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Abstract

Background: Pacific Northwest USA oak woodlands and savannas are fire-resilient communities dependent on
frequent, low-severity fire to maintain their structure and understory species diversity, and to prevent encroachment
by fire-sensitive competitors. The re-introduction of fire into degraded ecosystems is viewed as essential to their
restoration, yet can be fraught with unintended negative consequences. We examined the response of mature
Oregon white oak (Quercus garryana Douglas ex Hook,; Garry oak) to “first entry” woodland restoration burns
following long fire-free periods.

Results: Thirteen to twenty-five months post burn, topkill of oaks was minimal (3%) and mortality was rare in three
prescribed burns, despite high levels (mean = 92%) of crown scorching, and irrespective of proportional duff
consumption around oak bases (mean = 21%). Percentage of crown scorch volume was the strongest predictor of
oak crown dieback, but response was highly variable, especially when canopy scorch was 280%. Comparison of our
results with FOFEM (First Order Fire Effects Model), a common fire effects model, revealed high model inaccuracy,
likely due to lack of a species-specific equation for prediction of Oregon white oak mortality.

Conclusions: The results of this study indicate that Oregon white oak is highly resistant to mortality in restoration
burns, even following long fire-free intervals. Prescribed fire is not contraindicated in areas with extant mature oaks,
and may promote oak regeneration via basal sprouting.

Keywords: fire effects, FOFEM, oak woodland restoration, post-fire mortality, prescribed fire, Quercus garryana,
resprouting, topkill

Resumen

Antecedentes: L os bosques de roble y sabanas del Pacifico noroeste de los EEUU, son comunidades resilientes al
fuego, dependiendo de fuegos frecuentes de baja severidad que permiten mantener la estructura y diversidad de
especies en el sotobosque, y previenen la invasion de especies sensibles al fuego. La re-introduccion del fuego en
ecosistemas degradados es vista como esencial para su restauracion, aunque puede estar plagada de
consecuencias negativas no previstas. Examinamos la respuesta de rodales maduros de roble blanco de Oregén
(Quercus garryana Douglas ex Hook,; Garry oak) como primer registro de quemas prescriptas de restauracion
posteriores a un largo periodo sin fuegos.
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de los robles via rebrote basal.

Resultados: De trece a veinticinco meses después de la quema, la muerte apical de los robles fue minima (3%) y la
mortalidad fue rara en tres quemas prescriptas, a pesar de los altos niveles (media = 92%) del chamuscado de la
corona, e independientemente de la proporcién del consumo de mantillo alrededor de la base de los troncos de
roble (media = 21%). El porcentaje de chamuscado de la corona fue el predictor mas fuerte de la mortalidad del
roble, aunque la respuesta fue altamente variable, especialmente cuando el chamuscado de la corona fue 280%. La
comparaciéon de nuestros resultados con el FOFEM (Modelo de Efectos del Fuego de Primer Orden), un modelo
comun de efectos del fuego, reveld un alto error del modelo, debido probablemente a la falta de ecuaciones
especie-especificas para la predicciéon de mortalidad del roble blanco de Oregon.

Conclusiones: Los resultados de este estudio indican que el roble blanco de Oregdn es altamente resistente a la

mortalidad en quemas prescriptas, aun luego de grandes intervalos de tiempo libres de fuegos. Las quemas
prescriptas no son contraindicadas en areas con existencias de robles maduros, y pueden promover la regeneracion

Abbreviations

BCC: circumference charred at base

DBH: diameter at breast height

DBHCC: circumference charred at breast height,
FOFEM: First Order Fire Effects Model
HLDO1 and HLDO02: Holden Woods units
JBLM: Joint Base Lewis-McChord

PCVC: percent of crown volume consumed
PCVF: percent crown volume flushing
PCVS: percent crown volume scorched
UWTB and UWTT: Upper Weir units

Background

Frequent fire is a key mechanism for the maintenance of
woodlands and savannas, providing regular disturbance
that protects these unique ecosystems from transition
into forests or shrublands (Bond and van Wilgen 1996;
Bond and Keeley 2005). Due to this characteristic high
fire frequency, fires in these ecosystems are typically of
low severity, preventing encroachment by fire-intolerant
plants while allowing a suite of fire-adapted species to
maintain dominance (Staver et al. 2011a, b). The exclusion
of fire from these systems can have varied unintended con-
sequences, including the invasion of non-native plants and
other species that can transform ecosystems, reduce species
richness, and degrade habitat for dependent wildlife (Agee
1993; Varner et al. 2005; Nowacki and Abrams 2008). As a
result, woodlands and savannas are the focus of restoration
efforts around the world (Hanberry et al. 2017).

An archetypal fire-dependent ecosystem, Oregon
white oak (Quercus garryana Douglas ex Hook.; Garry
oak) woodlands and savannas were sustained for mil-
lennia by indigenous burning and lightning-ignited
fires that favored fire-tolerant oaks and prevented the
encroachment of the rapidly growing native competi-
tor, Douglas-fir (Pseudotsuga menziesii var. menziesii
[Mirb.] Franco) and other woody species (Agee 1993,
1996; Sprenger and Dunwiddie 2011). Once common

across the lowlands of the Pacific Northwestern
United States, oak woodlands, savannas, and associ-
ated prairies have been substantially reduced in both
quality and extent in the years since Euro-American
settlement (Chappell and Crawford 1997; Crawford
and Hall 1997). These critically important plant communi-
ties support an array of rare plants, invertebrates, birds, and
mammals that are absent in adjacent conifer-dominated
forests (Larsen and Morgan 1998; Altman 2011). Further
encroachment by Douglas-fir and other native and non-
native plants now threatens the remaining fragments of oak
woodland and savanna in the region (Schriver et al. 2018).
To help restore Oregon white oak ecosystems, man-
agers have increased their use of prescribed fire to con-
trol woody species, increased bare ground for native
herbaceous plant establishment, and prepared sites for
herbicide application to control non-native forbs and
grasses (Sugihara and Reed 1987; Agee 1996; Tveten and
Fonda 1999; Dennehy et al. 2011; Dunwiddie and Bakker
2011; Engber and Varner 2012; Livingston et al. 2016).
Common practice aims for a fire return interval of 3 to
5 years, approaching historical fire regimes (Hamman et
al. 2011; Sprenger and Dunwiddie 2011). Oregon white
oak is considered a fire-resistant species, employing sur-
vival strategies such as protective bark and adventitious
buds that can quickly resprout following damage in fire
(Agee 1993; Gucker 2007). Despite this, long periods of
fire exclusion increase the risk of unintended conse-
quences in oak woodland restoration burns (Cole 1977;
Taylor and Skinner 2003; Sugihara et al. 2006; Sprenger
and Dunwiddie 2011). Of particular concern are greater
fuel loadings and smaller fuel strata gaps due to woody
plant encroachment, as well as accumulated forest floor
duff (Oe and Oa organic soil horizons) around the
bases of mature oaks. These characteristics of long-
unburned woodlands can increase fire severity in an
ecosystem that is adapted to the low-intensity fire prop-
agated in light, herbaceous fuels and a shorter, sparser
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shrub stratum (Agee 1993, 1996). Managers concerned
about injury to oaks during prescribed fires often at-
tempt to limit fire intensity around mature trees during
burns by reducing surrounding fuels during burn unit
preparation, managing firing techniques, and conduct-
ing burns under moderate weather conditions in order
to maintain short flame lengths (J. Richardson, Fish and
Wildlife Program, Joint Base Lewis-McChord, Wash-
ington, USA, personal communication). These actions
are taken under the presumption that scorching in the
crown will injure or even kill overstory oaks. These
preparations and precautions can present operational
difficulties due to the additional labor required and a
shortened burning season, and often precludes the
treatment of large areas with restoration burns.

Previous studies have found that extensive crown
scorch can cause mortality in a variety of conifer species
(Hood et al. 2018), as well as result in topkill among
some oak species (Babb 1992), but this relationship has
not been well examined for Oregon white oak. Long-
duration smoldering of accumulated basal duff can also
injure or kill trees via cambial injury or harm to fine
roots in long-unburned sites (Swezy and Agee 1991;
Miyanishi and Johnson 2002; Stephens and Finney 2002;
Varner et al. 2005; Varner et al. 2009). These studies,
however, examined below-ground fire effects on conifers
and, to our knowledge, no studies of duff consumption
and its potential causal relationship to tree injury have
been conducted in oak-dominated systems.

To better understand the mechanisms of fire-induced
oak injury and to provide relevant information to man-
agers seeking to limit injury and mortality of oaks during
restoration burns, we examined Oregon white oak re-
sponse to prescribed burning, with specific focus on the
differential and interactive impacts of above- and below-
ground fire on oak vigor. As mortality of oaks is gener-
ally low in prescribed burns (Sugihara and Reed 1987),
we used crown bud kill, as evidenced by crown dieback,
as a metric of oak injury. We asked if either the below-
ground effect of duff consumption, the above-ground
fire effects (such as crown scorch), or a combination of
effects influenced crown dieback. Additionally, as mor-
tality models are commonly used by managers for plan-
ning prescribed burns and predicting the impacts of
wildfires, we chose to evaluate the applicability of the
First Order Fire Effects Model (FOFEM 6.4; Keane and
Lutes 2017) in Oregon white oak woodlands. The mor-
tality algorithms employed by the program were largely
developed for conifer species, and its utility in Western
oak ecosystems has not been thoroughly examined.
Using our dataset for validation, we examined the
model’s ability to accurately predict mortality of oaks in
our studied stands. This work has direct implications for
fire management in the region, and perhaps more widely
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in oak woodlands where prescribed fire is employed for
ecosystem restoration.

Methods

Study area

Study sites were located on Joint Base Lewis-McChord
(JBLM), a 34 802 ha military installation located in Thur-
ston and Pierce counties, Washington, USA. The military
base contains some of the largest and most intact prairie
and oak woodland habitats in the western United States
(Regan and Agee 2004), and maintains an active ecological
prescribed fire program, treating approximately 750 ha an-
nually (J. Richardson, personal communication) The dom-
inant soil in the oak woodland sites is Spanaway gravelly
sandy loam, a typical glacial outwash soil of the region
(Zulauf 1979). Topography is flat to undulating, with an
average elevation of 90 m above sea level (Thysell and
Carey 2001). Climate in this region is mediterranean, with
warm, dry summers (summer high temperatures average
25 °C), and cool, wet winters. Annual precipitation aver-
ages 997 mm, most of which falls between the months of
October and May (Pringle 1990). During two of the five
years preceding prescribed burns (2011 and 2013), pre-
cipitation in the area was recorded at below-normal levels,
although neither of these were drought years (Western
Regional Climate Center 2019).

Pre-burn field data collection

Four burn units were selected for measurement in two
non-adjacent areas on the military installation. Two
units were located in Holden Woods, close to the center
of the installation (47.0591, -122.5099). The Holden
Woods units, HLDO1 and HLDO02, were 8.9 ha and 6.9
ha in area, respectively, with a mixed herbaceous under-
story dominated by long-stolon sedge (Carex inops L.H.
Bailey) and exotic grasses and forbs; approximately one
third of each site was covered with a mix of snowberry
(Symphoricarpos albus [L.] S.F. Blake) and low Oregon-
grape (Mahonia nervosa [Pursh] Nutt.). The most recent
records of burning at this site date to a likely pile burn
approximately 15 years prior to the study. Two add-
itional burn units, adjacent but with distinct vegetation,
were selected in the Upper Weir Prairies, near the town
of Rainier, Washington (46.9165, —-122.7094; UWTT and
UWTB). The 2.8 ha UWTT unit was last burned in
2014, and had an herbaceous understory comprised
largely of non-native perennial grasses (Agrostis capillaris
L., Arrhenatherum elatius [L.] P. Beauv. ex J. Presl & C.
Presl, and Dactylis glomerata L.), with few shrubs. UWTB,
which was 2 ha in area, had not burned in several decades,
and had a shrub-dominated understory. A short, west-
facing slope connected the two units. Dominant shrubs in
both sites were Scotch broom (Cytisus scoparius [L.]
Link), snowberry, and Himalayan blackberry (Rubus
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armeniacus Focke). Similar fuels reduction and non-
native species control treatments had been conducted re-
cently in all burn units prior to our study. These treat-
ments largely took the form of brush-cutting of mature
Scotch broom throughout each unit, and served to reduce,
but not eliminate, this invasive shrub from these sites (T.
Zuchowski, Fish and Wildlife Program, Joint Base Lewis-
McChord, Washington, USA, personal communication).
All units had an Oregon white oak overstory and wood-
land structure, with the exception of UWTT (where most
conifers had been previously removed), and had scattered
conifers present. Douglas-fir was a minor component in
both UWTB and the Holden Woods units, with the
latter also containing large ponderosa pine (Pinus
ponderosa Douglas ex C. Lawson).

Prior to each burn, we randomly selected approxi-
mately 50 oaks per burn unit (# = 201) that were at least
5 cm in diameter at 137 ¢cm from ground level (DBH).
Mean DBH in both Upper Weir units was 23 c¢m, while
mean DBH in the Holden Woods units was 18.7 cm. We
recorded each tree’s location, DBH, height, crown base
height, and extent of any prior scarring. To facilitate post-
burn proportional duff consumption measurement, we
inserted eight metal welding rods around the base of each
tree 10 cm from the bole at cardinal and ordinal points.
These rods were driven into mineral soil, and then cut to
be flush with the upper surface of the duff.

Fuel moisture collections were made approximately
one hour prior to ignition in each unit. Samples con-
sisted of 1- and 10-hour time lag woody fuels (dead
wood less than 0.64 cm and 2.54 ¢cm in diameter, respect-
ively), live shrub foliage, live grasses, oak litter, and duff
(combining Oe and Oa horizons from the bases of nearby
unsampled oaks). Samples were sealed in polyethylene
bags and transported to the laboratory for analyses. Each
fuel sample was weighed wet and then oven-dried for 72
hours at 60 °C, when no further weight loss occurred.
Final dry weights were used to calculate mean gravimetric
moisture content for each fuel type (Additional file 1).

Day-of-burn fire conditions

Burns took place during the summer dry season: both
Upper Weir units and HLDO1 were burned in August
2016, while HLDO02 was burned in September 2017 (Add-
itional file 2). Ambient air temperatures during burns
were moderate, ranging from 18 to 28 °C, while relative
humidity (Rh) ranged from a high of 56% to a low of 32%.
Winds were generally light, averaging less than 5 km hr?,
with maximum gusts briefly reaching 13.7 km hr™" during
burns in the Upper Weir units. Flame lengths (based on
ocular estimates of trained personnel) were generally low
in all units, ranging from 0.3 m in backing fires, to a max-
imum of 3 m in head fires. Rates of spread (measured by
taking the average time required for flame fronts to cross
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Table 1 Field measurements used in analyses of prescribed fire
effects on Q. garryana at Joint Base Lewis-McChord,
Washington, USA, 2016 to 2018

Pre burn

Post burn

Tree characteristic predictors Above-ground predictors

Height Bole char height

Diameter at breast Bole char at base (BCC)

height (DBH)
Crown base height Bole char at DBH (DBHCC)
Prior scarring Percent crown volume scorched (PCVS)
Percent crown volume consumed (PCVC)

Percent crown volume flushing (PCVF)

Below-ground predictors
Proportional duff consumption
Response metric

Crown dieback (%)

known distances) ranged from 0.01 m sec™' in backing
fires to 0.13 m sec™' in head fires. All units were ignited
using strip head-firing techniques (Martin and Dell 1978).

Post-burn field data collection

Initial fire effects on selected oaks in each unit were mea-
sured approximately two weeks after burns (Table 1). For
each tree, we recorded the following above-ground met-
rics: maximum height of charring on the bole (cm), per-
cent circumference charred at the base (BCC) and at 137
cm (DBHCC), percent of crown volume scorched (PCVS),
and percent of crown volume consumed (PCVC), following
methods employed by Kobziar et al. (2006). Foliage was
considered scorched if leaves were brown and wilted within
two weeks of each burn (measurements of crown scorch
were taken before seasonal leaf fall), and consumed if leaves
were blackened or consumed in the fire. To assess effects
of below-ground (smoldering) fire on measured trees, we
measured depth of the pre-burn duff and depth of duff con-
sumed at each welding rod location where consumption
had occurred. We then used these measurements to calcu-
late mean proportional duff consumption for each tree.

We examined quantity of late-season foliage produc-
tion in oak crowns three months post burn (late October
to early November 2016), measured as proportion of
crown volume flushing (PCVF). These data were not
collected in the HLDO2 unit due to the late-season tim-
ing of the burn.

To assess Oregon white oak response to measured fire
effects, we measured crown dieback as the proportion of
the crown volume not producing leaves (assumed bud
kill) nine months post burn (May 2017 for Upper Weir
units and HLDO1, July 2018 for HLDO02); trees with no
visible spring bud break were considered topkilled. All
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measured trees were re-evaluated in September of 2018
to assess their status (live, topkilled, dead) 25 months
(for Upper Weir units and HLDO1) and 13 months (for
HLDO02) post burn.

Data analysis

All analyses were conducted using R version 3.3.2 (R
Core Team 2016), and used pre- and post-burn data
pooled from all measured trees, regardless of unit loca-
tion. To test for spatial autocorrelation in response data
that could be related to tree location, trees were grouped
by location on the landscape, and Mantel tests were con-
ducted on each of these groups using the vegan package
(Mantel 1967; Oksanen et al. 2018). For each location, a
distance matrix of response variables (fire effects) was
compared to a distance matrix created from spatial coor-
dinates for each tree location. Spatial coordinates were
standardized by subtracting the minimum value from both
latitude and longitude values before analysis, and response
variables not already in proportional form were relativized
by their maximum values in order to give each equal
weight in the analysis. Euclidean distance calculations
were used to create both dissimilarity matrices. Mantel
tests yielded low correlations and non-significant results
for both Holden Woods (P = 0.995) and the Upper Weir
sites (P = 0.861). This allowed the remainder of the ana-
lyses to continue without the need to add additional terms
to models in order to account for the effect of tree loca-
tion within a unit.

Both above- and below-ground fire effects were evalu-
ated for their contribution to crown injury. As collinearity
existed between predictor variables related to tree size
(DBH, height, and crown base height), a Principal Compo-
nents Analysis (PCA) of these metrics was conducted
using the prcomp function in the stats package in R. A
vector of scores from the first axis of the PCA (comprising
70% of the variation in the data) was created for inclusion
in modeling efforts. Linear modeling was used to evaluate
the impacts of above- and below-ground fire effects on
crown dieback observed in Oregon white oak crowns. All
measured fire effects variables (bole char height, BCC,
DBHCC, PCVS, proportional duff consumption), the vari-
able created to represent tree size, and late-season flushing
were modeled against crown dieback using stepwise re-
gression (using the stepAIC function in the MASS pack-
age) in order to determine which effects were significantly
correlated with post-fire crown dieback. A threshold sig-
nificance value of 0.05 was used, and terms in the model
were evaluated using Akaike information criterion (AIC),
root mean square error (RMSE), and R* values to deter-
mine their effect in improving model accuracy. Differ-
ences in diameter between topkilled versus non-topkilled
trees and the effects of prior scarring were evaluated using
two-sample t-tests.
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Comparison with fire effects model

In order to evaluate the effectiveness of current fire ef-
fects models at predicting mortality in Oregon white
oak, we entered metrics collected or derived from our
stand data (DBH, height, crown ratio, and scorch height)
into the First Order Fire Effects Model (FOFEM) soft-
ware. We then generated predicted mortality levels for
each of our studied units, and compared these modeled
predictions with observed oak responses, measured nine
months post burn.

Results
The majority of recorded fire effects were variable across
the four oak woodland prescribed burn units, even be-
tween adjacent Upper Weir sites (Table 2). Scorching of
oak crowns was common in all three burn units, with
more than 92% of trees experiencing some level of scorch;
of these, mean quantity of scorch was 63% of crown vol-
ume. Ten percent of trees experienced some consumption
of crown foliage, with only two of those having more than
10% of their crown consumed. Due to the rarity of this
phenomenon, crown consumption was discarded from
further analyses. Seventy-seven percent of trees had their
boles charred in the burns; mean char height across all
three units was 53.3 cm. The UWTT unit had lower
values for char height along the bole and at the base of
trees, as well as quantity and proportion of duff consump-
tion. Duff consumption averaged 21% across sites.
Late-season oak bud burst was minimal, with a mean
of 10.1% crown volume producing fall foliage across
sites, and only 23% of trees exhibiting this response.
Quantity of scorching was related to late-season bud
burst, with flushing oaks having experienced higher vol-
umes of scorch (P = 0.011), but the effect size was small
(model coefficient = 0.16). Fall leaf flush did not occur

Table 2 Fire effects on measured Q. garryana in four burn units
at Joint Base Lewis-McChord, Washington, USA, 2016 to 2018.
Means are given, with standard deviations in parentheses.
Missing data denoted by dashes. UWTT = Upper Weir Trenches
unit T, UWTB = Upper Weir Trenches unit B, HLDO1 = Holden
Woods unit 1, HLD02 = Holden Woods unit 2, BCC = Bold char
at base, DBHCC = bole char at breast height

UWTT UWTB HLDO1 HLDO02

Bole char height (cm) 288 (37.6) 916 (108.8) 54.7 (48.8) 38.1 (744)
BCC (%) 19.7 (26.2) 503 (31.8) 70.02 (33.88) 25.8 (36.5)
DBHCC (%) 2.0 (8.33) 158 (256) 7 (17.6) 6 (19)
Crown scorch (%) 66.1 (364) 673 (403) 690 (32.3) 492 (41.6)
Duff consumed (cm) 3 (0.6) 6 (1.5) 3(28) 6(1.2)
Duff consumed (%) 1(166) 285228 374 (315) 4(17.2)
Crown dieback (%) 260 (31.7) 336(307) 298(314)  21.9(259)
Fall sprouting (%) 100 (23.7) 113 (22.8) 2 (21.7) -
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in oaks that had less than 60% of their crowns scorched
in burns.

Nine months following the four prescribed burns at
JBLM, only 14 of tagged Oregon white oaks (7%) were top-
killed, and mean crown dieback values were less than 30%
of crown volume (Table 2). Smaller-diameter oaks were
topkilled more readily than larger trees: topkilled trees had
a mean DBH of 11.3 ¢m, mean DBH of trees with live
above-ground vegetation was 21.6 cm (Fig. 1, P = 0.0001).
Of all measured fire effects, crown scorching was the
strongest single predictor of crown dieback (P < 0.0001, R*
= 0.38). Oak crown dieback was minimal below 80% vol-
ume scorched, ranging from 0 to 40% with a mean value of
9.8% (Fig. 2). While topkill only occurred when entire oak
crowns were scorched, high levels of scorching had widely
variable effects on oak dieback (ranging from 0 to 100%).
Tree size mitigated the effect of total crown scorch, al-
though this phenomenon did not explain a large portion of
the variation in response (Fig. 3). Stepwise multiple linear
regression comparing crown dieback with all measured fire
effects resulted in the strongest model including the fol-
lowing predictors: scorch volume, charring at DBH, tree
size, and the interaction of tree size and scorch volume
(Table 3; P < 0.0001). Higher levels of crown scorching and
bole charring at DBH were correlated with increased

50
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20 40
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Fig. 1 Diameter distributions of living, dead, and topkilled oaks (a)
nine months and (b) 15 and 25 months (May 2017, May 2018, and
September 2018, respectively) following prescribed burns at Joint
Base Lewis-McChord, Washington, USA
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dieback (model coefficients 0.36 and 0.24, respectively),
while the interaction of tree size and scorch mitigated this
relationship, with a negative influence on magnitude of die-
back (model coefficient = -0.13). No collinearity existed
between any of the modeled above-ground fire effects.
Below-ground fire effects (proportional duff consumption)
were not correlated with crown dieback (P = 0.1). As ex-
pected, greater duff depths were correlated with increased
duff consumption (P < 0.0001, R? = 0.59). Trees with scars
on the tree bole had greater mean volumes of subsequent
dieback (19.3% for unscarred trees versus 31.7% for scarred
trees, P = 0.006).

While the principal stems of 14 trees appeared dead in
the spring following burns, subsequent surveys demon-
strated that none of these trees were completely killed.
Twenty-five months following the 2016 burns, 57%
percent of trees formerly deemed dead (n = 8) had
begun to reestablish crown foliage via epicormic sprout-
ing, and the remainder were basally sprouting from the
root crown (Fig. 4). One tree that had live foliage nine
months following prescribed burning died prior to re-
measurement. No changes were recorded 15 months fol-
lowing the burn conducted in the HLDO02 unit.

Our results differed substantially from stand mortality
predictions produced by the FOFEM software (Table 4),
even when allowing for topkill as a substitute for actual
mortality. Using our stand metrics and observed fire ef-
fects, model outputs predicted high levels of mortality
for all experimental units, with a mean of 64% predicted
oak mortality for all stands, in contrast to the 3% topkill
we observed 25 months following burns. Mean diameter
of killed trees was predicted to be 19.2 c¢cm, while mea-
sured DBH of trees topkilled 25 months following
prescribed burns had a mean of only 12.7 c¢cm, and only
two oaks above 18.3 cm DBH were topkilled 25 months
following burns (Fig. 2).

Discussion
Various mechanisms control woody plant responses to
fire, with the maintenance of latent bud reserves and
non-structural carbohydrate storage acting as effective
methods of survival in fire-prone ecosystems (Clarke et al.
2013; Pausas and Keeley 2014). Our results demonstrate
Oregon white oaks’ high fire resilience, utilizing strategies
of both fire-resisters (protective bark, heat-tolerant buds)
and endurers (epicormic and basal sprouting) (Rowe
1983). The characteristic low severity of prescribed fires
creates difficulty in modelling mortality for fire-tolerant
species under this management regime, as Oregon white
oaks are rarely killed in these treatments (Sugihara and
Reed 1987).

Depending on management objectives, topkill and
excessive crown dieback of mature oaks may be consid-
ered undesirable if the goal is to preserve an intact oak
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Fig. 2 Q. garryana crown dieback nine months following burns (May 2017 and 2018) as related to quantity of crown volume scorched in
prescribed burns at Joint Base Lewis-McChord, Washington, USA. While response was highly variable, substantial crown injury was only observed
above a threshold of 80% scorch (shaded area). Topkill of trees was not observed when complete (100%) crown scorch did not occur

canopy. However, in many sites, fire exclusion has
caused former open woodlands to increase in density,
with resultant impacts on understory flora (Hosten et al.
2006; Livingston et al. 2016; Hanberry et al. 2017). In
these situations, fire-induced topkill may serve to thin
dense stands as well as to provide snags and downed
wood, critical habitat elements for many native bird and
wildlife species (Vesely and Tucker 2004; Hanberry et al.
2017). Regardless of managers’ goals, the difficulty in
predicting oak response following prescribed burns
makes the crafting of burn prescriptions challenging
using current decision support tools.

Not all fire effects contributed equally to dieback in
oak crowns. Charring at DBH was a contributor to our
final model, but as neither of the other bark char vari-
ables was significant, char height may simply be an indi-
cator of substantial heat reaching the crown, and not a
sign of underlying cambial damage (Hood et al. 2018).
Trees with greater quantities of crown scorch were more
likely to experience dieback the following spring, while
tree size was a mitigating factor in the model. Larger
oaks appeared to be better able to withstand a high level
of scorching, likely due to the differential between the
minimum temperatures necessary to kill leaves versus

100

751

50+

254

Crown dieback (%)

R?=0.24
P> 0.0001

height represents 95% confidence interval

10
Height (m)
Fig. 3 Initial crown dieback of Q. garryana that experienced 100% crown scorch in 2016 and 2017 prescribed burns at Joint Base Lewis-McChord,
Washington, USA. Points are sized relative to tree diameter (DBH). Shaded area around linear regression line (blue) of crown dieback by tree
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Table 3 Summary of multiple linear regression model fits of Q. garryana crown dieback nine months after burns, May 2016 and
2018, at Joint Base Lewis-McChord, Washington, USA. PCVS = percent crown volume scorched, DBHCC = bole char at breast height,

BCC = bole char at base, PCVSP = percent crown volume sprouting

Evaluation criteria

Model predictors RMSE R’ A AIC
PCVS+DBHCC+tree size+PCVS*tree size (final model) 19.7 0.57

PCVS+DBHCCH+tree size 20.7 0.52 18
PCVS+DBHCC+PCVSP-+ree size 206 053 17
PCVS+DBHCC+Duff consumed (%)+PCVSP+tree size 205 0.53 18
PCVS+DBHCC+BCC+Duff consumed (%)+PCVSP-+tree size 20.5 0.54 18
PCVS+Bole char height+DBHCC+BCC+Duff consumed (%)+PCVSP+tree size 20.5 0.54 20

those temperatures that must be attained so that buds
are damaged (Peter et al. 2011). Taller trees are pro-
tected from heating in aerial buds via attainment of
escape height (Higgins et al. 2000; Bond 2008; Burrows
et al. 2008), while the buds of smaller oaks are likely to
be subjected to the greater heating that is linked to sub-
stantial bud damage (Peter et al. 2009, 2011). Addition-
ally, increased diameter generally indicates greater bark
thickness, which can offer protection from lethal heating
to the underlying cambium (van Mantgem and Schwartz
2003; Clarke et al. 2013). It is also possible that, due to
their increased carbohydrate reserves, mature oak trees
have greater capacity to replace damaged tissues (Malanson
and Trabaud 1988; Niemiec et al. 1995), although the rela-
tionship between ontogeny and resprouting ability varies
among species (Bond and van Wilgen 1996; Vesk 2006).
Similar correlations between tree size and crown injury
have been documented in other prescribed fire studies
(Ryan and Reinhardt 1988; Kobziar et al. 2006).

Scorching, our strongest predictor of crown injury, has
been found to increase the probability of mortality in
studies of conifer species (Ryan and Reinhardt 1988;
Kobziar et al. 2006; Hood et al. 2010; Hood et al. 2018),
but has not been well studied in oaks. Oregon white oak
tolerance to crown scorching is commonly assumed to
be high, but few studies have established this with cer-
tainty. Several authors have examined prescribed fire
effects on Oregon white oak regeneration (Tveten and
Fonda 1999; Regan and Agee 2004), and one of these
measured crown scorch in trees (Regan and Agee 2004),
but did not attempt to relate this effect to oak injury. Peter
et al. (2009) found buds of Oregon white oaks to be highly
resistant to heating, suffering very low bud mortality at
even the highest treatment level (133 seconds of heating
at 60 °C, a threshold temperature commonly associated
with plant tissue mortality). Thus, visible scorching of
leaves in the crown may not indicate subsequent bud
death with any certainty (as in Peter et al. 2011). If this is
the case, it might explain the highly variable dieback
response at higher levels of crown scorching that we
observed (Fig. 2). If scorching in oak crowns does not

have a direct relationship with bud mortality, it may
be of limited value as a field assessment of post-fire
injury in highly fire-resistant species such as Oregon
white oak. Additionally, the wide variation in crown
dieback may indicate that managers’ efforts to protect
oaks from crown scorching may not be warranted, es-
pecially for mature trees.

While we were unable to precisely predict post-fire
oak crown injury based on effects of understory burns,
there were some clear thresholds of tree response. Post-
fire crown sprouting did not occur below scorch vol-
umes of 60%, and more than 80% scorch was necessary
for substantial (50% or greater) crown dieback to occur.
These results imply the existence of a high tolerance of
Oregon white oaks to fire-induced injury, only beyond
which will a response be observable in impacted trees. It
appears that substantial injury must occur before imbal-
ances are created in the hormones that regulate plant
growth such that a sprouting response is provoked in ad-
ventitious buds (Anderson et al. 2001; Pyke et al. 2010).
Correspondingly, bud death is also unlikely unless a tree is
subjected to heat sufficient to scorch the entire crown.

The connection between basal duff consumption and
oak vigor is less clear. One potential consequence of duff
consumption for oak vigor is injury to fine roots due to
heating as duff smolders following the passage of a flame
front (Swezy and Agee 1991; Varner et al. 2009). Despite
a number of trees experiencing considerable propor-
tional duff consumption, we found no apparent negative
impacts on oak vigor within two years of prescribed
burns. Similarly, while Kobziar and others (Kobziar et al.
2006) found that basal charring was a significant pre-
dictor of California black oak (Q. kelloggii Newberry) mor-
tality following prescribed burns, they concluded that duff
consumption did not predict oak mortality eight months
after burning. It is possible, however, that negative effects
of duff consumption may be revealed over a longer time
period than that covered by either our study or Kobziar et
al. (2006) (Ryan and Reinhardt 1988; Agee 2003). Injury to
fine roots, and the resulting reduction in water absorption
and holding capacity, may only be detrimental if trees are
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Fig. 4 Differing oak response to high levels of crown scorch: all depicted trees appeared topkilled nine months following prescribed burns at
Joint Base Lewis-McChord, Washington, USA. Twenty-five months following burns (May 2018 for 2016 burn units), more than 50% had
reestablished live foliage in their crowns. Those that did not appeared to be more susceptible to topkill due to (a) small stature, (b) heavy
scarring, or (c) previous injury. The remainder (d) had replaced substantial crown volumes upon remeasurement. Photos by D. Nemens

severely drought-stressed prior to burning, which was
likely not the case in this study, or following burning,
which has yet to be observed.

Another possible reason for this null result is that few
fine roots were located in or close to the duff layer
around the bases of studied trees. While Oregon white

oak is generally considered to be a deep-rooted species
with a long tap root, Devine and Harrington (2005)
found that, in the coarse-textured glacial outwash soils
of JBLM, the majority of fine lateral roots were located
within the top 40 cm of the mineral soil profile. We did
not examine fine oak roots embedded in duff prior to
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Table 4 Comparison of measured fire effects at Joint Base Lewis-
McChord, Washington, USA (2016 to 2018), with First Order Fire
Effects Model predictions. For the purposes of comparison, topkill
is equated with mortality as predicted in the model. n/a = no tree
mortality was observed in the unit. DBH = diameter at breast
height, FOFEM = First Order Fire Effects Model, UWTT = Upper
Weir Trenches unit T, UWTB = Upper Weir Trenches unit B, HLDO1
= Holden Woods unit 1, HLD02 = Holden Woods unit 2

Mean DBH of killed trees (cm)

Tree mortality (%)

Observed ~ FOFEM modeled ~ Observed =~ FOFEM modeled
UWTT  n/a 85 0 58
UWTB  n/a 7.7 0 66
HLDO1 136 6.8 10 67
HLDO2 108 7.2 4 66

burns; the quantity of fine roots underlying duff in the
surficial mineral soil, and the amount of heating that
occurred at these depths during burns, is not known. To
our knowledge, no research in Oregon white oak has
measured root ingrowth into deep organic duff, as has
been recorded in other long-unburned ecosystems
(Swezy and Agee 1991; O’Brien et al. 2010). While our
results indicated that, as in other systems, duff con-
sumption in Oregon white oak woodlands was greater
with deeper duff depths (Frandsen 1987; Hungerford
et al. 1995; Kreye et al. 2017), greater duff accumula-
tion in long-unburned stands does not necessarily
confer greater risk to mature oaks in restoration
burns.

Post-fire bud burst is a commonly observed but little
understood phenomenon in Oregon white oaks. Similar
to our observations, other researchers have documented
a late-season flush of crown foliage following burns in
Oregon white oaks (Peter et al. 2011). When injured,
oaks are capable of sprouting both from the crown and
base of the tree (Fry 2002; Gucker 2007). While post-fire
sprouting is a common mechanism for regeneration fol-
lowing disturbance, this additional expenditure of carbo-
hydrates at the end of the growing season may diminish
reserves available for crown repair in the spring follow-
ing low-intensity surface fire, and thus reduce spring leaf
production. Conversely, there might be a net gain for
the tree if these new leaves are able to generate excess
carbohydrates, which may be readily available the follow-
ing spring. We did not observe an effect, either positive
or negative, of late-season foliage production on oak
vigor within two seasons of the prescribed burns in this
study. To our knowledge, this phenomenon has been lit-
tle studied, and the impact of fall bud burst on oak vigor
and spring leafing response is unknown.

Similarly, we were unable to find studies documenting
or attempting to explain the delayed crown recovery that
we observed two years following burns in a few
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previously leafless trees. It is possible that the epicormic
growth that occurred took some time to develop due to
resprouting tissues having to penetrate thick branch bark
(D. Peter, USDA Forest Service Pacific Northwest
Research Station, Olympia, Washington, USA, personal
communication). Epicormic resprouting from the crown
is common in angiosperms, but bud primordia may be
located more deeply underneath bark in some species
compared to others (Clarke et al. 2013). It is likely that
meristematic tissues are deeply buried in Oregon white
oak bark, in order to confer greater protection from
heating in the canopy (van Mantgem and Schwartz
2003; Bond 2008; Burrows et al. 2008; Clarke et al.
2013), but the tradeoff for this protection may be a delay
or even failure of epicormic resprouting following crown
injury (Johnson et al. 2009).

The results of mortality modeling using the FOFEM
program deviated substantially from our observed results,
with predicted mortality an order of magnitude greater
than observed topkill (Table 4). As the algorithm used in
this model is not based on data from Oregon white oak
mortality studies, but instead a general, non-species-
specific equation derived from studies of conifer fire re-
sponse, this is not an unexpected finding (Ryan and
Amman 1994; Keane and Lutes 2017). The magnitude of
the prediction error, however, is considerable, and demon-
strates the need for more accurate fire effects models for
use in oak-dominated ecosystems. Of particular note are
the variables upon which the FOFEM model relies in
order to predict mortality—in the case of Q. garryana,
bark thickness (which is in turn derived from DBH) and
proportional crown scorch. Both of these metrics present
issues for the modeling of mortality, and may constitute
large sources of error, leading to the significant departure
from our observations in the field. The fire effects model
documentation indicates that the relationship between
DBH and bark thickness is assumed to be linear: while a
common simplification, this is rarely the case, and has not
been established for Oregon white oak (Jackson et al.
1999). Other studies have found that these models can
underpredict bark thickness, potentially leading to over-
estimation of mortality in fires (Zeibig-Kichas et al. 2016;
Kane et al. 2017). Moreover, FOFEM employs a common
bark thickness coefficient for all oak species, an assump-
tion that likely adds considerable error to the model. Is-
sues with the poor predictive ability of crown scorch for
oak topkill, outlined above, likely contributed to the over-
prediction of mortality by using an algorithm that relies
on a strong correlation between these two variables. The
inaccuracy of the Ryan-Amman model when applied to
oaks has been documented in other studies, and, while
our data indicate that predicting mortality, or even topkill,
is difficult for this species, incorporating a species-specific
model into the FOFEM program would nevertheless
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greatly improve its predictive ability (Hood et al. 2010;
Kane et al. 2017).

Their high level of resistance and resilience to fire,
coupled with great variability in post-fire response, make
Oregon white oak mortality and topkill prediction chal-
lenging. This is particularly the case in short-duration
studies such as this one, as the manifestation of post-fire
tree injury is often delayed (Ryan and Reinhardt 1988;
Agee 2003). However, Oregon white oak mortality is
uncommon following understory burns (Thysell and
Carey 2001; Regan and Agee 2004), indicating that, while
substantial injury to mature Oregon white oaks is possible,
the risk of mortality is quite low. Our results hint at the
existence of other factors (such as tree age or pre-burn
vigor), unmeasured in this study, that may influence out-
comes for oaks in restoration fires. Additional studies, in-
cluding long-term monitoring, may clarify the relationship
between fire effects and oak injury in prescribed burns.

Conclusions

While many studies have been conducted in long-
unburned conifer-dominated systems (Hood et al. 2018),
to our knowledge this is the first study to compare both
above- and below-ground fire effects of restoration
burns in Oregon white oak woodlands. While this re-
search is intended to be followed by long-term monitor-
ing of studied stands, the preliminary results presented
here may help to guide management decisions in the
near future. The remarkable resilience of fire-excluded
Oregon white oak demonstrated in this study indicates
that extraordinary precaution on the part of managers
reintroducing fire into these systems may not be war-
ranted; however, continued monitoring to evaluate
longer-term impacts, as well as impacts from more
burns under a greater range of conditions, will be neces-
sary to establish this with more certainty.
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