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Abstract

Davis, Raymond J.; Bell, David M.; Gregory, Matthew J.; Yang, Zhiqiang; Gray,
Andrew N.; Healey, Sean P.; Stratton, Andrew E. 2022. Northwest Forest Plan—the
first 25 years (1994-2018): status and trends of late-successional and old-growth forests.
Gen. Tech. Rep. PNW-GTR-1004. Portland, OR: U.S. Department of Agriculture,
Forest Service, Pacific Northwest Research Station. 82 p. https://doi.org/10.2737/
PNW-GTR-1004.

This is the fourth in a series of periodic monitoring reports on the status and trends of late-
successional and old-growth (LSOG) forests since the implementation of the Northwest
Forest Plan (NWFP) in 1994. The objective of this monitoring is to evaluate the success of
the plan in reaching its desired amount and distribution of LSOG forest on federal lands
within the range of the northern spotted owl (Strix occidentalis caurina) in the United
States. We began our assessment in the years shortly preceding the NWFP, but primarily
focused on how LSOG forests have changed as a result of disturbance and forest succession
since 1993, the year of the assessment that led to the implementation of the NWFP. We
developed an annual time series (1986—2017) of LSOG maps based on an “old-growth
structure index” (OGSI) using two age thresholds: >80 and >200 years. These ages
represent when forests commonly attain stand structure associated with late-successional
forests (OGSI 80) and old-growth forests (OGSI 200) in this region.

Maps showed a slightly increasing trend in LSOG forests (OGSI 80) on federal lands
with a 0.3-percent net gain between 1993 and 2017. Forest Inventory and Analysis plot data
from two measurement/remeasurement periods (2000s and 2010s) were used to corroborate
mapped estimates. For OGSI 80 and OGSI 200 forests, we estimated gross losses from
wildfire at 6.2 and 6.9 percent, respectively; timber harvest losses at 1.9 and 2 percent,
respectively; and loss from insects or other causes at 0.7 and 0.9 percent, respectively. This
indicates that, at the NWFP scale, processes of forest succession compensated for losses.
The NWEFP anticipated a continued decline in LSOG forests for the first few decades until
the rate of forest succession exceeds the rate of losses. Decadal gross losses of about 5
percent per decade from timber harvesting and wildfire (combined) were expected. Over
the extent of the NWFP, observed losses from wildfire generally met expectations, but
losses from timber harvesting were about one-third of what was anticipated. Results were
consistent with expectations for OGSI 80 abundance, diversity, and connectivity outcomes
for this period of time. For OGSI 200, these outcomes were slightly degraded. Given
that we are only one quarter into a 100-year plan, nothing in these findings suggests that
desired outcomes are unattainable over the next 75 years. However, observed increases in
frequency and extent of large wildfires, and expected additional increases owing to climate
change, provide reasons for concern.

Keywords: Northwest Forest Plan, effectiveness monitoring, late-successional and
old-growth forests, old-growth structure index, Gradient Nearest Neighbor imputation,
GNN, Landscape Change and Monitoring System, LCMS, Forest Service, Bureau of Land

Management, late-successional reserves, physiographic provinces.
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Preface

Monitoring late-successional and old-growth forests within the Northwest Forest Plan
(NWFP) area was approved by an Intergovernmental Advisory Committee. The monitoring
program is consistent with the framework for effectiveness monitoring described in “The
Strategy and Design of the Effectiveness Monitoring Program for the Northwest Forest
Plan” published in 1999 and follows protocols and guidance in the “Late-Successional and
Old-Growth Forest Effectiveness Monitoring Plan for the Northwest Forest Plan,” published
in 1998. The interagency effectiveness monitoring framework was implemented to meet
requirements for tracking the status and trends of older forests, populations and habitats of
northern spotted owls (Strix occidentalis caurina) and marbled murrelets (Brachyramphus
marmoratus), watershed conditions, social and economic conditions, and tribal relationships.
Monitoring is conducted in 1- to 5-year intervals, and results are documented in a series of

technical reports. This report, and the others in the current series, covers the first 25 years
of the NWFP.
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Introduction
The Northwest Forest Plan (NWFP) amended 19
U.S. Department of Agriculture, Forest Service forest
management plans and 7 U.S. Department of the Interior,
Bureau of Land Management (BLM) resource management
plans in western Washington and Oregon, northwestern
California, and the Forest Service’s Pacific Northwest and
Pacific Southwest Regions within the range of the northern
spotted owl (Strix occidentalis caurina). An interagency
effectiveness monitoring framework was implemented in
the late 1990s to meet NWFP requirements for tracking
the status and trends of late-successional and old-growth
(LSOQ) forests, northern spotted owl populations and
habitat, marbled murrelet (Brachyramphus marmoratus)
populations and habitat, watershed condition, social and
economic conditions, and tribal relationships (Mulder et
al. 1999). This report is the fourth in the series of LSOG
monitoring reports outlined by the interagency monitoring
plan (Hemstrom et al. 1998); it covers the time period from
1986 to 2017, but primarily focuses on the time since the
NWFP was designed in 1993. As was done in previous
monitoring reports (Davis et al. 2015; Moeur et al. 2005,
2011), the term “older forest” is used here interchangeably
with the terms “late-successional” and “old-growth”
forest. This was done to allow flexibility for assessing and
displaying results based on a variety of definitions. The
following summarizes the assessment of older forests
for federally administered forest lands (“federal lands™)
affected by the NWFP. Information on other ownerships
(“nonfederal lands”) was provided for context. Because
of updates in information sources and improvements in
analytical techniques, the results in this report supersede
and are not directly comparable to those in previous reports.
The goal of LSOG monitoring is to evaluate the success
of the NWFP in achieving the desired amount and spatial
distribution of older forests on federal lands. Three
specific monitoring questions were addressed in this report
(Hemstrom et al. 1998: 7):
» What was the amount and distribution of older forest
at the large-landscape scale (e.g., NWFP area, state,
physiographic province)?
» What was the spatial arrangement of older forest stands,
interior areas, edges, and inter-stand distances across the
NWFP landscape?

» How did these things change as a result of disturbance
and forest succession starting with the year of the
NWEP analyses in 19937

This monitoring relied on two types of data to answer
these questions—maps and forest inventory plots. The
NWEFP covers a very large geographic area of more than
50 million ac, with about half managed by the federal
government. A cost-effective way to map forest conditions
across such large areas is to integrate periodically collected
forest inventory plot data with satellite remote sensing
data that is compiled annually. The plot data provide area
estimates and enable monitoring of stand-level changes
that satellites cannot see. The remotely sensed maps allow
us to monitor amounts and spatial patterns across broad
landscapes on an annual basis. Together, remotely sensed
maps corroborated with plot-based estimates increase our
confidence in observed trends and patterns in older forests

over time.

NWFP Expectations
At its implementation, the NWFP anticipated that the rate
of loss of older forests on federally managed lands that had
been observed in prior decades would diminish, stabilize,
and eventually begin to increase as younger forests in
reserved land use allocations developed into older forests.
A continued loss of existing older forests of about 5 percent
per decade from timber harvesting and wildfires was
expected, but recruitment was expected to eventually
exceed these losses. It was estimated that it would take 5 to
10 decades to restore the amount of older forest on federal
lands to within the typical range that occurred during
previous centuries, and closer to what they had been prior
to logging and extensive fire suppression (FEMAT 1993,
USDA FS and USDI BLM 1994: chapters 3 and 4: 36—46).
General goals for abundance, diversity, and connectivity
of older forest were described by the Forest Ecosystem
Management Assessment Team (FEMAT 1993), the NWFP
(USDA FS and USDI BLM 1994: chapters 3 and 4: 36—46),
and refined into “measurable outcomes” by Hemstrom
et al. (1998: 19-21). Measurable outcomes were based on
long-term averages, defined as a period of at least 200 to
1,000 years, over which the full potential range of older
forest communities could develop after a severe disturbance.

It was estimated that 60 to 70 percent of the forested area
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under the NWFP was typically covered by older forests
(higher proportions in moister forests and lower in drier
forests). It was also estimated that the average centurial low
(average of the lows that occur in 100-year periods) was

40 percent, setting the lower limit of the “typical” range
for older forest coverage (FEMAT 1993). These outcome
thresholds were based on the understanding of long-term
reference conditions when the NWFP was designed (1993);
we acknowledge that they might need to be adjusted as the
climate changes and our scientific understanding of forest
ecology in this region evolves.

At the start of the NWFP, much of the federal forest
landscape did not meet these conditions for old-growth
forests. The monitoring conducted here allowed us to
evaluate whether the NWFP has yet met these expected
outcomes. The overall expectation in 1993 (based on expert
opinions) was that the NWFP had a 77-percent likelihood
of achieving desired outcomes in moister forest provinces,
and a 63-percent likelihood in drier provinces (FEMAT
1993). Hemstrom et al. (1998) cautioned that it would take
many decades of older forest development to achieve

these outcomes.

Data Sources and Methods

Many, but not all, of the data sources used in this report
were initially developed and used in previous monitoring
reports. During each 5-year monitoring cycle, data sources
are updated to incorporate new research findings and other
information, or to correct errors. Although more detailed
descriptions of these data sources can be found in previous
monitoring reports (Davis et al. 2011, 2015; Lint 2005;
Moeur et al. 2005, 2011), we briefly describe them here, and

discuss any updates made from previous versions.

Physiographic Provinces

The NWFP boundary is based on the geographic range

of the northern spotted owl in the United States. It was
divided into 12 physiographic provinces for analytical
purposes (FEMAT 1993, Thomas et al. 1990, USDA FS
and USDI BLM 1994). Physiographic provinces were
delineated to reduce the complex and diverse nature of the
owl’s range into broad areas that represented different forest
zones, plant communities, and disturbance regimes that

vary geographically with climate, topography, soils, and

geology. These physiographic provinces were largely based
on subdivisions by Franklin and Dyrness (1973). We used
the same physiographic provinces that have been used since
the 15-year report (Moeur et al. 2011).

Forest Vegetation Zones

Similar to physiographic provinces, potential forest
vegetation zones reflect the physical and climatic conditions
of the area and are useful for ascribing ecological
processes of forest development and disturbance, but at

a finer spatial resolution. The potential vegetation zone
map is a 30-m raster map developed by the Forest Service
Pacific Northwest Region Ecology Program (Simpson
2019), which provided consistent coverage for all forest
lands in Washington, Oregon, and California. The layer is
similar to the layer used in the 20-year monitoring effort
but was geographically expanded beyond the NWFP
footprint for use in other broad-scale assessments. It was
similarly derived from overstory and understory tree
species composition and abundance (percentage of cover)
information in existing Gradient Nearest Neighbor (GNN)
vegetation maps developed by the Landscape Ecology,
Modeling, Mapping, and Analysis group (LEMMA

2020). Although presence and percentage cover of tree
species were used to infer potential forest vegetation
zones, other indicator species (trees not used in vegetation
zone delineation and understory species) were grouped

by moisture and temperature regimes. The abundance

and number of species in a group served as indicators

for subzones within a vegetation zone. This delineation
often indicated different disturbance regimes, rates of
development after disturbance, and ultimately what type of
forest would dominate in the absence of disturbance.

GNN annual time series maps from LandTrendr-
normalized products (Davis et al. 2015, Kennedy et al.
2018) were used to account for species composition changes
owing to recent disturbances such as fire or timber harvest.
Where mapped vegetation was highly variable (indicating
one or more disturbances), the higher ranked (generally
more mesic) vegetation zone was assigned. Independent
Ecology Program plots (ECOSHARE 2020) were used for
classification assessment.

The most common forest vegetation zones within the

NWFP area were low- to moderate-elevation types, such
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as western hemlock (Tsuga heterophylla (Raf)) Sarg.),
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), and
grand fir/white fir (4bies grandis (Douglas ex D. Don)
Lindl. var. grandis/A. concolor (Gord. & Glend.) Lindl.
ex Hildebr.), which accounted for about 65 percent of

the forested areas (fig. 1). Higher elevation types such as
Pacific silver fir (4. amabilis (Douglas ex Loudon) Douglas
ex Forbes), mountain hemlock (7. mertensiana (Bong.)
Carriére), and subalpine accounted for about 18 percent
of NWFP forests. Coastal areas are dominated by Sitka
spruce (Picea sitchensis [Bong.]. Carriére) to the north
and redwoods (Sequoia sempervirens (Lamb. ex D. Don)
Endl.) to the south and comprised about 7 percent of the
forested area. The remaining 10 percent is composed of
various other vegetation zones. Broadly, the term “moist
forest” used in this report refers to the western hemlock,
Sitka spruce, and coastal redwood zones (fig. 1). The term
“dry forest” refers to Douglas-fir, grand fir, and the pine
zones (e.g., ponderosa pine [Pinus ponderosa Lawson

& C. Lawson].).

Land Use Allocations

Land use allocations (LUAs) describe overarching forest
management direction. The geographic information system
(GIS) layer representing LUAs was originally delineated
during the analysis for the NWFP (USDA FS and USDI
BLM 1994). It has been updated prior to each monitoring
cycle to account for LUA changes that occurred in the
previous 5 years as well as minor editing to correct
mapping errors. Updates include federal surface ownership
boundary adjustments, changes in federal land ownership
(e.g., land exchanges, land acquisitions and disposals),

and changes due to forest resource management plan
amendments or revisions. Since the previous monitoring
report, BLM revised its LUAs in western Oregon (USDI
Bureau of Land Management 2016a, 2016b). However, new
LUAs have adopted management direction that is similar
to management direction under the NWFP (fig. 2). One
noteworthy change in the BLM revision is the division of
its forests into areas characterized as moist (northwestern
and coastal Oregon) and dry (southwestern Oregon) to
recognize ecological differences between the historical fire

regimes of western Oregon.

Similar to the standards and guidelines in the NWFP,
BLM management direction allows for timber harvesting
within late-successional reserves (LSRs) that is designed
to benefit the development of late-successional conditions
suited to these two different historical fire regimes. On
BLM moist forests, stands (generally <80 years old) not
currently providing nesting/roosting function for northern
spotted owls can be treated using a variety of methods to
speed the development of, or improve, northern spotted owl
habitat quality in the long term. Silvicultural treatments
are limited to those that do not preclude or delay by 20
years or more the development of northern spotted owl
nesting-roosting habitat in the stand and in adjacent stands,
as compared to development without treatment (USDI BLM
2016a: 64-67).

Management direction for dry forests includes the
same management direction as for moist forests except
that management direction is reflective of the more
frequent, fire-driven stand and landscape dynamics. Focus
is therefore on restoring resistance and resilience against
fire, insects, and drought through vegetation treatments.

To ensure sufficient areas were treated to meet objectives,
management direction for dry forests includes a target
treatment of 21,500 ac/decade (USDI BLM 2016b: 74-75).

Management under the NWFP split the forested area into
two parts when it came to management direction in LSRs.
West of the Cascade crest, timber harvesting is allowed
in stands up to 80 years old (110 years in the Northern
Coast Range Adaptive Management Area) regardless of
stand origin (e.g., plantations or naturally regenerated)
if it benefits the creation of, hastens the transition to,
or maintains late-successional forest conditions. East
of the crest and in the Oregon and California Klamath
Physiographic Provinces, it allows for silvicultural activities
aimed at reducing the risk of large high-severity wildfires.
The focus of these treatments is to make the reserved
forests in fire-prone environments less susceptible to losses
from large-scale high-severity fire. Such management
activities are encouraged in LSRs even if a portion of the
activities must take place in late-successional forests. Such
activities in older stands may also be undertaken in LSRs
in other provinces if levels of fire risk are shown to be
particularly high (USDA FS and USDI BLM 1994: C-12).
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Forest vegetation zones
Vegetation zone (percent forest area)
Western hemlock (36 percent)
Douglas-fir (15 percent)
Grand/white fir (14 percent)
Pacific silver fir (10 percent)
Mountain hemlock (6 percent)
Tanoak (5 percent)

Redwood (4 percent)

Sitka spruce (3 percent)

Oak woodland (2 percent)
Subalpine (2 percent)

Ponderosa pine (2 percent)
Jeffrey/knobcone pine (1 percent)
Shasta red fir (<1 percent)

Port Orford cedar (<1 percent)
Lodgepole pine (<1 percent)

Juniper woodlands (<1 percent)

AR ENNNNNENLED

Physiographic province boundaries

Physiographic provinces
1—Olympic Peninsula (WA)
2—Western Lowlands (WA)
3—Western Cascades (WA)
4—Eastern Cascades (WA)
5—Coast Range (OR)
6—Willamette Valley (OR)
7—Western Cascades (OR)
8—Klamath (OR)
9—Eastern Cascades (OR)
10—Coast Range (CA)
11—Klamath (CA)
12—Cascades (CA)

0 50 100 150 200
Miles $

Vancouver
Islandb e

Victoria

‘Oregon .

=
California

Figure 1—Potential forest vegetation zones used in deriving old-growth structure index equations. CA = California, OR = Oregon,

WA = Washington.
4



Northwest Forest Plan—The First 25 Years (1994—-2018): Status and Trends of Late-Successional and Old-Growth Forests

Pre-revision Post-revision

I 5LV LSRs

BLM dry forest

Physiographic provinces
1—Coast Range (OR)
2—Willamette Valley (OR)
3—Western Cascades (OR)
4—Klamath (OR)

5—Eastern Cascades (OR)

0 25 50
e e —

Miles

Figure 2—Revised Bureau of Land Management (BLM) late-successional reserves (LSRs) in western Oregon.

Federal LUAs have specific management directions LSOG forest on a landscape scale, where regular and
under the NWFP. This report groups these allocations into frequent wildfires historically occurred. Silvicultural
two categories: (1) reserved and (2) nonreserved. Reserved and fire hazard reduction treatments are allowed to help
allocations are areas where the maintenance and restoration prevent older forest losses from large wildfires or disease
of older forests over time is expected under the current land and insect epidemics.
use plans, including: * Administratively withdrawn areas (AW)—areas
* Congressionally reserved areas (CR)—Ilands reserved identified in local forest and district plans, including

by the U.S. Congress such as wilderness areas, wild and recreation and visual retention areas, backcountry,

scenic rivers, and national parks and monuments. and other areas where management emphasis does not
» Late-successional reserves (LSRs)—Iands reserved include scheduled timber harvest.

for the protection and restoration of LSOG forest + Adaptive management area in reserves (AMR)—areas

ecosystems and habitat for associated species; this identified to develop and test innovative management

includes marbled murrelet reserves (LSR3) and northern to integrate and achieve ecological, economic, and
spotted owl activity core reserves (LSR4). other social and community objectives. Emphasis is

* Managed late-successional areas (MLSAs)—areas for on restoration of late-successional forests, and they are
the restoration and maintenance of optimum levels of managed as LSRs.
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Nonreserved LUAs were designed for multiple land
use objectives, including sustained-yield management for
timber production, including:

* Matrix (other)—federal lands outside of reserved
allocations where most timber harvest and silvicultural
activities were expected to occur.

» Adaptive management area nonreserved (AMA)—
identified to develop and test innovative management to
integrate and achieve ecological, economic, and other
social and community objectives. Commercial timber
harvest was expected to occur in these areas, testing

alternative approaches to meet NWFP objectives.

This report updates the LUA layer through the end
of 2017. Since NWFP implementation, there has been a
slight overall increase in federal lands (1.8 percent) with an
8-percent increase in reserved LUAs (fig. 3), largely owing
to new LSR designations by the BLM in western Oregon
(fig. 2). We used the latest updated LUA layer to frame
the status and trend analyses in this report. As in previous
monitoring reports, riparian reserves, another NWFP LUA,
were not delineated because they were supposed to be

delineated based on site-specific analysis.

25 H ND
I I I I M Other

= 20
® AW
5
® m TAvA
c 1
5 5 | H B VILSA
E m LSR
3 10 B CR
—
(4v]
©
& s
|

0

FEMAT
10 years
15 years

Figure 3—Land use allocation updates and change in land

area through time. ND = no data, AW = administratively
withdrawn, AMA = adaptive management area, MLSA =
managed late-successional area, LSR = late-successional reserve,
CR = Congressionally reserved, FEMAT = Forest Ecosystem
Management Assessment Team (FEMAT 1993).

Old-Growth Structure Index
The old-growth structure index (OGSI) was designed to

reflect the continuous nature of ecological succession as
opposed to identifying one point along the continuum

to separate old growth from younger forests (Spies and
Franklin 1988). The OGSI was calculated using one to
four measurable old-growth structure elements, including
(1) density of large live trees, (2) diversity of live-tree
size classes, (3) density of large snags, and (4) percentage
cover of down woody material (app. 5). These are elements
commonly considered as key ecological and structural
attributes of old-growth forests within the NWFP area
and vary by vegetation zone. The index ranges from 0 to
100, where higher values indicate increasing old-growth
structural characteristics. See the previous LSOG report
(Davis et al. 2015: 16—18, table 5) for more details.

For NWFP monitoring purposes, we are required to
identify thresholds along the OGSI gradient (fig. 4) to
produce plot estimates and binary maps of older forests for
analysis of abundance and distribution (0 = not older forest,
1 = older forest). We used Forest Inventory and Analysis
(FIA) plot data (Burrill et al. 2018), grouped by vegetation
zone from the expanded three-state mapping area, to fit
nonparametric curves to the relationship between OGSI
and the average age of the dominant overstory trees in
a stand using locally weighted polynomial regression in
R version 3.0.2. (R Core Team 2013) (app. 6). The R2 for
polynomial regressions ranged from 0.22 to 0.67 (mean

= 0.41), reflecting a large degree of variation in forest
structure at a given stand age. However, the consistent
positive relationship between stand age and OGSI supports
its use for assessing LSOG forest conditions. The first
threshold we chose was based on a stand age of >80 years
for all forest vegetation zones with the exception of the
ponderosa pine zone, which was >120 years owing to the
shape of the OGSI curve being flat until the stand age
was >80 years. We called this threshold “OGSI 80 and
used it to describe the point on the forest succession time
scale at which young forests in the NWFP area generally
begin to “mature” and start exhibiting stand structure
associated with older forests (FEMAT 1993, Franklin
and Johnson 2013, USDA FS and USDI BLM 1994). The
second analytical threshold used in this report was called
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High

Old-growth structure index

Young with Mature with Early Mid
Low 0 old-growth remnants 70 old-growth remnants 150 old growth 250 old growth 500 old growth 750
Younger Older
g Stand age (years)

Figure 4—The old-growth structure index from Spies and Franklin (1988) is represented by the solid curved line. The dashed curve
line represents the modified index curve used for mapping older forests in this report. It minimized inclusion of young forests with high
structural diversity (e.g., post-wildfire snags and logs) and is focused on older forests.

“OGSI 200” and was based on a >200-year stand age

(>160 years for oak woodlands and lodgepole pine (Pinus
contorta Douglas ex Loudon) due to the curves remaining
flat or declining after that age threshold), which generally
corresponds to the range of stand ages used to define the
“old-growth” condition in this region (see Davis et al. 2015:
table 5). We also produced thresholds for >120 and >160
years in table 6-1.

As discussed in the previous report (Davis et al. 2015),
young forest stands with high amounts of dead wood (snags
and down wood) inherited from the previous old stand
can achieve an index value in the midrange of the scale
(see shaded area in fig. 4). As the focus of this monitoring
was to estimate amounts of older forest, not structurally
complex early-seral forest, we modified the binary older

forest thresholds using a live-tree qualifier to only include
stands with >10 percent of live-tree canopy cover (the same
threshold used by the FIA program to qualify a plot as
“forested”) and either the presence of at least one large live-
tree exceeding the diameter threshold or an average stand
diameter greater than half the size of the live-tree diameter
threshold for that vegetation zone.

Maps of older forest based on these thresholds are not
maps of stand age, per se. Rather, they are maps of old-
growth structure that represent two different points in the
continuum of forest succession and stand development: one
at which forests begin to exhibit elements of mature forest
structure, and one occurring later when the characteristics
of old growth are becoming well established (Franklin et al.
2002, Spies 2004).
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Forest Inventory Plots

The forest attributes used in this report were derived from
field measurements of forest conditions on forest inventory
plots distributed across the region (Bechtold and Patterson
2005). We used these plot data for GNN map production to
estimate vegetation conditions for specific years of interest
(Ohmann and Gregory 2002). We also used the plot data
with standard FIA estimators for comparison against our
map-based estimates.

Plot data from regionally standardized forest inventories
with a single sampling design were used exclusively in
this assessment. Specifically, we used plots from the FIA
program as well as a regional inventory plot intensification
on nonwilderness Forest Service lands, all of which
employ the standard FIA plot design. This design utilizes
a cluster of four circular subplots on which a variety of
forest attributes are measured (Bechtold and Patterson
2005). Prior monitoring reports included data from
older inventories, but differences in plot design and field
protocols among inventories can affect OGSI calculations,
particularly estimates of change. The FIA sample since
2001 provides a set of plots remeasured with a consistent
design, making the comparison of OGSI and changes in
OGSI across all land ownerships more robust (Gray et al.
2009). FIA regularly reports on the conditions of forestland
in states in the NWFP area (Christensen et al. 2016; Palmer
et al. 2018, 2019).

Beginning in 2001 in California and Oregon, and 2002
in Washington, the FIA program of the Forest Service
Pacific Northwest Research Station installed plots across
all ownerships with a spacing of one plot per 6,000 ac
(Bechtold and Patterson 2005). Except for wilderness on
National Forest System (NFS) lands in the Forest Service’s
Pacific Northwest Region, the same FIA procedures were
used on the old current vegetation survey (or “CVS”)
inventory grid locations on a 1.7-mile spacing (one plot
per 1,850 ac). A full set of FIA plots (“cycle”) is measured
over a 10-year period in the West, with each year’s
measurements distributed uniformly across each state. Plot
remeasurements began in 2011 (2012 in Washington).

For the direct plot analysis, we analyzed the subset of
plots that had been installed and remeasured to get the most
accurate estimate of change. For California and Oregon,
this consisted of plots that were installed in 2001-2006 and

remeasured in 2011-2016; for Washington, it consisted of
plots that were installed in 2002—2006 and remeasured in
2012-2016. In the results, the first measurement is called
“2000s” and the second measurement is called “2010s.” The
plot analysis therefore presents the average change over a
10-year period for plots measured in 2001-2016. During
both time periods, some plot measurements predated
forest disturbances, such as large wildfires, that occurred
during the averaged time period. A total of 5,920 FIA plots
sampled 44.8 million ac of forestland and were installed
and remeasured within the NWFP area between 2001 and
2016 (table 1). Forestland is defined by FIA as areas with
the potential to support >10-percent cover of tree species,
>1 ac in size, >120 ft wide, and exclusive of areas primarily
managed for a nonforest land use. The FIA inventory post-
stratifies plot measurements using satellite imagery, land
ownership, and other ancillary layers to improve inventory
precision, using statistics for known strata weights to
calculate sample error (Bechtold and Patterson 2005,
MacLean 1972). To better match estimates for the NWFP
boundary, we adjusted the plot expansion factors to match
the total acres in each federal ownership, as delineated in
the LUA layer.

The FIA dataset compiled for this report differs
somewhat from that used in the previous report. The
previous report only used the base FIA grid without the
NEFS Pacific Northwest Region spatial intensification plots,
and only the initial installation data (2001-2011) were
available. The previous report included very large trees
measured on a hectare surrounding the FIA plot on NFS
and BLM lands; because those trees were not included in
the remeasurement protocols, they were excluded from
the current analysis. The previous report used down wood
measured on longer transects (for a total of 472 ft/plot);
because transects were shortened to reduce expense during
remeasurement (for a total of 192 ft/plot), data from the
earlier measurements were subset to ensure equal transect

length samples between measurement periods.

Forest Mask

This data source is a 30-m resolution raster coverage used
for map analyses that represents areas within the NWFP
boundary that are capable of developing into forests (a.k.a.
forest capable). It was developed for the 15-year monitoring
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Table 1—Distribution and forested area sampled by forest inventory
plots used for the plot-based assessment of older forest change

updating, and replacing the maps used
in the NWFP 20-year monitoring report

State and physiographic

(Davis et al. 2015).

R Number of plots  Forested area SE
province These maps show the year,
Thousand acres magnitude, duration, and cause of
Washington: historical fires, harvest, and other
Olympic Peninsula 313 2,785 141 disturbances. They represent an
Western Lowlands 332 3,844 171 evolution in the use of Landsat satellite
Western Cascades 749 5,163 166 data (available since 1972) in NWFP
Eastern Cascades 686 4,700 167 monitoring. Kennedy et al. (2012)
Total 2,080 16,492 214 improved upon earlier maps of regional
disturbance (Healey et al. 2008) by
Oregon: . . . . o
using a time series analysis built into an
Coast Range 602 5,068 165 algorithm called LandTrendr to allow
Willamette Valley 58 505 66 detection of more subtle disturbances.
Western Cascades 1,208 6,151 161 Here, the current maps take advantage
Klamath 516 3,374 141 of a finding that an ensemble of
Eastern Cascades 451 2,227 107 LandTrendr maps, each operating on a
Total 2,835 17,324 183 different spectral band of forest surface
) ) reflectance, greatly increases change
California: . L
detection sensitivity and accuracy
Coast Range 303 3,348 164
(Cohen et al. 2018, Healey et al. 2018).
Klamath 525 5,608 211 ) .
This process, detailed below, can cut
Cascades 177 1,982 141 both omission (false negatives) and
Total 1,005 10,938 270 . . .
commission (false positives) error in
Northwest Forest 5,920 44,754 390 half (Healey et al. 2018).
Plan total

SE = standard error.

report (Davis et al. 2011) and is largely based on the

U.S. Geological Survey Gap Analysis Program and the
“impervious layer” from the National Land Cover Database
(Herold et al. 2003, Vogelmann et al. 2001). It attempts

to exclude urbanized areas, major roads, agricultural
areas, water, lands above tree line, snow, rock, and other

nonforested features.

Forest Disturbance Maps

Annual forest disturbance maps for forest-capable lands
from 1986 to 2017 were produced by the Laboratory for
Applications of Remote Sensing in Ecology using ensemble
LandTrendr methodology described in Cohen et al. (2018).
These maps are part of a larger national dataset produced
by the Landscape Change Monitoring System (LCMS),

The mapping method has four
components: (1) preprocessing; (2)
LandTrendr segmentation; (3) ensemble
classification; and (4) postprocess enhancements, including
labeling cause of change. The mapping process was carried
out in Google Earth Engine™ (GEE)/ (Gorelick et al. 2017),
a cloud-based platform that provides easy access to the
Landsat archive, a programming interface, and massively
parallel computing power. Images were atmospherically
corrected to surface reflectance using the Landsat
Ecosystem Disturbance Adaptive Processing System
methodology (Masek et al. 2008). A medoid composite
image was developed for each year using the cloud-free

I'The use of trade or firm names in this publication is for reader
information and does not imply endorsement by the U.S.
Department of Agriculture of any product or service.
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pixel values that were acquired between June 1 and

September 30; clouds and cloud shadows were screened

using the f-mask method (Zhu and Woodcock 2012).

We submitted each Landsat reflectance band, plus
common indices such as the normalized burn ratio (NBR),
to LandTrendr for temporal segmentation in GEE. The
GEE implementation of LandTrendr has been shown to
be comparable to earlier versions used in previous NWFP
monitoring efforts (Kennedy et al. 2018). Modeling details
are described by Cohen et al. (2018).

The ensemble model method chosen for integrating the
many LandTrendr outputs was “stacking” (Healey et al.
2018, Wolpert 1992), a process where a reference dataset
allows a secondary model to integrate the outputs of several
different algorithms (or “base learners”). In this case,
reference data came from 7,200 clustered random samples
(Cohen et al. 2016) of forest disturbance/no-disturbance
observations collected using an image interpretation tool
called TimeSync (Cohen et al. 2010). TimeSync allows
users to access historical Landsat imagery to be compared
with any available historical aerial image for interpretation
of disturbance. Through TimeSync, each sample was
divided into temporal segments corresponding to observed
forest disturbance events. The output of the stacking
process was a percentage likelihood of disturbance
produced by a random forests model (Breiman 2001)
that used all band/index-wise LandTrendr outputs as
inputs and was calibrated with TimeSync data. Three
types of annual forest disturbance maps were then
produced from this process:

* Year of detection—the image year of change detection.
This year does not always represent the “year of
disturbance.” Often, vegetation change caused by
a disturbance was detected the following year but
sometimes in less than 1 year depending on Landsat
image availability and other factors. Usually, disturbance
was detected within 2 years of the disturbance event.

* Duration of disturbance—based on the duration (number
of years) of consecutive disturbance segments. Short-
duration (usually l-year) disturbances are associated
with events that quickly remove or alter forest vegetation
cover (e.g., wildfire, timber harvest, forest clearing,
wind, floods, etc.). Disturbances lasting multiple years

represent slow forest change and loss of cover caused by
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insects, disease, or other physiological stressors (Cohen
et al. 2016).

» Severity of disturbance—the relativized difference in
the normalized burn ratio (RANBR) (Miller and Thode
2007) was used as our index of disturbance severity. We
classified disturbance severity using class thresholds
(low, moderate, high) identified by Reilly et al. (2017)
that correlated RANBR with tree mortality (percentage
of live-tree basal area change) from pre- and postfire
forest inventory plots. High-severity disturbances
were later used in postprocessing of old-forest maps
to exclude unrealistic model outputs for those maps.
Areas within mapped wildfire perimeters that may have
experienced a light surface burn under a closed canopy
(thus no difference in NBR) or were islands of unburned

areas were assigned to the low-severity class.

The last step in disturbance mapping was to assign a
causal agent (wildfire, timber harvest, insect/disease, and
other) for each disturbance signal for each year. This was
a technical advancement from the last monitoring report
(Davis et al. 2015) where only the highest magnitude
(severity) disturbance was used across all years. This new
procedure captured multiple disturbances that occurred in
the same area (pixel) over the course of time. Assignment
of causal agent was based on interpretation of the duration
of the disturbance; its location in relationship to federal
LUAs; relationship to aerial detection survey maps for
insects and disease (Coleman et al. 2018, Johnson 2016);
spatial relationship to mapped wildfire perimeters (e.g.,
GeoMAC, NIFC, MTBS); and, when inside wildfire
perimeters, the year of detection in relationship to the
wildfire year. If a disturbance inside a wildfire perimeter
predated the wildfire year by more than 2 years, it was
attributed to some other cause (e.g., insects or timber
harvest). We classified disturbance casual agents into four
general classes using the rules below:

» Timber harvest—Represents timber harvesting
including thinning and regeneration. Classified as
abrupt disturbances (duration <4 years) outside of
congressionally reserved (CR) lands (e.g., wilderness
areas) where timber harvesting is not allowed in
the reserved area’s management plan. During our
monitoring time period, new CRs have been designated

by Congress. For these, harvest attribution applied only
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to disturbances prior to the year of designation. Abrupt
disturbances within wildfire perimeters were attributed
to harvesting if they occurred prior to the fire year.

» Wildfire—with a duration of 1 year that occurred the
same year or the year following the fire year within a
mapped wildfire perimeter.

 Insect and disease—disturbances with long durations
(>4 years, persistent) or with more than four (chronic)
disturbances detected. This also includes small, shorter
duration disturbances (patch size < nine pixels) when
they occurred with a “potential insect/disease area.”
The potential insect/disease area was generated using a
focal mean analysis on a binary map of pixels exhibiting
persistent or chronic disturbance signals (duration >4
years, or more than four years disturbance events). A
focal mean using a 1-km radius (equivalent to a 776-ac
area, comparable to the range of sizes of mapped aerial
detection survey polygons for the region) was used
to identify a mapping threshold to represent potential
insect/disease areas. We observed that when at least
10 percent of this area contained persistent/chronic
disturbance signals, it matched well with the aerial
detection survey data.

* Other disturbance—all detected disturbances not
assigned above, including blowdown, floods,

landslides, etc.

Forest Vegetation Maps

Annual forest vegetation structure and composition maps
for forest-capable lands from 1986 to 2017 were generated
using the GNN imputation modeling and mapping
methodology. GNN is a multivariate, nonparametric
modeling and mapping framework that imputes forest
inventory data to individual 30-m pixels based on Landsat
multispectral forest surface reflectance and environmental
similarity in the gradient space (Ohmann and Gregory
2002). The NWFP effectiveness monitoring program
(Mulder et al. 1999) helped develop and has been using
GNN maps to track changes in forest and wildlife habitat
conditions through time since the NWFP 15-year report
(e.g., Moeur et al. 2011). These maps update and replace
those used in the NWFP 20-year monitoring reports
(Davis et al. 2015, 2016; Falxa and Raphael 2016; Miller
et al. 2017).

The modeling/mapping framework uses canonical
correspondence analysis, a method of constrained
ordination (direct gradient analysis) (ter Braak 1986), to
define a multivariate feature space of environmental
gradients based on tree or forest attributes measured
on forest inventory plots and a set of predictor variables.
Weighted Euclidean distances between plots and map pixels
in that multivariate feature space are calculated such that
the k-nearest neighbors for every pixel can be identified
as those plots that minimize the distance to the pixel in
question. For mapping, forest attributes are imputed to
pixels based on some function of those nearest neighbors,
such as the mean. Differing values of £ can be selected
based on the objectives of the user. For example, using
only the nearest neighbor (e.g., £ = 1) may help to maintain
more realistic combinations of variables (e.g., species lists)
by imputing only those combinations that were actually
observed in the forest inventory (Ohmann et al. 2014).
Conversely, using multiple neighbors (k > 1) may reduce
some types of mapping errors and allows for the estimation
of prediction uncertainties (Bell et al. 2015a, McRoberts
2012).

We used FIA plot data from California, Oregon, and
Washington with at least 50 percent forested conditions as
the source of our forest attribute data. For each plot, per-
hectare, or per-acre forest attribute values that described
the forested portion of the plot were calculated based
on tree-level data from the forested portions of subplots.
We assumed that forest attributes were homogenous for
the forested portion of each plot (e.g., variation amongst
subplots was not described). Thus, nonforest portions of
plots were not accounted for in our modeling.

Spatial predictors upon which GNN modeling was based
included relatively static variables, such as topography and
climate to more frequently changing variables, such as
forest surface reflectance (e.g., tasseled-cap transformations
of brightness, greenness, and wetness [Crist and Cicone
1984] and the NBR [Key and Benson 2006]). Previous
research indicated that modeling based on a 3-by-3 pixel
(0.81-ha) footprint and the measurements across all four
subplots performed better in terms of R? and root mean
square deviations than models using the single pixel
overlapping the central subplot (Zald et al. 2016). Thus,

spatial predictors were extracted for each plot using a
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3-by-3 pixel “plot footprint” that encompassed the outer

extent of the field plot. We intersected the plot footprint

with each spatial predictor and generated means within

it. From the medoid composite Landsat images produced

to map forest disturbances, we extracted data for the same

year as plot measurement to avoid temporal mismatches

between ground conditions and imagery. Note that while

the models were fit to these 3-by-3 pixel composites, the

mapping occurred at the 30-m pixel scale. Methodological

changes since the 20-year report include the following:

» Revised plot pools—the pool of forest inventory plots
used for modeling was modified in two ways. First,
we used only plots conforming to the annual FIA plot
design (Bechtold and Patterson 2005) (e.g., not periodic
plot measurements prior to 2001) and not current
vegetation survey plots (Max et al. 1996) as in the
20-year report (Davis et al. 2015). This decision was
based on our assessment of unrealistic temporal trends
in certain forest attributes that could only be explained
by changes in sample designs. Second, we incorporated
five additional years of plot measurements (2012-2016),
resulting in plot data that spanned 2001-2016. All plots
were screened for outliers using various algorithms
and visual inspection of predictions, Landsat imagery,
and aerial photography (as described in Davis et al.
2015). The most common outliers were associated
with inhomogeneous plots (e.g., plots straddling a
timber harvest boundary), clearly incorrect global
position system coordinates, or apparent disturbances
occurring between the time of plot measurement and the
availability of satellite imagery. Although there were no
consistent changes in the number of plots per modeling
region since the previous report (Davis et al. 2015), the
increased consistency in input data minimizes impacts
of forest attribute change artifacts owing solely to
sampling design.

» Ensemble LandTrendr imagery—for previous
reports, we used the fitted imagery provided by an
implementation of the LandTrendr algorithm on a
single spectral band (NBR). Here, we used temporally
fitted imagery derived from the ensemble LandTrendr
methodology described in the previous section, using all
bands and several derived indices.

12

Imagery stabilization—early examination of
multispectral data and subsequent vegetation maps
produced by GNN highlighted low magnitude,
multidecadal shifts in several multispectral indices. Such
changes were often associated with mature or old-growth
forests that appeared stable based on aerial photography,
but GNN predicted declines in live-tree basal area and
OGSI. Similar patterns have been previously observed
in GNN mapping, motivating the stabilization (e.g.,
use of multiyear mean spectral indices rather than the
trends from LandTrendr) when forests were deemed
to be stable (e.g., not disturbed or recovering from
disturbance) (Davis et al. 2015, Kennedy et al. 2018a).
Such issues may arise as a result of spectral saturation,
whereby the sensitivity of spectral reflectance decreases
as forest age and biomass increase (Foody et al. 2003;
Lu et al. 2012, 2016), meaning that small changes owing
to “imagery noise” can drive shifts in forest attribute
predictions from the modeling. Other potential drivers
of multidecadal shifts in spectral indices include orbital
drift for the Landsat 5 satellite, causing a decrease in the
normalized difference vegetation index (Zhang and Roy
2016) or increasing exposure of nonleaf material in older
forest, such as lichen and bark (Cohen and Spies 1992).
Here, we adopted an imagery stabilization method
intended to minimize errors associated with slow
spectral changes in older forests lacking any observed
disturbance or recovery signal. We identified stable
pixels as locations where ensemble LandTrendr had
a single segment (e.g., no evidence of disturbance or
recovery) from 1986 to 2017 and classified as OGSI 80 in
1993 using GNN predictions based on unstable imagery.
We then stabilized imagery for those pixels by replacing
the temporally smoothed indices from LandTrendr with
the mean value across years for each band or index.
Previous stabilization methods held spectral
indices constant across years for all pixels that did not
experience disturbance or recovery (e.g., Kennedy et
al. 2018), meaning that the primary mode of change
was disturbance (e.g., loss of older forest), which may
bias results by underrepresenting gains in older forests.
In contrast, our current imagery stabilization method
minimizes unreasonable modeled changes in older

forests while still allowing for the transition of young
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stands into mature forest conditions. Whereas the forest
area stabilized in the previous 20-year report was 15.7
million ha (43.1 percent of total forest area), stabilization
in these models only accounted for 9.9 million ha
(27.1 percent).

» Bootstrap approximation—Previous reports used k =
1 GNN (e.g., imputing the nearest neighbor only) as
the basis of mapping in order to avoid the mapping
of unrealistic forest conditions. However, pixel-level
uncertainties can be large (Bell et al. 2015b, Loehle
et al. 2015), especially when examining rare forest
conditions, such as high-elevation forests recovering
from wildfire (Bell et al. 2015a, Reilly et al. 2018).
Such uncertainties vary substantially, depending
on the forest attribute being considered (Bell et al.
2015a), indicating that maps of predicted means and
uncertainties (e.g., standard deviations) are both needed
for the utilization of forest attribute maps; traditional
accuracy assessments (Ohmann and Gregory 2002) may
not be sufficient for assessing map utility. To minimize
the potential for unrealistic combinations of predictions,
allow for the mapping of model precision across the
study area, and dampen uncertainties related to rare
forest conditions, we adopted an approximation of a
bootstrap sampling approach for k=1 GNN (Bell et al.
2015a). The bootstrap approximation utilized multiple
neighbors (k= 7) and applied a weighted mean with
weights proportional to the probability that a bootstrap
sample would result in that plot being the nearest
neighbor for a pixel. Resulting predictions from the
bootstrap approximation for aboveground forest biomass
in California and western Oregon were highly correlated
to k = 1 predictions but with smaller root mean square
deviations (Battles et al. 2018). The current report uses
continuous forest structural attributes for identifying
old-growth forest, making the distinctions between k
= 1 and the bootstrap approximation relatively minor.
However, if mapping tree species composition was
the primary goal for a project, £ = 1 would be a more

appropriate choice.

GEE—Ass stated earlier, GEE is a cloud platform for
massively parallel spatial analysis and computation and has
provided many benefits in model development in terms of

rapid comparison, visualization, and attribute calculation.

As such, it facilitated on-the-fly, bootstrap approximations
of the continuous OGSI stand attributes using the first k=7
neighbor rasters and cross walking them to the OGSI class
threshold scores used for binary mapping. The OGSI large,
live-tree qualifier (see Davis et al. 2016: 17, table 5) used £ =
1 because when using &k > 1 it, was possible to have at least
one neighbor (of seven nearest neighbor plots) meet this
condition, thus producing large commission errors (false
positives). The same would hold true for species presence/
absence or richness. Annual maps of older forest were
produced in GEE by applying the OGSI class thresholds

specific to each forest vegetation zone.

High-Severity Disturbance Mask

The use of Landsat time series data to conduct forest
monitoring is relatively new and a rapidly developing field
of applied science (Banskota et al. 2014). Currently, abrupt
forest changes are more easily and accurately detected;
whereas gradual changes are more subtle and difficult

to measure (Davis et al. 2011, Kennedy et al. 2010). The
GNN maps produced for our monitoring relied on spectral
variables, and forest change was prone to errors caused
solely by changes in surface reflectance of the forest. To
reduce errors in our time series of old-forest maps, we
used a masking procedure to prevent OGSI 80 and 200
pixels from quickly returning back into those classes after
a high-severity disturbance (e.g., stand-replacing event),
given the relatively short temporal span of this monitoring
(less than 80 years). Put simply, once a pixel of old forest
was stand-replaced, it could not return to an old-forest
condition in such a short amount of time. Observed causes
for this included rapid green up of ground vegetation

after high-severity wildfires that resulted in rapid (5- to
10-year) recovery of NBR (Bright et al. 2019), sometimes
causing erroneous assignments of old-forest plots to pixels
where this signal occurred. The masking of high-severity
disturbance included the entire Landsat archive dating back
to 1972 (Healey et al. 2008).

Morphological Spatial Pattern Analysis

We analyzed spatial patterns of our older forest maps
(OGSI 80 and 200) using the software package GUIDOS
(Graphical User Interface for the Description of image
Objects and their Shapes) v2.2, which was developed for
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analyzing morphological spatial patterns from satellite » Scatter: isolated pixels or groups of older forest pixels
images (Soille and Vogt 2009, Vogt and Riitters 2017). that are too small (<2 ac) to contain core pixels and do
GUIDOS assigned each older forest map pixel an attribute not connect to any patches of older forest.

that described its landscape membership by segmenting Contiguous older forest consists of patches and the

binary map patterns into seven mutually exclusive classes: o .
ymapp Y fingers connected to those patches. The interior portion

core, perforation, edge, bridge, branch, loop, and islet. We of a patch (core) is greater than 30 m (98.5 ft) from an

combined these classes into five general morphological edge and typically has a milder microclimate during the

spatial pattern classes (fig. 5): summer with lower windspeed and temperature, and higher
humidity (Chen et al. 1995). Forest patches as small as 2.47
ac can have microclimates similar to larger intact forest
conditions (Heithecker and Halpern 2007). The finger and

scatter map classes, when combined, represent fragmented

» Core: interior portion of a group of older forest pixels
that is large enough to contain at least one pixel 98 ft
from the edge.

* Core-edge: pixels along the edge of a group of older
forest pixels large enough to contain at least one core older forest patterns. As a younger forest patch redevelops

pixel. Given the resolution of our maps, edges are

98-ft wide.

» Patch: consists of core plus core-edge pixels. Represents

into an older forest patch, the scatter class begins to appear
and form fingers that eventually coalesce to form the patch

i o classes (core and edges).
stands of older forest that contain some interior area

and are at least 2 ac (the approximate size of a forest Trend and Bookend Analyses

inventory plot). In previous monitoring reports, bookend analyses (e.g.,
* Finger: stringers of older forest pixels that bridge two analyses occurring between two specific points in time)

patches or are connected to a patch but are not wide were performed to assess the amount of older forest at

enough to contain any core pixels (1 to 2 pixels wide, but  the beginning of the NWFP (1993) and the end of the
can be several pixels in length).

LiDAR canopy height model Morphological spatial patterns (OGSI 80)

G B e

] 3

v

OMN: S 300 BN Core WM Edge [ Finger [N Scatter
Height (ft) Patch

Figure 5—Example of morphological spatial pattern analysis map classes produced for this report compared to a map of tree heights
produced by light detection and ranging (LiDAR) data. OGSI 80 = old-growth structure index >80 years.
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monitoring period. Here, we used new annual time series
maps to produce trend lines in the years preceding the
NWFP (1986) to the end of this monitoring period (2017).
This allowed us to observe the effect of the NWFP on
old-forest trends preceding the NWFP and improved our

interpretation of old-forest trends since its implementation.

Annual mapping also allowed us to estimate annual rates
of change. Trend lines were produced for pixels that were
classified as “contiguous” GUIDOS described in the
previous section. A 5-year moving average (with first and
last 2 years using 3- and 4-year averages, respectively)
was used to smooth the trend lines. Bookend analyses
were still conducted using unsmoothed mapped estimates
(disturbance-masked, including all spatial pattern classes)
for the standard reporting scales based on physiographic

provinces, states, and range.

Outcome Analyses

As in the previous report (Davis et al. 2015), we gauged
NWFP effectiveness in achieving its goal (outcomes 1 or 2
below) for abundance, distribution, and connectivity of

older forest (tables 2 and 3). This evaluation was based on

(1) the total federal area covered by older forest, (2) the
federal area covered by large patches of older forest as
represented by core and core-edges only (>1,000 ac), (3) the
average distance between these large patches, and (4) the
federal area covered by contiguous older forest as
represented by patches and fingers only (>2.47 ac).

* Outcome 1: at levels near or above the long-term
average that occurred prior to logging and extensive
fire suppression

* Outcome 2: within the estimated natural range

* Outcome 3: below the estimated natural range

* Outcome 4: very low

We used 30-km (18.6-mi) hexagons (center to center) to
represent “relatively large areas” (each hexagon covered
about 192,000 ac) as described in FEMAT (1993: 1V-50).
Using zonal statistics in GEE, each hexagon was attributed
with the percentage of federal forest lands, older forest
amounts (total, patches and fingers only, and large patches
only), and mean Euclidean distance to large patches of older
forest. These statistics were based on the entire area of the

hexagon, and not just the forest-capable portions within

Table 2—Thresholds for measuring success in achieving older forest abundance and diversity outcomes

Federal area covered by large patches of
older forest as represented by core and

Federal land covered

Provinces that meet
both amount and stand

Outcome by older forest core edges (>1,000 ac) patch size criteria
Percent

1 60 to 100 80 to 100 80 to 100

2 40 to 60 5to 80 5to0 80

3 5to 40 1to5 1to5

4 Less than 5 Less than 1 Less than 1

Table 3—Thresholds for measuring success in achieving older forest connectivity outcomes

Federal area covered by

Average distance between large
patches (>1,000 ac) of older forest as

contiguous older forest
as represented by patches

Adjacent provinces connected

QOutcome represented by core and core edges and fingers with large stands of old forest
------------- Miles ----------=-- ------------------------Percent-----------=-----------

1 Less than 6 60 to 100 100

2 6to 12 50 to 60 100

3 12 to 24 25 to 50 Less than 100

4 More than 24 Less than 25 Less than 100
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them. Thus, they were comparable between all hexagons
across the NWFP area. Only hexagons that contained at
least 10 percent of federally managed forest lands (or about
19,200 ac, which is roughly equivalent to the mean area of
one sixth-field watershed) were attributed with outcomes
outlined in tables 2 and 3 for each time period. We
differenced the time periods to determine if the trend was
toward improving or degrading these outcomes. Finally, we
determined which hexagons met the threshold criteria for
outcomes 1 or 2 for abundance and diversity (table 2) as

well as connectivity (table 3) for each time period.

Results

Forest Inventory Plots

Of the 44.8 million ac of forest land in the NWFP area,

18.6 + 0.64 million ac (42 percent) met the criteria for
estimated OGSI of a >80-year-old stand for a vegetation
zone (OGSI 80) in the 2010s (+ value is the 95-percent
confidence interval, or 1.96 times the standard error) (fig.
6). The change in OGSI 80 was estimated to increase by
392,000 + 403,000 ac from the 2000s, or 39,000 ac per year;
however, this estimate is not significantly different from
zero. Seventy-two percent of the OGSI 80 area in the 2010s
was on NWFP federal lands (fig. 6). Of the 5.12 million ac
of OGSI 80 in nonfederal ownership (fig. 6), 21 percent was
on state lands, 33 percent was on private corporate lands,
and 41 percent was on private noncorporate (including
American Indian tribal) lands.

The area meeting the estimated OGSI of a >200-year-old
stand for a vegetation zone (OGSI 200) criteria in the 2010s
was 8.6 + 0.46 million ac, or 19 percent of the total forested
area (fig. 7). The change in OGSI 200 was estimated to
increase by 500,000 + 325,000 ac from the 2000s, or 50,000
ac per year, which was significantly greater than zero.
Eighty-seven percent of the OGSI 200 area in the 2010s
was on NWFP federal lands (fig. 7). Of the 1.1 million ac of
OGSI 200 in nonfederal ownership (fig. 7), 31 percent was
on state lands, 20 percent was on private corporate lands,
and 44 percent was on private noncorporate (including
American Indian tribal) lands.

The physiographic provinces with the greatest
proportion of federal forest classified as OGSI 80 were
the California Klamath and Oregon Western Cascades; all

except the Washington Eastern Cascades (48.5 percent)
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had more than 50 percent of their forest in OGSI 80. The
California Cascades, California Klamath, Oregon Western
Cascades, Washington Olympic, and Washington Western
Cascades had more than 60 percent of federal forest as
OGSI 80. None of the changes in OGSI 80 acreage by
province were significant, although there was a tendency
toward small increases in most provinces.

As with OGSI 80, the physiographic provinces with the
greatest amount of federal forest classified as OGSI 200
were the California Klamath and Oregon Western Cascades.
Washington Olympic had 49 percent of its federal forest
land classified as OGSI 200, with Washington Western
Cascades, at 42 percent, being the only other province with
more than 40 percent. The rest of the provinces had at least
20 percent of federal forest in OGSI 200, except for the
California Coast Range, which had 18 percent. A tendency
toward increases was evident in most provinces, with
significant increases seen in the Washington Eastern and

Western Cascades.

Trend and Bookend Analyses
In the few years preceding the NWFP, map estimates
showed mostly negative annual rates of change on
federally managed forests in both OGSI 80 and OSGI 200
(fig. 8). Annual rates of change became positive shortly
after the listing of the northern spotted owl (1990) and
the subsequent timber injunction of 1991 and remained
positive, except for large wildfire years (e.g., 1996, 2002,
2008, and 2015). These results imply that during years
with few wildfires, annual rates of change for OGSI 80 and
OGSI 200 have been 0.1-0.3 percent and 0.0—0.6 percent,
respectively (fig. 8), showing that older forest development
and recruitment after forest disturbances occur slowly, but
steadily. In contrast, large wildfire years can offset those
gains relatively quickly.

Since 1993, the amount of older forest estimated
from maps on all lands within the NWFP boundary has
decreased by 0.7 percent (OGSI 80) (fig. 6) and by 2.0
percent (OGSI 200) (fig. 7) between 1993 and 2017. On
federal lands, the trend and net change for OGSI 80 was
fairly stable (-0.3 percent) (fig. 6) and +0.3 percent for
OGSI 200 (fig. 7). On the surrounding nonfederal lands,
the amounts of older forest decreased by 2.9 (fig. 6) and 8.7
percent (fig. 7) for OGSI 80 and 200, respectively.
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Figure 6—Trend lines for old-growth structure index 80 classification, including plot estimates with 95-percent
confidence intervals.
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Figure 8—Estimated annual rates of change in older forests based on map differences. OGSI = old-growth structure index.

Although the overall amount of older forest on federally
managed lands has remained fairly stable as a whole, it
has become slightly more fragmented. Within reserved
allocations, the amount of fragmented OGSI 80 (finger and
scatter) increased by 4.5 percent, while patches (core and
edge) decreased by 3.1 percent. For reserved OGSI 200,
fingers and scatter (combined) increased by 3.2 percent,
while patch area decreased by 4.4 percent. These changes
were mainly due to large wildfires within reserved LUAs;
however, some of these losses occurred prior to the area
being designated as reserved. Within the nonreserved
LUAs, OGSI 80 became slightly more contiguous, with
patch area increasing by 6.5 percent and fingers/scatter
decreasing by 5.5 percent. Conversely, OGSI 200 became
slightly more fragmented, with patch area decreasing by

0.9 percent and fingers/scatter increasing by 10.9 percent.

Some of the increase in fragmentation is due to younger
forests from historical large wildfire or other disturbance
events coalescing back into patches of older forests, mostly
OGSI 80 (fig. 9).

The distribution of reserved forest is concentrated on
federal land (fig. 10), and higher amounts of older forest
in 1993 and 2017 (figs. 11 and 12) reflect the distribution
of federal land ownerships. This relationship reflects the
history and geography of the forest reserves established
between 1891 and 1907 (Davis et al. 2017) and a shorter
history of timber harvesting with a higher focus on
old-forest conservation than the surrounding nonfederal
lands. Similarly, ownership distributions appear strongly
related to regional patterns of forest disturbance. Whereas
timber harvesting was concentrated on nonfederal forest

lands, natural disturbances, such as wildfire, insect, and
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disease occurred mostly on federal forest lands (see fig. 13

in relation to fig. 10). Interestingly, we note accumulations

of older forests in the Coast Range (Oregon) (figs. 11 and

12) that are not easily explained by recent disturbance or

ownership patterns (fig. 10). We speculate that this may

be due to long-term fire exclusion along the margins of

the Willamette Valley where open oak woodlands were

historically maintained by frequent human-ignited fire.

Outcome Analyses
At the implementation of the NWFP, 74.1 percent of
hexagons (that contained 10 percent or more federal forest
lands) met older forest (OGSI 80) abundance and diversity
outcomes 1 or 2 (figs. 14 and 15, respectively) and 60.9
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percent met connectivity outcomes 1 or 2 (figs. 16 and
17). We observed net increases in all abundance, diversity,
and connectivity outcomes (table 4). Overall, the federally
managed forests of the NWFP area that met the abundance
and diversity outcome objective (fig. 18) increased by 3.6
percent (from 74.1 to 77.7 percent), and by 4.5 percent (from
60.9 to 65.5 percent) for areas meeting the connectivity
outcome objective (fig. 19). However, there were net
decreases in the drier forest physiographic provinces
(Eastern Cascades and Klamath) owing to multiple large
wildfires since 1993.

Older forests represented by OGSI 200 covered a
smaller proportion of the NWFP area in 1993, and only
16.4 percent of the hexagons met the desired abundance
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Figure 9—Trends in morphological spatial patterns of older forest on federal lands (left) and an example of older forest cohesion as a
1930s clearcut (black outline) redevelops back into older forest (right). OGSI = old-growth structure index.
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and diversity outcome (figs. 20 and 21, respectively). Even
less (5.5 percent) met the desired connectivity outcomes
(figs. 22 and 23). Between 1993 and 2017, we observed net
decreases in all abundance, diversity, and connectivity
outcomes except for the percentage of federal lands covered
by older forest (table 4). Although this percentage increased
(+2.7 percent), the percentage of “contiguous” older forests
decreased (-2.3 percent). Overall, the federal portions of the
NWFP area that met the abundance and diversity outcome
objective (fig. 24) increased slightly by 0.4 percent (from
16.4 to 16.8 percent). However, the federal forests decreased

by 2.3 percent (from 5.5 to 3.2 percent) for meeting the

Majority
forest owner

Ownership

[ ] Private
I state
B Tribal
[[7] Department of Defense
I U.S. Forest Service
I National Park Service

[ Bureau of Land
Management

Physiographic provinces
1—Olympic Peninsula (WA)
2—Western Lowlands (WA)
3—Western Cascades (WA)
4—Eastern Cascades (WA)

Percentage of
federal forest

5—Coast Range (OR)
6—Willamette Valley (OR)
7—Western Cascades (OR)
8—Klamath (OR)

connectivity outcome objective (fig. 25) owing to large
wildfires in the drier fire-prone physiographic provinces;
this decreased to 3.2 percent (-2.3 percent) by 2017.

Most of the increases in NWFP outcomes occurred
in the moister forest physiographic provinces (e.g.,
Washington Olympic Peninsula and Coast Ranges of
Oregon and California) but also where historical large
wildfires from the late 1800s and early 1900s had created
patches of early-successional forests that are now beginning
to transition into older forest types (fig. 26). Most of the
degradation (decrease from expected outcomes) occurred

in the fire-prone areas (Davis et al. 2015: 50).

Percentage of federal
reserved forest

Percentage of forest

[ Jo—<0 [ 50-60
[ 11020 [ 60-70
[ 120-30 MM 70-80
[ 130-40 [HIM 80-90
[ 40-50 M 20-100

9—Eastern Cascades (OR)
10—Coast Range (CA)
11—Klamath (CA)
12—Cascades (CA)

Figure 10—Geographical patterns of forest ownership and percentage of federal forest using 30-km (18.6-mi) hexagons.
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Figure 11—Geographical patterns of status and change between 1993 and 2017 for older forest (old-growth structure index 80) on

all lands.
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Figure 12—Geographical patterns of status and change between 1993 and 2017 for older forest (old-growth structure index 200) on
all lands.
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Figure 13—Geographical patterns of major forest disturbances between 1993 and 2017 on all lands.
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Figure 14—Geographical patterns of abundance as percentage of federal land covered by older forest (old-growth structure index 80).
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Outcome Outcome Change in outcome
I within natural range I within natural range I Degraded
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Physiographic provinces
1—Olympic Peninsula (WA)
2—Western Lowlands (WA)
3—Western Cascades (WA)
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6—Willamette Valley (OR)
7—Western Cascades (OR)
8—Klamath (OR)
9—Eastern Cascades (OR)
10—Coast Range (CA)
11—Klamath (CA)
12—Cascades (CA)

Figure 15—Geographical patterns of diversity as percentage of federal land in older forest (old-growth structure index 80) stands
>1,000 ac in patch size.

26



Northwest Forest Plan—The First 25 Years (1994—-2018): Status and Trends of Late-Successional and Old-Growth Forests

Outcome

I Long-term average met
I Within natural range
[ | Below natural range

|:| Very low

Outcome

I Long-term average met
I Within natural range
[ | Below natural range

|:| Very low

Physiographic provinces
1—Olympic Peninsula (WA)
2—Western Lowlands (WA)
3—Western Cascades (WA)
4—Eastern Cascades (WA)
5—Coast Range (OR)
6—Willamette Valley (OR)
7—Western Cascades (OR)
8—Klamath (OR)
9—Eastern Cascades (OR)
10—Coast Range (CA)
11—Klamath (CA)
12—Cascades (CA)

Net change

Change in outcome
B Degraded
C] No change
- Improved

Figure 16—Geographical patterns of connectivity as average distance between old-forest stands >1,000 ac (old-growth structure

index 80).
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Figure 17—Geographical patterns of connectivity as percentage of federal land covered by old-forest stands (old-growth structure
index 80).
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Table 4—Summary of outcome analyses for the 1993-2017 monitoring period

Abundance and diversity outcomes Connectivity outcomes Outcomes 1 or 2 achieved
Federal land Average distance Federal area
covered by large between large covered by
Federal land patches (>1,000 ac)  patches (>1,000 ac) connected older Abundance
covered by of older forest as of older forest as forest as patches and
older forest core and core edges core and core edges and fingers diversity  Connectivity
Percentage of hexagons
OGSI 80:
Improved (+) 18.6 6.4 5.9 16.8 6.4 10.0
Degraded (-) 7.7 1.8 2.7 12.3 2.7 5.5
Change  +10.9 +4.5 +3.2 +4.5 +3.6 +4.5
OGSI 200:
Improved (+) 7.7 5.0 8.2 4.5 3.6 0.0
Degraded (-) 5.0 7.3 10.0 6.8 32 23
Change +2.7 2.3 -1.8 2.3 +0.4 2.3

OGSI = old-growth structure index.
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Net change

Abundance and diversity Abundance and diversity Change in outcome
outcome 1 or 2 met outcome 1 or 2 met B Degraded
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10—Coast Range (CA)
11—Klamath (CA)
12—Cascades (CA)

Figure 18—Geographical patterns of status and change for older forest (old-growth structure index [OGSI] 80) abundance and diversity
outcome objectives.
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Figure 19—Geographical patterns of status and change for older forest (old-growth structure index [OGSI] 80) connectivity outcome

objectives.
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Figure 20—Geographical patterns of abundance as percentage of federal land covered by older forest (old-growth structure index 200).
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Figure 21—Geographical patterns of diversity as percentage of federal land in older forest (old-growth structure index 200) stands
>1,000 ac in patch size.
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Figure 22—Geographical patterns of connectivity as average distance between old-forest stands of >1,000 ac (old-growth structure

index 200).
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Figure 23—Geographical patterns of connectivity as percentage of federal land covered by old-forest stands (old-growth structure

index 200).
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Figure 24—Geographical patterns of status and change for older forest (old-growth structure index [OGSI] 200) abundance and diversity

outcome objectives.
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Figure 25—Geographical patterns of status and change for older forest (old-growth structure index [OGSI] 200) connectivity outcome
objectives.
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Figure 26—Patterns of change in older forest (old-growth structure index 80) abundance, diversity, or connectivity outcomes between
1993 and 2017 in relation to historical fire regimes, historical wildfires (late 1800s to early 1900s), and current wildfires (1993 to 2016).

NWFP = Northwest Forest Plan.
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Discussion

One of the goals of the NWFP is to maintain a functional
older forest ecosystem on federally managed lands.
Functionality was described in terms of abundance and
diversity of older forest patches and their distribution
across the region, such that they provide for well-
distributed populations of older forest-dependent species
and connectivity to maintain genetic flow between them
(FEMAT 1993). Ecological processes that lead to the
development and maintenance of this ecosystem, and those
that set it back, were acknowledged. Two major NWFP
geographic areas were recognized: (1) the moist provinces
where forests grow faster and fires are less frequent, and (2)
the dry provinces where forests grow slower and wildfires
are more common. During the first quarter-century of
NWEFP implementation, monitoring indicated that, at

the scale of the NWFP, abundance and diversity of older
forests on federally managed lands increased slightly for
mature and old-growth forests combined (OGSI 80), with
a 3.6-percent net increase in the number of hexagons
achieving this outcome, but remained relatively stable for
old-growth forests (OGSI 200), showing a slight increase
(+0.4 percent). The distribution and connectivity of mature
and old-growth forests improved somewhat (4.5-percent
net increase in hexagons achieving the connectivity
outcome), but connectivity of old-growth forests (OGSI
200) decreased (2.3-percent net decrease in hexagons) as
shown in table 4.

The rangewide story is one of losses in one geographic
area being balanced by gains in another. In general, this
pattern fits historical fire regimes for the NWFP area (Spies
et al. 2018: chapter 3) and the two geographic regions
described above (fig. 26). Most improved landscape-
scale outcomes occurred within the western moister
physiographic provinces and fire regimes with infrequent
to moderately frequent historical fire regimes. Degraded
outcomes were mainly observed in the eastern and southern
dry provinces where wildfire occurrence is more frequent
and historically more resistant to high-severity fires.
However, contemporary wildfires in these fire regimes
appear to be uncharacteristic of historical landscape
dynamics, with increased areas of high-severity fire (Reilly
et al. 2017, Spies et al. 2018). The NWFP acknowledged
potential losses to wildfires in this area and designed LSRs

to be large enough to incur wildfire effects and maintain
functionality. Much of the improvement in these landscape
indices (outcomes) occurred within the Oregon Coast
Range physiographic province (and other areas) where
federal forests had experienced large, stand-replacing
wildfires from the mid-19th and early-20th centuries.
Landscape conditions moving away from these desired
outcomes are closely related to where contemporary, large
wildfires have occurred (and continue to occur).

As we noted in the previous monitoring report (Davis
et al. 2015), wildfire remained the leading cause for older
forest losses on federal lands, accounting for about 70
percent of all losses since 1993 (fig. 27). Timber harvest
was the second-largest cause of loss on federal lands
and remained the primary cause of older forest losses on
nonfederal lands. Insect, disease, and other disturbances
(e.g., wind, floods, etc.) accounted for less than 10 percent
of old-forest losses since 1993. The largest combined
losses (all disturbances) occurred in Eastern Cascades and
Klamath physiographic provinces and the southern half of
the Oregon Western Cascades (fig. 28). Losses were offset
by older forest recruitment in all physiographic provinces,
but particularly in the moister provinces resulting in net
gains of older forests. The Western Cascades of Oregon
province occurs largely in the middle of the two regions
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Figure 27—Landscape Change and Monitoring System-explained
causes for losses of older forests between 1993 and 2017.
OGSI = old-growth structure index.
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described as “moist” and “dry.” It has qualities of both and
falls mainly in the moderately frequent/mixed-severity
fire regime. It incurred the fourth-largest gross loss of
older forests from wildfire, yet had the second- to third-
highest amount of older forest recruitment, resulting in a
slight positive net change in OGSI 80 (+1.2 percent) and
essentially no net change in OGSI 200 (fig. 28).

Losses of older forest caused by timber harvest prior
to the NWFP have mainly been replaced by losses from
wildfires (fig. 29). The annual amount of older forest losses
from timber harvest on federal forests declined to 11 to

13 percent of what it was in 1988 and has remained fairly
stable at about 5,000 to 10,000 ac per year, depending on
the older forest definition. The frequency of large wildfire
events that result in >75,000 ac of old-forest losses has
increased during the last half of this monitoring cycle (fig.
29). Older forest losses on federal lands owing to insect and
disease were usually <2,500 ac per year and appeared to
increase and peak during the 1996 to 2008 time period (fig.
29). Other disturbances accounted (on average) for <2,000

ac of annual losses.
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Figure 28—Losses (explained by the Landscape Change and Monitoring System) and gains in older
forests on federally managed lands. Physiographic provinces are sorted by net change in ascending
order (largest net losses on the left to largest net gains on the right). OGSI = old-growth structure index.
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Figure 29—Trends in older forest mapped losses on federal and nonfederal forest lands by, wildfire, timber harvest, and insects and

disease. OGSI = old-growth structure index.

Trends in severity (severity in terms of live-tree basal
area removed) (see Reilly et al. 2017) of older forest
disturbances on federally managed lands varied between
disturbance agent (fig. 30). For all disturbance types,
moderate and high severity account for most of the older
forest losses. Low to moderate disturbances modify stand
structure but do not always equate to losses. There was
no apparent trend over time in wildfire severity in older

forests, where high severity accounted for 35 + 4 percent

of the annual area burned (95-percent confidence intervals),
moderate severity 47 = 3 percent, and low severity 18 + 3
percent across the study period (fig. 30). Timber harvest
showed a rapid decrease in high severity (e.g., regeneration
harvesting) between 1986 and 1994, and a concurrent
increase in proportion of low severity (e.g., light thinning).
Since 1996, the trend in light thinning has been slightly
decreasing, and most current harvesting appears to be

evenly split between light and moderate thinning, with
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some high severity, likely in the form of small gaps. Insect
and disease disturbance is mainly of low to moderate
severity and showed an increasing proportion of older
forest disturbed by low severity through time.

The effectiveness monitoring plan (Hemstrom et al.
1998) called for two perspectives of older forests, one
from remotely sensed data at the landscape scale and one
from plot data at the stand scale. The former now allows
for producing annual maps to detect changes in amounts
and spatial patterns, and the latter for understanding the
components of change in forest structure and composition
over a 10-year period (app. 2). For our bookend analyses,
because the plot data only date back to 2001 (2002 in
Washington), we relied on our map estimates to account
for the complete trend (1986—2017) in the amounts of older
forest. However, because we produced annual maps, we
compared mapped estimates with plot estimates for the
mid-point years for the “2000s” plot measurement period
(2003) and the “2010s” plot measurement period (2013).

Map estimates for OGSI 200 on federal forests were
on average within 55,000 to 90,000 ac of plot estimates at
the state and physiographic province scales (app. 1, table
A1-1). For OGSI 80 on federal forests, map estimates were
on average about 50,000 ac from plot estimates at the
physiographic province scale, but around 170,000 ac at the
state scale. In all cases, these map estimates were within
the margin of error from plot estimates (app. 1). These
results are consistent with previous research showing that
GNN maps produce similar estimates of classified areas
at physiographic province scales (Pierce et al. 2009). Map
estimates for older forests on nonfederal lands were less
frequently within plot error bounds, but we note that the
contiguous mapped estimates were closer to plot estimates
in these forest lands, where older forests are less abundant
and more fragmented.

The close similarities between mapped vs. plot estimates
at two different time periods provided assurance that the
mapped surfaces used in this report allowed for a realistic
(e.g., mapped conditions match ground conditions) look
back in time and across the NWFP area landscape that
would not be possible with only plot-based estimates. This
achieves the multiperspective monitoring objective outlined
by Hemstrom et al. (1998).

Uncertainty

Using remotely sensed vegetation maps and forest
inventory data as the basis for monitoring requires a clear
understanding of their inherent uncertainties, as discussed
in previous NWFP monitoring reports. Vegetation maps
are produced using statistical models based on, in part,
remote sensing and forest inventory data, both of which
include their own errors. Some of those errors are well
documented, such as the spectral saturation associated with
relating Landsat multispectral imagery to forest biomass
measurements (Foody et al. 2003) or the estimation of
forest biomass based on tree diameters (Clough et al. 2016).
Here, we focus on two areas of uncertainty particularly
important for monitoring: temporal consistency and
mapping change.

As a basis for monitoring, data need to be consistent
through time (e.g., related to patterns and drivers in the
same way, regardless of year) to minimize the role of
methodological artifacts in driving changes. Our use of
temporally smoothed spectral indices generated by LCMS
addresses temporal consistency because we used the
trends in spectral indices, rather than the raw data, to build
our vegetation models, making year-to-year variation in
vegetation mapping a more reasonable representation of
reality (Kennedy et al. 2018). Furthermore, the use of only
FIA annual plots in our imputation process minimized
mapped changes through time because of changes in
forest inventory plot design. However, limiting our
analysis to these plots also limited the time frame used for
model fitting (2001-2016). As a result, we assumed that
the relationships of remote sensing and environmental
predictor variables with forest inventory response variables
was stationary through time to map conditions prior to
2001. We could not account for potential errors caused by
subtle shifts in spectral data, such as those observed for
Landsat 5 as gradual changes in the satellite’s orbital path
have caused erroneous detections of vegetation “browning”
and underestimations of “greening” (Zhang and Roy 2016).
However, in forested ecosystems, the impact of shifting
spectral indices may be minimized by imagery stabilization
procedures, such as the one used here (Schleeweis et
al. 2016). Thus, though uncertainties associated with the

construction of a time series of vegetation mapping data
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remain, we have taken several steps to maximize the
temporal consistency of those maps.

Other previously noted sources of error or uncertainty
include regeneration harvest edges, which often have
substantial shadowing, sometimes resulting in erroneous
gains or losses of older forest along disturbance margins
(Davis et al. 2015). We have also observed a tendency for
GNN to predict increasing older forest characteristics
after forest thinning disturbances. In many cases, this
may be a result of the elevated frequency of canopy gaps
and shadows generating confusing remote sensing signals
instead of an actual increase in old-growth structure.
Likewise, we have observed that rapid ground vegetation
reestablishment (green up) in forest stand-replacement
events (e.g., high-severity fire) can also result in apparent
rapid gains in older forest. For this monitoring report, we
used high-severity disturbance maps to mask out these
rapid-recovery events. In other words, once a stand-
replacing event affected a pixel, it could not be tallied as

“older forest” following the disturbance event, given that
it takes more than three decades (the temporal span of
our imagery) for a regenerated stand to redevelop into
older forest.

For remotely sensed vegetation mapping to be used as
a component in monitoring activities, changes in those
vegetation maps should be accurate and coherent. Our
imagery stabilization and integrated disturbance and
vegetation mapping framework was explicitly designed
to ensure that changes in forest attributes were consistent
with disturbance and recovery processes occurring on the
landscape (Kennedy et al. 2018, Ohmann et al. 2014). The
fitted satellite imagery explicitly considers disturbance
history for a given pixel, providing trends in spectral
indices upon which vegetation mapping is generated, but
does not preclude errors in the mapping of change. For
example, aboveground live biomass change in California
and Oregon was most accurate for disturbance with
recovering forests exhibiting moderate accuracy and stable
forests exhibiting little accuracy in change predictions
(Battles et al. 2018). Furthermore, local-scale (e.g., tens
to hundreds of hectares) map estimates can be quite error
prone (Bell et al. 2015b), and one should be skeptical of
forest vegetation changes that do not make ecological sense

for plot- to stand-level areas of interest.
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The image stabilization procedures used in this
study were implemented to reduce temporal variation
in the spectral characteristics of old forests, presumably
reducing uncertainties in large-scale monitoring of older
forests. However, stabilization may bias maps toward
lesser accumulation of older forests because we applied
stabilization to forests classified as OGSI 80 without
observed disturbance. Therefore, OGSI 80 forests
were unlikely to transition to OGSI 200 because their
spectral data through time was stabilized. To gauge for
that potential, we included both map- and plot-based
estimations for comparison in this report, as we did in

previous NWFP monitoring reports.

Conclusion
In the first quarter-century of the NWFP, the trend in
older forests on federally managed lands was stable for
the NWFP area on aggregate. However, this does not
equate to a stable forested landscape as is evident in our
maps of forest change and disturbances (figs. 10 through
12). The losses in drier, more fire-prone forests have been
balanced by gains in moister forests, particularly where
large, high-severity wildfires occurred more than a century
ago. To date, the NWFP has been successful in maintaining
and restoring the abundance, diversity, and connectivity
of mature older forests (OGSI 80) on federal lands, but for
older forests (OGSI 200) this has not been the case. With
the exception of a 2.7-percent increase in the landscape-
scale abundance outcome index (percentage of federal
lands covered by older forest), the remaining outcomes
were slightly degraded from what they were when the
NWFP was implemented, but we are only one-quarter of
the way through a 100-year objective. There were certainly
many more forests having structure associated with 55- to
79-year-old stands than 175- to 199-year-old stands a
quarter-century ago. As mean forest ages increase, despite
reverses in areas sustaining stand-replacing fires, it stands
to reason that gains in OGSI 200 should become more
apparent. Thus, it is not surprising that we should see the
restoration signal in the OGSI 80 class prior to the OGSI
200 class, which will take more time.

As reported in previous monitoring cycles, indications
remain that the increasing occurrence of large wildfires on

federal forests will pose a challenge to both maintenance
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and restoration of older forests. Although the status and
trend was stable at the scale of the NWFP area, we noted
negative provincial scale trends in older forest in the areas
identified as “dry” largely because of wildfire, but we also
note the same area has experienced most of the insect/
disease-related losses. This should not come as a surprise to
federal land managers, as the NWFP identified this area as
having a lower likelihood of achieving the NWFP goal of
well-distributed and connected older forests because of the
risks of wildfire and insect outbreaks (USDA FS and USDI
BLM 1994: B-5). The NWFP even included standards and
guidelines that allowed for active forest management in
LSRs of this region designed to aid in achieving this goal
(USDA FS and USDI BLM 1994: app. B-6 and B-7).
Technical advances since the previous monitoring
cycle have made it possible to produce improved maps
of older forests, not just for the bookend years, but for all
years since 1986, providing better context of old-forest
trends preceding the NWFP. The amount of data produced
in this latest monitoring effort was significantly larger
than in prior efforts. This report is only a summary of
those data. To make these data more useful for forest
managers, regulatory agencies, and the public, we have
produced Web-based applications that allow users to
view, interpret, and access the data (https:/www.fs.usda.
gov/r6/reo/monitoring). These data should prove valuable
for researchers in their exploration of the forest and
disturbance ecology of the Pacific Northwest.
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Metric Equivalents

When you know: Multiply by: To find:

Inches 2.54 Centimeters (cm)
Feet (ft) 0.3048 Meters (m)
Acres (ac) 0.405 Hectares (ha)
Miles (mi) 1.61 Kilometers
References

Banskota, A.; Kayastha, N.; Falkowski, M.J.; Wulder,
M.A.; Froese, R.E.; White, J.C. 2014. Forest
monitoring using Landsat time series data: a review.
Canadian Journal of Remote Sensing. 40(5): 362—384.
https://doi.org/10.1080/07038992.2014.987376.

Battles, J.J.; Bell, D.M.; Kennedy, R.E.; Saah, D.S.;
Collins, B.M.; York, R.A.; Sanders, J.E.; Lopez-
Ornelas, F. 2018. Innovations in measuring and
managing forest carbon stocks in California.
California’s Fourth Climate Change Assessment.
Publication number: CCCA4-CNRA2018-014.
California Natural Resources Agency. 99 p.
https:/www.energy.ca.gov/sites/default/files/2019-12/
Forests CCCA4-CNRA-2018-014 ada.pdf

Bechtold, W.A.; Patterson, P.L. 2005. The enhanced
forest inventory and analysis program—national
sampling design and estimation procedures. Gen. Tech.
Rep. SRS-80. Asheville, NC: U.S. Department of
Agriculture, Forest Service, Southern Research Station.
85 p. https://doi.org/10.2737/SRS-GTR-80.

Bell, D.M.; Gregory, M.J.; Ohmann, J.L. 2015a.
Imputed forest structure uncertainty varies across
elevational and longitudinal gradients in the western
Cascade Mountains, Oregon, USA. Forest Ecology and
Management. 358: 154—164. https://doi.org/10.1016/
j-foreco.2015.09.007.

Bell, D.M.; Gregory, M.J.; Roberts, H.M.; Davis, R.J.;
Ohmann, J.L. 2015b. How sampling and scale limit
accuracy assessment of vegetation maps: a comment on
Lochle et al. (2015). Forest Ecology and Management.
358: 361-364. https://doi.org/10.1016/j.foreco.2015.07.017.

Breiman, L. 2001. Random forests. Machine Learning.
45: 5-32. https://doi.org/10.1023/A:1010933404324.

45


https://www.fs.usda.gov/r6/reo/monitoring
https://www.fs.usda.gov/r6/reo/monitoring
https://doi.org/10.1080/07038992.2014.987376
https://www.energy.ca.gov/sites/default/files/2019-12/Forests_CCCA4-CNRA-2018-014_ada.pdf
https://www.energy.ca.gov/sites/default/files/2019-12/Forests_CCCA4-CNRA-2018-014_ada.pdf
https://doi.org/10.2737/SRS-GTR-80
https://doi.org/10.1016/j.foreco.2015.09.007
https://doi.org/10.1016/j.foreco.2015.09.007
https://doi.org/10.1016/j.foreco.2015.07.017
https://doi.org/10.1023/A:1010933404324

General Technical Report PNW-GTR-1004

Bright, B.C.; Hudak, A.T.; Kennedy, R.E.; Braaten,
J.D.; Henareh Khalyani, A. 2019. Examining
post-fire vegetation recovery with Landsat time series
analysis in three western North American forest types.
Fire Ecology. 15(8): 1-14. https://doi.org/10.1186/
$42408-018-0021-9.

Burrill, E.A.; Wilson, A.M.; Turner, J.A.; Pugh, S.A.;
Menlove, J.; Christiansen, G.; Conkling, B.L.; David,
W. 2018. The Forest Inventory and Analysis Database:
database description and user guide version 8.0 for
Phase 2. [Online]. U.S. Department of Agriculture,
Forest Service. 946 p. http:/www.fia.fs.fed.us/library/
database-documentation.

Chen, J.; Franklin, J.F.; Spies, T.A. 1995. Growing-
season microclimate gradients from clearcut edges into
old-growth Douglas-fir forests. Ecological Applications.
5(1): 74—86. https://doi.org/10.2307/1942053.

Christensen, G.A.; Waddell, K.L.; Stanton, S.M.;
Kuegler, O. 2016. California’s forest resources: Forest
Inventory and Analysis, 2001-2010. Gen. Tech. Rep.
PNW-GTR-913. Portland, OR: U.S. Department of
Agriculture, Forest Service, Pacific Northwest Research
Station. 293 p. https://doi.org/10.2737/PNW-GTR-913.

Clough, B.J.; Russell, M.B.; Domke, G.M.; Woodall,
C.W. 2016. Quantifying allometric model uncertainty
for plot-level live tree biomass stocks with a data-
driven, hierarchical framework. Forest Ecology and
Management. 372: 175—88. https://doi.org/10.1016/
j-foreco.2016.04.001.

Cohen, W.B.; Spies, T.A. 1992. Estimating structural
attributes of Douglas-fir/western hemlock forest stands
from Landsat and SPOT imagery. Remote Sensing
of Environment. 41(1): 1-17. https://doi.org/10.1016/
0034-4257(92)90056-P.

Cohen, W.B.; Yang, Z.; Healey, S.P.; Kennedy, R.E.;
Gorelick, N. 2018. A LandTrendr multispectral
ensemble for forest disturbance detection.

Remote Sensing of Environment. 205: 131-140.
https://doi.org/10.1016/j.rse.2017.11.015.

46

Cohen, W.B.; Yang, Z.; Stehman, S.V.; Schroeder, T.A.;
Bell, D.M.; Masek, J.G.; Huang, C.; Meigs, G.W.
2016. Forest disturbance in the conterminous US from
1985-2012: the emerging dominance of forest decline.
Forest Ecology and Management. 360: 242-252.
https://doi.org/10.1016/j.foreco.2015.10.042.

Cohen, W.B.; Zhiqiang, Y.; Kennedy, R.E. 2010.
Detecting trends in forest disturbance and recovery
using yearly Landsat time series: 2. TimeSync—tools
for calibration and validation. Remote Sensing of
Environment. 114(12): 2911-2924. https://doi.org/10.1016/
j-1se.2010.07.010.

Coleman, T.W.; Graves, A.D.; Heath, Z.; Flowers,
R.W.; Hanavan, R.P.; Cluck, D.R.; Ryerson, D. 2018.
Accuracy of aerial detection surveys for mapping
insect and disease disturbances in the United States.
Forest Ecology and Management. 430: 321-336.
https://doi.org/10.1016/j.foreco.2018.08.020.

Crist, E.P.; Cicone, R.C. 1984. A physically-based
transformation of Thematic Mapper data—The TM
Tasseled Cap. IEEE Transactions on Geoscience
and Remote Sensing. GE-22(3): 256-263.
https://doi.org/10.1109/TGRS.1984.350619.

Davis, R.J.; Dugger, K.M.; Mohoric, S.; Evers, L.; Aney,
W.C. 2011. Northwest Forest Plan—the first 15 years
(1994-2008): status and trends of northern spotted
owl populations and habitats. Gen. Tech. Rep. PNW-
GTR-850. Portland, OR: U.S. Department of Agriculture,
Forest Service, Pacific Northwest Research Station.

147 p. https://doi.org/10.2737/PNW-GTR-850.

Davis, R.J.; Gray, A.N.; Kim, J.B.; Cohen, W.B. 2017.
Patterns of change across the forested landscape.
In: Olson, D.H.; Van Horne, B., eds. People, forests,
and change: lessons from the Pacific Northwest.
Washington, DC: Island Press. https://doi.org/10.5822/
978-1-61091-768-1 7.


https://doi.org/10.1186/s42408-018-0021-9
https://doi.org/10.1186/s42408-018-0021-9
http://www.fia.fs.fed.us/library/database-documentation
http://www.fia.fs.fed.us/library/database-documentation
https://doi.org/10.2307/1942053
https://doi.org/10.2737/PNW-GTR-913
https://doi.org/10.1016/j.foreco.2016.04.001
https://doi.org/10.1016/j.foreco.2016.04.001
https://doi.org/10.1016/0034-4257(92)90056-P
https://doi.org/10.1016/0034-4257(92)90056-P
https://doi.org/10.1016/j.rse.2017.11.015
https://doi.org/10.1016/j.foreco.2015.10.042
https://doi.org/10.1016/j.rse.2010.07.010
https://doi.org/10.1016/j.rse.2010.07.010
https://doi.org/10.1016/j.foreco.2018.08.020
https://doi.org/10.1109/TGRS.1984.350619
https://doi.org/10.2737/PNW-GTR-850
https://doi.org/10.5822/978-1-61091-768-1_7
https://doi.org/10.5822/978-1-61091-768-1_7

Northwest Forest Plan—The First 25 Years (1994—-2018): Status and Trends of Late-Successional and Old-Growth Forests

Davis, R.J.; Hollen, B.; Hobson, J.; Gower, J.E.;
Keenum, D. 2016. Northwest Forest Plan—the first 20
years (1994-2013): status and trends of northern
spotted owl habitats. Gen. Tech. Rep. PNW-GTR-929.
Portland, OR: U.S. Department of Agriculture, Forest
Service, Pacific Northwest Research Station. 54 p.
https://doi.org/10.2737/PNW-GTR-929.

Davis, R.J.; Ohmann, J.L.; Kennedy, R.E.; Cohen,
W.B.; Gregory, M.J.; Yang, Z.; Roberts, H.M.; Gray,
A.N.; Spies, T.A. 2015. Northwest Forest Plan—the
first 20 years (1994-2013): status and trends of late-
successional and old-growth forests. Gen. Tech. Rep.
PNW-GTR-911. Portland, OR: U.S. Department of
Agriculture, Forest Service, Pacific Northwest Research
Station. 112 p. https:/doi.org/10.2737/PNW-GTR-911.

ECOSHARE. 2020. The ecology core dataset: information

to support effective management in the Pacific
Northwest. Interagency clearinghouse of ecological
information. https://ecoshare.info/category/data-sets.
(11 April 2022).

Falxa, G.A.; Raphael, M.G., tech. coords. 2016.

Northwest Forest Plan—the first 20 years (1994-2013):
status and trend of marbled murrelet populations

and nesting habitat. Gen. Tech. Rep. PNW-GTR-933.
Portland, OR: U.S. Department of Agriculture, Forest
Service, Pacific Northwest Research Station. 132 p.
https://doi.org/10.2737/PNW-GTR-933.

Foody, G.M.; Boyd, D.S.; Cutler, M.E.J. 2003. Predictive

relations of tropical forest biomass from Landsat
TM data and their transferability between regions.
Remote Sensing of Environment. 85(4): 463—74.
https://doi.org/10.1016/S0034-4257(03)00039-7.

Forest Ecosystem Management Assessment Team

[FEMAT]. 1993. Forest ecosystem management: an
ecological, economic, and social assessment. Portland,
OR: U.S. Department of Agriculture; U.S. Department
of the Interior [and others]. [Irregular pagination].

Franklin, J.F.; Dyrness, C.T. 1973. Natural vegetation
of Oregon and Washington. Gen. Tech. Rep. PNW-8.
Portland, OR: U.S. Department of Agriculture, Forest
Service, Pacific Northwest Forest and Range Experiment
Station. 417 p.

Franklin, J.F.; Johnson, K.N. 2013. Ecologically based
management: a future for federal forestry in the Pacific
Northwest. Journal of Forestry. 111(6): 429—-432.
https://doi.org/10.5849/jof.13-071.

Franklin, J.F.; Spies, T.A.; Van Pelt, R.; Carey, A.B.;
Thornburgh, D.A.; Berg, D.R.; Lindenmayer, D.B.;
Harmon, M.E.; Keeton, W.S.; Shaw, D.C.; Bible,
K.; Chen, J. 2002. Disturbances and the structural
development of natural forest ecosystems with some
implications for silviculture. Forest Ecology and
Management. 155: 399—423. https://doi.org/10.1016/
S0378-1127(01)00575-8.

Gorelick, N.; Hancher, M.; Dixon, M.; Ilyushchenko,
S.; Thau, D.; Moore, R. 2017. Google Earth Engine:
planetary-scale geospatial analysis for everyone.
Remote Sensing of Environment. 202: 18-27.
https://doi.org/10.1016/j.rse.2017.06.031.

Gray, A.N.; Monleon, V.J.; Spies, T.A. 2009.
Characteristics of remnant old-growth forests in the
northern Coast Range of Oregon and comparison
to surrounding landscapes. Gen. Tech. Rep. PNW-
GTR-790. Portland, OR: U.S. Department of Agriculture,
Forest Service, Pacific Northwest Research Station. 45 p.
https://doi.org/10.2737/PNW-GTR-790.

Healey, S.P.; Cohen, W.B.; Spies, T.A.; Moeur, M.;
Pflugmacher, D.; Whitley, M.G.; Lefsky, M. 2008.
The relative impact of harvest and fire upon landscape-
level dynamics of older forests: lessons from the
Northwest Forest Plan. Ecosystems. 11(7): 1106—1119.
https://doi.org/10.1007/s10021-008-9182-8.

47


https://doi.org/10.2737/PNW-GTR-929
https://doi.org/10.2737/PNW-GTR-911
https://ecoshare.info/category/data-sets%20.
https://doi.org/10.2737/PNW-GTR-933
https://doi.org/10.1016/S0034-4257(03)00039-7
https://doi.org/10.5849/jof.13-071
https://doi.org/10.1016/S0378-1127(01)00575-8
https://doi.org/10.1016/S0378-1127(01)00575-8
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.2737/PNW-GTR-790
https://doi.org/10.1007/s10021-008-9182-8

General Technical Report PNW-GTR-1004

Healey, S.P.; Cohen, W.B.; Yang, Z.; Brewer, C.K.;

Brooks, E.B.; Gorelick, N.; Alexander, J.H.;
Chengquan, H.; Hughes, M.J.; Kennedy, R.E.;
Loveland, T.R.; Moisen, G.G.; Todd, A.S.; Stehman,
S.V.; Vogelmann, J.E.; Woodcock, C.E.; Yang, L.;
Zhu, Z.. 2018. Mapping forest change using stacked
generalization: an ensemble approach. Remote Sensing
of Environment. 204: 717-728. https://doi.org/10.1016/
j-rse.2017.09.029.

Heithecker, T.D.; Halpern, C.B. 2007. Edge-related

gradients in microclimate in forest aggregates following
structural retention harvests in western Washington.
Forest Ecology and Management. 248(3): 163—173.
https://doi.org/10.1016/j.foreco.2007.05.003.

Hemstrom, M.; Spies, T.A.; Palmer, C.J.; Kiester,

R.; Teply, J.; McDonald, P.; Warbington, R. 1998.
Late-successional and old-growth forest effectiveness
monitoring plan for the Northwest Forest Plan.

Gen. Tech. Rep. PNW-GTR-438. Portland, OR:

U.S. Department of Agriculture, Forest Service,
Pacific Northwest Research Station. 37 p.
https://doi.org/10.2737/PNW-GTR-438.

Herold, N.D.; Koeln, G.; Cunnigham, D. 2003.

Mapping impervious surfaces and forest canopy
using classification and regression tree (CART)
analysis. In: Proceedings of the American Society for
Photogrammetry and Remote Sensing 2003 annual
conference. Anchorage, AK: American Society for

Photogrammetry and Remote Sensing. 7 p.

Johnson, J., comp. 2016. Aerial forest insect and disease

detection surveys in Oregon and Washington 1947-2016.

R6-FHP-GTR-0302. Portland, OR: U.S. Department of
Agriculture, Forest Service, Pacific Northwest Region,
State and Private Forestry. 298 p.

Kennedy, R.E.; Ohmann, J.; Gregory, M.; Roberts,

48

H.; Yang, Z.; Bell, D.M.; Kane, V.; Hughes, M.J.;
Cohen, W.; Powell, S.; Neeti, N.; Larrue, T.; Hooper,
S.; Kane, J.T.; Miller, D.L.; Perkins, J.; Braaten, J.;
Seidl, R. 2018. An empirical, integrated forest biomass
monitoring system. Environmental Research Letters.
13: 041001. https://doi.org/10.1088/1748-9326/aa9d9%%e.

Kennedy, R.E.; Yang, Z.; Cohen, W.B. 2010.
Detecting trends in forest disturbance and recovery
using yearly Landsat time series: 1. LandTrendr—
temporal segmentation algorithms. Remote
Sensing of Environment. 114(12): 2897-2910.
https://doi.org/10.1016/j.rse.2010.07.008.

Kennedy, R.E.; Yang, Z.; Cohen, W.B.; Pfaff, E.;
Braaten, J.; Nelson, P. 2012. Spatial and temporal
patterns of forest disturbance and regrowth within the
area of the Northwest Forest Plan. Remote Sensing
of Environment. 122: 117-133. https://doi.org/10.1016/
j-rse.2011.09.024.

Key, C.H.; Benson, N.C. 2006. Sampling and analysis
(LA) methods. In: Lutes, D.C.; Keane, R.E.; Caratti, J.F,;
Key, C.H.; Benson, N.C.; Sutherland, S.; Gangi, L.J.,
eds. FIREMON: Fire Effects Monitoring and Inventory
System. Gen. Tech. Rep. RMRS-GTR-164-CD. Fort
Collins, CO: U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station: 1-51.

Landscape Ecology Modeling, Mapping, and Analysis
Team [LEMMA]. 2020. Gradient Nearest Neighbor
(GNN) raster dataset (version 2020.01). Modeled forest
vegetation data using direct gradient analysis and
nearest neighbor imputation. https://lemma.forestry.
oregonstate.edu/data. (11 April 2022).

Lint, J.B., tech. coord. 2005. Northwest Forest Plan—the
first 10 years (1994-2003): status and trends of northern
spotted owl populations and habitat. Gen. Tech. Rep.
PNW-GTR-648. Portland, OR: U.S. Department of
Agriculture, Forest Service, Pacific Northwest Research
Station. 176 p. https://doi.org/10.2737/PNW-GTR-648.

Loehle, C.; Irwin, L.; Manly, B.F.J.; Merrill, A. 2015.
Range-wide analysis of northern spotted owl nesting
habitat relations. Forest Ecology and Management.
342: 8-20. https://doi.org/10.1016/j.foreco.2015.01.010.

Lu, D.; Chen, Q.; Wang, G.; Liu, L.; Moran, E. 2016. A
survey of remote sensing-based aboveground biomass
estimation methods. International Journal of Digital
Earth. 9(1): 63—105. https://doi.org/10.1080/17538947.201
4.990526.


https://doi.org/10.1016/j.rse.2017.09.029
https://doi.org/10.1016/j.rse.2017.09.029
https://doi.org/10.1016/j.foreco.2007.05.003
https://doi.org/10.2737/PNW-GTR-438
https://doi.org/10.1088/1748-9326/aa9d9e
https://doi.org/10.1016/j.rse.2010.07.008
https://doi.org/10.1016/j.rse.2011.09.024
https://doi.org/10.1016/j.rse.2011.09.024
https://lemma.forestry.oregonstate.edu/data
https://lemma.forestry.oregonstate.edu/data
https://doi.org/10.2737/PNW-GTR-648
https://doi.org/10.1016/j.foreco.2015.01.010
https://doi.org/10.1080/17538947.2014.990526
https://doi.org/10.1080/17538947.2014.990526

Northwest Forest Plan—The First 25 Years (1994—-2018): Status and Trends of Late-Successional and Old-Growth Forests

Lu, D.; Chen, Q.; Wang, G.; Moran, E.; Batistella,
M.; Zhang, M.; Vaglio Laurin, G.; Saah, D. 2012.
Aboveground forest biomass estimation with Landsat
and LiDAR data and uncertainty analysis of the
estimates. International Journal of Forestry Research.
2012: article 436537. 16 p. https://doi.org/10.1155/2012/
436537.

MacLean, C.D. 1972. Photo stratification improves
northwest timber volume estimates. Res. Note PNW-150.
Portland, OR: U.S. Department of Agriculture, Forest
Service, Pacific Northwest Forest and Range Experiment
Station. 16 p. https:/doi.org/10.5962/bhl.title.94384.

Masek, J.G.; Huang, C.; Wolfe, R.; Cohen, W.; Hall,
F.; Kutler, J.; Nelson, P. 2008. North American forest
disturbance mapped from a decadal Landsat record.
Remote Sensing of Environment. 112(12): 2914-2926.
https://doi.org/10.1016/j.rse.2008.02.010.

Max, T.A.; Schreuder, H.T.; Hazard, J.W.; Oswald,
D.D.; Teply, J.; Alegria, J. 1996. The Pacific Northwest

Region vegetation and inventory monitoring system. Res.

Pap. PNW-RP-493. Portland, OR: U.S. Department of
Agriculture, Forest Service, Pacific Northwest Research
Station. 22 p. https://doi.org/10.2737/PNW-RP-493.

McRoberts, R.E. 2012. Estimating forest attribute
parameters for small areas using nearest neighbors
techniques. Forest Ecology and Management. 272: 3—12.

Miller, J.D.; Thode, A.E. 2007. Quantifying burn severity
in a heterogeneous landscape with a relative version of
the delta normalized burn ratio (ANBR). Remote Sensing
of Environment. 109(1): 66—80. https://doi.org/10.1016/
j-1rse.2006.12.006.

Miller, S.A.; Gordon, S.N.; Eldred, P.; Beloin, R.M.;
Wilcox, S.; Raggon, M.; Andersen, H.; Muldoon, A.
2017. Northwest Forest Plan—the first 20 years (1994—
2013): watershed condition status and trends. Gen. Tech.
Rep. PNW-GTR-932. Portland, OR: U.S. Department of
Agriculture, Forest Service, Pacific Northwest Research
Station. 74 p. https://doi.org/10.2737/PNW-GTR-932.

Moeur, M.; Ohmann, J.L.; Kennedy, R.E.; Cohen, W.B.;
Gregory, M.J.; Yang, Z.; Roberts, H.M.; Spies, T.A.;
Fiorella, M. 2011. Northwest Forest Plan—status and
trends of late-successional and old-growth forests
from 1994 to 2007. Gen. Tech. Rep. PNW-GTR-853.
Portland, OR: U.S. Department of Agriculture, Forest
Service, Pacific Northwest Research Station. 48 p.
https://doi.org/10.2737/PNW-GTR-853.

Moeur, M.; Spies, T.A.; Hemstrom, M.; Alegria, J.;
Browning, J.; Cissel, J.; Cohen, W.B.; Demeo, T.E.;
Healey, S.; Warbington, R. 2005. Northwest Forest
Plan—the first 10 years (1994-2003): status and trend
of late-successional and old-growth forest. Gen. Tech.
Rep. PNW-GTR-646. Portland, OR: U.S. Department of
Agriculture, Forest Service, Pacific Northwest Research
Station. 142 p. https://doi.org/10.2737/PNW-GTR-646.

Mulder, B.S.; Noon, B.R.; Spies, T.A.; Raphael, M.G.;
Palmer, C.J.; Olsen, A.R.; Reeves, G.H.; Welsh,
H.H., tech. coords. 1999. The strategy and design of
the effectiveness monitoring program for the Northwest
Forest Plan. Gen. Tech. Rep. PNW-GTR-437. Portland,
OR: U.S. Department of Agriculture, Forest Service,
Pacific Northwest Research Station. 138 p. https:/doi.org/
10.2737/PNW-GTR-437.

Ohmann, J.L.; Gregory, M.J. 2002. Predictive mapping
of forest composition and structure with direct gradient
analysis and nearest-neighbor imputation in coastal
Oregon, U.S.A. Canadian Journal of Forest Research.
32(4): 725-741. https://doi.org/10.1139/x02-011.

Ohmann, J.L.; Gregory, M.J.; Roberts, H.M. 2014.
Scale considerations for integrating forest inventory
plot data and satellite image data for regional forest
mapping. Remote Sensing of Environment. 151: 3—15.
https://doi.org/10.1016/j.rse.2013.08.048.

Palmer, M.; Kuegler, O.; Christensen, G. 2018. Oregon’s
forest resources, 2006—2015: ten-year Forest Inventory
and Analysis report. Gen. Tech. Rep. PNW-GTR-971.
Portland, OR: U.S. Department of Agriculture, Forest
Service, Pacific Northwest Research Station. 54 p.
https://doi.org/10.2737/PNW-GTR-971.

49


https://doi.org/10.1155/2012/436537
https://doi.org/10.1155/2012/436537
https://doi.org/10.5962/bhl.title.94384
https://doi.org/10.1016/j.rse.2008.02.010
https://doi.org/10.2737/PNW-RP-493
https://doi.org/10.1016/j.rse.2006.12.006
https://doi.org/10.1016/j.rse.2006.12.006
https://doi.org/10.2737/PNW-GTR-932
https://doi.org/10.2737/PNW-GTR-853
https://doi.org/10.2737/PNW-GTR-646
https://doi.org/10.2737/PNW-GTR-437
https://doi.org/10.2737/PNW-GTR-437
https://doi.org/10.1139/x02-011
https://doi.org/10.1016/j.rse.2013.08.048
https://doi.org/10.2737/PNW-GTR-971

General Technical Report PNW-GTR-1004

Palmer, M.; Kuegler, O.; Christensen, G. 2019.
Washington’s forest resources, 2007-2016: ten-year
Forest Inventory and Analysis report. Gen. Tech. Rep.
PNW-GTR-976. Portland, OR: U.S. Department of

Agriculture, Forest Service, Pacific Northwest Research

Station. 79 p. https://doi.org/10.2737/PNW-GTR-976.

Pierce, K.B., Jr. ; Ohmann, J.L.; Wimberly, M.C.;
Gregory, M.J.; Fried, J.S. 2009. Mapping wildland
fuels and forest structure for land management: a
comparison of nearest-neighbor imputation and other
methods. Canadian Journal of Forest Research.
39(10): 1901-1916. https://doi.org/10.1139/X09-102.

R Core Team. 2013. R: A language and environment
for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. http:/www.R-project.org.
(11 April 2020)

Reilly, M.J.; Dunn, C.J.; Meigs, G.W.; Spies, T.A.;
Kennedy, R.E.; Bailey, J.D.; Briggs, K. 2017.
Contemporary patterns of fire extent and severity in
forests of the Pacific Northwest, USA (1985-2010).

Ecosphere. 8(3): 1-28. https://doi.org/10.1002/ecs2.1695.

Reilly, M.J.; Elia, M.; Spies, T.A.; Gregory, M.J.;
Sanesi, G.; Lafortezza, R. 2018. Cumulative effects
of wildfires on forest dynamics in the eastern Cascade
Mountains, USA. Ecological Applications.

28(2): 291-308. https://doi.org/10.1002/eap.1644.

Schleeweis, K.; Goward, S.N.; Huang, C.; Dwyer,
J.L.; Dungan, J.L.; Lindsey, M.A.; Michaelis, A.;
Rishmawi, K.; Masek, J.G. 2016. Selection and
quality assessment of Landsat data for the North

American forest dynamics forest history maps of the US.

International Journal of Digital Earth. 9(10): 963—980.
https://doi.org/10.1080/17538947.2016.1158876.

Simpson, Mike. 2019. Personal communication. Developer

of the forest vegetation zone map. Ecologist, Central
Oregon Area Ecology and Forest Health Protection
Program. U.S. Department of Agriculture, Forest
Service, Pacific Northwest Region, Bend, OR 97702.

50

Soille, P.; Vogt, P. 2009. Morphological segmentation
of binary patterns. Pattern Recognition Letters.
30(4): 456—459. https://doi.org/10.1016/j.
patrec.2008.10.015.

Spies, T.A. 2004. Ecological concepts and diversity of old-
growth forests. Journal of Forestry. 102(3): 14-20.

Spies, T.A.; Franklin, J.F. 1988. Old growth and forest
dynamics in the Douglas-fir region of western Oregon
and Washington. Natural Areas Journal. 8: 190-201.

Spies, T.A.; Stine, P.A.; Gravenmier, R.; Long, J.W.;
Reilly, M.J., tech. coords. 2018. Synthesis of science
to inform land management within the Northwest Forest
Plan area. Gen. Tech. Rep. PNW-GTR-966. Portland,
OR: U.S. Department of Agriculture, Forest Service,
Pacific Northwest Research Station. 1020 p. 3 vol.
https://doi.org/10.2737/PNW-GTR-966.

ter Braak, C.J.F. 1986. Canonical correspondence
analysis: a new eigenvector technique for multivariate
direct gradient analysis. Ecology. 67(5): 1167-1179.
https://doi.org/10.2307/1938672.

Thomas, J.W.; Forsman, E.D.; Lint, J.B.; Meslow, E.C.;
Noon, B.R.; Verner, J. 1990. A conservation strategy
for the northern spotted owl: a report of the Interagency
Scientific Committee to address the conservation of the
northern spotted owl. Portland, OR: U.S. Department
of Agriculture, Forest Service; U.S. Department of the
Interior, Bureau of Land Management, Fish and
Wildlife Service, National Park Service. 427 p.
https://doi.org/10.5962/bhl.title.124040.

U.S. Department of Agriculture, Forest Service;
U.S. Department of the Interior, Bureau of Land
Management [USDA FS and USDI BLM]. 1994.
Final supplemental environmental impact statement
on management of habitat for late-successional and
old-growth forest related species within the range of
the northern spotted owl. Volumes 1-2 and record
of decision. Portland, OR: U.S. Department of
Agriculture, Forest Service and U.S. Department of the
Interior, Bureau of Land Management.


https://doi.org/10.2737/PNW-GTR-976
https://doi.org/10.1139/X09-102
http://www.R-project.org
https://doi.org/10.1002/ecs2.1695
https://doi.org/10.1002/eap.1644
https://doi.org/10.1080/17538947.2016.1158876
https://doi.org/10.1016/j.patrec.2008.10.015
https://doi.org/10.1016/j.patrec.2008.10.015
https://doi.org/10.2737/PNW-GTR-966
https://doi.org/10.2307/1938672
https://doi.org/10.5962/bhl.title.124040

Northwest Forest Plan—The First 25 Years (1994—-2018): Status and Trends of Late-Successional and Old-Growth Forests

U.S. Department of the Interior, Bureau of Land
Management [USDI BLM]. 2016a. Northwestern and
coastal Oregon record of decision and approved resource
management plan, Coos Bay, Eugene, Salem Districts,
and Swiftwater Field Office of Roseburg District.
Portland, OR. 320 p.

U.S. Department of the Interior, Bureau of Land
Management [USDI BLM]. 2016b. Southwestern
Oregon record of decision and approved resource
management plan, Klamath Falls Field Office of
Lakeview District, Medford District, and South River
Field Office of Roseburg District. Portland, OR. 332 p.

Vogelmann, J.E.; Howard, S.M.; Yang, L.; Larson, C.R.;
Wylie, B.K.; Van Driel, J.N. 2001. Completion of the
1990’s national land cover dataset for the conterminous

United States. Photogrammetric Engineering and
Remote Sensing. 67: 650—662.

Vogt, P.; Riitters, K. 2017. GuidosToolbox: universal
digital image object analysis. European Journal
of Remote Sensing. 50: 352—361. https://doi.org/
10.1080/22797254.2017.1330650.

Wolpert, D. 1992. Stacked generalization. Neural
Networks. 5(2): 241-259. https://doi.org/10.1016/
S0893-6080(05)80023-1.

Zald, H.S.; Wulder, M.A.; White, J.C.; Hilker, T.;
Hermosilla, T.; Hobart, G.W.; Coops, N.C. 2016.
Integrating Landsat pixel composites and change
metrics with lidar plots to predictively map forest
structure and aboveground biomass in Saskatchewan,
Canada. Remote Sensing of Environment. 176: 188—201.
https://doi.org/10.1016/j.rse.2016.01.015.

Zhang, H.K.; Roy, D.P. 2016. Landsat 5 thematic
mapper reflectance and NDVI 27-year time series
inconsistencies due to satellite orbit change.
Remote Sensing of Environment. 186: 217-233.
https://doi.org/10.1016/j.rse.2016.08.022.

Zhu, Z..; Woodcock, C.E. 2012. Object-based cloud
and cloud shadow detection in Landsat imagery.
Remote Sensing of Environment. 118: 83—94.
https://doi.org/10.1016/j.rse.2011.10.028.

51


https://doi.org/10.1080/22797254.2017.1330650
https://doi.org/10.1080/22797254.2017.1330650
https://doi.org/10.1016/S0893-6080(05)80023-1
https://doi.org/10.1016/S0893-6080(05)80023-1
https://doi.org/10.1016/j.rse.2016.01.015
https://doi.org/10.1016/j.rse.2016.08.022
https://doi.org/10.1016/j.rse.2011.10.028

General Technical Report PNW-GTR-1004

Appendix 1: Differences Between Forest Inventory Plot and Remotely Sensed

Map Estimates

Table A1-1—Summary of differences between map and plot estimates (e.g., map area minus plot area)

Geographic area

OGSI 80

OGSI 200

2003

2013

2003

2013

Fed Nonfed All

Fed Nonfed All

Fed Nonfed All

Fed Nonfed All

Northwest Forest
Plan

Washington
Oregon
California

Washington
Olympic Peninsula

Washington
Western Cascades

Washington Eastern
Cascades

Oregon Coast Range

Oregon Western
Cascades

Oregon Klamath

Oregon Eastern
Cascades

California Coast
Range

California Klamath

California Cascades

517.6 1,080.3 5627
1959 2725 767
1134 5259 4125
208.4 2820 73.6
351 315 -3.6
-60.5 150.1  89.6
-105.3  -6.8 -112.1
90.4 1495 59.1
171 48.8 163.4
2.0 1787 1807
485 79 -407
495 1235 74.0
58.4 244 -34.1
-100.5 1341  33.6

-519.6

-174.8
-129.3
-215.5

-21.6

-73.3

-71.4

-50.0
-11.7

5.8
-80.6

-45.9

-40.8
-128.8

689.5

186.5
342.4
160.7

2.3

99.4

58.1

121.0
53.7

68.9
19.3

3.1

69.9
87.7

Thousand acres

169.9

11.7
213.1
-54.8
-19.3

26.1

-13.3

71.0
130.7

74.7
-61.2

-42.8

29.0
-41.1

166.7

88.1
60.0
18.6
121

52.5

121.6

-29.6
111.2

45.3
-68.2

25.8

73.1
-80.3

-90.3

-88.0
308.7
218.7

23.9

95.1

-12.5

102.9
579

129.1
-1.5

67.4

62.7
88.5

-782.1

-176.1
368.8
237.2

35.9

42.6

109.1

73.3
169.0

174.4
-69.7

93.2

135.8
8.2

-251.0

-149.0
8.6
-110.6
46.4

152.2

-43.8

-32.7
65.1

63.6
-88.9

3.0

-10.5
-103.0

-139.5

-16.6
309.5
256.0

20.1

52.4

-36.9

100.1
84.6

124.0
-7.2

83.6

113.5
589

-331.1

132.4
318.1
145.4

66.5

-99.7

-80.6

67.3
149.7

187.6
-96.0

86.6

102.9
-44.1

Bold numbers indicate that mapped estimates were within the 95-percent confidence intervals of plot estimates. Fed = federal; nonfed = nonfederal.
OGSI = Old-growth structure index.
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Appendix 2: Components of Change in Remeasured Forest Inventory Plots

Forest inventory ground plot remeasurement data provide
some insight into understanding mechanisms of forest
successional change from younger forest stages into
late-successional and old-growth characteristics. However,
given the length of time (decades to centuries) needed for
younger forests to develop into older forests and the current
short interval between plot measurements in place, we are
currently limited to those stands that structurally existed at

the margins of the thresholds that separate the two.

Methods

The plot-based analysis used Forest Inventory and Analysis
(FIA) plots installed on forestland across all ownerships
using standard national and regional field procedures. Plots
were installed beginning in 2001 across the Northwest
Forest Plan (NWFP) area and remeasured starting in 2011.
We analyzed the subset of plots that had been installed and
remeasured using the same procedures. For California and
Oregon, this consisted of plots installed in 2001-2006 and
remeasured in 2011-2016; for Washington, it consisted of
plots installed in 2002—2006 and remeasured in 2012-2016
(the new inventory was started a year later in Washington).
In the results, the first measurement is referred to as “2000s”
and the second measurement is referred to as “2010s.” There
were 5,920 FIA plots that sampled forestland and were
installed and remeasured within the NWFP area between
2001 and 2016.

The core national FIA plot density is one plot per 6,000
ac, measured over a 10-year period in the West. Our
analysis therefore uses six-tenths of the plots in California
and Oregon, and five-tenths (one-half) of the plots in
Washington. However, the same procedures were also used
on a spatially intensified grid of plots on National Forest
System lands outside wilderness (one plot per 1,580 ac)
in the U.S. Department of Agriculture (USDA), Forest
Service’s Pacific Northwest Region, so the remeasured
subset (six-tenths and one-half) were used for Oregon and
Washington, respectively.

The FIA inventory uses poststratification to improve
precision. We adjusted the post-stratification to match the
total acres in each federal ownership within the NWFP area
using the land use allocation (LUA) layer. Federal owners
within NWFP LUAs consisted of the U.S. Department of the

Interior (USDI), Bureau of Land Management in California
and Oregon; the USDA Forest Service Pacific Northwest
and Pacific Southwest Regions; and the USDI National Park
Service. Some results are presented for all lands, which

include other owners: state, local government, and private.

Results

Changes in old-growth structure index (OGSI) results from
both forest succession and forest disturbances. The majority
(70 percent) of plots on federal forests had no disturbance
agent recorded, the remaining (30 percent) recorded some
type of human or natural disturbance area between the
2000s and 2010s, for a disturbance rate of 3 percent per
year (table A2-1). Federal forests overall experienced timber
harvest at a higher rate than the subsets that were classified
as OGSI 80 and OGSI 200 (stand ages >80 and >200,
respectively) in the 2000s (see fig. 5). On the other hand,
fire and insects and disease tended to be more common on
the OGSI forests. Timber harvest had little effect on OGSI
status, with the OGSI 80 area remaining the same and only
a 3,000-ac net loss in the OGSI 200 class. The effects of
fire were relatively modest and reduced the area of OGSI 80
by 21 percent and the area of OGSI 200 by 12 percent. In
contrast, insects and disease resulted in 1 percent more area
in OGSI 80 and 18 percent more area in OGSI 200.

s 20 H Al
.3 18 0GSI 80
e M OGSl 200
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Figure A2-1—Percentage of forest land in different old-growth
structure index (OGSI) categories in the 2000s that experienced
different disturbances by the 2010s. Bars are 95-percent
confidence intervals.
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Table A2-1—Area of federal forest affected by disturbance and changes in old-growth structure index (OGSI)

category 80 and OGSI 200

OGSI 80 OGSI 200
Disturbance Forest Nonforest 2000s SE 2010s SE 2000s SE 2010s SE
Thousand acres
None 15,845 2,015 9,032 222 9,489 226 4,819 179 5,414 186
Timber harvest 706 11 180 34 180 33 42 15 39 11
Fire 1,622 35 1,157 108 914 95 567 77 498 73
Timber harvest and fire 51 35 14 34 14 26 14 9 5
Incidental cut 167 3 49 21 68 25 14 11 27 16
Insect and disease 3,380 13 2,230 138 2,251 137 1,070 100 1,267 109
Weather 968 64 514 72 539 73 285 55 306 52
SE = standard error.
Table A2-2—Mean changes in old-growth structure index (OGSI) component scores by change in
OGSI 200 status
OGSI 200 threshold met Mean change in OGSI and component scores
2000s 2010s OGSI Live tree Snags CWD DDI

N N 1.7 1.8 1.9 -1.6 4.5

Y N -20.6 -13.3 -15.0 -35.6 -12.2

N Y 28.6 22.0 36.2 374 13.8

Y Y 1.0 1.3 2.9 -0.5 0.3

CWD = coarse woody debris; DDI = diameter diversity index.

Table A2-3—Matrix of change between old-growth
structure index (OGSI) classes in millions of acres

OGSl class in 2010s

7

o

S <80 80 120 160 200

T <80 242 11608 03 02 - Nochange

8 80 09 14 09 03 02 Loss of older forest
‘—3 120 = 0.6 0.6 1.1 07 07 Gain in older forest
» 160/ 02 01 03 1.0 09 = Transitionfrom
(O] one older forest

O 200 0.3 0.1 02 0.6 6.7 to another

The majority (75 percent) of older forest losses occurred in the OGSI
80 and 120 classes. Likewise, the majority (83 percent) of gains
occurred in the same classes.

Federal forest lands that qualified as OGSI 200 in
the 2000s and did not in the 2010s lost 21 points (out
of 100) in the OGSI on average; scores declined across
all components and for the coarse woody debris (CWD)
component in particular (table A2-2). Lands that did not
qualify as OGSI 200 in the 2000s and did in the 2010s
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gained 29 points in the OGSI on average; gains were seen
in all components and for the snag and CWD components
in particular.

The OGSI scores are based on equal weighting of four
different stand structure components that in turn are based
on plot-based samples of finite areas. Although in theory
relatively undisturbed stands should increase steadily in
OGSI score and class, small or large disturbances do occur,
and stands that are near a threshold between one class
and another can move in either direction based on the loss
or gain of a small number of snags or logs on the sample
plot. Although there were instances of large changes in
OGSI status (e.g., 200,000 ac that changed from OSGI 80
in the 2000s to OGSI 200 in the 2010s), most of the time,
the majority of acres in a class were either in the class
previously or changed from the next closest class (table
A2-3).

The majority (75 percent) of older forest losses occurred
in the OGSI 80 and 120 classes. Likewise, the majority (83
percent) of gains occurred in the same classes.
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Appendix 4: Gradient Nearest Neighbor Older Forest Map Accuracy Report

A large suite of diagnostics detailing Gradient Nearest
Neighbor (GNN) model reliability and map accuracy is
produced as a standard part of GNN modeling, and a
report is provided with all data downloads. For local-scale
(plot-scale) accuracy assessment, we used a modified
leave-one-out, cross validation for all plots used in the
model (Ohmann and Gregory 2002). The modified leave-
one-out, cross validation—where the first independent
neighbor (i.e., not the reference plot in question) is used
to generate predictions upon which accuracy statistics
are based—has been shown to produce equivalent results
to traditional cross-validation techniques, but is far less
computationally intensive (Ohmann and Gregory 2002).
Predicted map values for vegetation attributes at plot
locations were compared to the field-measured values. For
evaluation of the bookend models, the predicted value was
from the bookend model date closest to the year of plot
measurement. Because none of the plot inventories provide
a valid, representative sample of forest conditions across
all ownerships at either of the bookend dates, it was not
possible to assess the accuracy of each bookend model
independently. Rather, the cross-validation provides a
general indication of the reliability of both bookend models.
To quantify old-forest (OGSI 80 and OGSI 200) map
accuracy for this report (high-severity masked OGSI), we
summarized the cross-validation data (predicted-observed

pairs) by GNN model region. For each bookend map,

we compared plot-observed, old-forest classification to
independent GNN prediction at the plot’s location. This
was done by extracting plot footprints (3-by-3 pixels)
from the corresponding year of plot measurement. If a
pixel in the plot footprint was identified as high-severity
disturbance, the GNN call for OGSI was overruled. The
majority OGSI class of the 9-pixel footprint was used and
a binary error matrix of observed (plot) and predicted
(mapped) designations was constructed to derive several
map diagnostics (tables A4-1 and A4-2).

Map accuracy as a percentage correct is the percentage
of plots where the observed and predicted agree (both
presence and absence). Sensitivity is based on the
percentage of field plots where the map correctly predicted
presence, and specificity is the percentage of plots where
the map correctly predicted absence. The kappa statistic
takes into account the agreement occurring by chance
(Cohen 1960) but still is not independent of prevalence
(kappas tend to be lower where old forest comprises a
smaller percentage of the forest landscape). The assessment
of “overall map agreement” in tables A3-1 and A3-2 is a
subjective classification of kappa by Landis and Koch
(1977). Overall, the bookend maps had fair to moderate

agreement with the plot data.

Table A4-1—Map versus forest inventory plot accuracy statistics for bookend map 1 (1993)

Model Number Percent Overall map
region OGSI of plots Prevalence correct  Sensitivity Specificity Kappa agreement
221 80 3,084 0.39 0.81 0.74 0.85 0.59 Moderate
200 3,084 0.21 0.84 0.62 0.90 0.52 Moderate
222 80 2,075 0.48 0.68 0.69 0.67 0.36 Fair
200 2,075 0.16 0.79 0.39 0.87 0.25 Fair
223 80 1,509 0.35 0.82 0.74 0.85 0.60 Moderate
200 1,509 0.16 0.87 0.61 0.92 0.53 Moderate
224 80 3,946 0.50 0.72 0.75 0.69 0.44 Moderate
200 3,946 0.23 0.79 0.53 0.86 0.40 Fair
225 80 2,671 0.52 0.71 0.77 0.64 0.41 Moderate
200 2,671 0.21 0.77 0.53 0.83 0.34 Fair
226 80 879 0.40 0.67 0.62 0.71 0.33 Fair
200 879 0.11 0.86 0.37 0.92 0.29 Fair

OGSI = old-growth structure index.
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Table A4-2—Map versus forest inventory plot accuracy statistics for bookend map 2 (2017)

Model Number of Percent Overall map
region OGSI plots Prevalence correct  Sensitivity Specificity Kappa agreement
221 80 3084 0.39 80.8 0.74 0.85 0.60  Moderate
200 3084 0.21 83.5 0.62 0.89 0.51 Moderate
222 80 2075 0.48 68.6 0.70 0.67 0.37  Fair
200 2075 0.17 78.5 0.39 0.86 0.25  Fair
223 80 1509 0.35 81.6 0.74 0.86 0.60  Moderate
200 1509 0.16 87.2 0.62 0.92 0.54  Moderate
224 80 3946 0.50 72.3 0.75 0.69 0.45  Moderate
200 3946 0.23 78.8 0.54 0.86 0.41 Moderate
225 80 2671 0.52 70.9 0.77 0.65 0.42  Moderate
200 2671 0.22 76.5 0.53 0.83 0.34  Fair
226 80 879 0.40 67.3 0.62 0.71 0.33  Fair
200 879 0.11 85.9 0.32 0.92 0.25  Fair

OGSI = old-growth structure index.
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Appendix 6: Old-Growth Structure Index Mapping and Analysis Thresholds

Table A6-1—Old-growth structure index (OGSI) mapping thresholds (80, 120, 160,
and 200 years) by forest vegetation zone

Vegetation zone OGSI 80 OGSI 120 OGSI160 OGSI 200
Western hemlock 21.08 28.72 36.92 44.63
Douglas-fir 19.67 31.81 4273 50.81
Grand fir/white fir 18.72 30.82 40.96 48.00
Silver fir 18.11 25.67 34.58 43.39
Mountain hemlock 12.24 20.95 31.02 41.34
Tanoak 22.41 30.86 40.17 48.22
Redwood 28.83 37.90 45.63 50.94
Sitka spruce 30.58 43.54 52.73 59.96
Oak woodland 32.00 57.07 62.46 NA
Subalpine 17.42 31.29 40.97 45.08
Ponderosa pine NA 28.96 55.87 67.95
Jeffrey pine/knobcone pine 6.30 28.69 49.07 61.77
Shasta red fir 21.36 32.59 45.95 52.81
Port Orford cedar 24.85 33.34 41.47 45.01
Lodgepole pine 39.18 57.48 61.46 NA
Juniper 1.55 30.10 63.03 70.95

NA = not applicable.
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Figure A6-1—Scatter plot of old-growth structure index (OGSI) and stand age for forest inventory plots showing a locally weighted
polynomial regression line used to develop mapping thresholds at 80 and 200 years (dashed lines). R? = pseudo R? (see Cleveland 1979

and Schabenberger and Pierce 2002).
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Figure A6-1 continued—Scatter plot of old-growth structure index (OGSI) and stand age for forest inventory plots showing a locally
weighted polynomial regression line used to develop mapping thresholds at 80 and 200 years (dashed lines). R* = pseudo R? (see
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Figure A6-1 continued—Scatter plot of old-growth structure index (OGSI) and stand age for forest inventory plots showing a locally
weighted polynomial regression line used to develop mapping thresholds at 80 and 200 years (dashed lines). R> = pseudo R? (see

Cleveland 1979 and Schabenberger and Pierce 2002).
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