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ABSTRACT

Since Euro-American settlement, pon-
derosa pine forests throughout the
western United States have shifted
from high fire frequency and open
canopy savanna forests to infrequent
fire and dense, closed canopy forests.
Managers at Zion National Park, USA,
reintroduced fire to counteract these
changes and decrease the potential for
high-severity fires. We analyzed exist-
ing permanent monitoring plot data
collected between 1995 and 2010 to
assess achievement of management
objectives related to prescribed fire in
ponderosa pine forests. Following
first entry fire, ponderosa pine (Pinus
ponderosa C. Lawson var. scopulorum
Engelm.) and Gambel oak (Quercus
gambelii Nutt.) overstory and midsto-
ry densities declined between 10%
and 45% and effectively shifted the
Gambel oak diameter distribution to-
ward larger trees. Second entry fires
had a greater effect, reducing pondero-
sa pine and Gambel oak overstory and
midstory densities between 24 % and

RESUMEN

Desde la colonizacion euro-americana, los bos-
ques de pino ponderosa en todo el oeste de Es-
tados Unidos han cambiado de ser bosques con
fuegos altamente frecuentes, con canopias
abiertas tipo sabana, a bosques con fuegos in-
frecuentes cuya canopia es cerrada y densa.
Los administradores del Parque Nacional Zion,
EEUU, reintrodujeron el fuego para contrarres-
tar estos cambios y disminuir el potencial de
fuegos muy severos. Nosotros analizamos da-
tos existentes de parcelas permanentes de moni-
toreo tomados entre 1995 y 2010 para determi-
nar el logro de objetivos de manejo relaciona-
dos a quemas prescriptas en bosques de pino
ponderosa. A continuacion de la primera tanda
de quemas, las densidades de los estratos supe-
rior y medio del pino ponderosa (Pinus ponde-
rosa C. Lawson var. scopulorum Engelm.) y el
Gambel oak (Quercus gambelii Nutt.) declina-
ron entre el 10% y 45%, y modificaron efecti-
vamente la distribucion del didmetro del Gam-
bel oak hacia arboles mas grandes. La segunda
tanda de quemas tuvieron un efecto mayor, re-
duciendo las densidades de los estratos superior
y medio de pino ponderosa y Gambel oak entre
un 24% y 92%. La distribucion de los diame-
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92%. Diameter distributions of both
species shifted toward fewer, larger
trees following second entry fires. To-
tal fuel load was reduced by <20% in
first entry fires and by half in second
entry fires. Several objectives identi-
fied by the National Park Service (e.g.,
overstory ponderosa pine reduction)
were not achieved with either fire en-
try; however, power analysis indicated
that sample sizes were not adequate to
fully detect long term changes follow-
ing first entry fires. First entry, low in-
tensity prescribed fire alone may not
meet management objectives in south-
western ponderosa pine forests. We
recommend using multiple fire entries
or increased fire intensity if mechani-
cal treatments are not also being uti-
lized concurrently. Long term fire ef-
fects data is critical to adaptive man-
agement in national parks; however,
the utility of this data could be im-
proved through increased sample siz-
es, consistent data archiving, and re-
gional scale analyses.
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tros de ambas especies se desplazd hacia unos
pocos arboles grandes luego de la segunda tan-
da de quemas. La carga total de combustible se
redujo en <20% en la primera tanda de quemas
y a la mitad en la segunda tanda de quemas.
Varios objetivos identificados por el Servicio
del Parque Nacionales (por ej., reduccion del
estrato superior del pino ponderosa), no se lo-
graron con ninguna quema. Sin embargo, los
analisis indicaron que los tamafios de muestras
no fueron adecuados para detectar en forma
completa cambios de largo plazo después de la
primera tanda de quemas. Una sola tanda de
quemas prescriptas de baja intensidad pueden
no cumplir con los objetivos de manejo en los
bosques de pino ponderosa del sudoeste. Noso-
tros recomendamos utilizar varias tandas de
quemas prescriptas o fuegos mas intensos si los
tratamientos mecanicos no estan siendo utiliza-
dos concurrentemente. Los datos de los efectos
del fuego a largo plazo son criticos para el ma-
nejo adaptativo en los parques nacionales; sin
embargo, la utilidad de estos datos podria ser
mejorada a través del incremento de los tama-
flos de muestra, de archivos de datos consisten-
tes, y de analisis a escala regional.
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INTRODUCTION

Prior to Euro-American settlement, pon-
derosa pine (Pinus ponderosa C. Lawson var.
scopulorum Engelm.) communities in the
American Southwest grew primarily in open,
park-like savannas, maintained by low intensi-
ty, frequent fire (Cooper 1960, Barrett et al.
1980, Madany 1981, Harrington and Sackett
1992). Beginning in the latter half of the
1800s, cattle and sheep grazing, timber har-
vesting, and fire exclusion and suppression ac-

tivities led to increases in tree and woody
shrub density, decreases in understory herba-
ceous cover, and shifts in understory species
composition, culminating with an increase in
potential fire severity (Covington and Moore
1994, Allen et al. 2002, Fulé et al. 2004).
Shifts occurred from open pine savannas with
lush understory grasses to closed canopy pine
forests with the understory dominated by un-
palatable woody shrub species (Madany
1981). Dense ponderosa pine forests are not
only more susceptible to high severity fire, but
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have higher rates of inter-tree competition,
which may contribute to climate related mor-
tality, particularly as the Southwest becomes
warmer and drier in the future (Allen et al.
2010, Williams et al. 2012)

Prescribed fire is a logical management
option for restoring forest structure and fuel
loading to more resilient conditions (Ryan et
al. 2013), especially when mechanical tree re-
moval operations are not as feasible (e.g., na-
tional parks or wilderness areas). However, in
recent years, numerous studies have found that
low severity first entry prescribed fires are not
effective in meeting objectives related to tree
density and fuel load reductions (Fulé et al.
2012 and references within, Higgins et al.
2015). Conversely, fire of higher intensity
may be effective in restoring natural fire be-
havior in ponderosa pine forests (Fulé et al.
2012). While mechanical treatments prior to
prescribed burning are more effective (Har-
rington and Sackett 1990, Arno et al. 1995,
Covington et al. 1997), mechanical treatments
may not be allowed in protected areas, leaving
prescribed fire as the tool of choice. This pos-
es a management challenge as prescribed
burning alone may not completely meet man-
agement objectives (Arno et al. 1995, Ryan et
al. 2013).

We use a case study of the prescribed burn-
ing and fire effects monitoring program at
Zion National Park (Zion), Utah, USA, to ex-
plore whether fire managers are meeting man-
agement objectives through the use of pre-
scribed fire. Because Zion is almost 90 % des-
ignated wilderness, managers have limited
ability to utilize tools other than prescribed fire
in managing vegetation. The Zion Fire Moni-
toring Plan, which is imbedded within the Fire
Management Plan (USDI NPS 2005), contains
broad objectives for each vegetation type that
receives prescribed fire treatments. Objectives
for the ponderosa pine type include the reduc-
tion of ponderosa pine density and fuel load-
ing. In particular, densities of ponderosa pine
between 10.2 cm to 30.5 cm diameter at breast
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height (dbh) would be reduced by 30% to
60 %, fuel loading would be reduced by 40%
to 60 % (litter and duff) or 40 % to 80 % (1000
hr time lag fuels), and large ponderosa pine
trees (>61.0 cm dbh) would be retained with
<20% post-fire mortality. A corresponding in-
crease in crown spacing would occur, reducing
canopy cover and creating more open forest
conditions (USDI NPS 2005). Objectives are
considered met if the desired condition is met
within a 20 % error allowance.

Objectives

At Zion and elsewhere, fire managers do
not have a complete understanding of how
well prescribed fire objectives are being met
through prescribed fire programs. The overar-
ching goal of this project, therefore, was to use
permanent monitoring plot data to determine
whether Zion was meeting its prescribed fire
management objectives in the ponderosa pine
forest and how many monitoring plots are nec-
essary to detect post-fire differences. Ponder-
osa pine forests in Zion are dominated by pon-
derosa pine but Gambel oak (Quercus gambe-
[ii Nutt.) is a frequent understory component.
We focused on long term (10 yr) effects of first
entry prescribed fire and short term (2 yr) ef-
fects of second entry prescribed fire (Figure 1).
We hypothesized that both the first and second
entry fires would result in reductions in pon-
derosa pine densities and fuel loading through
time; however, we predicted that a second en-
try fire would provide more significant chang-
es over a shorter time period. We further hy-
pothesized that reductions would also be found
in Gambel oak densities but that increases in
understory herbaceous vegetation would occur
following fire. Finally, we hypothesized that
conditions following both fire entries would be
suitable for ponderosa pine regeneration.
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Figure 1. Successive photos of ponderosa pine fire effects on plot #2 in Zion National Park, Utah, USA.
The plot was “scorched” (see Table 1 for explanation of fire monitoring handbook burn severity defini-
tions) in an initial prescribed fire in 1997. The plot was “lightly burned” in a second prescribed fire that
occurred in 2008. Photos were taken (a) prior to the second prescribed fire, (b) 1 month after the second
fire, (c) 1 year after the second fire, and (d) 2 years after the second fire. All photos were collected at ap-

proximately the same location.
METHODS
Study Area

Zion is located in southwestern Utah at the
eastern edge of the Great Basin and northwest-
ern edge of the Southwest, 55 km northeast of
St. George, Utah, USA (37° 17" 24" N, 113° 2’
56" W). The topography of Zion consists of
deeply incised canyons with relatively flat pla-
teaus. The ponderosa pine forests are found
on these flat plateaus. The first fire manage-
ment plan for Zion was initiated in 1985. The
plan stated that prescribed natural fire, defined
as a lightning ignited fire burning within pre-
scribed conditions, would be allowed to influ-

ence the existing fire adapted ecosystems with-
in the park boundary unless the fire impacted
public or visitor safety, structures, or private
lands. Furthermore, the plan recommended
the initiation of intentional burning on the pla-
teaus to maintain or re-establish fire adapted
communities and to re-introduce fire as an
“agent of change” in the ecosystem (USDI
NPS 1985). These goals aligned with the Leo-
pold Report (Leopold et al. 1963), which rec-
ommended that a primary goal of the National
Park Service (NPS) should be the maintenance
or re-creation, as necessary, of the biotic com-
munities within each park to the condition that
was present prior to Euro-American settle-
ment. Managers within the NPS are required
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to monitor short term and long term vegetation
changes for all wildland fires (USDI NPS
1991, 2008a, 2008b). Fire and resource man-
agers implemented the first prescribed fire
within the Zion boundary within the pondero-
sa pine type in 1992 (US Department of the In-
terior National Park Service 1995 unpublished
memo, on file at Zion National Park, Spring-
dale, Utah, USA). Subsequently, the Fire Ef-
fects Monitoring Program at Zion was formal-
ly established in 1995 and still exists today.
Fire managers delineated prescribed fire burn
units within fire-adapted ecosystems affected
by fire exclusion in Zion, including the pon-
derosa pine type. Burn units were then treated
with prescribed fire to replicate the natural dis-
turbance regime; fire monitoring plots within
each unit were considered burned at that time
even if the spatial pattern of the fire precluded
a plot from actual burning. Personnel imple-
mented prescribed fire treatments from March
through June and from August through No-
vember, depending upon weather prescription
elements described in the individual prescribed
fire burn plan and vegetation type description
sheet. While individual prescribed fire reports
were not available for each fire included here,
an example of burn unit size and weather con-
ditions for a fall burn and a spring burn are in-
cluded in Appendix A.

This study was conducted in the ponderosa
pine type within Zion. The prevalent soil type
found in the study sites was loamy phases of
the Kolob and Detra Series derived from the
Carmel limestone (Mortensen et al. 1977).
Average elevation of the ponderosa pine type
was 1970 m with an average annual precipita-
tion of 456 mm yr', occurring primarily in
winter as snowfall (Harper 1993). Between
1995 and 2009, Zion personnel utilized stan-
dard NPS Fire Monitoring Handbook (FMH)
protocols to install 77 fire monitoring plots,
randomly located within designated monitor-
ing types (USDI NPS 2003). Of these plots,
18 were in the ponderosa pine type. We ana-
lyzed data from 15 of the 18 plots that met our
criteria for inclusion (plots that encompassed a
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full range of pre-burn through 10-year (first
entry) or 2-year (second entry) remeasure-
ments; Table 1). Time between first and sec-
ond entry fires ranged from 2 yr to 11 yr, with
a mean of 8.9 yr between fires (Table 1). The
15 plots were established across a total of 11
prescribed fire treatments that included both
spring and fall burns. Prescribed fire vegeta-
tion and substrate burn severity, which ranges
from 1 (heavily burned) to 5 (unburned)
(USDI NPS 2003, see Table 1 for detailed de-
scriptions of the burn severity categories found
on plots used in this study), averaged 3.9 for
first entry and 3.7 for second entry fires (Fig-
ure 1).

Field Methods

Field crews re-measured each plot on a
pre-defined schedule set by the FMH: pre fire;
immediately post fire; and 1 yr, 2 yr, 5 yr, 10
yr, and 20 yr post fire or until re-treatment oc-
curred (USDI NPS 1991, 2003). Data avail-
able for this project only included up to 10 yr
post fire (Table 1). Ponderosa pine forest
FMH plots were 20 m x 50 m (0.1 ha) and
protocols are detailed in the FMH (USDI NPS
1991, 2003). Relevant measurements for this
research included live overstory, midstory, and
understory vegetation (woody and non-
woody); forest floor cover assessments; fire
severity assessment; and downed and dead
woody debris (fuel loading). Trees were in-
cluded as overstory if they were >15.1 cm dbh,
as midstory (defined in FMH as poles) if dbh
was 2.51 cm to 15.0 cm, and as understory
seedlings if they were less than 2.5 cm dbh.
Seedlings were further classified into the fol-
lowing height classes: <0.15 m, 0.16 m to 0.30
m, 0.31 mto 0.60 m, 0.61 mto 1.0 m, 1.0 m to
2.0 m, and >2.0 m. In addition to dbh, crown
position (dominant, co-dominant, intermedi-
ate, suppressed, or open grown; Smith et al.
1997) and damage (abiotic and biotic, includ-
ing stem form issues; USDI NPS 2003) was
recorded for all overstory and midstory trees.
Live woody and herbaceous understory plant
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Table 1. Ponderosa pine fire effects monitoring plots located at Zion National Park, Utah, USA, by fire
entry years, burn severity, season of burn, and whether the plot was included in analysis of first entry fires,
second entry fires, or both. Plots, listed by field number, used for first entry fire data analysis included
those with 1 yr, 2 yr, 5 yr and 10 yr post-fire remeasurements, and those used for second entry fire data
analysis included those with 1 yr and 2 yr post-fire remeasurements. Burn severity by category is as de-
fined in USDI NPS (2003). Pre-fire data were collected for all plots.

Prescribed fire year Burn severity Season of burn Included in analysis

Plot First  Second First entry® Second entry First entry Second First — Second
entry entry entry entry entry
3 1995 2006 Scorched Scorched  Late summer  Spring X X
6 1995 1997  Lightly burned Unburned Late summer  Spring X
7 1996 2004 Unburned Lightly burned Fall Fall X
8 1996 2004 Scorched  Lightly burned Fall Fall X
10 1996 2004 Scorched Scorched Fall Fall X
1 1997 Scorched Spring X
2 1997 2008 Scorched Lightly burned  Spring Spring X X
4 1997 2008  Lightly burned Unburned Spring Spring X X
5 1997 2006 Scorched Unburned Spring Spring X
17 1997 2008  Lightly burned Scorched Fall Fall X X
26 1997 2007 Scorched Lightly burned Fall Fall X
12 1998 Unburned Fall X
13 1998 Scorched Fall X
14 1999 Scorched Fall X
47 1999 2007 Scorched Scorched Fall Fall X
Sample size: 8 11

* Fire monitoring handbook burn severity categories in order of increasing severity: unburned < scorched < lightly
burned. Unburned (5 value) is not burned. Scorched (4 value) includes litter partially blackened, duff nearly un-
changed, and wood and leaf structures unchanged. Lightly burned (3 value) includes litter charred to partially con-
sumed, upper duff layer may be charred but is not altered over the entire depth, surface appears black, woody debris
is partially burned, logs are scorched or blackened but not charred, and rotten wood is scorched to partially burned.

cover, litter, and bare ground cover were re-
corded using one 50 m point intercept transect
with a cover measurement recorded every 30
cm. Trees less than 2 m tall were recorded in
the woody understory cover data as well as in
the seedling count data (described above).
Four standard planar fuel transects were used
to inventory dead and down woody material
using modified Brown’s (1974) protocol.
Transects extended for 15.2 m in random di-
rections away from the center line of each plot,
originating at 10 m, 20 m, 30 m, and 40 m.
Fuels were tallied by time lag class along each
transect (1 hr and 10 hr: 0 m to 1.8 m; 100 hr:
0 m to 3.7 m; 1000 hr: 0 m to 15.2 m). Litter
and duff depth were recorded every 1.5 m for a
total of 10 measurements per transect line.
Field crews measured burn severity immedi-

ately post fire (approximately 4 weeks post
fire) at each duff and litter measurement point
(every 1.5 m) along the previously established
fuel transects. At each point, fire severity was
categorized from unburned (5) to heavily
burned (1) within a 20 cm % 20 cm area (400
cm?) for both substrate and vegetation. The
immediate post-fire remeasurement included
fuel transects, tree scorch height and percent,
and overstory tree char height. All other post-
fire remeasurements included all variables.

Data Analysis

Data for the 15 plots were extracted from
the software program FFI (FEAT/FIREMON
Integrated; Lutes et al. 2009) to allow for fur-
ther statistical analysis. Within the 15 plots,
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all pre- and post-fire data were available
through 10 yr after the first entry fire for 8
plots, and through 2 yr after the second entry
fire for 11 plots. Four plots included in first
entry analysis that were subsequently burned a
second time were therefore also included in
the second entry analyses.

We analyzed changes through time for
overstory, midstory, and understory trees; live
understory cover; and forest floor substrate.
Overstory and midstory response variables in-
cluded ponderosa pine, Gambel oak, and over-
all tree species density (number ha') and basal
area (m? ha'). Live understory cover response
variables included forb, graminoid, woody un-
derstory (shrubs and small trees), and total
vegetation cover, and tree seedling density.
Forest floor substrate variables included fuel
loading and litter and bare ground cover.

All response variables except litter cover
were non-normally distributed and transforma-
tions were also non-normal. Consequently,
permutation based nonparametric multivariate
analysis of variance (PERMANOVA) tests
were conducted with PC-ORD version 5 (Mc-
Cune and Mefford 2006) and calculated with
the method of Anderson (2001). All PER-
MANOVA analyses were performed using Eu-
clidean distances and 4999 randomizations
with a randomized seed number selected from
time of day. This analysis allowed for com-
parisons among groups in which non-normali-
ty is present in the data and produces a pseudo
F statistic (Anderson 2001), which is what we
reported here. All response variables were an-
alyzed for a significant difference between
treatment years. Pair-wise comparisons were
made following significant PERMANOVA re-
sults (P < 0.05). PC-ORD does not correct the
P values for multiple comparisons. We chose
not to correct the P values due to the small
sample size and to reduce the probability of
making a Type II error. Plots were assumed
independent in space and time. However, the
inference of our data is limited due to violation
of this assumption and pseudoreplication in-
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herent in this and other prescribed fire research
(multiple plots in a single fire treated as inde-
pendent samples). We reported results regard-
less of significance because results may be
ecologically important even if they are not sta-
tistically significant; pseudo F' and P values
are reported to help the reader better under-
stand and interpret the results. We used a
power analysis to assess the number of plots
needed to detect differences between groups in
both first and second entry fires. This analysis
was conducted in R statistical software (R
Core Development Team 2015).

RESULTS
Pre-Fire Conditions

Prior to implementation of prescribed fire,
overstory and midstory ponderosa pine densi-
ties were 222 trees ha' and 80 trees ha’', re-
spectively (Figure 2). Ponderosa pine was the
principal overstory species (>65 % of stems re-
corded), with minor components of Gambel
oak (15% to 30% of recorded stems). Gambel
oak dominated the midstory with densities at
least twice as high as ponderosa pine midstory
densities, and also dominated understory live
vegetation cover (Figures 3 and 4, Table 2).
Other tree species (Juniperus scopulorum
Sarg., J. osteosperma [Torr.] Little, Abies con-
color [Gord. & Glend.] Lindl. ex Hildebr.,
Pseudotsuga menziesii [Mirb.] Franco, and Pi-
nus edulis Engelm.) were present but com-
prised <10% of live stems recorded, primarily
representing trees <5 cm dbh (data not shown).
Perennial graminoid cover was sparse pre fire,
with only slightly higher forb cover (Table 2).
Bare ground cover was also low, but litter cov-
er was relatively high (Figure 5). Exotic grass
species were rare with only 0.03 % of the total
cover. Total fuel loading was dominated by
litter and duff with minor components of 1000
hr and fine fuels (1 hr, 10 hr, and 100 hr time
lag fuels) (Figure 6).
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Figure 2. Ponderosa pine overstory and midstory tree density through time for (a) first entry fires and (b)
second entry fires. No significant differences were found between treatment years within an entry. Bars
and lines represent means and standard errors. Time of plot measurement indicates when measurements
occurred: Pre burn = immediately pre fire; numbers indicate years post fire. Data from permanent moni-
toring plots located at Zion National Park, Utah, USA.

First Entry Fire

We found few significant differences in the
response variables following first entry fires.
Overstory ponderosa pine density decreased
by 10% 1 yr post fire but then remained rela-
tively constant thereafter through year 10 post
fire (F,,; = 0.071, P = 0.989; Figure 2). Such
modest density reductions did not result in a
discernible shift in the live tree diameter distri-
bution (Figures 3a and 3¢). Basal area did not
decrease post fire but increased slightly
through year 10 post fire (~5 % increase, Table
2). In the ponderosa pine midstory, neither
density (F,,; = 0.087, P = 0.988) nor basal
area (25 % reduction, F', ;. = 0.096, P = 0.981)
decreased significantly following the single
entry fire (Table 2, Figure 2). Overstory and

midstory Gambel oak tree densities decreased
29% and 45%, respectively, in the first year
post fire, although neither reduction was statis-
tically significant (Table 2). By year 10, the
Gambel oak midstory had declined by 62%
from pre-fire densities while overstory Gambel
oak remained fairly stable through time
(28.5 % decrease; Table 2). The decline in tree
density corresponded with a shift toward larg-
er diameter live trees and a more unimodal di-
ameter distribution (Figures 3b and 3d).
Ponderosa pine seedling density was high-
ly variable throughout time since fire (Figures
7a and 7c¢). The smallest size class, 0.01 m to
0.15 m tall, varied between 83 trees ha' and
3122 trees ha! between pre fire and 10 yr post
fire. Ponderosa pine seedling densities were
high in year 2 but only 3 % of these trees were
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Figure 3. Diameter distributions for live and dead stems of (a) pre first entry fire ponderosa pine, (b) pre
first entry fire Gambel oak, (c) 10 yr post-fire ponderosa pine, and (d) 10 yr post-fire Gambel oak. QUGA
= Gambel oak, PIPO = ponderosa pine. Distributions based on permanent monitoring plots located at
Zion National Park, Utah, USA. n = 8 plots (first entry) and 11 plots (second entry).
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Figure 4. Diameter distributions for live and dead stems of (a) pre second entry fire ponderosa pine, (b)
pre second-entry fire Gambel oak, (c) 2 yr post-fire ponderosa pine, and (d) 2 yr post-fire Gambel oak.
QUGA = Gambel oak, PIPO = ponderosa pine. Distributions based on permanent monitoring plots locat-
ed at Zion National Park, Utah, USA. n = 8 plots (first entry) and n = 11 plots (second entry).
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Table 2. Mean (standard error) understory and overstory attributes within ponderosa pine prescribed fire
burn units by time since burned for a first entry fire. All percentages represent percent cover measure-
ments. Letters represent significant differences (o < 0.05) between treatment years using PERMANOVA;
n =8 plots. QUGA = Gambel oak, PIPO = ponderosa pine. Data from permanent monitoring plots locat-

ed at Zion National Park, Utah, USA.

Pre fire

Post-fire years since fire

1 2 5 10

Understory cover (%)

Woody shrubs 1422.7)* 73(1.8)> 69(1.7)° 5.6(1.0)° 7.5(2.2)*

QUGA 224 (4.1)  8.6(29) 19934) 194@34) 27044

Forb 9.6 (2.8) 8.2(1.9) 12.6 3.1) 5.9(5.0) 7.1 (2.3)

Perennial graminoids 6.4 (3.1) 5.12.3) 8.1(3.7) 7.5(@4.1) 5.6 (2.6)

Total vegetation 55.0(84) 32.1(5.7) 48.7(6.0) 38.9(6.8) 48.0(3.6)
Overstory and midstory

PIPO overstory basal area (m* ha')  20.0 (3.8) 20.0(3.6) 20.1(3.6) 21.1(3.7) 21.1(3.7)

PIPO midstory basal area (m?* ha'') 0.8 (0.4) 0.8 (0.3) 0.8 (0.3) 0.5(0.2) 0.6 (0.3)

QUGA overstory density (trees ha') 8.8 (5.2) 5.0(5.0) 6.3 (6.3) 6.3 (6.3) 6.3(6.3)

QUGA midstory density (trees ha') 655 (447.7)

360 (320.8) 345 (305.8) 335 (306.9) 250 (250)

recorded in the next height class (0.15 m to
0.30 m) by year 5, nor were they maintained in
the smallest height class (Figure 7). Variabili-
ty through time was also present in other
height classes (up to 1 m), with no seedlings
over 0.15 m found either 1 yr or 2 yr post fire.
By year 10 post fire, there were 42 trees ha! in
the 0.16 m to 0.30 m height class (Figure 7c).
Only woody shrub cover (not including
Gambel oak cover) decreased significantly fol-
lowing first entry fire (', ,, = 2.964, P = 0.030;
Table 2), declining 49 % 1 yr post fire and con-
tinuing to decrease in cover until 5 yr post fire,
when it increased by 7.5 % between year 5 and
year 10 post fire. Gambel oak cover decreased
1 yr post fire from 22 % to 8.5% cover. Cover
then increased in the successive years to above
pre-fire values (27 %; Table 2). Percent cover
for forb species decreased in the first year fol-
lowing fire, then recovered in year 2 with an
increase of 24 % over pre-fire values (Table 2).
Forb cover then decreased between year 2 and
year 5, then remained stable between year 5
and year 10. Perennial graminoid cover was
sparse, ranging between 5% and 10% in all
years (Table 2). Exotic grass species repre-
sented less than 1% of the total graminoid

cover in all time periods (data not shown). To-
tal vegetation cover (woody shrub, Gambel
oak, forb, and perennial grasses) decreased
42% from pre fire to 1 yr post fire, primarily
driven by decreases in shrub and Gambel oak
cover (Table 2). Total cover then varied
through time with successive increases and de-
creases, ending with a 12 % decrease from pre-
fire values at 10 yr post fire (Table 2). Bare
ground cover was less than 12% and litter
cover was more than 40 % throughout all time
periods (Figure 5). Bare ground cover follow-
ing the first entry fire initially increased, then
declined to approximately pre-fire levels be-
fore decreasing to just below pre-fire levels by
year 10. Litter cover showed an increasing
trend 1 yr post fire, then varied through time,
reaching a 20 % cover increase in year 10 (Fig-
ure 5).

Total fuel load showed a decreasing trend
through time until the 10-year measurement.
Litter and duff represented 87 % of forest floor
fuel loading until year 10 post fire, when fine
and heavy fuels increased to account for over
33% of fuel load (Figure 6). Litter and duff
fuel loading was reduced by 46 % between pre
fire and year 5 post fire, but then increased be-
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Figure 5. Percent cover of litter and bare ground through time for (a) first entry fires and (b) second entry
fires. Different letters indicate significant differences between treatment years (o < 0.05). Bars and lines
represent means and standard errors. Time of plot measurement indicates when measurements occurred:
Pre burn = immediately pre fire; numbers indicate years post fire. Data from permanent monitoring plots

located at Zion National Park, Utah, USA.

tween year 5 and year 10, resulting in an over-
all decrease of only 18 % between pre fire and
year 10 post fire (Figure 6).

Power analysis indicated that, to detect
significant differences in trees ha' with 95%
confidence in first entry fires between all years
(pre fire and 1 yr, 2 yr, 5 yr, and 10 yr post
fire), 43 plots would be needed (effect size =
0.238 trees ha'). Using identified Zion man-
agement objectives and confidence intervals of
being 80% confident of detecting significant
differences in trees ha' would still require 27
plots (effect size = 0.238 trees ha'). These
sample sizes are much higher than the n = 8
we had available to conduct this research.

Second Entry Fire

Second entry fires had a greater effect on
vegetation and fuels than first entry fires. Pon-
derosa pine and Gambel oak overstory and
midstory densities both decreased. By year 2
post fire, overstory ponderosa pine had de-
creased by 24% while Gambel oak had de-
creased by 41% (Figures 1 and 2, Table 3);
however, these were not statistically signifi-
cant changes. Ponderosa pine midstory densi-
ty decreased but less so than that of Gambel
oak midstory, which significantly declined by
92% in the first year following the second en-
try fire (F,,, = 3030, P = 0.026; Table 2). The

,30
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Figure 6. Fuel loading through time for (a) first entry fires and (b) second entry fires. Different letters in-
dicate significant differences between treatment years (o < 0.05). Bars and lines represent means and
standard errors. Time of plot measurement indicates when measurements occurred: Pre and post burn =
immediately pre or post fire; numbers indicate years post fire. Fine fuels =1 hr, 10 hr, and 100 hr time lag
fuels. Data from permanent monitoring plots located at Zion National Park, Utah, USA.

diameter distribution for both species shifted
towards larger trees and a more unimodal
shape (Figure 4). No change was seen in basal
area for any species (Table 3). Ponderosa pine
seedlings were found in the two smaller height
classes (0.01 m to 0.60 m) 1 yr post fire with
151 trees ha'!, but in year 2 were present in
only the smallest height class (Figures 7b and
7d).

Total understory vegetation cover de-
creased following the second entry fire (F),, =
4.86, P = 0.014; Table 3). This decrease was
driven by changes in shrub cover, which sig-
nificantly decreased by 61% 1 yr post fire, a
significant change (F,,, = 3.06, P = 0.050).

,30

No differences were found in Gambel oak cov-
er. Forb cover decreased 1 yr post fire with a
recovery to pre-treatment levels by year 2,
similar to first entry fire response (not signifi-
cant: Fz,30 = 0.385, P = 0.68; Table 3). Peren-
nial graminoid cover decreased in year 1, and
did not recover to pre-fire levels by year 2 (Ta-
ble 3). Exotic grass species were not present
after the second entry (data not shown). We
found no changes in bare ground cover (Figure
5). Litter cover increased significantly by
32% (Fz’32 =4.921, P =0.004), followed by a
slight decrease in year 2 post fire (£, ,, =4.921,
P =0.037; Figure 5). Fuel loading significant-
ly decreased by 54% immediately post fire
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Figure 7. Ponderosa pine seedling density through time by height class: (a) first entry fire seedlings 0.01
m to 0.15 m tall, (b) second entry fire seedlings 0.01 m to 0.15 m tall, (c) first entry seedlings from 0.16 m
to 1.0 m tall, and (d) second entry seedlings from 0.16 m to 1.0 m tall. Note the difference in y-axis scale
between (a) and the others. Bars and lines represent means and SE. Time of plot measurement indicates

when measurements occurred: Pre burn

= immediately pre fire, numbers indicate years post fire. No sig-

nificant differences were found. Data from permanent monitoring plots located at Zion National Park,

Utah, USA.
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Table 3. Mean (SE) understory and overstory attributes within ponderosa pine prescribed fire burn units
by time since burned for a second entry fire. All percentages represent percent cover measurements. Let-
ters represent significant differences (o < 0.05) between treatment years using PERMANOVA; n = 11
plots. QUGA = Gambel oak, PIPO = ponderosa pine. Data from permanent monitoring plots located at

Zion National Park, Utah, USA.

Pre fire

Post-fire years since fire

1 2

Understory cover (%)

Shrub cover 22.2(5.3)® 8.7(2.8)° 11.6 (3.7)°

QUGA cover 23.3 (4.6) 16.3 (4.4) 19.1 (3.3)

Forb cover 9.3 (2.6) 7.3(1.2) 9.5(1.8)

Perennial graminoid cover 7.6 (4.4) 3.6 (2) 3.2(2.0)

Total understory vegetation cover 63.1(8.4)* 34.8 (5.2)° 44.5 (4.5)°
Overstory and midstory

PIPO overstory basal area (m*ha) 24.6 (2.8) 24.5 (2.8) 23.7(3.1)

PIPO midstory basal area (m? ha') 1.4 (0.4) 0.6 (0.3) 0.7 (0.3)

QUGA overstory density (trees ha') 17.3 (15.4) 10.0 (10.0) 10.0 (10.0)

QUGA midstory density (trees ha'!) 396.4 (198.4)* 20.9 (11.8)° 32.7 (20.1)°

(Fy, = 4.029, P = 0.008) and the mass was
still 48 % below pre-fire levels 2 yr post fire
(Fy 4 =4.029, P=0.024; Figure 6). Again, the
consumption of litter and duff contributed to
these changes with a significant decrease of
79 % immediately post fire (£, = 8.525, P <
0.001; Figure 6). Fine and heavy fuels were
not reduced by the second entry fire (Figure
0).

Power analysis indicated that, to detect
significant differences in trees ha' with 95%
confidence in second entry fires between all
years (pre fire and 1 yr and 2 yr post fire), 4
plots would be needed (effect size = 1.45 trees
ha'). Using Zion guidelines of being 80%
confident of detecting differences would re-
quire only 3 plots (effect size = 1.45 trees ha-
. Both projected sample sizes are below the
n =11 plots analyzed in this research.

DISCUSSION

Madany (1981) calculated that pre-Eu-
ro-American ponderosa pine tree density with-
in Zion approximated 100 trees ha'. By con-
trast, we found that the pre-prescribed fire,
contemporary stand density of overstory and
midstory ponderosa pine within Zion was 302

trees ha'!, more than three times the pre-settle-
ment density. The Zion Fire Management Plan
states that ponderosa pine overstory reduction
by 30% to 60% is the main objective of pre-
scribed fire treatments in the ponderosa pine
forest (USDI NPS 2005). First entry fires re-
duced overstory and midstory pine densities
by just 10%, and the second entry fires re-
duced the density by 24%. While second en-
try density reductions were not statistically
significant, the actual densities approximate
those observed historically and are relatively
close to the minimum density reduction objec-
tive of 30%. Ponderosa pine basal area did
not change after the first or second entry fires,
indicating that primarily smaller trees were re-
moved by the burns; this also meets the Zion
objective of primarily removing trees within
the 10.2 cm to 30.5 cm diameter classes.
Power analysis indicated that sample sizes
were not sufficient to detect any long term
changes that occurred, likely due to high spa-
tial (i.e., among plots) variability in pre-fire
conditions and post-fire response. Conversely,
current sample sizes were large enough to de-
tect short term changes following second entry
fires. The lack of significant findings follow-
ing first entry fire may also be due to pseu-
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doreplication of plots, which is inherent in pre-
scribed fire analysis with multiple burn units
over multiple years (van Mantgem ef al. 1999),
or to the overall low burn severity found in the
monitoring plots (Figure 1, Table 1).

Effectiveness of Prescribed Fire in
Meeting Objectives

Ponderosa pine. Although management
objectives state a desired decrease in pondero-
sa pine densities, there has been an increasing
concern throughout the West about the lack of
adequate ponderosa pine regeneration (Bailey
and Covington 2002). Research by Savage
and Mast (2005) suggested that stand-replac-
ing crown fires within ponderosa pine forests
may contribute to delayed regeneration, de-
pending on climate, seed source availability,
and post-fire land management. Harrington
(1985) suggested that, in mixed stands, Gam-
bel oak may have an allelopathic effect that
limits ponderosa pine regeneration. We found
that, following prescribed fire, ponderosa pine
seedling densities were highest in the smallest
height class, but only about 3 % of these seed-
lings survived. The 3% survival is lower than
those reported in other ponderosa pine post-
fire studies, where concerns are related to an
over-abundance of regeneration (Battaglia et
al. 2008, Higgins et al. 2015). In order to
maintain pre-settlement ponderosa pine tree
densities and multiple age classes, Mast et al.
(1999) found that 3.6 trees ha! decade was a
sufficient level of recruitment for eventual
overstory replacement and forest sustainabili-
ty. Pearson (1950) and Schubert (1974) identi-
fied several critical factors necessary for re-
generation success in ponderosa pine: time of
germination, freedom from competition, and
exposure of bare mineral soil. Pre settlement,
these conditions were met in microsites creat-
ed from frequent fire (Schubert 1974). In this
study, after both first and second entry fires,
litter covered more than 50% of the forest
floor and bare ground was only exposed in ap-
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proximately 5% of the remaining areas. Giv-
en that our plots burned at low severity, mod-
erate severity fire may provide more bare
ground and a less tightly packed litter layer
and, subsequently, a higher chance of germina-
tion for pine seedlings. However, fires of
higher severity have the potential to increase
mortality of small established seedlings. In
this study, after a second entry fire, litter and
duff fuel loading decreased significantly; how-
ever, seedling germination was less abundant
than it was following the first entry fire, and all
seedlings had disappeared by year 2. Rate of
ponderosa pine germination is related to cone
crop size and specific climatic conditions
(Savage et al. 1996) in addition to certain mi-
crosite conditions (Schubert 1974). In this
context, the high rate of mortality that we ob-
served in the smallest seedling height class is
probably not unusual (Schubert 1974), and we
did find that density of established seedlings
(>0.15 m tall) was greater than the threshold
densities required to sustain ponderosa pine
populations following both first and second
entry fires.

Fuel loading. The accumulation of fuels
on the forest floor that has occurred in the
Southwest can be attributed to natural fire ex-
clusion and suppression (Covington and
Moore 1994). A stated objective of prescribed
fire treatments is to decrease this abundance of
dead and down fuels, and the second entry
fires in this study significantly decreased the
total fuel loading. Decreases in the litter and
duff layer accounted for much of the reduction
and were within the range of management ob-
jectives (40% to 60% decrease). Total fuel
mass was still high at 31 Mg ha' immediately
after the second entry fire and 1000 hr fuel
loading was not reduced, thus the fuel loading
objective was only partially met by second en-
try fires (and not met by first entry fires). Ad-
ditionally, the remaining fine and heavy fuels
were enough to support high severity crown
fires (Fulé et al. 1997, 2001).
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Gambel oak. Overstory Gambel oak tree
density, which was low prior to the study, de-
creased after both first and second entry fires.
Large tree mortality was higher following the
second entry fires and may be cause for con-
cern in future fire entries. Large, overstory
Gambel oak provides forage, habitat for wild-
life, and erosion control in watersheds (Harper
et al. 1985). Mast (2003) suggested that one
factor that has caused a decline in larger Gam-
bel oaks in the overall ponderosa pine land-
scape, but not at Zion, is firewood cutting.
Abella and Fulé (2008) suggested that large
Gambel oaks (>15 cm dbh) have sufficient
ecological and aesthetic value to warrant pro-
tection of surviving trees through management
actions. Suggested fire-related management
actions to protect large Gambel oak include
raking around larger stems before burning, and
not burning near clumps that include larger di-
ameter oaks or near the tree bases (Abella and
Ful¢ 2008).

Thickets of midstory Gambel oak, howev-
er, were pervasive throughout the study area.
While we predicted the decline of these trees,
the mortality of most midstory Gambel oak
stems likely stimulated the resprouting of
many smaller oak stems in the understory
(Harrington 1985). This phenomenon was ob-
served in our understory Gambel oak cover
data, which exceeded pre-fire levels by year 10
post fire. Large crown fires in a ponderosa
pine overstory may follow the successional
pathway leading to a Gambel oak shrub field,
which would then be self-perpetuating (Brad-
ley et al. 1992, Savage and Mast 2005). To
prevent Gambel oak encroachment into open
spaces where herbaceous species as well as
ponderosa pine seedlings thrive, Harrington
(1985) recommended burning repeatedly in
mid-summer.

Understory. Historically, frequent, low in-
tensity surface fires maintained an abundant,
diverse ground cover underneath an open pon-
derosa pine overstory (Arnold 1950, Cooper
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1960). Indeed, perennial graminoid abun-
dance is inversely related to the density of
ponderosa pine forest (Pase 1958, Covington
and Moore 1994). In this study, the decrease
in herbaceous cover after both first and second
entry fires is inconsistent with other studies of
restoration treatments in ponderosa pine for-
ests (Covington et al. 1997, Griffis et al. 2001,
Moore et al. 2006). Continuation of long term
monitoring may be necessary due to the dis-
proportionately long response time for some
understory species (Moore et al. 2006, Laugh-
lin et al. 2008). However, given that there was
no change in ponderosa pine overstory density
following either first or second entry fires, it
follows that herbaceous species would not in-
crease without a corresponding decrease in
overstory density. We found that woody shrub
cover decreased along with Gambel oak cover,
but only Gambel oak cover recovered through
time. It is well documented that small stem
Gambel oaks recover rapidly to pre-fire levels
(Harrington 1985, Abella and Fulé 2008).
However, the recommendation of repeated
burning to maintain small stem oaks at low
levels (Harrington 1985) could have implica-
tions for the herbaceous understory that re-
quires a longer post-fire response time
(>10 yr).

Management and Monitoring Implications

Sackett et al. (1994) suggest that pre-
scribed fire alone can be used to thin overly
dense ponderosa pine stands; however, repeat-
ed treatments must be used to replicate the
pre-settlement frequent fire regime. Pre-
scribed fire has been the most frequent treat-
ment option chosen by managers at Zion to
reduce overstory density (USDI NPS 2005).
However, increased forest density and fuel ac-
cumulation due to a century of fire exclusion
mean that objectives related to forest structure
and fuel loads may not be quickly met through
one or even two low intensity prescribed
burns (Stephens et al. 2009). In ponderosa
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pine forests at Zion, stand level fire history re-
constructions estimated mean fire return inter-
vals of 4 yr to 8 yr (Madany and West 1983),
indicating that forests are highly departed
from the historic range of variation in fire fre-
quency following approximately 120 yr of fire
exclusion (Fire Regime Condition Class 3;
Barrett et al. 2010). This highly departed con-
dition is typical of dry, low elevation pondero-
sa pine forests throughout the western US
(USDI GS 2013). Multiple prescribed fires at
short intervals (less than the current mean of
8.9 yr between prescribed fires) or moderate
intensity fires may be necessary to restore
conditions that can then be maintained by oc-
casional low intensity fires that are more typi-
cal of the historical fire regime.

Our results suggest that neither first nor
second entry fires met all management objec-
tives, but second entry fires were more effec-
tive than first entry fires, which failed to meet
any objectives. Continuation of fires in these
areas may enhance the understory by continu-
ing to reduce dead and down fuels, expose
bare mineral soil, and promote herbaceous
growth. We recommend the addition of a
management objective related to increasing
native herbaceous cover as a diverse understo-
ry promotes low intensity surface fires, pro-
vides forage for wildlife, and contributes to
biodiversity (Moore ef al. 2006, Laughlin et
al. 2008). Results from a first entry prescribed
fire often do not meet fuel reduction objec-
tives due to the long history of fire exclusion
and the lack of ladder fuel removal (Cooper
1960, Stephens et al. 2009). The needle cast
post fire leads to a higher fuel loading that a
second entry fire will remove with less post-
fire needle cast. We recommend the use of
multiple fire entries or higher intensity fire to
more effectively achieve a broader array of
objectives. However, these recommendations
are based on a small set of pseudoreplicated
plots and should not be the sole determinant
of whether objectives have been met or if the
original objectives were valid. For example,
Zion has an objective of maintaining large
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(>61 cm dbh) ponderosa pine in the land-
scape. This objective could not be evaluated
because too few large trees were present on
the monitoring plots. Fire managers should
use results from monitoring along with their
expertise in prescribed fire treatment prescrip-
tions, intensity, season, interval, and imple-
mentation, plus any limitations (e.g., policy),
to adjust their prescribed burning program to
better meet objectives.

High quality, long term fire effects data are
an essential component of adaptive manage-
ment on public lands. This data enables man-
agers to evaluate the achievement of pre-
scribed burn objectives and adapt fire manage-
ment activities according to ecosystem re-
sponse. Indeed, this information may become
even more crucial as climate changes in the
coming decades and managers are forced to
move beyond the safety of historic reference
conditions (Stephenson 2014). Unfortunately,
we found that, at Zion, low sample sizes limit
the range of questions that can be addressed
with fire effects data, and strength of any con-
clusions drawn. The NPS-wide fire monitor-
ing handbook establishes protocols for ade-
quate sample sizes, but limited resources at
Zion impeded managers from strictly adhering
to these protocols. Limited sample sizes and
inconsistent data archiving are likely a reality
at many parks, perhaps with the exception of
the largest parks that maintain extensive fire
management and monitoring programs (Fulé
and Laughlin 2007, van Mantgem et al. 2013).
Data at Zion were suitable for identifying short
term trends in responses to the application of
prescribed fire in its most general sense (i.e.,
fire vs. no fire rather than testing specific pre-
scribed fire approaches related to seasonality,
severity, frequency, and ignition pattern) but
failed in providing a minimum level of cer-
tainty on whether long term management ob-
jectives were achieved. The identification of
these short term, non-significant trends may be
adequate to justify continued burning and in-
form some management decisions. However,
managers at Zion and beyond are facing more
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complicated management decisions as they re-
fine their use of fire (Ryan et al. 2013). Ques-
tions pertaining to the use of higher intensity
fire, fire seasonality, and the effects of climate
change would benefit from large sample sizes
suited to more robust statistical analysis.

The addition of new permanent plots is the
most direct solution to improve the utility of
fire effects data. This approach would require
a significant increase in commitment of re-
sources, more than tripling the current number
of monitoring plots to adequately assess long
term fire effects at Zion. Yet money invested
in effective restoration might be well spent,
compared to money spent on reactive fire sup-
pression efforts (North ef al. 2015). In the ab-
sence of funds to establish additional plots,
monitors could take smaller steps that would
increase the value of ongoing data collection.
For example, monitors should ensure that data
on fire weather and fire behavior are collected
in detail on the day of the fire, then digitized
and made readily available for analysis within
the fire effects monitoring software. At a min-
imum, FMH databases should contain explicit
information regarding fire date, National Fire
Danger Rating System (NFDRS) fuel model,
and NFDRS indices. Hard copies of data on
individual fire behavior and fire weather are
supposed to be on file at Zion, but we were un-
able to locate this information. Accurate and
readily available data on fire weather and fire
behavior will be essential if managers are in-
terested in assessing the outcomes of moderate
severity fires. Sample sizes and the strength of
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conclusions can be increased by combining
data across park units (e.g., van Mantgem et
al. 2013). We originally intended to include
similar FMH data from ponderosa pine plots at
Bryce Canyon National Park, but found too
many irregularities in the data to pool them.
Therefore, it is essential that monitoring data
be collected in a consistent manner that facili-
tates analysis across park unit boundaries. A
network of regional fire science consortia have
recently been established with the goal of
identifying and disseminating information be-
tween scientists, practitioners, and managers
(Kocher et al. 2012, www.firescience.gov/
JFSP_exchanges.cfm). This network places
further importance on the collection of high
quality data that can be regularly shared across
administrative boundaries. Finally, data from
prescribed fire effects plots could be supple-
mented with information from managed light-
ning ignitions, either through remotely sensed
images collected pre and post fire, or through
comparison of adjacent burned and unburned
plots.

The federal fire effects monitoring pro-
gram is an important and necessary component
of resource management in the national parks.
However, the future of the fire effects monitor-
ing program is uncertain at Zion and elsewhere
due to budget and staffing cuts (Abendroth et
al. 2014). We hope that, in the long term,
leadership within the NPS will recognize the
importance of this program in supporting well
informed adaptive management.
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Appendix A. Example prescribed burn unit details for a fall and a spring burn at Zion National Park,
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Utah, USA. Data, where available, were extracted from prescribed fire burn reports.

Burn unit:
Size:
Dates:

Ignition pattern:

East Mesa
202 ha

1 May to 3 May 2008

Exterior blacklining with
interior aerial ignitions

Three Finger Mesa
265 ha
22 Oct to 29 Oct 2008

Exterior blacklining with
interior aerial ignitions

Weather conditions

Average 6 m wind speed (km hr', desired) 13to 16 16
Dry bulb temperature

Average maximum (°C) 13 17
Relative humidity

Average minimum (%) 17 14
Flame length

Average minimum (cm) 14

Average maximum (cm) 55

Fuel conditions (desired)

1 hr fuel moisture (%) 6 6
10 hr fuel moisture (%) 6 6
100 hr fuel moisture (%) 10 10
Woody live fuel moisture (%) 70 to 90 70 to 90

Herbaceous live

Dormant or transition

Dormant or transition




