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The commercial forest sector in the US includes forest landowners and forest
products manufacturers, as well as numerous service providers along the supply
chain. Landowners (and contractors working for them) manage forestland in part
for roundwood production, and manufacturers purchase roundwood as raw material
for forest products including building products, paper products, wood pellets, and
others. Both types of organizations need forest resource data for applications such
as strategic planning, support for certification of sustainable forestry, analysis of timber
supply, and assessment of forest carbon, biodiversity, or other ecosystem services. The
geographic areas of interest vary widely but typically focus upon ownership blocks or
manufacturing facilities and are frequently small enough that estimates from national
forest inventory data have insufficient precision. Small area estimation (SAE) has proven
potential to combine field data from the national forest inventory with abundant sources
of remotely sensed or other resource data to provide needed information with improved
precision. Successful implementation of SAE by this sector will require cooperation and
collaboration among federal and state government agencies and academic institutions
and will require increased funding to improve data collection, data accessibility, and
further develop and implement the needed technologies.

Keywords: landowner, manufacturer, sustainability, markets, carbon, precision

INTRODUCTION

Our purpose here is to articulate the needs of the US private forest sector for enhanced forest
resource information that might be possible through the application of small area estimation
(SAE), combining plot data from the national forest inventory with supplemental data from remote
sensing or other geospatial sources. We use the term “small area estimation” to refer to a suite of
statistical approaches to improve the precision of forest inventory estimates for small geographic
areas or categories by incorporating additional data beyond the plot measurements themselves.

The private forest sector is a dominant contributor to many aspects of forestry in the US. In
this article, we use the term “private forest sector” to include manufacturers of forest products and
private timberland owners. The term “working forests” has been used widely to refer to forests that

Frontiers in Forests and Global Change | www.frontiersin.org 1 November 2021 | Volume 4 | Article 746439

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2021.746439
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/ffgc.2021.746439
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2021.746439&domain=pdf&date_stamp=2021-11-11
https://www.frontiersin.org/articles/10.3389/ffgc.2021.746439/full
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-746439 November 6, 2021 Time: 12:24 # 2

Prisley et al. US Private Forest Sector Perspective

are managed to provide a steady supply of wood to forest
products markets while providing other ecosystem benefits.
However, there are no publicly available data that can distinguish
forest areas based on management intent of private owners.
We therefore use the term “private timberlands” as the closest
approximation to “working forests.” We adopt the definition of
“timberland” from the national forest inventory, which defines it
as forest land capable of producing at least 20 cubic feet of wood
per acre per year and not reserved from harvest.

Private timberland owners (organizations and families) own
nearly 60% of forest land, provide nearly 90% of wood
harvested for products, and account for more than 80% of
forest volume growth (Oswalt et al., 2019). Forest products
manufacturers account for approximately four percent of the
total US manufacturing GDP, produce nearly $300 billion
in products annually and employ approximately 1 million
people. The industry meets a payroll of approximately $60
billion annually and is among the top 10 manufacturing sector
employers in 45 states.

The private forest sector is also a primary contributor to
natural climate solutions. Private timberlands store more than
half of the forest carbon in the US, and account for nearly 75%
of annual gross sequestration. Sustainable harvest of wood for
products has led to increasing forest carbon stocks and increasing
carbon storage in harvested wood products. Numerous studies
confirm that active markets for wood provide an incentive for
landowners to maintain or increase forest area and productivity
(Lubowski et al., 2008; Abt et al., 2010, 2014; Costanza et al., 2016;
Dale et al., 2017; Jefferies and Leslie, 2017; Birdsey et al., 2018;
Kim et al., 2018).

The private sector is an extensive user of information
from the national forest inventory, housed in the Forest
Inventory and Analysis (FIA) program of US Forest Service
Research. The FIA program conducts annual field inventory
across all ownerships in the US, as well as surveys on mill
production (through the Timber Product Output program)
and forest owners (through the National Woodland Owner
Survey). The field inventory is conducted on permanent plots
across all ownerships at a sampling intensity of one plot per
2,400 hectares (5,937 acres). A subset of plots in all states
is remeasured annually such that all plots in the eastern US
are remeasured every 5–7 years, and plots in the west are
remeasured every 10 years.

National forest inventory data is also widely used by carbon
credit programs to assess baseline forest carbon levels. For
example, the California Cap and Trade Program, the largest
carbon market for private investors and companies in the US,
uses FIA data to determine forest carbon project baselines and
the associated volume of credits generated each year. The Family
Forest Carbon Program1 of the American Forest Foundation
and The Nature Conservancy also uses FIA data to establish
baseline carbon levels and to measure the performance of forest
management practices.

Many users of FIA data have expressed expanding needs
for more detailed information on smaller spatial domains

1www.forestfoundation.org/family-forest-carbon-program

while maintaining the core field measurement program (Guldin,
2020a,b). The FIA program has responded with increased
research activity in SAE (for example, Brooks et al., 2016;
Nagle et al., 2019; Green et al., 2020; Coulston et al., 2021).
These efforts have shown that precision can be improved using
SAE with plot data combined with ancillary data. While such
studies have demonstrated the promise of SAE, none have led to
operational production of national datasets.

While FIA is budget-constrained and is currently challenged
to maintain even the present level of sample intensity
(geographically and temporally), there are abundant remote
sensing and geospatial data that could lend increased precision
to inventory-based estimates of forest resources. Many of
these ancillary data layers and sources may already be used
by organizations in the forest sector: soils data, satellite
and aerial imagery, canopy heights from LIDAR or aerial
photogrammetry, topography, hydrography, land cover,
and numerous others. The pressing needs of the private
sector for higher-precision resource information argue for
further research in SAE methods and delivery of tools to
apply these methods.

In the following sections, we will first provide examples of
reasons why the private forest sector is facing increasing needs
for reliable forest resource information. Then we discuss the
specific estimates from FIA data that can meet these needs, with
examples of current levels of precision of these estimates. Finally,
we highlight opportunities for improvements that would enhance
the value of FIA data for the private forest sector as well as
many other users.

EXAMPLES OF WHY INFORMATION IS
NEEDED

Assessment of Forest and Carbon
Sustainability
Sustainability certification and reporting are critical
for forest sector companies to document their
performance against sustainability standards. Forest
sector organizations are increasingly investing time
and effort in reporting Environmental, Social, and
Governance (ESG) indicators to communicate to customers
and investors that sustainability is embedded in their
business practices.

For manufacturers certifying the sustainability of their
supply chain, this reporting leads to an increased need for
resource data from the geographic regions in which they
operate, which is often met using data from FIA. For example,
both the Sustainable Forestry Initiative (SFI) and Forest
Stewardship Council (FSC) certification standards include
requirements that companies avoid the use of wood that may
come from forests that have been converted to non-forest
use (deforestation). This requires regular monitoring of forest
land use changes within operating regions. Unfortunately,
FIA-based estimates of forest area change for smaller
regions (e.g., small states or woodbaskets) may fail to reach

Frontiers in Forests and Global Change | www.frontiersin.org 2 November 2021 | Volume 4 | Article 746439

https://www.forestfoundation.org/family-forest-carbon-program
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-746439 November 6, 2021 Time: 12:24 # 3

Prisley et al. US Private Forest Sector Perspective

precision targets defined by certification standards, such as
demonstrating with statistical significance that forest area
is not declining.

For private timberland owners with detailed data on their own
holdings, FIA data may be used to obtain factors for tree species
in a region to convert inventory volumes to carbon stocks, and
to estimate carbon in pools other than live trees. Furthermore,
trade associations representing segments of the forest sector make
extensive use of FIA data to communicate the sustainability of
forests and their contributions to meeting environmental goals.

Other certification requirements involve attention to
the quantity of wood harvested relative to the quantity
grown. Such growth/drain analyses are common, but
require estimates of change over time. Because harvest is
a relatively rare event across large landscapes, the sample
size for estimates of harvest are small, leading to higher
uncertainties. Demonstrating that growth exceeds removals with
statistical significance is often difficult for some areas using FIA
plot data alone.

New guidelines are being developed for companies to
report on value chain effects of their products on terrestrial
carbon dynamics. One proposed metric involves carbon stock
changes on lands from which they obtain raw materials. In a
forestry context, this would require carbon stock estimates at a
regional or woodshed level from two successive inventories and
expressing that stock change relative to the quantity of wood
harvested. Without employing SAE approaches, such estimates
have high uncertainties.

Wood Markets
Landowners and manufacturers are engaged in markets for
roundwood from forests, as sellers and buyers, respectively. For
both, it is essential to understand the market dynamics in their
operating regions to plan effectively. This entails knowing the
relationship between forest area change, forest growth, mortality,
and harvest within a geographic area. These dynamics are critical
to evaluating long-term resource availability and sustainability.

Land use change is a longer-term driver of wood markets and
can affect the availability and cost of wood in rapidly developing
areas. Similarly, economic disruptions to local wood markets
can occur when established mills cease or reduce operations, or
when new mills begin operations. Catastrophic events such as
fire, hurricanes, or drought can quickly and dramatically alter
local resource availability. Therefore, companies must monitor
wood market conditions within their operating areas, requiring
information on harvest levels, mortality, land ownership changes,
forest area changes, and forest growth rates.

Forest Carbon Markets
The potential for forests in the US to contribute to natural climate
solutions has spawned interest and activity in forest carbon offset
markets. Such markets are designed to incentivize forest owners
to increase average forest carbon stocks through payments for
carbon offsets. To produce real climate benefits, forest carbon
offset markets need to account for (a) carbon stored in products
as well as forests, (b) additionality (benefits above and beyond
business-as-usual behavior), (c) leakage (emissions that occur

due to increased harvests outside a project that compensate for
reduced harvests within a project), and (d) substitution (higher
emissions resulting from the use of carbon-intensive substitute
products such as concrete or steel in place of wood-based
building products). Addressing these considerations requires
data on initial forest carbon stocks for project areas, forest
growth rates, levels of harvest associated with a “business-as-
usual” or “standard practice” baseline, eventual use of harvested
wood within the region (proportion of harvest going to lumber,
panels, paper, fuel, etc.), and market factors related to leakage and
substitution (such as supply and demand elasticities). National
forest inventory data can meet some of these information needs
for large areas, but some estimates will lack needed precision for
smaller geographic areas.

Biodiversity at Landscape Scale
Private timberland owners and manufacturers recognize the
importance of conducting forest management activities in a way
that conserves habitat for species of conservation concern. A first
step in doing so is understanding the geographic distribution of
forest conditions associated with individual species.

Forest inventory data can be used to assess the relative quality
of habitat for some species by quantifying relevant aspects of
stand structure. For example, in a protocol developed to assess
quality of open-canopy pine forests for species of concern in the
US South (Nordman et al., 2016), metrics include proportion
of basal area in pine trees (of certain species) in specified
diameter ranges, proportion of basal area in hardwood trees,
percent canopy cover from pine species, and stand density index.
Similarly, Davis et al. (2015) describe an old-growth structure
index (OGSI) for the Pacific Northwest derived from inventory
metrics such as density of live trees above a diameter threshold,
density of standing dead trees above a diameter threshold, percent
cover by down dead wood of certain size, and an index of tree
diameter diversity.

While protocols and indices such as these can be applied
to FIA data and be extremely useful in broad-scale monitoring
of structural diversity at a landscape scale, the categorical
domains can be very narrow (e.g., trees per hectare greater
than 100 cm diameter). Obtaining estimates of uncertainty
for indices involving multiple metrics can quickly become
intractable, and uncertainties will almost certainly be high even
across large geographical areas. Davis et al. (2015) noted sources
of uncertainties but were not able to quantify general levels of
uncertainty in results.

If suitable ancillary data are available (from FIA or other
publicly accessible sources) to lend strength to some of the
estimates needed for these indices, then SAE approaches may
prove valuable in quantifying uncertainties and improving
precision of estimates related to biodiversity.

TYPE OF FOREST RESOURCES DATA
NEEDED

Clearly, the forest sector needs current, reliable data on the
forest resources they manage or depend on for raw materials.
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Data needs include forest area and change over time, estimates
of relevant resource quantities (e.g., wood volume, biomass,
carbon) and the current rates of change of those quantities.
These rates of change include categories such as forest growth,
mortality, and harvest. Information regarding the geographic
distribution of resources is important, especially as it relates
to transportation networks, manufacturing facilities, population
centers, and features that affect management practices, such as
steep slopes, soil erodibility, wetlands, and habitat for species of
conservation concern.

Typically, resource information needs are limited
geographically to the operating regions for individual
organizations. For timberland owners, it would be the areas
in and around their forest holdings. For manufacturers, it would
be areas within a sourcing region for each of their facilities.
These regions are often small enough that there are insufficient
numbers of FIA samples to provide inventory-based estimates
with reasonable precision in categories of interest.

To illustrate the levels of uncertainty of commonly used
estimates available from FIA plot data for typical operating
areas, we developed estimates for an 80 km (50 mile) and
160 km (100 mile) radius around an arbitrary location in
the US South near the Georgia-Alabama border (Table 1).
In this example, we consider either a landowner or a
manufacturer interested in softwood sawtimber available from
private timberlands in the operating area. Therefore, relevant
information would include area in pine forest types, pine forest
area by age class (for modeling future supplies), softwood
sawtimber growing stock volumes, and growth and removals
of softwood sawtimber. For all variables, we retrieved summary
information using the USFS EVALIDator tool (USDA Forest
Service, 2021) accessing 2019 inventories for Georgia and
Alabama.

Ninety-percent confidence intervals on softwood sawtimber
volumes on private lands are ± 12.7% and ± 6.6% for the 80
and 160 km radius areas, respectively. Note that the sample
size for harvest removals is only 23–25% of the sample size for
private pine timberland area. Samples with harvests represent

plots on which harvest occurred at some point during a 5–
7 year period between plot measurements. This relative rarity
of harvest activity leads to far greater uncertainty in estimates:
90% confidence intervals for annual harvest removals are ± 29.3
and ± 16.9% for the 80 and 160 km radius areas, respectively.

DISCUSSION

Precision Targets
If confidence intervals for needed estimates (Table 1) are
considered low or inadequate, it is reasonable to ask what
levels of precision for specific estimates are needed? Is there
a threshold at which a confidence interval would be deemed
“acceptable”? Unfortunately, it is extremely difficult in most cases
to specify a target confidence interval that is needed. Resource
information from inventory data is just one factor among
many that affect private sector decisions. Managers frequently
face decisions involving financial variables such as taxes and
interest rates, market variables such as anticipated demand and
supply, international and regional competition for raw materials,
and restrictions on other key resources. Few, if any, of these
factors carry estimates of uncertainty, so it is unlikely managers
could specify a threshold for needed precision of resource data.
Furthermore, decisions frequently must be made within a limited
time; there is little room to wait for “better information” before
deciding. Often, the best that can be done is to put estimated
levels of uncertainty into context with other decision variables
and consider risks related to uncertainty.

A possible exception is when statements about rates of change
must be made with some level of confidence. For example, it may
be important for certification or reporting purposes to be able to
state that forest area or forest carbon stocks are not decreasing
within an operating area. This implies that measured change in
forest area or carbon stocks can be shown to be increasing or
stable (changing at a rate not significantly different from zero),
with a specified confidence. In such cases, though, the precision

TABLE 1 | Example of variables of interest, sample size, and 90% confidence interval for FIA plot-based estimates for 80 and 160 km radii around an arbitrary location.

Variables of interest 80 km radius 160 km radius

Estimate Sample size
(plots)

Conf. interval
(%)

Estimate Sample size
(plots)

Conf. interval
(%)

Area of private timberland (ha) 1,347,355 629 6.2 4,943,146 2,317 2.5

Area in pine forest types (ha) 657,714 346 9.0 2,236,049 1,188 2.5

Pine forest area by age class (ha)a

0–5 years 48,962 25 34.5 208,381 112 16.5

6–10 years 66,524 33 29.7 210,478 118 16.4

11–15 years 53,468 29 33.2 241,033 133 15.3

Softwood sawtimber volume (k m3) 58,983 283 12.7 171,898 914 6.6

Annual softwood sawtimber growth (k m3/yr) 4,517 302 12.3 13,764 987 6.4

Annual softwood sawtimber harvest (k m3/yr) 1,481 87 29.3 4,441 273 16.9

All estimates pertain to private timberland only.
aOnly three age classes listed for brevity.
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target will depend on the underlying rate of resource change, so it
will differ in different geographic areas.

Privacy Concerns
The US private forestry sector has valued privacy of information
and regulations that protect confidentiality of business
information. Therefore, some might expect concerns within
the private sector about public access to fine-grain resource
information developed through SAE. However, this issue was
never raised in an FIA User Group meeting on SAE attended by
74 participants, including representatives of private timberland
owners (Guldin, 2020b). Furthermore, several of the authors
of this manuscript work for private timberland owners or
associations, and none have expressed such concerns. With
widespread public access to high-resolution imagery, public
records of land ownership, and numerous interpretive maps
such as forest biomass distribution, it is clear that the risk of loss
of privacy is outweighed by the gains possible through broader
adoption of SAE applied to forest resource data.

Moving Forward
The FIA program is the logical place for expanding research and
development of SAE applied to forest resource data. However,
meeting the private sector resource information needs will
require partnership, concerted effort, and increased investment.

The private sector is already partnering with the FIA program
in a variety of ways: cooperative funding of research into SAE,
cooperating with FIA by allowing access to private lands for
field inventory, and responding to Timber Products Output and
National Woodland Owner Survey questionnaires. The private
sector also has been a strong supporter of the FIA program
by advocating for increased funding for the program. The FIA
program, in turn, has proven responsive to needs expressed by
the private sector through Blue Ribbon Panels on FIA and annual
FIA user group meetings.

There are several opportunities that could benefit not only the
private forest sector, but many public and academic users of FIA
data as well. These may be categorized as improving the quality
and consistency of data, making data more accessible to users,
and making better use of technology and ancillary datasets.

Improving the quality and consistency of data:

• Organizations within the private sector may be able to help
FIA validate research products using proprietary resource
data, such as assessment of accuracy of SAE products using
fine-scale company inventory data;

• FIA and other units within USFS Research can focus
on closing substantial data and knowledge gaps related
to belowground and dead wood carbon dynamics,
forest management effects on carbon cycles, soil carbon
sequestration in forest ecosystems, and storage of carbon in
harvested wood products;

• FIA program leadership can work to improve the
nationwide consistency of field protocols and analytical
approaches that will ensure credible, consistent, and timely
data on forest carbon stocks and fluxes.

Making data more accessible to users:

• The FIA program could benefit from external expertise
to improve the design and delivery of online tools for
analysis and dissemination of data to significantly enhance
accessibility and usability;

• Early engagement with the user community in the design of
tools for delivery of SAE estimates would help ensure that
resulting products meet user needs.

Making better use of technology and ancillary datasets:

• Because land use change is such a critical factor in forest
carbon fluxes, FIA can build on successes using remote
sensing-based programs such as the Landscape Change
Monitoring System (LCMS) and Image-based Change
Estimation (ICE) to arrive at a reliable, annually updated
source of information on nationwide forest area change;

• FIA scientists can move from a research to an
implementation phase for SAE applications to national
forest inventory data, which will require deciding on
specific ancillary datasets (such as remote sensing
products) and methods that show the greatest promise.

Improvement of resource data delivery with SAE builds on
the foundation of the FIA phase 2 field inventory. None of the
advances recommended here should come at the expense of the
core program of field inventory. This means that advances are
dependent on additional funding. At every opportunity, private
sector organizations should advocate for full and increased
funding for the FIA program to meet these objectives.

SUMMARY

The US forest sector is highly dependent on the contributions
made by private timberland owners and manufacturers.
Private sector stakeholders are facing increasing demands
for resource information, which could be met in part
by data from the national forest inventory. Improved
precision in estimates from FIA can be achieved using SAE
approaches and leveraging additional datasets. Additional
federal investment in research, aided by partnership
efforts with the private sector, states, and educational
institutions will be necessary to meet private sector
information needs.
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