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Abstract

National Forests in the United States provide a broad range of goods and services, safeguard
biological diversity, and contribute to the resilience of ecosystems, societies, and economies.
Given differences in land use history and forest management approaches between National
Forests and neighboring ownerships, we investigated whether they differ across a spectrum
of forest health indicators, from biomass stocking to structural diversity to invasion by non-
native plants. We used Nationwide Forest Inventory (NFI) plot data from within National
Forest System (NFS) lands across the conterminous United States (~20,000 plots) and from
within 25 km of NFS lands on other ownerships (~20,000 plots) to quantify differences in
forest health indicators. Controlling for environment, geography and forest composition,
we found, nationally and regionally, that NFS forest plots had significantly greater tree
species and structural diversity and evenness, basal area and biomass per hectare, and
seedling density than neighboring plots. They were also less invaded by non-native plants.
Such forest health monitoring results are an initial step toward better understanding the
status of forest health indicators for NFS forests. This is particularly important because
many disturbance factors threaten the sustainability of National Forests and their capacity
to provide socioeconomic and ecological benefits. Systematic monitoring of forest health
across broad scales increases our understanding of how these disturbances are changing
forest conditions and informs land management and policy decisions.

Keywords: forest health; biodiversity; forest structure; Forest Inventory and Analysis (FIA);
forest management; forest sustainability; indicator; nationwide forest inventory

1. Introduction
Forests encompass approximately 310 million hectares across the United States, more

than one-third of the nation’s land area [1]. This represents the fourth largest forested land
base globally [2]. The National Forest System (NFS), administered by the U.S. Department
of Agriculture (USDA) Forest Service, accounts for about one-fifth of the nation’s total
forest area, approximately 59 million hectares, and encompasses 35 percent of U.S. forest
lands reserved from timber harvesting, an area that totals more than 11 million hectares [1].

As with other forestlands, U.S. National Forests supply goods and services for building,
expanding, and sustaining human communities [2]. The first U.S. National Forests were
created in the late 19th and early 20th centuries with a focus on ensuring a sustainable
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timber supply and on watershed protection [3,4]. In more recent decades, U.S. federal law
has expanded the administrative scope of the 155 National Forests to include ecosystem
management and collaborative stewardship [3]. The Forest and Rangeland Renewable
Resources Act of 1974, for example, requires that forests within the NFS be “maintained in
appropriate forest cover . . . to secure the maximum benefits of multiple use sustained yield
management in accordance with land management plans” [1]. The management of U.S.
National Forests is complex because they are coupled human and natural systems that, as
specified in federal regulations, must accommodate multiple uses including the extraction
of timber, production of fossil fuels and minerals, public recreation, and the preservation of
biodiversity, clean air, water, and soils [5–7].

Forests in the United States, as elsewhere, face many threats to their sustainability, in-
cluding more intense and frequent wildfires [8,9], uncharacteristically long and hot drought
conditions [10,11], mortality and compositional changes caused by invasive insects and dis-
eases [12,13], competition from non-native plant species [14,15], and forest fragmentation
and conversion to other land uses [16,17]. Changing climatic conditions are intensifying
the impacts of some of these threats [18–20]. The increasing frequency and severity of such
stressors are expected to diminish the ability of U.S. National Forests to provide ecosystem
services and forest products [21,22]. In light of the potential deterioration of forest condi-
tions across broad scales, the need to assess forest health is acute, ideally encompassing the
consistent, large-scale, and long-term monitoring of key indicators of forest health status,
change, and trends [23].

Forest health indicators are central to efforts by the USDA Forest Service to assess the
sustainability of U.S. forests [2,24–26]. To provide assessments of forest health across large
areas, indicator systems often aggregate plot-level (or otherwise fine-scale) information
about tree and forest conditions to landscape, regional, or national scales [27]. In the United
States, the Nationwide Forest Inventory (NFI) administered by the USDA Forest Service’s
Forest Inventory and Analysis (FIA) program [28] is a rich source of data for broad-scale,
indicator-based assessments. It encompasses tens of thousands of permanent plots that are
regularly inventoried using consistent protocols and are distributed in a spatially balanced
manner across all forested lands and ownerships [29]. These NFI data can inform the
development of numerous forest health indicators, including those associated with species
diversity and structural diversity [30,31]; forest density, biomass, and carbon [32,33]; forest
tree regeneration [34,35]; and invasive plant species [36,37].

Ownership may be the most important factor influencing forest management and
protection [38]. Previous research has found significant differences in forest health indica-
tors based on land ownership, generally with an emphasis on comparing protected areas
with unprotected areas. For example, National Parks in the eastern United States have
forests with greater live tree basal area, a larger volume of coarse woody debris, and greater
proportions of late-successional tree species than nearby forests, while also exhibiting
lower growth and mortality rates [39]. An analysis of protected forests in the eastern
United States found that 18 percent of National Park forests were invaded by harmful
non-native plants, compared to 36 percent for de facto protected federal land (including
National Forests) and 46 percent and 60 percent, respectively, for unprotected nonfamily
owned and family-owned forest [40]. Meanwhile, protected areas globally preserve greater
biodiversity than unprotected areas [41,42], a trend also demonstrated for tree diversity
between National Parks and surrounding forests in the northeastern United States [43].
Such comparisons between forests in and outside of conservation ownership can highlight
the direct and indirect impacts of forest management activities and identify aspects that are
working or could use improvement [39].
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Thus far, no work has comprehensively assessed the degree to which forest health
indicators differ between U.S. National Forests and neighboring forests under other own-
ership. Such an analysis is valuable given the extensive forest area under National Forest
management [1] and the USDA Forest Service mission to sustain the health, diversity, and
productivity of forests in the United States for present and future generations [2]. We
used U.S. NFI data to test four hypotheses: (1) Forests within the National Forest System
have higher biodiversity (as measured by species and structural diversity) than neighbor-
ing forests in other ownerships; (2) Forests in the NFS are denser and encompass more
biomass than neighboring forests; (3) NFS forests are experiencing more regeneration than
neighboring forests; and (4) NFS forests are less invaded by non-native invasive plants
than neighboring forests. We tested these hypotheses for forests across the conterminous
48 States, within four regions, and across 22 common forest type groups. Additionally,
we used NFI data to quantify mean plot-level indicators of forest health by NFS unit
and region.

2. Materials and Methods
The FIA program’s NFI provides unbiased estimates of forest characteristics across

ownerships in all 50 States. The NFI is built on a probabilistic sample design of one plot
per 2428 ha, with plot locations selected using a national lattice of regular hexagons [28].
Field crews visit accessible and non-hazardous plot locations determined to be forested
(≥0.4 ha in area, 37 m wide, and with ≥10% tree canopy cover) using remotely sensed
data [44]. Each plot represents a 0.405 ha sample area and encompasses four 7.31 m radius
subplots arranged at the vertices and center of an equilateral triangle. Field crews record
diameter, height and species for every tree on each subplot with a diameter at breast height
(DBH) ≥ 12.7 cm. Saplings (trees with DBH ≥2.54 cm and <12.7 cm) are also tallied and
measured in a single 2.07 m-radius microplot within each subplot. Seedlings (woody stems
with a DBH <2.54 cm and height ≥30.48 cm if a hardwood or a height of ≥15.24 cm if
a conifer [44]) are counted by species within the microplots. Crews visit plots typically
every 5–7 years in the eastern United States and every 10 years in the West, with plot data
organized into discrete evaluation periods that differ by State. Attributes recorded for
plots, or for portions of plots, include ownership class (private, state and local, National
Forest, and other federal) and forest type group, which is determined based on tree species
composition. Our initial dataset, from which we selected subsets of plots for analysis,
incorporated 35,016 NFI plots located within U.S. National Forests across the conterminous
48 States and 35,336 plots located on other land ownerships within 25 km of a National
Forest boundary (Figure 1) to sample forests in geographically and ecologically similar
locations. These were selected using ArcGIS Pro version 3.3.1 [45]. We conducted all
subsequent analyses using R version 4.5.1 [46].

We used recent plot-level NFI tree data collected from 2010 to 2022 in eastern States
(mostly from 2015 to 2021) and from 2007 to 2021 in western States (mostly from 2010 to
2019) to compile a set of forest health indicators in three categories: biodiversity, density and
biomass, and regeneration. The biodiversity category encompassed metrics of tree species
diversity at the plot level (tree species richness and Shannon evenness) and structural
diversity (height and diameter class richness and Shannon diversity, calculated using data
on both native trees and relatively uncommon non-native trees). To calculate diameter
diversity, we binned trees into 12.7 cm DBH classes for those with DBH up to 127 cm and
into 25.4 cm classes for those with larger DBH. To calculate height diversity, we binned trees
into 3.05 m height classes for those up to 30.5 m in height and into 6.1 m classes for taller
trees. Diversity and evenness values were then calculated based on the number of diameter
and height classes present on each plot. The tree density and biomass indicator category
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encompassed basal area (m2/hectare) and biomass (metric tons/hectare). The aboveground
dry biomass of wood and bark (excluding foliage) of each stem with a DBH ≥ 2.54 cm
was calculated using the component ratio method, which calculates and sums the dry
weight of the tree components [47]. As an indicator of tree density, basal area incorporates
both the number of trees on a plot and the sizes of those trees [48]. The basal area and
biomass metrics were calculated by scaling plot-level data to per hectare estimates [44].
The regeneration category of forest health encompassed metrics of saplings and seedlings
per hectare (sapling and seedling density), calculated by scaling micro-plot sapling and
seedling data to generate area estimates.

 

Figure 1. Nationwide Forest Inventory (NFI) plots included in the analyses. Approximately
20,000 plots (blue-green) were located within U.S. National Forests and 20,000 plots (brown-orange)
were located within 25 km of National Forests. Plot locations are approximate.

We additionally used invasive plant species data, collected at the subplot level, for a
fourth category of forest health indicators: invasion by non-native plants. This encompassed
two metrics, invasive plant species richness (the number of monitored invasive plant species
occurring on an NFI plot) as an indicator of invasive plant establishment [15] and invasive
percent cover (the total percent cover of all monitored invasive plants averaged across the
four subplots on each NFI plot) as an indicator of invasive species dominance [49]. Field
crews estimated the subplot cover of monitored invasive plant species from regional lists
of the most problematic invasive plant species defined by experts [50]. These problematic
species were defined based on their potential to cause economic or environmental damage
or harm to human health [51]. Because these lists encompass only the non-native plants
currently understood to be the most problematic, our analyses did not include all non-native
plant species and thus also underestimated the total abundance of non-native plants in U.S.
forests. We did not assess invasive species indicators in the Pacific Coast region because
invasive plant data are not collected on NFI plots anywhere in the states of Washington
and Oregon, or in California outside of National Forests. Additionally, plots in the North
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region were inventoried for invasive plants at a lower intensity than those in the South and
Rocky Mountain regions.

Before analyzing the relationship between forest health indicators and location in-
side or outside of a National Forests, we applied propensity score matching, a statistical
matching technique that produces a control group in which the distribution of covariates
is similar to that of a treatment group [52]. Carefully preprocessing raw data in this way
enables subsequent statistical tests and models that result in causal inferences that are more
accurate, less biased, and less model dependent [53]. In this process, a propensity score is a
measure of the degree to which the distribution of covariates between two groups is similar;
two groups with the same propensity score would have the same distribution of covari-
ates [54]. We used a nonparametric matching algorithm provided by the MatchIt package
(version 4.7.2) [55] to create a dataset, taken from our initial set of ~35,000 plots each inside
and outside National Forests, in which plots were balanced between the groups for a set
of environmental and geographic covariates that were on average initially dissimilar. At
the national scale, this encompassed plot-level longitude and latitude, elevation, slope,
conifer tree species importance value, site productivity, and geographic region. Conifer
importance value (IV) is a measure of the degree of dominance of conifers on a plot based
on the relative abundance and relative basal area encompassed by conifers compared to the
total abundance and basal area of all species [56]. Site productivity is a categorical variable
measuring the relative productivity of a site for growing trees [44]. Initial data analyses
detected high levels of difference between plots inside and outside National Forests for
these covariates (Table A1, Figure A1). We applied the “nearest” matching algorithm,
which pairs each “treatment” sample (here, a plot in a National Forest) to the “control”
sample (here, a plot outside National Forests) with the most similar propensity score, using
a generalized linear model to estimate the propensity score via logistic regression. In this
process, plots that did not meet a relatively strict maximum distance threshold (a caliper
of 0.05) were not matched and excluded from further analyses. For our national analysis,
this resulted in 20,004 plots within each analysis group with minimal covariate differences
(Table A1, Figure A1). We repeated the propensity score matching as described above for
each of four regions (Figure 1) and within 22 common forest type groups. We excluded
geographic region as a covariate when selecting plots for region-specific analyses and for
analyses of forest type groups limited to a single region. We used a less strict maximum
distance threshold (a caliper of 0.2) for forest type groups to ensure adequate sample sizes.

We calculated the plot-level means for each of the 12 forest health indicators inside
and outside of National Forests across the conterminous states, within the four regions,
and within the forest type groups (each with at least 50 NFI plots both inside and outside
National Forests). To test our hypotheses that significant differences exist in forest health
indicators between forests within U.S. National Forest boundaries and those in neighboring
ownerships, we conducted a series of non-parametric Wilcoxon-Mann–Whitney signifi-
cance tests using the stats package (version 4.5.1) in R [46]. Specifically, we tested whether
significant differences existed in the forest health indicators between plots in National
Forests and plots in any other ownership (non-National Forest plots) nationally, by region,
and by forest type group. For each set of analyses (i.e., nationally, within the four regions,
and within the forest type groups) we then employed the FDRestimation package (version
1.0.1) [57], using the Benjamini–Hochberg procedure [58], to adjust the p-values for the
false discovery rate associated with multiple comparisons. We did not conduct analyses of
the plant invasion indicators for the Pacific Coast region, or for forest type groups limited
to this region, because these data were not available (see above). We used the effectsize
package (version 1.0.2) [59] to calculate Cohen’s D as a standardized effect size comparing
the degree of difference between the groups in each of our comparisons. Cohen’s D is a
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measure that compares the mean difference between two groups to the pooled variability
in the groups, with larger values indicating a greater effect size relative to the variation
in the data [60]. It is useful for comparing effect sizes across variables because it is a
unitless value. Because we calculated Cohen’s D as the mean indicator value on plots
inside National Forests minus that mean indicator value for plots outside National Forests
(with the difference divided by the pooled standard deviation of the two), the standardized
effect sizes were positive for indicator values that were higher inside National Forests and
negative for those that were higher outside. We visualized the results using the package
ggforestplot (version 0.1.0) [61]. We emphasize that the primary objective of this study was
to assess the status of forest health indicators on National Forests across broad scales in
comparison to neighboring forests, not to attribute these differences to ecological drivers.
The application of multivariate modeling approaches could be a fruitful future research
direction to achieve this goal, but this is beyond the scope of the current project.

Finally, we summarized the mean plot values of the forest health indicators by
National Forest System unit to visually inspect regional differences and conducted
Wilcoxon–Mann–Whitney significance tests to assess regional differences in forest health
indicators in NFS forests, specifically between the East (encompassing the North and South
regions) and the West (encompassing the Pacific Coast and Rocky Mountain regions) and
between the two regions within both the East and West.

3. Results
3.1. Nationwide Comparisons

We found significant differences nationally in all forest health indicators between plots
inside and outside National Forests except for saplings per hectare (Figure 2, Table 1). All
biodiversity indicators were higher for plots inside the NFS, including mean plot species
richness and evenness (4.46 and 0.31, respectively, compared to 4.15 and 0.30) and structural
diversity and evenness. Diameter class richness and evenness for NFS plots were 4.32
and 0.36 compared to 3.83 and 0.35 for non-NFS plots, while height class richness and
evenness were 6.43 and 0.49 compared to 5.63 and 0.47. Basal area was also higher on
NFS plots (26.79 m2/ha compared to 21.52 m2/ha) as was biomass (128.02 metric tons/ha
compared to 91.85 metric tons/ha). More seedling regeneration was observed on NFS plots
(4384.5 seedlings/ha compared to 3448.70 seedlings/ha) while sapling regeneration was
nearly identical (855.1 saplings/ha compared to 854.7 saplings/ha). Invasive plant species
richness and cover were both greater on plots outside the NFS than inside (0.74 species per
plot compared to 0.21, and 2.92 percent invasive cover compared to 0.46). The standardized
effect sizes for tree species richness and evenness, diameter richness and evenness, tree
height richness and evenness, basal area, biomass, and seedling density were all positive,
indicating higher values on NFI plots in National Forests, while invasive species richness
and cover were negative, indicating higher values outside National Forests (Figure 2). The
standardized effect size for sapling density was approximately 0, indicating no difference
by NFS location.

3.2. Regional Comparisons

Significant differences existed between National Forests in the East (encompassing
the North and South regions) and West (the Pacific Coast and Rocky Mountain regions)
across all the forest health indicators except basal area. The standardized effect sizes for
the indicators revealed that tree species richness and evenness, tree height class diversity
and evenness, biomass/ha, seedlings/ha, saplings/ha, and invasive plant diversity and
cover were higher in the East, while tree diameter class diversity and evenness were
significantly higher in the West (Figure 3). These were consistent with the results of the
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Wilcoxon–Mann–Whitney significance tests, which showed significant regional differences
across all the forest health indicators (Table A2).

Figure 2. Standardized effect size (Cohen’s D) values for differences in forest health indicators
between National Forest Inventory (NFI) plots outside and inside National Forests across the con-
terminous United States. Larger values indicate a greater effect size relative to the variation in the
data, with negative values higher for plots outside National Forests and positive values for those
inside. When the standard error bar for the indicator intersects with 0, the standardized effect size is
not significantly different from 0 (indicated by open points).

Figure 3. Standardized effect size (Cohen’s D) values for differences in forest health indicators on
National Forest Inventory (NFI) plots inside National Forests between the West and East. Larger
values indicate a greater effect size relative to the variation in the data, with negative values higher
for plots in the West and positive values for those in the East. When the standard error bar for the
indicator intersects with 0, the standardized effect size is not significantly different from 0 (indicated
by open points).
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National Forest unit maps of mean plot-level indicator values show that tree species
richness was by far the highest in the South, followed by the North (Figure 4), and that
basal area was by far the highest in the northern part of the Pacific Coast region. Seedling
density was highest in the North, with some National Forests in the South also having
relatively high and some in the Rocky Mountains having moderately high seedling density.
Invasive species richness was highest in some parts of the South.

Figure 4. Mean Nationwide Forest Inventory plot-level values by National Forest System units
for: (a) tree species richness; (b) tree basal area; (c) seedlings per hectare; and (d) invasive plant
species richness.

In all four analysis regions, tree species richness, tree diameter class richness, tree
height class richness, basal area, and biomass were significantly higher on NFS plots than
for neighboring plots in other ownerships (Figure 5, Tables A3 and A4). When inspecting
standardized effect sizes, indicator differences by ownership were particularly large for
basal area in the North and South regions, biomass in the South region, and tree diameter
richness and height richness in the Pacific Coast and South regions. In all cases, values
were considerably higher for National Forest plots. In the South, invasive plant richness
and cover were considerably higher on plots outside National Forests. Invasive species
richness was three to four times greater on non-NFS plots in the North and South than on
NFS plots (Table A3). In the North, tree species evenness and tree height evenness were
higher outside National Forests, as were sapling density in the South and tree diameter
evenness in the Rocky Mountain region. The standardized effect sizes for some regional
indicators overlapped with 0, signifying that they were not meaningfully different between
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plots inside and outside National Forests. These were tree diameter evenness and sapling
density in the North and seedling density in the Rocky Mountain region.

3.3. Forest Type Group Comparisons

Across most forest type groups, basal area was significantly higher on National Forest
plots than on neighboring plots in other ownerships (Figure 6, Table A5). Tree species
richness and seedling density also were higher on NFS plots for several forest type groups.
The relative effect size of a National Forest location on basal area was highest in the
loblolly/shortleaf pine, western larch, hemlock/Sitka spruce, maple/beech/birch, and
oak/hickory forest type groups. For the 10 forest type groups where National Forest
location had a significant effect on tree species richness, the effect was largest in western
larch, elm/ash/cottonwood, longleaf/slash pine, pinyon/juniper, and loblolly/shortleaf
pine. Of the six forest type groups where we detected a National Forest effect on regenera-
tion, the largest effect sizes were in loblolly/shortleaf pine, oak/hickory, oak/pine, and
white/red/jack pine. Invasive plant species richness was significantly higher in non-NFS
forest ownerships for nearly all forest type groups for which enough plots were measured
(at least 50 for both inside and outside National Forests) except elm/ash/cottonwood,
pinyon/juniper, western larch, and woodland hardwoods groups, for which there were
no significant differences. No other indicators across forest type groups had a significant
relative effect size for plots outside National Forests.

Figure 5. Standardized effect size (Cohen’s D) values for differences in forest health indicators
between National Forest Inventory (NFI) plots outside and inside National Forests in the North,
South, Pacific Coast, and Rocky Mountain regions. Larger values indicate a greater effect size relative
to the variation in the data, with negative values higher for plots outside National Forests and
positive values for those inside. Invasive plant indicators were not assessed for the Pacific Coast
region because of a lack of sufficient data. When the standard error bar for the indicator intersects
with 0, the standardized effect size is not significantly different from 0 (indicated by open points).
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Figure 6. Standardized effect size (Cohen’s D) values for differences in forest health indicators
between National Forest Inventory (NFI) plots outside and inside National Forests for 22 forest
type groups. The regional extent of each forest type group is indicated as E for East, W for West,
or E/W for both. Larger values indicate a greater effect size relative to the variation in the data,
with negative values higher for plots outside National Forests and positive values for those inside.
Invasive plant indicators were not assessed for five forest type groups because of a lack of sufficient
data (at least 50 plots both inside and outside National Forests). When the standard error bar for the
indicator intersects with 0, the standardized effect size is not significantly different from 0 (indicated
by open points).

Table 1. Means and standard deviations (SD) of plot-level forest health metrics for Nationwide
Forest Inventory plots inside National Forests and in neighboring forests under other ownerships,
reported for each of the four forest health indicator categories (Biodiversity, Density and biomass,
Regeneration, and Invasive plants). Values are in bold when they are significantly different between
ownership groups at p ≤ 0.05 based on Wilcoxon–Mann–Whitney tests of group differences using a
false discovery rate adjustment.

Outside NF Inside NF

Mean SD Mean SD

Biodiversity n = 20,004 n = 20,004
Tree species richness 4.15 2.94 4.46 2.82
Tree species evenness 0.3 0.21 0.31 0.19
Tree diameter class richness 3.83 1.67 4.32 1.81
Tree diameter class evenness 0.35 0.18 0.36 0.16
Tree height class richness 5.63 2.7 6.43 2.75
Tree height class evenness 0.47 0.18 0.49 0.16
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Table 1. Cont.

Outside NF Inside NF

Mean SD Mean SD

Density and biomass
Basal area (m2)/hectare 21.52 15.48 26.79 17.00
Biomass (metric tons/hectare) 91.85 103.94 128.02 126.11
Regeneration
Saplings/hectare 854.7 1200.80 855.1 1156.30
Seedlings/hectare 3448.70 6135.40 4384.50 6553.90
Invasive plants n = 10,992 n = 11,776
Species richness 0.74 1.3 0.21 0.6
Percent plot cover 2.92 9.82 0.46 2.79

4. Discussion
In this national-scale assessment, we tested whether plots within National Forests (1)

have higher biodiversity, (2) are denser and encompass more biomass, (3) are experiencing
more regeneration, and (4) are less invaded by non-native invasive plants than plots in
other ownerships within 25 km of National Forest boundaries. Controlling for environment,
geography and forest composition, we found that NFS forest plots had significantly greater
tree species and structural diversity and evenness, basal area and biomass per hectare, and
seedling density than other ownerships, and that they were less invaded by non-native
plants. These findings were consistent nationally, within each of four regions, and across
many forest type groups. Tree basal area, for example, was significantly higher on NFS
forests across regions and for 19 of 22 forest type groups.

We additionally quantified strong regional differences in forest health indicators
on NFS lands, particularly between the East and the West. Tree species richness and
evenness, tree height class richness and evenness, biomass density, regeneration (seedling
and sapling), and non-native plant invasion were all higher in eastern National Forests,
while tree diameter richness and evenness were higher in western National Forests. There
was no regional difference in basal area. These differences are not unexpected given
the marked regional dissimilarities in floristic, climatic, and edaphic factors [62,63] as
well as patterns in these forest health indicators across predominant regional ownerships.
Eastern forests across ownerships have much higher tree species richness, particularly
in the Southern Appalachian and Cumberland Plateau regions, while basal area density
is considerably higher in the West, especially in the Pacific Coast states of Washington,
Oregon, and California [31]. The higher sapling and seedling density indicators in the
East indicate greater recruitment than in the West. Meanwhile, higher degree of plant
invasion in the East is likely associated with different forest ownership patterns than in
the West [15,36], with a much higher proportion of privately owned forest in the East [64]
which is more likely to be invaded than publicly managed forests [40].

It is important to note that higher values for forest health indicators do not necessarily
equate to healthier forests. For example, while higher structural and tree species diversity
tend to increase the resistance of forests to insect and pathogen outbreaks [65,66], higher
forest density, as measured by total tree basal area, may counteract this effect and may
in fact serve as a useful indicator for identifying landscapes, forest types, or ecosystems
that may be at risk from insect and pathogen disturbances [48]. By that measure, National
Forests in all four regions (North, South, Rocky Mountain, and Pacific Coast) and in
19 of 22 forest type groups may be more vulnerable to insect and pathogen impacts than
neighboring forests under other ownership. We determined that most forest health indicator
values were higher for forests inside National Forest boundaries than outside them across
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regions, despite notable differences in the history and landscape context of NFS lands
between the West and East. Indicators of plant invasion were significantly lower within
National Forests. Importantly, most NFS land in the West was reserved from the public
domain before European development. Thus, a higher proportion of these NFS forests
are classified as old-growth or mature [67,68]. In the East, meanwhile, nearly all lands
had been in private hands since relatively early in U.S. history. There, National Forest
lands are previously private forests that were purchased by the federal government, often
while highly degraded, following the enactment of the Weeks Act of 1911 [3,69]. As a
result, western NFS lands often constitute the forest matrix with little nearby forest in
other ownerships, while eastern NFS lands are typically embedded in a matrix of other
land ownerships, especially private [70,71] (Figure A2). Our findings thus indicate that
National Forests in both the East and the West have similar indicator conditions relative
to neighboring ownerships despite different land-use and management histories—a focus
on restoration of degraded forests on less productive land in the East and a focus on
maintaining existing forests in the West.

Like the work of Miller et al. [39,43], who used NFI data to compare forest health
indicator values between eastern U.S. National Parks and matrix forests, our results suggest
the existence of different dynamics between eastern NFS forests and neighboring forests
under other ownerships. This includes higher structural complexity, higher tree species
richness, greater live tree basal area, and greater density of live trees within the publicly
owned forests. Structural differences in particular appear to indicate that NFS forests, like
National Park forests, generally encompass the more complex forest structure typical of
older forests [39]. Indeed, NFS forests nationally tend toward maturity, predominantly
being older than 60 years of age, especially in the North and the West [1].

These differences may be the result of contrasting environmental conditions, land-use
histories, and management strategies inside and outside of National Forest boundaries.
While we were able to control for differences in site productivity and environmental con-
ditions such as elevation and slope, forests inside National Forests may differ in other
characteristics that we were not able to capture using currently available datasets, such
as soil or hydrological conditions. Additionally, National Forests are likely to have ex-
perienced land-use histories that differed considerably from neighboring forests, where
agricultural and residential development have been continuous for longer periods of time
and where disturbance pressures associated with higher human population density have
likely been more acute. These differences may have set the stage for greater biodiversity,
density, and regeneration, in addition to less non-native plant invasion, inside National
Forests. Finally, management histories for National Forests are often different from those of
neighboring forests.

The management objectives of forests administered by the NFS differ from those of
private landowners and other public owners such as state forests. Typically, industrial
forest managers focus on timber production and land investment, while family forest
owners have a variety of reasons for owning their forests, including the protection of
nature, recreation, hunting, harvesting timber, and as an investment [64,72]. Meanwhile,
public land agencies in the United States make management decisions, including timber
harvest levels, with direction and input from public and private stakeholders [73]. While
National Park forests are largely protected from timber harvesting [43], approximately
80 percent of NFS forest land (about 48 million hectares) is open to tree removals via harvests
and thinning for fire management [1]. Only about 0.2 percent of total NFS standing tree
volume is removed each year, however, with half of that occurring in the Pacific Coast
states; this is much less than the removals on private land, which represent 89 percent of
timber harvested annually [1]. Management objectives and strategies vary between States
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and federal agencies such as the USDA Forest Service in part because State forests often
receive no outside funding and must be self-sustaining, which influences their management
decision-making. Policy decisions governing the management of federal forests, including
National Forests, can change over time, as they did during the 1990s with the Northwest
Forest Plan, which shifted the management focus of federal public lands in the Pacific
Northwest from timber harvesting to multiple policy objectives, including the conservation
of endangered species habitat [74,75]. As a result of that and other policy changes, timber
removals on National Forests (mostly in the West) decreased by 15 percent between 1976
and 2010, with corresponding increases in harvesting from private forests (mostly in the
South) [76,77].

Miller et al. [43] concluded that protection from forest harvesting for many decades is
likely an important factor in explaining why forests in eastern National Parks have greater
tree species diversity than matrix forests. It is possible that reductions in forest harvesting
on NFS forests in recent decades may have contributed to the indicator differences we
observed in our study. An additional key factor may be the policy [7] that requires National
Forest management plans to include standards or guidelines relating to the maintenance
or restoration of the ecological integrity of ecosystems. While the concept of ecological
integrity is complex and multifaceted [78], maintaining the ecological integrity of a forest
ecosystem requires that desired stand conditions are consistent with the ecosystem’s nat-
ural or historical range of variation in composition, structure, and function [79]. When a
forest ecosystem possesses adequate ecological integrity, and thus possesses its desired
conditions, its needed management regime may be passive, allowing natural processes
and disturbances to determine its characteristics rather than more direct human inter-
vention [80]. In other situations, more active management may be required to maintain
ecological integrity. In some situations, this includes restoring degraded habitats and
removing invasive species [43]. Some forest ecosystems, such as longleaf pine savannahs in
the southeastern United States, which depend on frequent low-to moderate intensity fires,
require regular disturbance to maintain stand health and to support biodiversity [81,82].
Even mature and old-growth forests can be subject to a range of management tools across
a gradient of intensities to maintain or improve their ecological integrity [80]. On NFS
lands, this includes mechanical thinning, harvesting, prescribed fire, and improvement
cutting to help reduce competition among individual trees, to change fuel conditions, or to
alter species composition and thus reduce the vulnerability of forests to disturbance [83].
In areas where harvesting is the main objective and not primarily a tool for enhancing
ecological integrity, moderate intensity harvesting methods, such as a medium selection
or a shelterwood treatment, can result in relatively high tree species diversity as well as
relatively high economic returns [84], though there are also situations where even-aged
silviculture may be better suited for maintaining ecological diversity and processes [85].

Another meaningful management difference between National Forests and private
forests (included in neighboring non-National Forest plots in our analyses) is that forest
regeneration on NFS land is almost exclusively natural, with only about 4 percent planted
nationally, while 13 percent of private woodlands have been planted, much of this in the
Southern and Pacific Coast states [1]. Our results indicate that natural regeneration on
National Forests appears to be successful, at least to the extent that seedlings generally
are being produced in greater numbers than on surrounding forests in other ownerships
(where regeneration via planting may be more common).

In addition to dissimilarities in management objectives associated with ownership,
the size and stability over time of public landholdings, including National Forests, are
generally greater than those of private landholdings. These enable managers to establish
the necessary large-scale spatial and temporal context to apply stand-level knowledge
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effectively [86]. From a restoration or conservation perspective, a large-scale approach
is needed to conserve or imitate the processes that create diversity at many spatial and
temporal scales, across all stages of forest development [87]. In other words, larger areas
of management and longer public land tenure better enable progress toward desirable
benchmarks for forest health indicators, such as less non-native plant invasion and higher
species and structural diversity, more regeneration, and higher density and biomass.

The landscape implications of our study findings differ regionally. In the eastern
United States, reserved areas like National Forests encompass a small proportion of the
landscape. In that region, an understanding of forest health indicators in neighboring
forestlands helps to quantify the ecological value of the reserved forests while indicating
how attributes of the regional landscape, such as ownership and land-use patterns, may
affect reserved forests [39]. For example, forest invasion by non-native plants in the eastern
United States is associated with forest fragmentation and with agricultural and developed
land cover [88], all of which are higher on private than public lands and hence represent
a potential source of non-native plant propagules invading National Forests. Similarly,
lower tree diversity on neighboring non-Forest Service lands may correlate with higher
densities of host species that may help facilitate the spread of insects or diseases into
National Forests. In the western United States, meanwhile, NFS forests often constitute the
matrix with private forestland uncommon in the vicinity and thus private forests have less
of an influence on the status of forest health indicators on NFS forestlands. In both regions,
the higher structural complexity and diversity of NFS forests may confer greater resilience
to climate change and other stressors [39,43].

The objective of this study was to assess the status of forest health indicators on
National Forests across broad scales in comparison to neighboring forests, and we identified
important differences. Future work could employ multivariate modeling to attribute these
differences to ecological and socioeconomic drivers, while accounting for interactions and
correlations among these factors. An additional objective of forest health monitoring—and
a potential focus of future work—is to identify when and where ecological resources are
changing in response to cumulative stresses, which requires long-term assessments of
trends in forest health indicators across broad scales [23]. Such monitoring will show how
National Forests respond to climate change and other stressors and will clarify whether
changes in management actions are needed to maintain forest biodiversity and function [43].

5. Conclusions
National Forests in the United States provide a broad range of goods and services,

safeguard biological diversity, and contribute to the resilience of ecosystems, societies, and
economies. Many stressors threaten the sustainability of National Forests and their capacity
to provide socioeconomic and ecological benefits. The ownership of forests is a critical factor
in determining their management, with previous research detecting significant differences
in forest health indicators between forests in and outside of conservation ownership. In
this study, we applied Nationwide Forest Inventory data to assess the status of forest
health indicators within NFS forests regionally and across the United States in comparison
to neighboring forests under other ownership, controlling for environment, geography
and forest composition. We found, nationally and regionally, that NFS forest plots were
less invaded by non-native plants than neighboring forest plots, and had significantly
greater tree species and structural diversity and evenness, basal area and biomass per
hectare, and seedling density. These forest health monitoring results are an initial step
toward better understanding the status, changes, and trends in forest health indicators for
NFS forests. They will be important for informing future management of publicly owned
National Forests. Systematic monitoring of forest health across broad scales increases
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our understanding of how disturbances are changing forest conditions and informs land
management and policy decisions.
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Appendix A

Table A1. Means of covariates for National Forest Inventory plots inside and outside of National
Forests, along with standardized mean differences (Std. Mean Dif.) between the groups, before and
after propensity score matching. For the two categorical variables (Productivity and Region), the
proportions of plots in each class are reported.

Unmatched Matched

Std. Mean Std. Mean
Inside NF Outside NF Dif. Inside NF Outside NF Dif.

Longitude −109.08 −98.62 −0.69 −103.26 −103.39 0.01
Latitude 42.35 39.76 0.46 41.27 41.21 0.01
Elevation (feet) 4463.42 2521.22 0.68 3389.99 3329.05 0.02
Slope (percent) 28.85 18.67 0.44 23.97 23.53 0.02
Conifer importance value 75.25 49.41 0.71 61.47 61.61 0.00
Productivity Proportion in class Proportion in class

Class 1 0.003 0.005 −0.047 0.004 0.004 −0.007
Class 2 0.025 0.030 −0.033 0.032 0.032 0.005
Class 3 0.084 0.083 0.003 0.083 0.087 −0.015
Class 4 0.154 0.190 −0.100 0.161 0.163 −0.005
Class 5 0.280 0.287 −0.017 0.261 0.262 −0.002
Class 6 0.309 0.221 0.191 0.253 0.248 0.010
Class 7 0.146 0.184 −0.107 0.206 0.204 0.005
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Table A1. Cont.

Unmatched Matched

Std. Mean Std. Mean
Inside NF Outside NF Dif. Inside NF Outside NF Dif.

Region Proportion in class Proportion in class
North 0.140 0.269 −0.370 0.241 0.233 0.025
Pacific Coast 0.398 0.175 0.456 0.256 0.257 −0.002
Rocky Mountain 0.348 0.231 0.246 0.306 0.307 −0.002
South 0.114 0.326 −0.669 0.197 0.203 −0.020

Table A2. Means and standard deviations (SD) of plot-level forest health metrics for Nationwide
Forest Inventory plots inside National Forests in the western and eastern United States. Values
are in bold when they are significantly different between ownership groups at p ≤ 0.05 based on
Wilcoxon–Mann–Whitney tests of group differences using a false discovery rate adjustment.

West East

Mean SD Mean SD

Biodiversity n = 8761 n = 11,243
Tree richness 2.69 1.44 6.32 2.99
Tree evenness 0.21 0.17 0.42 0.18
Tree diameter class richness 4.25 2.09 3.85 1.18
Tree diameter class evenness 0.38 0.19 0.32 0.13
Tree height class richness 5.61 3.12 6.55 2.06
Tree height class evenness 0.46 0.20 0.49 0.14

Density and biomass
Basal area (m2)/hectare 24.34 19.45 23.88 11.54
Biomass metric tons/hectare 104.63 142.02 115.71 73.40

Regeneration
Saplings/hectare 616.5 1050.6 1154.5 1253.7
Seedlings/hectare 2935.7 6348.9 5183.5 6174.0

Invasive plants n = 4169 n = 7525
Species richness 0.12 0.42 0.99 1.43
Percent plot cover 0.15 1.23 3.81 10.89

Table A3. Means and standard deviations (SD) of plot-level forest health metrics for Nationwide
Forest Inventory plots inside National Forests and in neighboring forests under other ownerships in
the two regions of the eastern United States. Values are in bold when they are significantly different
between ownership groups at p ≤ 0.05 based on Wilcoxon–Mann–Whitney tests of group differences
using a false discovery rate adjustment.

North South

Out NFS In NFS Out NFS In NFS

Mean SD Mean SD Mean SD Mean SD

Biodiversity n = 4499 n = 4499 n = 3816 n = 3816
Tree richness 5.72 2.68 5.96 2.45 6.47 3.56 7.12 3.08
Tree evenness 0.40 0.18 0.39 0.15 0.42 0.22 0.45 0.18
Tree diameter class richness 3.55 1.15 3.92 1.10 3.70 1.26 4.24 1.11
Tree diameter class evenness 0.30 0.14 0.30 0.12 0.32 0.14 0.35 0.12
Tree height class richness 6.02 2.03 6.61 1.77 6.42 2.34 7.25 1.92
Tree height class evenness 0.48 0.14 0.47 0.12 0.50 0.16 0.53 0.12
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Table A3. Cont.

North South

Out NFS In NFS Out NFS In NFS

Mean SD Mean SD Mean SD Mean SD

Density and biomass
Basal area (m2/hectare) 20.98 11.76 26.09 11.11 21.51 11.38 26.43 10.48
Biomass metric tons/hectare 90.79 65.27 115.94 66.28 109.27 74.32 152.78 74.95

Regeneration
Saplings/hectare 1288.2 1407.8 1308.5 1300.7 1025.2 1109.4 805.3 843.8
Seedlings/hectare 5739.5 6198.3 6661.8 6800.2 3250.9 4590.5 4471.8 6187.9

Invasive plants n = 443 n = 224 n = 3809 n = 3811
Species richness 1.14 1.64 0.41 0.94 5.78 12.98 1.36 1.56
Percent plot cover 3.91 10.30 0.80 3.42 1.20 4.52 0.49 0.87

Figure A1. Plot of absolute standardized differences between plots inside and outside National
Forests for each covariate before and after propensity score matching. The vertical solid line at
0.1 denotes the conventional threshold for acceptable imbalance while the 0.05 vertical dashed
line represents an excellent level of balance. Conifer_IV is plot-level importance value of conifers,
Productivity class is a classification of forest land’s capacity to grow industrial timber, with lower
numbers having the potential to grow more cubic feet/acre/year of wood. The Regions are North
(N), Pacific Coast (PC), Rocky Mountain (RM), and South (S).

Table A4. Means and standard deviations (SD) of plot-level forest health metrics for Nationwide
Forest Inventory plots inside National Forests and in neighboring forests under other ownerships in
the two regions of the western United States. Values are in bold when they are significantly different
between ownership groups at p ≤ 0.05 based on Wilcoxon–Mann–Whitney tests of group differences
using a false discovery rate adjustment. Invasive plant indicators were not assessed for the Pacific
Coast region because of a lack of data.

Pacific Coast Rocky Mountain

Out NFS In NFS Out NFS In NFS

Mean SD Mean SD Mean SD Mean SD

Biodiversity n = 4865 n = 4865 n = 6124 n = 6124
Tree richness 2.89 1.55 3.25 1.57 2.30 1.22 2.58 1.33
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Table A4. Cont.

Pacific Coast Rocky Mountain

Out NFS In NFS Out NFS In NFS

Mean SD Mean SD Mean SD Mean SD

Tree evenness 0.22 0.16 0.23 0.14 0.20 0.18 0.21 0.17
Tree diameter class richness 4.72 2.36 5.80 2.59 3.40 1.26 3.52 1.28
Tree diameter class evenness 0.40 0.19 0.43 0.17 0.36 0.20 0.34 0.18
Tree height class richness 6.60 3.11 7.87 3.25 4.06 2.28 4.63 2.49
Tree height class evenness 0.53 0.17 0.54 0.15 0.40 0.21 0.41 0.20

Density and biomass
Basal area (m2/hectare) 27.62 21.65 36.06 24.00 17.37 12.49 13.25 55.92
Biomass metric tons/hectare 141.70 163.24 209.44 197.87 43.38 48.40 55.92 62.08

Regeneration
Saplings/hectare 562.00 975.3214 667.66 1123.064 628.25 1129.325 681.0 1130.3
Seedlings/hectare 2346.2 6624.0 3541.9 6756.3 2838.3 6211.9 3060.0 5780.7

Invasive plants n = 6046 n = 5775
Species richness 0.18 0.53 0.09 0.35
Percent plot cover 0.23 1.33 0.08 0.72

Figure A2. Forest ownership across the conterminous United States circa 2022 [71]. Federal forest is
more common in the Pacific Coast and Rocky Mountain regions while private ownership is more
common in the North and South regions and state ownership is most common in the North.
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Table A5. Means and standard deviations (SD) of plot-level forest health metrics for Nationwide Forest Inventory plots inside National Forests and in neighboring
forests under other ownerships for 22 common forest type groups. The regional extent of each forest type group is indicated as E for East, W for West, or E/W
for both. An inadequate number of plots were available to assess invasive plant species for some forest type groups. Values are in bold and italics when they are
significantly different between ownership groups at p ≤ 0.05 based on Wilcoxon–Mann–Whitney tests of group differences using a false discovery rate adjustment.
Invasive plant indicators were not assessed for five forest type groups because of a lack of sufficient data (at least 50 plots both inside and outside National Forests).

Tree Basal Area Seedlings/ Invasive
Forest Type Group n Richness (m2/ha) Ha Richness

Mean SD Mean SD Mean SD Mean SD

Alder/maple Out NF 127 3.63 1.56 31.39 20.39 917.44 2263.40 . .
In NF 127 3.60 1.47 38.81 20.71 1270.42 2578.68 . .

Aspen/birch Out NF 1064 4.08 2.48 16.97 10.99 5353.83 6013.75 0.30 0.60
In NF 1064 4.30 2.38 20.95 12.30 5863.76 7697.58 0.15 0.44

California mixed conifer Out NF 394 4.15 1.48 32.16 17.54 3240.75 4490.53 . .
In NF 394 4.15 1.36 40.36 19.50 3127.44 5381.87 . .

Douglas-fir Out NF 2238 2.88 1.41 28.61 20.36 2001.71 3479.28 0.31 0.63
In NF 2238 3.22 1.46 36.46 23.41 2260.00 4097.00 0.13 0.44

Elm/ash/cottonwood Out NF 230 5.01 2.71 18.84 13.60 3952.04 5271.90 1.21 1.43
In NF 230 5.80 2.70 22.80 12.75 4827.49 5558.97 0.74 1.40

Fir/spruce/mountain hemlock Out NF 1009 3.09 1.32 27.66 19.41 3976.31 5816.32 0.13 0.43
In NF 1009 3.14 1.30 31.71 19.84 4421.14 6958.69 0.04 0.23

Hemlock/Sitka spruce Out NF 491 3.29 1.38 39.14 24.42 7143.97 16,862.63 0.17 0.58
In NF 491 3.60 1.43 50.15 22.12 7024.00 10,693.31 0.04 0.29

Loblolly/shortleaf pine Out NF 1097 5.80 3.35 21.57 10.89 3050.45 5159.93 1.49 1.35
In NF 1097 6.59 2.99 27.89 10.12 5101.93 7981.94 0.72 0.99

Lodgepole pine Out NF 451 2.31 1.30 19.67 14.13 5489.00 10,917.77 0.13 0.41
In NF 451 2.31 1.21 21.29 12.98 5425.74 10,681.14 0.05 0.26

Longleaf/slash pine Out NF 376 3.23 2.32 15.93 9.79 2449.99 4308.69 0.50 1.02
In NF 376 3.89 2.77 19.13 9.73 2583.50 3796.82 0.37 0.71

Maple/beech/birch Out NF 1275 5.92 2.25 24.44 10.58 7062.14 7937.80 0.70 1.33
In NF 1275 5.76 2.07 29.15 9.76 7571.76 7764.76 0.27 0.71

Oak/gum/cypress Out NF 218 6.16 2.98 22.13 13.60 2179.53 2716.37 0.94 1.31
In NF 218 6.38 3.09 26.70 13.97 2605.25 3654.27 0.40 0.71

Oak/hickory Out NF 2707 7.78 3.01 22.06 10.65 4372.59 4644.10 1.43 1.76
In NF 2707 7.97 2.61 26.57 9.42 5389.18 5057.93 0.37 0.80

Oak/pine Out NF 593 7.20 3.11 20.78 10.67 4177.41 4673.94 1.47 1.61
In NF 593 7.50 2.79 24.94 10.04 5154.21 6651.04 0.48 0.88
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Table A5. Cont.

Tree Basal Area Seedlings/ Invasive
Forest Type Group n Richness (m2/ha) Ha Richness

Mean SD Mean SD Mean SD Mean SD

Pinyon/juniper Out NF 1812 2.10 1.00 16.64 11.21 1192.50 3588.89 0.02 0.20
In NF 1812 2.37 1.09 18.02 11.39 1269.69 3554.24 0.02 0.18

Ponderosa pine Out NF 1278 2.26 1.24 17.48 10.77 1983.57 4657.55 0.30 0.67
In NF 1278 2.17 1.23 20.48 11.77 1952.26 4016.29 0.12 0.42

Spruce/fir Out NF 541 4.48 2.14 20.89 13.41 5364.40 5187.78 . .
In NF 541 4.70 2.07 25.03 14.78 5865.34 5694.20 . .

Tanoak/laurel Out NF 70 3.89 1.40 43.46 23.02 2871.21 3841.82 . .
In NF 70 3.86 1.74 41.42 24.30 4144.07 7153.26 . .

Western larch Out NF 93 3.76 1.66 20.79 13.96 6272.24 14,261.68 0.41 0.62
In NF 93 4.34 1.65 28.07 14.00 5577.09 7957.11 0.22 0.57

Western oak Out NF 330 3.09 1.74 19.20 14.49 2048.86 3659.56 . .
In NF 330 3.05 1.69 22.01 18.20 1994.41 5683.96 . .

White/red/jack pine Out NF 545 4.83 2.43 22.95 12.81 4247.59 4836.15 1.14 1.73
In NF 545 5.12 2.43 28.61 12.76 5172.42 6553.12 0.32 0.72

Woodland hardwoods Out NF 389 2.06 1.17 12.31 10.34 8405.77 10,900.85 0.19 0.72
In NF 389 2.35 1.26 13.21 10.22 7135.28 9429.02 0.12 0.40

https://doi.org/10.3390/f17060691

https://doi.org/10.3390/f17060691


Forests 2026, 17, 691 21 of 24

References
1. Oswalt, S.N.; Smith, W.B.; Miles, P.D.; Pugh, S.A. Forest Resources of the United States, 2017: A Technical Document Supporting the

Forest Service 2020 RPA Assessment; General Technical Report WO-97; United States Department of Agriculture, Forest Service:
Washington, DC, USA, 2019.

2. McGinley, K.A.; Murray, L.; Robertson, G.; White, E.M. National Report on Sustainable Forests, 2020; United States Department of
Agriculture, Forest Service, Washington Office: Washington, DC, USA, 2023; p. 53.

3. Williams, G.W. The USDA Forest Service—The First Century; United States Department of Agriculture, Forest Service: Washington,
DC, USA, 2000.

4. Pinchot, G. The Use of the National Forests; United States Department of Agriculture, Forest Service: Washington, DC, USA, 1907;
p. 42.

5. Campell, E.T.; Brown, M.T. Environmental accounting of natural capital and ecosystem services for the US National Forest System.
Environ. Dev. Sustain. 2012, 14, 691–724. [CrossRef]

6. Deal, R.L.; Smith, N.; Gates, J. Ecosystem services to enhance sustainable forest management in the US: Moving from forest
service national programmes to local projects in the Pacific Northwest. Forestry 2017, 90, 632–639. [CrossRef]

7. United States Department of Agriculture Forest Service. National Forest System Land Management Planning; United States
Department of Agriculture, Forest Service: Washington, DC, USA, 2012; pp. 21162–21276.

8. Coop, J.D.; Parks, S.A.; Stevens-Rumann, C.S.; Crausbay, S.D.; Higuera, P.E.; Hurteau, M.D.; Tepley, A.; Whitman, E.; Assal, T.;
Collins, B.M.; et al. Wildfire-Driven Forest Conversion in Western North American Landscapes. Bioscience 2020, 70, 659–673.
[CrossRef] [PubMed]

9. Stephens, S.L.; Collins, B.M.; Fettig, C.J.; Finney, M.A.; Hoffman, C.M.; Knapp, E.E.; North, M.P.; Safford, H.; Wayman, R.B.
Drought, Tree Mortality, and Wildfire in Forests Adapted to Frequent Fire. Bioscience 2018, 68, 77–88. [CrossRef]

10. Lawal, S.; Koch, F.H.; Scheller, R.M.; Costanza, J. Forest demographic changes across Texas associated with hot drought. Ecol.
Indic. 2025, 171, 113117. [CrossRef]

11. Anderegg, W.R.L.; Kane, J.M.; Anderegg, L.D.L. Consequences of widespread tree Mortality triggered by drought and temperature
stress. Nat. Clim. Change 2013, 3, 30–36. [CrossRef]

12. Fei, S.L.; Morin, R.S.; Oswalt, C.M.; Liebhold, A.M. Biomass losses resulting from insect and disease invasions in US forests. Proc.
Natl. Acad. Sci. USA 2019, 116, 17371–17376. [CrossRef]

13. Morin, R.S.; Liebhold, A.M. Invasions by two non-native insects alter regional forest species composition and successional
trajectories. For. Ecol. Manag. 2015, 341, 67–74. [CrossRef]

14. Lázaro-Lobo, A.; Lucardi, R.D.; Ramirez-Reyes, C.; Ervin, G.N. Region-wide assessment of fine-scale associations between
invasive plants and forest regeneration. For. Ecol. Manag. 2021, 483, 118930. [CrossRef]

15. Iannone, B.V.; Oswalt, C.M.; Liebhold, A.M.; Guo, Q.; Potter, K.M.; Nunez-Mir, G.C.; Oswalt, S.N.; Pijanowski, B.C.; Fei, S.
Region-specific patterns and drivers of macroscale forest plant invasions. Divers. Distrib. 2015, 21, 1181–1192. [CrossRef]

16. Riitters, K.; Robertson, G. The United States’ Implementation of the Montreal Process Indicator of Forest Fragmentation. Forests
2021, 12, 727. [CrossRef]

17. Riitters, K.H.; Wickham, J.D. Decline of forest interior conditions in the conterminous United States. Sci. Rep. 2012, 2, 653.
[CrossRef]

18. Anderegg, W.R.L.; Hicke, J.A.; Fisher, R.A.; Allen, C.D.; Aukema, J.; Bentz, B.; Hood, S.; Lichstein, J.W.; Macalady, A.K.;
McDowell, N.; et al. Tree mortality from drought, insects, and their interactions in a changing climate. New Phytol. 2015, 208,
674–683. [CrossRef]

19. Finch, D.M.; Butler, J.L.; Runyon, J.B.; Fettig, C.J.; Kilkenny, F.F.; Jose, S.; Frankel, S.J.; Cushman, S.A.; Cobb, R.C.; Dukes, J.S.; et al.
Effects of climate change on invasive species. In Invasive Species in Forests and Rangelands of the United States: A Comprehensive
Science Synthesis for the United States Forest Sector; Poland, T.M., Patel-Weynand, T., Finch, D.M., Miniat, C.F., Hayes, D.C.,
Lopez, V.M., Eds.; Springer: Berlin/Heidelberg, Germany, 2021; pp. 57–83.

20. Halofsky, J.E.; Peterson, D.L.; Harvey, B.J. Changing wildfire, changing forests: The effects of climate change on fire regimes and
vegetation in the Pacific Northwest, USA. Fire Ecol. 2020, 16, 4. [CrossRef]

21. Duan, K.; Sun, G.; Sun, S.L.; Caldwell, P.V.; Cohen, E.C.; McNulty, S.G.; Aldridge, H.D.; Zhang, Y. Divergence of ecosystem
services in US National Forests and Grasslands under a changing climate. Sci. Rep. 2016, 6, 24441. [CrossRef]

22. Sánchez, J.J.; Marcos-Martinez, R.; Srivastava, L.; Soonsawad, N. Valuing the impacts of forest disturbances on ecosystem services:
An examination of recreation and climate regulation services in U.S. national forests. Trees For. People 2021, 5, 100123. [CrossRef]

23. Riitters, K.H.; Tkacz, B. The U.S. Forest Health Monitoring Program. In Environmental Monitoring; Wiersma, G.B., Ed.; CRC Press:
Boca Raton, FL, USA, 2004; pp. 669–683. [CrossRef]

24. Woodall, C.W.; Amacher, M.C.; Bechtold, W.A.; Coulston, J.W.; Jovan, S.; Perry, C.H.; Randolph, K.C.; Schulz, B.K.; Smith, G.C.;
Tkacz, B.; et al. Status and future of the forest health indicators program of the USA. Environ. Monit. Assess. 2011, 177, 419–436.
[CrossRef]

https://doi.org/10.3390/f17060691

https://doi.org/10.1007/s10668-012-9348-6
https://doi.org/10.1093/forestry/cpx025
https://doi.org/10.1093/biosci/biaa061
https://www.ncbi.nlm.nih.gov/pubmed/32821066
https://doi.org/10.1093/biosci/bix146
https://doi.org/10.1016/j.ecolind.2025.113117
https://doi.org/10.1038/nclimate1635
https://doi.org/10.1073/pnas.1820601116
https://doi.org/10.1016/j.foreco.2014.12.018
https://doi.org/10.1016/j.foreco.2021.118930
https://doi.org/10.1111/ddi.12354
https://doi.org/10.3390/f12060727
https://doi.org/10.1038/srep00653
https://doi.org/10.1111/nph.13477
https://doi.org/10.1186/s42408-019-0062-8
https://doi.org/10.1038/srep24441
https://doi.org/10.1016/j.tfp.2021.100123
https://doi.org/10.1201/9780203495476
https://doi.org/10.1007/s10661-010-1644-8
https://doi.org/10.3390/f17060691


Forests 2026, 17, 691 22 of 24

25. United States Department of Agriculture Forest Service. National Report on Sustainable Forests—2003; United States Department of
Agriculture Forest Service: Washington, DC, USA, 2004; p. 139.

26. United States Department of Agriculture Forest Service. National Report on Sustainable Forests—2010; United States Department of
Agriculture Forest Service: Washington, DC, USA, 2011; p. 134.

27. Trumbore, S.; Brando, P.; Hartmann, H. Forest health and global change. Science 2015, 349, 814–818. [CrossRef] [PubMed]
28. Bechtold, W.A.; Patterson, P.L. The Enhanced Forest Inventory and Analysis Program: National Sampling Design and Estimation

Procedures; United States Department of Agriculture, Forest Service, Southern Research Station: Asheville, NC, USA, 2005; p. 85.
29. Tinkham, W.T.; Mahoney, P.R.; Hudak, A.T.; Domke, G.M.; Falkowski, M.J.; Woodall, C.W.; Smith, A.M.S. Applications of the

United States Forest Inventory and Analysis dataset: A review and future directions. Can. J. For. Res. 2018, 48, 1251–1268.
[CrossRef]

30. LaRue, E.A.; Knott, J.A.; Domke, G.M.; Chen, H.Y.H.; Guo, Q.F.; Hisano, M.; Oswalt, C.; Oswalt, S.; Kong, N.; Potter, K.M.; et al.
Structural diversity as a reliable and novel predictor for ecosystem productivity. Front. Ecol. Environ. 2023, 21, 33–39. [CrossRef]

31. Watson, J.V.; Liang, J.J.; Tobin, P.C.; Lei, X.D.; Rentch, J.S.; Artis, C.E. Large-scale forest inventories of the United States and China
reveal positive effects of biodiversity on productivity. For. Ecosyst. 2015, 2, 22. [CrossRef]

32. Quirion, B.R.; Domke, G.M.; Walters, B.F.; Lovett, G.M.; Fargione, J.E.; Greenwood, L.; Serbesoff-King, K.; Randall, J.M.; Fei, S.L.
Insect and Disease Disturbances Correlate With Reduced Carbon Sequestration in Forests of the Contiguous United States. Front.
For. Glob. Change 2021, 4, 716582. [CrossRef]

33. Smith, J.E.; Domke, G.M.; Nichols, M.C.; Walters, B.F. Carbon stocks and stock change on federal forest lands of the United States.
Ecosphere 2019, 10, e02637. [CrossRef]

34. Vickers, L.A.; McWilliams, W.H.; Knapp, B.O.; D’Amato, A.W.; Dey, D.C.; Dickinson, Y.L.; Kabrick, J.M.; Kenefic, L.S.; Kern, C.C.;
Larsen, D.R.; et al. Are Current Seedling Demographics Poised to Regenerate Northern US Forests? J. For. 2019, 117, 592–612.
[CrossRef]

35. Blackard, J.A.; Finco, M.V.; Helmer, E.H.; Holden, G.R.; Hoppus, M.L.; Jacobs, D.M.; Lister, A.J.; Moisen, G.G.; Nelson, M.D.;
Riemann, R.; et al. Mapping US forest biomass using nationwide forest inventory data and moderate resolution information.
Remote Sens. Environ. 2008, 112, 1658–1677. [CrossRef]

36. Potter, K.M.; Riitters, K.H.; Iannone, B.V.; Pandit, K.; Guo, Q.; Oswalt, C.M. United States forests are increasingly invaded by
problematic non-native plants. For. Ecol. Manag. 2026, 599, 123281. [CrossRef]

37. Oswalt, C.M.; Fei, S.; Guo, Q.; Iannone, B.V.; Oswalt, S.; Pijanowski, B.; Potter, K.M. A subcontinental view of forest plant
invasions. NeoBiota 2015, 24, 49–54. [CrossRef]

38. Siry, J.; Cubbage, F.; Newman, D.; Izlar, R. Forest ownership and management outcomes in the US, in global context. Int. For. Rev.
2010, 12, 38–48. [CrossRef]

39. Miller, K.M.; Dieffenbach, F.W.; Campbell, J.P.; Cass, W.B.; Comiskey, J.A.; Matthews, E.R.; McGill, B.J.; Mitchell, B.R.; Perles, S.J.;
Sanders, S.; et al. National parks in the eastern United States harbor important older forest structure compared with matrix
forests. Ecosphere 2016, 7, e01404. [CrossRef]

40. Riitters, K.; Potter, K.M.; Iannone, B.V.; Oswalt, C.; Guo, Q.F.; Fei, S.L. Exposure of Protected and Unprotected Forest to Plant
Invasions in the Eastern United States. Forests 2018, 9, 723. [CrossRef]

41. Coetzee, B.W.T.; Gaston, K.J.; Chown, S.L. Local Scale Comparisons of Biodiversity as a Test for Global Protected Area Ecological
Performance: A Meta-Analysis. PLoS ONE 2014, 9, e105824. [CrossRef]

42. Gray, C.L.; Hill, S.L.L.; Newbold, T.; Hudson, L.N.; Börger, L.; Contu, S.; Hoskins, A.J.; Ferrier, S.; Purvis, A.; Scharlemann, J.P.W.
Local biodiversity is higher inside than outside terrestrial protected areas worldwide. Nat. Commun. 2016, 7, 12306. [CrossRef]

43. Miller, K.M.; McGill, B.J.; Mitchell, B.R.; Comiskey, J.; Dieffenbach, F.W.; Matthews, E.R.; Perles, S.J.; Schmit, J.P.; Weed, A.S.
Eastern national parks protect greater tree species diversity than unprotected matrix forests. For. Ecol. Manag. 2018, 414, 74–84.
[CrossRef]

44. Burrill, E.A.; Christiansen, G.A.; Conkling, B.L.; DiTommaso, A.M.; Kralicek, K.M.; Lepine, L.C.; Perry, C.J.; Pugh, S.A.; Turner, J.A.;
Walker, D.M. The Forest Inventory and Analysis Database: FIADB User Guides; Database Description (Version 9.4); United States
Department of Agriculture, Forest Service: Washington, DC, USA, 2025; p. 1016.

45. ESRI. ArcGIS Pro 3.3.1, R package version 0.9–0; Environmental Systems Research Institute Inc.: Redlands, CA, USA, 2024.
46. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2025.
47. Woodall, C.W.; Heath, L.S.; Domke, G.M.; Nichols, M.C. Methods and Equations for Estimating Aboveground Volume, Biomass, and

Carbon for Trees in the U.S. Forest Inventory, 2010; United States Department of Agriculture Forest Service, Northern Research
Station: Newtown Square, PA, USA, 2011; p. 30.

48. Asaro, C.; Koch, F.H.; Potter, K.M. Denser forests across the USA experience more damage from insects and pathogens. Sci. Rep.
2023, 13, 3666. [CrossRef]

https://doi.org/10.3390/f17060691

https://doi.org/10.1126/science.aac6759
https://www.ncbi.nlm.nih.gov/pubmed/26293952
https://doi.org/10.1139/cjfr-2018-0196
https://doi.org/10.1002/fee.2586
https://doi.org/10.1186/s40663-015-0045-4
https://doi.org/10.3389/ffgc.2021.716582
https://doi.org/10.1002/ecs2.2637
https://doi.org/10.1093/jofore/fvz046
https://doi.org/10.1016/j.rse.2007.08.021
https://doi.org/10.1016/j.foreco.2025.123281
https://doi.org/10.3897/neobiota.24.8378
https://doi.org/10.1505/ifor.12.1.38
https://doi.org/10.1002/ecs2.1404
https://doi.org/10.3390/f9110723
https://doi.org/10.1371/journal.pone.0105824
https://doi.org/10.1038/ncomms12306
https://doi.org/10.1016/j.foreco.2018.02.018
https://doi.org/10.1038/s41598-023-30675-z
https://doi.org/10.3390/f17060691


Forests 2026, 17, 691 23 of 24

49. Iannone, B.V.; Potter, K.M.; Hamil, K.A.D.; Huang, W.; Zhang, H.; Guo, Q.F.; Oswalt, C.M.; Woodall, C.W.; Fei, S.L. Evidence of
biotic resistance to invasions in forests of the Eastern USA. Landsc. Ecol. 2016, 31, 85–99. [CrossRef]

50. Oswalt, C.; Oswalt, S.; Zimmerman, L. Updating the southern nonnative plant watch list: The future of NNIP Monitoring in the
south. In Moving from Status to Trends: Forest Inventory and Analysis (FIA) Symposium 2012; Morin, R., Liknes, G., Eds.; General
Technical Report NRS-P-105; United States Department of Agriculture, Forest Service, Northern Research Station: Newtown
Square, PA, USA, 2012; pp. 274–277.

51. Ries, P.; Dix, M.E.; Lelmini, M.; Thomas, D. National Strategy and Implementation Plan for Invasive Species Management; United States
Department of Agriculture, Forest Service: Washington, DC, USA, 2004; p. 17.

52. Rosenbaum, P.R.; Rubin, D.B. The central role of the propensity score in observational studies for causal effects. Biometrika 1983,
70, 41–55. [CrossRef]

53. Ho, D.E.; Imai, K.; King, G.; Stuart, E.A. Matching as nonparametric preprocessing for reducing model dependence in parametric
causal inference. Political Anal. 2007, 15, 199–236. [CrossRef]

54. Austin, P.C. An Introduction to Propensity Score Methods for Reducing the Effects of Confounding in Observational Studies.
Multivar. Behav. Res. 2011, 46, 399–424. [CrossRef] [PubMed]

55. Ho, D.E.; Imai, K.; King, G.; Stuart, E.A. MatchIt: Nonparametric Preprocessing for Parametric Causal Inference. J. Stat. Softw.
2011, 42, 1–28. [CrossRef]

56. Smith, R.L.; Smith, T.M. Ecology and Field Biology, 6th ed.; Addison Wesley Longman: San Francisco, CA, USA, 2001; p. 771.
57. Murray, M.; Blume, J. FDRestimation: Estimate, Plot, and Summarize False Discovery Rates; R Foundation for Statistical Computing:

Vienna, Austria, 2022.
58. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.

Stat. Soc. Ser. B Methodol. 1995, 57, 289–300. [CrossRef]
59. Ben-Shachar, M.; Lüdecke, D.; Makowski, D. effectsize: Estimation of Effect Size Indices and Standardized Parameters. J. Open

Source Softw. 2020, 5, 2815. [CrossRef]
60. Cohen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; Routledge: New York, NY, USA, 1988; p. 567.
61. Scheinin, I.; Kalimeri, M.; Jagerroos, V.; Parkkinen, J.; Tikkanen, E.; Würtz, P.; Kangas, A. ggforestplot: Forestplots of Measures of

Effects and Their Confidence Intervals; Nightingale Health Ltd.: Helsinki, Finland, 2018.
62. McNab, W.H.; Cleland, D.T.; Freeouf, J.A.; Keys, J.E.; Nowacki, G.J.; Carpenter, C.A. Description of Ecological Subregions: Sections of

the Conterminous United States [CD-ROM]; United States Department of Agriculture, Forest Service: Washington, DC, USA, 2007;
p. 80.

63. Cleland, D.T.; Freeouf, J.A.; Keys, J.E.; Nowacki, G.J.; Carpenter, C.A.; McNab, W.H. Ecological Subregions: Sections and Subsections
for the conterminous United States; General Technical Report WO-76; United States Department of Agriculture, Forest Service:
Washington, DC, USA, 2007.

64. Butler, B.J.; Butler, S.M.; Caputo, J.; Dias, J.; Robillard, A.; Sass, E.M. Family Forest Ownerships of the United States, 2018: Results
from the USDA Forest Service, National Woodland Owner Survey; General Technical Report NRS-199; United States Department of
Agriculture, Forest Service, Northern Research Station: Madison, WI, USA, 2021; p. 52.

65. Jactel, H.; Brockerhoff, E.G. Tree diversity reduces herbivory by forest insects. Ecol. Lett. 2007, 10, 835–848. [CrossRef] [PubMed]
66. Marini, L.; Ayres, M.P.; Jactel, H. Impact of Stand and Landscape Management on Forest Pest Damage. Annu. Rev. Entomol. 2022,

67, 181–199. [CrossRef]
67. Pelz, K.A.; Hayward, G.; Gray, A.N.; Berryman, E.M.; Woodall, C.W.; Nathanson, A.; Morgan, N.A. Quantifying old-growth

forest of United States Forest Service public lands. For. Ecol. Manag. 2023, 549, 121437. [CrossRef]
68. Woodall, C.W.; Kamoske, A.G.; Hayward, G.D.; Schuler, T.M.; Hiemstra, C.A.; Palmer, M.; Gray, A.N. Classifying mature federal

forests in the United States: The forest inventory growth stage system. For. Ecol. Manag. 2023, 546, 121361. [CrossRef]
69. Bramwell, L. 1911 Weeks Act: The Legislation that Nationalised the US Forest Service. J. Energy Nat. Resour. Law 2012, 30, 325–336.

[CrossRef]
70. Sass, E.M.; Butler, B.J.; Markowski-Lindsay, M. Distribution of Forest Ownerships Across the Conterminous United States, 2017;

Research Map NRS-11; United States Department of Agriculture, Forest Service, Northern Research Station: Madison, WI, USA,
2020.

71. Harris, V.; Caputo, J.; Butler, B.J. Forest Ownership in the Conterminous United States Circa 2022: Distribution of Seven Ownership
Types—Geospatial Dataset; United States Department of Agriculture, Forest Service, Research Data Archive: Fort Collins, CO, USA,
2025. [CrossRef]

72. Sass, E.M.; Markowski-Lindsay, M.; Butler, B.J.; Caputo, J.; Hartsell, A.; Huff, E.; Robillard, A. Dynamics of Large Corporate
Forestland Ownerships in the United States. J. For. 2021, 119, 363–375. [CrossRef]

73. Masek, J.G.; Cohen, W.B.; Leckie, D.; Wulder, M.A.; Vargas, R.; de Jong, B.; Healey, S.; Law, B.; Birdsey, R.; Houghton, R.A.; et al.
Recent rates of forest harvest and conversion in North America. J. Geophys. Res.-Biogeosci. 2011, 116, 22. [CrossRef]

https://doi.org/10.3390/f17060691

https://doi.org/10.1007/s10980-015-0280-7
https://doi.org/10.1093/biomet/70.1.41
https://doi.org/10.1093/pan/mpl013
https://doi.org/10.1080/00273171.2011.568786
https://www.ncbi.nlm.nih.gov/pubmed/21818162
https://doi.org/10.18637/jss.v042.i08
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.21105/joss.02815
https://doi.org/10.1111/j.1461-0248.2007.01073.x
https://www.ncbi.nlm.nih.gov/pubmed/17663717
https://doi.org/10.1146/annurev-ento-062321-065511
https://doi.org/10.1016/j.foreco.2023.121437
https://doi.org/10.1016/j.foreco.2023.121361
https://doi.org/10.1080/02646811.2012.11435298
https://doi.org/10.2737/RDS-2025-0045
https://doi.org/10.1093/jofore/fvab013
https://doi.org/10.1029/2010JG001471
https://doi.org/10.3390/f17060691


Forests 2026, 17, 691 24 of 24

74. Healey, S.P.; Cohen, W.B.; Spies, T.A.; Moeur, M.; Pflugmacher, D.; Whitley, M.G.; Lefsky, M. The Relative Impact of Harvest and
Fire upon Landscape-Level Dynamics of Older Forests: Lessons from the Northwest Forest Plan. Ecosystems 2008, 11, 1106–1119.
[CrossRef]

75. Rapp, V. Northwest Forest Plan: The First 10 Years (1994–2003); United States Department of Agriculture, Forest Service, Pacific
Northwest Research Station: Portland, OR, USA, 2008; p. 42.

76. Smith, W.B.; Miles, P.D.; Perry, C.H.; Pugh, S.A. Forest Resources of the United States, 2007; GTR-WO-78; United States Department
of Agriculture Forest Service, Washington Office: Washington, DC, USA, 2009; p. 336.

77. Wear, D.N.; Murray, B.C. Federal timber restrictions, interregional spillovers, and the impact on US softwood markets. J. Environ.
Econ. Manag. 2004, 47, 307–330. [CrossRef]

78. De Leo, G.A.; Levin, S. The multifaceted aspects of ecosystem integrity. Ecol. Soc. 1997, 1, 3. [CrossRef]
79. Tierney, G.L.; Faber-Langendoen, D.; Mitchell, B.R.; Shriver, W.G.; Gibbs, J.P. Monitoring and evaluating the ecological integrity

of forest ecosystems. Front. Ecol. Environ. 2009, 7, 308–316. [CrossRef]
80. D’Amato, A.; Catanzaro, P. Restoring Old-Growth Characteristics to New England’s and New York’s Forests; University of Massachusetts:

Amherst, MA, USA, 2023.
81. Mitchell, R.J.; Hiers, J.K.; O’Brien, J.J.; Jack, S.B.; Engstrom, R.T. Silviculture that sustains: The nexus between silviculture, frequent

prescribed fire, and conservation of biodiversity in longleaf pine forests of the southeastern United States. Can. J. For. Res. 2006,
36, 2724–2736. [CrossRef]

82. Platt, W.J.; Evans, G.W.; Rathbun, S.L. The Population Dynamics of a Long-Lived Conifer (Pinus palustris). Am. Nat. 1988, 131,
491–525. [CrossRef]

83. U.S. Department of Agriculture Forest Service. Technical Guidance for Standardizing Silvicultural Prescriptions for Managing Old-
Growth Forests; United States Department of Agriculture Forest Service: Washington, DC, USA, 2024; p. 19.

84. Niese, J.N.; Strong, T.F. Economic and tree diversity trade-offs in managed northern hardwoods. Can. J. For. Res. 1992, 22,
1807–1813. [CrossRef]

85. Nolet, P.; Kneeshaw, D.; Messier, C.; Béland, M. Comparing the effects of even- and uneven-aged silviculture on ecological
diversity and processes: A review. Ecol. Evol. 2018, 8, 1217–1226. [CrossRef]

86. Perera, A.H.; Baldwin, D.J.B.; Yemshanov, D.G.; Schnekenburger, F.; Weaver, K.; Boychuk, D. Predicting the potential for
old-growth forests by spatial simulation of landscape ageing patterns. For. Chron. 2003, 79, 621–631. [CrossRef]

87. Spies, T.A. Ecological concepts and diversity of old-growth forests. J. For. 2004, 102, 14–20. [CrossRef]
88. Riitters, K.H.; Potter, K.M.; Iannone, B.V.; Oswalt, C.; Fei, S.L.; Guo, Q.F. Landscape correlates of forest plant invasions: A

high-resolution analysis across the eastern United States. Divers. Distrib. 2017, 24, 274–284. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/f17060691

https://doi.org/10.1007/s10021-008-9182-8
https://doi.org/10.1016/S0095-0696(03)00081-0
https://doi.org/10.5751/ES-00022-010103
https://doi.org/10.1890/070176
https://doi.org/10.1139/x06-100
https://doi.org/10.1086/284803
https://doi.org/10.1139/x92-236
https://doi.org/10.1002/ece3.3737
https://doi.org/10.5558/tfc79621-3
https://doi.org/10.1093/jof/102.3.14
https://doi.org/10.1111/ddi.12680
https://doi.org/10.3390/f17060691

	Introduction 
	Materials and Methods 
	Results 
	Nationwide Comparisons 
	Regional Comparisons 
	Forest Type Group Comparisons 

	Discussion 
	Conclusions 
	Appendix A
	References

