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ABSTRACT

Old growth forests in coastal Alaska and British
Columbia represent some of the most expansive
temperate rainforests on Earth, supporting high
biodiversity, substantial carbon stocks, and the
cultural heritage of Indigenous communities. De-
spite their importance, spatially consistent infor-
mation on the distribution of old growth and
mature forests in this region remains limited. We
addressed this gap by integrating data across two
national forest inventory programs with remotely
sensed predictors. Forest inventory plots were
classified by forest type and successional status (old
growth, mature, or other) and linked to Landsat
imagery, disturbance history, climate variables, and
topographic metrics. Using this data, forest type and
successional status were spatially predicted at 30-m
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resolution using Gradient Nearest Neighbor impu-
tation. Across the ~ 30 million ha study region,
mountain and western hemlock were the most
widespread forest types. We identified 1.2 million
ha of old growth forest and 2.3 million ha of ma-
ture forests, representing ~ 12% of the total land
area. Alaska yellow cedar and white spruce exhib-
ited the highest proportions of mature and old
growth forests (43% and 46 %, respectively), while
widespread species such as Sitka spruce had rela-
tively low percentages (4.1%). More than 40% of
mature and old growth forests occurred within
Inventoried Roadless Areas (IRAs) and Old Growth
Management Areas (OGMAs), which lack perma-
nent legislative protection. OGMAs contained the
highest aboveground C densities, while IRAs had
the greatest total aboveground carbon. These
findings highlight the vulnerability of mature and
old growth forests to policy or management chan-
ges that could influence their long-term persistence
at a regional scale.

Key words: Alaska; Biomass mapping; British
Columbia; Forest conservation planning; Forest
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HIGHLIGHTS

e Mapped forest type and successional stages across
30 million hectares.

e Found 1.2 million hectares of old growth and 2.3
million hectares of mature forests.

e A quarter of all MOG forests have only admin-
istrative protection.

INTRODUCTION

Mature and old growth forests are vital to the
ecological integrity, economic value, and cultural
richness of many forested regions around the
world. This is especially true in the temperate
rainforests of North America, where ecologically
their complex canopy layers, decaying wood, and
varied microhabitats support a diverse range of
plant and wildlife species, fostering unique
ecosystems that promote stability and resiliency
(Franklin 1981; Spies and Franklin 1996; Spies
2004). Culturally, these forests are deeply inter-
twined with the cultural identities, traditions, and
histories of Indigenous communities, providing
essential resources for food, building materials, and
medicine (Turner and Hebda 1990; Crone and
Mehrkens 2013; Gilhen-Baker and others 2022).
Economically, these forests significantly contribute
to local and global economies through timber har-
vesting, providing valuable raw materials for
industries such as construction, pulp and paper
production, and manufacturing, while supporting
employment and economic growth in forest-de-
pendent communities (Harris and Farr 1974; Ve-
blen and Alaback 1996). More recently, however,
these forests have gained increasing economic
importance through carbon markets, reflecting
their critical role in storing vast amounts of carbon
both above and below ground to offset greenhouse
gas emissions (Harmon and others 1990; Luyssaert
and others 2008; Williams and Powers 2019;
Lamping and others 2025).

Conservation efforts for old growth and mature
forests have evolved over the past two centuries in
response to shifting societal values, scientific in-
sights, and environmental pressures. In North
America, early landmark actions included the
establishment of the first national parks, such as
Yellowstone in 1872 and Banff in 1885, motivated
by preserving outstanding natural landscapes and
their ecological integrity. However, policies specif-
ically protecting old growth forests were uncom-
mon until the mid-to-late twentieth century, as

public awareness of ecosystem science grew
alongside the emergence of environmental move-
ments (Beissinger and others 2019).

Conservation in the Temperate Rainforest

The temperate rainforests of the Pacific Northwest
coast of North America, stretching from northern
California through coastal British Columbia to
southeast Alaska, have faced intense pressures
from timber harvest and resource extraction since
the mid-nineteenth century. Among the most
carbon-rich forests in the world (Keith and others
2009; Buma and others 2016), their ecological,
economic, and cultural importance has more re-
cently fostered innovative landscape-scale conser-
vation strategies, collaborative land-use
agreements, and policies aimed specifically at pro-
tecting and enhancing mature and old growth
characteristics in the forests that remain.

In the southern regions of the temperate rain-
forest, old growth conservation was catalyzed by
concern over declining populations of old growth-
dependent species, most notably the northern
spotted owl, which triggered a series of legal and
policy shifts in the late twentieth century. The
Northwest Forest Plan (NWFP), implemented in
1994, was a landmark federal policy in the United
States that reoriented management across 10 mil-
lion hectares of federal land in Washington, Ore-
gon, and northern California. It introduced long-
term protections for old growth stands through
Late-Successional Reserves and prioritized biodi-
versity, watershed health, and habitat connectivity
in these areas, while limiting continued timber
harvest to relatively younger stands (Spies and
others 2018; Davis and others 2022). The plan
marked a significant departure from stand-level
management planning by using an interdisci-
plinary, landscape-level approach. As such, it's
considered one of the first region-wide forest plans
to explicitly consider cumulative impacts across
ecosystems, ownership boundaries, and manage-
ment jurisdictions.

In British Columbia, growing awareness of old
growth forest loss, particularly highlighted during
the Clayoquot Sound blockades of the 1990s, a
series of high-profile protests opposing old growth
logging on Vancouver Island, helped drive signifi-
cant shifts in provincial forest policy (Clayoquot
Sound Scientific Panel 1994; Parai and Esakin
2003). The establishment of the Great Bear Rain-
forest in 2016, for instance, culminated in the
protection of approximately 6.4 million hectares of
coastal temperate rainforest under an ecosystem-
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based management framework (Gorley and Merkel
2020; Government of Canada 2021). The Great
Bear Rainforest agreements balanced conservation
and economic development by protecting 85% of
the region’s forest ecosystems and prioritizing old
growth conservation while supporting local
economies through sustainable resource extraction
and stewardship employment (Gorley and Merkel
2020; Dhari 2023). Today, these landmark agree-
ments serve as global benchmarks for collaborative
land-use planning, combining ecosystem-based
management and Indigenous co-governance.
Additionally, the province-wide establishment of
Old Growth Management Areas (OGMAs) has
sought to conserve representative ecosystems by
explicitly limiting harvest in designated mature and
old growth forests. Following a 2020 Old Growth
Strategic Review, the British Columbia provincial
government has deferred harvest on nearly 2.44
million hectares of old growth forests identified as
at-risk (British Columbia 2024). Such deferrals
provide temporary protection, allowing time for
updated ecological inventories and collaborative,
Indigenous-informed forest management plans to
be developed.

In southeast Alaska, the Tongass National Forest
has been central to discussions surrounding old
growth forest conservation for decades. Following
intensive timber harvesting during the mid-to-late
twentieth century (Brackley and others 2009),
conservation measures began to gain momentum
through legislation such as the Alaska National
Interest Lands Conservation Act (ANILCA) of 1980
(United States of America 1980), which signifi-
cantly expanded wilderness designations and lim-
ited harvest in parts of the Tongass (USDA Forest
Service 2010). Later, the Tongass Timber Reform
Act of 1990 ended long-term timber contracts and
reduced the allowable timber harvest, emphasizing
habitat conservation and setting the stage for
greater ecological protections (United States of
America 1990). Since 2010, the U.S. Forest Service
Tongass Forest Management Plan has focused on
increasing the harvest of younger second-growth
stands while reducing reliance on old growth har-
vest to support local timber economies. More re-
cently, conservation efforts have led to the
designation of Inventoried Roadless Areas (IRAs),
limiting road constriction and timber harvest
within ecologically intact portions of the forest.
While the Roadless Rule remains a key mechanism
for conservationists interested in protecting old
growth forests in the Tongass, the administration of
the Roadless Rule is subject to executive action;
and thus, old growth forests within IRAs do not

have the same legislative protections as other areas
in the region. Considering the range of conserva-
tion strategies in place across the study area,
effective regional- and landscape-level manage-
ment plans depend heavily on clear and consistent
definitions of what constitutes old growth and
mature forests.

Complexities in Definitions

Defining old growth in the temperate rainforest
presents significant challenges due to the com-
plexity and variability of forest ecosystems in the
region as well as relatively sparse observational
data (Gray and others 2023). Old growth forests are
characterized by a combination of ecological,
structural, and biological features, often character-
ized by large, mature trees, diverse species com-
position, and complex canopy structures (Franklin
1981; Alaback and Juday 1989; Spies and Franklin
1996; MacKinnon 2003; Spies and others 2018).
However, the specific criteria used to define old
growth can vary widely among scientists, land
managers, and stakeholders, leading to inconsis-
tencies in classification and management strategies.
Varying criteria for stand age, tree size, species
diversity, and disturbance history all influence
various designations of old growth status. Addi-
tionally, the cultural value and historical signifi-
cance of various forest attributes within these
ecosystems varies across communities, further
complicating efforts at a clear and consistent defi-
nition (Moyer and others 2008; Owen and others
2009; Crone and Mehrkens 2013).

Most definitions of old growth emphasize pro-
ductive stands characterized by large, mature trees
capable of attaining substantial height and diame-
ter due to favorable soil conditions, climate, and
nutrient availability (Franklin 1981; Spies 2004;
Hilbert and Wiensczyk 2007). Such productive old
growth stands are often prioritized in conservation
frameworks because of their disproportionately
large ecological and economic value, supporting
diverse wildlife habitats, carbon storage potential,
historical significance, and timber resources
(Luyssaert and others 2008; Keith and others
2009). As a result, achieving consensus on old
growth definitions and management approaches
requires careful consideration of ecological princi-
ples and the diverse perspectives of multiple
stakeholders.

In response to these challenges, the U.S. federal
government issued Executive Order 14072 in 2022
(United States of America 2022), which was part of
a broader policy to strengthen the nation’s forests
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and advance climate-smart forest management that
directed the Secretaries of Agriculture and the
Interior to define, identify, and inventory old
growth and mature forests on federal lands as a
foundational step toward developing coordinated
conservation and climate adaptation strategies. This
effort resulted in the publication of old growth and
mature definitions for each dominant forest type
within the ten U.S. Forest Service management
regions to standardize how these forests could be
identified and managed across various jurisdictions
(USDA Forest Service 2023). In the coastal Pacific
Northwest, these standardized definitions empha-
size productive stands thereby prioritizing forests
that support large, ecologically significant trees and
higher biomass density.

Despite the ecological, economic, and cultural
significance of the Pacific coastal temperate rain-
forests of North America, there remains limited
understanding of the current spatial distribution of
mature and old growth (MOG) forests within this
transboundary landscape (Pelz and others 2023;
Price and others 2023, 2023). In particular, it is
unclear which forest types support higher or lower
frequencies of mature and old growth forests.
Additionally, the extent to which these mature and
old growth forests fall within protected areas has
not been well quantified. This information is criti-
cal for informing forest policy and land-use deci-
sions, including prioritization of conservation
areas, evaluation of the permanence and vulnera-
bility of existing protections, and development of
climate adaptation strategies that account for forest
structure, species composition, and carbon storage
potential.

This study builds upon previously published
Gradient Nearest Neighbor (GNN) mapping of
forest structure and composition across coastal
Alaska and British Columbia (Lamping and others
2025). That work used harmonized forest inven-
tory data and satellite-derived environmental pre-
dictors to produce spatially continuous (30-m
resolution) predictions of forest structural attri-
butes (e.g., aboveground biomass, stand age, basal
area, and snag density) and species-specific bio-
mass. In this study, we used the previously
developed inventory data and classified it by
dominant species and successional status (mature,
old growth, or other) based on U.S. Forest Service
definitions. Using similar environmental predictors
as Lamping and others (2025), we applied a Gra-
dient Nearest Neighbor (GNN) imputation frame-
work (k = 5, majority vote) to spatially map these
categorical attributes of dominant species and
successional status across the landscape. By

quantifying where mature and old growth forests
occur, which forest types most frequently support
them, and how they intersect with protected and
administratively designated lands, this analysis
provides a region-wide basis for evaluating the
effectiveness of current conservation strategies and
identifying areas where policy changes could sub-
stantially influence the future persistence of ma-
ture and old growth forests.

METHODS
Study Area

The study area encompasses nearly 29.9 million
hectares along coastal British Columbia northward
through Southeast Alaska to Kodiak Island (Fig-
ure 1), spanning substantial climatic, physio-
graphic, and vegetative gradients (48°N to 61°N
latitude and 121°W to 154°W longitude). Charac-
terized by a maritime climate with mild tempera-
tures, high humidity, and substantial annual
precipitation, these forests support some of the
highest biomass densities globally (Buma and oth-
ers 2016; McNicol and others 2019). Winters are
mild (0-10 °C) with increasing snowfall toward
higher latitudes and elevations, while summers
remain cool (15-25 °C) with persistent fog (Orians
and Schoen 2013). The area was subdivided into
five modeling regions reflecting climatic variations,
administrative boundaries, and species composition
(Figure 1). The western Kenai Peninsula represents
a transitional zone into boreal forests, marked by
cooler winters, warmer summers, and reduced
precipitation compared to the maritime regions
(Nowacki and others 2003). The remaining tem-
perate coastal rainforest was segmented into
Southcentral and Southeast Alaskan regions, and
northern and southern coastal British Columbia
regions separated by the northern range limit of
Douglas-fir (Hermann and Lavender 1990).

Forest Inventory Data

To evaluate the spatial distribution and dominant
species of mature and old growth forests, forest
inventory data were sourced from the Forest
Inventory and Analysis (FIA) program (Gray and
others 2012) in the United States and the Forest
Analysis and Inventory Branch (FAIB) in British
Columbia (Bourgeois and others 2018). Plot mea-
surements in FIA and FAIB were validated for
consistency and corrected for duplicates (detailed
methods in Lamping and others 2025). Plots were
restricted to the most recent measurement, limited
to fixed-radius designs to maintain consistency
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Figure 1. GNN modeling region of the temperate rainforests of North America separated into five sub-modeling regions.

between inventory systems, and filtered to include
only trees =2 12.7 cm diameter at breast height. For
the FIA data, internally accessed plot coordinates
with precise locations were used rather than the
publicly available, spatially offset plot locations,
enabling accurate spatial correspondence between
plot observations and spatial predictor variables. To
create estimates of stand age, individual tree ages
were calculated using regionally developed site
index equations (Hegyi 1981). This process ensured
robust integration of datasets across the political
and ecological gradients of the study area.

Dominant Forest Type

Existing old growth forest definitions used in this
study rely on information about the dominant tree
species in order to apply the correct definition to
any given forest area. All observations in the plot
inventory were filtered for only living trees, and
diameter values were converted to basal area
(Avery and Burkhart 1983). For each plot, the
species with the maximum basal area was calcu-
lated and assigned (Table Al).

Successional Classification

To classify forests as either old growth, mature, or
other, we utilized the dominant forest type classi-
fication described above to determine the seral
status of each plot in the observational data. The
definitions used in this analysis came from the re-
cent publication of nationwide definitions of old
growth and mature forests by the U.S. Forest Ser-
vice (USES) in the United States. In this report, the
USFS Alaska Region adopted old growth forest
criteria outlined by Boughton and others (1992a,
1992b) and translated these criteria into measur-
able attributes using available data from FIA plots.
Plots were considered old growth if they met
specific thresholds of tree density and stand age
(Table 1).

These definitions were used in this analysis based
on the calculated plot characteristics of stand age
and density of dead standing trees. To determine if
a plot matched the definition for mature forests,
the diameter diversity index (DDI), basal area of
standing dead snags (BA dead), and standard
deviation of tree height (SD HT) were also calcu-
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Table 1.

Definitions for Old Growth and Mature Classification Based on Dominant Species Forest Type

(USDA Forest Service 2023) with Metrics Including Diameter Diversity Index (DDI), Basal Area of Standing
Dead Snags (BA Dead), and Standard Deviation of Tree Height (SD HT) (Grayed Cells Indicate Attributes that
Were not Used in Determining old growth or Mature Status Because No Species-Specific Criteria Were

Defined for those Variables)

. Old growth Mature
Species
Stand age TPH dead DDI BA dead SD HT

Abies amabilis 170 4 21.3 4.5

Abies grandis 170 4 40.1 14.3
Abies lasiocarpa 170 4 27.8 12.5
Chamaecyparis nootkatensis 150 3 14.2 6.9
Picea glauca 150 22 1.6 6.4
Picea mariana 200 10 1.6 2.5
Picea sitchensis 160 1 42.8 12.1
Pinus albicaulis 170 4 21.3 4.5

Pinus contorta 170 2

Pinus monticola 170 4 21.3 4.5

Pseudotsuga menziesii 150 4 32.6 12.9
Thuja plicata 170 12 63.8 4.2 17.3
Tsuga heterophylla 150 2 21.3 4.5

Tsuga mertensiana 160 2 1.6 10.2
Acer macrophyllum 80 6

Alnus rubra 80 6

Betula papyrifera 80 6

Populus tremuloides 80 6

Populus trichocarpa 80 6

lated. Stands were classified as mature forests if
they met the criteria for maturity but did not meet
the old growth criteria for their respective domi-
nant forest type. For certain species, classification
as mature did not require meeting all three criteria,
whereas other species lacked defined maturity cri-
teria altogether. In cases where no maturity criteria
existed for a species, plots were not assigned a
mature forest classification.

Gradient Nearest Neighbor Imputation

A Gradient Nearest Neighbor (GNN) imputation
method was used to classify forest structure across
the landscape within the five different modeling
regions. The GNN approach combines canonical
correspondence analysis (CCA) with nearest
neighbor imputation to map forest attributes (Oh-
mann and Gregory 2002; Ohmann and others
2011). CCA captures relationships between plot

data and environmental gradients by ordinating
plot attributes directly against measured predictors
(Ter Braak 1986). Each 30-m pixel received an
imputed value based on the mean of the five
nearest neighbor plots (k= 5), determined by
minimizing weighted Euclidean distances within a
multivariate gradient space defined by plot and
environmental data. This method is well-suited for
vegetation modeling due to its ability to handle
nonlinear responses and datasets with missing
values (McCune and others 2002) and is a common
method for multivariate forest attribute mapping
using the FIA program of the U.S. Forest Service
(Ohmann and Gregory 2002; Davis and others
2022; Bell and others 2023). To enhance model
stability and regional representation, modeling re-
gions incorporated plot data from adjacent areas
when local sample sizes were limited. Specifically,
modeling utilized 693 plots for the western Kenai
region, 1831 for Southcentral Alaska, 2066 for
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Southeast Alaska, and 2053 each for the northern
and southern regions of coastal British Columbia.

To predict spatial patterns of dominant forest
type and mature and old growth forest status across
the study region, we related forest inventory
observations to a suite of remotely sensed, climatic,
topographic, and disturbance-related explanatory
variables. Explanatory variables included Landsat 8
satellite imagery, topographic features, climate
data, and disturbance history (Table A2). Landsat
reflectance data were processed into a cloud-free,
terrain-corrected composite using Google Earth
Engine (Gorelick and others 2017; Hurni and oth-
ers 2017), prioritizing high-quality pixels from
2018-2021. In addition to raw spectral bands, in-
dices such as NDVI and Tasseled Cap transforma-
tions (brightness, greenness, and wetness) were
calculated as additional explanatory variables (Crist
and Cicone 1984). Temporal disturbance data from
1985 to 2021 were derived from the LandTrendr
algorithm (Kennedy and others 2010, 2018) and
combined with harvest boundary data (USDA
2022; Forest Analysis and Inventory Branch 2023)
to create an accurate time since disturbance layer.
Climate data were sourced from CHELSA v2.1
(Karger and others 2017), while topographic data
such as elevation and slope were derived from the
ALOS digital elevation model (JAXA EORC 2024).
For each 30-m pixel, dominant forest type and
successional status (old growth, mature, or other)
were assigned using a majority vote (mode) of the
five nearest neighbor plots in multivariate gradient
space, resulting in spatially continuous categorical
maps across the landscape.

Validation

To validate our classification of dominant overstory
species, old growth, and mature forest status, we
constructed confusion matrices to compare the
observed field classifications against predicted map
classifications for both the successional stage (old
growth, mature, or other) and dominant species
categories. Overall classification accuracy scores
were calculated to quantify the reliability and
agreement of our classification results.

To evaluate how well landscape conditions were
represented by the forest inventory data used in the
GNN imputation, we examined the mean nearest
neighbor distance in environmental gradient space.
Following Ohmann and Gregory (2002) and
Lamping and others (2025), we calculated the
mean Euclidean distance between each 30-m pixel
and its five nearest neighbor plots used in the
imputation. This metric reflects the similarity be-

tween the environmental conditions of a given
pixel and those represented by the training dataset.
Although this measure does not represent statistical
uncertainty, higher distances indicate areas where
modeled conditions are less well represented by
available plot data and where predictions should
therefore be interpreted with greater caution.

Management and Conservation Extents

To better quantify the amount of productive ma-
ture and old growth forest located within different
land-use allocations, we utilized existing GIS layers
that delineated areas of different levels of statutory
protections (Figure 2). The most recently released
datasets of protected areas from Canada and the
U.S., the Canadian Protected and Conserved Area
Database for British Columbia (Canada 2021) and
the USGS Protected Area Database for Alaska
(Gergely and McKerrow 2013), contained maps of
the IRAs and the OGMAs. Both datasets were
reclassified into shared categories based on the type
of land-use restriction (i.e., wilderness area, na-
tional parks and monuments, wildlife habitat re-
serve, indigenously managed, IRA, and OGMA)
and then rasterized to the same extent and reso-
lution as the GNN predictions (Figure 2).
Protected areas within our study region were
grouped into classes reflecting varying levels of
administrative protection and permanence. Na-
tional parks, monuments, and wilderness areas
generally offer the highest levels of legal protection,
typically requiring legislative or similarly robust
processes to modify or rescind these protections.
Conversely, Inventoried Roadless Areas (IRAs),
wildlife habitat refuges, ecological reserves, and Old
Growth Management Areas (OGMAs) provide
critical protections but rely primarily on adminis-
trative designations. These administrative protec-
tions are more susceptible to modification or repeal
through policy decisions or governmental changes,
making forests within these categories potentially
vulnerable to future harvesting and development.

REsuLTs
Classification Accuracy

The accuracy assessment showed that our classifi-
cation of dominant forest type achieved an overall
accuracy of 67.1% across all species categories
(Table A3). Misclassification was most common
among ecologically similar conifer species that fre-
quently co-occur in mixed stands (e.g., western
hemlock, mountain hemlock, Sitka spruce), while
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Figure 2. Protected areas of the northern temperate rainforests in Alaska and coastal British Columbia.

less common or more geographically restricted
forest types showed higher agreement with ob-
served plot data. The successional stage classifica-
tion had an overall accuracy of 78.9% (Table A4).
The accuracy ranged between 77.4% and 80.5% at
a 95% confidence interval, indicating a moderate
agreement between observed and classified suc-
cessional stages. Misclassification primarily oc-
curred between mature and old growth classes,
likely reflecting overlap in structural characteristics
near classification thresholds, while forests classi-
fied as ““other” showed substantially higher agree-
ment with observed plot data.

Spatial patterns of mean nearest neighbor dis-
tance revealed clear geographic structure in the
representation of environmental conditions across
the study area (Figure 3). Lower distances were
observed in low-elevation, productive forests of
southeast Alaska and portions of the boreal tran-
sition zone on the western Kenai Peninsula, where
forest inventory plot density was highest. Higher
distances occurred primarily at higher elevations
and in remote wilderness areas, reflecting combi-

nations of climatic and topographic conditions that
were less frequently sampled by inventory plots.
These patterns suggest that predictions in well-
sampled coastal lowlands are strongly supported by
field data, whereas classifications in high-elevation
and sparsely inventoried regions should be inter-
preted more cautiously.

Dominant Overstory Species Distribution

Dominant overstory species patterns matched re-
gional descriptions and observational datasets for
expected distributions for these species on the
landscape. The primary tree species found
throughout this region commonly co-occur in
various mixed species assemblages. Forest typing
based on dominant basal area by species revealed
that an area over 5 million hectares (25% of the
region) is dominated by Tsuga heterophylla (Table 2,
Figure 4). Tsuga heterophylla stands tended to be
found in low-elevation areas nearest to the coast-
line. This coastal area was also interspersed with
forests dominated by Picea sitchensis in the north,
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Figure 3. Mean nearest neighbor distance in environmental gradient space derived from the Gradient Nearest Neighbor
(GNN) imputation. Lower values indicate pixels whose environmental conditions are well represented by forest inventory
plots, whereas higher values represent areas with limited representation in the training dataset. Inset maps illustrate
contrasting levels of plot support and environmental complexity: (A) Glacier Bay National Park, Alaska, characterized by
steep terrain and sparse inventory coverage, resulting in higher nearest neighbor distances; and (B) Zarembo Island,
Alaska, a low-relief landscape with relatively dense plot coverage, exhibiting lower nearest neighbor distances.
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Table 2. Dominant Overstory Species Extent, Percent Cover of Total Study Region, and Total Area and
Percent Classified as Mature and Old Growth (MOG) Forests Within Each Dominant Forest Type

% of landscape

MOG area (ha) % classified as MOG

Species Total area (ha)

Tsuga heterophylla 5,206,934 25
Tsuga mertensiana 4,805,966 23
Thuja plicata 3,046,853 14
Picea sitchensis 2,883,049 14
Pseudotsuga menziesii 1,405,777 6.6
Chamaecyparis nootkatensis 1,215,076 5.7
Pinus contorta 731,461 3.4
Betula papyrifera 499,956 2.4
Abies amabilis 347,135 1.6
Picea glauca 293,468 1.4
Picea mariana 285,372 1.3
Populus trichocarpa 205,429 1.0
Alnus rubra 164,933 0.8
Acer macrophyllum 96,010 0.5
Populus tremuloides 27,706 0.1
Pinus monticola 8112 0.04
Abies lasiocarpa 2164 0.01

1,313,747 25
1,017,792 21
85,920 2.8
117,534 4.1
150,197 11
518,622 43
10,014 1.4
22,206 4.4
78,357 23
135,883 46
7507 2.6
4220 2.1
1696 1.0
4194 4.4

176 0.6

468 5.8

15 0.7

and Thuja plicata in the mid and southern parts of
the study region, although at lower frequencies (14
percent for both species). The second most com-
mon forest type in the region was Tsuga merten-
siana, which can be seen at higher elevations up to
tree line but also down to sea level in the northern
extent of its range and covers more than 4.8 million
hectares (23 percent) of southeast Alaska and
coastal British Columbia. Pseudotsuga menziesii, an
important commercial species in the Pacific
Northwest (Brackley and others 2009), covers over
1.4 million hectares but was mostly constrained to
the southeastern areas of Vancouver Island and
more inland forests north of Washington state.
Less common forest types included Pinus contorta,
Chamaecyparis nootkatensis, Abies amabilis, Picea
glauca, and Picea mariana. Pinus contorta tended to
dominate in low-lying areas near the coast that
were associated with waterlogged soils (muskegs)
or areas of low productivity. Picea glauca and Picea
mariana were dominant forest types only in the
boreal transition zone of the western Kenai
Peninsula (1.4 and 1.3 percent). Hardwood species
had relatively low dominance, commonly com-
prising relatively minor components of the conif-
erous forests of the region, with all hardwood
species representing less than 3 percent total area as
a dominant forest type. However, the spatial
arrangement of hardwood forest types aligns with
the expected distributions. For example, Acer
macrophyllum made up large components of fores-
ted riparian areas to the south while Populus tri-
chocarpa occurred in similar areas to the north.

Mature and Old Growth Extent
by Dominant Species

Analysis of mature and old growth forest distribu-
tion by dominant species revealed notable variabil-
ity among species (Table 2). Alaska yellow cedar
(Chamaecyparis nootkatensis) and white spruce (Picea
glauca) showed particularly high proportions of
their total extent classified as mature or old growth
forests (43% and 46%, respectively), suggesting
these species frequently occur in older stands across
the landscape. In contrast, other widespread species
such as Sitka spruce (Picea sitchensis) and western
redcedar (Thuja plicata) exhibited notably lower
percentages of mature and old growth forests
(4.1% and 2.8%, respectively) relative to their
overall extent. Together, western hemlock (Tsuga
heterophylla) and mountain hemlock (Tsuga
mertensiana) forests accounted for more than 67%
of the total mature and old growth forest area,
covering over 2.3 million hectares. It is important
to recognize the biogeographic delineation between
temperate and boreal regions when interpreting
these mature and old growth forest extents, as
ecological and disturbance dynamics differ signifi-
cantly between these zones.

Old Growth and Mature Forest
by Protected Status

The classification of forests into seral states showed
that a total of 1,176,903 hectares were classified as
old growth forests while 2,291,309 hectares can be
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Figure 4. Dominant species classification map showing the seven most common forest types by extent. Forest types that
comprise less than 3% of the total study are shown as ‘“‘other.”

classified as mature forests (Figure 5). In southeast National Forest boundary not designated as
Alaska, old growth and mature stands comprise wilderness, IRA, or national monument. Within
nearly 23 percent of all forests within the Tongass legislatively protected areas, National Parks and
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Monuments throughout southeast Alaska and
British Columbia cover a combined area of over 5.9
million hectares of forested land. Of these, our
analysis shows 230,345 hectares of old growth and
309,949 hectares of mature forests (Table 3). Des-
ignated wilderness areas, while having a slightly
smaller footprint on the landscape at over 2.3
million hectares, also contain large amounts of
productive old growth. By far, the largest areas of
mature and old growth forest across the study area
fall outside of legislatively protected areas. In Bri-
tish Columbia, OGMAs contain higher proportions
of older forests, despite their fragmented nature
and relatively small spatial coverage, with over 20
percent of the forests classified as either old growth
or mature. The largest areas of mature and old
growth forests in the region reside within IRAs in
southeast Alaska, with a combined total of 832,500
hectares.

Carbon Density and Stocks by Protected
Status

Mean aboveground carbon density varied among
land-use and protection categories. The highest
mean carbon densities occurred in OGMAs in Bri-
tish Columbia, followed by national monuments,
wilderness areas, and ecological reserves. Areas
without administrative protection had the lowest
mean carbon density, averaging 13,666 g m °
(Figure 6). In contrast to density patterns, total
aboveground carbon stocks were highest in IRAs in
Alaska and National Parks across the region, which
together store over 1583 Tg C. Substantial carbon
stocks were also present in unprotected lands (684
Tg C).

DiscussioN

Our analysis provides insights into the distribution
of mature and old growth forests across coastal
Alaska and British Columbia, highlighting the
varied impacts of historical management and eco-
logical constraints on different species across the
region. Although hemlock-dominated forests (Tsu-
ga heterophylla and Tsuga mertensiana) cover about
48% of the region, only about one-quarter are
currently classified as mature or old growth stands.
Extensive past logging practices preferentially tar-
geted these economically valuable forests, signifi-
cantly reducing their mature and old growth
extents (Table 2). Conversely, less abundant forest
types, such as Alaska yellow cedar (Chamaecyparis
nootkatensis), exhibited notably higher proportions
of mature and old growth stands (43%), possibly

because of lower economic demand or inherent
resilience to disturbance. On the other hand, spe-
cies like western redcedar (Thuja plicata) and Sitka
spruce (Picea sitchensis) have relatively low per-
centages of mature and old growth areas (3% and
4%, respectively), potentially indicating higher
susceptibility to disturbances or intensive historical
harvest pressures. Understanding the spatial pat-
tern of mature and old growth forests are essential,
as it allows resource managers to identify and pri-
oritize forest types where conservation efforts could
significantly enhance biodiversity and ecosystem
functions like carbon storage. Rare, high-value
mature and old growth forest types may warrant
targeted protection to ensure their continued eco-
logical contribution to the landscape.

Approximately 39% of all mature and old
growth forests in the study region occurred within
in Alaska, which are administratively designated
areas whose protections can be modified through
policy or management decisions without legislative
action (Table 3). Although administratively desig-
nated areas in B.C. such as OGMAs occupied only a
small area (only 150,220 ha), almost 21% of their
land was identified as mature and old growth.
Policy changes that relax harvest restrictions or
shift management priorities could result in dispro-
portionate impacts on these highly valued forests.
Mature and old growth forests store large amounts
of carbon, support structurally complex habitat
critical for late-successional and old growth asso-
ciated species, and contribute to landscape con-
nectivity that enhances ecological resilience. In
addition, these forests hold significant cultural
importance for Indigenous communities and pro-
vide ecosystem services that are not readily re-
placed on management-relevant timescales. By
explicitly identifying where mature and old growth
forests occur, which forest types most frequently
support them, and the protection frameworks un-
der which they fall, this analysis provides infor-
mation needed to evaluate the potential ecological
and climatic implications of future administrative
or policy decisions.

Innovative conservation strategies, collaborative
land-use agreements, and policies aimed specifi-
cally at protecting mature and old growth stands in
the region have tried to strike a balance between
preserving ecological integrity and sustainable re-
source management. IRAs are a significant com-
ponent of protected old growth forests in the
United States, particularly within the Tongass Na-
tional Forest where they contain the largest area of
late-successional forests (Table 3). IRAs restrict
road construction and timber harvests, thereby
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Table 3. Administrative Protective Areas with the Total Area (ha), Area Classified as Either old Growth or
Mature (ha), and Percent of Old Growth and Mature Forest (MOG) Contained Within Each

Land-use category Total land area Old growth Mature % protected area
classified as MOG

Administratively protected areas

Inventoried Roadless Areas * 5,511,216 372,290 460,210 15%
OGMA ¥ 150,220 7398 23,725 21%
Wwildlife Habitat Refuge 68,917 2143 6047 12%
Ecological Reserve } 28,096 388 2056 9%
Indigenously managed § 11,461 553 805 12%
Legislatively protected areas

National Park f 3,625,641 73,682 162,190 7%
Wilderness Area I 2,304,321 82,744 175,588 11%
National Monument § 1,318,337 156,663 147,759 23%
No protections

No administrative protection § 5,007,818 136,258 336,298 9%

“U.S.-only designation
TB.C.-onZy designation
*Found in both U.S. and B.C
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Figure 6. Mean aboveground carbon density (g m™2; top) and total aboveground carbon stocks (Pg C; bottom) by land-
use and protection category in coastal Alaska and British Columbia. Colors denote legislative protection, administrative
protection, and unprotected lands. Categories are ordered within protection groups by descending carbon density.

preserving large tracts of undeveloped land. Della- that an estimated 1.06 million hectares of produc-
Sala and others (2022) highlight the critical role of tive old growth are held within IRAs. However, the
IRAs in maintaining biodiversity, ecological func- predictions in this study show 65% lower extents

tions, and carbon storage in the Tongass, noting of old growth in IRAs, with only 372,290 hectares
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classified as old growth. This discrepancy might be
attributed to the broader definition of productive
old growth used in DellaSala and others (2022)
(wood standing volume > 46.6 m>/ha and stand
age > 150 years) and the inclusion of a mature
forest classification in this analysis (Table 3). When
combining our estimates of old growth and mature
forests within IRA boundaries, the two estimates
are more closely aligned, with our models sug-
gesting a total of 832,500 hectares classified as
being in a late-successional stage, only 20% lower
than DellaSala and others (2022).

Recent national-scale analyses provide important
context for interpreting these regional patterns.
Birdsey and others (2025) showed that across
conterminous U.S. forests, the majority of forest
carbon (58%) is stored in mature forests, while
only ~ 15% resides in old growth forests, and that
less than one-fifth of carbon in mature and old
growth forests is afforded any level of protection.
These findings show that mature forests represent a
dominant and often underprotected component of
the national forest carbon pool. Our results mirror
this broader pattern at a regional scale. While old
growth forests hold the highest carbon densities,
mature forests account for a substantial fraction of
total late-successional area and carbon stocks,
much of which remains only weakly protected or
entirely unprotected.

Different types of protective designations offer
varying degrees of security for old growth forests.
Some protections are more permanent, such as
national parks, monuments, and wilderness areas,
which typically require legislative action to alter
their status. In contrast, other protections, such as
administrative designations like IRAs and OGMA:s,
can be more easily modified or revoked by gov-
ernment agencies and comprise 40% of the late
seral forest found in the region. These areas are also
shown to have some of the highest densities of
aboveground carbon in the region (Figure 6).
Administratively protected areas, particularly IRAs,
also contain the largest total aboveground carbon
stocks in the region, meaning that potential policy
changes affecting these designations would have
disproportionate consequences for regional carbon
storage (Dietz and others 2021; Price and others
2021; DellaSala and others 2022; Dhari 2023). The
recent repeal and subsequent reestablishment of
the Roadless Rule in Alaska, which governs IRAs
and has been subject to multiple legal challenges
and administrative changes, illustrate this vulner-
ability. Notably, a substantial portion of mature and
old growth forests, approximately 472,556 hec-
tares, currently lacks these more formal adminis-

trative protections (Table 3). These unprotected
areas represent roughly 22% of the total mature
and old growth forests identified in this study.

The management and conservation of old growth
forests are complicated by varying definitions
across different jurisdictions, which creates signifi-
cant challenges in mapping, policy implementa-
tion, ecological conservation, and forest
management. Over large, cross-jurisdictional areas
such as coastal Alaska and British Columbia, these
inconsistencies, combined with variability in data
sources and inventory methodologies, complicate
accurate estimations of old growth forests. A critical
issue highlighted in recent literature is the dis-
crepancy between defining old growth forests by
tree age versus structural characteristics (Price and
others 2021), such as their capacity to support
large, ecologically significant trees. In British Co-
lumbia, for example, the provincial government
often defines old growth forests primarily based on
the age of the trees, typically those older than
140 years in interior regions and 250 years in
coastal regions (Gorley and Merkel 2020). While
age is a straightforward criterion, it does not nec-
essarily capture the ecological, structural com-
plexity nor productivity of these forests. Some
recent studies argue that an age-based definition
alone can be misleading because it includes large
areas of low-productivity forests, such as subalpine
and bog forests, that do not support large, ecolog-
ically significant trees (Davis and others 2015; Spies
and others 2018). To mitigate these issues, this
study adopted recently published U.S. Forest Ser-
vice definitions, which explicitly incorporate both
stand age and structural characteristics for specific
forest types, offering a comprehensive and stan-
dardized approach. While definitional challenges
persist, this unified methodology provides robust
cross-jurisdictional vegetation mapping suitable for
comprehensive landscape analysis and informed
decision-making.

While this study provides a consistent, region-
wide assessment of mature and old growth forest
distributions, the spatial coverage of plots was un-
even (Figure 3) and coverage of some environ-
mental predictors was incomplete. As with other
imputation-based vegetation maps, these products
are most appropriate for regional- and landscape-
scale assessments of forest structure and condition,
rather than for interpretation at the individual
pixel scale. Mature and old growth forests represent
a relatively small and spatially clustered fraction of
the landscape for some forest types. Given that
classification outcomes are influenced by the den-
sity and spatial distribution of inventory plots cap-
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turing these conditions, predictions are more sen-
sitive to sampling bias in regions where late-suc-
cessional forests are underrepresented. Areas with
higher nearest neighbor distances in environmen-
tal gradient space, particularly high-elevation and
remote landscapes, reflect combinations of climate
and topography that are less frequently sampled by
inventory plots, rather than reduced model per-
formance (Figure 3). Accordingly, classifications in
well-sampled low-elevation coastal forests are most
strongly supported by field data, while predictions
in sparsely inventoried regions should be inter-
preted with appropriate caution.

In summary, our analysis suggests that approxi-
mately 3.5 million hectares, or about 12% of the
total forested land in the region, can be classified as
mature and old growth forests. Hemlock forests had
the largest land area denoted as mature and old
growth (~ 2.3 million ha), while Alaska yellow
cedar and white spruce had the highest percent of
their land area designated as mature and old
growth, ranging from 43 to 46%. Approximately
37% of mature and old growth forests are located
within areas of legislative protection, and 22%
have no protections at all. Approximately 40% are
situated in administrative designations that offer
fewer permanent forms of protection, such as IRAs
and OGMAs. Carbon density was also highest in
OGMAs while IRAs have the greatest stocks of
aboveground carbon, suggesting a substantial por-
tion of the carbon in this region is vulnerable to
shifts in policy and administrative decisions. By
providing detailed and harmonized maps of old
growth that cross-jurisdictional boundaries, this
study offers a comprehensive view of mature and
old growth forests that is crucial for effective
transboundary conservation and forest manage-
ment. The detailed spatial data on dominant species
and old growth forests can inform targeted man-
agement practices aimed not only at preserving
biodiversity, enhancing carbon storage, and main-
taining ecosystem functions, but also at supporting
economic sustainability and other land manage-
ment priorities. Additionally, understanding the
distribution of carbon across different protected
areas helps prioritize regions for more compre-
hensive and balanced conservation and resource
use strategies.
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