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A forest downstream of a heavy metal acid tailings tions with tree stress. In individual tree crown samples,
the 0.25 m pixel semivariograms were well related to treearea at the KamKotia mine site near Timmins, Ontario
crown closure. This suggests that semivariograms ex-shows visible signs of damage which include varied leaf
tracted from the 1 m and 0.5 m pixel images are suitablesize, leaf discoloration, dead branches, and increased in-
for mapping structural and textural information relateddividual tree crown and forest canopy openness. High
to forest damage at the canopy level while the semivario-resolution remote sensing has potential for providing
grams extracted from the 0.25 m pixel images depict in-means to spatially and temporally evaluate such damage.
formation at the tree crown level. Elsevier ScienceIn particular, image texture can be used in modeling for-
Inc., 1999est and individual tree structural variations which may

result from stress. In this study, an airborne multispec-
tral digital camera system was used to acquire imagery

INTRODUCTIONwith ground pixel spacing of 0.25 m, 0.5 m, and 1.0 m.
Relations of image semivariance measures with field for- The environmental impact of acid mine drainage on sur-
est structure and health measures were determined. Semi- rounding forested areas is a growing concern for many
variograms were derived using two sampling techniques: mine operators and government agencies. Complex chemi-
transects in two perpendicular directions, and omnidirec- cal weathering reactions, initiated when sulfide waste rock
tional sampling within pixel matrices. Sampling was con- and tailings are exposed to oxygen and water, lead to the
ducted over the forest canopy as well as within individ- production of sulfuric acid (Kelley and Tuovinien, 1988).
ual tree crowns. The principal objective of the study was Acidic drainage may wash soil nutrients away reducing
to determine the types of forest canopy and individual their availability to vegetation. It also causes the release
tree crown structure and health information captured by into the soil of toxic substances, such as heavy metals and
semivariograms at the three spatial resolutions. In can- other substances related to mine exploitation, which can
opy scale sampling, the 1 m pixel semivariograms were interfere with plant nutrient uptake and growth. Symp-
best related to forest canopy closure, stem density, and a toms of tree damage can be expressed in various physio-
visually derived tree stress index. The 0.5 m pixel semi- logical and morphological changes such as early senes-
variograms related better to tree crown size and tree cence, chlorosis, stunted or oversized growth, and loss of
height. The transect technique was more sensitive to tree foliage. Forest canopy damage may be evident as reduc-
height and the matrix technique produced stronger rela- tions in structural variables such as stem density, canopy

closure, or other variables related to vegetation produc-
tion. These stress and damage characteristics may be
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ample, Bowers et al. (1994) used semivariance statistics were used in correlation analysis to determine the
strength of relationships with forest canopy and tree(range, sill, nugget) derived from SPOT HRV panchro-

matic and multispectral data to separate and model Bal- crown measures.
sam fir (Abies balsamifera) damage caused by the woolly
adelgid. Cohen and Spies (1990) used semivariograms of

METHODOLOGY1 m, 10 m, and 30 m resolution airborne video images to
extract structural and textural information for Douglas- Study Site Establishment
fir (Pseudotsuga menziesii) canopies. Wulder et al. (1997) The KamKotia zinc and copper deposit was mined for
introduced the Semivariance Moment Texture measure, about 20 years, ceasing operation in the early 1970s. It
derived from the semivariogram statistics of 1 m resolu- was selected as the study location because of its known
tion casi (Compact Airborne Spectrographic Imager) im- acid drainage problems and its fairly simple physiogra-
ages, as a textural indicator which is related to canopy phy. Three large tailings areas totaling about 350 ha sur-
leaf area index (LAI) for both homogenous and hetero- round the original mine to the north, northeast, and
geneous cover types. In a study to predict tree height, south. A 7 m high dam impounds the north tailings, but
tree crown diameter, and canopy density, St-Onge and it is leaking into the northeast tailings which is not con-
Cavayas (1995) used the directional variogram approach tained in any way. Surface drainage from the northeast
with MEIS II (Multi-detector Electro-optical Imaging unimpounded tailings follows two creeks, which exit the
Scanner) images having spatial resolutions ranging from tailings from its northern boundary (see Fig. 1a). The pH
0.36 m to 2.16 m. Coops and Catling (1997) plotted the of water in these creeks was measured at between 1.4
mean values of the standard deviation at increasing win- and 2.0 in August of 1993 and 1994. The creeks are ap-
dow size to extract local variance in a 2 m pixel video proximately 1.2 km apart. Although both flow in a north-
image in an attempt to characterize the complexity of erly direction, the western creek bends around to the
habitat in forest environments at different spatial resolu- east after about 400 m and flows towards the eastern
tions. A common element of multiresolution studies is creek, which it joins to form a single northerly flowing
that higher resolution imagery typically provides better creek. The two creeks effectively delimit an area of for-
relations with forest structural variables. In this research, est about 1.2 km long (east–west) by 400 m on the west
this knowledge is extended to analysis of individual tree side to 680 m on the east side. While surface drainage
crown structure as well as forest structure using imagery follows the creeks around this forested area, analysis of
of less than, or equal to, 1 m pixel spacing. the 1:10,000 Ontario Ministry of Natural Resources Base

The abandoned KamKotia mine site near Timmins, map for the site revealed a gentle topographic slope from
Ontario, is undergoing a serious acid drainage problem the tailings edge to the northern boundary of the forest
and is a continuous source of heavy metal pollutant stress area, with an average slope of about 18. It was therefore
in the surrounding forest environment. This article evalu- hypothesized that metal contaminated near-surface ground-
ates the relationships between high resolution image water originating in the tailings would flow in a near
semivariance (as a measure of texture) and forest struc- northerly direction through the forested area perpendic-
tural characteristics and tree health conditions at the ular to the contour lines. Thus, a study area was selected
KamKotia site. It is part of a research program in which between the two creeks (Fig. 1a), and six plots were es-
the goal is to develop integrated image spectral, textural, tablished along an 800 m transect starting from the mine
and structural models for mapping of the dynamics of tailings and following the drainage direction (Fig. 1b).
forest health in ecosystems subjected to such localized Plots 1–3 are 100 m apart and the others are between
stress (King, 1995a). 150 m and 200 m apart. The furthest plot from the mine

tailings, plot C (control), was used as a reference as it is
Research Objective located on slightly higher ground across the west/north

creek and should not be affected by the acidic drainage.The principal objective of this research was to determine
whether semivariogram statistics from high resolution Each plot covers an area of 50 m350 m.

The soils vary along the transect from predominantlyimagery can be used to model subtle structural variations
within the forest canopy and within individual tree crowns sandy to more loamy but with no known spatial trend.

The forest is composed of mature trembling aspen (Po-that are related to various degrees of damage. More spe-
cifically, images with pixel spacing of 0.25 m, 0.5 m, and pulus tremuloides) with a mean age of 76 years (s512.9,

n530), a few small pockets of codominant balsam poplar1 m were analyzed to determine the spatial resolution
required to extract such information at both the forest (Populus balsamifera), and an understory of young black

spruce (Picea mariana), white spruce (Picea glauca), andcanopy and individual tree crown levels. Semivariogram
range, sill, and nugget were derived from airborne digital balsam fir. The transect was deliberately located within

this aspen stand because of: i) the known sensitivity ofcamera images using the matrix and transect techniques
of Cohen and Spies (1990). The semivariogram statistics aspen to airborne pollutants such as SO2 and heavy metal



Figure 1. KamKotia mine site study area: (a)
scanned 1991 air photo (showing georeferenced
grid) of the northern section of the mine site,
pixel spacing50.5 m, and (b) near-infrared dig-
ital camera image of study site, 7 September
1995. Pixel spacing is 1 m.
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Figure 2. Concentration of a) aluminum
and iron (ppm) and b) chromium, copper,
nickel, and zinc (ppm) in the soil B horizon,
August 1993 versus distance from the tail-
ings edge (m)

emissions, which is analogous to windblown deposition of root zone is mostly located). The variation in each ele-
ment’s measured concentration (from the five samples atpollutants from the high sulfur tailings, ii) aspen’s prefer-

ence for alkaline soils making it less tolerant to acidic each plot) was quite high and did not consistently result
in statistically significant changes in concentration be-environments than other boreal forest species (Peterson

and Peterson, 1992), and iii) the high potential for me- tween any plots on the transect. However, the data do
indicate a trend of decreasing metal concentration withchanical effects of wind from the tailings to exacerbate

the gradual deterioration of this mature stand. distance from the tailings, particularly after 200–400 m.
The control plot typically had the lowest concentrations.

The same trend was present for all other elements,Field Data Acquisition and Analysis
for all horizons, and for all sample dates. It was not the

Soil Chemistry objective of this study to determine if such metal con-To determine if soil metal concentrations vary along the centrations, in combination with measured soil pH be-transect, soil samples from each of the A, B, and C hori- tween 4.2 and 6.8 at the plots, were causal factors of thezons were collected at five random locations along the observed forest damage. The relatively high levels of alu-axis perpendicular to the apparent drainage direction up minum and iron near the tailings may contribute to for-to a distance of 25 m from the center of each plot. This est damage, but the concentrations of the other elementssoil sampling was conducted in May and August of 1992 may not be toxic. Instead, this observed trend in soiland 1993 and August of 1994 and 1995. Chemical analy- chemistry was used to verify that the transect was wellses using ICPES (Inductively Coupled Plasma Emission positioned and to partially justify continued developmentSpectrometry) techniques were conducted to determine of the field and airborne experimental design.concentrations of 9 metals (Al, Cr, Cu, Fe, Mn, Ni, Pb,
Ti, and Zn) in soil solutions extracted using aqua regia Forest and Individual Tree Structure and

Stress Measurementsdigestion. Initial results from the 1992 data were pre-
sented in Lévesque and King (1993). A total of 180 dominant and codominant trees, 30 in

each plot, which would be visible to the sensor wereFigure 2a shows example concentrations of alumi-
num and iron in parts per million at each plot from the measured to derive six forest canopy and tree crown vari-

ables. The following six variables describe the structuralAugust 1993 data. Figure 2b shows example concentra-
tions of chromium, copper, nickel, and zinc in parts per and health characteristics of each of the plots and were

used to quantitatively relate images to field data: 1) For-million from the same August 1993 data. These data are
means of the five values in the B horizon (where the tree est canopy closure was measured visually from the
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ground in 5% increments with the aid of a calibrated Imagery Acquisition
chart showing the proportion of a black surface on white A digital camera sensor incorporating a Kodak Megaplus
background. Evaluation of three repetitions on different 1.4 black and white, 132031035 pixel format camera was
days for a sample of 15 trees in the first and last plots used. The camera is entirely computer controlled, with
of the transect produced an average standard deviation a rotating filter wheel providing 8-bit data in up to eight
of 4.3% which is less than the measurement increment. spectral bands between 430 nm and 1000 nm (King,
For comparison, in later analysis, measurements made 1995a,b). It can be mounted in small single or twin en-

gine aircraft which has been modified for vertical aerialusing this visual technique were found to be highly cor-
imaging. The view angle of the camera is 69.137.2 de-related with LICOR LAI-2000 canopy closure measure-
grees using a 28 mm focal length lens. Such a small viewments for the same plots (r50.87) (Li-CoR Inc., 1990).
angle was used in this research to minimize spatial non-2) Forest stem density was measured as the number of
uniformity of response from optical, BRDF, and atmo-trees per 10 m310 m area. 3) Tree crown size was de-
spheric effects (these effects are currently being analyzedtermined from the average of two measurements using a
in a separate research project using larger angles ofmeasuring tape along the major and minor axes pro-
view). Imagery was acquired on 23 August 1993 withjected to the ground. 4) Tree height was measured using
0.5 m and 1.0 m ground pixel spacing. The spectralan hypsometer. 5) Individual tree crown closure was
bands were: blue (430–470 nm), green (545–555 nm),measured using the same calibrated chart that was used
red (665–675 nm), and near-infrared (795–805 nm) cor-for canopy closure. Similar repetitions of three measure-
responding to the major vegetation spectral absorptionments resulted in an average standard deviation of
and reflectance regions in the visible and near-IR. After3.51%, which is less than the measurement increment.
initial analysis of this imagery it was determined that6) A tree stress index was devised and measured in incre-
sampling and analysis within individual tree crownsments of 0.5 between 1 (healthy) and 5 (dead) and was
would only be possible using imagery with a smaller pixelassessed by viewing each tree crown from the ground
spacing since the semivariance range was not reached infrom several angles. Emphasis was placed on the visual
70% of the cases when using the 0.5 m resolution im-symptoms that would be manifested as image spectral or
ages. Consequently, a second set of imagery using thetextural variations. The characteristics were adapted from
same spectral bands was acquired on 7 September 1995a deciduous tree decline index developed by the Ontario
(just before autumn leaf color change) with 0.25 m andMinistry of Environment (McIlveen et al., 1989) and uti-
0.5 m pixels. The second set of 0.5 m pixel imagery was

lized in research on remote sensing of sugar maple (Acer acquired for comparison of individual tree crown sam-
saccharum) decline by the coauthor (in Yuan et al., pling with the forest canopy-based sampling of the 1993,
1991). Each sampled tree was systematically evaluated 0.5 m pixel imagery. The near-IR band was selected for
for: crown morphology (asymmetric, circular, thin), fo- analysis, as this band had the best exposure and contrast
liage density (dense, medium dense, sparse, clustered), in both data sets.
foliage size (undersized, full size), foliage color (deep
green, light green, discolored), proportion and location Image Analysis: Semivariogram Calculation
of dead branches, amount and type of trunk defects (can-

Semivariance S2 is half of the squared difference be-
kers, cracks, moss, fungus, etc.), and tree lean, including tween pixel digital numbers z, at two locations, x and
the proportion of each leaning tree which was dying and x1h (after Curran, 1988) (Eq. 1):
the proportion dead. To test the precision of these health

S251⁄2[z(xi)2z(xi1h)]2. (1)measurements, 30 trees were randomly selected and as-
sessed by a second observer three times over a period of The semivariogram Y(h) is a graphical representation of
6 weeks. The average of the standard deviations derived the average semivariance of several pixel pairs at each
from these health measures was 0.238, which indicates lag (h). It displays the spatial variability within the data
good precision for this visually-based index. set (Cohen and Spies, 1990) by capturing the variance

Two scales of analysis were conducted using the between spatially separated pixels (Wulder et al., 1997).
above data: 1) At the canopy scale, determination of rela- The semivariogram is calculated in Eq. (2) as (Curran,
tions of forest canopy and individual tree measurements 1988)
averaged over each plot with plot image texture, and 2)

Y(h)5
1

2m o
m

i51
[z(xi)2z(xi1h)]2, (2)at the tree scale, determination of individual tree crown

closure with image texture measured within tree crowns.
The distinction between forest canopy closure (variable where m is the number of pairs of pixels separated by
1 above) and individual tree crown closure (variable 5 the same lag. Thus, Y(h) is obtained for each lag and
above) as defined in this article is critical to the two-scale plotted against lag. Mathematical models are fit to a

semivariogram by least squares techniques to determineanalysis of this study.
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Figure 3. Example of a spherical shape semivario-
gram showing the sill, the range and the nugget.

the range, the sill, and the nugget. Figure 3 shows an the program GEOEAS (Englund and Sparks, 1991)
while later analyses were conducted using VARIOWINexample of a spherical shape semivariogram with the
which was easier to implement (Pannatier, 1994). Analy-range, the sill, and the nugget. In this model, the pixels
sis was conducted at the forest canopy scale using theat small lags are more likely to have lower semivariance
1993, 0.5 m and 1 m pixel data, and at the individualthan at greater lags, with semivariance increasing until a
tree crown scale using the 1995 0.25 m and 0.5 m pixelmaximum is reached at the sill. The lag at which this
data. The nugget, range, sill, and shape of the semivario-maximum is reached is called the range and is interpre-
gram were determined from the fitted spherical models.ted as a measure of spatial dependence of the data. The
The indicative goodness of fit (Pannatier, 1994) rangedrange is often associated with the size of individual ob-
from 0.003959 to 0.0138 for all semivariograms. Thesejects such as tree crown size in high resolution imagery
small deviations from a perfect goodness of fit of zeroor forest stand size in low resolution imagery (Woodcock,
indicate that very little error in the semivariogram pa-1988a, b). The nugget is an estimate of the variability at
rameters was introduced by the spherical function fit toa lag of zero and is essentially a function of support size
the semivariance data. The range and sill were then lin-relative to object size.
early correlated with the forest and tree measures forThe shape of the semivariogram provides informa-
analysis of the strength of the relationships between thetion about the structure of an image scene. The spherical
image and field variables. In some cases, the semivario-shape semivariogram is typical of an image where pixels
gram displayed linearity, which meant that the range wasbecome completely independent above the range. In
not reached.contrast, the periodic shape semivariogram shows a re-

petitive pattern where the semivariance of pixels further Forest Canopy-Scale Sampling
apart is less than pixels closer to each other (e.g., rows In canopy-scale sampling for semivariance analysis, pixel
in cultivated lands). The linear semivariogram increases matrices and transects were placed over many trees and
constantly and does not reach the range. It often occurs gaps in each plot. Figures 4a,b illustrate pixel matrix ex-
when the distance used is not great enough to reach the traction for the canopy-scale analysis. For the 0.5 m pixel
maximum variability between pixels. image (Fig. 4a) nine matrices of 30330 pixels (15 m315

In this research, sample pixel matrices and transects m) each were extracted at each plot. The whole plot area
were extracted from the imagery and used to calculate was not used as a matrix because by splitting the plots
omnidirectional and directional semivariograms, respec- into subplots, it was possible to observe the within-plot
tively. Pixel matrices were extracted over areas of 30330 variation. A good example of the within-plot variation is
pixels. Omnidirectional semivariograms, calculated from noticeable in plot 1 where almost one quarter of its sur-
these matrices, were derived using multiple lags from all face in the NW part is an open area (Fig. 1b). The num-
possible directions within a 908 angle as shown in Fig- ber of trees sampled in these quadrants ranged from 12
ures 4a,b. Where more than one matrix was sampled for to 41. For the 1 m pixel image (Fig. 4b) only 4 matrices
a given plot, the average range and sill of the resulting of 30330 pixels (30 m330 m) needed to be extracted in
omnidirectional semivariograms were calculated. For the order to cover the whole plot area.
transect method, three lines of 50–100 pixels were sam- Figure 4c shows schematically the use of transects
pled in perpendicular directions (the image horizontal for sampling at the canopy scale in both the 1 m and
and vertical) as shown in Figure 4c. An average range 0.5 m pixel images. A total of six transects, three in the
and sill was calculated from the six individual semivario- E–W direction and three in the N–S direction, were ex-

tracted from each plot, each covering a minimum ofgrams. Calculations for initial analyses were made using
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Figure 4. Illustration of canopy-scale semivariance sampling techniques: a) the matrix technique with omnidirectional sampl-
ing for the 0.5 m pixel image, b) the matrix technique with omnidirectional sampling for the 1 m pixel image, and c) the
transect technique with sampling in two directions for both the 0.5 m and 1 m pixel images.

eight trees. To cover the 2500 m2 area of the plots, the pairs, one is from the first three plots (40–240 m from
transects were 25 pixels (25 m) apart in the 1 m pixel the tailings) while the other is from the last three plots
image and 50 pixels (25 m) apart in the 0.5 m pixel im- (440–840 m from the tailings).
age. The transects have a length of 50 pixels (50 m) in Thus, the most evident spatial trend in the data is
the 1 m pixel image and 100 pixels (50 m) in the 0.5 m the clustering of plots near the tailings (e.g., plots 1, 2,
pixel image. and perhaps 3), and plots further from the tailings (e.g.,

4, 5, 6) for all measurements except individual treeIndividual Tree Crown-Scale Sampling
crown closure. The first three plots have consistentlyIn sampling of individual trees, only the matrix technique
larger crown size, taller trees, lower stem density, lowerwas used. The transect technique was not used because
canopy closure (except for plot 3), and higher stress in-any transect within a single tree crown contained too few
dex than the last three plots. The fact that the plotspixels to reach the range. For the matrix technique,
closer to the mine tailings have larger crown size andmany more points are accumulated and statistically valid
taller trees does not mean they are healthier than plotssampling could be achieved for most trees at each plot.
further from the tailings. In fact, a larger number ofIn the 0.25 m pixel imagery, the support size (pixel) was
standing and fallen dead trees are present in these threebetween 1/20 and 1/32 the object (tree) widths and twice
plots compared to the last three as expressed by theirthat in the 0.5 m pixel imagery. Pixel matrices were ex-
lower canopy closure and stem density. It suggests thattracted from 30 and 20 tree crowns in the 1995 0.25 m
the remaining large trees have thus far been able toand 0.5 m pixel images, respectively. The sampled trees
withstand the chemical and mechanical stresses and theyare the same in both images and are divided approxi-
may have experienced greater growth rates because ofmately equally in numbers between all plots. It was not
the thinning of the forest. Consequently, of the variablespossible to sample 10 of the trees at the 0.5 m resolution
evaluated, the stress index, forest canopy closure, andbecause their crowns were too small, leaving too few pix-
stem density most directly reflect the higher structuralels to extract for the semivariance analysis. The matrix
damage in the first three plots.sizes varied between 10 by 10 pixels and 21 by 21 pixels

These results are supported by a temporal analysis ofdepending on tree crown size and image pixel spacing.
the site conducted by Walsworth and King (1997). They
evaluated individual tree death and regrowth for the

RESULTS AND DISCUSSION period 1946–1991 using neighborhood-based transition
Forest Canopy and Individual Tree analysis of digitized aerial photography. A statistically sig-
Crown Measurements nificant decrease in stem density in the area of the first

three plots of this study was found to have occurred dur-Table 1 lists the mean (avg) and standard deviation (std)
ing the period from initial deposition of the unim-of the forest canopy and tree crown measurements at
pounded tailings to 1991 with the forest tending towardseach plot. For any given variable there are several pairs
greater heterogeneity. In addition, results from a 1997of plots with significantly different mean values at the

0.05 level. In many of the significantly different plot field study of 55 plots in the area between the two creeks
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Table 1. Average (avg) and Standard Deviation (std) of Forest Canopy and Tree Measures for Each Plot

Plot

C
1 2 3 4 5 (Control)

Forest canopy closure (%) avg 40.83 40.00 56.67 50.00 66.67 55.00
std 25.23 16.90 11.06 17.89 9.43 18.71

Forest stem density avg 7.33 5.50 5.60 9.20 18.25 16.43
(per 100 m2) std 1.89 2.14 2.80 1.83 3.90 6.84

Tree crown size (m) avg 6.42 7.79 8.14 5.54 5.43 6.38
std 1.37 1.86 1.93 1.49 1.24 2.25

Tree height (m) avg 26.88 26.60 30.32 24.58 24.93 25.67
std 1.90 2.68 3.37 3.04 3.27 6.12

Tree crown closure (%) avg 62.30 67.00 62.40 72.30 63.70 59.00
std 10.90 10.70 11.80 9.37 16.70 13.40

Tree stress index avg 2.77 2.66 2.58 2.53 2.37 2.53
(15healthy to 55dead) std 0.62 0.75 0.70 0.59 0.82 0.67

(Fig. 1a) (Olthof, 1997) have shown statistically signifi- shows this relationship for the 1 m pixel transect semi-
cant decreases in leaf area index and the number of variogram. The range increases with canopy closure in
fallen trees as well as a significant increase in stem den- this mature boreal forest since the tree crowns are closer
sity with increasing distance from the tailings. These re- to each other, and they produce a more homogeneous
sults help to confirm and quantify the spatiotemporal gray tone surface in the imagery. Such a relation would
variation in forest structure that is evident when the site not apply in sparse forest conditions unless the spatial
is visited over several years. variability of the understory and other surface cover was

high for the given pixel spacing. Figure 5b shows the re-
Forest Canopy-Scale Image Semivariance Analysis lation between the range of the 1 m pixel matrix semi-

variogram and stem density per 100 m2. As for canopyTable 2 shows the correlation coefficients and associated
closure, as stem density increases, a more homogeneoussignificance levels of the relationships between the
gray tone surface is produced and the range increases.ground-based measurements and the semivariogram
Transect semivariograms are not highly correlated withrange and sill for the 1993 1 m and 0.5 m images derived
this forest measurement possibly because they representfrom both the transect and matrix techniques by sam-
sparser samples than do the matrices.pling over the forest canopy. Correlation coefficients

greater than, or equal to, 0.811 are significant at the 0.05 Relations with Individual Tree Measurements
level or better and are underlined. Of the individual tree variables, tree crown size is well

correlated with the range values of both the 0.5 m pixelRelations with Forest Canopy Measurements
transect and matrix semivariograms extracted over theOf the forest canopy variables, both the range of the 1 m
canopy. Figure 6a shows the graphical representation ofpixel transect and matrix semivariograms are positively

well correlated with forest canopy closure. Figure 5a the relationship between range and tree crown size for

Table 2. Correlation Coefficients (r) between the Field Forest Canopy and Tree Measurements and the Semivariogram
Parameters for the Matrix and Transect Techniques

Transect Matrix

Range Sill Range Sill Range Sill Range Sill
0.5 m 0.5 m 1 m 1 m 0.5 m 0.5 m 1 m 1 m

Forest canopy closure (%) 20.16 0.28 0.92 0.36 20.32 20.70 0.83 20.15
p5.724 p5.549 p5.003 p5.433 p5.489 p5.081 p5.025 p5.748

Forest stem density 20.60 20.38 0.44 20.26 20.70 20.54 0.81 20.15
(per 100 m2) p5.154 p5.404 p5.321 p5.578 p5.081 p5.215 p5.027 p5.742

Tree crown size (m) 0.97 0.59 20.02 0.66 1.00 0.25 20.71 0.59
p5.001 p5.160 p5.964 p5.109 p5.000 p5.585 p5.076 p5.161

Tree height (m) 0.92 0.86 0.29 0.82 0.89 0.30 20.59 0.20
p5.003 p5.014 p5.540 p5.025 p5.006 p5.551 p5.160 p5.671

Tree crown closure (%) 20.32 20.20 20.31 20.27 20.24 20.17 0.16 20.07
p5.494 p5.662 p5.506 p5.556 p5.601 p5.723 p5.729 p5.886

Tree stress index (1 to 5) 0.35 20.01 20.74 20.14 0.47 0.86 20.96 0.01
p5.438 p5.984 p5.056 p5.767 p5.283 p5.013 p5.001 p5.979
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Figure 6. a) Range for matrix semivariograms in the 0.5 mFigure 5. a) Range for transect semivariograms in the 1 m
pixel image versus tree crown size (r51.0); b) sill for matrixpixel image versus forest canopy closure (r50.92); b) range
semivariograms in the 0.5 m pixel image versus tree stressfor matrix semivariograms in the 1 m pixel image versus forest
index (r50.86).stem density (r50.81).

matrix semivariogram sill is not significantly related tothe 0.5 m pixel matrix semivariogram. Range increases
this forest parameter, indicating that the transect tech-linearly with tree crown size in this highly significant re-
nique is more sensitive to variation in tree height.lationship. Thus, the range of such a semivariogram may

In analysis of the tree stress index, matrix semivario-serve as an effective measure for automated derivation
grams appear to be more suitable for determining theof the average crown size in stands over a region. This
structural and textural information related to the visualagrees with results of Cohen and Spies (1990). The 1 m
stress symptoms included in the index. This measuresemivariogram range was not sensitive to crown size for
represents the plot average of the overall health of indi-the trees of this study. The average width of trees in
vidual trees and is a more integrated measure of forestsome plots was as low as 1.9–3 m (95% lower bounds
damage than the other individual measures. The sill offor plots C, 4 and 5). The range of the semivariograms
the 0.5 m pixel matrix semivariograms is positively corre-extracted from the canopy was not reached at such short
lated to the stress index (Fig. 6b) which indicates thatlags as the support size was just less than or just larger
when the index is high (greater damage), the amount ofthan the object width. Consequently, the 1 m semivario-
spatial variability within crowns is higher, and this resultsgrams cannot be used to detect such crown sizes, but
in higher variability when sampling is conducted over thethey are sensitive to spatial variability over larger extents
canopy. Figure 7 shows the relationship between theas described above for canopy closure.
stress index and the range of the 1 m pixel matrix semi-Similarly to tree crown size, tree height is well asso-
variograms. The two variables are negatively correlated,ciated with range values. Tree height in this forest is well
indicating that when the index is high, the range is small.correlated with crown size (r50.85) so that its high cor-
This can again be explained by greater plot variabilityrelation with the range in the 0.5 m pixel image using
when variability within individual crowns is increasedboth the transect and matrix techniques was expected.
causing the range to be reached at a lesser distance thanThe combined effect of height and size variations (e.g.,
in a more homogeneous canopy. In a very open andas measured by the height-to-diameter ratio) produces
nearly dead crown, with uniform background radiance,variations in shadows and highlights that serve to delimit
this negative relationship may not apply as the gray tonetree crowns. The sill of both the 0.5 m and 1 m transect

semivariograms are also well related to tree height. The surface will already be homogeneous. However, in the
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is not reached, indicating a moderate spatial continuity
within the transect. This plot is not very dense, having a
low canopy closure (Table 1) and a large opening about
15 m across its northwest corner. Thus, transects passing
through more open plots or large openings in the can-
opy, where individual objects such as tree crowns do not
exist, may display more linearly shaped semivariograms
as the range is not reached within a reasonable sam-
pling distance.

The nugget effect is consistently present in the
0.5 m pixel semivariograms. This means that the pixels
do not show a perfect autocorrelation and indicates that

Figure 7. Range for matrix semivariograms in the 1 m pixel there is a lot of random variation in the data at this reso-
image versus tree stress index (r520.96). lution. While sampling over the canopy at this spatial res-

olution is sensitive to individual tree crown size, tree
height, and the tree stress index, the high variability overhigh resolution imagery used in this research, and partic-
of such small pixels can be considered to be mostly noiseularly in the high contrast near IR band, shadows from
when the measure of interest is canopy closure withinbranches and spatial variability in understory vegetation
areas such as the 2500 m2 sample areas of this study. Thegenerally produce a very heterogeneous gray tone sur-
1 m pixel semivariograms do not display a nugget effect,face. Any increase in foliage in the tree tends to increase
and they are more sensitive to the forest canopy closurethe homogeneity of the gray tone surface and the nega-
and stem density. Thus, in canopy level sampling, semi-tive relation with semivariance range still applies.
variance analysis of 1 m pixel imagery appears betterAmong all the field measurements only the individ-
suited to the scale of measurement of forest canopy pa-ual tree crown closure is not significantly correlated with
rameters while 0.5 m pixel spacing is better suited toany semivariogram parameters extracted over the forest
modeling of individual tree measures.canopy. The smallest pixel spacing analyzed at this scale,

0.5 m, is still too large to detect this individual tree mea-
Individual Tree Crown-Scale Imagesure. For typical crown sizes of 5–8 m, the individual
Semivariance Analysisopenings in the crowns which contribute to the tree

crown closure measurement are smaller than 0.5 m. Since individual tree crown closure could not be mod-
Thus, subsequent analysis of 0.25 m pixel imagery (de- eled well in the previous canopy-scale semivariance anal-
scribed after the next subsection) was expected to pro- ysis of 1993 0.5 m and 1 m pixel imagery, additional tests
vide improved relations between tree crown closure and using matrix semivariograms extracted from within indi-
the semivariance parameters. vidual tree crowns in the 1995 0.25 m and 0.5 m pixel

Analysis of the variation among semivariogram pa- imagery were conducted. Table 3 shows that tree crown
rameters extracted using the matrix technique in subplot closure is strongly related to the range derived from the
quadrants within the 0.5 m pixel imagery did not reveal 0.25 m pixel image (r50.85). The range increases with
significant variability between quadrants except for the crown closure (similar to the findings for canopy closure
open area in plot 1 which was previously mentioned. in the canopy analysis of 1 m pixel data as given in Table
There were also no significant correlations between the 2 and Fig. 5a) because, for poplars such as these, in
plot-level variance of the range and sill determined from more dense crowns, the leaves are closer to each other
the four quadrant values and the forest parameters. and produce a more homogeneous gray tone surface in

the imagery. This relationship is illustrated in Figure 8a.Analysis of Semivariogram Shapes
As a crown becomes stressed and opens up, the size ofIn plotting the semivariograms of the canopy-scale analy-
shadowed areas within the crown becomes larger and thesis, several distinct shapes were commonly produced. A
leaves become more clustered. The range is thereforevariety of semivariogram shapes were obtained from ei-
reached at a shorter lag, as shown in Figure 8a, wherether the transect or matrix technique sampled over the
it varies from 0.7 m for open stressed crowns to 1.7 m forforest canopy in the 1993 0.5 m and 1.0 m pixel imagery.
closed healthy crowns. These ranges are much smallerThe transect semivariograms show periodicity in the
than all crown diameters, demonstrating the sensitivity ofhealthier plots away from the mine tailings. The matrix
the semivariogram to within-crown variance. For verysemivariograms do not show this characteristic but dis-
open and dying crowns, the same argument presentedplay smooth curves which result from averaging over sev-
above for the stress index applies. That is, if the back-eral directions. Some of the 1 m pixel semivariograms
ground signal in such a case was entirely uniform, addi-extracted from transects in plot 1 (poorest overall health)

are linear in shape. In linear semivariograms the range tion of foliage would produce more heterogeneity and
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Table 3. Correlation Coefficients (r) for the Relationships between Tree Crown Closure and the Semivariogram Parameters
for 0.25 m and 0.5 m Pixel Images Derived from the Matrix Technique

Range (0.25 m) Sill (0.25 m) Range (0.5 m) Sill (0.5 m)

Crown closure 0.85 0.29 20.16 0.06

relations with the range would be the inverse of that a linear function. The support size is too large to detect
the variability caused by shadows and highlights withinfound here. However, the variability of the background
single tree crowns, confirming that a pixel spacing smallerand shadows in imagery with 0.25 m pixel spacing is very
than 0.5 m is needed to analyze the structure of the indi-high, and an open tree crown produces a very heteroge-
vidual tree crowns.neous gray tone surface. Thus, dead or nearly dead trees

would not be expected to produce model deviations from
Relations of Forest Parameters with Mean Graythe positive relation with the range that was found.
Level and First-Order TextureNone of the other semivariance parameters, at either

image resolution, provided significant relations with tree Analysis of relations of the forest parameters with mean
crown closure. Sampling within individual crowns in the gray level and a simple first-order texture measure was
1995 0.5 m pixel data did not improve the relations with conducted for comparison to the results derived from the

preceding semivariance analysis. Results show that thetree crown closure over those derived from canopy sam-
mean gray level of forest canopy or individual tree sam-pling in the 1993 0.5 m pixel data (Table 2). The range
ples is not highly correlated with any of the forest param-of the 1995 0.5 m pixel image does not show any correla-
eters for any of the pixel sizes tested. Correlation coeffi-tion with tree crown closure. This is illustrated in Figure
cients ranged from 0.01 to 0.58, none being statistically8b, where 14 points out of 20 are located at the 3.5 m
significant. As a simple first-order texture measure, therange. This distance represents the range limit above
standard deviation was also evaluated. Correlation coeffi-which not enough pairs of pixels are available to calculate
cients were slightly greater, ranging from 0.03 to 0.81,a significant estimate of the semivariance. These semiva-
the latter being against the health index in the 1 m pixelriograms never reach the range of influence and display
data and the only statistically significant relation at the
0.05 level. Thus, the semivariance analysis has identified

Figure 8. a) Range for matrix semivariograms in the 0.25 m several significant relationships between image and forest
pixel image versus tree crown closure (r50.85); b) range for parameters which are not evident in single band raw
matrix semivariograms in the 0.5 m pixel image versus tree spectral data nor in simple first-order image texture.
crown closure (r520.16). Note that fewer points than were
generated are displayed in the graph since some fall at the
same positions. CONCLUSIONS

This study has demonstrated the usefulness of semivario-
gram shape and statistical analysis in discrimination of
forest structural damage variations at the KamKotia mine
site. Matrix (omnidirectional) semivariogram parameters
were well correlated with a visual tree stress index and
transect semivariograms were better correlated with tree
height, but both were sensitive to tree crown size and
canopy closure. The two techniques are complementary
if all the forest measurements are considered. Otherwise,
the appropriate technique can be selected for the forest
parameter to be evaluated.

In sampling over the forest canopy, the 0.5 m pixel
semivariograms uniquely captured information about the
tree crown size while the 1 m pixel semivariograms were
better correlated with forest canopy closure and stem
density. This shows that determination of the appropriate
object size for a given support size is critical. Pixels of
1 m are not sensitive to the tree sizes of this study but
are quite sensitive to the spatial variation of trees and
gaps over a larger spatial extent as measured by canopy
closure. Both spatial resolutions were sensitive to tree
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health and average tree height. The 0.5 m pixel semivari-
This research was supported by the Natural Sciences and Engi-ograms included some random variation (nugget effect) neering Research Council (NSERC) of Canada to D. King, the

that was not present in the 1 m pixel semivariograms. Ontario Ministry of Natural Resources (Timmins), and the On-
tario Provincial Remote Sensing Office.This suggests that the 1 m pixel semivariograms are more

appropriate to canopy level analysis and are better for
interpretation of the shape of the semivariograms. The
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