
Citation: Sakulich, J.; Poulos, H.M.;

Gatewood, R.G.; Wogan, K.A.; Marks,

C.; Taylor, A.H. Low-Severity

Wildfire Shifts Mixed Conifer Forests

toward Historical Stand Structure in

Guadalupe Mountains National Park,

Texas, USA. Fire 2022, 5, 119.

https://doi.org/10.3390/fire5040119

Academic Editor: Alistair M. S. Smith

Received: 8 July 2022

Accepted: 7 August 2022

Published: 18 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fire

Article

Low-Severity Wildfire Shifts Mixed Conifer Forests toward
Historical Stand Structure in Guadalupe Mountains
National Park, Texas, USA
John Sakulich 1,*, Helen M. Poulos 2,* , Richard G. Gatewood 3, Kelsey A. Wogan 4, Christopher Marks 5

and Alan H. Taylor 6

1 Department of Biology, Regis University, Denver, CO 80221, USA
2 Department of Earth and Environmental Sciences, College of the Environment, Wesleyan University,

Middletown, CT 06457, USA
3 Southwest Texas Fire Group, National Park Service, Artesia, NM 88210, USA
4 Department of Biology, Sul Ross State University, Alpine, TX 79832, USA
5 Grand Canyon National Park, National Park Service, Grand Canyon, AZ 86023, USA
6 Department of Geography, Pennsylvania State University, University Park, PA 16802, USA
* Correspondence: jsakulich@regis.edu (J.S.); hpoulos@wesleyan.edu (H.M.P.)

Abstract: Wildfire is an important natural disturbance agent, shaping mixed conifer forest structure
throughout the Southwestern United States. Yet, fire exclusion caused by late 19th century livestock
grazing followed by human fire suppression has altered forest structure by increasing forest density,
basal area, and canopy cover in recent decades. Changes in the abundance and vertical and horizontal
continuity of fuels have increased the potential for high-severity fire, which construes a major regional
forest management concern. In May 2016, the Coyote Fire burned through a network of permanent
forest monitoring plots in Guadalupe Mountains National Park. This study employed a repeated-
measures sampling design to quantify the effects of low- to moderate-severity wildfire on forest stand
structure, species composition, fuels, and tree mortality using hierarchical cluster analysis, non-metric
multidimensional scaling (nMDS), and paired t-tests. The 2016 Coyote Fire reduced live tree density
in small-diameter size classes, but produced minimal changes in canopy stand structure and fuel
loadings, despite nearly a century of fire exclusion and pre-fire tree densities that were four-times
higher they were prior to last major wildfire in the early 1900s. Small-diameter surface fuel loadings
(1 h and 10 h fuels) did not significantly change after fire, although 1000 h fuels increased significantly
(p < 0.05), likely from the addition of new fuel from fire-caused tree mortality. While the wildfire
reduced live tree density, the nMDS analysis indicated that the wildfire did not trigger major shifts
in tree species composition. However, the wildfire triggered significant decreases in seedlings and
small-diameter trees (<30 cm DBH) (p < 0.05). Although the fire thinned the forest, the persistence
of fuels and increases in dead small-diameter trees heighten the need for additional fuel reduction
treatments to mitigate the risk of future high-severity fire under extreme fire weather. Management
of low-severity fire in this forest type may provide opportunities to reduce fuels and restore more
desirable stand structure to enhance forest resilience to landscape fire.

Keywords: contemporary wildfire; mixed conifer forest; forest stand structure; fuel loadings; low-
severity wildfire

1. Introduction

In many fire-prone forests in the Western United States, the size, frequency, and
severity of wildfires have increased since the mid-1980s [1,2]. This recent uptick in wildfire
activity is triggered by a suite of factors including a century of fuel accumulation from
fire exclusion, increased aridity from a warming climate, and a surge in human-caused
fire ignitions [3,4]. The ponderosa pine (Pinus ponderosa) and mixed conifer forests in the
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Southwestern United States historically experienced frequent, low-severity surface fire for
centuries. However, in the late 19th and early 20th century, fire frequency declined due to
intense livestock grazing and then subsequent organized fire suppression. Exclusion of
fire-caused widespread fuel accumulation and altered the horizontal and vertical continuity
of fuels, which produced forest stand structures that are now vulnerable to large-canopy
killing fires that were historically unusual [5–9].

Through the exclusion of fire, some forest types that historically experienced high-
frequency, low-severity fires now exhibit stand structures that differ dramatically from
their historic range of variability throughout the region [10–12]. In many instances, forests
that were historically characterized by high-frequency, low-severity fire regimes are now
susceptible to high-severity fire due to fuel accumulation and high forest density has
increased vulnerability to drought-induced mortality (especially in conifers), with high-
severity fire leading to type conversion at some sites [13,14]. A potential transition to a
new high-severity fire regime or an altered vegetation type has stimulated extensive debate
about the response and resilience of forests to wildfire in a warmer and fiery future [15,16].

The majority of wildfire effect studies evaluate how recent moderate-severity or high-
severity wildfires have impacted forest stand dynamics and fuel loadings [17–21]. However,
while high-severity wildfire is increasingly impacting forests in the Western US, some recent
wildfires have continued to burn at low or moderate severity in the contemporary era,
even in stands that have experienced decades to a century of fire suppression [22]. In these
locations, post-fire conifer regeneration is abundant and large-diameter trees survive in
the canopy after wildfire. Relatively few studies have evaluated the effects of recent low-
severity fires in fire-suppressed forests (but see [23,24]). Moreover, there is a paucity of
research on contemporary low-severity wildfire effects on mixed conifer forests, especially
in warm-dry mixed conifer forests in the southwest, where historic fire regimes were
similarly characterized by low-severity fire [12,25,26]. Understanding of low-severity
wildfire effects is especially important in the context of wildland fire use as a management
tool because fire severity is a major influence on the severity of subsequent wildfires and
prescribed burns [27,28].

The mixed conifer forests in the southern Guadalupe Mountains of Texas historically
experienced a high-frequency, low-severity fire regime, with spatially extensive fires burn-
ing the high country of the mountains every 9–15 years [8,29]. The last major fire occurred
in the park in 1922 and then goat and sheep grazing and organized fire suppression ef-
fectively excluded fire from the landscape and triggered an increase in tree density and
basal area, a shift in species composition towards shade-tolerant species and, presumably,
higher-surface fuels [8].

Here, we quantify changes in forest stand structure, surface fuels, and tree species
composition in response to a low-severity wildfire that burned through the warm, dry
mixed conifer forests of Guadalupe Mountains National Park, Texas, after 94 years of fire
exclusion. Two years after the fire, we resurveyed a network of 97 permanent plots that
were originally installed in 2003 and 2010 to quantify stand structure and fuels to address
the following research questions: (1) How does stand structure and species composition
change in response to low-severity fire, (2) how do recent fire-induced structural changes
compare to reconstructions of stand structure prior to fire exclusion, and (3) does fuel
type and quantity change with low-severity wildfire? We hypothesized that after nearly
a century of fire exclusion, this low-severity fire would: (1) reduce live and dead tree
densities across a range of diameter classes, from small to large, (2) reduce surface fuels,
litter and duff depth, (3) trigger a compositional shift from understory woody species, such
as Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) and Gambel oak (Quercus gambelii
Nutt.), that had recruited since the onset of fire exclusion towards canopy species that
were dominant before fire exclusion (e.g., ponderosa pine and southwestern white pine
(Pinus strobiformis)), and (4) a high proportion of small-diameter trees would be killed by
the wildfire.
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2. Materials and Methods
2.1. Study Area

The Guadalupe Mountains extend approximately 80 km across southeastern New
Mexico and west Texas in a northeast to southwest orientation. Guadalupe Mountains
National Park (GUMO) is located at the southern tip of the range in Culberson County,
Texas (Figure 1). The southern portion of the mountains are the remnants of a Permian
limestone reef that was uplifted 900 m above the surrounding Chihuahuan Desert and
now forms a large plateau with rolling ridges and valleys. Soils are mostly shallow and
well-drained sandy loams [30]. No perennial water courses are located on the plateau
because intermittent streams disappear into limestone caverns within the reef.
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Mixed conifer forests occupy the highest portions of the range at elevations between
2200 and 2700 m. Vegetation in the mixed conifer zone varies by slope position and slope
aspect [8]. Cooler, moister sites on north-facing slopes and valley bottoms are dominated
by southwestern white pine (Pinus strobiformis Engelm.) and Douglas Fir, while stands
on drier sites at ridgetops and other slope aspects are composed of ponderosa pine (Pinus
ponderosa Douglas ex C. Lawson), alligator juniper (Juniperus deppeana Steud.), Gambel oak,
and Colorado pinyon pine (Pinus edulis Engelm.). The driest sites on upper slopes with
southerly aspects are not forested but contain vegetation comprised by grasses, shrubs,
and succulents.

The climate is semi-arid with cool winters and hot summers. Mean January minimum
temperature at nearby Carlsbad Caverns is 0.8 ◦C and mean July maximum temperature is
32.7 ◦C. Mean annual precipitation at nearby Carlsbad Caverns is 37.5 cm, with the majority
falling between May and October during the summer monsoon. Ignitions from lightning
typically peak in mid to late spring before the onset of monsoon precipitation [29].

Humans have occupied the Guadalupe Mountains and surrounding region for at
least 10,000 years [31]. The most recent indigenous population to occupy the region was
the Mescalero Apache, who inhabited the area until United States troops forced them
out around 1870. Euro-American settlement followed shortly after the subjugation and
removal of the Apache, and livestock grazing in the high country began in the early 1920s
after installation of a permanent water source. Extensive grazing of sheep and goats at
high elevations continued until the establishment of Guadalupe Mountains National Park
in 1972.

Prior to Euro-American settlement, mixed conifer forests in the Guadalupe Mountains
experienced frequent fire with a mean fire return interval of 16.3 years for fires that burned
large areas on the plateau [8]. Most fires also occurred early in the growing season or late
in the dormant season before the onset of spring growth. A widespread fire in the mixed
conifer forest occurred in 1922 according to tree-ring fire-scar records, shortly after the
onset of livestock grazing. Several fires burned through portions of the range outside our
plot network including the 1990 Frijole Fire, the 1993 Pine Fire, and the 2010 Cutoff Fire;
however, the forest within our plot network had remained unburned prior to the Coyote
Fire since the onset of fire suppression in 1922 [8]. The 94-year period of fire exclusion was
likely caused by the elimination of fine fuels by grazing, followed by organized direct fire
suppression after the establishment of the national park. Fire exclusion led to a three-fold
increase in tree density and basal area, as well as a compositional shift in tree dominance
from southwestern white pine to Douglas fir.

2.2. The Coyote Fire

A lightning strike ignited the Coyote Fire on 7 May 2016 in the northwest portion
of GUMO near Coyote Peak. Over two months, the fire spread southeast, burning most
of the mixed conifer zone in the park. Although fuel loads were high in the burn area,
the fire largely burned as a low- to moderate-severity surface fire (Figure 1). Drought
conditions and fuel moisture during the Coyote Fire were average for the site: Palmer
Drought Severity Index (PDSI) was −1.03 (i.e., mild drought) for April 2016 and −0.85
(i.e., incipient drought) for May 2016 (Figure S1). April 2016 was the 65th driest April and
May 2016 was the 67th driest May out of 125 years of observations (National Climatic Data
Center, n.d.). During the fire, 1000 h fuel moisture ranged from 10–14%, which was slightly
above the 1985–2019 mean (Figure S2). Similarly, the burning index during the fire was
close to the 1985–2019 mean. The fire burned through two independent networks of forest
and fuels plots that were established before the fire. Sakulich and Taylor [8] collected stand
structure and composition data in 0.04 ha fixed area plots in 2003 and 2004. Poulos also
collected stand structure and composition data in addition to surface fuel data in 0.03 ha
fixed area plots in 2010. The plot networks were distributed throughout the mixed conifer
zone in the park and spanned a range of forested topographic settings (Figure 1).



Fire 2022, 5, 119 5 of 18

2.3. Stand Structure and Fuels Plots

To quantify changes in stand structure and fuel loadings in response to the 2016 Coyote
Fire, we resampled 97 plots of the Poulos–Sakulich plot network over the summer and
winter of 2017 and 2018 (Figure 1). In both sets of sample plots (n = 40 from the Poulos
network and n = 57 from the Sakulich network), we used the original study sampling
protocols by recording the density and distribution of seedlings (<5 cm diameter at breast
height (DBH)) and trees (>5 cm DBH) as well as fuel loadings (in the Poulos plots only).
In both sampling intervals, we recorded the species, dbh, live crown height, total height
(and live crown ratio), and crown class of each tree. Seedlings (0–5 cm DBH) were tallied
by species in nested 5 m radius circular plots in the Poulos plots and throughout the entire
0.04 ha Sakulich plots. Dead and down fuel loads were estimated at a random azimuth
from each plot using line intercept sampling following standard fuel inventory methods
from Brown [32]. The azimuth of each pre-fire fuel inventory line was repeated to minimize
fuel load sampling errors in the post-fire fuel inventory time step.

Tree basal area (m2 ha–1), as well as tree and seedling density (ha–1) were calculated by
plot and by species in each plot. We calculated species importance values for each plot as
the sum of the relative density and the relative basal area (BA) of each species (0–200 range)
to identify the dominant tree species cover types for both the pre- and post-fire sampling
intervals. Trees were also tallied in 5 cm size classes to evaluate changes in forest stand
structure since the initial sampling date.

All statistical analyses were performed using the R Statistical Language [33]. Differ-
ences in forest structure and composition between the pre- and post-fire plot sampling
intervals were evaluated using paired t-tests. We tested for differences between the pre-
versus post-fire plant community for the following parameters by species and by plot:
seedling and tree density, density in 5-cm size-classes, basal area, and surface fuel loadings.
Our decision to analyze these data using paired t-tests rather than employing linear mixed
effects models to evaluate change over time with fire severity as an interaction factor was
based on the fact that our plots experienced little variation in fire severity. We justified
this analysis because 90% of the wildfire burned at low- to moderate-severity according to
the differenced normalized burn ratio data (dNBR)for the Coyote Fire from MTBS (with a
differenced normalized burn ratio range of 0–388), with no sample plots burning at high
fire severity at our sample plots within the Coyote Fire perimeter.

2.4. Stand Structure Reconstruction

To compare pre- and post-fire stand structure to the pre-fire exclusion period, we
reconstructed stand conditions present at the time of the last major wildfire in 1922. In the
original collection of plot data by Sakulich [8], dead trees were classified into categories
of wood decay based on methods prescribed by Thomas [34] and increment cores were
collected from a sample of live trees within each plot. Increment cores were processed
using standard techniques [35] and annual rings were visually cross dated to determine
dates of tree establishment. Reconstructions were developed by removing trees with an
establishment date after 1922, subtracting diameter increments from trees predating the
reconstruction date and adding dead trees that would have been alive at the reconstruction
date back into the stand. The lack of stand replacing disturbance as well as the slow rate
of wood decay in warm-dry mixed conifer forests allow for a fine-scale reconstruction of
past forest conditions based on dead trees present in the stand. The year of death for each
dead tree was estimated using methods developed by Covington, Fule, Moore, Hart, Kolb,
Mast, Sackett and Wagner [11]. The decay condition of each dead tree was used to predict
its death date using a tree decay model [36]. Dead trees added back into the reconstructed
stand had annual diameter increments removed based on average growth increments for
each species (i.e., diameter growth from 1922 to date of death). Density and basal area for
reconstructed stands were quantified and compared to contemporary (pre- and post-fire)
stand structure.
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2.5. Changes in Stand Composition

We employed hierarchical cluster analysis and non-metric multidimensional scaling
(nMDS) to determine environmental and fire severity influences on stand composition and
to investigate changes in species composition pre- and post-fire. We used cluster analysis
on the importance values of all species in pre-fire plots to identify groups of plots with
similar dominant species prior to the wildfire. Clustering was performed by via the hclust
function and the NbClust package in Charrad et al. [37] using Euclidean distances and
Ward’s method. Then, we used nMDS to analyze community-level vegetation changes. The
nMDS analyses were conducted using the vegan package in Ref. [38]. To assess changes in
species importance before and after the Coyote Fire, we analyzed the species importance
values for the 97 sample plots from both periods (pre-fire and post-fire) and displayed
plots in species space by vegetation type (i.e., cluster group). Shifts in species composition
between the pre- and post-fire time-series were evaluated by plotting vectors that link the
mean position of pre-fire and post-fire plot vegetation types in nMDS species space. Finally,
we evaluated the influence of fire severity and other environmental variables on post-fire
species composition using only the 2018 data. For all of these analyses, we examined
(1) the loadings of individual species along axes to reveal patterns in community variation
and (2) the statistical relationships of field-measured and raster-derived environmental
variables with the nMDS axes to explore possible environmental drivers of such variation.

3. Results

Four dominant vegetation types were identified via the cluster analysis, including:
(1) forest dominated by alligator juniper and pinyon pine (JUDE-PIED), (2) Douglas fir-
Gambel oak forest (PSME-QUGA), (3) Southwestern white pine-Douglas fir-Gambel oak
forest (PIST-PSME-QUGA), and (4) Douglas fir-Gambel oak-alligator juniper-ponderosa
pine forest (PSME-mixed conifer). The distribution of vegetation types was associated
with slope aspect and slope position; PIED-JUDE stands were typically located on west
and south aspect slopes and on ridgetops, while more mesic vegetation types (PSME-
QUGA and PIST-PSME-QUGA) occupied north-facing slopes and valley bottoms. Tree
density and basal area increased approximately four-fold during the 94-year period of fire
exclusion (Figure 2). Reconstructed live tree density for 1922 was below 300 trees ha–1

in the PSME-mixed conifer, PSME-QUGA, and PIST-PSME-QUGA vegetation types. The
increase in density from the onset of fire exclusion to prior to the wildfire was driven by a
large increase in Douglas fir in the PSME-mixed conifer and PSME-QUGA vegetation types
and by recruitment of southwestern white pine in the PIST-PSME-QUGA vegetation type.
After the Coyote Fire, density decreased across the three reconstructed vegetation types,
but live tree density remained much higher than in 1922. The pattern of change in the basal
area mirrored the changes in tree density. The small amount of change in tree density and
basal area between reconstructions with different decay rates indicates that reconstructions
are not sensitive to variable rates of decay relative to changes pre- and post-fire (Figure 2).

Trees in the smallest size-classes (<20 cm DBH) declined significantly in abundance
over the sampling interval, while the density of large-diameter trees remained unchanged
(Figure 3). Among the dominant tree species in the study area, Douglas fir experienced
significant decreases in tree density for trees <30 cm DBH, southwestern white pines
experienced significant mortality in size classes <20 cm DBHs, and Gambel oak displayed
significant decreases in tree density for trees <15 cm DBH. Total tree density and basal
area declined significantly after fire, but the magnitude of decline varied among species
(Table 1).
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Figure 2. Tree density (top panels) and basal area (bottom panels) for plots within the PSME (Douglas
fir)-mixed conifer, PSME-QUGA (Douglas fir-Gambel oak), and PIST-PSME-QUGA (Southwestern
white pine-Douglas fir-Gambel oak) vegetation types. Values for 1922 are reconstructed based on tree
age data and using the 50th percentile decay rate. Values for 2003 and 2017 are pre- and post-fire data
collected directly from plots.
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Figure 3. Mean size-class distributions (# ha−1) in 5-cm size classes for all trees (+1 S.E.) and for
tree species that displayed significant changes in forest size structure in response to the Coyote Fire.
Asterisks signify significant paired t-tests between the pre- and post-fire sampling interval at p < 0.05
for trees > 5-cm DBH at Guadalupe Mountains National Park.
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Table 1. Means (+1 S.E.) of seedling density, tree density, and basal area for all plots and by species prior to and one year after the Coyote Fire in Guadalupe
Mountains National Park, Texas. Significant differences between the pre- and post-fire sampling interval according to paired t-tests are displayed with asterisks
(NS = not significant, * = p < 0.05, and ** = p < 0.01).

Variable Year Acer grandidentata Juniperus deppeana Pinus edulis Pinus ponderosa Pinus strobiformis Pseudotsuga menzesii Quercus gambelii Total

tree density (# ha−2)
2004 89.2 ± 36.3

*
1234.4 ± 200.6 ns 684.0 ± 180.9

*
1435.9 ± 247.3 ns 2748.6 ± 458.4

**
5289.0 ± 578.1

**
4129.2 ± 429.8 ns 16,053.0 ± 200.6

**2018 23.6 ± 13.0 1121.7 ± 178.9 475.5 ± 134.3 1045.8 ± 181.5 2043.0 ± 351.7 2814.2 ± 340.7 4959.1 ± 653.4 12,904.2 ± 178.9

basal area (m2 ha−2)
2004 0.1 ± 0.0 ns 3.4 ± 0.6 ns 96.8 ± 0.3 ns 3.3 ± 0.5 ns 0.2 ± 1.0 ns 8.7 ± 0.0 ns 3.4 ± 1.1

**
25.9 ± 0.4

**2018 0.1 ± 0.0 3.2 ± 0.5 88.7 ± 0.2 3.0 ± 0.4 0.0 ± 0.8 7.2 ± 0.0 2.1 ± 0.8 22.0 ± 0.3
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Total seedling density increased (t = 2.6086, p = 0.01051) from an average of
3009 ± 348.7 S.E. pre fire to 5024 ± 819.6 S.E. trees per ha after fire, but this is the result
of a large increase in Gambel oak, which re-sprouts from the root collar in response to
fire. Douglas fir and pinyon pine seedlings significantly decreased following fire, while
southwestern white pine seedlings decreased slightly (Figure 4).
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Figure 4. Mean seedling abundance (# ha−1) by species (+1 S.E.) for the pre- and post-fire sampling
intervals in Guadalupe Mountain National Park, Texas. Asterisks signify significant paired t-tests at
p < 0.05.

Small-diameter (<15-cm dbh) dead tree densities increased after fire (Figure 5); dead
trees in the smallest diameter class (5–10-cm) increased from an average of 157 stems ha–1 to
239 stems ha–1 and dead trees 10–15-cm dbh increased from 64 to 89 stems ha–1. We found
no significant differences in the density of dead trees for diameter classes greater than
15 cm DBH. Additionally, we identified 64% of dead trees as fire killed (i.e., red needles
present on the tree and fresh char on the bark).

Fuel loadings of 10 h fuels increased significantly from 336.2 kg/ha pre fire to 672.5 kg/ha
post fire (Figure 6). Fuel loading for 1000 h fuels also decreased significantly after fire from
26.9 Mg/ha to 13.5 Mg/ha. However, fine fuels (i.e., 1 h and 100 h fuels) and total fuel
loadings were similar before and after the fire. Depth of litter and duff layers declined after
fire (Figure 7), whereby the depth of the litter layer in fuel inventory plots decreased from
an average of 2.38 cm pre fire to 0.94 cm post fire and duff depth declined from an average
of 2.24 cm to 0.76 cm.
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Figure 7. Mean depth of litter and depth layers (+1 S.E.) measured in fuels plots for the pre- and
post-fire sampling intervals.

Stand composition did not change significantly in the study area between the pre-fire
and post-fire periods and fire severity was not a significant driver of plant community
compositional change according to the nMDS results (Figure 8). Overall, plots overlapped
in species space with the exception of the most xeric vegetation group (JUDE-PIED), which
tended to separate from other plots along axis 1 (Figure 8A). The final nMDS produced a
two-dimensional solution, with a final stress of 0.16. The ordination results indicated that
there was no significant shift in the species space of plots between the pre- and post-fire
sampling intervals when the nMDS was plotted with 95% confidence ellipses among the
two time-steps (Figure 8B, Table 2). Elevation and incident solar radiation were the two
significant factors influencing plot species dominance in both the pre-fire and post-fire
ordinations, highlighting that fire severity (i.e., dNBR) was not a significant influence on the
species space of the post-fire plant community (Figure 8C), likely due to the small range in
variation of dNBR among sample plots. While changes in species space were not significant
and plots did not experience shifts between vegetation groups, the four vegetation types
experienced some post-fire changes in the same species that experienced changes in forest
stand structure, including Douglas fir, pinyon pine, southwestern white pine, and Gambel
oak (Figure 8D).
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Figure 8. Non-metric multidimensional (nMDS) scaling results displaying (A) plots in species space
for the four dominant vegetation types in Guadalupe Mountains National Park, (B) pre-versus post-
fire plots in species space plotted with 95% confidence intervals (red = pre-fire and gray = post-fire),
(C) Surface fits of significant (p < 0.05) environmental variables influencing plot species composition,
and (D) shifts in species composition by vegetation type over the time-series. Forest composition
was significantly associated with elevation (red isopleths) and solar radiation (green isopleths) in
panel C but did not experience a significant shift in plant community composition over time or in
relation to fire severity (dNBR) according to the nMDS solution. Tree species acronyms are: Acer
grandidentata (ACGR), Arbutus xalapensis (ARXA), Juniperus deppeana (JUDE), Quercus gambelli (QUGA),
Quercus meuhlebergii (QUMU), Ostrya virginiana (OSVI), (PIED), Prunus serotina (PRSE), Pseudostuga
menzeisii (PSME), Pinus ponderosa (PIPO), Pinus strobus (PIST), and Robinia neomexicana (RONE).
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Table 2. Mean species importance values for each time-step in each of the four dominant vegetation
types in Guadalupe Mountains National Park. Importance values were calculated as the sum of the
relative tree basal area and density for all stems in each plot. JUDE-PIED indicates the alligator juniper-
piñon pine vegetation type, PSME-QUGA stands for the Douglas fir-Gambel oak vegetation type,
PIST-PSME-QUGA is the southwestern white pine-Douglas fir-Gambel oak type, and PSME-QUGA-
JUDE-PIPO indicates the Douglas fir-Gambel oak-alligator juniper-ponderosa pine vegetation type.

Species Time-Step JUDE-
PIED

PSME-
QUGA

PIST-PSME-
QUGA

PSME-QUGA-
JUDE-PIPO

Acer
grandidentata

pre-fire 0.0 1.3 0.1 1.3
post-fire 0.0 1.1 0.3 1.0

Arbutus
xalapensis

pre-fire 0.7 0.1 0.0 0.0
post-fire 1.2 0.5 0.0 0.0

Juniperus
deppeana

pre-fire 42.6 15.8 12.0 33.1
post-fire 63.2 15.5 32.8 31.2

Ostrya
virginiana

pre-fire 0.3 0.6 0.0 0.6
post-fire 0.0 2.0 0.0 0.5

Pinus edulis
pre-fire 40.6 11.2 7.5 17.9
post-fire 33.2 4.9 1.6 23.6

Pinus
ponderosa

pre-fire 27.0 22.4 13.9 22.9
post-fire 39.5 20.6 25.8 20.5

Pinus
strobiformis

pre-fire 21.3 25.5 62.7 27.3
post-fire 11.1 34.3 50.8 22.6

Prunus
serotina

pre-fire 0.6 0.2 0.0 0.4
post-fire 0.2 0.2 0.8 0.9

Pseudotsuga
menzeisii

pre-fire 36.2 67.4 54.4 55.3
post-fire 28.6 64.5 48.5 37.9

Quercus
gambelii

pre-fire 30.6 52.5 48.2 37.8
post-fire 18.4 49.4 38.3 49.2

Quercus
meuhlembergii

pre-fire 0.0 1.1 0.0 1.4
post-fire 4.5 0.6 0.6 1.4

Robinia
neomexicana

pre-fire 0.1 0.4 0.4 0.4
post-fire 0.0 1.0 0.0 2.0

4. Discussion

Despite high fuel loadings driven by increases in tree density and surface fuel accu-
mulation over nearly a century of fire exclusion, the 2016 Coyote Fire burned largely as a
low-severity surface fire where fire-induced tree mortality was concentrated in seedlings
and small-diameter trees. Furthermore, fuel loadings for most size classes remained un-
changed after wildfire. While 1000 h fuels decreased after fire, only 10 h fuels increased
significantly. This pattern may be explained by the pattern of fire-induced tree mortal-
ity based on our observations of many small-diameter trees and seedlings with charred
bark that appeared to be fire killed (i.e., red needles still attached to twigs). These small
trees were likely killed by the fire but not consumed by it, thus, adding surface fuels
to the landscape. The minimal change or increase in 1, 10, and 100 h fuels suggests
that the addition of fuels through tree mortality offset or exceeded fuel consumption
by the fire. Overall, the pattern of surface fuels post wildfire resembles that of a first-
entry prescribed fire. A future reduction in fuels will require additional prescribed fire or
low-severity wildfire.

Although the fire did not reduce fuels, live tree density in small-diameter classes
declined substantially. Live tree density increased over the fire-exclusion period (1922–2003)
from approximately 200 trees ha–1 to nearly 900 trees ha–1. The increases in density and
basal area were mostly caused by the establishment of vast numbers of small (5–10 cm dbh)
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Douglas fir and southwestern white pine in the understory. In an analysis of restoration
treatments in mixed conifer forests in southwestern Colorado, Stoddard et al. (2015) found
live tree density reductions of 35% after burn-only treatments. Similarly, we observed
a 36–44% reduction in tree density when comparing pre- and post-fire live tree density.
Although, the Coyote Fire reduced tree density and basal area, the tree density and basal
area remains higher than the pre-fire exclusion period. Reconstruction was possible only in
the PSME-mixed conifer, PSME-QUGA, and PIST-PSME-QUGA vegetation types because
reliable age data could not be obtained from cores of alligator juniper, a major component of
the PIED-JUDE type, which likely also experienced similar changes in forest stand structure
over the study period.

In general, we found higher fire-induced mortality in shade-tolerant understory
species compared to managed wildfire and prescribed fire studies in warm-dry mixed
conifer forests of the San Juan Mountains [39] and Grand Canyon National Park [40].
In both of these studies, the main understory species established in the absence of fire were
white fir and Douglas fir. In Grand Canyon National Park, in particular, first-entry burns
were considered insufficient to produce white fir mortality in accordance with management
objectives [40]. However, in our study, the major understory species were Douglas fir
and southwestern white pine. Additionally, the onset of effective fire exclusion through
livestock grazing at Guadalupe Mountains National Park was 40 years later than other
sites in the southwest. The combination of different understory species composition and
younger understory trees may account for higher rates of fire-induced mortality at these
sites compared to ours. Such differences in fire effects among different mixed conifer sites
highlight the importance of considering the importance of spatial variation in wildfire
effects when making forest management decisions.

Because fire-induced stand structural dynamics were manifest primarily by reductions
in the abundances of small, understory trees in response to low-severity fire, species
compositional shifts were minor. However, some important patterns emerged within
vegetation types. For example, alligator juniper experienced little fire-induced tree mortality
and they increased in importance over time in JUDE-PIED and PIST-PSME-QUGA stands,
while remaining unchanged in the other two vegetation types. Such a response is likely
tied to their moderate fire resistance and ability to re-sprout vigorously from the root
crown after wildfire [41,42]. Similarly, ponderosa pine, a fire-resistant species, increased
in importance value in JUDE-PIED and PIST-PSME-QUGA stands and stayed the same
in PSME-QUGA and PSME-mixed conifer stands. Douglas fir decreased in importance in
all four vegetation types and southwestern white pine decreased in importance in three of
four types (Table 2). Taken together, this indicates a minor shift from fire-sensitive species
(Douglas fir and southwestern white pine, especially when small) to fire-resistant species
(alligator juniper and ponderosa pine), through the process of fire-induced mortality of
small trees.

The results presented herein provide insight into low-severity fire effects in a warm-
dry mixed conifer forest in the Southwest. Few prior studies have specifically quantified
the effects of low-severity wildfire on forest conditions in the region (but see [23,24]). This
paper, therefore, provides some of the only information on recent low-severity wildfire
effects on forest stand dynamics in the Southwest, although there is literature on the effects
of low-severity prescribed fire on vegetation [43]. Additionally, the species composition,
stand structure, ecological dynamics, and fire regimes in warm-dry mixed conifer forests
are highly variable and distinct from the cool-moist mixed conifer forests of the Rocky
Mountains and Pacific Northwest. Despite the importance of fire in warm-dry mixed
conifer forests, relatively few studies have examined fire regimes in this forest type (but
see [12,44,45]) and existing studies have emphasized variability in fire regimes and ef-
fects across mixed conifer sites [46]. Quantifying variability in fire effects across distinct
mixed conifer sites is, therefore, important for informing forest management priorities in
these forests.
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Much of the recent literature has quantified the effects of the recent spate of
mixed- [17,19,20,47,48] and high-severity wildfire [13,18,49–52] on forest stand structure
and community composition in this region. However, relatively little literature has focused
on the effects of recent low-severity wildfire. Our results demonstrate that, under average
fire weather and fuel moisture, contemporary managed wildfires in mixed conifer forests
can continue to burn at low severity, even after nearly a century of fire exclusion and
extensive tree recruitment in the absence of fire. Moreover, these low-severity fires can have
effects that align with management objectives, such as restoring low-density stand structure.

The Coyote Fire was an example of an effectively managed wildfire where some impor-
tant restoration goals were accomplished. NPS personnel conducted back burns on many
ridgetops to avert high-severity fire in areas where convection would preheat fuels upslope
and lead to higher fire intensity. Additionally, the prevailing weather and fuel moisture
conditions during the fire were close to long-term averages for the region. Management and
fire weather conditions resulted in significant decreases in small (<20 cm dbh) live trees,
decreases in coarse woody debris (1000 h fuels), and decreases in the depth of litter and
duff layers. The fire killed few large canopy trees and compositional changes in the canopy
were minimal. However, fire-induced mortality of understory trees led to an increase in
fine fuels (significant increase in 10 h fuels and slight increases in 1 h fuels).

Previous research in other dry, fire-prone forests in the West have emphasized the need
for multiple burns and/or thinning and burning treatments to achieve the management
goals of fuel reduction or restoration to pre-fire exclusion forest structure [39,40,53,54].
Fuel treatments, such as prescribed fire, have often been effective for mitigations in severe
fire in fuel-dominated fire regimes where fire exclusion has led to anomalously high fuel
loads [55]. Management strategies that include reducing tree densities and surface fuels, as
well as retaining drought-tolerant and fire-tolerant species, may also increase the resilience
of forests to future drought and disturbance related to climate change [53]. While the
Coyote fire reduced live tree density and basal area to levels similar to pre-fire exclusion
conditions, fuels remain anomalously high in much of the landscape because of fire-induced
mortality of small trees. If fuel reduction is a major management objective in Guadalupe
Mountains National Park, additional prescribed fire or managed wildfire may be a potential
management tool for avoiding future high-severity wildfire under extreme fire weather
conditions, as a mechanism for maintaining large-diameter trees in these forests.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fire5040119/s1, Figure S1: April (top panel) and May (bottom
panel) Palmer Drought Severity Index for Texas climate division 5 (West Texas). Values less than zero
indicate drought. The red point symbol indicates 2016. Figure S2: Moisture of 1000 h fuels measured
during the Coyote Fire (May 2016).
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