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ABSTRACT

In western Oregon, forest ecosystem processes are
greatly affected by patterns of stand replacement
disturbance. A spatially explicit characterization of
clear-cut logging and wildfire is a prerequisite to
understanding the causes and consequences of dis-
turbance in this region. We analyzed stand replace-
ment disturbance over 4.6 million forested hectares
of three major provinces in western Oregon be-
tween 1972 and 1995, contrasting the relative
amounts of wildfire and harvest in each province
and comparing harvest statistics among the domi-
nant land ownership categories. Clear-cut harvest
and wildfire occurred over 19.9% and 0.7% of the
study area, respectively. The moist Coast Range
Province (CRP) was dominated by private industrial
(PI) ownerships and had the greatest concentration
of cutting. The relatively dry Klamath Mountains
Province (KMP) and the climatically moderate
Western Cascades Province (WCP) were dominated
by public landowners and had lower concentrations
of cutting and larger amounts of wildfire than the

CRP. Rates of harvest over time generally followed
similar trends across landowners; it was lowest in
the early 1970s, peaked in the late 1980s and early
1990s, and then decreased to near 1970s levels by
the mid-1990s. PI landowners had harvest rates
that were about two and one-half times as high as
public owners throughout the study period. Public
and private nonindustrial (PNI) owners tended to
have relatively small cutting units that remained
spatially dispersed throughout the study period,
whereas the PI owners had larger individual cutting
units that tended toward spatial aggregation over
time. Comparing the managed disturbance regimes
with historical wild disturbance regimes can help us
to understand the relative impact of management
regimes on ecosystems.

Key words: forest disturbance; Landsat; forest
management; remote sensing; change detection;
province; ownership.

INTRODUCTION

Regional forest dynamics influence a variety of eco-
system functions, including terrestrial and aquatic
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species habitat (Harris and Silva-Lopez 1992; Csuti
and others 1997), water quality and flows (Saun-
ders and others 1991), and the carbon cycle
(Houghton 1993; Cohen and others 1996). Al-
though some regions of the Earth have experienced
a net increase in forest area over the past 100 or
more years due to the abandonment of marginally
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productive agricultural sites (Waddell and others
1989; Kauppi and others 1992), many regions have
undergone a net loss in forest area, such as the
tropics (Green and Sussman 1990; Skole and others
1994) and much of the western United States (Alig
and Wear 1992; Bolsinger and Waddell 1993). Al-
though ground-based forest inventories are impor-
tant for monitoring forest change (Waddell and
others 1989), they cannot provide the spatial char-
acterization of change that is needed for the assess-
ment of habitat fragmentation and its effects on the
watershed. Moreover, in many regions of the Earth,
there are no—or scant—ground-based forest in-
ventory data.

Since 1972, it has been possible to monitor forest
resources using satellite imagery (Goward and Wil-
liams 1997). Global vegetation maps have been de-
rived from Advanced Very High Resolution Radi-
ometer (AVHRR) data (Defries and Townshend
1994; Prince and Goward 1995; Belward and others
1999); and with the recent launch of the Moderate
Resolution Imaging Spectrometer (MODIS) sensor,
mapping of global forest resources is becoming rou-
tine (Running and others 1999). Because they are
designed for global mapping, both of these satellite
sensors have a coarse ground resolution, or grain
size (approximately 1 km)—a spatial resolution that
is generally too coarse for monitoring localized or
regional forest management activities. Regional
mapping of forest cover has primarily relied on
finely resolved data, such as 30-m Landsat The-
matic Mapper (TM) (Vogelmann and others 1998;
Cohen and others 2001). Cover mapping of the
same area repeated at least once permits evaluation
of forest-cover change (Hall and others 1991) using
a process that is termed “delta classification” (Cop-
pin and Bauer 1996), or, more commonly, “post-
classification comparison.” An alternative means of
monitoring forest-cover change involves analyzing
image spectral changes over time (Collins and
Woodcock 1994). This approach is likely more ac-
curate because it avoids the compounding of errors
that arise when two separate maps are compared, as
occurs when the delta classification approach is
used (Coppin and Bauer 1996).

Monitoring of both forest disturbance and succes-
sion is possible with satellite-image data (Foody and
others 1996; Rignot and others 1997). However,
disturbances that do not result in stand replacement
(such as thinning) and successional processes that
involve slowly changing species composition or
competitive self-thinning can be difficult to charac-
terize accurately. In contrast, stand replacement
disturbances (for example, wildfire, clear-cut log-
ging, windthrow) tend to be demarcated in time as
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Figure 1. Study area in western Oregon, showing (A)
elevation and geoclimatic provinces (CR = Coast Ranges,
WC = Western Cascades, KM = Klamath Mountains,
WV = Willamette Valley), (B) forest versus nonforest and
location of accuracy assessment pixel subsets, and C an
enlargement of a portion of one subset showing the lo-
cation of accuracy assessment points. The province
boundaries are adapted from USDI (1998). Determina-
tion of forest vs nonforest was derived from the Oregon
State Service Center for GIS, Generalize Zoning Coverage
for Oregon (ftp://ftp.sscgis.state.or.us/pub/data/state-
wide/k100/zoning.html). The key for the colors used in
the enlarged subset section is given in Fig. 3.

large visible events and can therefore be mapped
more readily using image data.

Local to regional monitoring of forest disturbance
using satellite imagery has largely focused on the
derivation of methods (Sader and Winne 1992; Co-
hen and others 1998). Although some studies have
focused on the impact of disturbance patterns on
habitat (Spies and others 1994; Radeloff and others
2000), biodiversity (Ripple and others 1991), and
carbon flux (Cohen and others 1996), these studies
were conducted over relatively small spatial ex-
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Table 1. Forest Area (ha) by Owner and Province

Coast Western Klamath

Owner Range Cascades Mountains Total

Private nonindustrial 292,149 122,921 137,544 552,614
Private industrial 663,669 365,119 145,952 1,174,740
State of Oregon 244,344 19,450 6,348 270,142
Bureau of Land Management 285,721 168,394 311,466 765,580
Forest Service 272,290 1,062,861 355,516 1,690,667
Other 24,492 60,342 26,878 111,712
Total 1,782,665 1,799,087 983,704 4,565,455

tents. In this study, we characterize the relation-
ships among disturbance rates and patterns, geocli-
matic gradients, and land ownership to determine
the impact of land management activities and wild-
fire across the 4.6 million forested hectares of the
three major forest provinces in western Oregon
between 1972 and 1995. Our objectives were to:

1. Characterize the rate and distribution of stand
replacement disturbance;

2. Contrast the relative importance of wildfire and
clear-cut harvest as forest disturbance agents; and

3. Compare rates and patch size distributions of
forest cutting units among the major land owner-
ship categories and geoclimatic provinces.

METHODS
Study Area

Western Oregon is a topographically complex area
(Figure 1) that, outside the major valley systems, is
predominantly covered with forest vegetation (Co-
hen and others 2001). Franklin and Dyrness (1988)
provide the most comprehensive ecological and cli-
matic description of the area, which is among the
more diverse regions of North America in its envi-
ronment and vegetation. The physiographic and
geographic provinces included in this study are the
Coast Ranges (CRP), the Western Cascades (WCP),
and the Klamath Mountains (KMP) (Figure 1). The
Willamette Valley Province is primarily agricultural
and therefore is not discussed in this study. Climat-
ically, the study area varies greatly, with annual
precipitation ranging from as low as 60 cm in the
eastern portion of the KMP to over 300 cm in the
northern CRP. Mean monthly minimum tempera-
tures range from -5°C in the eastern parts of the
WCP and KMP to 5°C in the western part of the
KMP. Mean monthly maximum temperatures
range from 31°C in the southern KMP to 20°C
along the coast from the northern CRP to the south-
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Figure 2. Ownership categories across the study area as
derived from the Corvallis Forestry Sciences Laboratory,
Western Oregon Industrial Forest Land Ownership GIS
Layer (ftp://ftp.sscgis.state.or.us/pub/data/statewide/k24/
worfrst.txt). BLM = Bureau of Land Management.

ern KMP. The KMP is the most climatically diverse
portion of the study region. These forested prov-
inces also differ in fire and management history,
which has created additional diversity in canopy
structure.

There are several different major forest vegeta-
tion zones in the study area (Franklin and Dyrness
1988). The Sitka Spruce Zone is only a few kilome-
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ters in width and occurs along the full length of the
Oregon coast. The Western Hemlock Zone is the
most extensive vegetation zone in the study area
and has two major segments: the majority of both
the CRP and the WCP. The Mixed Conifer/Mixed
Evergreen Zone occurs primarily in the KMP; the
Subalpine Forest Zone occurs in the high elevation
portion of the WCP; and in the far southeast part of
the study area is a small portion of the Ponderosa
Pine Zone. Across these forest zones, 22 coniferous
tree species in nine different genera and numerous
hardwood tree species in several major genera are
represented. Dominant trees are typically conifers,
except in riparian areas and dry valley margins,
where hardwood trees can dominate.

The study area consists of 4.6 million forested
hectares (Table 1). Of the total area, 39% is in the
CRP, 39% is in the WCP, and 22% is in the KMP.
Sixty percent of the area is managed by public
agencies—37% by the United States Department of
Agricuture (USDA) Forest Service (FS), 17% by the
United States Department of the Interior (USDI)
Bureau of Land Management (BLM), and 6% by
the state of Oregon (SO). The private industrial (PI)
and private nonindustrial (PNI) owners make up
the bulk of the remaining ownership, at 26% and
about 12%, respectively. Two percent of the area is
distributed among a variety of miscellaneous own-
ers (Other), including, for example, tribal and
county lands.

Ownership patterns are variable by province (Fig-
ures 1 and 2, Table 1). Within the CRP, PI owner-
ship dominates (37%), with a nearly equal distri-
bution among remaining categories (except for
Other). In the WCP and KMP, the FS is the domi-
nant owner (59% and 36%, respectively). In the
WCP, another important ownership group is the PI
(20%); all remaining categories control less than
10%. In the KMP, the BLM controls an extent of
land nearly equal to the FS (32% and 36%, respec-
tively), whereas the PI group owns about half as
much as each of the two federal agencies. The only
province in which the SO owns a sizeable portion of
land (14%) is the CRP.

Within the public ownerships, there are several
land-use designations that restrict or prohibit clear-
cutting, including wilderness, Research Natural
Area, National Park, scenic areas, and sensitive hab-
itat designations. Protected areas have been added
continually since the 1970s. As such, most—but
not all—protected areas were identified in our circa
mid- to late-1980s ownership data layer. In the CRP
at that time, 7.0% of the holdings in the FS own-
ership category were protected land. In Other cat-
egory (USDI Fisheries and Wildlife Service), 0.3%

of the holdings were protected land in the CRP. In
the WCP, 9.1% of the holdings of the FS were
protected land, and 2.8% of the lands in the Other
category (USDI National Park Service) were pro-
tected. In the KMP, 21.5% of the FS holdings and
1.0% of the BLM holdings had protected status. An
extensive reserve network for late-successional
habitats and watersheds on federal lands was initi-
ated in 1994 and 1995 (FEMAT 1993), but it had
relatively little impact on the dynamics observed in
this study.

Image Data and Preprocessing

The images used in this study are all from the
Landsat satellite; the earlier dates are from the Mul-
tispectral Scanner (MSS) sensor and the latter are
from the TM sensor (Appendix). Following Cohen
and others (1998), each individual MSS and TM
image was transformed into Tasseled Cap bright-
ness and greenness vegetation indexes (Kauth and
Thomas 1976; Crist and Cicone 1984). These in-
dexes compress the original, highly correlated spec-
tral bands into a smaller set of indexes that are
physically interpretable in relation to regional forest
properties (Cohen and others 1995). The additional
bands of data from the shortwave infrared portion
of the electromagnetic spectrum available in TM
data permitted the use of an additionally important
physically interpretable index known as “wetness”
(Crist and Cicone 1984; Collins and Woodcock
1994), for a total of 15 spectral bands.

The 1988 data was georeferenced to UTM Zone
10, NAD 27, at a pixel resolution of 25 m. A mosaic
of 1988 images was developed; all images from the
other dates were georeferenced to this mosaic. A
minimum of 30 ground control points per full im-
age were selected and first- and second-order near-
est neighbor resampling was performed, with re-
sulting pixel sizes of 25 m and root mean square
errors of generally less than one pixel. To assemble
the mosaics of imagery for all other time periods, as
for the 1988 mosaic, we based image dominance in
the overlap region among neighboring images on
relative image quality.

There were radiometric differences among the
images in both space and time, but the noise asso-
ciated with temporal radiometric differences is min-
imal relative to the signal from stand replacement
forest disturbance (Cohen and others 1998). Thus,
it was not necessary to perform radiometric nor-
malization, as is generally recommended (Coppin
and Bauer 1996). However, to further reduce the
high volume of data contained within the full six-
date spatial and temporal mosaic (and thus the
difficulty in processing and handling) and to avoid
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the inclusion of both “spatial” and “temporal” ra-
diometric differences in subsequent analyses, we
chose to spatially segment the mosaic. Due to the
two different Path/Row structures of the MSS and
TM data and additional problems associated with
partial cover of cloud, the number of spatial seg-
ments for the temporal mosaic was 21.

Disturbance Detection

This study follows a prototype disturbance detec-
tion exercise reported by Cohen and others (1998)
and a conceptual examination of change detection
algorithms by Cohen and Fiorella (1998). For the
current study, we combined the knowledge gained
in these early studies by conducting (on each of the
21 spatial segments) an unsupervised classification
on the full stack of 15 Tasseled Cap indexes. Unsu-
pervised clustering was an iterative process
whereby individual image pixels were labeled as
“disturbed” (by time period), “undisturbed,” or
“confused.” “Confused” pixels were reclustered sev-
eral times until all pixels could be confidently la-
beled as “disturbed” or “undisturbed.” The 21 spa-
tial segments were mosaicked after all were
classified.

The mosaicked disturbance map was subjected to
three processes for further refinement. The first was
to relabel all nonforest land-use areas as nonforest,
using a zoning data layer available through the
Oregon State Services Center for GIS (Figure 1).
The second process was to “smooth” all patches
within the forest class (both disturbed and undis-
turbed) using a 3 X 3 majority filter and then merge
all patches less than 2 ha with surrounding patches
that were larger than 2 ha. The rule set used al-
lowed all patches of forest disturbed during differ-
ent time intervals to be merged prior to any mergers
of disturbed and undisturbed forest. Third, to dis-
tinguish between clear-cut harvest and wildfire, the
full disturbance mosaic was carefully viewed, and
polygons representing burns were labeled “fire” and
all other polygons were labeled “harvest.” Burned
polygons were distinguished from clear-cut ones by
size, shape, and distribution, and corroboration
with recent historical information on fires.

Accuracy Assessment

Cohen and others (1998) evaluated three methods
of characterizing errors in a map of stand replace-
ment disturbance in western Oregon: map compar-
isons with (a) an independent digital polygon data-
base from a major land management agency, (b) a
visual patch-level interpretation of the original
Landsat imagery, and (c) a visual pixel-level inter-
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Figure 3. Stand replacement disturbance map.

pretation of the original Landsat imagery. All of
these yielded nearly identical results. Because the
visual pixel-level interpretation is the easiest to per-
form and the least spatially biased, that method was
chosen for the current study.

Accuracy assessment commenced with a random
selection of 20 “center points” among the three
forested provinces of the disturbance map (Figure
1). For each center point, we extracted a 512 X 512
pixel subset (12.8 X 12.8 km) of the disturbance
map with the selected point at the center. Each
subset had to meet the minimum requirement of
being at least 75% forest land use, and each of the
observed disturbance classes had to be represented
in at least one subset. For each of these 20 subsets,
we randomly selected 40 accuracy assessment
points (that is, pixels), where a maximum of 60%
could be from the undisturbed or nonforest classes.
If a selected point was from a disturbed class, it was
kept only if no other point fell within the same
disturbance patch, where a patch was defined as a
spatially connected group of pixels disturbed in a
single time period by the same agent (fire or har-
vest) (Figure 1). All selected pixels within the
classes mapped as undisturbed forest were geo-
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Table 3. Harvest Area (ha) by Owner and Province

Coast Western Klamath
Owner Range Cascades Mountains Total
Private nonindustrial 67,219 16,931 13,156 97,306
Private industrial 297,091 132,158 33,287 462,536
State of Oregon 29,747 2,095 593 32,435
Bureau of Land Management 46,987 28,692 30,781 106,460
Forest Service 33,315 138,004 20,856 192,175
Other 6,010 10,446 2,027 18,483
Total 480,369 328,326 100,700 909,395
Table 4. Burn Area (ha) by Owner and Province

Coast Western Klamath

Owner Range Cascades Mountains Total
Private nonindustrial 0 4 763 767
Private industrial 1,005 975 3,809 5,790
State of Oregon 0 0 241 241
Bureau of Land Management 123 691 7,190 8,004
Forest Service 0 1,158 15,224 16,382
Other 0 5 116 121
Total 1,128 2,833 27,343 31,305

graphically redistributed to maximize the separa-
tion among points within the subset area, thereby
minimizing pseudoreplication by reducing the like-
lihood that multiple points were from the same,
undisturbed forest stand. Of the possible 800 points,
113 were from the nonforest class and were not
further assessed, leaving 687 points to assess for
accuracy. Each of the 687 accuracy assessment
points was evaluated by loading each of six image-
viewing windows opened on a computer monitor
with one of the six dates of original Tasseled Cap—
transformed imagery. With all image viewers “geo-
graphically linked,” every accuracy assessment
point was viewed in each date of imagery and a
determination was made as to whether a point was
disturbed, and if so, when. Point-level determina-
tions were necessarily made in the context of the
apparent fate of neighboring pixels, but without
reference to the disturbance map. After we visually
noted the fate of all sampled pixels (undisturbed or
disturbed by fire or harvest and time interval of
disturbance), the visual calls (or labels) were com-
pared to their corresponding disturbance map labels
to construct an error matrix. We then compared the
summary statistics with the available clear-cut har-
vest data for the region.

Summary Statistics

The stand replacement disturbance map was sum-
marized to obtain statistics on (a) the percent of
forest clear-cut harvested versus the percent
burned, (b) harvest rates over the study period,
and (c) individual harvest and burn unit sizes
versus aggregated harvest and burn unit sizes.
These statistics were stratified by ecoregion (Fig-
ure 1) and ownership category (Figure 2). An
individual disturbance unit consists of spatially
contiguous pixels of a given disturbance type
(that is, harvest or burn) that were disturbed in a
given time interval. “Aggregation,” as used here,
refers to the spatial agglomeration of contiguous
units disturbed at different time periods.

RESULTS
Stand Replacement Disturbance Map

The stand replacement disturbance map (Figure
3) reveals patterns of disturbance associated with
both geoclimatic province (Figure 1) and owner-
ship (Figure 2). Overall, the CRP was the most
greatly disturbed, followed by the WCP and the
KMP. Harvest was the dominant disturbance
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Figure 4. Harvest rates over time by ownership category.

agent in all three provinces. Although fires oc-
curred in all three provinces, they were most
numerous in the KMP and were largely confined
to wilderness areas. Across all provinces, the larg-
est concentrations of cutting occurred in the PI
ownership category, which mostly occupies large
blocks of land at the lower elevations of the study
area. Over time, the PI cutting units tended to be
spatially aggregated. For the FS ownership, there
was a strong tendency toward the dispersion of
individual cuts. For BLM lands, which exist
mostly in small ownership blocks interspersed
with PI lands, the cutting pattern was also dis-
persed. Some landscapes within the region expe-
rienced little or no cutting during the study pe-
riod, especially SO lands in the northern CRP and
the federal wilderness areas in the KMP and along
the eastern margin of the WCP.

Overall, the accuracy of the stand replacement
disturbance map was 88% (Table 2). Most of the
mapping errors were associated with disturbance
intervals that involved at least one date of MSS
data (1984 and earlier) (see Appendix). For the
first time interval, 20% (11 of 55) of harvest was
mapped as undisturbed. For the second and third
periods, respectively, 13% and 12% of harvest
was mapped as undisturbed. Interestingly, 16%
of lands mapped as harvested in the 1991-95
period were observed as undisturbed. Overall, of
the 314 harvest observations, 12% were mapped
as undisturbed. No harvested lands were mapped
as fire, but 8% of burned land was predicted as
harvested and 6% was predicted as undisturbed.
Of the total number of undisturbed observations,
7% were mapped as disturbed. Contrasting this
with the 12% of disturbed land being mapped as

undisturbed, there was an overall 5% underpre-
diction of disturbance. These error rates and bi-
ases are consistent with the results from our ear-
lier study (Cohen and others 1998).

Summary Disturbance Statistics

Across the forestland within the study area, almost
20% was clear-cut harvested (compare Tables 1 and
3) and less than 1% was burned (compare Tables 1
and 4). Nearly 53% of all harvest activity occurred
in the CRP, with 36% occurring in the WCP and
11% in the KMP. Over the 23-year period of this
study, approximately 27% of the CRP, 18% of the
WCP, and 10% of the KMP were clear-cut. Of the
total burned area, over 87% was in the KMP, with
just over 9% in the WCP and 4% in the CRP.

Of the total harvested area, 62% occurred on
private land—51% on PI and 11% on PNI holding
(Table 3). For publically owned lands, 21% of the
harvest occurred on FS, 12% on BLM, and 5% on
SO and other holdings. Public holdings had the
lowest proportion of harvested area (compare Ta-
bles 1 and 3), with between 11% and 14% of total
ownership harvested by all three agencies; whereas
39% of PI and 18% of PNI holdings were cut.
Nearly 17% of the Other ownership category was
harvested. Of the total burn area, 52% occurred on
FS, 26% on BLM, 19% on PI, 2% on PNI, and
nearly zero occurred on SO and Other land hold-
ings (Table 4).

Across ownerships, the overall rate of stand re-
placement disturbance was lowest in the early
1970s, at 0.5% per year of all forest land, increasing
to over 1.2% per year throughout the mid-late
1980s; it then declined to 0.7% per year in the first
half of the 1990s (Figure 4). Harvest rates for the PI
category were consistently about twice the average
rate throughout the study period, reaching 2.4%
per year of total holdings in the late 1980s to early
1990s. The public holdings (FS, BLM, and SO) were
harvested at a rate that was consistently below the
average rate throughout the study period, the FS
and SO generally having the lowest rates. Interest-
ingly, although the PNI category had the lowest
rates of harvest (0.2% per year) in the early 1970s,
it ended the study period at rates nearly as high as
the PI category. Although an increase in harvest
rates occurred on all ownerships from the early
1970s through the mid-1980s, as the public hold-
ings experienced reduced harvest rates in the
1988-91 period, the private holdings continued to
experience increased rates throughout this period.
Whereas the PI category experienced sharply re-
duced harvest rates in the first half of the 1990s, the
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Figure 6. Harvest unit size and aggregated harvest unit
sizes by ownership category. Standard deviations of units
sizes are shown over bars.

PNI category maintained the same rates over the
last two periods.

The mean rate of harvest for a given owner or
across a given province over the 23-year period of
this study provides insight into the “clear-cut return
interval” for each owner or province, as reflected in
recent historical terms. This is similar but not equiv-
alent to the term “forest rotation,” which is used to
define the length of time a forest stand is permitted
to grow before reaching maturity and thus being
harvested; this term is commonly used in associa-
tion with even-aged management (Davis 1966). In
this region, the private landowners had the shortest
clear-cut return intervals—>58 years for the PI and
131 years for the PNI (calculated as the inverse of
the mean annual harvest rate per owner category

over the study period) (Table 3). All public holding
had clear-cut return intervals between 165 years
(BLM) and 202 years (FS). Note that these results
are for patches 2 ha or larger and do not include
units that were partially harvested. However, wil-
derness areas were included in the calculation of
clear-cut return intervals.

By province, clear-cut return intervals were vari-
able, with the CRP at 85 years, the WCP at 126
years, and the KMP at about 225 years (calculated
as the inverse of the mean annual harvest rate per
province over the study period) (Tables 1 and 3). In
contrast to clear-cut return intervals by province,
fire return intervals (calculated as the inverse of the
mean annual burn rate per province over the study
period) (Tables 1 and 4) over the 23-year period of
this study were 36,349 years, 14,601 years, and 827
years, respectively, for the CRP, WCP, and KMP.

The ratio of the harvest area to the burn area was
highly variable by both province and ownership
(compare Tables 3 and 4). The CRP was primarily a
harvest-dominated system; it had about 426 times
the amount of harvested area as burned area. The
amount of forest harvested on the WCP was 116
times that of burned area; and on the KMP, there
was less than four times the harvest area relative to
burned area. The harvest amount was 135 times the
amount of burn on SO lands, whereas the harvest
area was only 13 times and 12 times the burned
area on BLM and FS lands, respectively. The private
owners had 127 (PNI) and 80 (PI) times as much
harvest as burned area.
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Figure 7. Mean and variability of harvest unit sizes by time period and ownership.
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Harvest unit sizes were highly variable among
owner categories. For example, PI lands tended to
have larger individual clear-cuts relative to FS lands
(Figure 5). Furthermore, the PI category was more
likely to spatially aggregate clear-cuts from different
time periods (Figure 5). A summary of the distur-
bance map across the full study area reveals that the
PNI category had the lowest mean harvest unit size
(nearly 8 ha), whereas the PI category had the
highest unit size (about 22 ha) (Figure 6). Public
holdings had mean harvest unit sizes of between 9
and 13 ha. Variability in harvest unit sizes also

2 8 22 77 270
Aggregate Harvest Unit Size (ha)

946 3204

differed by ownership; the greatest standard devia-
tions of unit size were associated with the PI cate-
gory (41 ha), and the lowest were associated with
the BLM, FS, and PNI categories (all less than 11
ha).

During the 1980s and 1990s, the PI, FS, and
BLM ownerships tended toward somewhat
smaller individual harvest units (Figure 7). For
SO and PNI lands, there was a tendency toward
larger cutting units over time. Except for SO
lands, trends in the variability of harvest unit size
over time were similar to trends in the mean unit
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Figure 9. Aggregated harvest and burn unit sizes by geo-
climatic province.

size, especially for the PI and FS owners (Figure
7). Of particular note is the two-thirds reduction
in unit size standard deviation (from 65 ha down
to 22 ha) on the PI lands and the nearly one-half
reduction on the FS lands (from 13 ha down to 7
ha). The PNI, BLM, and state lands are generally
in smaller blocks than FS and PI lands, which may
have influenced the variability in size of cutting
units.

Comparing aggregate harvest unit sizes with non-
aggregate unit sizes, we see that all owners tended
toward some level of aggregation (Figure 6). The PI
category showed the greatest tendency; aggregated
units were, on average, nearly twice the size of
nonaggregated units. For the BLM and FS holding,
this number is closer to 1.3 times. The real story in
terms of aggregation is in the variability among
aggregated unit sizes; PI owners had a standard
deviation in aggregated unit size of over 220 ha,
and all other owner categories had considerably less
deviation in aggregated unit size (less than 40 ha).
The largest aggregate harvest unit sizes were about
300 ha on USFS and BLM lands, 400 ha on PNI and
SO lands, and as large as 9000 ha on PI lands
(Figure 8).

Examining harvest unit aggregation over time by
province, we see that the CRP had mean aggregated
harvest units of nearly 30 ha (Figure 9). Aggregated
unit sizes for the WCP and KMP were considerably
smaller—less than 20 ha and less than 15 ha, re-
spectively. Average aggregated burn unit sizes were
larger than aggregated harvest unit sizes on all
provinces (Figure 9). The CRP tended to have the
largest burn units (190 ha), whereas the WCP and
the KMP had burn units that averaged 70 ha and 50
ha, respectively.

DiscussioN

Comparisons with Related Studies

Our disturbance results are based almost exclu-
sively on an analysis of satellite imagery. Given
the remote nature of these observations, inde-
pendent confirmation or corroboration is impor-
tant. Although there are no existing databases to
use in corroborating the full suite of characteris-
tics mapped in this study, there is nonetheless
some comparable information available. Zheng
and Alig (1999) provide summary harvest statis-
tics from forest inventory data for the PI and PNI
ownership categories over essentially the same
study area. They found that over the same time
period (1972-95), the PI category had harvested
26% of its land base in western Oregon. By com-
parison, we found that this same ownership cat-
egory harvested 39% of its total land base. Simi-
larly, they report that the PNI category harvested
16% of its land base, as compared to our finding
of 18%. The Oregon Department of Forestry
(ODF) (Lettman and others 1991) records the
volume of merchantable wood harvested from
forests in the state, as derived from log scaling.
They report that 48% of the total volume har-
vested between 1972 and 1995 in western Ore-
gon came from PI lands and that 6% came from
PNI lands. In this study, we found that 51% of the
total area harvested was on PI lands and that 11%
was on PNI lands. ODF reports that 28% and 18%
of the volume harvested came from FS and other
public lands, respectively, as compared to our
finding that 21% and 17% of the total area har-
vested came from these ownership categories.

Annual averages for clear-cut probabilities for the
PNI ownership category were about 0.8% over the
1972-95 study period. This is the same annual rate
of final harvest by PNI owners of timberland in
western Oregon reported by Zheng and Alig (1999)
for the last several decades.

Temporal Harvest Trends

Trends in timber harvests differ notably both among
ownerships and over time. One reason is the
change in timber demand, supply, and price over
the 23-year period of this study. Both PI and PNI
harvest rates climbed to peaks in the 1988-91 pe-
riod, as Douglas-fir prices rose from around $118
per thousand board feet during depressed timber
demand conditions of the early 1980s up to around
$466 during the 1988-91 period (Warren 1999). PI
harvest rates peaked at an annual rate of 2.4% in
1988-91; likewise, the PNI harvest peaked at over
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1.5%. In contrast, public timber sales are less influ-
enced by price signals in timber markets, and FS
and BLM harvest rates declined after the 1984-88
period. Total amount of timber harvest volume in
western Oregon declined by 40% between the
1984-88 and 1991-95 periods, as the relatively
large reduction in such public timber harvests con-
tributed to the notable increase in timber prices in
the early 1990s. Timber prices have decreased since
the peaks of the early 1990s, and PI and PNI harvest
rates either fell or leveled off during the last mea-
surement period in this study.

Private timberlands now provide the vast bulk of
the timber harvest in western Oregon. In 1995,
private timberlands were the source of 85% of total
timber harvest. In contrast, National Forests pro-
vided 6% of the total, as compared to 34% in 1980.
This notable shift over time in harvest shares among
ownership categories is related to the revised role of
reserved public lands under the Northwest Forest
Plan (FEMAT 1993). At the same time, the higher
timber prices from reduced public timber harvests
has provided incentives to private owners to alter
their land management plans, including going to
shorter timber rotations in some cases.

Partial Harvesting

As utilized in this study, remote sensing could not
ascertain the extent or frequency of partial harvest-
ing, defined as a type of harvest that does not
remove all merchantable trees. Partial harvesting in
the region of this study is important; ground sur-
veys have found that partial harvesting was more
frequent than clear-cutting on PNI lands for the
Douglas-fir and red alder cover types (Alig and
others 2000). Clear-cut return intervals imputed
from final harvest or clear-cut areas are only ap-
proximate, in that the presence of significant partial
harvesting in the study region means that to obtain
rotation age estimates one would need to adjust
computations for amount of area partially har-
vested.

Natural vs Managed Disturbance Regimes

Comparing the management disturbance regime
with historical, natural disturbance regimes can
help us to understand the impact of management
policies on ecosystems. Before the region was set-
tled by Europeans, wildfire was the primary stand
replacement disturbance (Agee 1993). Natural fire
return intervals have been documented from only a
few sites (Morrison and Swanson 1990; Impara
1997; Long and others 1998), but it is clear that
they were quite variable. In the KMP, fire return

intervals were around 30 years for low to moder-
ately severe wildfires; in wet forests of the CRP,
return intervals for high-severity fires may have
been as long as 400 years. In much of the CRP and
WCP, the fire return intervals probably ranged be-
tween 150 and 300 years (Morrison and Swanson
1990; Impara 1997; Long and others 1998). The fire
return intervals reported in this study cannot be
compared directly to historic numbers for at least
three reasons. First, we report only fires of high
severity. Second, the period of time studied here is
short relative to historic return intervals. Finally,
fire suppression activities were strong over the pe-
riod of this study.

We know less about fire sizes and shapes. Fire
size distributions were probably negatively skewed,
with many small fires and a few large ones (Wim-
berly and others 2000). Large fires probably atfected
more of the total landscape than small fires. Wim-
berly and others (2000) used a mean fire size of
70,000 ha in modeling fires in the CRP, where fires
are thought to be relatively large and severe (Im-
para 1997). In drier areas, many fires burned in a
patchy manner, leaving unburned areas within
them. In one landscape of the CRP, Morrison and
Swanson (1990) estimated that burned patches
within fires were typically less than 10 ha.

The aggregate clear-cut return interval observed
for the entire area during the study period ranged
between 85 and 225 years; this falls at the lower
end of the range of the natural fire return interval.
Not surprisingly, industrial forest management cut-
ting return intervals (58 years) were one-half to
one-fourth of what might be expected under a
wildfire regime. Rates of cutting on private nonin-
dustrial and public lands were much more similar to
the disturbance rate of the wildfire regime. Cutting
unit sizes are similar to patch sizes that might be
expected in a patchy fire regime, based on the work
of Morrison and Swanson (1990). Aggregate sizes
are much smaller than the fire sizes that would be
expected for single events.

Despite the similarity in rates of clear-cutting and
historical stand replacement fires, the two distur-
bance regimes differ in many ways. First, wildfires
can leave large patches of old forests intact, which
means that a significant portion of stands older than
the rotation age would persist in a landscape (Van
Wagner 1978). In contrast, in a fully managed land-
scape, clear-cutting removes the oldest stands, leav-
ing no stands older than the rotation age.

Second, fires occur throughout a landscape, albeit
with different probabilities. In a managed land-
scape, there are typically some areas—such as un-
productive lands, recreational areas, and wilderness
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areas—that are taken out of production and never
experience planned disturbances, thus concentrat-
ing the disturbances in some parts of the landscape.
This is especially the case on federal lands in the
region, where wilderness areas are concentrated at
higher elevations in less productive timber types.
The relatively low rates of cutting we observed on
federal land (202-year return interval) resulted
from a total absence of cutting in wilderness and
other reserve areas and a relatively high rate of
cutting (probably about 80 years) on forests desig-
nated for timber production.

Third, there is a major difference in severity be-
tween the managed and natural disturbance re-
gimes. Natural disturbances tend to leave live and
dead legacies that are carried into the next stand.
Clear-cut logging typically leaves little or no live
and dead woody structures following disturbance.
Of course, this difference in disturbance regimes is
not detectable with the remote sensing that was
used in our study. A discussion of the ecological
consequences of these three differences is beyond
the scope of this study, but there are clear implica-
tions for plant and wildlife habitat, carbon storage,
and site productivity (Perry 1998).

Finally, although clear-cut unit and aggregate
sizes are smaller than might be expected for fire
events, the cumulative area of cutting can create
large disturbance patches over a several-year pe-
riod. Despite limits on clear-cut sizes, cutting may
be concentrated in a landscape, creating a distur-
bance mosaic of hundreds to thousands of hectares.

Management Implications

Stand replacement disturbances occur both natu-
rally (for example, fire, insects, windthrow) and by
management prescription. Although both types of
disturbance are important, they are quite different
in their effects, especially in terms of return inter-
val, size and shape, severity, and location on the
landscape. Because harvest is by far the most ex-
tensive disturbance in the Pacific Northwest, there
are a number of important policies in place to con-
trol it. As observed over the latter part of our study
period, levels of timber harvest areas and volumes
can change greatly in a short period of time, espe-
cially in response to socioeconomic or institutional
changes. It could be useful to augment the existing
sources of time-series data on harvest area, such as
the remote sensing used in this study, with ground-
based annual surveys. Developing a long-term da-
tabase with ground-based surveys would help to
identify harvest disturbances by forest cover types.
In addition, an estimation of partial harvests could
be made, which is more difficult to do with re-

motely sensed data. A combined approach using
remote sensing and ground-based surveys is partic-
ularly important for effective monitoring of compli-
ance with forest policy.

It would be easier to monitor human-related ac-
tivities that affect forest ecosystems (for example,
timber harvests) if remote-sensing data were sup-
plemented with surveys of forest owners. In addi-
tion to examining the socioeconomic factors that
influence owners’ decisions on when to harvest, it
would also be useful to learn why harvest unit sizes
are so variable across owners. Since some of the
private forests are fragmented into smaller pieces,
monitoring should also include the analysis of for-
est fragmentation, which may ultimately lead to
reduced economic viability and adverse ecological
impacts.

CONCLUSIONS

e [n dense-canopied forests, stand replacement distur-
bance can be accurately monitored with Landsat data.
Using simple, cost-effective means, we mapped
the occurrence of clear-cut harvesting and fire
over 4.6 million forested hectares in western
Oregon at roughly 5-year intervals, with nearly
90% accuracy.

e Rates of harvest were variable by ownership. The
overall harvest trend was one of increasing rates
between the early 1970s and the mid-1980s,
followed by a general decline in harvest rates
toward the mid-1990s. Private industrial land-
owners had rates of harvest that were about 2.5
times the rates of public landowners throughout
the study period, reaching as high as 2.4% per
year of its total land base at peak harvest rates.
Responding to increased market prices during
the study period, private nonindustrial land-
owners harvested at the lowest observed rates in
the 1970s and then increased their harvest rates
to those nearly as high as the rates of private
industrial owners at the end of the study period.

e Rates of harvest were variable by geographic province.
The Coast Range Province, which is dominated
by private industrial landowners, experienced
the highest concentrations of harvest, followed
by the Western Cascades Province and the
Klamath Mountain Province; this finding was
commensurate with the declining proportion of
private industrial ownership in those provinces.

e Mean and variability of clear-cut unit size was con-
siderably higher for private industrial landowners
than for all other owner categories throughout the
study period. In addition, this ownership category
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tended toward higher degrees of spatial aggre-
gation of individual units over time than did all
other categories of ownership.

e Burn unit size and distribution were highly variable
by geographic province. The moist Coast Range
Province had the largest and least frequent
burns, whereas the Klamath Mountain Province
had the smallest and most frequent burns.

e The degree to which forest management can be effec-
tively monitored with remote sensing remains an open
question. Changing forest policy and law are af-
fecting forest management, and these changes
are expressed spatially on the forest landscape.
Although Landsat data are extremely valuable
for assessing stand replacement disturbance in
western Oregon, whether forest thinning and
riparian zone management can be accurately
detected with these data has yet to be deter-
mined. Most likely, some combination of Land-
sat data with inventory data and new types of
remote-sensing data (such as lidar, hyperspatial,
and hyperspectral) will be needed.
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Appendix. Landsat Imagery Used to Map Stand Replacement Disturbance

Satellite Sensor Year Date Path Row
1 MSS 1972 2 September 49 28
1 MSS 1972 2 September 49 29
1 MSS 1972 29 July 50 28
1 MSS 1972 29 July 50 29
1 MSS 1973 18 June 50 31
1 MSS 1973 24 July 50 30
1 MSS 1973 28 August 49 30
1 MSS 1973 28 August 49 31
2 MSS 1976 16 July 49 29
2 MSS 1976 9 September 50 31
2 MSS 1977 16 August 49 28
2 MSS 1977 29 July 49 30
2 MSS 1977 29 July 49 31
2 MSS 1977 30 July 50 28
2 MSS 1977 30 July 50 29
2 MSS 1977 30 July 50 30
3 MSS 1982 12 October 51 28
3 MSS 1982 18 August 50 28
4 MSS 1983 27 April 47 29
5 MSS 1984 13 August 45 30
5 MSS 1984 13 August 45 31
5 MSS 1984 19 July 46 29
5 MSS 1984 19 July 46 30
5 MSS 1984 29 August 45 28
5 MSS 1984 29 August 45 29
5 MSS 1984 3 July 46 31
5 ™ 1988 19 June 47 28
5 ™ 1988 21 July 47 29
5 ™ 1988 30 July 46 30
5 ™ 1988 31 August 46 28
5 ™ 1988 31 August 46 29
5 ™ 1988 8 August 45 29
5 ™ 1988 8 August 45 30
5 ™ 1988 8 August 45 31
5 ™ 1988 9 April 46 31
5 ™ 1991 1 August 45 30
5 ™ 1991 1 August 45 31
5 ™ 1991 2 September 45 29
5 ™ 1991 30 July 47 28
5 ™ 1991 5 June 46 31
5 ™ 1991 9 September 46 28
5 ™ 1991 9 September 46 30
5 ™ 1992 10 August 46 29
5 ™ 1995 11 September 47 28
5 ™ 1995 13 September 45 29
5 ™ 1995 13 September 45 30
5 ™ 1995 13 September 45 31
5 ™ 1995 19 August 46 28
5 ™ 1995 19 August 46 29
5 ™ 1995 3 August 46 31
5 ™ 1995 5 August 46 30




