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Abstract: Forest inventory data are useful for determining forest stand structure, growth, and
change. Among the information collected on forest inventory plots by the USDA Forest Service Forest
Inventory and Analysis Program, attributes characterizing various types of disturbance provide
researchers a means of selecting plots specifically affected by disturbances, such as fire. We determine
the performance of three of these attributes as indicators of recent fires on forest inventory plots
of the United States by comparing them to independent records of wildland fire occurrence. The
indicators are plot-level observations of fire effects on (1) general site appearance, (2) tree mortality,
and (3) damage to live trees. Independent spatial layers of wildland fire perimeters provide an
approach to test indicator performance and identify characteristics of fires that may affect detection.
The sensitivities of indicators are generally higher in the West relative to the East. Detection rates
exceed 90 percent for the Pacific Coast forests but seldom reach 80 percent in the East. Among the
individual indicators, site appearance has higher identification rates than tree indicators for fires in
the Pacific Coast, Great Plains, North, and South regions. Tree mortality is the most important single
indicator for identifying Rocky Mountain fires. Tree damage is more important than tree mortality in
the South; otherwise, the tree damage indicator is of relatively lower importance, particularly where
high-severity fires are common, and tree survival is low. The rate of detection by the indicators is
affected by the severity of the fire or the recency of the fire. The joint effect of severity and recency
influence all three indicators for the Pacific Coast and Rocky Mountain fires, as well as the site
appearance indicator in the South. Only a small proportion of fires are clearly missed by all three of
the indicators.

Keywords: forest inventory plot; wildland fire burn perimeters; monitoring trends in burn severity;
MODIS burn product; burn severity; forest fire

1. Introduction

Forests experience a variety of disturbances, including insects and disease, drought,
fire, and management. Fire is becoming an increasingly important disturbance because
of increases in the length of the fire season and the frequency of wildfires [1–4]. Climate
change is likely to increase the role of fire as an agent of forest disturbance [5–7]. Fire
can have a variety of effects on forest ecosystems, depending on the type and severity of
the fire; for example, a ground fire may have beneficial effects, such as maintaining stand
density at a level appropriate for the forest type, promoting regeneration, or reducing
competing vegetation. A high-severity crown fire can be a stand-replacing event, and
wildfires may have negative impacts on water resources [8,9], soil health [10], and forest
regeneration [11], potentially resulting in a transition to a different vegetation type [12].
Wildfire also affects stand characteristics, growth, and species composition in a variety of
ways and can affect the ability of the forest to provide ecosystem services such as carbon
storage, timber production, wildlife habitat, recreation opportunities, and clean air and
water [13,14].
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Because of the many possible effects of fire on forest resources and the increasing
frequency and extent of wildfires, an easily implemented approach using existing data is
needed to identify fire-affected forests and characterize the effects of fire. Spatial datasets
delineating fire occurrence, extent, and severity are developed from remote sensing prod-
ucts. A widely used data source is the Monitoring Trends in Burn Severity data (MTBS),
which uses burn indexes derived from remotely sensed reflectance data [15] to deliver
wildland fire data products needed by managers. However, wildland fire layers can lack
the structure or stand composition detail needed to better understand the ecological and
growth impacts of wildfire on forests. Field inventory plots, such as the permanent inven-
tory plots established and measured by the Forest Inventory and Analysis (FIA) Program
of the United States Department of Agriculture Forest Service [16,17], can provide detailed
information at the plot and individual tree levels. Data on key processes and features, such
as growth, survival, species composition, mortality, and seedling recruitment, are collected.
Observations collected on plots include information on tree damage (multiple codes are
available to record disturbance and mortality agents) and various plot condition factors,
including the presence of disturbance and disturbance type, as well as indicators of recent
fires. FIA data have not traditionally been used to understand the effects of fire on tree,
stand, and forest growth and development, but more investigators have begun exploring
the use of different plot and tree variables in the FIA database (often in conjunction with
remote sensing products) to examine the effects of wildfire and other disturbances on the
nation’s forests [18–23].

Wildland fire perimeter records can, in some cases, be paired with the permanent
forest inventory plots. We identified where these separate data sources align and described
the sensitivity of plot-level fire indicators to the fire perimeter records and possible effects
on sensitivity that are associated with features in either data source. While this study
focused on the conterminous United States and employs FIA and MTBS data, note that this
approach (with some adjustments) can be applied in any nation or region where spatial
data on fire extent and forest inventory data that includes information on disturbance
are available. For example, Canada maintains a national forest inventory [24] where
information on disturbance effects at the plot level, including fire, is collected and also
maintains the Canadian Wildfire Information System.

Our goal was to assess the performance of three different indicators of recent fires to
identify FIA plots where recent fires have occurred: site condition, tree mortality, and tree
damage. In addition, we examined the effect of time since fire and burn severity class on
indicator performance. The indicators we evaluated can provide researchers with a means
of selecting plots specifically affected by fire for further analysis.

2. Methods
2.1. Scope

This study focused on the site appearance, tree mortality, and tree damage indicators of
recent fires, which are included with data collected by FIA field crews on forest plots in the
nationwide network of permanent FIA inventory plots. For this analysis, the primary data
sets were (1) forest inventory plot data from the FIA database, (2) wildland fire perimeter
records, and (3) images indicating burn severity and forest cover on these burn perimeters.
The regional summaries presented included only forest land of the conterminous United
States (CONUS, 48 states, Figure 1). The Great Plains fires are considered western by MTBS,
but their forests and fires are more characteristically eastern, so they are included in ‘East’
for any East–West summaries below.
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Figure 1. Regions as defined for this analysis. Pacific Coast, Rocky Mountains, and Great Plains are
considered west, with North and South as east.

2.2. Forest Inventory Plots

Forest inventory plots are described in the Forest Inventory and Analysis Database
(FIADB, [16,17]) compiled and maintained by FIA. Plots are established, maintained, and
continuously systematically sampled over all land within individual states so that a portion
of the survey data is collected each year on a continuous series of cycles, with remeasure-
ment intervals at 5, 7, or 10 years depending on the state [25] (see Figure S1 for plot layout).
For plots on forest land, a large set of measurements and observations are collected to
characterize the ecosystem, site, stand, and each tally tree (trees measured on plots). For
example, data collected include forest type, elevation, stand size, stand age, individual
tree species, and tree size. Included in these plot data are assessments of apparent past
events affecting the current structure and growth of the stand or individual trees. Three
such attributes provide indicators of recent fires on forest plots, as well as estimates of the
year of the fire.

The disturbance codes in the FIADB condition table [16] (e.g., DSTRBCD1, DSTRBYR1,
etc.) include specific codes indicating past fire. This classification is based on a visual as-
sessment of the site for significant fire damage having occurred within the remeasurement
interval for the plot, on at least 0.4 ha (1 acre) and causing mortality or damage to 25 percent
of all trees in a stand or 50 percent of an individual species’ count. These can be further
identified as ground or crown fires, but it is not clear whether these two classifications were
consistently populated over all regions for the years of our analysis. Therefore, we com-
bined both categories into a single fire indicator, which is labeled here as “site appearance”.

The second and third fire indicators are based on observations on individual trees
and are from the FIADB tree table, and each of these also includes a year of fire and is
applicable to the remeasurement interval prior to the plot visit for data collection. Tree
mortality attributed to the fire and the year the tree died (AGENTCD and MORTYEAR) is
based on observing damage on a dead tree. Tree damage observed on live trees (e.g., DAM-
AGE_AGENT_CD1, etc.) and attributed to fire is based on an assessment that (in this case,
fire) damage is likely to reduce growth or survival in the near term. The severity of damage
can range from scorched leaves to loss of vascular cambium, with the extent described
as ≥20 percent of bole circumference, >20 percent of stems on multi-stemmed woodland
species affected, or ≥20 percent of crown affected. See the FIADB user’s guide [16] and par-
ticularly the field guide for data collection [26] for more information on these fire indicators,
plot design, and sampling procedures.
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2.3. Spatially Defined Wildland Burn Perimeters

Independent of the inventory plot data are two spatial datasets defining wildland
burned areas—the MTBS records and the Moderate Resolution Imaging Spectroradiometer
(MODIS) burned area mapping product (MODIS MCD64A1, [27]).

The MTBS data include vector layers representing the spatial extent of fire perimeters
and additional fire attributes, such as fire identity and start date. Perimeters are based on
burn occurrence records, Landsat and Sentinel-2 reflectance images, and a comparison of
pre- and post-fire burn indexes [15,28,29]. The data also include images indicating estimated
burn severity by pixel across the burn perimeters. Burn ratio indexes from pre- and post-fire
remote sensing, particularly the differenced Normalized Burn Ratio, are used to develop
four burn severity classifications (1 through 4), which are (1) unburned-to-low, (2) low,
(3) moderate, and (4) high severity [28]. See MTBS documentation for additional details on
processing reflectance data [28,29]. A small proportion of pixels within perimeters receive
classifications other than the four severity classes; these are no data (e.g., edge of perimeter),
increased greenness (i.e., post-fire relative to pre-fire), and non-processing (e.g., clouds or
Landsat 7 scan line corrector failure). Typically, herbaceous or low shrub communities are
the most common sites showing increased greenness. The minimum thresholds for the
burned area for inclusion in the MTBS records are approximately 400 or 200 ha (1000 or
500 acres) for western or eastern fires, respectively. The MTBS data (vector and raster layers)
were downloaded directly from the MTBS site (the April 2022 update, [28]) and include the
years 2001 through 2020.

The MODIS-based burned areas include shapefiles based on MODIS scenes represent-
ing fire extent with additional attributes, such as identity and fire start date. MODIS-burned
areas are based on daily surface reflectance and detection of rapid changes in reflectance
associated with recent fires; this provides date of burning, spatial extent of fires, and distinc-
tion of current versus past season fires [27]. The MODIS burn vector layers used here were
downloaded from the Wildland Fire Emissions Inventory System calculator site [30,31] and
include the years 2001 through 2020.

2.4. Locating Forest within Burned Areas

Forest land is not spatially defined within the MTBS or MODIS burn perimeter layers.
We quantify forest area within burn perimeters according to forest cover in the Multi-
Resolution Land Characteristics National Land Cover Database (NLCD, [32,33]). Locations
of forests within burn perimeters are determined with the NLCD Land Cover with addi-
tional Forest Transition Classes images [33], which provide forest cover, as well as likely
regrowing forest lands. An additional overlay of the MTBS burn severity images, which
have identical spatial references as the NLCD, associate burn severity classifications with
each forest pixel on the MTBS perimeters.

The forest was defined at the individual FIADB inventory plots, and only inventory
plots with forest were included in this analysis. The live-tree damage indicator is the most
recent of the three indicators to appear in widespread use within the FIADB, beginning
with inventory year 2013. At the time data were obtained for this analysis (January 2023),
plot data for 2020 were not available for many CONUS states. For this reason, the FIA
forest plot data in use here are based on the inventory years 2013–2019. Note that data for
inventory year 2019 were not available for Kentucky; therefore, the Kentucky contribution
to summaries was based on 6-year averages rather than 7, as was the case for the other states.

The intersection of inventory plots (i.e., the set from 2013–2019) with burn perimeters
(i.e., MTBS or MODIS) involves spatial and temporal components. Intersections are simple
spatial overlays of points (plots) on polygons (perimeters) where the date of the wildland
fire is prior to the plot measurement date but within the plot remeasurement interval
(typically 5 to 10 years for East and West [16]; refer to Figure S2 for example overlay). These
sets are all same-scale (individual fire) and summarized as regional aggregate characteristics.
Typically, the intersection of the set of 2013–2019 forest plots included wildland fires
between 2003 and 2018. Intersections were based on the exact FIA plot locations, which are
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not publicly available due to privacy concerns, see Burrill et al. [16]. We also evaluated the
relative effects of this analysis of using these limited-availability location data relative to
the publicly available plot locations, which are altered slightly relative to exact locations.

For purposes of this analysis only and within the MTBS perimeters, we used the
FIA plot locations to extract the nine-cell grid (of 30 m pixels) of burn severity classes
surrounding the center point of each inventory plot. The most frequent severity class from
the nine cells (i.e., the mode) is the severity class assigned to the inventory plot. This is one
possible approach [34] for assigning severity at inventory plot locations and was used here
because we wanted to retain only the four integer classes. Where the majority of the nine
cells were classified as other than the 1–4 burn severities, the plot by burn combination
was treated as a no-data record and excluded from the analysis. Plot locations within burn
perimeters were summarized as one of the four levels of fire severity, and a consequence
of this approach is that a site could not be labeled with any certainty as fire-free because
severity classes 1 through 4 do not include an explicit “no fire” class.

3. Results
3.1. Indicators of Recent Fire on Forest Inventory Plots

Recent fires were identified annually within the FIADB by at least one of the three
indicators on 6.5 percent of forest plots (summarized in Table 1), with the highest rates of
occurrence from any indicator at almost 14 percent in the Pacific Coast region and the lowest
at 1 percent in the North (Table 1). Rates for the separate indicators were generally higher in
the West and South relative to the North or Great Plains. A greater proportion of plots with
fires was identified from the two tree-based indicators relative to site appearance for all
regions except for the South. The combined tree indicators (column 4) are consistently very
close to the “any” indicators (column 1) for western regions. Between the two tree-based
indicators, tree damage indicated more fires than tree mortality for all regions except the
Rocky Mountains.

Table 1. Percentages of forest inventory plots that include indicators of recent fire, as summarized
from the inventory years 2013–2019. The counts of “Plots with forest” are annual averages over the
7-year interval.

Region Any
Indicator

Both Site
and Tree

Site
Appearance Any Tree Tree

Mortality
Tree
Damage

Plots with
Forest

Percentage of plots (n) n

Pacific Coast 13.8 (298) 6.2 (134) 7.1 (154) 12.8 (278) 6.8 (147) 9.9 (214) 2160
Rocky Mountains 8.7 (223) 5.0 (129) 5.5 (141) 8.2 (211) 6.6 (170) 3.4 (87) 2575
Great Plains 6.1 (64) 2.9 (31) 4.4 (46) 4.6 (49) 2.6 (27) 3.2 (34) 1053
North 1.0 (63) 0.4 (25) 0.5 (35) 0.8 (53) 0.3 (23) 0.6 (42) 6523
South 8.6 (626) 3.4 (244) 7.6 (548) 4.4 (322) 2.5 (179) 3.1 (224) 7259

While two indicators often jointly point to recent fires, most fires are not jointly
identified by all three indicators. Over half of the fires identified in the East were unique to
only one of the indicators. That is, 59 percent of the Table 1 fires in the East were identified by
only one indicator, and the comparable set in the West was smaller, at 46 percent. Roughly
half were identified by both site appearance and one of the two tree indicators (Table 1,
column 2 relative to column 1). Joint identification among all three indicators was generally
higher in the West, where the percentages of column 1 (Table 1), the “any” indicator, were
also jointly indicated by all three indicators to be 23, 16, 18, 14, and 11 for Pacific Coast,
Rocky Mountains, Great Plains, North, and South, respectively. These proportions suggest
the value of including all indicators in order to maximize the number of fires identified;
this is more important in the East relative to the West.
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3.2. Fire Indicators Aligned with Burn Perimeters

Eighty-five percent of inventory plots identified as intersecting forest fires within
MTBS burn perimeters were identified by at least one indicator per plot, and regionally, the
rate was as high as 96 percent for the Pacific Coast (Table 2). These sensitivities are based
on intersections identified as MTBS severity classes 2–4 (low to high) at plots. We omitted
severity class 1 (unburned to low) because the presence of fire is uncertain. Indicators,
either singly or in combination, successfully identified a majority of the fires on MTBS
perimeters. In general, rates of successful identification tend to decrease from west to
east for all indicators. Rates based on site appearance versus the combined tree indicators
are generally similar, with the greatest difference in the South, where rates are higher
through site appearance. Successful identifications with tree mortality are generally higher
than tree damage indicators in western regions, and this is reversed in the South. The
use of multiple indicators increases the accuracy of detection. This is consistent with the
observation related to Table 1 on the value of combined identification of recent fires from
all three indicators.

Table 2. Percentage of inventory plots intersecting an MTBS burn perimeter where fire indicators
correctly identified a recent fire. The set of plots on burn perimeters is limited to burn severity classes
2 through 4 (low to high) at the plot location. Plots on forest land are from inventory years 2013–2019,
and the last column is the average annual number of plots with forest.

Region Any
Indicator

Site
Appearance Any Tree Tree

Mortality
Tree
Damage

Forest Plots within
MTBS Perimeter

Percentage of plots (n) n per year

Pacific Coast 96 (105) 94 (102) 89 (97) 83 (90) 51 (56) 109
Rocky Mountains 89 (105) 79 (93) 86 (102) 84 (99) 26 (30) 118
Great Plains 80 (25) 75 (23) 60 (18) 45 (14) 38 (12) 31
North 83 (8) 75 (7) 72 (7) 52 (5) 48 (4) 9
South 79 (99) 72 (91) 50 (63) 28 (36) 38 (49) 127

Intersections of inventory plots with the MODIS burn perimeters showed similar
patterns in indicator sensitivities as with MTBS. However, the MTBS-like information on
fire within the perimeter bounds is not a part of the MODIS records. For a more consistent
representation of sensitivities between the two burn source datasets, we identified plot in-
tersection with all of the perimeters for MTBS and MODIS (Supplemental Tables S1 and S2).
These overlays made no attempt to account for possible unburned (or ambiguously burned)
MTBS areas, as was done for Table 2. Identification rates are somewhat lower in MODIS
relative to MTBS, and this is more apparent in the East (i.e., between Tables S1 and S2).
However, the overall pattern is similar among tables.

3.3. MTBS Regional Characteristics

The use of the nine-cell mode to label burn severity at inventory plots was evaluated
by determining rates of mortality (trees over 12.7 cm d.b.h., as specified by FIA protocols)
on the forest inventory plots (Figure 2). Consistently increased mortality with severity
class verifies the consistency within our approach to assign values per plot. Within-region
sensitivities are affected by burn severity, with increased rates of identification for site
appearance and tree mortality with greater severity (Table 3). The exception to this is the
site’s appearance in the South. The live tree damage indicator rates were clearly lowest
with higher severity fires, and this is probably related to fewer surviving trees at high
burn severity.
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Figure 2. Percent mortality of tally trees according to the burn severity class assigned to the intersec-
tion of inventory plot and MTBS burn perimeter (from inventory years 2013–2019).

Table 3. Percentage of inventory plots intersecting an MTBS burn perimeter where fire indicators
correctly identified a recent fire, according to burn severity (i.e., sensitivity by severity). From
inventory years 2013–2019.

Region Severity
Class n per Year Site

Appearance
Tree
Mortality

Tree
Damage

Mean percentage identified

Pacific Coast 2 48.4 92 79 70
3 33.0 95 84 54
4 27.1 97 89 16

Rocky Mountains 2 58.3 69 74 35
3 35.9 87 91 25
4 23.7 93 97 6

Great Plains 2 23.0 68 37 36
3 7.1 94 68 46
4 0.6 100 75 0

North 2 6.3 68 41 57
3 2.3 88 69 31
4 0.6 100 100 25

South 2 110.9 71 26 38
3 14.3 79 39 45
4 1.4 70 60 10

Regional differences in indicator sensitivities are likely related to regional fire char-
acteristics, and characteristics that can be summarized from MTBS records include the
distribution of severity classes within fires and seasonal differences in fire start dates for
those records identified as including forest fires. The majority of western fires included all
severity classes, while the majority of eastern fires did not (Table 4). Low severity (class 2)
is the most frequent severity class on the forested portions of burn perimeters in all regions,
despite apparent regional variation in lower and higher severities. Western fires have
proportionately greater amounts of fires classified as moderate and high (classes 3 and 4)
relative to eastern regions. Similarly, eastern fires have proportionately more fires unburned
to low severity (class 1). The time of year for the starting date of MTBS fires shows a clear
East–West separation (Table S3). Eastern fires are primarily during late winter and spring,
while western fires are primarily during the summer.
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Table 4. Regional patterns of burn severity of forest fires within MTBS burn perimeters over 20 years
(2001–2020) of records. Based on MTBS burn severity coinciding with NLCD forest cover (pixel pairs).

Region Unburned to Low
Severity (Class 1)

Low Severity
(Class 2)

Moderate
Severity
(Class 3)

High
Severity
(Class 4)

Fires Entirely
Severity 1 or 2

Fires
without
Severity 4

Percentage of total burned forest area Percentage of fires

Pacific Coast 22 39 23 16 11 26
Rocky Mountains 22 41 24 14 13 33
Great Plains 46 48 5 1 81 92
North 24 67 7 2 59 88
South 20 71 9 1 53 88

3.4. Effect of Burn Severity and the Elapsed Interval since Fire on Indicator Sensitivity

We illustrate the joint effects of burn severity and the elapsed time between the MTBS
fire and the subsequent plot visit on the sensitivity of indicators (Figures 3–5). Note that
classifications vary (from chart to chart) because Eastern fires have very few severity
class 4 fires, and the remeasurement interval is longer for most Western and Great Plains
fires. In general, the greater the severity, the greater the rate of correct detection, and
similarly, the more recent fires are correctly detected at higher rates. These effects are
apparent for most indicators over most regions, but they are least consistent for the tree
damage indicator. Rates approach maximum with increasing severity or decreasing time
more rapidly in the West. All indicators on the Pacific Coast and Rocky Mountains show
the clearest joint effect.
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through 4 (low to high).
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3.5. Forest Inventory Plot Locations

To generally assess the importance of exact plot locations on the intersections of
inventory plots with MTBS burn perimeters, we determined the relative rates of intersection
based on the publicly available altered locations. Specific identities of the pairs (i.e., plots
and perimeters) were sometimes different, but 81 percent of the pairs were also identified
through the publicly available plot locations (Table 5). Regionally, rates were between
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67 and 92 percent. In addition to affecting intersections, location information also affects
MTBS burn severity assigned at plot locations. For this comparison, we limited the set of
intersections to those plots identically identified via both exact and altered locations (i.e.,
column-1 81 percent over CONUS). Overall, only 51 percent of these plots were associated
with the same burn severity; regional values were between 44 and 63 percent of plots
retaining the identical severity class based on either location source (Table 5).

Table 5. Effect of the FIADB-based altered plot locations on correctly identifying intersections of
inventory plots with MTBS burn perimeters. Additionally, the percentage of the column-1 plot-
perimeter combinations that also correctly assign identical MTBS burn severities to the plot. Note:
The total number of actual-location-based intersections is the 3664 underlying Table 2.

Region Plot-Perimeter Pairs Identified by
Altered Plot Locations

From Column 1, Plots Also Correctly
Assigned Burn Severity

Percentage

Pacific Coast 92 50
Rocky Mountains 87 44
Great Plains 79 63
North 67 54
South 67 57

4. Discussion

An important measure of the effectiveness of the plot-level fire indicators is how well
they correspond to independent fire data [35,36], such as spatial and temporal intersection
with the MTBS or MODIS burn perimeters (Tables 2, S1 and S2). Sensitivity to fire varies
among indicators and over regions. Western fires are most readily identified (highest
rates), and forest fires in the South have the lowest sensitivity for indicators. Western
forest fires included a higher proportion of high burn severities, which may contribute
to making them most apparent. The lower sensitivity in the South may be related to
relatively rapid regrowth, or re-greening, after the generally lower severity fires. However,
tracking post-fire stand change is outside of the scope here. Overall, site appearance from
the condition table’s disturbance codes is the single indicator that is most sensitive to
fires across all regions. Combining indicators increases sensitivity because there is no one
indicator that identifies all the apparent MTBS forest fires. This suggests that there is value
in incorporating all three indicators in any search for recent fires.

Our purpose here is to describe general trends in the sensitivity of fire indicators to
label forest plots as recently burned. Spatial fire data, such as the MTBS records, are not
exhaustive lists of fires, and very many additional FIA forest inventory plots are affected
by fire beyond those linked to the MTBS. This analysis includes a limited set of plots and
similarly limited independent fire occurrence data. The indicators provide a means of
extracting plot data focused on stand-level processes relative to fire [19,37,38]. Because
of statistical considerations related to inventory design, the number of plots identified as
experiencing a recent fire cannot be considered proportional to the area affected by fire,
and this approach of identifying fire-affected plots should not be used as a step toward
estimating the area of forest land affected by fire or developing a comprehensive estimate
of fire-related greenhouse gas emissions [25,39]. Also, note that while we are comparing
the performance of the different indicators in detecting plots recently affected by fire, this
assessment is in relation to the MTBS burn perimeter data. This study was not designed to
evaluate specific FIA disturbance indicators beyond the overlay with MTBS perimeters.

Each of these FIADB-based fire indicators clearly allows for visible fire effects on
plots below the thresholds for populating these fields. The condition table disturbance
codes require minimums for the size of the area and the number of trees affected. With
the tree-based indicators, lower severity fires may not necessarily produce tree mortality
(i.e., in greater than 12.7 cm d.b.h trees) or live tree damage over 20 percent of the affected
area. A less-than-distinct lower threshold for fire is also characteristic of the MTBS burn
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perimeter severity classifications. The unburned-to-low classification (burn severity 1)
is necessarily somewhat ambiguous with respect to past fires in that it includes burn
perimeter areas that are unburned, burned with minimal visible effect, or burned followed
by rapid recovery [28]. As noted in Methods, we omitted the lower-end gray areas for
Table 2 as compared to Table S1, which included severity class 1. However, we retained
all four of the MTBS severity classes in summaries of frequency (Table 4) or number of
plot-perimeter intersections (Table 5). Note that MODIS data do not include comparable
fire classification information.

The lowest MTBS burn severity—the unburned-to-low classification—does not make
it possible to delineate unburned islands within the scope of this analysis [28,40–42]. While
these areas within forest fires can be important for detecting or summarizing the effects
of fires, a consequence of this analysis is that we are not able to confidently assign a “no
fire” label at plot-perimeter intersections. This is the primary reason for not attempting
to include a specificity assessment with these results. In addition to the possibility of
unburned islands, the 15 percent of forest inventory plots intersecting MTBS perimeters
but failing to detect fire through any of the three indicators may have been the result of
fire effects visible on the plot yet below indicator thresholds (for populating fields). The
thresholds are likely set because of the difficulty in collecting the more minor burns with
certainty and consistency. This suggests that smaller or low-impact fires, which may include
many prescribed fires, are underrepresented in the plot records.

We defined sensitivity (e.g., for Table 2) as based on the plot-perimeter intersection
(spatially and temporally) and confidence of fire at that point. In addition to the severity
and elapsed time between fire and inventory plot data collection, other details of the
plot-perimeter intersection can affect accuracy in quantifying sensitivity. For example, in
some cases there may be multiple fires recorded within the inventory plot remeasurement
interval. In cases of multiple burns within an interval, we included the most recent fire to
determine the elapsed time since the burn for the analysis. Additionally, the cumulative
effect of repeat fires may reinforce characteristics key to indicators and thus increase the
rate of detection. Multiple fires during the remeasurement interval can occur anywhere in
CONUS, but they are most common in the South. The accuracy of fire location relative to
inventory plot is likely different between MTBS and MODIS records. Sensitivities within
the MODIS perimeters (Table S2) are consistently slightly lower than those from the MTBS
perimeters (Table S1 or Table 2). The algorithms for allocating pixels as burned areas differ
between the two sources [15,27], but each is based on recognizing fire effects within a pixel
but not necessarily any distribution of fire across the pixel. Based on geometry alone, the
270-fold greater area of a MODIS pixel (500 m) relative to MTBS (30 m) creates greater
potential for plot and fire to not align. This may affect the differences in rates. Explicitly
addressing these two issues to increase accuracy is beyond the scope of this work, and we
believe that it would produce minor changes in the rates (in Tables 2, S1 and S2) but not
change the essential results we present.

Indicators were independently evaluated at the time of plot data collection, each
according to separate criteria such as mortality or live tree damage, and the different
criteria suggest that there is a potential that the indicators “see” slightly different sets of
fires according to characteristics or scale [18]. Despite the different bases for flagging a
fire, they are all aimed at indicating a recent fire on the plot. Considering these differences,
one purpose for the summaries for Table 1 is to determine if any indicator is effectively
dependent on, or nested within, another indicator in a region. One specific scenario for such
a possible dependence is fires that result in mortality of 12.7 cm (5-inch) d.b.h., or larger trees
(i.e., the tree mortality indicator) might also be extensive enough (whatever the severity
class) to appear in the other indicators as well, particularly site appearance. However,
plots with fire mortality indicators failed to also include site appearance indicators of fire
on 37 and 27 percent of plots for West and East respectively (from Table 1 data). While
this quick informal analysis does not rule out any sort of dependence, it does suggest
that the indicators are, in some cases, detecting unique fires. Each of the five regions
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included at least one or more plots (indicating fires) representing each of the seven possible
combinations of the three indicators (i.e., individually, in pairs, or jointly by all three).

Results did suggest a general combined effect of severity and elapsed time. The
pattern of relative success of the indicators in identifying forest fires shown in Table 2 (e.g.,
site appearance versus tree in the South) is apparent in Figures 3–5, but here, the possible
joint effects of burn severity and the elapsed interval are indicated for some regions. The
patterns are clearest in the Pacific Coast, Rocky Mountains, and South regions, where fires
are much more numerous than in the Great Plains or North. The consistent pattern of
increased successful identification with increasing burn severity is seen for most regions
and indicators. The notable exception is in the tree damage codes at moderate to high
severity, particularly in the West. The decrease in the rate of indicating fires is probably
because there are very few surviving trees in high-severity fires, and the tree damage codes
only apply to live trees.

The effects of fires are variable, and the visible effects, or fire scars, may fade at different
rates depending on fire and site characteristics [43,44]. Shaw et al. [19] noted that regrowth,
as an increase in basal area, was not well correlated with lower burn severity plots. In most
cases, an increased interval between fire and plot visit leads to lower detection rates [45–47].
Following lower severity burns, rates of regrowth, particularly herbaceous vegetation, are
more rapid in the East relative to most of the West, and this is also related to when typical
fire season is located within the year [29,48]. This is a broad generalization, and there are
exceptions, such as the split of the Pacific Coast region with a generally wetter west side
and a more arid east side. Regrowth provides a possible explanation for the time effect
on the site appearance and tree damage indicators. A possible mechanism for the slight
decrease in tree mortality fire identification with age may be falling standing dead trees
over the years since the fire.

Regional characteristics of forest fires (Table 4) are based on the MTBS burn severity
images. Severity classifications are most generally post-fire approaches for comparing the
effects of fires across sites or forest stands [49,50]. The MTBS-specific severities we use
here qualitatively conform with other severity characterizations employed for fire-related
research, which assign impact classes per unit area [15,49,50]. Some minor modifications
to the MTBS methods or data availability over the years of fire data accumulation may
affect some uses of the data [29,41]. The severity data are widely used successfully over
time [42], and our use here is to broadly sort relative levels of fire effect (i.e., “more severe”
versus “less severe”). However, note that we do not link the MTBS severity classes to
other published severity levels. Similarly, we do not associate severity class with any of the
indicators beyond summarizing correct fire identification.

While intersecting the locations of forest inventory plots with MTBS burn perimeters
identifies plots in burned areas, associating fire indicators with severity requires consistent
severity labels at each location. Within the scope of this analysis, we wanted the single
best representation of whole-class values rather than a continuous severity statistic. Tree
mortality on these plots (Figure 2) was consistent with the integer severities we identified,
giving us some confidence in the approach. This consistent allocation of severity to plots
made possible the better resolution of sensitivity of Table 2 relative to Table S1.

The difference in the source of plot locations (i.e., exact versus altered [16]) does affect
two aspects of this analysis. First, a repeat of the intersection calculations, such as for
Table 2, would show reduced accuracy in determining the sensitivity of indicators. This
is based on the reduced accuracy in identifying plot-perimeter pairs (Table 5). Secondly,
altered plot locations result in different arrays of severity pixel values from the MTBS
severity images. Given the fact that all plot locations are altered, then essentially all plots
are located in a different set of 9 pixels in comparison with the exact locations. Despite
this complete relocation, roughly half of the plots retain the same severity label between
the exact and altered locations (i.e., the mode of the surrounding nine-cell severities).
This is probably related to locally consistent burns within a fire perimeter, which we saw
in preliminary analysis. Before selecting the nine-cell grid as representative of the plot



Forests 2024, 15, 1264 14 of 16

locations, we also summarized pixels surrounding plot locations up to an 81-cell grid and
randomly selected nine-cell grids sampled from within the 81 cells were very consistent in
resolving to the same severity (most, but not all the time). Note that while these spatial
plot location considerations affect apparent sensitivities, actual indicator performance is
consistent with results in Table 2.

This basic approach of evaluating inventory-based site indicators according to separate
spatial data can be generalized to other disturbances or other national forest inventories.
While plot designs and data collection methods vary, a few examples of nations where forest
inventory programs collect data relating to disturbance and plot and tree damage include
Canada, Spain, and Switzerland [21,51,52]. The MODIS burned area product and other
remote sensing products are available globally, and Canada and Spain, along with other
nations, maintain databases containing information on the number of wildfires and areas
burned. This suggests that the general approach of using variables in existing national forest
inventory databases as indicators to identify plots affected by fire is a workable method to
allow the assessment of fire impacts without the need for additional field data collection.

5. Conclusions

Each of the three inventory-plot-based indicators is sensitive to most of the recent
fires identified by the intersection of FIA and MTBS data. The three fire indicators capture
slightly different sets of past fires, which means that some fires are uniquely identified by
only one of the indicators. This effect is regionally different. Combining all indicators is
the best approach for identifying the greatest number of inventory plots with recent fires.
Although this study explicitly tested plot and tree-level indicators related to a recent fire,
the results suggest that this method could be useful for other disturbances (especially where
independent spatial data are available), such as insect and disease outbreaks or hurricane
damage. This general approach should also be feasible in any nation or region where forest
inventory programs collect data that include information on disturbance damage on plots,
which can be combined with separate fire or disturbance layers.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/f15071264/s1, Figure S1: Layout and dimensions of FIA plots. Figure S2:
Example from Washington State, USA, showing overlay of FIA plots over MODIS polygons and
MTBS burn perimeter. Table S1: Percentage of inventory plots intersecting a MTBS burn perimeter
where fire indicators correctly identified a recent fire. Table S2: Percentage of inventory plots
intersecting a MODIS burn perimeter where fire indicators correctly identified a recent fire. Table S3:
Regionally summarized common start dates for MTBS burns identified as including forest fire from
2001–2020 records.
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