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Abstract

We characterized recent historical and current vegetation composition and structure of a representative sample of
subwatersheds on all ownerships within the interior Columbia River basin and portions of the Klamath and Great Basins. For
each selected subwatershed, we constructed historical and current vegetation maps from 1932 to 1966 and 1981 to 1993 aerial
photos, respectively. Using the raw vegetation attributes, we classified and attributed cover types, structural classes, and
potential vegetation types to individual patches within subwatersheds. We characterized change in vegetation spatial patterns
using a suite of class and landscape metrics, and a spatial pattern analysis program. We then translated change in vegetation
patterns to change in patterns of vulnerability to wildfires, smoke production, and 21 major forest pathogen and insect
disturbances. Results of change analyses were reported for province-scale ecological reporting units (ERUs). Here, we
highlight significant findings and discuss management implications.

Twentieth century management activities significantly altered spatial patterns of physiognomies, cover types and structural
conditions, and vulnerabilities to fire, insect, and pathogen disturbances. Forest land cover expanded in several ERUs, and
woodland area expanded in most. Of all physiognomic conditions, shrubland area declined most due to cropland expansion,
conversion to semi- and non-native herblands, and expansion of forests and woodlands. Shifts from early to late seral conifer
species were evident in forests of most ERUs; patch sizes of forest cover types are now smaller, and current land cover is more
fragmented. Landscape area in old multistory, old single story, and stand initiation forest structures declined with
compensating increases in area and connectivity of dense, multilayered, intermediate forest structures. Patches with medium
and large trees, regardless of their structural affiliation are currently less abundant on the landscape. Finally, basin forests are
now dominated by shade-tolerant conifers, and exhibit elevated fuel loads and severe fire behavior attributes indicating
expanded future roles of certain defoliators, bark beetles, root diseases, and stand replacement fires. Although well
intentioned, 20th-century management practices did not account for landscape-scale patterns of living and dead vegetation that
enable forest ecosystems to maintain their structure and organization through time, or for the disturbances that create and
maintain them. Improved understanding of change in vegetation spatial patterns, causative factors, and links with disturbance
processes will assist managers and policymakers in making informed decisions about how to address important ecosystem
health issues. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Forest and rangeland ecosystems of the Interior
Northwest are remarkably diverse and productive
owing to great variety in climate, geology, landforms,
hydrology, flora, fauna, and ecosystem processes
(Franklin and Dyrness, 1988; Bailey, 1995). Recurring
disturbances, such as those caused by fires, insects,
pathogens, and weather are essential to maintaining
this diversity (Arno, 1976, 1980; Hall, 1976; Turner,
1987, 1989; Agee, 1993, 1994; Hessburg et al., 1994).
Terrestrial plant communities range from dry, short
grass prairies and sagebrush shrublands, to dry pon-
derosa pine and Douglas-fir forests, cool and moist
western hemlock and western redcedar forests, high
elevation whitebark pine and subalpine larch forests,
krummholz, and heath. Alpine tundras, rock barrens,
and glaciers occupy many of the highest elevations.

Vegetation spatial and temporal patterns and eco-
logical characteristics of forest-dominated landscapes
are closely related to their disturbance ecology. Broad-
scale landscape patterns of life forms and physiog-
nomic conditions arise from broad differences in
topography and physiography, lithology, geomorphic
processes, climate regime, and large-scale distur-
bances. Within the general framework of coarse pat-
terns, meso-scale patterns result from environmental
gradients, patch-scale and gap disturbances, stand
development, and succession processes.

Natural fire regimes of forests range from frequent,
nonlethal surface fires typical in dry ponderosa pine
and Douglas-fir forests to moderately infrequent,
mixed-severity fires characteristic of moist grand fir,
western hemlock, and western redcedar forests, and
infrequent, lethal, stand-replacing fires typical in cold
subalpine forests (Agee, 1993, 1994). Likewise, native
insect and pathogen disturbance regimes are variable
in their frequency, severity, duration, and spatial
extent. Pandemic bark beetle and defoliator outbreaks
occur relatively infrequently in any given geographic
area, and outbreaks when occurring, often are syn-
chronous with climatic extremes and cycles of geo-
graphically dominant vegetation structure or
composition resulting from other major pattern-form-
ing trends or events. Insect or pathogen disturbance
associated with endemic populations blends seam-
lessly with other succession and stand-development
processes.

The declining health of forest ecosystems in the
Interior Northwest has been the subject of much recent
study, concern, and controversy (e.g., see Wickman,
1992; O’Laughlin et al., 1993; Everett et al., 1994;
Lehmkuhl et al., 1994; Harvey et al., 1995). Land-use
practices of this century have altered disturbance
regimes, spatial and temporal patterns of vegetation,
and reduced ecosystem resilience to native and human
disturbances (Covington et al., 1994). Fire suppression
and fire exclusion, timber harvest, and domestic live-
stock grazing have contributed most to increased
forest ecosystem vulnerability to insect, pathogen,
and wildfire disturbance. Concern over declining ‘for-
est health’ centers on the perception that management
activities have damaged forest ecosystem structure
and functioning. That perception is founded on a
strongly held social value that forest ecosystems
should appear ‘natural’ and function ‘naturally.’

This paper presents results of a study conducted
under the aegis of the Interior Columbia Basin Eco-
system Management Project. We report on a meso-
scale (map scale = 1 : 24 000) scientific assessment of
vegetation change in terrestrial landscapes of the
interior Columbia River basin, associated change in
landscape vulnerability to fire and related PM10 (par-
ticulate matter < 10 um in diameter) smoke produc-
tion, and insect and pathogen disturbances, and we
discuss the management implications of those
changes. Our assessment area (58 million ha) included
the Columbia River basin east of the crest of the
Cascade Range and portions of the Klamath and Great
Basins in Oregon (‘the basin’, Fig. 1)

Our study had four objectives: (1) to characterize
current structure and composition of a representative
sample of forest (and rangeland) landscapes; (2) to
compare existing conditions to the oldest historical
vegetation conditions we could reconstruct at a com-
parable scale; (3) to link historical and current vegeta-
tion spatial patterns with patterns of vulnerability to
insect and pathogen disturbances; and (4) to link
historical and current landscape vegetation character-
istics throughout the basin with fuel conditions, poten-
tial fire behavior, and related smoke production.
Linkages in objectives 3 and 4 would enable us to
better understand causal connections among historical
management activities and current conditions, and
assist in evaluating current air quality and human
health tradeoffs associated with wild and prescribed
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Fig. 1. Map of ecological reporting units (ERUs), and sampled subbasins and subwatersheds in the mid-scale assessment of the interior

Columbia River basin.

fires, and tradeoffs associated with alternative insect
and pathogen vulnerability scenarios.

2. Methods

In the mid-scale assessment, (Hessburg et al.,
1999a), we quantified change in vegetation patterns
and landscape vulnerability to fire, insect, and patho-
gen disturbances over the most recent 50-60 years.
Sampling design and change analysis methods were
adapted from Lehmkuhl et al. (1994). Our sample of
historical conditions corresponded well with the start
of the period of most intensive timber harvest, road
construction, and fire suppression, and a period of
declining intensity in rangeland management. We
based our assessment on a stratified random sample
of 337 subwatersheds (10 000 ha average area) dis-

tributed in 43 subbasins (400 000 ha average area),
across all ownerships within the basin. Change ana-
lysis results were reported by ecological reporting
units (ERUs, Fig. 1). Ecological reporting units were
developed during the broad-scale assessment of the
basin (Quigley and Arbelbide, 1997) as statistical
pooling strata for generalizing results of various eco-
logical, social, economic, and integrated assessments.
The ERUs represent land areas that are broadly homo-
geneous in their biophysical and social ecosystem
characteristics.

Forest and rangeland composition and structure
were derived from raw data developed from aerial
photographs taken from 1932 to 1966 (historical), and
from 1981 to 1993 (current). Historical conditions of
most forested settings were represented by photogra-
phy from the 1930s to 1940s; while those of range-
lands were represented by 1950s and 1960s aerial
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photography. Areas with homogeneous vegetation
composition and structure were delineated as patches
to a minimum size of 4 ha. Vegetation cover types,
structural classes, and potential vegetation types were
classified for each patch using the raw attributes, and
topographic or biophysical data from other digital
sources of comparable scale and image resolution.

Each patch was assigned a rating for three to seven
vulnerability factors associated with each of 21 dif-
ferent forest insects and pathogens, including defo-
liator, bark beetle, dwarf mistletoe, root disease, rust,
and stem decay disturbances. Vulnerability factors
were unique for each host—pathogen or host—insect
interaction modeled and included items such as site
quality, host abundance, canopy layers, host age or host
size, stand vigor, stand density, connectivity of host
patches, topographic setting, and type of visible
logging disturbance. Patch vulnerability factors were
taken from the literature or were based on the experience
of field pathologists and entomologists with expertise
in specific geographic areas (Hessburg et al., 1999b).
Resulting models represent substantial revisions of
early versions described by Lehmkuhl et al. (1994).

Similarly, historical and current vegetation patches
were matched to one of 192 fuel condition classes
(Ottmar et al., 1996; Schaaf, 1996) and assigned a fuel
loading. Fuel loads were used to compute fuel con-
sumption, particulate emissions production (PM10),
crown fire potential, and fire behavior attributes for an
average wildfire scenario using published procedures
(Huff et al., 1995; Ottmar et al., 1999). We also
modeled fuel consumption and related smoke produc-
tion for a current prescribed burn scenario. Algorithms
for estimating fuel consumption for both burn scenar-
ios were taken from the CONSUME (Ottmar et al.,
1993) and first order fire effects model (FOFEM,
Keane et al., 1994). Fire behavior attributes were rate
of spread, flame length, and fireline intensity. We
computed fireline intensity (Byram’s, Rothermel,
1983), rate of spread, and flame length using the
published equations of the National Fire Danger Rat-
ing System (Rothermel, 1972; Deeming et al., 1977;
Cohen and Deeming, 1985).

2.1. Vegetation and landscape pattern analysis

This assessment was a map-based characterization
of landscape patterns and ecological processes across

space and time. We used the ARC/INFO (ESRI, 1995)
geographical information system (GIS) to manipulate
and analyze digital maps, and to develop and run
spatially explicit insect and pathogen vulnerability
(Hessburg et al., 1999b), and potential fuel consump-
tion and fire behavior models (Ottmar et al., 1999).

Spatial and statistical analyses characterized
change in patterns and quantified the significance of
change. FRAGSTATS (McGarigal and Marks, 1995)
was used to compute class and landscape pattern
metrics directly from ARC/INFO data tables, and
we incorporated three additional metrics (N1, N2,
and R21, Table 1) into the source code. We used S-
PLUS (MathSoft Inc., 1993) to summarize and ana-
lyze ARC/INFO and FRAGSTATS outputs. Vegeta-
tion maps, raw and derived patch attributes formed the
basic data set for all analysis. For spatial pattern
analysis, a variety of unique vegetation maps were
derived in a GIS by dissolving on single or combined
data items. Patch types of a map submitted to analysis
could be defined by any raw attribute such as canopy
layers or total crown cover class, or by any derived
attribute such as cover type or structural class, either
singly or in combinations.

2.2. Raster size determination

To quantify change in individual patch types and
patterns of various patch types, we used raster versions
of current and historical vegetation maps where patch
types were physiognomic conditions, cover types,
structural classes, potential vegetation types, or com-
binations. A raster format was chosen because several
useful metrics were only available in FRAGSTATS for
raster maps. The appropriate cell size was determined
by calculating several class metrics in vector and raster
form, with cell sizes ranging from 10 to 100 m (1 ha),
in 10-m increments, and at 141 m (2.0 ha) and 224 m
(5.0 ha), and plotting each raster-derived metric value
against the vector value. When compared with vector
values, raster bias was insignificant with 30 m and
smaller cell sizes, and we used 30-m raster maps for all
pattern analysis.

2.3. Sample statistics

We used percentage of area, patch density, mean
patch size, edge density, and mean nearest neighbor
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Table 1

FRAGSTATS indices used to quantify spatial patterns of patch types in sampled subbasins in the mid-scale ecological assessment of the

interior Columbia River basin

Description®

Acronym Scale Index name

LAND (%) class percentage of landscape (%)

PD class or landscape patch density (no. per 10 000 ha)

MPS class or landscape mean patch size (hectare)

AWMECI  class or landscape area-weighted mean edge
contrast index (%)

SHDI landscape Shannon’s diversity index”

RPR landscape relative patch richness (%)

PR landscape patch richness

MSIEI landscape modified Simpson’s
evenness index®

I class or landscape interspersion and juxtaposition
index (%)

CONTAG  landscape contagion index (%)

N1 landscape Hill’s index N1¢

N2 landscape Hill’s index N2¢

R21 landscape Alatalo’s evenness index®

percentage of a landscape composed of the corresponding patch type
number of patches in an area of 10 000 ha

average patch size

average patch edge contrast as a percentage of maximum contrast with
patch edge contrasts weighted by patch area; equals 100 when all edge
is maximum contrast; approaches 0 when all edge is minimum
contrast

measures proportional abundance of patch types and the equitable
distribution of patch type areas; increases with patch richness (PR)
and equitability of area

observed number of patch types within a landscape over a realistic
potential maximum number of patch types

observed number of patch types within a landscape boundary
observed distribution of area of patch types within a landscape over
evenly distributed area of patch types

observed interspersion of edge types over maximum possible
interspersion; IJI approaches 0 when patch types are clumped, IJI
approaches 100 when all patch types are equally adjacent to all other
patch types

observed contagion over the maximum possible contagion for the
given number of patch types; approaches O when the distribution of
adjacencies among unique patch types becomes increasingly uneven;
approaches 100 when all patch types are equally adjacent to all other
patch types; measures patch type interspersion and patch dispersion
a transformation of SHDI, computed as ¢S"™'; rare patch types are
weighted less in the calculation than in pr

a transformation of sidi, computed as 1/(1 — SIDI); rare patch types
are weighted less in the calculation than in nl

measures evenness of patch types; computed as (N2—1)/(N1—1),
where PR > 1; values approaching O indicate uneven distribution of
patch type areas; values approaching 1 indicate even distribution of
area for the given number of patch types

* See McGarigal and Marks (1995) for algorithms and complete descriptions of all indices except N1, N2, and R21.

® Shannon and Weaver (1949).
¢ Simpson (1949).

4 Hill (1973).

¢ Alatalo (1981).

metrics to describe change in area and connectivity of
patch types in subwatersheds of an ERU. We used 10
landscape metrics to describe changes in patch
type richness, evenness, diversity, dominance, conta-
gion, interspersion, juxtaposition, and edge contrast
(Tables 1 and 2). For each ERU, means, standard
errors, and confidence intervals were estimated using
methods for simple random samples with subwater-
sheds as sample units. Significant (p < 0.2) change
from historical to current conditions was determined
by examining the 80% confidence interval (CI) around

the mean difference for the ERU. We used a moder-
ately conservative 80% CI because we wanted to be
able to detect changes in spatial patterns that were of
potential ecological importance. We reasoned that
with a more conservative CI, we might increase the
likelihood of type II error (false positive). When we
compared 90 and 95% CI estimates of mean difference
with 80% estimates, we noted that important changes
went undetected using the more conservative Cls. To
avoid increasing the likelihood of type I error (false
negative), we supplemented our significance test with
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Table 2

Edge contrast weights used in calculating the FRAGSTATS metric area weighted mean edge contrast index (AWMECI) in pattern analyses of
patch types of sampled subwatersheds in the mid-scale ecological assessment of the interior Columbia River basin®

Physiognomic type Nonforest and Herbland Shrubland ~ Woodland ~ Forest (by structural class®)
nonrange
SI SEOC and URand OFSS OFMS

SECC YFMS
Nonforest and nonrange 0° 0.2 0.3 0.4 05 06 0.8 0.9 1.0
Herbland 0.0 0.2 0.3 04 06 0.7 0.8 0.9
Shrubland 0.0 0.2 03 05 0.6 0.7 0.8
Woodland 0.0 03 04 0.5 0.6 0.7
Forest SI 00 03 0.4 0.5 0.6
Forest SEOC and SECC 0.0 0.3 0.4 0.5
Forest UR and YFMS 0.0 0.3 0.4
Forest OFSS 0.0 0.3
Forest OFMS 0.0

? For FRAGSTATS, see McGarigal and Marks (1995).

® Forest structural classes are stand intiation (SI); stem exclusion open canopy (SEOC); stem exclusion closed canopy (SECC); understory
re-initiation (UR); young forest multi-story (YFMS); old forest single story (OFSS); and old forest multi-story (OFMS). See also Fig. 8 for

graphical illustrations of forest structural classes.

¢ Range of possible values is 0—1, with increasing values representing greater edge contrast.

two other tests. These enabled us to evaluate the
potential ecological importance of change in patch
area or connectivity, and the likelihood of error in
rejecting the null hypothesis. First, we estimated a
reference variation by calculating for each metric, the
75% range around the historical sample median, and
then compared the current sample median value with
this range. Second, we determined the largest changes
in absolute area of a patch type within a sample using
transition analysis. Transition analysis estimated the
percentage of sampled area in each unique historical to
current patch type transition.

We chose the median 75% range instead of the full
range as a meaningful measure of reference variation
to portray typical variation exclusive of extreme
observations. Historical (and current) data distribu-
tions were frequently right-skewed, and the sample
median value was the more accurate reflection of
central tendency. Most observations were clustered
within the median 75-80% range. We reasoned that
more extreme variation usually results from either
unique contexts or environments, or from rare events.
By imposing the contrast between current median
values and a typical range of historical conditions,
we retained the ability to detect conditions resulting
from management activities, chance events, or per-
haps climate change that were unique in some aspect.

3. Results
3.1. Trends in physiognomic conditions

Significant changes in physiognomies occurred
throughout the basin. Forest cover increased signifi-
cantly in the Blue Mountains, Columbia Plateau, and
Upper Snake ERUs (Fig. 2, Table 3) where our results
suggested that effective fire prevention, suppression,
and exclusion resulted in expansion of forests into
areas that were previously bare ground or shrubland,
or into former herbland areas previously maintained
by fire or created by early logging. Connectivity
(spatial aggregation) of forest increased in the
Central Idaho Mountains and Upper Snake ERUs
(see Hessburg et al., 1999a). Increased connectivity
of forests was the result of expansion of forest
cover types on former shrubland areas (Table 3).
The Central Idaho Mountains contains large wild
and roadless areas. Transition analysis of cover type
changes indicated that increased connectivity result
from effective fire suppression and fire exclusion. We
note that in a few subwatersheds increased forest
connectivity was associated with large scale stand
replacement fires.

Area and connectivity of forest cover declined in the
Upper Klamath ERU (Fig. 2). Upper Klamath forests
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Fig. 2. Change in percentage of area in the forest physiognomy for selected ERUs. ERU abbreviations are: SC, Southern Cascades; BM, Blue
Mountains; UK, Upper Klamath; CP, Columbia Plateau; US, Upper Snake. Asterisk (*) denotes significant difference at p < 0.2.

are naturally quite fragmented; forested slopes are
often separated by broad grassy valley bottoms or
grasslands on dry southerly aspects. Physiognomic
and cover type transition analysis and trends in patch
density and mean patch size indicated that timber
harvest and juniper woodland expansion into the
ponderosa pine cover type were partially responsible
for the observed reduction; we suspect that domestic
livestock grazing was involved as well. Fig. 3 illus-
trates altered physiognomic conditions in sampled
subwatersheds of the Blue Mountains (Fig. 3A) and
Upper Klamath (Fig. 3B) ERUs.

Woodland (sparsely wooded rangeland) area
increased in 7 of 13 ERUs and declined in none
(Fig. 4). Transition analysis suggested that fire sup-
pression, fire exclusion, and domestic livestock graz-
ing enabled expansion at the expense of declining
herblands and shrublands. The regional decline in area
of shrublands was in fact the most dramatic of all
changes in physiognomic conditions (Table 3, Fig. 4).
Transition analyses indicated that losses of native
shrublands resulted from forest and woodland expan-

sion (Blue Mountains and Northern Great Basin
ERUs), cropland expansion (Northern Great Basin
ERU), and conversion to semi-native or non-native
herblands (Owyhee Uplands and Snake Headwaters
ERUs). Fig. 5 illustrates reduced shrubland and
increased woodland area in an Upper John Day sub-
watershed, Blue Mountains ERU.

Conversely, herbland increased in the Central Idaho
Mountains, Northern Great Basin, Owyhee Uplands,
Snake Headwaters, and Southern Cascades ERUs and
declined in none. In the Northern Great Basin, herb-
land increased at the expense of shrubland area which
fell by more than 15%. Transition analysis indicated
that half of the lost shrubland area is currently occu-
pied by juniper woodland, and the balance supports
montane bunchgrasses or exotic grass and forb cover.
Herblands and shrublands followed a similar pattern in
the Owyhee Uplands. Across the basin, most increase
in herbland resulted from expanding colline (below
lower treeline) exotic grass and forb cover with shrub-
land conversion. Here, we note that most native herb-
lands were converted to agricultural production prior



Table 3
Historical (H) and current (C) percentage of area® of physiognomic types, forest cover types, and structural classes of subwatersheds sampled in Ecological Reporting Units of the
mid-scale ecological assessment of the interior Columbia River basin

Patch Ecological reporting units
types
P Blue Cenral Columbia Lower Northern ~ Northern ~ Northern ~ Owyhee Snake Southern  Upper Upper Upper
Mtns Idaho Plateau Clark Cascades  Glaciated Great Uplands Headwtr  Cascades  Clark Klamath Snake
Mtns. Fork Mtns Basin Fork

H C H C H C H C H C H C H C H C H C H C H C H C H C

Physiognomic types
Forest 62.8 64.1 734 735 26.1 29.1 91.7 945 788 782 81.0 808 72 73 02 02 745 73.8 80.5 883 87.2 86.2 50.5 475 2.4 3.2
Woodland 2.7 42 0.1 00 6.7 122 - - 03 07 - - 153 222 55 76 02 03 00 04 - - 84 128 3.0 2.9
Shrubland 14.1 10.7 19.2 17.1 322 234 19 06 48 41 31 25 728 57.6 888 810 163 139 05 05 25 21 214 188 738 68.5
Herbland 174 180 32 45 127 140 54 32 67 65 74 81 39 122 10 74 61 87 06 27 55 57 106 9.0 10.6 9.9
Other® 30 29 42 49 224 214 09 18 94 106 85 85 08 08 45 38 30 33 184 81 48 6.0 91 120 103 154
Forest cover types

GF/WF* 153 84 96 102 1.1 04 404 425 10 22 00 12 - - - - -
ES/SAF 6.3 44 227 24.1 - - 25 22 168 13.6 115 132

ASp/cOT 0.1 01 1.1 08 03 03 01 07 - - 03 19 84 77 02 02 88 57 - - 03 03 00 01 09 1.0
JUN 27 42 0.1 00 6.5 120 - - - - - - 141 218 55 75 02 03 00 04 - - 84 128 26 2.5
WL 26 22 05 03 10 01 08 26 10 10 148 114 - - - - - - - - 25 30 00 0.1 - -
WBP/SAL 0.0 0.7 5.1 25 - - - - 33 47 03 02 - - - - 69 57 00 08 43 35 - - - -
LPP 24 23 97 95 13 09 21 1.8 59 52 80 83 - - - - 15.6 11.3 194 20.6 209 195 14 1.7 0.1 0.2
LP - - 04 04 - - - - - - - - - - - - 07 11 - - 00 04 - - - -
PP 284 289 6.0 59 192 214 30 51 165 132 134 114 - - - - - - 227 281 123 9.5 26.7 235 - -
DF 7.7 171 17.6 185 3.0 3.9 26.1 21.1 23.8 25.8 30.3 30.2 - - - - 182 186 1.5 1.7 327 325 21 12 14 2.1
WH/WRC - - 09 13 04 22 147 173 3.0 24 07 28 - - - - - - - - - - - - - -
MH - - 0.0 0.0 - - 13 06 13 12 0.1 0.0 - - - - - - 30,5 297 00 0.1 47 42 - -
SP/WWP - - - - - - 03 06 01 03 15 0.0 - - - - - - 03 03 - - - - - -
PSF - - - - - - - - 6.0 83 - - - - - - - - - - - - - - - -
(e)Y6] - - - - - - - - 06 09 - - - - - - - - - - - - - - - -
SRF - - - - - - - - - - - - - - - - - - 02 04 - - 78 85 - -
PJ - - - - - - - - - - - - - - - - - - - - - - - - 04 0.5
Forest structural classes

sr¢ 39 65 97 59 23 28 327 95 92 104 169 94 - - - - 64 70 91 99 159 111 19 36 08 0.3
SEOC 143 96 184 177 6.7 7.8 157 9.2 132 132 11.8 116 65 6.0 0.0 0.1 191 153 123 143 185 182 11.3 109 04 1.0
SECC 50 50 7.7 85 38 36 103 176 76 79 72 128 07 13 - - 79 48 05 48 167 211 12 1.6 0.1 0.1
UR 13.6 11.2 160 214 3.1 33 163 37.7 175 195 184 233 - - 04 1.1 138 126 103 8.7 156 140 56 81 2.5 1.6
YFMS 21.3 29.6 184 17.1 7.3 10.0 143 17.5 21.2 22.0 255 22.8 - - 0.1 0.1 22,0 309 46.0 456 19.7 21.1 211 164 0.6 1.1
OFMS 22 1.0 14 12 23 13 02 05 58 27 05 04 - - - - 32 18 07 14 06 04 43 55 - -
OFSS 27 09 18 1.7 1.1 10 22 25 43 24 07 0.6 - - - - 20 13 16 37 02 03 74 48 0.1 0.0

% Mean values shown in bold type are significantly different at p < 0.2.

® Other’ includes anthropogenic cover types and other nonforest and nonrange types.

¢ Forest cover types are: grand fir/white fir (GF/WF); Engelmann spruce/subalpine fir (ES/SAF); aspen/cottonwood/willow (ASP/COT); juniper (JUN); western larch (WL);
whitebark pine/subalpine larch (WBP/SAL); lodgepole pine (LPP); limber pine (LP); ponderosa pine (PP); Douglas-fir (DF); western hemlock/western redcedar (WH/WRC);
mountain hemlock (MH); sugar pine/western white pine (SP/WWP); Pacific silver fir (PSF); Oregon white oak (OWO); Shasta red fir (SRF); and pinyon/juniper (PJ).

9 Forest structural classes are stand intiation (SI); stem exclusion open canopy (SEOC); stem exclusion closed canopy (SECC); understory reinitiation (UR); young forest multi-
story (YFMS); old forest single story (OFSS); and old forest mult-story (OFMS).
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Fig. 3. Historical and current spatial patterns of physiognomic conditions: (A) subwatershed 21, Lower Grande subbasin, Blue Mountains
ERU; (B) subwatershed 0402, Upper Klamath subbasin, Upper Klamath ERU.

to our historical condition. We describe changes to
what are essentially relict herblands.

3.2. Forest cover type trends

Shifts from early to late seral cover species were
evident in most ERUs (Table 3), but most pronounced
shifts occurred in the Northern Glaciated Mountains
(Fig. 6). In some ERUEs, the shift was partially masked
by steep climatic gradients. For example, in the North-
ern Cascades ERU, Douglas-fir is early seral in several
mid to upper montane series (e.g., western hemlock,
western redcedar), but to the east at lower elevations is
climax in the Douglas-fir series. Western larch cover
declined significantly in the Central Idaho Mountains,

Columbia Plateau, and Northern Glaciated Mountains,
and ponderosa pine cover decreased in the Northern
Cascades, Northern Glaciated Mountains, Upper
Clark Fork, and Upper Klamath. Ponderosa pine cover
increase in the Southern Cascades resulted from
regrowth of forests that were tractor-logged prior to
our historical photo coverage. Lodgepole pine cover
declined in the Snake Headwaters, and in six other
ERUs. Western white pine cover decreased in the
Northern Glaciated Mountains as a consequence of
white pine blister rust, mountain pine beetle mortality,
and selective harvesting, and increased slightly in the
Northern Cascades as a result of recent reforestation
efforts. Whitebark pine-subalpine larch cover declined
in the Central Idaho Mountains, Northern Glaciated



62 P.F. Hessburg et al./ Forest Ecology and Management 136 (2000) 53-83

90—

80

70

Historical

60

Current

50

40+

30

Percentage of ERU Area

20

10

g P
I T T T T 1

OU_shrub
OU_wood
NGB_wood |
CP_shrub :
CP_wood
UK_shrub
UK_wood
CIM_shrub
CIM_wood
HW_shrub
BM_shrub
BM_wood
NC_shrub
NC_wood

°
o
o
5
=
T
7]

NGB_shrub

Ecological Reporting Unit (ERU)

Fig. 4. Change in percentage of area in the shrubland (shrub) and woodland (wood) physiognomies for selected ERUs. ERU abbreviations are:
OU, Owyhee Uplands; NGB, Northern Great Basin; CP, Columbia Plateau; UK, Upper Klamath; CIM, Central Idaho Mountains; SHW, Snake
Headwaters; BM, Blue Mountains; NC, Northern Cascades. Asterisk (*) denotes significant difference at p < 0.2.

Upper John Day 0302

Historical Current

Physiognomic types

m woodland m herbland

=) shrubland © nonforest 012345 Kilometers
m forest ™ ™
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Mountains, Snake Headwaters, and Upper Clark Fork
ERUs and increased in the Blue Mountains and North-
ern Cascades. Decline in whitebark pine-subalpine
larch cover resulted from ongoing blister rust and
mountain pine beetle mortality, and expanded area
of subalpine fir and Engelmann spruce.

In contrast, Douglas-fir cover increased in the Blue
Mountains, Columbia Plateau, and Northern Cas-
cades; grand fir cover increased in the Northern Cas-
cades and Northern Glaciated Mountains; Pacific
silver fir cover increased in the Northern Cascades;
Engelmann spruce—subalpine fir cover increased in the
Northern Glaciated Mountains, Snake Headwaters,
Southern Cascades, and Upper Clark Fork; and wes-
tern hemlock-western redcedar cover increased in the
Columbia Plateau, and Northern Glaciated Mountains
(Table 3). Engelmann spruce—subalpine fir cover
declined in the Blue Mountains, and Engelmann
spruce—subalpine fir and western hemlock—western
redcedar cover both decreased in the Northern Cas-
cades. Results of transition analysis suggested that

noted increases in shade-tolerant cover types were best
explained by fire suppression and exclusion, and
selective timber harvest activities.

Added to expanded area of late seral species, aver-
age patch sizes of most forest cover species are smaller
and current land cover is more fragmented (Fig. 7A
and B). In the historical condition, spatial patterns of
biophysical environments and disturbance regimes
created patches of land cover that were large, and
overall patterns were relatively simple. In the current
condition, simple patterns have been replaced by
highly fragmented landscape cover mosaics. In some
heavily-roaded subwatersheds (Fig. 7A), patch den-
sity and mean patch size analysis, and transition
analysis indicated that widely applied patterns of
small cutting units are responsible for the change.
In other roadless subwatersheds, fine to mid-scale
disturbance processes are responsible for reduced
connectivity of land cover. For example, subwatershed
55 of the Methow subbasin (Fig. 7B) resides in the
Pasayten Wilderness. Prior to the era of fire suppres-
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North Cascades ERU.

sion (pre-1930s), large scale stand replacement fires
would naturally occur on an infrequent basis resulting
in simple landscape cover mosaics consisting of a
relatively few large patches. Today, the Methow sub-
watershed exhibits reduced connectivity of land cover,
and causative factors were small fires and bark beetle
outbreaks.

In Section 3.3, we discuss changes among forest
structural classes. Here, it will be important to keep in
mind the scale dependence of observations. Immedi-
ately above, we reported that landscape cover mosaics

exhibited increased pattern complexity in the current
condition. Below, we show that patterns of structural
classes have changed in a different way.

3.3. Trends among structural classes

In general, the vertical structure of individual forest
patches has become more complex, but the landscape
pattern of structural conditions is generally simpler
when compared with historical forests. Landscape
area in old forest structures (multi-story and single
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Fig. 8. Graphical representation of forest structural classes used in the mid-scale assessment of the interior Columbia River basin; (A) stand
initiation, (B) open stem exclusion, (C) closed stem exclusion, (D) understory reinitiation, (E) young multi-story forest, (F) old multi-story
forest, (G) old single story forest. Refer to Oliver and Larson (1996) and O’Hara et al. (1996) for expanded descriptions of forest structural

classes.

story) declined in most forested ERUs (Fig. 8) , but the
most significant declines occurred in the Blue Moun-
tains, Northern Cascades, Snake Headwaters, and
Upper Klamath ERUs (Fig. 9, Table 3). Landscape
area in stand initiation structures (new forest) declined
in five of nine forest-dominated ERUs and increased in
one, the Blue Mountains. Area in stand-initiation
structures declined in the Central Idaho Mountains,
Lower Clark Fork, Northern Glaciated Mountains,
Upper Clark Fork, and Upper Snake ERUs (Fig. 10).

This stands to reason because stand replacement and
mixed severity fires were historically dominant in
these ERUs across space and time.

Area and connectivity of intermediate (not new and
not old forest) structural classes (stem exclusion,
understory reinitiation, and young multistory) in-
creased in most forested ERUs. This change toward
landscape dominance by intermediate forest structures
was the general mechanism of pattern simplification.
When viewed simplistically, there is currently less
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Fig. 9. Change in percentage of area in of old forest and other structures for selected ERUs. Structural class abbreviations are: SI, stand
initiation, SE, stem exclusion (both open and closed canopy conditions), UR, understory reinitiation, YFMS, young multi-story forest, OF, old
multi-story and single story forest. Asterisk (*) denotes significant difference at p < 0.2.

area in stand initiation and old forest structures, and
considerably more area and improved connectivity of
intermediate forest structures. The most notable
increases in intermediate structures occurred in the
Blue Mountains, Central Idaho Mountains, Columbia
Plateau, Lower Clark Fork, Northern Glaciated Moun-
tains, Snake Headwaters, Southern Cascades, and
Upper Clark Fork ERUs. Area in intermediate struc-
tural classes actually declined in the Upper Klamath
ERU, where transition analysis implicated extensive
past harvesting.

3.4. Other structural changes

Four additional findings related to forest structural
change are worthy of brief mention: (1) In the histor-
ical condition, large (>63.5 cm DBH) and medium
(40.5-63.5 cm DBH) trees were once more widely
distributed in structures other than old forest as a

conspicuous remnant after stand-replacing wildfires.
Change analysis indicated that patches with medium
and large trees were targeted for timber harvest,
regardless of their structural affiliation. (2) Along with
other raw attributes interpreted from aerial photos, we
estimated dead tree and snag abundance in each forest
patch as: none, <10% , 10-39%, 40-70%, and >70%
of trees dead or as snags. Change analysis with these
data indicated that dead tree and snag abundance
increased significantly in most forested ERUs, but
primarily in the pole and small tree (12.7-40.4 cm
DBH) size classes, because the medium and large trees
were depleted by timber harvest. (3) Current forest
patches have more canopy layers than were displayed
in the historical condition, and understory layers are
typically comprised of late seral species. (4) In the
historical condition, forest understories were often
absent or comprised of shrub and herbaceous species.
Current forest understories are less often grass or
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shrub and mostly coniferous. With livestock grazing
and the elimination of surface fires, multi-layered
conifer understories developed.

3.5. Landscape spatial patterns

We conducted change analysis with cover type-
structural class couplets as patch types. In the sections
that follow, we discuss changes occurring across all
ERUs for a given subset of metrics (Table 1).

3.5.1. Richness, diversity, and evenness

Patch richness (PR), Shannon’s (1949) diversity
index (SHDI), and the inverse of Simpson’s A4 (N2,
Hill, 1973) provide different views of the diversity of
patch types of a landscape. While richness tallies the
number of patch types present regardless of their
abundance, the SHDI and N2 indices incorporate

abundance into t