Received: 11 December 2020

Revised: 1 June 2021

W) Check for updates

Accepted: 14 June 2021

DOI: 10.1111/csp2.482

PERSPECTIVE

Conservation Science and Practice
: ILEY
Ajournal of the Society for Conservation Biology

Strategic monitoring informs wilderness management
and socioecological benefits

Robert J. Smith'?

'Department of Botany and Plant
Pathology, Oregon State University,
Corvallis, Oregon, USA

2USDA Forest Service, Air Resource
Management Program, Washington,
District of Columbia, USA

3USDA Forest Service, Pacific Northwest
Research Station, Corvallis, Oregon, USA

Correspondence

Robert J. Smith, USDA Forest Service, Air
Resource Management Program, 1400
Independence Ave SW, Washington, DC
20250, USA.

Email: robert.smith3@usda.gov

Funding information
U.S. Forest Service, Grant/Award
Number: 17-JV-11261979-046

[Correction added on 29 July 2021, after
first online publication: The copyright line
was changed.]

1 | WILDERNESS CHALLENGES

| Andrew N. Gray’

Abstract

Federally designated wilderness areas in the US are mandated to fulfill social
and ecological goals. Long-term monitoring is key to this mandate, yet is seldom
consistent across boundaries. Our purpose is to compile literature and data to
examine the utility of a strategic forest inventory for meeting wilderness manage-
ment objectives and for enabling coordinated interagency responses to boundary-
crossing challenges (e.g., pollution, wildfires, plant invasions, global changes). We
provide examples from a national forest inventory (NFI), which provides nation-
ally consistent information that helps stakeholders comply with protected-areas
policy, reduce risks to public safety, define economic opportunities, guide conser-
vation efforts and forecast key ecological processes. For example, the NFI has hel-
ped detect long-distance air-pollution, document high-elevation whitebark pine
declines and evaluate the risk of wilderness fires spreading to adjacent lands and
private property. We identify opportunities to improve monitoring by expanding
existing measurements of nonforest ecosystems and linking supplemental moni-
toring efforts to the existing framework. Though the NFI alone cannot fulfill all
monitoring functions, strategic monitoring enables effective wilderness manage-
ment by revealing socioecological feedbacks between human communities and
the wildlands on which they depend.

KEYWORDS

ecological forest management, forest inventory and analysis, knowledge gaps, long-term
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wilderness” (Wilderness Act, 1964). Federal land managers
administering designated wilderness areas in the US face a

The purpose of wilderness designation in the United
States is to protect areas where human impacts were his-
torically insignificant, to be managed for “recreational,
scenic, scientific, educational, conservation and historical
use” and enjoyment by people in “such manner as will
leave them unimpaired for future use and enjoyment as

variety of challenges inherent to protected areas. In an era
of accelerating global changes and intercontinental pollu-
tion, protection from human impact is not absolute, but
rather a matter of degree. Human impacts regularly occur
within, or spill over into, protected areas. Impacts include
pollution emissions (of air, water, light and noise);
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antecedent uses such as livestock grazing and aircraft or
motorboat use; permitted uses such as hunting, fishing
and stocking of lakes with fish; nonnative species inva-
sions; and fire suppression (Cole & Landres, 1996; John-
son & Agee, 1988). In return, wilderness areas also directly
impact adjacent lands and landowners through cross-
boundary movement of wildfires, forest diseases, wildlife
and non-native plants (Vogeler, Slesak, Fekety, &
Falkowski, 2020; White, Harrod, Walker, & Jentsch, 2000).
As they recognize the legacy of prior human use, predator
control and fire suppression, many wilderness managers
have begun to focus on the restoration of ecosystem pro-
cesses and reintroduction of native species (Johnson &
Agee, 1988; van Wagtendonk, 2007). After several decades
of wilderness designation and management, we may ask:
to what degree are wilderness and conservation goals
being met in the face of transboundary challenges? Yet,
answering this question requires systematic monitoring
that can track changes through time and across different
wilderness areas to assess whether management goals are
met (Chettri et al., 2015). Our purpose is to describe how
strategic monitoring in a national forest inventory (NFI)
provides insight into wilderness attributes and manage-
ment for the provision of socioecological benefits. Specifi-
cally, we ask:

1. How can strategic monitoring inform wilderness
management?

2. How does strategic monitoring in wilderness inform
socioecological benefits?

3. What are ongoing needs for strategic monitoring in
wilderness?

4. How to improve strategic monitoring for wilderness
stakeholders?

2 | HOW CAN STRATEGIC
MONITORING INFORM
WILDERNESS MANAGEMENT?

Wilderness managers state that they require science-based
information to improve decision-making and serve the pub-
lic (Dawson, Cordell, Watson, Ghimire, & Green, 2016;
Fox & Hahn, 2016). Wilderness areas in the United States
are actively managed by four federal agencies, each with a
unique approach to management and monitoring. The
Bureau of Land Management (BLM), Fish and Wildlife Ser-
vice (FWS), Forest Service (FS) and National Park Service
(NPS) all acknowledge the importance of monitoring and
they all agree on broad objectives for maintaining wilder-
ness character (Landres et al., 2015). Yet, the design of mon-
itoring goals and implementation are largely left to
individual management units, with most of the work

focusing on local (“tactical”) issues of importance like social
trails in a popular lake basin or the presence of wolverines
in a local watershed. Typically, no common design or data
management system exists to support interagency coordina-
tion (Mealey, 1988). Because ecosystem integrity in a protec-
ted area depends on a large surrounding support region
(Hansen et al., 2011), information needs do not stop at the
protected area boundary. A well-designed sampling and
monitoring framework over large spatial and temporal
domains can help (Green et al., 2005).

Existing large-scale “strategic” monitoring efforts pro-
vide consistency and comparability across wilderness areas
and adjacent lands, and enable managers to leverage scarce
monitoring resources (Corona, Kohl, & Marchetti, 2003).
For example, National Forest Inventories (NFIs) are nation-
ally consistent efforts built from field sampling designed to
characterize and monitor vegetation changes and other attri-
butes (Bechtold & Patterson, 2005; Corona et al., 2003). The
NFI of the United States, the Forest Inventory and Analysis
(FIA) program, produces publicly available data and
analyses on structure, composition and change for nearly
all forested lands in the country (Gray, Brandeis, Shaw,
McWilliams, & Miles, 2012). Similarly, the US Natural
Resources Inventory uses a nationally consistent sampling
design for vegetation and land-use, with detailed field mea-
surements focused on nonforest cover types like agricultural
crops and pasture (Nusser, Breidt, & Fuller, 1998; Nusser &
Goebel, 1997). Both efforts account for and describe all land
areas in the nation, combining photo-interpretation and
alternate data streams to characterize locations by land use
and vegetation types not directly measured with field plots.
Opportunities to improve integration of these two national
surveys exist (e.g., Goebel et al., 1998).

The US NFI program is a standardized, ground-based
sampling approach that uses nondestructive measure-
ments combined with remotely sensed and ancillary infor-
mation to provide sound information on the uses and
capacities of US forestlands (Bechtold & Patterson, 2005).
Forest inventory design and techniques have matured for
over a century to provide robust inference on changes in
forest cover and condition (Corona et al., 2003; Kohl,
Magnussen, & Marchetti, 2006). While remote sensing
technologies may be valuable for assessing vegetation pat-
tern and change across large areas, questions about com-
munity composition, vegetation structure and growth and
mortality require ground-based measurements. Indeed,
NFI field samples are foundational to widely used vegeta-
tion models like LANDFIRE (Rollins, 2009), the National
Land Cover Database (Homer et al., 2015) and regional
vegetation maps used by land managers (e.g., Bell, Greg-
ory, & Ohmann, 2015).

The US NFI sampling frame consists of 2,400-ha
hexagons spanning the nation, each containing one
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randomly selected sample point (Bechtold & Patterson,
2005). Some 12,904 of these sample points fall within the
44.5-million ha designated as wilderness (Figure 1).
Accessible, potentially forested sample points are field-
visited and measured using nationally standardized field
protocols if they meet the “forested” definition (currently
or recently >10% tree cover and >0.4 ha in size). Mea-
surements include tracking individual live and dead
standing trees, measuring downed wood and forest
floors, quantifying understory vegetation communities,
sampling soils, classifying disturbance and damaging
agents and measuring site productivity and geomorphic
variables. In collaboration with regional managers, fur-
ther systematic measurements—including at nonforest
locations—include vascular plant diversity, lichen com-
munities, fire effects and ungulate browse. These regional
enhancements are standardized surveys that comply
with the national sampling design. Nonforest plots are
measured in wilderness using FIA protocols in the FS
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FIGURE 1 Distribution of designated wilderness in the United

States. The geographic distribution of designated wilderness (a) is
weighted toward the western US and Alaska. Large areas of Alaska
wilderness are barren (i.e., ice and rock), and nonforest vegetated is
a dominant type for several agencies in Alaska and the Southwest
(b). The US Forest Service administers proportionally more forested
wilderness land area than other agencies (b). Spatial data are from
Wilderness Connect (2021). Area estimates are based on publicly
available data from the Forest Inventory and Analysis program
(FIA, 2021)
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Northern, Pacific Northwest and Pacific Southwest
regions, and using NRI protocols on BLM lands. The
sheer size and remoteness of interior Alaska mean that
its first comprehensive forest inventory is based on
measuring one-fifth of the hexagons with estimation
bolstered by LiIDAR and hyper-spectral imagery (Pattison
et al., 2018). More than half of US wilderness (by area)
occurs in Alaska (Figure 1b). Analysis of the FIA sample
grid indicates 38% of Alaskan wilderness is barren (rock
and ice) or water, 44% is vegetated nonforest, and 18% is
forest. Outside Alaska, the percentages of wilderness
(by area) are 10% barren, 32% vegetated nonforest, and 56%
forest, with consistent sampling in most states since at least
2001. Wilderness lands in the United States are adminis-
tered by NPS, FS, FWS, and BLM. FS administers propor-
tionally more forested wilderness than other agencies.
Nationally consistent measurements can help all agencies
coordinate monitoring of wilderness attributes to address a
wealth of socioecological needs. To address our second
question (how does strategic monitoring in wilderness inform
socioecological benefits for wilderness stakeholders?), we com-
piled literature examples and summarized original forest
inventory data (Table 1) grouped by five socioecological
themes.

3 | SOCIOECOLOGICAL THEME 1:
MANAGEMENT AND POLICY
COMPLIANCE

Interagency wilderness management often focuses on
trends in “wilderness character,” which includes both
biophysical and social components (Landres et al., 2015).
NFI measurements of biophysical attributes can help
assess the “untramelled,” “natural,” and “other features”
aspects of wilderness character identified in Landres
et al. (2015) by assessing spatial and temporal trends in
the distribution of forest seral stages, community compo-
sition and habitat structure (Table 1). This can inform
whether observed conditions are consistent with histori-
cal ranges of variability prior to modern human modifica-
tion, or expected ranges of variation given global
changes. In addition, fine-scale species-specific studies
based on NFI vegetation data in and around wilderness
areas can help assess population viability of plants and
animals of concern under the Endangered Species Act
(Chojnacky & Dick, 2000; Davis, Dugger, Mohoric,
Evers, & Aney, 2011; Zielinski & Gray, 2018). Resource
assessments based on NFI data help managers comply
with planning requirements (e.g., the National Forest
Management Act), including considering whether pro-
posed new wilderness areas would increase inclusion of
uncommon ecosystems (Belote, Dietz, & Aplet, 2015).
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TABLE 1

Theme

Management and policy
compliance

Public safety and risk
management

Economic applications

Conservation
applications

Monitoring and
forecasting ecological
processes
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[Open Access]

SMITH anp GRAY

Ajoumal of the Society for Conservation Biology

Example wilderness application

1. To identify outstanding recreational
opportunities for solitude

2. To identify and anticipate changes in culturally
important features

3. To meet wilderness management and

stewardship objectives for seral stage and

unmodified disturbance regimes

To guide potential inclusion of future

&

wilderness areas based on uncommon
ecosystems

To provide citizens consistent information for
all forested lands

w

—

. To guide proactive planning of fire suppression
or fire use, given risk to adjacent areas

\S)

. To refine access maps and hazard maps for
forest worker safety

—

. To evaluate habitat availability and quality for
game animals and non-timber forest products
on which local economies depend

2. To reduce uncertainty in carbon accounting

and carbon markets

w

. To estimate potential economic costs of
wildfire, pests, pathogens, and non-native
species on adjacent lands and visitation

—

. To estimate threats and suitable habitat for
endangered and sensitive species
2. To detect new occurrences of wilderness
endemics that would otherwise appear absent
3. To monitor ecosystem impacts of non-native
species, pests and pathogens, grazing and air
pollution

—

. To provide relatively unmodified reference
conditions for assessing management impacts
on other lands

[\

. To establish historical range of variability for
disturbances and ecosystem processes

3. To monitor and forecast biological effects of

changes in climate and disturbance regimes

Utility of a National Forest Inventory for monitoring wilderness areas, grouped by six socioecological themes

NFI data collected or applied

1. Distance from road, site accessibility status, site
condition

2. Medicinal and food plants, old-growth groves,
wildlife habitat

3. Status and trends of forest conditions, stand
age/physical structure, structural complexity

4. Vegetation composition and stand structure,
topography

5. Status and trends of forest conditions based on
multiple attributes: Vegetation structure,
composition and abundance; soils; fuels; downed
woody debris; carbon

1. Vegetation structure and fuels quantity/
characterization

2. Geospatial modeling from aerial photo
stratification and extensive ground truth

1. Vegetation abundance, composition and
structure

2. Directly measured changes in live and dead
carbon pools

3. Disturbance impacts, disturbance agents,
invasive plant abundances, food and cultural
plant distributions

—

Vegetation composition, structure

. Trees, understory plants; supplemental
invertebrate and wildlife surveys

Invasive plants, insect and disease mortality,
vegetation decline and grazing impacts, lichen
community compositions as bioindicators

N

e

—

Plant succession, tree growth and mortality
Disturbance severity and rates

. Natural regeneration, changes in growth,
changes in climate bioindicators

w N

Note: Each theme has several example applications, each matched with publicly available NFI data from the US Forest Service's Forest Inventory and Analysis

program.

Currently, the regional percentage of land area desig-
nated as wilderness is 15.7% for AK, 0.3% for NE, 5.9% for
NW, 0.5% for SE, 6.7% for SW and 4.9% for the nation over-
all (Wilderness Connect, 2021; Figure 1). In the western
US, montane conifer forests (e.g., dominated by Tsuga
mertensiana, Picea engelmanii, Abies lasiocarpa) are better
represented in wilderness compared to nonwilderness,
while dry conifer forests (e.g., dominated by Pinus
ponderosa, Pinus monophylla, Juniperus spp.) are not as
well represented (Figure 2a,b). Knowing the distribution of
vegetation types could help with strategic expansion efforts
(Belote et al., 2015) and potentially improve on ‘“gap

analysis” efforts based on coarse-scale spatial data or expert
knowledge (e.g., Aycrigg et al., 2016; Scott et al., 1993).

4 | SOCIOECOLOGICAL THEME 2:
PUBLIC SAFETY AND RISK
MANAGEMENT

Wilderness monitoring can illuminate public safety issues
related to wildland fires and other disturbances (Table 1).
Risks to human well-being and the growing cost of wild-
fires are drawing attention to the conditions that
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FIGURE 2

Wilderness forest area (%)

Percent forestland disturbed (%)

Wilderness inventories consistently estimate key forest attributes. Attributes for three ownership types in the US Pacific

Northwest (NW) and Southwest (SW; map, Figure 1a) reveal that wilderness areas have distinctive attributes relative to non-wilderness
forest lands. In comparison to non-wilderness (federal and non-federal), wilderness areas tended to over-represent montane conifer forests

and under-represent dry conifer and hardwood forests (a,b). Relative to non-wilderness, forested wilderness had roughly twice the
proportional area in the oldest age class (>200 y) as other non-wilderness federal lands (c, d). Natural disturbance rates (including fire) were
commonly higher in wilderness relative to other lands (e, f). Bars = means, whiskers = standard errors. Estimates based on publicly-

available data from the US Forest Service's Forest Inventory and Analysis program (FIA, 2021). “NW” and “SW” Regions follow Figure 1

determine fire behavior. A century of fire suppression in
most western states has affected dry vegetation types in
wilderness areas through direct suppression and preven-
tion of fire spread from adjacent areas (Haugo
et al., 2019; Johnson & Agee, 1988). While some agencies
actively manage wildfires and may prescribe fire in wil-
derness, others suppress most fire starts (North
et al., 2015). NFI data on living and dead vegetation
structure help to quantify fuel loads and wildland fire
risks (e.g., LANDFIRE, Rollins, 2009), and are needed to
parameterize models that assess the risk of wilderness
fires spreading to adjacent public or private lands under
different weather scenarios (Barnett, Miller, &
Venn, 2016; Scott, Helmbrecht, Parks, & Miller, 2012).
Opportunities exist for better use of current data and for
collecting additional data to improve knowledge of fire
behavior. For example, targeted post-fire measurements
of NFI permanent plots can improve modeling of fire-
severity predictions (Barker, Fried, & Gray, 2019), and
expanded sampling of nonforest locations would extend
inference to other habitats. Characterizing fuels and

predicting fire behavior are therefore central not only to
protecting life and property, but also to preserving cul-
tural and economic resources.

5 | SOCIOECOLOGICAL THEME 3:
ECONOMIC APPLICATIONS

Wilderness areas provide a wealth of economic benefits,
from direct monetary impacts on adjacent communities,
to indirect benefits such as ecosystem services, biodiver-
sity conservation and passive-use (existence) values
(Table 1). For example, wilderness visitors and rural
development near US wilderness areas account for thou-
sands of jobs in guiding, lodging and subsidiary services
resulting in revenues exceeding $700 million USD annu-
ally (Hjerpe, Holmes, & White, 2017). Livelihoods in
wilderness-adjacent communities often center on hunt-
ing and fishing, either by paid recreational guiding or
subsistence hunting. NFI monitoring benefits hunting
livelihoods by assessing habitat availability and quality
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for economically important game animals such as elk or
moose (Boyce et al., 2003). Surveys that include non-
timber forest products can quantify source populations
for economically and culturally important plants like gin-
seng (Panax quinquefolius; Chamberlain, Prisley, &
McGuffin, 2013). More broadly, NFI measurements in
wilderness are important to global economies based on
carbon markets; for example, tracking forest carbon for
greenhouse gas reduction in the US can yield revenues
exceeding $250 billion USD annually (Ramseur &
Leggett, 2019). National and regional accounting of for-
est carbon stocks and fluxes relies heavily on NFI data
(Domke, Woodall, Smith, Westfall, & McRoberts, 2012;
Gray & Whittier, 2014; Ramseur & Leggett, 2019).
Therefore, tracking trends in wilderness disturbances
and forest health has ramifications not only for
wilderness-adjacent economies (e.g., Davis, Moseley,
Nielsen-Pincus, & Jakes, 2014) but also for economies
nowhere near a wilderness boundary.

6 | SOCIOECOLOGICAL THEME 4:
CONSERVATION APPLICATIONS

Wilderness designation implies obvious conservation
benefits, but knowing whether conservation objectives
are truly met requires standardized baseline and trend
data (Table 1). The NFI can help identify imminent
threats and suitable habitat for threatened, endangered
and sensitive species that tend to occur in wilderness. A
prime example is whitebark pine (Pinus albicaulis),
a long-lived tree and keystone species which occurs in
high-elevation areas and is susceptible to introduced
pathogens and climate-driven insect outbreaks (Logan,
Macfarlane, & Willcox, 2010) resulting in dramatic popu-
lation losses across its range (Goeking & Izlar, 2018).
Sampling of invertebrates and other key taxa tied to the
survey can detect previously unknown occurrences of
wilderness-endemic species in biodiversity assessments
(e.g., Sikes et al., 2017). Characterizing plant species and
vegetation structure can contribute to understanding
habitat requirements for rare or endangered wildlife
that may migrate across wilderness boundaries. For
example, wildlife-harboring old forests, particularly
those greater than 200 years of age, are proportionally
more abundant in wilderness than on other federal
lands and other ownerships (Figure 2c,d). Across large
regions, NFI surveys have also successfully identified
trends in wilderness air pollution and air quality based
on epiphytic lichens' responses to atmospheric nutrient
deposition (Jovan, 2008). Detection and attribution of
air pollution can inform mitigation efforts that prevent
deterioration of wilderness character.

7 | SOCIOECOLOGICAL THEME 5:
MONITORING AND FORECASTING
BASIC PROCESSES

A fundamental role of wilderness areas is to provide rela-
tively unmodified reference conditions (Wilderness
Act, 1964). NFI monitoring can fulfill the goal of baseline
measurements, not only to assess specific management
impacts, but more broadly to help establish historical
ranges of variability for disturbance regimes and other
ecosystem-scale processes (Keane, Hessburg, Landres, &
Swanson, 2009; van Wagtendonk, 2007). Current NFI
inventory data indicate that forest disturbance rates in
wilderness areas of the US Southwest and Northwest are
at least as great as on non-wilderness lands (Figure 2e,f).
Relative to non-wilderness lands, wilderness areas experi-
ence greater disturbance impacts from fire, weather and
insects and diseases, but lesser impacts from humans
and grazing (Figure 2e,f). Inventory-based forecasting
can suggest how species regeneration, growth and mor-
tality may change future forest compositions (Monleon &
Lintz, 2015; Zhu, Woodall, & Clark, 2012). Other poten-
tial uses of a wilderness inventory include the ability to
monitor and forecast the biological effects of changing
climate and disturbance regimes, especially in parts of
the country like Alaska that have extensive areas of
both designated and de facto wilderness (Barrett &
Gray, 2011). Sampling in these locations could be com-
plemented by student and citizen science initiatives that
monitor climate change impacts for the USFS “Chief’s
10 Year Wilderness Challenge” (Pitt & Schultz, 2018).
The NFI is no substitute for tactical monitoring of spe-
cific local processes (e.g., invasive plant expansion in a
given wilderness), but NFI data can provide timely infor-
mation about the frequency and extent of processes
occurring at regional scales (Table 1).

8 | WHAT ARE ONGOING NEEDS
FOR STRATEGIC MONITORING IN
WILDERNESS?

Most strategic monitoring plans attempt to reduce the
problem of nonresponse, which for the NFI consists of
survey locations that are not accessed due to difficulty
navigating to the plot, or by hazardous conditions
(e.g., cliffs, rivers) at the plot location (FIA, 2021, and
FIA crew records). Safety policies (https://www.fs.usda.
gov/pnw/page/pnw-fia-data-collection-safety)  describe
hazardous conditions under which plot sampling or navi-
gation would pose a clear and present danger to human
well-being. Crews expend considerable effort to measure
wilderness plots, often requiring several days of travel on

95LB01 7 SUOLULLOD dAIIe1D) 3[cfedtdde U Ag pausenob ae Sl VO ‘85N JO 3N o} Akeiqi8UlUO A8]IM LD (SUONIPUOD-PUE-SWLBIAL0D" A | 1M AleId1[BU UO//STIY) SUONIPUOD PUe SIS 1 81 89S *[2202/2T/TT] Uo Ariqiauljuo A3(IM ‘Aleid1801AIS 159104 UOIEN AQ 28t'ZdSo/TTTT OT/I0P/W00 A8 1M AeIq 11 U0"01qUOD//:SaNY Wo1) pepeo|umod ‘6 ‘TZ0Z ‘¥S8r8.Se


https://www.fs.usda.gov/pnw/page/pnw-fia-data-collection-safety
https://www.fs.usda.gov/pnw/page/pnw-fia-data-collection-safety

SMITH anp GRAY

Conservation Science and Practice& —Wl L EY 7 of 10

AK

NE

NW

SE '

SWE

F T T 1

0 20 40 60 80 100
Unsampled Wilderness
forest area (%)

FS

FWS
NPS
BLM

gooom

FIGURE 3
sampled. High rates of nonsampled forested wilderness exist in the

Substantial areas of wilderness are not currently

US Southeast and Alaska because of difficulty accessing plots
(FIA, 2021). Regions follow Figure 1

foot, horseback or watercraft to measure a single location
(Brown, 2015). Based on the FIA database (FIA, 2021),
the percentage of measured, forested wilderness plots
>8 km from a road was 93% in Alaska, and 38, 37, and
41% in the montane west ecoregions of Sierra Nevada,
North Cascades, and Olympics, respectively. One-way
travel times are available for west coast plots, and are
>8 hr for 20% of the sampled wilderness plots in these
three ecoregions, while it is 0% for Alaska (where
most access is by helicopter) and 17% overall for forested
wilderness in California, Oregon, and Washington
(FIA, 2021, and FIA crew records). By region, the per-
centage of measured, forested wilderness plots >8 km
from a road were NE = 34%, NW = 56%, SE = 3%, and
SW = 21%. While nonsampled plots tend to be further
from roads than sampled plots, the data to quantify that
are not available. Based on the FIA database (FIA, 2021),
we calculated nonsampled rates for wilderness by divid-
ing the area weights of nonsampled plots by the sum of
forested and nonsampled area weights. In the Southeast,
dense mangroves and swamps contributed to high rates
of nonsampled forest wilderness on FWS and NPS lands
(respectively 55% and 41%, Figure 3). Rugged mountain-
ous terrain and dense vegetation >5 km from trails leads
to high rates of nonsampled forest on NPS in the Pacific
Northwest (27%) and FS in coastal Alaska (100%)
(FIA, 2021). Inventory sampling in Alaska is almost
entirely dependent on helicopters to get crews close to
plot locations (Barrett & Gray, 2011; Cahoon, Kuegler, &
Christensen, 2020). Some wilderness managers include
monitoring as one of several administrative duties where
judicious use of mechanized equipment is permitted, and
enable FIA crews to reach otherwise inaccessible plots by
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helicopter, though other managers take a different view
of appropriate mechanized access (e.g., USDA Forest Ser-
vice Alaska Region, 2008). Although most Alaska wilder-
ness areas allow fixed-wing aircraft as an antecedent use,
the distribution of potential landing sites (lakes, glaciers,
sand bars) are not within 5 km of most plots. FIA post-
stratification accounts for nonsampled locations by assig-
ning greater weights to sampled plots found in the same
stratum as nonsampled ones. While this may be reason-
able when nonsampled rates are low, estimation bias
may prevail when nonsampled rates are high and/or geo-
graphically clumped. For example, lack of NFI data in
coastal Alaska wilderness was identified as constraining
the conservation assessment of declining Alaska yellow-
cedar (Chamaecyparis nootkatensis; Bidlack et al., 2017).

9 | HOW TO IMPROVE STRATEGIC
MONITORING FOR WILDERNESS
STAKEHOLDERS?

Many people view wilderness as “untrammeled” and free
from human modification, yet wilderness boundaries are
permeable, with frequent exchanges between human
communities and natural lands. Without objective and
standardized monitoring across wilderness and other
lands, we are less able to understand those exchanges
and the drivers of change in wilderness landscapes. NRI
and FIA inventories provide a consistent foundation for
broad-scale assessments on forested and nonforest lands.
With publicly available data, analysis tools and customer
service, NFI technologies are available to address many
pertinent questions (https://www.fia.fs.fed.us/tools-data/
index.php).

Opportunities to enhance wilderness monitoring
programs exist. First, enhancing access to currently
unmeasured areas could remedy sampling gaps that
inhibit basic estimation and forecasting. This would fill
in “blank” unsampled areas which currently offer man-
agers zero information. Second, expanding measure-
ments to include more nonforest locations would
strengthen the basis for understanding ecosystem
changes in wilderness areas dominated by desert, alpine
or tundra habitats. Third, complementary surveys
(e.g., plant diversity, wildlife, invertebrates, soils, climate)
at existing sample points can increase the utility of all
datasets while minimizing research  footprints
(Canterbury, Martin, Petit, Petit, & Bradford, 2000).
While strategic vegetation inventories cannot answer all
wilderness monitoring questions, they continue to inform
our understanding of the complex feedbacks between
human communities and forested ecosystems. This
understanding is ever more relevant as unprecedented
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changes in climate and disturbance regimes continue to
impact wilderness areas and the well-being of the com-
munities that depend on them.
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