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ABSTRACT
Purpose of the Study: Understanding impacts of invasive pathogens and wildfire on
forests is a major challenge facing scientists, land managers, and policymakers. In this
study, I used a long-term plot network in eastern Sonoma County to disentangle the
interactions among an exotic pathogen (Phytophthora ramorum), fire fuels loads and
climate in oak woodlands. I investigated the interactions among: 1) sudden oak death
(SOD) inoculum loads, disease prevalence and pre-fire surface and ladder fuel loads, 2)
surface and ladder fuel loads and canopy condition, and 3) canopy condition and post-fire
surface and ladder fuel loads.

Procedure: From 2004-2016, measurements of disease prevalence, tree growth, tree
mortality and tree survival were collected for the three most abundant SOD host tree
species: coast live oak (Quercus agrifolia), California black oak (Quercus kelloggii), and
California bay laurel (Umbellularia californica). In 2014, surface fire fuel loads were
quantified, and airborne Lidar data were collected. Elevation, slope, average potential
solar insolation, and topographic moisture index, and climate water deficit were also
calculated for these plots to determine the interactions of microclimate and topography on
pre-fire fuel loads. In 2019, I recorded tree mortality and survival of these same species
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and quantified surface and ladder fuel loads across 33 plots (15 x 15 m) with a range of
burn severity following the 2017 LNU Complex Fires. To analyze the interactions among
abiotic and biotic factors over time I created a hypothesized pathway to describe potential
direct and indirect effects of oak mortality, disease load, microclimate, topography,
climatic water deficit, pre-fire fuel loads, and canopy condition on post-fire fuel loads. I
tested this pathway using a path analysis.

Findings: I found that P. ramorum disease load had no effects on pre-fire fuel loading.
However, oak mortality in 2014, indirectly affected by P. ramorum disease load,
significantly increased the amount of large surface fuels, and decreased ladder fuels. Plot
elevation and maximum temperature also had a positive correlation with pre-fire ladder
fuel amounts. Pre-fire ladder fuels, in concert with drought intensity and slope interacted
to effect canopy condition post-fire (in particular, percent canopy damage). Percent
canopy damage was greater in less sloped plots with greater amounts of ladder fuels and
increased drought severity. Pre-fire ladder fuels also had a significant direct effect on
post-fire ladder fuels, whereas increased amounts of post-fire ladder fuels were observed
in less-sloped plots with greater amounts of pre-fire ladder fuels and more percent canopy
damage. Surprisingly, plots with increased fire severity due to increased fuels had
increased re-sprouts and re-growth of U. californica trees immediately following fire.

Conclusions: Current management practices in oak-woodlands include the removal of U.
californica in the presence of oaks to reduce the potential P. ramorum inoculum load. My
results support this practice, as SOD indirectly increases fire fuel loads, which may in
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turn increase both the future susceptibility of the ecosystem to fire and the severity of
these future wildfires.
MS Program: Biology
Sonoma State University

Date: May 7, 2020
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1. Introduction
Human-caused climate change has resulted in increased global temperatures
leading to widespread risks related to health and safety. Over the last few decades,
cumulative wildfire impacts have increased, potentially due to the accumulation of fuel
loads and exacerbated global climate change impacts (Westerling et al. 2006). In
California, severe drought and above average temperatures have increased tree mortality,
wildfire severity and wildfire frequency (Westerling et al. 2006, Jolly et al. 2015).
Importantly, wildfires can have extreme economic impacts as well; the National
Interagency Coordination Center estimated that the 2017 Central Lake Napa Unit (LNU)
Complex Fires cost $102 million for suppression and $10 billion in insurance claims,
with the total economic impact calculated to be around $85 billion (National Interagency
Coordination Center, Nauslar et al. 2018).
In addition to wildfire, invasive forest pathogens affect forest structure and
community composition. The emerging infectious forest disease, sudden oak death
(SOD), caused by the generalist water mold pathogen Phytophthora ramorum, is an
example of a destructive biological invasion that has resulted in extensive tree mortality
in coastal California forests (Garbelotto et al. 2001, Rizzo et al. 2002). Phytophthora
ramorum infects over 40 plant genera and its symptoms are expressed in two distinct
forms: non-lethal foliar and twig infections that produce large amounts of spores for
dispersal; and canker infections that may lead to tree mortality but do not produce spores
(Rizzo and Garbelotto 2003).
SOD has 4 phases of terminal host infection, which are not always sequential;
Phase 1 where individual trees are infected and crowns begin to yellow and decrease in
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density, Phase 2 where trees die but remain standing increasing ladder (dead stems) and
canopy (attached dead leaves) fuels, Phase 3 where leaves fall off the trees increasing
fine surface fuels, and finally Phase 4 where structural failure of branches, limbs and
entire stems occurs increasing coarse woody surface fuels (Kuljian and Varner 2010). In
Sonoma County, there has been twice as much new tree mortality from SOD than in other
counties in California (UCCE Sonoma County).
Understanding the impacts of pathogens and fire on forested ecosystems is a
major challenge facing scientists, land managers, policy makers and landowners, but to
my knowledge there are no studies in Sonoma County that have examined the interaction
between actual (and not modeled) wildfire and SOD prevalence. As such, my objective
was to complete the first analyses in our region exploring the pre- and post-fire
interactions among SOD, microclimate, topography, tree mortality and survival, drought
intensity, canopy condition and surface and ladder fuel loads. To address this objective, I
asked three specific questions using pre-fire (2004-2016) and post-fire (2019) data: 1) Do
pre-fire disease loads increase pre-fire surface and ladder fuels? 2) Do pre-fire fuel loads
decrease canopy condition (i.e., increase percent canopy damage)? and 3) Can post-fire
fuel loads and canopy position be predicted by certain pre-fire conditions?

2. Materials and Methods
2.1 Study site
In 2003 and 2004, 198 15 x 15 m plots were established within a 275-km2
heterogeneous region 70 km north of San Francisco, California in Sonoma County
(Figure 1). This area was selected because it contained a mosaic of vegetation and land-
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cover types, including oak woodland, redwood–tanoak forest, chaparral shrubland,
annual grassland, agricultural areas, and scattered residential developments
(Meentemeyer et al. 2008). To identify suitable locations for study sites, oak woodland
areas were mapped using geo-rectified multi-spectral aircraft imagery (ADAR, Positive
Systems, Whitefish, Montana, USA) in 2001. Phytophthora ramorum was first observed
within the study area in 2000 and is now distributed throughout most of the suitable
habitat in this region (Garbelotto et al. 2001, Rizzo et al. 2002). In 2017 the Central LNU
Complex fires (Nuns, Tubbs and Pocket fires) burned 44,806 ha and destroyed 6,997
structures, damaged 491 more, and killed 25 people in Sonoma, Napa and Lake Counties
(Cal Fire). Out of the 198 plots, 99 plots were within the Nuns fire perimeter and were
burned during the fire. In 2019, 33 plots out of the original 198 plots (including 22 plots
that burned) were re-visited for post-fire measurements detailed below.

2.2 Topographic and microclimate data
Elevation, slope, average potential solar insolation, and topographic moisture
index for each plot were determined from a USGS 10-m digital elevation model. In 2003
and 2004, HOBO pendant temperature data loggers were placed in each plot, and pendant
event data loggers were connected to rain gauges. While data collection was continuous,
microclimate data from 2004 (Figure 2) were used in this study because: 1) they had been
previously curated and showed little year-to-year and plot-to-plot variability in
temperature and relative humidity, and 2) many loggers were destroyed and their data
unrecoverable after the LNU Complex fires in 2017 (Figure 2). Annual climatic water
deficit (CWD) which is the amount of water by which potential evaporative demand
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exceeds actual evapotranspiration and combines the effects of solar radiation,
evapotranspiration, and air temperature on soil moisture, was determined for each plot for
each year of the most recent California drought (2011-2016; Figure 2) using the
California Basin Characterization Model at a 270 m spatial scale (Flint et al. 2013).
Specifically, a 15m buffer around the central point in each plot was created in ArcGIS
Pro, and zonal statistics were used to calculate the annual average CWD in each plot
buffer, and that value was used in the analyses as an indicator of drought intensity.

2.3 Pre-fire tree measurements
Beginning in 2004 and continuing until 2016 (Figure 2), measurements of disease
prevalence, tree growth, tree mortality and tree survival were collected for the three most
abundant SOD host tree species: coast live oak (Quercus agrifolia), California black oak
(Quercus kelloggii), and California bay laurel (Umbellularia californica). Specifically,
diameter at breast height (DBH) of the three above species were measured and trees were
categorized by stem status: A1-Healthy; A2- Unhealthy; A3-Trunk dead, living basal
sprouts; D1- Intact stem, remaining dead foliage; D2- Intact Stem, no foliage; D3Moderate decay; D4- Advanced decay. In addition, symptomatic bay laurel leaves were
counted for 90 seconds on each stem in each plot. Two metrics of inoculum load (total
number of symptomatic leaves and density of symptomatic stems) and one metric of
disease prevalence (proportion of symptomatic stems) were derived for each plot
(Meentemeyer et al. 2008). Coast live oak and black oak were also assessed for P.
ramorum symptoms of ‘‘bleeding’’ cankers (dark red exudates and discoloration of bark
surface) and large numbers of dead leaves in the crown (Meentemeyer et al. 2008).
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2.4 Pre-fire fuels measurements
In 2014, surface fire fuel loads were quantified (Figure 2). Downed woody
material was inventoried using a modified Brown’s transect method (Brown 1974). For
this method, three 11 m transects were established in the plot and downed woody
material was counted and categorized based on the diameter that intersected distinct
vertical sampling planes along each transect (Figure 3).
Between September 23, 2013 and November 26, 2013 airborne LiDAR (ALS)
data was collected for all of Sonoma County (Quantum Spatial, Inc). Using these ALS
data, a 5m resolution “ladder fuel” model for Sonoma County was developed by Tukman
Geospatial LLC. These data measured pre-fire living and dead vegetation density
between 1 and 4 meters above ground (Kramer et al. 2014, Kramer et al. 2016). For each
plot in this study, a 15m buffer around the central point was created in ArcGIS Pro and
zonal statistics were used to calculate the average ladder fuel amount in each plot buffer.
Lidar-based ladder fuels and processing details are available from the Sonoma Vegetation
Mapping project, http://sonomavegmap.org/data-downloads/
2.5 Post-fire fuels measurements
From May-August 2019, 33 plots in the original network were revisited for postfire field measurements of fire fuels. Modified Brown’s transects (Brown 1974) were
repeated in these plots using procedures from 2014 to quantify post-fire surface fuels
(Figure 2). In addition, to accurately determine the wood density of burned and unburned
surface fuels to use in the Brown’s transect equation for surface fuels quantification,
samples of branches from each size class were collected across 5 study plots. In the field,
branch volumes were measured using the water displacement method and samples were
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dried in an oven at 65 degrees Celsius for 2 or more days. Dry weights of samples were
then obtained to compare density of burned and unburned branches in each size class.
To calculate post-fire ladder fuels, a vinyl, 4-meter-tall banner (Kramer et al.
2016) was placed at the center of each plot and three photos of it were taken from 15
meters away in a random direction. The images were then analyzed with ImageJ to
determine percentage of the banner covered by vegetation (i.e. percentage of ladder
fuels). Percent cover between 1-4m of the three images was averaged for the plot-level
value.

2.6 Post-fire canopy condition
Tukman Geospatial LLC created post-fire canopy condition map used in these
analyses. The product used a June 2018, 1-foot resolution, blue, green, red, near-infrared
aerial imagery of the full extent of the Tubbs, Nuns, and Pocket Fires. Using normalized
difference vegetation index (NDVI) calculated from aerial imagery, canopy condition
maps for all areas within the 2017 fire zone, which had pre-fire woody vegetation cover
(trees and shrubs), were estimated in small polygon segments with an overall accuracy of
85%. For each polygon, maps provided a value for percent of woody canopy greater than
7 feet in height mostly damaged by the wildfires but could have also included pre-fire
diseased or dead trees. For simplicity, I considered canopy condition to be damage from
fire, and refer to these data as “percent canopy damage”, which directly relates to fire
severity. For each plot, a 15m buffer around the central point was created in ArcGIS Pro,
zonal statistics were used to calculate the average canopy damage from intersecting
polygon segments in each plot buffer. Canopy damage maps and processing details are
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available from the Sonoma Vegetation Mapping project, http://sonomavegmap.org/datadownloads/

2.7 Statistical Analyses
While Brown (1974) recommended calculating surface fuels as tons per acre, I
converted these units to metric tons per hectare and then megagrams instead of metric
tons. It follow then that mass per hectare of each fuel category, expressed in 106 grams
(megagrams) was calculated using a formula modified with an added conversion factor to
provide SI units
𝑀𝑀𝑀𝑀
ℎ𝑎𝑎

=

𝑀𝑀𝑀𝑀
ℎ𝑎𝑎

=

1.23× 𝑛𝑛 × 𝑑𝑑2 × 𝑠𝑠 ×𝑎𝑎 × 𝑐𝑐

1.23 × 𝑛𝑛 × Σd2 × 𝑠𝑠 ×𝑎𝑎 × 𝑐𝑐
𝑁𝑁𝑁𝑁

𝑁𝑁𝑁𝑁

for < 7.62 cm (1,10,100 hour) material and

for >7.62 cm (1000+ hour) material; where n is the number of

intersections over all sample points for each size class, d2 is the squared average diameter
(cm2) for each size class using specific values for 1 (0.09742 cm2), 10 (1.864 cm2) and
100 (17.81 cm2) hour fuels and measurements from the field for 1000 hour fuels, s is the
specific gravity of materials as determined by our field measurements in 2019 (averaged
across burned and unburned), a is the non-horizontal angle correction, c is the slope
correction factor found using the formula

𝑐𝑐 = �1 + (

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 2
) ,
100

and 𝑁𝑁𝑁𝑁 is the

total length (m) of sampling line for each size class (Brown 1974). Note that the d2 for 1,
10, 100 hour fuels is a single number for each size class as they each have a specific size.
The d2 for the 1000 hour fuels varies from as the diameters of these fuels vary dependent
on empirical field measurements.
I created a hypothesized pathway (Figure 4) to describe potential direct and
indirect effects of oak mortality, disease load, microclimate, topography, climatic water
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deficit (drought intensity), pre-fire fuel loads, and percent canopy damage on post-fire
fuel loads. First, I hypothesized that greater oak mortality and greater SOD disease loads
would increase pre-fire fuel loads by changing how quickly fuels collect in plots, and
warmer, wetter, higher elevation plots would have increased pre-fire fuel loads due to
increased plant growth rates. Second, I hypothesized that percent canopy damage would
be greater in plots with greater amounts of pre-fire fuels since fire severity is directly
related to fire fuels. I also hypothesized that percent canopy damage would be greater
with increased oak mortality, both because dead oaks should burn more readily and
because dead oaks should be captured by the canopy damage remote sensing analysis
approach. I also hypothesized that percent canopy damage would increase with increasing
climatic water deficit (increasing drought intensity), both because drier plots burn more
readily, and water-stressed plants should be captured by the canopy damage remote
sensing analysis approach. In addition, I hypothesized that percent canopy damage would
increase with more sloped plots as fire moves more quickly up slopes than down slopes.
Lastly, I hypothesized that post-fire fuel loads would be greater in plots with greater prefire fuel loads, because unburned fuels would remain post-fire and also greater in plots
with lower percent canopy damage, since decreased fire severity would leave more fuels
left unburned.
Following my hypothesized pathways, I conducted a stepwise generalized linear
model for each objective and tested for direct effects, as well as tested if any of the
indirect effects could have also had direct effects. Specifically, I tested different
quantitative measures of each hypothesized variable that had the potential to influence
my final response. Independent variables were categorized into several categories: SOD
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disease load (2004 symptomatic California bay laurel leaf counts), topographic factors
(elevation, slope, mean solar insolation), microclimate (2004 average max temperature,
2004 average max relative humidity), drought intensity (climatic water deficit 20112016), pre-fire fuel loads (2013 ladder fuels; 2014 fine (1 hour, 10 hour, 100 hour),
coarse (1000 hour) surface fuels) and post-fire fuel loads (2019 ladder fuels; 2019 fine (1
hour, 10 hour, 100 hour), coarse (1000 hour) surface fuels). Following my examination of
models using different candidate variables, I selected the model with the highest AIC to
report as the final model. All statistical tests were performed in JMP.

3. Results
3.1 Topography and microclimate
Elevation of all 197 plots varied from 58 - 802 m with a mean of 378.1 m.
Average daily maximum temperatures in 2004 varied from 11.79 - 25.53 degrees Celsius,
with a mean of 18.41 degrees Celsius. Average daily maximum relative humidity in 2004
varied from 77.08-101.35% with a mean of 89.96%.

3.2 Impact of SOD on plot community composition
In 2004, 99.6% of all living California bay laurel trees in our study area (n = 2362
across 172 plots) showed symptoms of SOD infection. This proportion decreased over
time, and by 2016, only 93% of all living bay laurel trees in our study area (n = 2725)
showed symptoms of SOD infection even though bay laurels were now present in 3
additional plots (n=175). In contrast, the proportion of dead coast live oak and black oak
trees (found in 116 plots) increased dramatically between 2004 and 2016. In 2004, 4.34%
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of oaks were dead (51 of 1176 oak trees counted). By 2016, 24.2% of oaks counted were
dead (340 of 1404).

3.3 Pre-fire SOD and fuel loads
Across all plots with dead oaks, average maximum temperature in 2004 (Figure
5), log of oak mortality in 2012 (Figure 6) and elevation (Figure 7) significantly predicted
the log of lidar-derived ladder fuels in 2013 (R2=0.25, F3,90=9.581, p<0.0001). Average
minimum relative humidity significantly predicted the log of fine fuels in 2014 (R2=.082,
F1,193=17.28, p<.0001) (Figure 8). The log of oak mortality in 2014 significantly
predicted the log of coarse fuels in 2014 (R2=0.139, F1,68=11.02, p=.0014) (Figure 9).

3.4 Predicting canopy condition from pre-fire conditions
Across all burned plots, drought intensity in 2014 (Figure 10), LiDAR derived
pre-fire ladder fuels in 2013 (Figure 11) and slope (Figure 12) significantly predicted
percent canopy damage (R2=0.335, F3,94=17.76, p<0.0001).

3.5 Predicting post-fire conditions from pre-fire conditions and canopy condition
Across all burned plots that were revisited in 2019, LiDAR derived pre-fire ladder
fuels in 2013 (Figure 13), percent canopy damage (Figure 14) and slope (Figure 15)
significantly predicted post-fire ladder fuels in 2019 (R2=0.427, F3,18=4.472, p=0.0163).
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3.6 Path analysis summary
Figure 16 details the results of the final path analyses and refines my initial
hypothetical model (Figure 4). I found that P. ramorum disease load had no effects on
pre-fire fuel loading. However, oak mortality in 2014, indirectly affected by P. ramorum
disease load, significantly increased the amount of large surface fuels, and decreased
ladder fuels. Plot elevation and maximum temperature also had a positive correlation
with pre-fire ladder fuel amounts. Pre-fire ladder fuels, in concert with drought intensity
and slope interacted to effect canopy condition post-fire (in particular, percent canopy
damage). Percent canopy damage was greater in less sloped plots with greater amounts of
ladder fuels and increased drought severity. Pre-fire ladder fuels also had a significant
direct effect on post-fire ladder fuels, whereas increased amounts of post-fire ladder fuels
were observed in less-sloped plots with greater amounts of pre-fire ladder fuels and more
percent canopy damage.

4. Discussion
4.1 The role of SOD, topography and microclimate on pre-fire fuel loads
For my first objective I hypothesized that oak mortality, disease load, and
warmer, wetter, higher elevation plots would increase pre-fire fuel loads. I found that prefire ladder fuels increased with elevation and average maximum temperature and
decreased with higher oak mortality in 2012; pre-fire coarse surface fuels increased with
higher oak mortality in 2014; and pre-fire fine surface fuels increased with higher
average minimum relative humidity.
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Phytophthora ramorum has an innate ability to survive in unfavorable conditions
and reproduce rapidly when conditions become favorable by creating chlamydospores
(Tooley et al. 2008). Valachovic et al. (2011) examined pre-fire fuel loads in diseased
stands of Douglas Fir-Tanoak woodlands and found that surface fuels increased with the
length of infection. Short-term stress from drought or other environmental factors
coincided with invasion of beetles or other pathogens who overcame plant defenses of
most susceptible trees (Jenkins et al. 2012). Drought may cause tree mortality directly or
indirectly by making trees more vulnerable to insects or other pathogens (Kane et al.
2017). Drought also adds more stress to stressed symptomatic terminal hosts. This
positive feedback loop of drought stress leads to susceptibility to infection and infection
leads to increasing stress on infected trees. The boom-bust cycle of hot dry summers
(where trees are stressed) and cold wet winters (when P. ramorum spreads quickly) in a
Mediterranean climate like California leads to rampant spread of P. ramorum and
massive die-back.
Pre-fire ladder fuels increased with elevation and average maximum temperature,
which could be due to increased growth rates in warmer plots, and decreased with higher
oak mortality in 2012, which could be because as oaks die from sudden oak death they
fall to the ground, create canopy gaps and increase larger surface fuels, thereby reducing
lidar point density 1-4m above the ground. Pre-fire coarse surface fuels increased with
higher oak mortality in 2014, perhaps because oaks falling after dying decreases ladder
fuels and increases large surface fuels. Pre-fire fine surface fuels increased with higher
average minimum relative humidity, possibly due to changes in growth rates in wetter
plots.
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The increase observed in larger surface fuels concurrent with SOD prevalence is
consistent with other studies which found that all surface fuel size classes increased in
plots with canopy gaps caused by SOD compared to intact forest plots, with gap plots
having 20x the 1000 hour fuels as intact plots (Shaw et al. 2017). Increased SOD disease
load 10 years prior perhaps led to increased oak mortality and significantly increased
1000 hr. fuels. Other studies also observed a link between SOD, tree mortality and
increased fire fuel loads (Cobb and Chan et al. 2012, Forrestel et al. 2015, Cobb and
Filipe et al. 2012). In tanoak forests in the Big Sur region, more infected host trees led to
greater tanoak mortality in large size classes and increased tanoak resprouting. As a
consequence, more infected tanoaks and bay laurel trees led to an increased abundance of
small living tanoaks and many large dead tanoaks. In this ecosystem, an increased
quantity of large dead tanoaks led to high surface fuels (Cobb and Chan et al. 2012,
Forrestel et al. 2015, Cobb and Filipe et al. 2012). Redwoods, typically resistant to fire
and P. ramorum, experienced increased mortality where fire and disease co-occurred
(Metz et al. 2013).

4.2 The role of drought, ladder fuels and topography on canopy condition
For my second objective, I hypothesized that percent canopy damage would be
greater in plots with greater fuel loads, higher amounts of oak mortality, greater climatic
water deficit (increased drought intensity) and more sloped plots. I found that percent
canopy damage increased in plots with greater pre-fire ladder fuels and greater climatic
water deficit in 2014, and there was a weak interaction where decreased percent canopy
damage was observed in more sloped plots.
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While there are few studies which explicitly measure the interaction between
ladder fuels and fire severity in California oak-woodlands, in a Pinus dominated
ecosystem in NW Spain, fire severity was found to be mostly influenced by pre-fire
vegetation greenness, which was strongly dependent on interactions with the pre-fire
vertical structural arrangement of vegetation, which includes ladder fuels, fire history and
weather conditions (García-Llamas et al. 2019). In another Mediterranean Pine ecosystem
in Greece, topographic factors (elevation, slope, aspect, Topographic Wetness Index,
Topographic Position Index) and fuel complex characteristics specifically canopy fuel
loads, canopy bulk density, canopy base height, shrub fuel cover, shrub fuel height, shrub
fuel load, total available fuel load were the main drivers of fire severity (Mitsopoulous et
al. 2019). Canopy bulk density, canopy base height, shrub fuel, cover shrub height have
all been used to estimate ladder fuels in the past. In a wind driven fire like the Nuns fire,
topography does not appear to have a strong impact on fire severity as high wind speeds
are typically the main drivers of fire behavior and can change fire behavior in
unpredictable ways.

4.3 The role of pre-fire fuel loads, canopy condition and topography on post-fire fuel
loads
For my third objective, I hypothesized that post-fire fuel loads would be greater in
plots with greater pre-fire fuel loads and lower percent canopy damage. I found that postfire ladder fuels increased with greater pre-fire ladder fuels, indicating that not all ladder
fuels are burned even in high severity fires. There were also weak patterns where post-
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fire ladder fuels increased in areas with higher canopy damage and decreased post-fire
ladder fuels were found in more sloped plots.
Previous fires can impact subsequent disease transmission when sporulating host
trees (bay laurel and tan oak) experience high fire related mortality (Johnstone et al.
2016). Umbellularia californica, Q. kelloggii and Q. agrifolia are all fire adapted; a
moderate-severity fire top kills saplings and mature trees which can quickly recover
through epicormic sprouting. Surviving U. californica respond with much more regrowth
and grow much faster than both oak species and can quickly dominate the canopy after a
fire (Fryer 2007, Howard 1992, Steinberg 2002). Indeed, the increase of post-fire ladder
fuels was observed to be from an increase in U. californica sprouts and other pioneer
species.
In 2008 after the Basin Complex fire in Big Sur, Metz et al. (2011) examined preand post-fire fuel data in a network of long-term monitoring plots in redwood-tanoak and
mixed evergreen forest affected by SOD and found that overstory burn severity increased
in recently infected plots (plots with large amounts of standing dead trees; ladder fuels),
and substrate burn severity increased in plots with long term infections (plots with large
amounts of downed trees). In northwestern California, researchers found that fuel models
based on the observed surface fuel accumulations in herbicide-treated plots as a model
for disease predicted that for some early-to-mid-phase (2-8 years) herbicide-treated
forests, and for late-phase (8 years plus) diseased forests, rates of spread, flame lengths,
and fire line intensities could increase significantly over the baseline, challenging
effective firefighter response (Valachovic et al. 2011).
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4.4 Implications for management
Because fine fuel accumulation is dependent on overstory tree mortality and
accumulation of coarse woody debris and is dependent upon the rate at which dead
overstory tree snags fall to the surface (Jenkins et al. 2012), it is important to know how
long it takes SOD to kill terminal hosts. An asymptomatic Q. agrifolia tree or Q. kelloggii
tree is expected to survive in an infected stand for 10-17 years. Once bleeding cankers are
observed, a Q. agrifolia tree is expected to survive for 6-14 years; a Q. kelloggii tree is
expected to survive for 5-8 years. And finally, once beetles are observed on a bleeding
tree, Q. agrifolia trees are expected to survive for 2-4 years and a Q. kelloggii tree is
expected to survive for 1-3 years (McPherson et al. 2010). My results support these
mortality rates in that I observed significant SOD related changes to community structure
10 years following almost 100% SOD prevalence in this oak-woodland community.
Using historical fire data, Moritz and Odion (2005) found that areas that had burned after
1950 had lower instances of SOD because the establishment and spread of SOD is tied to
the abundance and maturity of the sporulating host. Time since fire would be expected to
correlate to pathogen presence, not because of direct effects from fire, but because the
stand is more mature. Fire suppression in inhabited areas where SOD spread is more
likely, has also increased connectivity allowing further spread (Metz et al. 2012).
Given the increased impact of climate-related risks to health, safety and economy,
understanding the impacts of SOD and wildfire on these California oak woodland
ecosystems is essential to help inform future management and planning for healthy urban
forests. Sudden oak death increases the rate of accumulation of coarse surface fuels
which increases horizontal continuity of fuels allowing fires to spread further and faster
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along the ground. While sudden oak death decreases ladder fuels, the main predictor of
percent canopy damage, the conditions created by fires favor the accumulation of ladder
fuels from faster growing plants like U. californica, the main vector of SOD. Current
management practices include the removal of U. californica in the presence of high value
trees like oaks to reduce the potential inoculum load on U. californica leaves and removal
of new basal sprouting. These approaches also have the added benefit of reducing future
ladder fuels, potentially reducing the severity of future wildfire.
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Figures

Figure 1: Map of study area in Sonoma County, California. Plots are shown as filled
circles, where plots measured from 2004-2016 are colored black and plots revisited in
2019 are colored red. The 2017 Nuns Fire Perimeter is indicated by the solid black
outline.
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Figure 2: A timeline of measurements taken in all plots. Symbols for each type of
measurement are described in the legend. Measurements from 2004 to 2006 are also
reported in Meentemeyer et al. 2008.
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Figure 3: A diagram of the modified Brown’s transect approach that was used to
measure surface fuels in each of the plots. Each fuel size class was measured at different
points along the transect; 1-hr fuels (<0.635 cm) were counted between 5-7 m, 10-hr
fuels (0.635-2.54 cm) were counted between 5-7 m, 100-hr fuels (2.54-7.62 cm) were
counted between 5-10 m and 1000+ hour fuels (>7.62 cm) were counted between 5-15 m.
Three measurements of fuel height (cm) at 5, 6, and 7m and duff depth (cm) and litter
depth (cm) at 5, 10 and 15m were also taken along each transect. Along the transect, the
diameters (cm) of 1000+ hour fuels were measured, and they were identified to species
when possible.
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Figure 4: Hypothesized pathways describing how sudden oak death may directly and
indirectly impact fuel loads, percent canopy damage and post-fire fuel loads.

26

Figure 5: Leverage plot showing the effect of average maximum temperature in 2004
(degrees Celsius) on log [pre-fire LiDAR derived ladder fuels+1] (β=0.706, p<0.0001).
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Figure 6: Leverage plot showing the effect of log [2012 oak mortality] on log [pre-fire
LiDAR derived ladder fuels+1] (β=-0.192, p=0.0407).
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Figure 7: Leverage plot showing the effect of elevation (m) on log [pre-fire LiDAR
derived ladder fuels+1] (β=0.573, p=0.0002).
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Figure 8: Leverage plot showing the effect of average minimum relative humidity (%) on
log [pre-fire fine surface fuels+1 (Mg/ha)] (β=0.287, p<0.0001).
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Figure 9: Leverage plot showing the effect of log [2014 oak mortality +1] on log [prefire coarse surface fuels+1 (Mg/ha)] (β=0.373, p=0.0014).
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Figure 10: Leverage plot showing the effect of 2014 climatic water deficit (mm H2O), or
drought intensity, on log [percent canopy damage+1] (β=0.434, p<0.0001).
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Figure 11: Leverage plot showing the effect of LiDAR derived pre-fire ladder fuels on log
[percent canopy damage+1] (β=0.304, p=0.007).
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Figure 12: Leverage plot showing the effect of slope (degree) on log [percent canopy
damage+1] (β=-0.164, p=0.0573).
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Figure 13: Leverage plot showing the effect of LiDAR derived pre-fire ladder fuels on log
[post-fire ladder fuels +1] (β=0.554, p=0.008).
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Figure 14: Leverage plot showing the effect of percent canopy damage on log [post-fire
ladder fuels +1] (β=0.309, p=0.101).
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Figure 15: Leverage plot showing the effect of slope (degree) on log [post-fire ladder
fuels +1] (β=0.331, p=0.090).
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Figure 16: Path analysis diagram of the final statistical model showing direct and
indirect effects of biotic and abiotic factors on pre-fire ladder fuels, canopy condition
(percent canopy damage) and post-fire ladder fuels.

