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Abstract: Temperate conifer forests stressed by climate change could be lost through tree regeneration
decline in the interior of high-severity fires, resulting in type conversion to non-forest vegetation
from seed-dispersal limitation, competition, drought stress, and reburns. However, is fire triggering
this global change syndrome at a high rate? To find out, I analyzed a worst-case scenario. I calculated
fire rotations (FRs, expected period to burn once across an area) across ~56 million ha of forests
(~80% of total forest area) in 11 western USA states from 2000 to 2020 for total high-severity fire
area, interior area (>90 m inward), and reburned area. Unexpectedly, there was no trend in area
burned at high severity from 2000 to 2020 across the four forest types studied. The vulnerable interior
area averaged only 21.9% of total high-severity fire area, as 78.1% of burned area was within 90 m
of live seed sources where successful tree regeneration is likely. FRs averaged 453 years overall,
2089 years in interiors, and 19,514 years in reburns. Creation of vulnerable interior area in a particular
location is thus, on average, a 2000+ year event, like a very rare natural disaster, and reburns that
may favor type conversion to non-forest have almost no effect. This means that, from 2021 to 2050 at
most, only 3.0–4.2% of total forest area may become a vulnerable interior area, based on a likely high
aridity-based climate projection of future fire and a higher scenario, where rates in the exceptional
2020 fire year have become the norm. These findings show that increased management to reduce
high-severity fires is not currently needed, as the risk to forests from this global change syndrome is
likely quite low up to 2050. Faster and larger disturbances (e.g., severe droughts) are more likely to
cause most tree mortality or forest loss that occurs by 2050.

Keywords: climate change; wildfire; post-fire regeneration; type conversion; western USA

1. Introduction

Is the rate of high-severity fires becoming so high that western USA forests are threat-
ened by failing post-fire tree regeneration that could cause permanent forest loss? Rising
temperatures and increasing fuel aridity, which is ~55% attributable to anthropogenic
climate change [1], along with more ignitions by humans [2], are expanding high-severity
fires that kill ≥70% of trees in western USA forests [3,4]. High-severity fires are docu-
mented to be part of the historical range of variability (HRV [5]) in montane and subalpine
forests of western USA [3,6,7], including lower elevation dry forests previously incorrectly
considered to have been shaped only by low- to moderate-severity fires [8]. However,
high-severity fires, particularly the most severe stand-replacing fires (90–100% mortality)
are increasingly leaving hotter and drier post-fire environments in western USA forests
from the lower montane up to near the tree line [9]. Montane and subalpine conifers, that
often dominate mature forests in western USA, are vulnerable, as they rely on regeneration
by seed and disperse readily over only 100–200 m from live seed sources [10]. Here, I
analyzed the rates of potential forest loss from high-severity fires.

This combination of increased high-severity fire and limited post-fire tree regeneration,
particularly in hotter and drier stand-replacing fire interiors [11], suggests that western
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USA forests are being converted to non-forests by this global change syndrome. The
basic process of conversion of forest to non-forest, by natural disturbances, that eventually
recovers to forest again, was long accepted as a normal successional process (e.g., [12]), but
is now considered potentially “type-conversion”, if forest recovery is arrested by increasing
stand-replacing fires with hotter and drier interior areas [11,13]. This possibility expanded
ca 2000, when increased high-severity fire linked to fuel aridity from anthropogenic climate
change accelerated [14]. There was also both increasing drought stress and declining
post-fire tree regeneration [9] across very large areas of western USA forests.

It has been possible to estimate the potentially most affected areas, based on actual
and expected tree regeneration and climate patterns, but with only a little integration
of the high-severity fires that happen before these effects occur. More tree regeneration
decline is expected at lower elevations and on drier sites, particularly in the Southwest and
California [9,15]. Davis et al. [11] went a step further to show where stand-replacing fires
were most likely to occur if a fire occurred, and found that 16% of ponderosa pine (Pinus
ponderosa) and 10% of Douglas-fir (Pseudotsuga menziesii) ranges are vulnerable, especially
in Arizona and New Mexico. Studies from Canada to the Southwestern USA [13], found
that vulnerability suggests up to about 50% of forests could possibly be lost by ca 2100. But,
how often are the essential triggers, the high-severity fires, actually occurring?

These global change processes and trends are now well established, but the effects of
high-severity fire spatial patterns and, particularly, the rates at which high-severity fire
is creating vulnerable post-fire settings, remain insufficiently known and are explicitly
studied here. However, Wickham et al. [16] used remote sensing and estimated that
between 2001 and 2016 about 0.5% of ~69 million ha of western USA forests showed
evidence of potential type conversion from multiple disturbances. The patterns and rates
of the fires are significant because if the burn interior habitat, where tree regeneration is
most reduced, is uncommon in either space or time, then this problem could be less serious.
Fire spatial pattern is reasonably understood, as these fires can leave surviving individual
trees or small groups of trees from which seed can be dispersed the 100–200 m that most
western USA conifers can reach [10]. However, it was surprising that in the northern Rocky
Mountains, >90% of >3 million ha burned from 1984 to 2010, includingin the exceptional
1988 fire year, was ≤150 m from live seed sources [17]. If this is a general finding, estimates
of this problem could be high. However, perhaps not, because increasingly large fires,
especially if ≥30% stand-replacing within their perimeters, can create post-fire habitat well
beyond 150 m from unburned trees [17]. Moreover, a reburn by a subsequent fire, the main
potential positive feedback [13,18], could remove tree regeneration that was established
soon after the first high-severity fire, and also perpetuate fire-prone post-fire vegetation,
further limiting successful tree regeneration.

Here, I studied the rates and patterns of the creation of a vulnerable interior area
from high-severity fires across four forest types, about 80% of total forest area, in the
western USA from 2000 to 2020, using a climate projection and scenario to estimate the
vulnerable interior burned area to 2050. These provide the first estimates of rates at which
this important global change syndrome could possibly lead to forest loss. These estimates
support the unexpected conclusion that this is likely not a major source of forest loss. This
is the first study to quantify recent and projected rates and patterns of tree regeneration
decline and type conversion from high-severity fires across most western USA forests.

2. Materials and Methods

First, a synopsis of methods and the flow of work (Figure 1) are discussed. I directly
measured the rates (fire rotations, FRs) and patterns of high-severity fires that are leading
to reduced tree regeneration and potential type conversion. I used federal government
maps of high-severity fires in four major types of forests (dry pine, dry mixed conifer, moist
mixed conifer, subalpine) covering ~56 million ha of 11 western USA states. This is about
80% of ~69 million ha of western forests, based on Wickham et al. [16]. After measuring
the annual area burned at high severity from 1984 to 2020 and testing for change points



Climate 2023, 11, 214 3 of 14

and trends, I used the 2000–2020 period, which lacked trends (see Section 3) and had more
burned area than prior to 2000, for all analyses. Since there has been variability in the
effects of climate change on tree regeneration in burned areas [13,19], I then used these
data to estimate fire rotation (FR), the expected period to burn across an area equal to the
area of each of these four types of forests. FR is the most accurate measure of fire rates,
since fires vary in area and earlier methods (e.g., mean fire-return interval) are typically
based on just counts of fires [6,20]. FR is estimated for the study period as 21 years divided
by the fraction of total area of a forest type that burned (sum of all individual fire areas)
over the 21 year period. Therefore, for example, if 20% burned in 21 years, then 21/0.20
would be equal to an FR of 105 years. For each of the four forest types, I estimated FRs for:
(1) total high-severity fire area, (2) interior high-severity fire area, and (3) reburned interior
high-severity fire area.
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Figure 1. Overview of the flow of work.

The focus is on two major dry forest types and two major moist forest types common
in the western USA, where tree regeneration decline has been found [9]. Dry forests include
ponderosa pine and similar dry pine forests (Pinus ponderosa, Pinus jeffreyi) and dry mixed
conifer forests, which are dominated by these pines, but include several associated trees
(e.g., Abies concolor, Abies grandis, Picea spp., Populus tremuloides, Pseudotsuga menziesii).
Moist forests are moist mixed conifer forests, that include the same suite of trees as in dry
mixed conifer, but have few pines, and subalpine forests that are typically dominated by
Abies lasiocarpa, Picea engelmannii, and Pinus contorta.

The estimated historical distribution and extent of these forests was identified by Land-
fire Biophysical Settings (BPS) maps from 2020 (https://landfire.gov/version_download.
php, accessed on 4 April 2023). I used detailed descriptions [21] to place Landfire Ecological
Systems into these four forest types (Table S1). I used historical BPS Landfire maps rather
than existing vegetation type (EVT) maps, because the focus is on areas that historically

https://landfire.gov/version_download.php
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were in each type of forest, not just current forests; tree regeneration decline could still
influence whether historical forests could recover, even if they are not currently mature
forests due to alterations by disturbances. Nonetheless, it is unlikely that results using
EVT maps would differ dramatically. Also, I assume here that no significant vegetation
change occurs up to 2050, as it is beyond the feasible scope of this analysis and its focus
to project future vegetation changes. To map the four historical forest types (Figure 2),
I downloaded the Landfire 2020 BPS raster for the continental USA, then clipped it in
ArcGIS Pro 3.1, using a polygon feature for the boundary of the 11 western USA states.
All GIS work used the NAD 1983 Contiguous USA Albers projection. I added a field for
forest type, coded from 1 to 4, and extracted rasters for each forest type. I calculated their
areas, in hectares, by multiplying the count of pixels in each attribute table by 0.09 ha
(30 m × 30 m pixels), although there is some change in pixel area with latitude. Dry pine
forests covered 12,405,879 ha, dry mixed conifer forests covered 13,068,389 ha, moist mixed
conifer forests covered 16,357,705 ha, and subalpine forests covered 14,356,199 ha (Table S1)
for a total of 56,188,172 ha.
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I made a high worst-case estimate of rates of fires and spatial patterns of regeneration
that could lead to tree regeneration decline. First, I used higher estimates of the area that is
potentially adversely affected by tree regeneration decline and type conversion. To achieve
this, I assumed that any high-severity fire, not just stand-replacing fires, which are much
less common but leave much fewer surviving potential seed trees, could lead to tree regen-
eration decline. Here, I assumed that the ≥70% tree mortality of high-severity fire could
produce vulnerable interior areas, whereas Davis et al. [11] used ≥92% mortality, which
would lead to a much smaller interior area. Second, I assumed that even a short distance
(>90 m) from seed sources in unburned forests could lead to tree regeneration decline and
type conversion. This is shorter than the 100–200 m that McCaughey et al. [10] showed
was within the reach of most western USA conifers. Among 24 studies of tree regeneration
decline, ponderosa pine regeneration often declined to low levels until 100–200 m into
fires [19]. I also assumed that a reburn by fire of any severity could retard tree regeneration,
when it is more typical to assume that this primarily occurs after moderate- to high-severity
fires [13]. Finally, I assumed that from 2021 to 2050, the annual area burned would likely
increase by a median 107% over the 2000–2020 period rates, using the aridity-based static
model results of Abatzoglou et al. [1], which is based on the SSP2-45 middle-of-the-road
emissions scenario. The Abatzoglou et al. model again is a high estimate. It likely now
substantially overestimates the extent of future fire, since it uses a now pessimistic scenario
in which emissions continue and do not even reach net zero by AD 2100. Moreover, the
static model I used assumes no negative feedback of the accumulating burned area on fire
spread. I assumed that high-severity fire would increase at the same rate as the annual area
burned, which is likely a reasonable assumption based on previous studies that found no
recent significant trend in fire patch size or interior area [17,22]. Finally, I also analyzed a
high scenario in which high-severity fires from 2021 to 2050 burned at rates that occurred in
the exceptional 2020 fire year, even though initial data suggest that the area burned in 2021
was substantially lower. Together, these assumptions will likely lead to a high estimate of
the potential area affected by tree regeneration decline and type conversion.

I used fire-severity data from the US government’s Monitoring Trends in Burn Severity
(MTBS) program (www.mtbs.gov, accessed on 4 February 2023). MTBS data provide the
government’s assessment of fire severity, and are the basis for government programs, but
have some limitations. These include the use of both interpreted and fixed severity-class
limits [23], rather than just fixed definitions of severity classes, imperfect relationships
with field-plot estimates of severity, and some other limitations [24]. However, potential
replacements that use fully objective severity-class definitions are not government data and
perform only slightly better (e.g., 68–73% correct versus 66% correct) when compared with
field plots [25], which is likely due to inherent limits in indices and 30 m Landsat data [26],
and are more time consuming to use over large land areas and many fires. Moreover,
field-plot estimates greatly overestimate canopy-tree mortality in dry forests [27] which is a
significant error; therefore, I used MTBS data which are not based primarily on only plot-
based estimates. These MTBS data were also used, for example, by Abatzoglou et al. [1],
which includes Kolden, who critiqued MTBS data. The high-severity MTBS class is likely
similar to the commonly used field-based high-severity classes, thus 70% or more mor-
tality [3]. Again, high-severity fire is also substantially less severe and more abundant
than “stand-replacing” fire, which leaves few to no surviving trees (e.g., 90–100% mortal-
ity), the severity that is thought to be most leading to tree regeneration decline and type
conversion [11].

I downloaded MTBS annual burn-severity mosaics for the continental United States
for the 1984–2020 period, as full 2021 data were not yet available in April 2023 when the
study began, then clipped each annual raster by a polygon map of the 11 western states.
Using the ArcGIS Con command, I extracted high-severity fires (MTBS class 4) for each year
as new annual rasters. I repeated this process for high-severity patch-interior areas. The
interior area was estimated by shrinking each high-severity patch by 3 pixels (90 m) from the
outside inward. I used the ArcGIS Pro 3.1 Shrink command to extract just the interior area of

www.mtbs.gov
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high-severity patches into new annual rasters. Then, I extracted both of these by forest type
and measured their annual total area and interior area using pixel counts in attribute tables.
To measure the rate of reburns, for each area that burned at high severity in a particular year, I
extracted area that also burned again at any severity. I used Python code from running each
of these programs once to sequentially execute this process for both high-severity total area,
interior area, and reburn area for the 21 years and four forest types.

To examine the potential trend in area burned at high severity, I first created a spread-
sheet with the sequence of annual area burned at high severity over the 1984–2020 period
for each forest type and their summation. I graphed the area burned at high severity
per year for each of the four forest types and their summation, which shows substantial
year-to-year variability and possible trends over the 37 years of record. Then, I tested for a
change point, where central tendencies (median) abruptly shift to a new level, using Wild
Binary Segmentation [28] in R 4.1.3, package Wbs, which is shown to be one of the most
effective change point detection methods [29]. Based on the change point results, I tested a
two-tailed null hypothesis of no significant trend in area burned per year for each forest
type and their summation for the 37 years from 1984 to 2020, 16 years from 1984 to 1999,
and 21 years from 2000 to 2020. A non-parametric test of trend was used, as exploratory
histograms showed that variability in area burned was not normally distributed. Thus, I
used the non-parametric Mann–Kendall trend test [30], at α = 0.05, in package Kendall in
R similar to past wildfire trend research [31]. As a prerequisite in testing trend, I tested a
null hypothesis of no temporal autocorrelation, at α = 0.05, for each series in Minitab 21.4
(Minitab, Inc., Coventry, UK). All series lacked significant temporal autocorrelation at up to
10 lags, using the Ljung–Box Q test statistic.

I calculated FRs, by forest type and for combinations of the four types, for total high-
severity fire area, interior high-severity fire area, and interior high-severity fire area that
reburned at any severity in any succeeding year. To help understand changes in fire rates over
the longer 1984–2020 period, I also compared FRs for total high-severity fire for the 2000–2020
period, 1984–1999, and for the single year, 2020, since it was an exceptional fire year. The
periods used to calculate FR were 21 years, 16 years, and 1 year. In the case of reburns where
the period varies from 1 to 20 years, the mean period of 7.333 years was used.

To estimate the extent of interior area expected to be beyond the distance where seed
from unburned forests can likely lead to tree regeneration, I used a distance of 90 m, as
explained above, or three 30 m pixels. I estimated how much of the total area burned at
high severity was beyond 90 m by calculating the percentage of total area burned at high
severity that was in this smaller interior area burned at high severity.

To estimate the percentage of the area of each forest type expected to be burned by
high-severity fire by AD 2050, assuming that fire rates over the 2000–2020 period continued
to be unchanged, increased by 107%, or by 200%, I divided 2000–2020 FRs by the number
of years (30) to 2050, and multiplied by 100, 207, or 300 to express this as a percentage. I
hypothesized that the interior area could reach about 18.5% of forest area in 30 years from
2021 to 2050, which, if continued, could lead to 50% of forest area affected by 2100, an upper
limit of vulnerability from Coop et al. [13]. This is the only estimate across these forests.

3. Results

The four major forest types included more pine in the Southwest and more subalpine
forests along the Rocky Mountains, but substantial mixed conifer forests throughout the
11 western states (Figure 2). The Wild Binary Segmentation test identified two significant
and generally consistent change points in the area burned series for the 1984–2020 period,
in 1999 among three of four forest types, and in 2019 in both mixed conifer forests (Table 1,
Figure 3). Subalpine forests, in contrast, had change points only in 1987, 1988, and 2006
(Table 1). The area burned significantly increased across all forest types over the 1984–2020
period (Table 2), but the increase appears to have occurred by 1999–2000, as there were
no significant trends from 1984 to 1999 and, unexpectedly, no trends from 2000 to 2020
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(Table 2). Based on these findings, I chose the 2000–2020 period as the most recent period,
with the highest rates of area burned but having no trend, within which to estimate FRs.
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Table 1. Results of the Wild Binary Segmentation (Wbs) change point detection for 1984–2020. Shown
are change points ranked 1 or 2 by the program. Only 1999 and 2019, which are most consistent, are
shown in Figure 3.

Pine Dry Mixed Conifer Moist Mixed Conifer Subalpine Four Forests

1987-2

1988-1

1999-2 1999-2 1999-2 1999-2

2001-1

2002-2

2006-2

2011-1

2019-2 2019-1 2019-1

Table 2. Results of Mann–Kendall tests of trend in annual area burned at high severity. The two-sided
null hypothesis (α = 0.05) was that there was no trend over the test period.

Test Periods

1984–2020 1984–1999 2000–2020

Forest Type Tau p Tau p Tau p

Pine 0.351 0.0023 0.033 0.8926 −0.067 0.6947

Dry mixed conifer 0.378 0.0010 −0.050 0.8219 0.086 0.6977

Moist mixed conifer 0.420 0.0003 0.000 1.0000 0.133 0.4149

Subalpine 0.306 0.0079 −0.100 0.6204 0.019 0.9278

Four forest types 0.363 0.0016 −0.050 0.8219 0.076 0.6506

FRs for total high-severity fire area, in the 2000–2020 period (Table 3), averaged
453 years across all four forest types, a little shorter at 427 years in moist forests and a little
longer at 489 years in dry forests. Rotations had multi-century length in all four forest
types, shortest at 366 years in subalpine forests and 404 years in dry mixed conifer forests,
longer at 502 years in moist mixed conifer forests, and longest at 626 years in pine forests.
Since these are long FRs, it is not surprising that by AD 2050, only 4.8–8.2% of forest area
would be expected to have burned at high severity, if the 2000–2020 rates continue as they
were in 2000–2020 (Table 3). Using the fire projections of Abatzoglou et al. [1] based on
increasing aridity, that there will be a 107% increase in fire, and only about 9.9–17.0% would
be burned at high severity by 2050 (Table 3).

FRs for interior high-severity fire areas were much longer, since the area burned was
much smaller in the same time period. The interior high-severity fire area averaged only
21.7% of total high-severity fire area across the four types, and was smallest (13.5%) in pine
forests and largest (25.7%) in subalpine forests (Table 3). In the pine case, as an example,
this means that the FR for interior high-severity fire area was 100/13.5 or 7.407 times the
626 year FR for total high-severity fire area, which is 4636 years (Table 3). FRs for interior
high-severity fire areas averaged 2089 years, and ranged from 1423 years in subalpine
forests to 4636 years in pine forests. These very long FRs meant that, on average, only
1.4% of study area forests by 2050, if rates do not change, 3.0% using the Abatzoglou et al.
aridity-based projections, and 4.2% using fire rates in 2020, would actually have the interior
setting that is vulnerable to tree regeneration failure and type conversion. FRs for reburns
of any part of the interior high-severity fire area, were even longer, even though the reburn
could have been at any severity (low, moderate, or high), with reburn rotations averaging
19,514 years and ranging from 14,351 years in dry mixed conifer to 30,010 years in subalpine
forests (Table 3).
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Table 3. Fire rotations in the 2000–2020 period for total high-severity fire area, interior high-severity
fire area, and interior high-severity fire area that reburned in a subsequent fire year, across four major
forest types in 11 western USA states. Also shown is the expected burned area, assuming that the fire
in the 2000–2020 period does not increase or increases by 107% [1].

Forest Type Total Forest Area
(ha)

0.95 Corrected
MTBS Class 4 Area

(ha) 1,2

% of Total
Class 4 Area

Fire Rotations
(Years) 3

Expected % Burned by 2050 If
Fire Has

No Increase 107% Increase

Total high-severity fire area

Pine 12,405,879 416,060 - 626 4.8 9.9

Dry mixed conifer 13,068,389 678,613 - 404 7.4 15.4

Dry forests total 25,474,268 1,094,673 - 489 6.1 12.7

Moist mixed conifer 16,357,705 684,272 - 502 6.0 12.4

Subalpine 14,356,199 824,834 - 366 8.2 17.0

Moist forests total 30,713,904 1,509,105 - 427 7.0 14.5

All four types total 56,188,172 2,603,778 - 453 6.6 13.7

Interior high-severity fire area >90 m from unburned area

Pine 12,405,879 56,192 13.5 4636 0.6 1.3

Dry mixed conifer 13,068,389 149,375 22.0 1837 1.6 3.4

Dry forests total 25,474,268 205,566 18.8 2602 1.2 2.4

Moist mixed conifer 16,357,705 156,927 22.9 2189 1.4 2.8

Subalpine 14,356,199 211,862 25.7 1423 2.1 4.4

Moist forests total 30,713,904 359,316 23.8 1795 1.7 3.5

All four types total 56,188,172 564,882 21.7 2089 1.4 3.0

Interior high-severity fire area that reburned at any severity in any subsequent year

Pine 12,405,879 4413 1.1 20,615 0.1 0.3

Dry mixed conifer 13,068,389 6678 1.0 14,351 0.2 0.4

Dry forests total 25,474,268 11,091 1.0 16,843 0.2 0.4

Moist mixed conifer 16,357,705 6695 1.0 17,918 0.2 0.3

Subalpine 14,356,199 3328 0.4 30,010 0.1 0.2

Moist forests total 30,713,904 10,023 0.7 22,471 0.2 0.3

All four types total 56,188,172 21,114 0.8 19,514 0.2 0.3

1 MTBS Class 4 is “high-severity fire”. 2 Dividing the MTBS Class 4 area by 0.95 is an approximate correction
for missing smaller fires, since MTBS data are only for fires generally >405 ha in area, reported by MTBS to be
about 95% of total burned area. 3 Fire rotation is the expected time to burn once across an area equal to a land area
of interest. It is calculated here as the period of observation, 21 years, divided by (Col. 3/Col. 2), which is the
fraction of the study area (column 2) burned (column 3) during the 21 year study period.

4. Discussion

High-severity fires that leave behind the burned interior area, where significant tree
regeneration decline and potential type conversion are documented [9,13], unexpectedly
had no trend and were burning at rates from 2000 to 2020 that are far too low to cause much
western USA forest loss. The lack of trend in the area burned by high-severity fires over
21 years in four major forest types over about 80% of total forest area in western USA is also
a significant and unexpected finding. Fire has been widely expected to increase rapidly as
the climate changes (e.g., [1]), but it was not even significantly increased by the exceptional
2020 fire year. Also, most studies (e.g., [4]) did not analyze change points, so could not find
that the year 1999 was a key change point (Figure 3). The analysis here shows that the rates
of high-severity fire in western forests increased to about the year 2000, then had no trend
from 2000 to 2020, when analyzed using the non-parametric Mann–Kendall test and the
Wild Binary Segmentation change point analysis (Figure 3). Non-parametric tests, not linear
tests, are appropriate as most annual fire data are not normally distributed. Large year-
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to-year variability also is evident (Figure 3). Of course, recent rates of high-severity fires
are a consequence of multiple influences including climate change, indirect fire exclusion,
intentional management during fires, alteration of fuels, and ignitions by both people and
lightning (e.g., [3,6]). No study has predicted how these might together affect future fire;
therefore, this analysis assumes that these effects remain influences, although projections
of climate change on fires are explicitly incorporated here.

High-severity fires burned from 2000 to 2020 with a 453 year FR, varying from 366
to 626 years among forest types (Table 3), which is ample time to allow forests to recover
and grow to old growth stages, as further discussed later. High-severity fire itself does not
necessarily cause forest loss, as there is widespread evidence that all four of these forest
types, with 70% or more tree mortality, can generally recover to mature forests, typically
within 1–2 centuries (e.g., [3,6]). High-severity fire rotations in the two dry forest types
are not too short and outside their HRV, based on multiple lines of historical evidence,
including tree-ring studies, paleo-charcoal reconstructions, and early aerial photographs,
forest atlases, and land surveys [8]. This was also found earlier [31]. The available evidence
also shows that fire patches are not recently too large or outside their HRV, or likely to
cause type conversions that are outside their HRV [22].

Vulnerability to the global change syndrome of tree regeneration decline and type
conversion is primarily in stand-replacing parts of high-severity fires, where tree mortality
is, for example, 90–100%. This vulnerable area is effectively the “interior” of the fire, which
is assumed here to be 90 m or more from unburned forest that can provide post-fire seed.
Under the less strict severity definition used here, the vulnerable interior area was still
created from 2000 to 2020 at very long rotations of 1423–4636 years (mean = 2089 years)
across the four major forest types (Table 3). This is a high estimate. First, it assumes that
high-severity fires create this interior habitat, when only stand-replacing parts of high-
severity fires are likely to cause this [11]. Also, among 1485 sites across the four forest types
in the Rocky Mountains [9], the minimum distance to seed source was the primary spatial
variable that predicted declining post-fire recruitment. Here, I used 90 m as the threshold
for tree regeneration decline, when another study used 150 m [17], which again would lead
to a smaller interior area and longer fire rotation. In any case, over the 21 year study period,
at most only ~1% of forest area, on average, became a vulnerable high-severity interior
area. By 2050, assuming a 107% increase in fires from climate change, only a mean of at
most 3.0% of the four forest types and range of 1.3–4.4% would be adversely affected by
potential tree regeneration decline and type conversion in interior areas (Table 3). Even
if rates were to triple from 2000–2020 rates, so reaching the level of the extreme fire year
of 2020, well beyond the 107% increase of the Abatzoglou et al. [1] projection, a mean of
only 4.2% and range of only 1.8–6.3% of forest area would be burned interior area by 2050
(Table 3).

If interior high-severity fire area reburns before regenerating trees reach an age where
they can survive fire, tree regeneration would likely be delayed further [18]. However,
rates of reburning from 2000 to 2020 were so low, with rotations from 14,351 to 30,010 years
indicating that reburning will likely remain an insignificant effect (Table 3).

Together, these measured, projected, and scenario (2020) rates are very low relative to
the estimate of up to 50% potential loss from tree regeneration decline and type-conversion
by 2100 [13], which would be 18.5% by 2050; therefore, this hypothesis of Coop et al. is
rejected. Coop et al.’s [13] and others [9,11,15] were valid estimates, but only for vul-
nerability, not actual rates of the creation of vulnerable interior area from high-severity
fires, as measured and projected here. The low measured and projected rates here, using
a worst-case scenario, are compelling evidence that tree regeneration decline in burned
interior areas is likely to be a rare mechanism for forest loss by mid-century in the four
types of western USA forests, which represent about 80% of total western USA forests.

Is there validation of these FR estimates for the vulnerable interior area made here?
Yes, Wickham et al. [16] found, using remote sensing with Landsat data, that only ~72%
of 0.5%, thus about 0.4% of ~69 million ha of western USA forests were “potential forest
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conversion” by natural disturbances, between 2001 and 2016, overlapping my analysis
period. Their disturbance rotation would be 15 years/0.004 = 3750 years. This is support
for both findings, since my estimates of high-severity interior disturbance rotations were
1423–4636 years (Table 3), a range that includes the Wickham et al. estimate, which from
space is likely better able to identify the physically evident vulnerable interior area. The
Wickham et al. estimate provides support for the use of the 90 m estimate of vulnerable
interior area here. Of course, both sets of estimates are for large land areas, and it is possible
that some smaller parts of these land areas have high-severity fires that are burning at high
rates; if this is the case, then this is likely unusual.

Recent assessments, that did not measure the actual rates that vulnerable interiors of
high-severity fires are being created, incorrectly concluded that the situation is severe, and
substantial management, particularly fuel reduction and fire suppression, is needed [11,15].
One of these studies suggested that “...management activities that effectively reduce fire
severity (e.g., treatments including forest thinning and reduction of surface fuels...)” (p. 5, [15])
are needed, along with post-fire planting or seeding. Findings here, based on actual measure-
ments of the rates of creation of vulnerable interior high-severity fire areas, do not support
these recommendations. Tree regeneration decline in the interiors of high-severity fires is
occurring, but over far too small an area to warrant fuel reduction, intentional suppression
of high-severity fires, or post-fire planting and seeding, which all have significant adverse
ecological impacts [32] that are likely to add to the already significant direct adverse impacts
of climate change on forests (e.g., reduced tree growth).

Infrequent high-severity fires, like major floods, tropical cyclones, and other large,
infrequent disturbances (LIDs [33]) in other forests, were a natural part of the HRV of
western forests [3,6,7], including both kinds of dry forests [8]. Fire rotations of high-severity
fires during the 2000–2020 period across the four forest types were 366–626 years, averaging
453 years. These long rates allow for lengthy tree regeneration and forest recovery that
would likely still enable old growth forest stages to be reached. LIDs create complex,
early-seral habitat that supports many species uncommon elsewhere [34], and also rare
low-density forests and non-forested openings that provide landscape heterogeneity that
slows natural disturbances [19]. These are still rare natural landscape features that provide
ecosystem services and are part of the HRV in these landscapes.

It is difficult to fully estimate future rates of tree regeneration decline in vulnerable
openings, because understanding the key details of climate change and fire in the future
is still in flux. There is uncertainty about precipitation, a key to tree regeneration [13].
Future fire is very likely to increase [1], but why did the 2000–2020 period lack a trend in
high-severity fires (Table 2)? One possibility is enduring ocean-atmosphere teleconnections,
which also influence fire rates. Also, this period contained much of what has been called
a global warming “hiatus” or “slowdown”, with a complex, unresolved suite of possible
causes [35]. In any case, I estimated that high-severity fire increased substantially (3.6 times)
between 1984–1999 and 2000–2020, a little less than the 5.0 discovered by Abatzoglou and
Williams [14] for a somewhat shorter period. The large fire year, 2020, was after the climate
slowdown, and was included in my analysis; could it indicate the start of another dramatic
rise in rates? If the 2020 level of fire continued, it could increase fire rates again by about
three times. However, even this large increase would still not make tree regeneration
decline and type conversion in fire-interior areas very significant, only averaging about
4.2% instead of 1.4% by 2050 (Table 3), and this is likely a high estimate. The recent IPCC
Sixth Assessment Report [36] indicates it is likely that warming will reach >1.5 ◦C but
≤3.2 ◦C; so recent estimates of future tree-regeneration decline under RCP 4.5 or 8.5 may
now, from this too, also be too high, as is also the Abatzoglou et al. [1] fire projection I
used. Projections likely will continue to be in revision, but as new projections arise, it is
possible to re-estimate the potential interior affected area relative to the baseline 2000–2020
estimates here using simple multiplication (Table 3).

This study shows that disturbances more frequent and much larger than 2000–2020
high-severity fires, given long high-severity fire rotations and quite limited interior area
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with tree-regeneration vulnerability, would be needed to cause large losses of forests by the
middle to end of this century from the tree-regeneration decline syndrome. High-severity
fires would have to increase much more substantially than the already high projection of
Abatzoglous et al. and the 2020 scenario used here. The known remaining candidates
that could cause major tree mortality or even forest loss include droughts and bark-beetle
outbreaks. However, these have in the past often been mostly moderate in severity, leaving
many surviving trees that can nearly recover the forest without much tree regeneration by
seed [19]. The largest known North American bark-beetle outbreaks in the montane have
been only 200–300,000 ha [19], not large enough to cause extensive forest loss, unless they
greatly increase in area and severity. However, the subalpine bark-beetle outbreaks have
covered tens of millions of hectares in a short period [37]. The example of the 2011–2017
California drought suggests rapid, large-scale, but modest mortality [38]. Drought is fast,
as it does not require physical spread through the forest itself, as do fires and beetles. But,
without tree regeneration decline as an added force, why would droughts and bark-beetle
outbreaks alone lead to forest loss, given typically many survivors? These two disturbances,
that can relatively rapidly kill many trees at moderate severity over very large areas, are
much more likely sources of extensive tree mortality, if not forest loss, especially if tree
regeneration decline also occurs. Data on the possibility of tree regeneration decline after
these disturbances could provide key insight.

5. Conclusions

The worst-case high estimate here shows that rates of tree regeneration decline and
type conversion from high-severity fires, in four major forest types covering ~80% of forests
in the western USA, are so low that this global change syndrome is likely to cause little
forest loss by 2050. Vulnerable interior areas of high-severity fires, where tree regeneration
decline and type conversion are most likely, have been small and infrequent (fire rotations
averaging 2089 years) during the 2000–2020 period which lacked a trend in area burned.
This period may be a temporary climatic hiatus, but projected effects of renewed climate
change would likely cause at most an average of only 3.0–4.2% type conversion to non-
forest by 2050 with almost no added effect from reburns. This is a much lower rate than the
previously hypothesized up to 50% vulnerability by 2100, which is rejected. No additional
management, such as fuel reduction and forest thinning, is ecologically needed. The
contribution of high-severity fires to restoring landscape heterogeneity and biodiversity,
both valuable ecosystem services as climate changes, can continue to be appreciated. Faster
and larger disturbances (e.g., droughts, bark-beetle outbreaks) are more likely to be able to
cause extensive tree mortality in forests by 2050.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/cli11110214/s1, Table S1. Landfire Biophysical Settings (BPS) for
each western USA conifer forest type used in this analysis.
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