are used as constants 
in the model, height to crown base, and crown diameter were mea- 

sured. From these field data, several useful variables 
were estimated for each stand, including mean tree size 

hess space and a hypothetical "m-trajectory." When (DBH), mean number of trees per acre, percent crown 
there are no trees in a stand, m= 0 and the signal is cover, and the tree geometry parameters needed for 
simply the signature of the background (G). As trees the model. These field data were critical for estimating 
are added and m increases, the signal moves toward a component signatures for the model and were also valu- 
combined signature Xo, which is determined by the able for evaluating alternative methods of detecting 
crown geometry and illumination conditions. The ehan- change. 
nels used in this graph (Fig. 2) and for the inversion Traditionally, onlylive trees are measured in sample 

plots. However, in this case any dead trees that appeared 
to have still been alive in 1988 were also measured and 
the apparent year of death recorded. As a result of 

c sampling trees that had died since 1988, it was possible 
to reconstruct stand structure fi)r both 1988 and 1991 

m =oo and estimate the degree of mortality in each test stand 
~ / during that period. A major component of the signatures 

=0 of sunlit and shaded crown was the photosynthetically 
active chlorophyll present in needles, so that the year 

T G the needles appeared brown was more important than 
the year they died. Personnel from the Region 5 Office 
of Pest Management trained the field crews in the 
methods for determining the year of death using the 

z physical condition of needles, branches, twigs, and bark 
and the presence or absence of insects. The pattern 

Brightness used to estimate death of the conifers was as follows. 
Trees with green needles were considered to be alive. 

Figure 2. Hypothetical component signatures and Actually, fir trees (Abies spp.) take up to 1 year for the 
m-trajectory in brightness-greenness space: sunlit tree crown needles to lose their color so that some trees with green 
(C), sunlit background (G), shaded tree crown (T), and 
shaded background (Z). m = 0 at G and approaches infinity needles were actually dead but not yet brown. Trees 
along the T-C line. with most or all of their needles brown but still on the 
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tree were determined to be dead for 1 year. Trees that time-consuming and tedious than some automated regis- 
had lost most of their needles and some smaller twigs tration algorithms, it allowed for considerable control 
were dead for 2 years. Trees with no needles remaining of the results. The use of automatic image-matching 
and most of the smallest twigs missing were dead 3 based approaches was considered and rejected, primar- 
years. Trees with no needles, most of the small branches ily because they assume little change in the scene be- 
missing, and some decaying bark were dead 4 years, tween dates. The widespread change in the landscape 
Trees with no needles, most branches missing, and bark due to drought made such an assumption inappropriate. 
decayed were dead 5 years. For the purposes of using the canopy model for 

change detection, estimates of brightness and greenness 
for each of the four component signatures were needed 

Change Detection Methods for both dates of imagery. Three approaches were possi- 
The approach used to detect change measured the ble. First, one could standardize radiometrically the 
decrease in overall crown cover between two dates, not brightness and greenness values between the two dates. 
the signature for dead trees, Estimates of crown cover The problem with this approach was that there were 
from the Li-Strahler model were compared for each significant changes in the scene between dates and there 
conifer stand between the two dates. There were a was no basis for separating changes in the images due 
number of issues and steps involved in executing that to global effects and those resulting from change in 
comparison, the scene. Second, one could estimate the component 

A critical issue in any multidate comparison is accu- signatures for each date of imagery separately. This 
rate image geometric registration between the dates approach was not selected as it could introduce a con- 
(Townshend et al., 1992). The method used to register volving effect into the change detection. The third ap- 
the images was the collection of 55 ground control proach, chosen for this study, was to use the same set 
points, acquired from the images within the bounds of of component signatures for both dates. The principal 
the management unit, which were used in a rubber- advantage of this approach is a consistent set of signa- 
sheeting program with a third-order polynomial fit. This tures across dates, with the disadvantage resulting from 
resulted in a mean-squared error of less than 0.3 pixels the shift in brightness and greenness values between 
for the registration. Although this method was more dates. 
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Figure 3. Change in brightness and greenness transforms from 1988 to 1991, by mortality class. 
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Before applying the canopy model to the test stands, zero due to the global differences in brightness and 
the image data from the two dates were examined greenness values between dates. In other words, the 
and compared. The difference between mean brightness estimated m-value can increase slightly between dates 
values were plotted against the difference between mean but still indicate a reduction in basal area. This effect 
greenness values for each test stand to evaluate the was expected because the same signatures were used 
changes in brightness and greenness values between for both dates. Finally, no stand showed an increase in 
dates (Fig. 3). The test stands were stratified into three basal area from 1988 to 1991. When recreating the past 
levels of mortality to help separate effects associated condition of the stands, basal area was decreased by 
with change due to mortality from global changes in subtracting dead trees from the stands in the year their 
the image. Based on Figure 3, it was apparent that there needles turned brown, but it was too difficult to estimate 
were global differences between dates, as the stands the increase in size of individual trees for each year and 
exhibiting low degrees of mortality were concentrated thus which trees would still be large enough to be 
in the upper left quadrant, not at the origin of the axes. counted as part of the field sample for each point at 
However, it was also apparent there was a clear trend each year. Thus, the growth of living trees had to be 
between mortality and changes in brightness and green- ignored. 
ness, with the changes in the directions anticipated for The difference between m-values for the two dates 
a decrease in forest cover associated with mortality; the provided a continuous measure of change for each coni- 
high mortality stands tended to be brighter and less fer stand in the study area and was used to sort the 
green than the low mortality stands, stands into three sampling strata. Cutoff points for the 

Figure 4 is a graph of the relationship between strata were determined by placing 50% of the conifer 
change in basal area as measured in the field and change stands in the low change class, 40% in moderate change, 
in m-values as estimated by the model. The graph illus- and 10% in high change. These divisions concentrated 
trates four points: First, there is a strong relationship the samples in the stands with higher mortality. 
between changes in m-values and changes in basal area Both the conifer mortality and the ability to estimate 
(r 2 = 0.68, significant at the 0.0001 level). While the mortality using the model were affected by the percent 
relationship is strong, there is a fair amount of noise in cover of the stands. Mortality appeared significantly 
stands with little change in basal area. Second, it shows higher in denser stands (possibly due to competition for 
the direction of change matches expectations, meaning limited water and / or insect preference), and change in 
that stands with reduced basal area due to mortality m-value had a weaker relationship with actual change 
tend to exhibit lower m-values from the 1991 image, in the less dense stands. Therefore, percent crown cover 
Third, the entire relationship is shifted to the right of was also used as a basis for stratification. Sorting the 

stands into three equal strata spread the samples over 
the full range of cover conditions. Combining these two 

0- o factors resulted in nine strata. 
Maps of the few sites where salvage operations had 

~- -5- occurred since 1988 were provided by the local Forest 
" Service Supervisor's Office, and then digitized. Separat- 
** -10- ing the salvaged stands from the rest of the forest aided 
E the analysis of the trends being examined. Not only did 
t~ -15- salvaged stands have a dramatic decrease in crown 
< cover, but they were also unlikely to be labeled as 

-20- "conifer" in the classification of the 1991 image. How- 
o~ t~ ever, they needed to be sampled for inventory purposes 

-25- so that these stands became a 10th stratum. A simple .=_ 
GIS operation was used to assign each conifer stand to 

,--~ -30- the correct mortality stratum (Table 1). 
/ P> .01 

O - 3 5 - / °  Field Measurement of Test Stands (Summer 1992) 
Field measurements in stands randomly selected from 

-40 , , , . the 10 strata were carried out in the summer of 1992. 
-0.10 -0.05 0.00 0.05 0.10 These were done in a manner similar to the work done 

Change in m-value in 1991, with a few significant differences. First, the 
test stands were selected randomly from the segmented 

Figure 4. Change in m-value (from the model) plotted 
against the change in basal area (m z / ha) measured in the image instead of being manually selected on the airpho- 
field for the 1991 test stands, r ~ is 0.68, significant at the tos. Six stands were measured in each of the 10 strata 
0.01 level (n =25). (except stratum H3 had seven stands) for a total of 61 
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Table 1. Mortality Strata Labels and Definitions each of the years 1988-1991. Evaluating this method 

Stratum Cover Mortality of change detection focused on the change in basal area 
Label Class Class from 1988 to 1991 because basal area closely correlates 

to percent cover and these are the dates of the imagery. 
LI Low Low 
L2 Low Moderate In addition, the patterns of change in basal area can be 
L3 Low High examined either as the total amount of change or as the 
M1 Moderate Low percentage change from the original. 
M2 Moderate Moderate Results indicate that using both the change in 
M3 Moderate High m-value and the cover classes for stratification were 
H1 High Low 
H2 High Moderate useful for estimating mortality. Figure 5 shows change 
H3 High High in total basal area (5a) and percent  of basal area (5b) 
$3 Low Salvage for each of the nine main strata. Lines connect the 

means for the levels of change of the three cover catego- 
ries. These graphs reveal three distinct patterns in the 
strata. First, within each cover class, the mortality 

stands. Second, no tree heights or crown geometry classes sort as expected; that is, the high mortality class 
parameters were measured since these were only neces- has the greatest mortality, while the moderate and low 
sary for calibrating the canopy model. Third, each stand mortality classes show less mortality. Similarly, the low 
was sampled with a higher spatial frequency, in an cover classes show less mortality than the high cover 
attempt to improve sampling of mortality, which tends classes. These main patterns hold for both total basal 
to occur in small groups of trees within a stand. The area lost and percent of basal area lost. Second, percent 
number of points was increased from 16 per stand to 1 change proves more useful for comparing the levels of 
point per pixel, with a minimum of 20 and a maximum mortality in the low cover class because in the low cover 
of 82 points per stand. The points were laid out in a class a relatively small total loss in basal area can be a 
regular grid pattern, spread evenly over the area of the significant percent loss for a stand. Third, these graphs 
stand starting with a randomly located first point. While show that mortality varies as a function of percent  cover. 
more points were visited in each stand, the data required The total basal area loss in the low change class for 
at each point could be quickly collected. Salvage stands high cover is greater than the high mortality class for 
were measured by estimating DBH from the stumps low cover. Therefore, using cover as a second variable 
and measuring the distance from the cluster point to in the stratification helped detect change and illustrate 
the center of the stump to determine if each tree should the patterns in mortality as distributed across the land- 
be included, scape. 

For forest management and inventory purposes, the Based on the random sampling of the cover and 
amount of trees in a forest is usually measured in either mortality strata, it is possible to estimate the total basal 
units of basal area or timber volume. However, for area loss for the Lake Tahoe Basin (Tables 2a, 2b, and 
brevity, this article includes only the full results for 2c). It is important to keep in mind that these tables 
basal area. Both were used in this study and are reported reflect basal area and mortality only for mixed conifer, 
in Macomber (1995). Estimates of basal area for an area red fir, and subalpine stands and do not include Jeffrey 
are computed by multiplying the mean basal area for pine stands. Each table gives the means and standard 
each stratum (as derived from field samples) times the errors for each stratum and their respective areas. Using 
area for the stratum, and then summed across strata, this data, it is possible to estimate both the total loss for 
The quality of the stratification is determined by low the entire area and the standard error of that estimate, E: 
standard errors in the estimates of basal area for each 
stratum, which are used in turn to estimate the standard ~ * A  

= , 1 0 0  (2 )  error of the estimate of the basal area for the entire E V ' 
forest. In addition to estimating the mean basal area, it 
is possible to estimate the mean of the basal area loss where E is the standard error for the estimate of the 
for each stratum and use the same procedures to esti- total expressed as a percent of the total, A is the total 

2 mate total t imber volume loss. The standard error of area, V is the estimate of the total volume, and s~stl is 
the timber volume loss can then be used to evaluate the sum of the contributions to variance (Cochran, 1977, 
the quality of the estimate. Eq. (5.13), p. 95). 

For basal area, the mortality estimate between 1988 
RESULTS and 1991 is a total of 260,000 m 2, or 4.6 m2/ha, which 

is nearly 10% of the total basal area alive in 1988 (Table 
Analysis of the 1992 field data provided estimates of 2b). By 1992, mortality increased to 357,000 m 2, or 
the basal area of living and dead conifer trees, for more than 13% of the total (Table 2c). The standard 
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Figure 5a and 5b. Mean and standard error of basal area loss by strata. Lines connect strata belonging to the same cover 
classes. Basal area is in units of m 2 / ha for 5a, and in percent of the original strata which died for 5b. Error bars represent 
the standard error of the estimate. Points are shifted slightly to permit discrimination of error bars. 

error  for this estimate is less than 9% based on 61 Change in basal area is most useful for evaluating 
samples. How then to in te rpre t  the standard errors of the utility of the Li -St rahler  model for detec t ing change 
the estimates? One  approach is to use the U.S. Forest  bu t  the change in t imber  volume is most useful for 
Service standards for inventory  of live trees, which evaluating the utility of the Li -St rahler  model  for esti- 
require  less than a 10% standard error for the est imate mat ing the information desired by forest managers.  The 
of total t imber  vo lume and 20% within individual  strata, main  pat terns  seen in the basal area analysis are also 
Since it is much  more  difficult to inventory dead trees evident  for t imber  volume. The full results of the t imber  
than live trees, it is impressive these results for dead volume analysis are found in Macomber  (1995). For  
trees meet  the normal  standards required  for inventory t imber  volume, the total est imate of loss be tween  1988 
of live trees, and 1991 is 2.2 mill ion m 3. By 1992, this increased to 

Table 2a. Inventory Summary for Basal Area Lake Tahoe Basin Management Un i t -L ive  Trees (1988) 

Total 
Basal Area Standard Number Hectares Area Basal Area Contribution 

Stratum (m 2/ha) Error of Stands (x 1000) Weight (× 1000) to Variance 

L1 37.0 4.4 6 5.4 0.095 199 0.173 
L2 35.8 5.8 6 9.8 0.173 351 0.997 
L3 30.3 5.2 6 1.4 0.024 42 0.016 
M1 44.8 2.5 6 11.1 0.195 495 0.244 
M2 48.0 7.1 6 6.6 0.117 319 0.692 
M3 53.7 4.0 6 1.i 0.019 58 0.006 
H1 56.1 6.1 6 15.0 0.265 841 2.579 
H2 55.3 4.4 6 2.8 0.050 155 0.047 
H3 67.6 3.9 7 1.8 0.031 120 0.015 
$3 48.1 4.9 6 1.7 0.030 81 0.022 

Total 61 56.6 1.000 2661 4.791 

Estimates for The Entire Forest 

Basal area live in 1988 (V) 2,661,000 rn 2 
Total area (A) 56,600 ha 
Average 47 m 2 / ha 

2 Variance (s y~t ) 4.79 
Standard error (E) 4.65% 
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3 million m 3 with a s tandard er ror  for the es t imate  of these  figures are broad averages, for nor thern  California 

11%. Whi le  this slightly exceeds  the standard for live forests, which  apply over  large areas. The  loss of 3 

trees, it supports the  idea that effective inventory  of mill ion m 3 in t imber  vo lume  corresponds  to 15% mortal-  

mortal i ty  with r e m o t e  sensing is possible in these  types ity over  4 years, which helps i l lustrate the magni tude  

of  forest. According  to David  Schultz,  an entomologis t  of  the p rob lem in the Lake Tahoe Basin. 

for the U.S. Fores t  Service in California, "background To fur ther  invest igate the methods  used to map and 

mortal i ty  dur ing per iods  of seminormal  precipi ta t ion inventory  mortali ty,  we p lo t ted  loss in basal area as a 

will run around 0.1 t rees  per  acre per  year, or about funct ion of change  in m-values (Fig. 6a) for the 1992 

0.5% of the vo lume  per  acre per  year" (personal commu-  test stands. The  overall  pat tern  of the  stands is similar 

nication) or about  2% over  a 4-year period.  Note  that to that seen in Figure  4 (from the 1991 field stands), 

Table 2b. Inventory Summary for Basal Area Mortality Lake Tahoe Basin Management Unit--Dead Trees (1988-1991) 

Total 
Basal Area Standard Number Hectares Area Basal Area Contribution 

Stratum (m 2/ha) Error of Stands (x 1000) Weight (x 1000) to Variance 

L1 1.3 0.5 6 5.4 0.095 7 0.002 
L2 1.7 0.8 6 9.8 0.173 17 0.017 
L3 4.2 2.0 6 1.4 0.024 6 0.002 
M1 2.6 1.0 6 11.1 0.195 29 0.035 
M2 5.0 0.7 6 6.6 0.117 33 0.007 
M3 13.0 3.7 6 1.1 0.019 14 0.005 
H1 4.4 0.9 6 15.0 0.265 66 0.061 
H2 8.9 2.2 6 2.8 0.050 25 0.012 
H3 15.0 2.7 7 1.8 0.031 27 0.007 
$3 21.9 3.3 6 1.7 0.030 37 0.010 

Total 61 56.6 1.000 260 0.158 

Estimates for The Entire Forest 

Basal area mortality by 1991 (V) 260,000 m z 
Total area (A) 56,600 ha 
Average 4.6 na 2 / ha ( - 10%) 

2 Variance (s(Lt)) 0.16 
Standard error (E) 8.65% 

Table 2c. Inventory Summary for Basal Area Mortality Lake Tahoe Basin Management Un i t -Dead  Trees (1988-1992) 

Total 
Basal Area Standard Number Hectares Area Basal Area Contribution 

Stratum (m2 /ha) Error of Stands (x 1000) Weight (x 1000) to Variance 

L1 2.0 0.8 6 5.4 0.095 11 0.007 
L2 2.4 1.0 6 9,8 0.173 24 0.028 
L3 5.6 3.1 6 1.4 0.024 8 0.005 
M1 4.5 1.5 6 11,1 0.195 49 0.082 
M2 5.9 0.9 6 6.6 0.117 39 0.012 
M3 15.3 3.5 6 1.1 0.019 17 0.004 
H1 6.3 1.5 6 15.0 0.265 94 0.156 
H2 13.2 2.1 6 2.8 0.050 37 0.011 
H3 21.3 2.4 7 1.8 0.031 38 0.006 
$3 23.7 3.2 6 1.7 0.030 40 0.009 

Total 61 56.6 1.000 357 0.320 

Estimates for The Entire Forest 

Basal area mortality by 1992 (V) 357,000 
Total area (A) 56,600 
Average 6 m 2 / ha ( - 13%) 

2 Variance (s(~t)) 0.32 
Standard error (E) 8.96% 
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Figure 6. Basal area loss (in m 2/ha)  as a function of change in m-value for the 1992 test stands, r ~ is 0.34 for all stands, 0.10 
for stands with low cover, 0.71 for stands with moderate cover, and 0.43 for stands with high cover. 

although the strength of the relationship is not strong, the level at which the estimates of mortality can be 
The re is 0.34, significant at the 0.01 level, with a slope used. 
of 0.12, but there is considerable spread around the Should the continuous estimate of mortality be used 
regression line. The patterns and the strength of the or only the stratum level, and how dependable are 
relationship between change in m-value and change in the estimates for individual stands? The low re for the 
basal area are different for the low cover class as corn- relationship between the change in m-value and change 
pared to the moderate and high cover. This difference in basal area (Fig. 6) suggests that the continuous esti- 
can be seen in the graph. The low cover class has an r e mates for individual stands are not highly reliable. How- 
of 0.10, which is not significant at the 0.10 level and a ever, there are several possible reasons why the overall 
slope of only 0.07. The moderate and high cover classes relationship of the 1992 test stands (r z = 0.34) is not as 
have res of 0.71, and 0.43, respectively. This demon- strong as the 1991 test stands (re =0.69). The most 
strates the interaction of cover and mortality and the obvious reason is the two points at the extreme left and 
importance of using both parameters for stratification, right sides of the graph. If these two points are removed, 
However, based on these results, it may be sufficient to the overall re improves to 0.48 and re for the high cover 
use two strata for cover, separating the low cover stands class improves from 0.43 to 0.73. The point at the far 
from the rest. left has a measured loss of 17 m2/ha, which places it in 

the high mortality stratum. However, the large negative 
DISCUSSION change for m-value would have predicted a much greater 

loss if a continuous estimate of mortality were used. 
The results of the mortality inventory for the entire The stand shows a large bright area of several pixels in 
Lake Tahoe Basin Management Unit, presented in Table the 1991 image where there was none in the 1988 
2, demonstrate the utility of this method. The patterns image, which may explain the decrease in m-value. If 
in mortality for the various strata (Fig. 5) and the low mortality is concentrated in one small area, it may be 
standard error for the estimate are the basis for that missed by field measurements. The point at the far right 
interpretation. However, a significant question concerns has a large positive change in m-value and therefore 
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was placed in the low mortality category, but the loss both the statistical results of an inventory, with a high 
of 14 m 2 / ha would make the moderate mortality class level of accuracy, and also maps showing the geographic 
more appropriate. This stand is bounded on two sides distribution of mortality patterns. These maps are pro- 
by lush, wet meadows. The slight, but  inevitable, shifting duced at various scales: as separate quadrangle sheets 
between the two images could result in the inclusion at 1:24,000 (most useful for the field), and at one map 
of some signal from either or both of the meadows in for the entire forest. Since they are digital, they can be 
the stand, which would explain the large increase in included in a GIS database for analysis using auxiliary 
m-value. Neither of these stands should be eliminated data layers. 
from the analysis nor should any pixels be removed The results of the forest wide mortality inventory 
from them. The stands and the mixed pixels are not show a 15% loss of timber volume from the mixed 
outliers but are representative of the types of problems conifer and red fir zones of the Lake Tahoe Basin 
inherent in this method, between 1988 and 1992. The standard error of 11% 

There were also effects associated with the different demonstrates the validity of using these methods for 
methods used to select stands each year. For the 1991 estimates at the forest wide scale. At the stand level, 
field data, stands were hand delineated on airphotos, results are less clear. The overall re of 0.34 for basal 
but the 1992 stands were delineated using an automated area loss as a function of change in m-value is lower 
image segmentation of the Landsat TM image, and than anticipated, but trends within cover classes are 
then randomly selected. The hand-delineated stands generally better. This demonstrates the importance of 
had simpler shapes and were more compact than the using crown cover when estimating mortality. The low 
segmented stands and were therefore much less suscep- r e is at least partially due to the nature of the automatic 
tible to problems of misregistration. Analysis of shape image segmentation. The inclusion of small areas with 
parameters showed the mean perimeter to area ratio different cover types, which are too small to stand alone, 
for the hand-delineated stands was 0.55, while the same within larger stands may affect the results of the change 
ratio for the segmented stands was nearly double that, detection. Minor levels of misregistration are likely a 
at 0.93. The increase in perimeter for a given area key factor in limiting the ability to accurately measure 
increased the effects of even minor misregistration, change at the stand level. 

A significant consideration for change detection is 
the scale for comparing model results. As mentioned 
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