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Abstract

This paper describes an approach for estimating the effect of stand variables on radiance of forest patches that

were regenerating after the disturbance of clearcut felling. Analysis was performed on a difference image of a two-date
Landsat Thematic Mapper (TM) image pair. Landsat TM images from late winter made in plain snow cover conditions
— a non-traditional season for forest mapping — were used in the study. Seasonal snow cover in winter in boreal and
hemi-boreal latitudes presents specific conditions with high target (stems and branches of shrubs and trees) to background
radiance contrast and is therefore a well-timed season for the detection of subtle changes in shrub and tree cover in
patch areas regenerating after disturbance.

The results of the study show that, in all spectral bands studied (TM1-TM4), there is a significant effect of patch
age (i.e.) time passed since disturbance of clearcut logging, on the radiance difference of regenerating patches on a
difference image. Radiance change in none of the Landsat TM bands 1-4 was found more sensitive than others to patch
variables. The marginal effect of Spruce index, a binary variable denoting whether the patch was managed as a young
spruce stand or a deciduous stand, means that the chance for discrimination of young spruce-dominated stands from
deciduous-dominated stands in winter images is low in most cases. No significant effect of stand variables on patch-wise
differences was found between the patch areas classified from difference image to that represented in the forestry database.
There was a significant effect of the type of neighbours — either bright or dark — on the estimation of the patch area

on a difference image.
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Introduction

Repeatable and consistent measurements make
satellite remote sensing well suited for change detec-
tion; the field is rich in case studies in forested areas.
Images acquired at different dates are compared to find
radiance differences caused by land cover changes
(Coppin and Bauer 1996, Mas 1999, Coppin et al. 2004,
Lu et al. 2004). The dramatic changes in patch radi-
ance occurring after forest removal render successful
deforestation mapping. However, the mapping of re-
generating forest succession after disturbance remains
a challenge due to the subtle reflectance changes as-
sociated with forest succession in optical imagery
(Song et al. 2007). The relationship between stand age
and patch radiance can be highly variable especially
in young stands (Horler and Ahern 1986). Causes for
this variability include differences in site quality, site

preparation, planting practices and species composi-
tion (Schroeder et al. 2006). Additionally, forest age
is not as directly remotely detectable as are forest
structure and composition; both are related to and
change within forest succession (Cohen et al. 1995).
Remote sensing studies predicting forest succes-
sional stage have used single date measurements
(Fiorella and Ripple 1993, Peterson and Nilson 1993,
Jakubauskas 1996). Generally, a few broad successional
classes have been derived from single-date images. An
alternative use of remotely sensed images for charac-
terizing forest succession is examination of multi-tem-
poral images as two-date image pairs or multi-date
image series (Joyce and Olsson 2000, Kennedy et al.
2007, Schroeder et al. 2007, Liu et al. 2008).
However, few researchers have assessed the in-
fluence of driving factors on subtle radiance change
in forested patches of northern temperate forests fol-
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lowing clearcutting. Therefore it is necessary to con-
tinue to test the influence of patch attributes such as
time since gap generation, site conditions, and applied
silvicultural treatments on image classification results.

Landsat Thematic Mapper images from late win-
ter, made in March in plain snow cover conditions — a
non-traditional season for forest mapping — were used
(A forest map of Estonia 2003, Peterson et al. 2005,
Peterson et al. 2008).

The reflectance of snow is high in the visible and
near-infrared part of the spectrum (Kpunos 1947),
where the Landsat TM spectral bands TM1-TM4 are
located. Snow reflectance increases up to the depth
of approximately 15 cm; further depth increase of snow
cover does not cause significant reflectance changes
(Robinson and Kukla 1985). The differences in spec-
tral reflectance between different snow cover types of
different granular size are relatively small in the visi-
ble spectral region (TM1-TM3 in this study), but are
large in the mid-infrared spectral region (Xiao et al.
2002). Seasonal snow cover presents specific condi-
tions with high target (stems and branches of shrubs
and trees) to background radiance contrast. Late win-
ter is considered the best season for forest mapping
in forest to non-forest boundary delineation (Peterson
et al. 2004) and for the detection of subtle changes in
shrub and tree cover in regeneration following distur-
bance of patch areas.

The retrospective data provided by remote sens-
ing scanners particularly by the long time series of
Landsat images have provided a means to character-
ize forest successional stage across large spatial are-
as. Data by optical sensors have been used to pre-
dict stand age with varying degrees of accuracy. The
accuracy is usually limited, because stand age is not
directly observable by remote sensing methods. Also,
after an initial rapid reflectance change during the first
15 to 20 years of stand development, the correlation
of reflected radiance with stand age in northern tem-
perate forests becomes weak. This study is aimed to
contribute to the forest stand age estimates from me-
dium spatial resolution satellite images.

There exists a chance that age estimates could be
extended beyond the time interval covered by more
than 25-year archive of Landsat TM images. When the
age of stands older than 20-25 years in northern tem-
perate forests cannot be estimated with acceptable
accuracy from single images, the results could be im-
proved by using the early images in the Landsat TM
archive (from 1985 to 1987) together with images made
a couple of years later. From these difference images
the changing patches in forests could be isolated (see
Figure 1) and the age of then young stands with rap-
idly changing reflectance could be estimated. Better

Figure 1. Subsamples of the Landsat TM winter images
taken in March 1996 and in March 2005 respectively. Dark
patches in the difference image are regenerating after distur-
bance clearcuts, bright patches are recently cut clearcuts

estimates could be extended up to the stand age of
35 to 40 years.

The aim of the study was to analyse the possible
driving factors derived from the forestry database that
could affect radiance changes in regenerating after the
disturbance of clearcutting forest patches. Radiance
differences were derived from a difference image of a
two-date Landsat Thematic Mapper (TM) image pair
made in late winter in March 1996 and in March 2005
respectively.

Our tasks were as follows: 1. To find which vari-
ables in the forestry database have statistically sig-
nificant effect on radiance changes during early sec-
ondary succession on a difference image made in sea-
sonal snow cover conditions, and 2. To determine
which factors are causing patch-wise areal differenc-
es between the patch areas classified from difference
image to that represented in the forestry database. The
comparison is made in conditions where the total are-
as of all patches are kept equal.

Materials and methods

Study area and data

The study area is located in Central Estonia and
falls within the World Reference System of satellite
images path/row 187/19. The area represents a typical
northern temperate forest of mixed stands dominated by
Birch (Betula pendula and Betula pubescens), Norway
spruce (Picea abies), Scots pine (Pinus sylvestris) and
European aspen (Populus tremula). A sub-scene cov-
ering 40 km by 40 km on the ground centered at 58°30°
N and 26°20° E was selected for this study (see Figure
2). We chose the area due to its high forest coverage,
flat terrain and dominance of state-owned forests man-
aged for timber production. Forests cover 53% of the
study area (Forest Map of Estonia 2003).

Two Landsat Thematic Mapper near anniversary
late winter satellite images acquired on 10 March 1996
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Figure 2. Location of the study area with a black quadran-
gle. A forest map compiled using Landsat TM winter images
is on the background

and on 03 March 2005, respectively, were used in this
study. The snow cover had remained at a thickness
of about 13 to 30 cm for 2 weeks preceding satellite
overpass on both dates. Total precipitation as snow
in the 10 days preceding Landsat overpass was less
than 3 mm with daily mean temperatures remaining
below zero. Atmospheric transparency at the time of
the satellite overpass, calculated from incoming direct
solar radiation, was 0.82—0.83 on both dates. The long-
term average transparency on clear days in March is
0.77 (Russak 2003). The atmospheric haze level was
low; horizontal visibility was 20 km. Weather informa-
tion was obtained from the Estonian Meteorological
and Hydrological Institute weather station at Toravere,
located within 20 km of the study area. Noise effects
due to differences in illumination geometry and sur-
face conditions were minimized given the similarity in
both conditions.

A vector format forest stand layer together with
the forest inventory database provided by the Esto-
nian State Forest Management Centre was used to
extract regenerating forest stand polygons, together
with the data on site type, year of clear-cut logging
and post-logging treatments. Clearcut felling was im-
plemented as a common commercial forest management
operation; most clearcuts are predominantly elongat-
ed rectangular in shape. In total 436 regenerating clear-
cuts were selected. Almost half (45%) of regenerating
clearcuts were fresh boreo-nemoral forests, 33% were
rich paludified forests, 15% were drained peatland
forest; fresh boreal forest, dry boreal forests, minero-
trophic bog forests and ombrotrophic bog forests
comprised altogether 7%.

The area of regenerating clearcuts varied between
0.8 and 11.2 hectares, with an average of 2.96 hectares.
The average area and perimeter ratio — shape was 1.21,
with minimum value of 0.96 and maximum 1.76. The age
of the regenerating clearcuts varied from 8 to 17 years.
Each year was represented with the number of objects
varying from 22 to 93. Most intensive pre-commercial
thinning was done within three years preceding the
second image date — years 2002-2004 (36 to 49 patch-
es were thinned). The mean volume of retention trees
on regenerating clearcuts was 0.53 m® ha'.

The year of felling, a crucial parameter noted in
the database, verifiable from other sources, was con-
firmed by visual on-screen inspection using a vector
overlay of patch boundaries together with Landsat TM
summer images from 1988-96. Patch boundaries in the
vector overlay were compared also to digital orthopho-
to quads (DOQ), an independent source of imagery
obtained from the National Land Board. DOQs for the
years 1995 and 2003 were, on order of magnitude, fin-
er spatial resolution than Landsat imagery with a nom-
inal spatial grain less than 1 m. Boundaries of the re-
generating patches were visually inspected and were
corrected if necessary.

The studied regenerating clearcuts were logged
up to 8 years before the date of the first image acqui-
sition, i.e. the year of logging was between 1988-96.
Data from Landsat TM visible and near infrared bands
(TM1-TM4) (visible blue to near infrared spectral re-
gions) were used in the study. Data from bands TM5
and TM7 were not used in the analysis, because these
two channels are spectrally centered close to the wa-
ter absorption bands and have very low dynamic range
in low illumination conditions with snow-covered
ground in winter (Piissa et al. 2005).

Image processing

The Landsat TM images were geometrically cor-
rected using a first-order linear transformation and
resampled to a 25 m pixel size. The satellite images were
rectified to the national grid using ground control
points collected from national Basic Map Digital Or-
thophoto Quads. The total root mean square errors in
image rectification remained below 0.4 pixels using 50
or more GCPs per image. Nearest-neighbour resampling
was used.

Factors affecting change detection in a two-date
Landsat dataset were evaluated. A common change
detection method, a two-date image differencing was
tested. In the image differencing method, a linear re-
gression model is produced between the two images
to normalize the image radiance differences caused by
factors not related to real land cover change (Coppin
et al. 2004). The normalizing of two-date images cor-
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rects for the differences in radiance of the same area
caused by differences in atmospheric conditions and
illumination geometry.

In this study, we adopted the radiometric normal-
ization method among the many where radiance re-
sponses of pseudo-invariant features match between
the two dates of the images.

Then the image acquired on a later date will be
subtracted by the predicted image and a difference
image will be obtained. As the next step in change
detection, a threshold is determined according to sta-
tistical procedures and subsequent thresholding the
difference image into change/no change areas. We
have used percentile values while trying to normalize
the two images of the two dates to similar conditions.
About half of the sub-image area is covered by bright
snow and the other half contains conifer-dominated
dark forests that are commonly used for image radio-
metric rectification.

Image normalization of the two satellite images to
a common radiance scale was performed with values
of pseudo-invariant-features of dark targets that were
represented by 2nd, 5th, and 10th percentile values in
the bimodal frequency distribution of pixel brightness
of Landsat TM bands and bright targets of 90th, 95th
and 98th percentile values representing bright targets
of dry snow. (For frequency distribution of late win-
ter images see e.g. Peterson et al. 2004, Liira et al. 2006).
We used Landsat TM “digital numbers” (DN) when
calculating the difference image. Conversion of the
Landsat TM recorded radiance data to ground reflect-
ances was not considered necessary in this study as
the difference image represented relative changes from
no-change to “significant change” on the normalized-
to-common scale seasonally snow-covered images.
Regenerating clearcuts in the area are relatively small
patches on medium resolution satellite images and are
represented by a small number of pixels. The regener-
ating patch polygons were buffered one pixel wide
array inward from the perimeter to reduce possible edge
effects. Mean radiance values of patches were calculat-
ed for non-boundary (core) areas and were used in the
analysis.

In the analysis of possible factors causing errors
in area estimates of regenerating patches, the differ-
ence image was classified into two classes of changed
and non-changed pixels by thresholding. The thresh-
old was determined iteratively to match the total area
of classified patches from the difference image to the
total area of the same patches fixed in the forestry
database. A mask of one-pixel-wide neighbourhood
around the database-patches was allowed for pixels
representing the regenerating patches classified from
the difference image.

The thresholds for identifying changed pixels from
non-changed background were determined separately
for difference images of the four spectral bands used
in the study. After the threshold was determined the
change/no change map was generated.

The possible effect of neighbouring patches to
studied patches was acknowledged in the area esti-
mations. The neighbours could represent bright neigh-
bours, dark neighbours or no change areas on the
difference image. In this study, the thresholds for iden-
tifying radiance increase for bright neighbours and for
dark neighbours were defined separately. The non-
changed pixels were between the two threshold val-
ues. The threshold for bright neighbours showing
radiance increase was found as the threshold appro-
priate for classification of clearcut patches from the
difference image. The threshold for dark neighbours
was the same as that used for classifying regenerat-
ing patches from the difference image. The thresholds
were identified separately for each spectral band and
were applied as global thresholds over the whole sub-
scene area. Both bright neighbours and dark neigh-
bours were defined in the one-pixel-wide buffer zone
outside the studied patches.

Statistical treatment

The relationship of radiance differences of regen-
erating forest clearcuts on patch variables was tested
for four Landsat TM bands in the visible and near
infrared region separately (TM1, TM2, TM3 and TM4).
The General Linear Modeling incorporating regression
and variance analysis was applied with PROC GLM of
SAS software Version 9.1 which is appropriate to an-
alyse unbalanced designs (Cody and Smith 2006). The
following patch variables as linear model predictors
were considered:

AGE - time passed since clearcut logging (year);

THIN - binary variable, indicating pre-commercial
thinning in young stands within the three years pre-
ceding the second image date (years 2002 to 2004) as
value 1, otherwise 0;

SI — site index class by M. Orlov (Vaus 2005) of
previous stand with integer values 0-6;

SITE - site type group by J. Paal (1997). In this
study seven site groups were used: 1) fresh boreal
forests; 2) dry boreal forests; 3) minerotrophic bog
forest; 4) fresh boreo-nemoral forests; 5) ombrotroph-
ic bog forests; 6) rich paludified forests; 7) drained
peatland forests;

SPRUCE - binary variable indicating spruce as
dominating species in young stand composition as
value 1, otherwise 0;

VOLRET - volume of retention trees (m* ha'),
including stem volume of seed and remnant trees left
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after clear-felling for seed production or for biodiver-
sity considerations.

Variables AGE and SI can be analysed as the con-
tinuous variable for detecting trend or as categorical
variable for detecting nonlinear relationship. In the case
of evident nonlinear relationship of continuous vari-
ables, the quadratic term was added into the linear
model.

In the second analysis of factors influencing
patch-wise area, both absolute and relative area dif-
ferences were used as dependent variables:

(I)dwaba.re - P(Ia.miﬁed )

Pusorie = Paatabase ~ Petassified Pretave = P
databas e
where
P, ... 1sthe absolute area difference;
P ... 1stherelative area difference;
P, .+ 18 the area of a regenerating patch repre-

sented in the forestry database in hectares; P, ...,
is the area of a regenerating patch classified from the
difference image in hectares.

In the patch-wise area analysis, in addition to
variables the AGE, THIN, SI, SITE, SPRUCE and VOL-
RET, the following factors were analyzed:

SHAPE is the area-to-perimeter ratio, calculated
from the subsequent records in the forestry database:
0.25*U

Vs
where U is the perimeter and S is the area of the patch
(Jagomaigi et al. 1988).

DARK NBR (dark neighbours’ ratio) is the rela-
tive boundary length of a regenerating patch shared
with neighbours that also belonged to the “regener-
ating” class on the difference image;

BRIGHT NBR (bright neighbours’ ratio) is the
relative boundary length of a regenerating patch shared
with neighbours that have been classified as “clear-
cut” on the difference image;

AREA is the area of the patch from the forestry
database.

SHAPE =

Results

Relationships between the radiance differences of
regenerating forest clearcuts and patch variables were
examined for four Landsat TM bands in the visible and
near infrared region (TM1, TM2, TM3, TM4) separately.
Our analysis revealed the radiance change in regen-
erating forests that had been felled 0 to 8 years be-
fore the first image was taken.

Factor AGE had the biggest effect on radiance in
all analysed Landsat TM bands in the difference im-
age (according to the Table 1). The change in radiance

Table 1. Adjusted coefficients of determination R? for single
factor models of the average pixel values of regenerating patch-
es on Landsat TM difference image by bands TM1-TM4

Variable Type T™M1 T™2 T™M3  TM4

AGE (Time past since ;

dlearou) Continuous 0109  0.108 0124 0.078
Categorical 0139 0.141 0.158 0.132

THIN (Pre-commercial g, ., 0031 0040 0031 0.054

thinning)

g' ng%')‘e index class bY - continuous 0000 0000 0001 0.000
Categorical  0.030  0.028 0024 0.040

SITE (Site group) Categorical 0044 0053 0.044 0.056

SPRUCE (Spruce "

indicaton Binary 0007 0004 0009 0.000

VOLRET (Voume of =~y inious 0000 0000 0000 0.000

retention trees)

Note: significant p-values (p<0.05) are shown in bold

of regenerating forest patches on a difference image
with time passed since clearcut felling is shown in
Figure 3. Similar trends were observed for the three
visible and near infrared spectral bands of Landsat
TM. In the studied Landsat TM bands the trend was
linear, decreasing with regeneration time (factor AGE)
which showed greater negative mean values for patch-
es in the difference image that were cut in earlier years.
Although factor AGE as a categorical variable with
ANOVA showed higher R? value than factor AGE as
continuous variable (Table 1), residuals from the line-
ar trend did not reveal evident nonlinear regularity with
factor AGE in the years 8 to 17 following disturbance
(Figure 4A).

Depending on the spectral band, 18-20% of the
radiance change variance was described by the varia-
bles of the forestry database (Table 2). In addition to
factor AGE, the categorical factor of thinning (THIN)
had significant effect in all the studied Landsat TM
bands (Table 2). The effect of pre-commercial thinning
on radiance in young stands was significant if the
treatment was performed within three years before the
second image was taken in 2005 (see Figure 4D). Pre-
commercial thinning was subsequently accounted for
in the model as a binary variable having value “1” if
the thinning was performed within years 2002 to 2004,
otherwise the value was “0”. The “recently” thinned
stands showed relatively more positive mean values
for patches in the difference image (Figure 4D) which
corresponds to the significant positive estimate of
regression coefficient for THIN in Table 3.

A curvilinear relationship between radiance
change and Orlov site index class (factor SI, see Fig-
ure 4C). However, simple regression did not reveal the
significant effect when the site index was treated as a
continuous variable (Table 1). The significant relation-
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ship between radiance change and Orlov site index
class became evident using one-way ANOVA when the
factor SI was treated as a categorical variable (Table
1). Adding the quadratic term SI? improved the rela-
tionship between radiance change and site index sig-
nificantly (Table 2).

The effect of spruce indicator (SPRUCE), a binary
variable denoting whether the patch was managed as a
young spruce stand or not, was marginal in two of the
studied spectral bands (TM1 and TM3, Figure 4B) and

Table 2. P-values of variables if they were entered last into
the full linear model for the average pixel values of regenerating
patches on Landsat TM difference image bands TM1-TM4

™1 ™2 T™3 T™4

AGE (Time past since clearcut) <0.001 <0.001 <0.001 <0.001
THIN (Pre-commercial thinning) <0.001 <0.001 <0.001 <0.001
Sl (Site index class by Orlov) <0.001 0.005 0.008 0.002
Si? <0.001 0.007 0.012 0.003
SITE (Site group)

Fresh boreal forest 0238 0.117 0.158 0.263
Dry boreal forest 0.124 0297 0.264 0.184
Minerotrophic bog forest 0109 0.135 0.116 0.139
Fresh boreo-nemoral forest 0179 0.132 0225 0218
Ombrotrophic bog forest 0213 0.644 0205 0.459
Rich paludified forest 0.016 0.004 0.011 0.006
SPRUCE (Spruce indicator) 0.105 0.166 0.078 0.811
VOLRET (Volume of retentiontrees)  0.848 0.628 0.804 0.935
Adj. R? 0.189 0198 0.201 0.183

Note: significant p-values of variables (p<0.05) are shown in bold

Clearcutting year

was not statistically significant in the other two bands
(TM2 and TM4) (Table 1). Factor VOLRET that includes
stem volume of seed and remnant trees left after clear-
felling for seed production or for biodiversity consid-
erations had no effect on radiance change in the mod-
el. Among the site groups, only Rich paludified for-
ests had significant positive effect on mean values for
patches in the difference image (Table 3).

The analysis of factors that might cause patch-wise
area differences between the patch areas classified from
difference image to that represented in the forestry
database revealed that the type of patch neighbours
rather than patch variables themselves are responsible
for the discrepancies in the two area representations.
The patch neighbours in the difference image could be
classified either as no-change areas or as changed ar-
eas. The change between the image dates could be in
two directions. The neighbours could have been clear-
cut between the image dates then representing “Bright
Neighbours” in the difference image. The neighbours
could have been also in some stage of regeneration
representing “Dark Neighbours” in the difference im-
age taken at the time. The neighbourhood effect had
an influence in two directions. The patch area classi-
fied from the difference image was greater than the area
of the patch represented in the forestry database if the
patch had regenerating dark neighbours. The patch area
classified from the difference image was less than the
area of the patch represented in the forestry database
if the patch had neighbours that were clearcut between
the image dates. There was also some statistically sig-
nificant but weak effect of patch shape and patch area
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Table 3. Parameter estimates and significance tests of linear
model for average pixel values of regenerating patches on

Table 4. Relationship of the relative area difference of re-
generating patches from Landsat TM3 image on stand vari-

Landsat TM 3 difference image ables
Estimate Std. Error tvalue  Pr(>|t)) Std.
Intercept —38.838 4.207 -9.231  <0.001 Variable Estimate Error tvalue Pr(>t|) R?  pvalue
AGE (Time past since clearcut) -2.138 0.294 -7.262  <0.001 QS:’éztl)me past since 0009 0010 -0929 0354 0000 0354
THIN (Pre-commercial thinning) 5.364 1.497 3.583 <0.001 :
THIN (Pre-commercial 103 0048 2142 0034 0019 0034
S| (Site index class by Orlov) 7.299 2753 2.651  0.008 thinning) : : : : : :
SP? 1216 0485  -2.505  0.012 gn‘fvﬁe indexclassby 5002 0025 -0063 0950 0000 0950
SITE (Site group) SITE (Site group) 0.000 0.756
Fresh boreal forest -6.023 4259  -1.414  0.158 Fresh boreal forest 0017 0176 0098 0922
Dry boreal forest 11.064 9.902 1117 0.264 Minerotrophic bog forest 0008 0241 -0032 0974
Minerotrophic bog forest —7.346 4.667 -1.573 0.116 grre;g’;‘ boreo-nemoral 0.083 0.070 1.189 0.236
Fresh boreo-nemoral forest 2.693 2.217 1.215 0.225
Ombrotrophic bog forest 10.452  8.238 1.269  0.205 Ombrotiphic bog forest 182 9241 ~0097 0487
morotrophic bog foresi =10. . =1. .
‘ P“ g Rich paludified forest 0.040 0075 0538 0591
Rich paludified forest 5.503 2.164 2.544 0.011
o .SZ.RUtCE (Spruce 0071 0051 1390 0166 0005 0.166
SPRUCE (Spruce indicator) -2.729 1.544 -1.768  0.078 indicator)
_ SHAPE 0346 0.167 -2075 0039 0017 0.039
VOLRET (Volume of retention
trees 0.795 3.212 0.248  0.804
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(Table 4). Larger patches had relatively greater errors
than did the smaller ones. Greater errors in area estima-
tions could also be attributed to the patches that have

a more irregular shape.

Reflectance of snow-covered patches on satellite
images made in winter in seasonal snow cover condi-
tions depends on the type and density of vegetation
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and the depth and age of snow. When there are no
shrubs and trees on a patch, snow depth and snow
age are primarily responsible for reflectance variabili-
ty over the area. Increasing cover of stems and
branches together with their shadows cast onto the
bright snow background reduce the radiance of the
regenerating patches.

Our analysis revealed the radiance change in re-
generating forests that had regenerated to an age of
9—17 years following disturbance when the second
image (in 2005) in the pair was imaged. Young stands
have the highest radiance values; further development
leads to a slow decrease in the visible and near infra-
red spectral regions. Though the successional trajec-
tory is quite nonlinear, particularly in the first 30-40
years of development, a linear model fits the average
successional trajectory quite well in the first 10-20
years following clearcutting in seasonal snow-cover
conditions.

Forest regrowth rates after clearcut harvesting
varied both within and across yearly age classes.
Change towards decrease in radiance values after the
disturbance is a proxy for increasing the amount of
aboveground (above snow in winter) stems and
branches of shrubs and trees on a patch. We attribut-
ed some of the within-age variability in forest regrowth
rates to vegetative differences with more favorable
growing conditions for fast forest regrowth than it was
observed in less favourable growing conditions.

A relationship was found between radiance change
expressed in the difference image and site index by Orlov
(see Figure 4C) as expected. The relationship tended
towards increasing change within site classes 0 to 3 that
have progressively faster forest regrowth with decreas-
ing site index number. The patches with greater site index
number have higher (close to zero) mean values on the
difference image. In less favourable growing conditions
with Orlov site index class from 4—6 the trend was re-
verse. On the patches with extremely low site index
numbers post-harvest silvicultural treatments were ei-
ther not performed or were occasional.

The marginal effect of the Spruce index, a binary
variable denoting whether the patch was managed as
a young spruce stand or a deciduous stand, means
that the chance for discrimination of young spruce-
dominated stands from deciduous-dominated stands
in winter images is low in most cases. Utilizing sepa-
rate hardwood and softwood tree cover categories
could not possibly improve the fit of the radiance
change regression model covering the period of the
first two decades of regeneration.

The overall coefficient of determination (R?) val-
ues of the linear model explaining average pixel val-
ues of regenerating patches on Landsat TM difference

images in bands TM1-TM4 were relatively low (0.183—
0.210, see Table 2). Similar results have been found by
other studies (e.g. Song et al. 2007). Evidently there
are driving factors that are beyond the control of this
study and cause the low R? values.

The analysis of forestry database attributes that
might cause patch-wise area differences between the
patch areas classified from difference image to that
represented in the forestry database revealed that the
relative boundary length of dark neighbours and bright
neighbours rather than the patch parameters them-
selves were responsible for the discrepancies in the
two area representations. Bright neighbours were clear-
cuts adjacent to studied patches that were felled be-
tween the two image dates and caused the classified
from the difference image patch to be less than the
respective area represented in the database. Dark
neighbours were areas adjacent to the studied patch-
es that had passed more than 18 years since distur-
bance but were not classified into no-change class,
i.e. showed radiance decrease between the two dates
of the images and caused the classified from the dif-
ference image patch to be greater than the respective
area represented in the database. The lack of signifi-
cant relationship between database attributes and area
estimation errors implies that stratification of image
area according to growing conditions in forest regen-
eration studies using winter images is not a requisite.

Conclusions

We assessed the influence of forestry database
attributes on radiance of regenerating patches on a
difference image of a two-date Landsat TM image pair.
Both images were taken in late winter in seasonal
snow cover conditions in a northern temperate forest
area. The study also investigated the most sensitive
to patch parameters Landsat TM spectral band in the
visible and near infrared spectral region (TM1-TM4).

A significant effect of patch age — time passed
since disturbance of clearcut logging on radiance dif-
ference of regenerating patches on a difference image
in all studied spectral bands (TM1-TM4) was found.
All of the Landsat TM bands used in the study were
found to be equally sensitive to stand variables and
suitable for monitoring of forest regeneration.

Regenerating clearcut areas as significantly
changed areas in forests have been discerned from
unchanged areas with thresholding of a two-date dif-
ference image. The threshold has been set to keep the
total area of patches classified from the difference
image equal to the total area of the patches represented
in the forestry database. The results of the study have
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shown that there is no significant effect of stand var-
iables on patch-wise differences between the patch
areas classified from difference image to that represent-
ed in the forestry database. There is a significant ef-
fect of the type of neighbours — either bright neigh-
bours or dark neighbours — on the estimation of the
patch area on a difference image.
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OILIEHKA BEJAYIIUX ®AKTOPOB, BJIUAIOIINX HA U3SMEHEHUE 3HAYEHU
SIPKOCTH 3UMHUX N30BPA’KEHU B BOCCTAHABJIMBAIOIIUXCS BBIPYBKAX
CMEITAHHBIX JIECOB, I10 ITIOJIYYEHHBIX CO CIIYTHUKA LANDSAT TM

A. KapnakoB, A. KuBucrte u V. Ilerepcon

Pesiome

JIns M3ydeHns mapamMeTpoB, BIHMSIONNX HA (GOpMHUpOBaHHE CPEeAHEH SIPKOCTH ITHKCEIOB BO30OHOBIISIOMINXCS JIECOCEK
CIUTOUTHBIX PYOOK, HCTIONB30BATUCH 3UMHIE CHUMKH, TTOJMyYeHHBIE ¢ TIOMOIIBI0 ckaHepa Thematic Mapper (TM) cnyTHHKa
Landsat. B nannoii pabore Al BBISBICHUS BPEMEHHBIX M3MCHEHHH BO30OHOBIICHUS JIECOCEK HCIIOJIb30BAINCH METOIbBI
Pa3HOCTHBIX N300paKCHUI, B X0JIe KOTOPOTO MTPOM3BOAUTCS BEIYUTAHHE OOJiee PaHHEro MO BPEMEHH CHUMKA U3 TO3JHEr0 110
BpPEMEHH CHHUMKA, IIpeo0pa30BaHHOIO B IIKAJTY SIPKOCTH NEPBOTo U3 HUX. M3 TakcallmoHHOH 0a3bl JaHHBIX JIECHHYECTB OBUIH
BBIOpAHBI JIECOCEKH CIUIONIHBIX PYyOOK M IPH ITOMOIIX CITyTHHKOBBIX CHUMKOB ITPOaHAIN3HPOBAHEI (AKTOPHI, BIUSIONINE HA
(opMupoBaHUE CpeAHeH SPKOCTH MHUKCENTOB BO30OHOBIIAIOIINXCS JTECOCEK Ha PA3HOCTHOM CHUMKe. Takxke ObIIM M3ydeHBI
MapaMeTpbl, BIMAIONINE HAa Pa3HOCTD IJIOIA el 00BEKTOB, MOMYUYEHHBIX B pe3yibTaTe KiacCH()UKALUH CHUIMKOB TIPH TIOMOIIU
MOPOTOBOT0 3HAYCHUS ¥ U3 TaKCAIIMOHHOH 0a3bl TAHHBIX JICCHUYECTB.

B xozme nanHO# paboTHI M3y4YeHB! Takue (HaKTOPHI: BO3PACT, IPOBOIUMEIE JIECOXO3IHCTBEHHBIE pabOTHI 110 YITyJIICHHIO
npouspactanus, OoHuTeT (1m0 mKkane OpiioBa), THUI YCIOBHI MECTONPOM3PACTAHUS, JOMHHHUPYIOMAs MOPOJia APEBOCTOS,
KOJIMYECTBO COXPAHAEMBIX MATEPHHCKHX JAEPEBBEB U ICPEBHEB, OCTABICHHBIX HA NepecToi. [t u3ydeHus: BTOpPOH MpoOiIeMsl
OBLTH HCIIONIB30BaHBI (POPMBI H3y4aeMbIX OOBEKTOB, IUIOMIAAb MO TAKCAIIMOHHON 0a3e JaHHBIX, IPUTPAHUYHBIE TTHKCEIHI,
KOTOpBIC 3a MEPUOJ MKy CHUMKAMHU CTaJH CBETJIee — HEIAaBHO IPOBEJICHHBIC CIUIOLIHBIE PyOKH M T€, KOTOPBIE 3a TOT e
TIEPHOJ] CTAIIN TeMHEE — BO30OHOBIISIONINECS JIECOCEKH CIUIOIIHBIX PyOOK.

Bruto BBIsICHEHO, YTO HamboJbllee BIMSHUE Ha (OPMUPOBAHHE CPEeAHEH SPKOCTH NHKCEIOB BO30OHOBIISIOIIUXCS
CIUIOIIHBIX PyOOK Ha PAa3HOCTHOM CHHMKE OKa3bIBA€T MapaMeTp BO3PacT — BpeMs, IMPOIIEAIIee ¢ MOMEHTa BBIPYyOKH. DTO
XapakTepHO U BceX u3ydeHHBIX kaHanoB (TM1-TM4). [Ipoananu3upoBaB 3aBUCUMOCTb IUIOLIAeH CIUIOUIHBIX PyOOK OT
BBIIICTIEPEUUCICHHBIX (haKTOPOB, BHLICHUIOCH, YTO MapaMeTphl U3 TAKCAIIMOHHOW 0a3bl JaHHBIX JICCHUYECTB HE OKa3bIBAIOT
BIIVSTHUSI Ha Pa3jIM4ue IUIoIaned 00beKTOB, ITOMYYEeHHBIX B pe3yibTare KJIacCH(pUKanuy CHUMKOB IIPH IIOMOIIN OPOTOBOTO
3HaueHns. Hanbonbmree BIUsSHIE OKa3bIBAIOT NPUTPAaHUIHEBIE TMKCENbI, KAK OTHOCSIIHECS K KIIacCy HEeJaBHO IPOBEIEHHBIX
CIUTOLTHBIX PYOOK, TaK U BO30OHOBIIAIONIMXCS JIECOCEK CIUIOIIHBIX PYOOK.

KiroueBblie cJioBa: MOHUTOPHHT U3MEHEHHH Jieca, BO3OOHOBIISIONINECS JIECOCEKH CIUIOIIHBIX PYOOK, 3MMHHAE CHUMKH
Landsat TM
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