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Abstract

Fire is an integral change agent in the Earth system and plays key roles in nutrient
cycling, plant species distribution, atmospheric composition and ecosystem service function
at temporal scales ranging from years to centuries and spatial scales ranging from micro to
continental. Increased fire activity (intensity, frequency, and size) in North American
forested ecosystems has been observed and predicted under warmer and drier climate
conditions. As forested ecosystems serve as significant carbon sinks, there is an urgent need
to improve our understanding of fire intensity impacts on forest productivity and recovery
post-fire. The research within this dissertation is focused on advancing our current
understanding by identifying mechanistic relationships between fire intensity and post-fire
tree response (e.g. mortality, physiology, growth and vulnerability) that enable
spatiotemporal characterization of fire effects. This research tested the hypothesis that
increasing quantities, or ‘doses’, of fire intensity lead to predictable responses in terms of
tree mortality or physiological function. This hypothesis was first tested using nursery
grown Pinus contorta and Larix occidentalis seedlings subjected to highly controlled
laboratory surface fires. A dose-response relationship was demonstrated between fire
radiative energy and post-fire seedling mortality and physiological function. Additionally,
this relationship was shown to be detectable using spectral indices common to plant
physiology research. The dose-response hypothesis was further tested at the mature tree
scale by using prescribed fires in mature Pinus ponderosa forest stands. Increasing levels of
peak fire radiative power were observed to lead to reduced post-fire radial growth.
Permanent defense structures, axial resin ducts, were found to increase in density, size, and
area per growth ring post-fire regardless of fire intensity. Finally, observations from satellite
based remote sensing were used to test the dose-response hypothesis at the landscape spatial
scale. Similar to observations at the tree scale, satellite measures of forest productivity
decreased with increasing fire radiative power. Species composition was demonstrated to
influence the magnitude of productivity loss post-fire. Ultimately, the work in this
dissertation demonstrates a framework to spatially characterize individual tree and forest
condition post-fire, improving our understanding of the carbon cycle and ability to

sustainably manage forests.
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Chapter 1
Advancing Our Understanding of Fire Intensity Impacts on Tree Mortality,

Physiology, Growth and Vulnerability

Introduction

Fire has been an integral part of life on Earth for millennia (Bowman et al. 2009). Fire
plays key roles in nutrient cycling, plant species distribution, atmospheric composition and
ecosystem service function at temporal scales ranging from years to centuries and spatial
scales ranging from micro to continental. Increased fire activity (intensity, frequency, and
size) in North American forested ecosystems has been observed and predicted under warmer
and drier climate conditions (Balshi et al. 2009; Spracklen et al. 2009; IPCC 2013; Barbero
et al. 2015; Abatzoglou and Williams 2016). As forested ecosystems serve as significant
carbon sinks (IPCC 2013), there is an urgent need to improve our understanding of variable
fire intensity impacts on forest productivity and recovery post-fire. Accurate characterization
of post-fire forest condition is crucial for carbon accounting (Goetz et al. 2007; Goulden et
al. 2011) and other ecosystem service assessments (Noss et al. 2006; Smith et al. 2014).
Additionally, prediction of fire effects (e.g., tree mortality/decrease in physiological
performance) is necessary for land-use planning and management (Moritz et al. 2014) such
as the development of prescribed burn and wildland fire management plans (Butler and
Dickinson 2010). While many fire effects models exist, few spatially quantify post-fire
ecological and physiological characteristics, limiting our understanding of ecosystem carbon
dynamics and our ability to manage landscapes pre- and post-fire (Reinhardt and Dickinson
2010).

Assessments of post-fire effects are important for immediate post-fire rehabilitation
efforts (e.g., Burned Area Emergency Response, BAER) (Parsons 2003), decadal scale
trajectories of ecosystem recovery (Hicke et al. 2003), and the projected impacts on the
terrestrial carbon cycle (Hicke et al. 2003; Lentile et al. 2006; Goulden et al. 2011).
Common metrics used for determining post-fire effects in ecosystems can be grouped under
the term ‘burn severity’. Burn severity is loosely defined as the degree to which an
ecosystem has changed due to a fire and encompasses both vegetation and soil effects (Key

and Benson 2006). Biomass consumption, vegetation mortality, and soil infiltration/water



repellency are examples of common field metrics of burn severity (Lentile et al. 2006; Lewis
et al. 2006). Burn severity assessments at local to regional scales are typically achieved
using spectral reflectance indices derived from satellite remote sensing data before and
following the fires (Lentile et al. 2006). These remotely sensed assessments can provide
useful information regarding the areal extent of fires and vegetation cover change (Kolden et
al. 2015; McCarley et al. 2017). However, current assessments and fire effects models
provide little to no direct information regarding the physiological processes of trees or other
surviving vegetation following wildfires (Smith et al. 2016), which is an important factor in
determining effects on ecosystem services and post-fire land management planning.

Recent studies in plant physiology have observed that various tree physiology metrics
respond to localized variations in heat (Butler and Dickinson 2010; Kavanagh et al. 2010;
Michaletz et al. 2012) and increasing fire intensity from surface fires (Smith et al. 2016,
2017; Sparks et al. 2016, 2017). While research has not identified the dominant mode of
heat transfer (e.g. conduction, convection, radiation) that drives post-fire vegetation
physiological response and mortality, increasing quantities, or doses, of radiative flux
metrics (e.g. fire radiative power, units: Watts; fire radiative energy, units: Joules) from
surface fires have been linked with physiological responses in trees (Smith et al. 2016,
2017). Radiative flux metrics are useful in fire effects quantification as they are strongly
related to common fire behavior metrics such as fireline intensity (Kremens et al. 2012;
Sparks et al. 2017) as well as the total convective energy released during combustion
(Freeborn et al. 2008; Butler et al. 2015), and they are some of the more easy-to-measure
fire behavior metrics at large distances (e.g., airborne and satellite remote sensing) (Kremens
et al. 2010). Coupling fire behavior-physiology observations to landscape-scale remote
sensing could help to overcome the limitations associated with current severity assessments
and promote quantitative measures that increase our understanding of carbon cycling and
tree recovery and mortality post-fire (Smith et al. 2016).

In this dissertation I sought to explore and quantify links between fire intensity and tree
physiological processes and growth at individual tree and landscape spatial scales (Figure 1).
The analyses are supported by laboratory, field, and satellite data. These data, and any

models that are produced, serve as a methodological framework that can either predict fire



effects using active fire observations from field/remotely sensed data, or characterize fire

effects using post-fire remotely sensed data.

Scope and Objectives

The goal of this work was to advance our understanding of fire intensity impacts on
tree mortality, physiology, growth and vulnerability and identify mechanistic relationships
that enable spatiotemporal characterization of these effects. The tree species in this
dissertation are limited to typical conifers found in the northwestern United States temperate
forests. Figure 1 presents a conceptual diagram that highlights key findings and future work
associated with this dissertation.

The main objectives of this work were to 1) quantify the linkages between fire intensity,
physiology, and spectral response of tree seedlings in a laboratory setting using ground
based remote sensing, 2) quantify the linkages between fire intensity, tree physiology, and
post-fire vulnerability of mature trees in a forest stand using ground-based forest
measurements and in situ remote sensing, and 3) understand how fire intensity affects post-
fire productivity in conifer-dominated forested ecosystems using landscape remote sensing

observations.

Chapter Summaries

The chapters in this dissertation are formatted according to the manuscript structure
required for each journal.

Chapter 2 quantifies dose-response relationships between fire radiative energy and
seedling growth and mortality. This chapter also explores the suitability of common spectral
indices for detecting this relationship. This chapter answers the following questions: Is there
a dose-response relationship between fire radiative energy and post-fire growth and
mortality? Does increasing dose of radiative energy lead to increased mortality at extended
time scales (1 year post-fire)? Can decreasing levels of physiological performance be
detected using common spectral indices? Chapter 2 was published in Remote Sensing with
Crystal Kolden, Alan Talhelm, Alistair Smith, Kent Apostol, Daniel Johnson, and Luigi
Boschetti (Sparks et al. 2016).



Chapter 3 builds upon Chapter 2 and quantifies relationships between fire radiative
metrics and mature Pinus ponderosa growth. This chapter answers the following questions:
Is there a dose-response relationship between metrics of fire intensity and radiative flux and
the post-fire mature tree growth? If yes, are the radiative heat flux metrics the same as those
observed to produce dose-response relationships in seedlings and if not, why? Is there a
dose-response relationship between metrics of fire intensity and fire radiative flux and
mature tree defenses? Chapter 3 was published in the International Journal of Wildland Fire
with Alistair Smith, Alan Talhelm, Crystal Kolden, Kara Yedinak, and Daniel Johnson
(Sparks et al. 2017).

Chapter 4 uses landscape remote sensing observations to quantify relationships between
fire intensity, estimated using fire radiative power, and forest productivity measurements.
This chapter also presents a conceptual framework for spatiotemporal post-fire recovery
assessments. This chapter answers the following questions: What are the relationships
between fire radiative power and post-fire forest NPP at spatial scales of large wildland
fires? How do these relationships vary over time? How do these relationships vary with
species composition? Chapter 4 has been prepared for submission to Journal of Geophysical
Research with Crystal Kolden, Alistair Smith, Luigi Boschetti, Dan Johnson, and Mark
Cochrane.

Chapter 5 presents conclusions and questions to be addressed in future research.
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Chapter 2
Spectral Indices Accurately Quantify Changes in Seedling Physiology Following Fire:
Towards Mechanistic Assessments of Post-Fire Carbon Cycling

Published in Remote Sensing:

Sparks, A.M., C.A. Kolden, A.F. Talhelm, A.M.S. Smith, K.G. Apostol, D.M. Johnson and
L. Boschetti (2016), Spectral indices accurately quantify changes in seedling physiology
following fire: toward mechanistic assessments of post-fire carbon cycling, Remote Sensing,
8,7,572.

Abstract

Fire activity, in terms of intensity, frequency, and total area burned, is expected to
increase with a changing climate. A challenge for landscape-level assessment of fire effects,
often termed burn severity, is that current remote sensing assessments provide very little
information regarding tree/vegetation physiological performance and recovery, limiting our
understanding of fire effects on ecosystem services such as carbon storage/cycling. In this
paper, we evaluated whether spectral indices common in vegetation stress and burn severity
assessments could accurately quantify post-fire physiological performance (indicated by net
photosynthesis and crown scorch) of two seedling species, Larix occidentalis and Pinus
contorta. Seedlings were subjected to increasing fire radiative energy density (FRED) doses
through a series of controlled laboratory surface fires. Mortality, physiology, and spectral
reflectance were assessed for a month following the fires, and then again at one year post-
fire. The differenced Normalized Difference Vegetation Index (ANDVI) spectral index
outperformed other spectral indices used for vegetation stress and burn severity
characterization in regard to leaf net photosynthesis quantification, indicating that
landscape-level quantification of tree physiology may be possible. Additionally, the survival
of the majority of seedlings in the low and moderate FRED doses indicates that fire-induced
mortality is more complex than the currently accepted binary scenario, where trees survive
with no impacts below a certain temperature and duration threshold, and mortality occurs
above the threshold.
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Introduction

Recent evidence from North America of increased fire activity (intensity, frequency, and
total area burned) due to anthropogenic climate change [1-3] underscores the need to
improve our understanding of variable fire intensity impacts on ecosystem productivity at
local to regional scales. Current assessments of the ecological impacts of fires, termed burn
severity, investigate the degree to which an ecosystem has changed due to a fire [4] and
typically encompass both vegetation and soil effects [5]. Biomass consumption, vegetation
mortality, and soil infiltration/water repellency are field metrics used to quantify fire effects
[6,7]. Burn severity at local to regional scales is typically characterized from bi-temporal
spectral indices derived from satellite sensor remote sensing data that quantify change due to
fire effects [6]. These remotely-sensed assessments can provide useful information regarding
the areal extent of fires and vegetation cover change. However, current assessments provide
little to no direct information regarding the physiological status of trees or other vegetation
following fires [8], which is an important factor in determining effects on ecosystem
services and post-fire land management planning.

The assessment of burn severity at landscape scales is widely achieved using methods
employing spectral indices that use the red and infrared bands of the Landsat satellite sensor
series. Differenced indices calculated using pre- and post-fire Landsat scenes are commonly
used to improve change detection and visual contrast in burn severity assessments [9,10].
Specifically, the differenced Normalized Difference Vegetation Index (dNDVI), the
differenced Normalized Burn Ratio (ANBR), and the Relativized differenced Normalized
Burn Ratio (RANBR) have been used to quantify area burned, burn severity, and recovery
from continental to individual fire scales [6,10-14]. The majority of recent studies focus on
dNBR- and RANBR-based severity assessment [6,15]. However, dANBR- and RANBR-based
severity studies only serve as a proxy for changes in vegetation cover, char, and soils, and do
not quantify tree mortality, tree physiological parameters relevant to carbon cycling (e.g.,
leaf area index, net ecosystem productivity), or recovery of physiological processes in the
plants that survive the fire [6,8,16]. Importantly, such dNBR- and RANBR-based severity
assessments are not usually reported as quantitative spatial datasets, but rather as qualitative
classes with values of unburned to low, moderate, and high severity [6,17]. Recent tree-scale

research studies have observed that physiology metrics respond to variation in heat
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associated with fires [8,18-20]. Coupling fire-physiology observations to landscape-scale
remote sensing could help to overcome the limitations associated with current severity
assessments and promote quantitative measures that increase our understanding of carbon
cycling and mortality post-fire [8].

A prior study [8] provided greater detail on the problems associated with current severity
assessment methods. That study [8] proposed that one potential approach to assessing burn
severity could be achieved by incorporating biological sciences perspectives through the use
of dose-response experiments, where fire radiative energy density (FRED: MJ m~2) was the
dose metric and plant carbon or water processes were proposed as potential response
metrics. This proposed mechanistic approach to burn severity has the improved potential to
link remote sensing datasets to ecosystem process models. Several other studies have used
the FRED methodology as a pathway to characterize fire effects at both plot and landscape
scales [21,22]. Increasing FRED doses have been observed to cause significant reductions in
leaf-level net photosynthesis in Pinus contorta at four weeks post-fire [8]. This study called
for further research to investigate these relations in other species, over a wider range of
spectral indices, and at extended temporal scales.

Although the prior study [8] presented a potential framework for improving severity
assessments from a mechanistic standpoint, it was only a short communication that did not
investigate the potential for spectral indices and remote sensing in detail. The prior study [8]
also only presented dNBR and dNDV/I as examples, but did not evaluate other spectral
indices that are known to have strong linkages with plant physiological function (e.g., the
Photochemical Reflectance Index, PRI, [23]). This past study [8] also did not attempt to
elucidate what physiological changes in the seedlings were responsible for the observed
differences in the spectral indices over time. The earlier study [8] also only considered a
single species, Pinus contorta, and a key question produced by their findings was whether
the spectral changes associated with the increasing FRED doses would transfer across
species.

Here, the main objectives are to build on the prior study [8] and test our hypotheses that,
(1) increasing FRED dose leads to increased mortality one year post-fire; and (2) decreasing
levels of seedling physiological performance caused by increasing FRED doses can be
detected using common spectral indices, such as dNDVI, dPRI, and dNBR (Table 1). We
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further hypothesized that dANDVI and dPRI would have the strongest linkages to
physiological responses in the seedlings, as these spectral indices have well-documented
successes in monitoring photosynthetic activity [24—-27]. We tested the performance of
dNBR as it is the most commonly used spectral index in the burn severity quantification
literature [6,10,11,13,28-30]. To address the main objective, we examined how these three
spectral indices changed as two physiologically different seedling species responded to
increasing FRED levels. We then examined the post-fire trajectories of these three spectral

indices for a month following the fires, and then again at one year post-fire.

Materials and Methods
Plant Materials

Details of seedling culture and growing conditions are reported in more detail in a prior
study [8]. In total, 36 Larix occidentalis (western larch) and 36 Pinus contorta (lodgepole
pine) seedlings were grown in an open-sided greenhouse at the University of Idaho Pitkin
Forest Nursery in Moscow, ID, USA, using 3.8 L pots through two and a half growing
seasons under natural light conditions. The Pinus and Larix seedlings were randomly
divided into four groups of nine seedlings (control group and three levels of FRED), and
kept in the greenhouse except during the fire combustion experiments. For both species, the
seedlings averaged a height of approximately 0.6 m.
Experimental Fire Setup

Experiments were conducted at the indoor combustion laboratory associated with the
Idaho Fire Initiative for Research and Education (IFIRE). From the fire science literature
[31,32], it is well-accepted that the consumption of pure fuel beds of known type, loads, and
moisture contents will release predictable amounts of FRED. Using data presented in [33]
and following the methods described in [8], we determined the loads (kg m~2) of dry (~0%
fuel moisture content) Pinus monticola (western white pine) needles to produce total FRED
“doses” of 0.4 MJ m 2 (low group), 0.8 MJ m~2 (moderate group), and 1.2 MJ m2 (high
group). A control group containing the same number of replicates was included that was not
exposed to fire. These doses were created to simulate the range of fire behavior typically
seen in surface fires across a range of global woodland ecosystems [21,34,35]. The needles

used in the current experiment were collected from a Pinus monticola plantation located
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adjacent to the University of Idaho, and were manually sorted to remove impurities. For
each ignition, 1-2 g of 100-proof ethanol was added to the edge of the fuel bed and ignited
to provide a uniformly spreading flaming front. Each burn occurred over approximately the
same duration regardless of fuel load (229 £ 2.1 s) and was considered complete once
smoldering combustion had ceased for at least 20 s.
Spectral Measurements

Spectral reflectance was collected from one week prior to the experiments until four
weeks post-fire using an ASD FieldSpec Pro spectroradiometer with the mineral probe
attachment (Analytical Spectral Devices, Boulder, CO, USA). This spectroradiometer has a
spectral resolution of 3 nm between 350-1000 nm and 10 nm between 1000 and 2500 nm.
Spectra were internally processed via linear interpolation to 1 nm resolution before any
calculations were performed. Multiple (three-to-seven) pre-fire spectra were collected from
both old (internodal) and new (apical bud) foliage on each seedling to create baseline
spectral measurements for each tree, where each measurement averaged ten collections from
the spectroradiometer. For each non-destructive spectral sample, ~5 cm? of foliage was
positioned between a background object of known reflectance and the mineral probe
attachment. The background reflectance was subtracted from each sample. Where possible,
post-fire spectra were collected from the same locations as the pre-fire spectra. At 52 and 54
weeks post-fire, some of the trees were harvested for a companion study, leaving fewer trees
for spectra collection. The location of the new foliage spectra was coincident with
photosynthesis measurements (as described below). Between each seedling, a Spectralon
panel calibration measurement was made to enable calculation of reflectance. All spectra
were converted into band-equivalent reflectance [36,37] associated with Landsat 8
Operational Land Imager (OLI) (see [38] for specific wavelengths) for the calculation of the
Normalized Burn Ratio (NBR: [30]) and the Normalized Difference Vegetation Index
(NDVI: [39]). The Photochemical Reflectance Index (PRI: [23]) used the individual
wavelengths of 531 and 570 nm. Table 1 outlines each spectral index calculated in this
study. Photographs were also taken pre-fire- (—1 days) and post-fire (+1, 2, and 4 weeks) to
obtain visual estimates of crown scorch, which was assessed following the methodology in
[30]. Specifically, the proportion of the crown volume that is yellow-green or brown is

visually compared to the total crown volume.
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Seedling Physiology Measurements

To elucidate the potential physiological properties that cause the observed changes in the
spectral indices, we draw on data from a related study [20]. That study collected additional
seedling physiological metrics and sought to understand the underlying mechanisms
associated with mortality and post-fire recovery. More detail of the methods can be found in
[20] but the subset of metrics that are used in this study are briefly described here. Light-
saturated (1100 mmol m~2 s! PPFD) gas exchange (photosynthesis) and chlorophyll
fluorescence measurements were performed following standard protocols [40,41] using a LI-
6400XT and 6400-05 LED light source and conifer chamber (LI-COR, Inc., Lincoln, NE,
USA) one day prior to the burns and then at 1, 4, 7, 14, and 28 days following the burns on
five randomly-selected plants in each dose group. Water potential was measured following
standard protocols [42] at midday at the same sampling intervals as Pn using a Model 600
Pressure Chamber (PMS Instruments Company, Albany, OR, USA).
Statistical Analysis

Physiological and spectral differences were compared with ANOVA and, if significant, a
Tukey’s Honest Significant Difference test (HSD, a = 0.05). Distributional assumptions
required for ANOVA were graphically assessed and homogeneity of variances were verified
using the Bartlett Test of Homogeneity of Variances [43]. Relationship ‘goodness of fit’
between dependent and independent variables was assessed using the coefficient of
determination (r?) and standard error of the estimate (SEE) from regression analysis.

Results

For both tree species, increasing FRED dose resulted in increasing crown scorch and
decreasing physiological performance (Figure 1). We found positive, non-linear
relationships between FRED dose and crown scorch at four weeks post-fire (Figure 1b,
Pinus: r2 = 0.94, SEE = 0.10, p < 0.001; Larix: r> = 0.95, SEE = 0.09, p < 0.001). In
comparison, we observed negative linear relationships between crown scorch and PN at four
weeks following the fire (Figure 1c) for Pinus (r? = 0.44, SEE = 2.1, p < 0.01) and Larix (r
=0.72, SEE = 1.5, p <0.001). Likewise, significant negative relationships were observed
between crown scorch and stomatal conductance (Figure 1d, Pinus: r? = 0.77, p < 0.001,

Larix: r2 = 0.45, p < 0.01) for both species and leaf water potential for lodgepole pine
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(Pinus: r> = 0.56, SEE = 0.08, p < 0.001). The dNDV!I spectral index had significant positive
relationships (i.e., greater deviation from baseline values as crown scorch increased) with
crown scorch (data not shown, Pinus: r> = 0.34, p < 0.001; Larix: r? = 0.24, p < 0.01). Figure
2 displays example photos of crown scorch for each FRED dose group at four weeks post-
fire.

The temporal trajectory of all spectral indices for the high FRED dose seedling group for
both species generally displayed a slight increasing trajectory or no trend at all (Figure 3).
An exception to this is the decrease in dNBR and dNDVI index values for Larix at three and
four weeks post-fire. Several of the Larix produced small leaf buds that initially grew for a
few days, but ultimately died. This could explain the slight decrease of spectral index values
(toward pre-fire baseline values) of Larix. Both dNDVI and dPRI spectral index values for
the low and moderate FRED doses displayed bell-shaped temporal trajectories with values
peaking at two weeks post-fire. These values generally decreased at three and four weeks
post-fire, possibly indicating partial recovery in both seedling species. The dNBR spectral
index did not display as strong of a trend as dNDVI and dPRI in either species. All pre- and
post-fire spectral reflectance data are contained within supplemental data (Table S1). At one
year post-fire 100% of the Pinus and 67% of the Larix seedlings exposed to the 0.4 MJ m™>
dose survived. However, only 67% of the Pinus and 50% of the Larix seedlings exposed to
the 0.8 MJ m2 dose survived. All seedlings (over both species) exposed to 1.2 MJ m™2 died
within one month post-fire. None of the control seedlings died during the observational
period. The mortality of the two Larix seedlings in the low treatment was attributed to a
potential interaction associated with poor pre-fire seedling vigor. For the trees that survived
52 and 54 weeks following the low and moderate intensity fires, all spectral indices returned
to, or surpassed, their pre-fire baseline values (Figure 3). Even though some delayed
mortality is present one year post-fire, these results still demonstrate a clear dose-response
with higher delayed mortality in the larger 0.8 MJ m™~2 dose groups.

Higher FRED dose resulted in increasing values (i.e., greater change from pre-fire
baseline values) for all three differenced spectral indices across both species (Figure 3).
Linear relationships between the differenced spectral indices and FRED were generally
strongest (i.e., r> > 0.50 and SEE < 0.1) one to two weeks following the combustion

experiments. The dNDVI spectral index had the strongest relationships (r? = 0.73-0.85) for
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both species at these time periods. The dNBR spectral index had the weakest relationships
over this same period (r? = 0.53-0.73).

Although the relationships between the differenced indices and FRED were strongest at
1-2 weeks following the burn, relationships between spectral indices and physiological
performance were strongest four weeks post-fire (Figure 4c). Chlorophyll fluorescence was
the only exception, where linear relationships were strongest one week post-fire. The dPRI
spectral index had the strongest relationship with chlorophyll fluorescence one week post-
fire (Pinus: r? = 0.76, SEE = 0.04, p < 0.001; Larix: r> = 0.36, SEE = 0.06, p < 0.01) for both
species (Figure 4d). Linear relationships between the differenced spectral indices and PN
were strongest at four weeks post-fire (Figure 4c). Among the differenced indices at this
time point, INDVI had stronger linear relationships with photosynthesis in both species
(Pinus: r? = 0.70, SEE = 2.25, p < 0.001; Larix: r? = 0.38, SEE = 2.48, p < 0.01) than did
dNBR (Pinus: r? = 0.65, SE = 2.4, p < 0.001; Larix: r> = 0.03, SEE = 3.12, p = 0.57) or dPRI
(Pinus: r> = 0.60, SEE = 2.61, p < 0.001; Larix: r? = 0.35, SEE = 2.55, p < 0.05). Mean
dNDVI values were significantly different (p < 0.001) between the control (—0.016) and
high (0.457), control and low (0.172), control and moderate (0.209), low and high, and
moderate and high FRED dose groups for Pinus. Additionally, mean dNDVI values were
significantly different (p < 0.001) between the control (0.027) and moderate (0.142), control
and high (0.349), low (0.053) and high, and low and moderate FRED dose groups for Larix.

Discussion

The strong relationship between dNDVI and Pn observed in these fire dose-response
experiments supports the methodology of [8] and further demonstrates that spectral indices
have the potential to improve burn severity quantification through the monitoring of plant
physiological metrics. While many studies have tested the utility of spectral indices for
quantifying broad burn severity metrics (i.e., canopy cover, soil color, etc.) [11,28,29,44],
we were able link post-fire spectral indices and physiological responses in two functionally-
and ecologically-distinct tree species.

While the links between vegetation physiological response and resulting post-fire
reflectance are not well understood, this study provides evidence to suggest that these

changes could be the result of significant photochemical and structural changes arising from
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fire-caused damage and stress. Previous remote sensing vegetation studies have identified
that red reflectance from living vegetation is largely driven by photosynthetic pigments
(such as chlorophyll and carotenoids) and near-infrared (NIR) reflectance is driven by
structural features (leaf thickness, intercellular space, and dimensions) and other factors,
such as nitrogen content [26,45]. Since the dPRI spectral index uses reflectance wavelengths
mostly influenced by leaf pigments [23,46], it is unsurprising that this index did not respond
to the variations in photosynthesis that was not caused by differences in chlorophyll. In
contrast, the use of both red and NIR reflectance in the calculation of dANDVI likely make
this index a more integrative measure of changes in photosynthetic processes. The dANBR
spectral index also uses a broader range of reflectance wavelengths than dPRI, but this index
was not designed to assess physiological processes [30,47]. The NIR and shortwave infrared
reflectance used by dNBR are apparently more influenced by water content and other
compounds in a leaf than processes more directly related to photosynthesis [11]. While the
overall spectral response was very similar between the two species, slight differences could
be attributed to differences in leaf pigment composition or physiological response to stress
[48].

Rather than chlorophyll fluorescence, changes in leaf structure could be driving the
relationship between PN and dNDVI (Figure 4c). Changes in leaf structure have been
observed to influence NIR in other vegetation types including herbaceous plants [49] and
deciduous broadleaf trees [26]. High temperatures, such as those resulting from fires, can
create structural deformations in leaf cell walls [19]. Similarly, model simulations suggest
that the high air temperatures present during a fire could lead to extreme drops in water
vapor pressure, causing cavitation in the foliage [50]. In our study, FRED doses caused clear
damage to the seedling crowns and individual needles that were sampled for spectral and
physiological measurements (Figure 1b—d). Generally, as the FRED dose increased, the
proportion of needles with partial or complete scorch increased. Likewise, there were clear
differences in the NIR reflectance between each FRED dose group (Figure 4a). Partial
and/or complete heat damage could result in significant changes in both NIR reflectance and
photosynthesis. In addition to chlorophyll and other pigments, photosynthesis requires
adequate movement (conductance) of water, carbon dioxide (CO3), nutrients, and plant

biomolecules within and among cells. Although there was little evidence of increased water
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stress, estimates of leaf intercellular CO> (Ci) indicated that the supply of CO; limited
photosynthesis in these trees. Leaf conductance to CO: is highly influenced by leaf structure
[51] and it is possible that we observed a strong relationship between dNDVI and Py
because dNDVI is responding to changes in leaf structure. However, studies have identified
other factors, such as foliar nitrogen content, which were not measured in this study, that
could be driving the relationship between dNDV1 and PN [26,45,52].

The strong relationship we observed between dNDVI and changes in PN at the leaf level
does not necessarily mean dNDVI can now be directly applied to the characterization of
landscape-scale burn severity and effects on tree physiology; several limitations are obvious.
First, we used a small sample size to correlate physiological metrics to spectral indices. This
sample size (n = 15-20) varied depending on how quickly foliage from each seedling died
and was shed. Second, trees in landscape-scale fires are likely to be under more stress (i.e.,
water and/or nutrient stress) than the seedlings in this study and, therefore, the relationship
between reflectance and Pn potentially differs. Depending on environmental conditions,
evergreen species can have periodic reductions in photosynthesis while light absorption
remains constant [53,54], which could lead to large errors if a constant Pn-to-reflectance
relationship is assumed. Multi-temporal field validation of the leaf-level ANDVI and P data
is needed. In addition, there is evidence that spectral properties observed at the leaf and
branch level scale poorly to the landscape level due to effects resulting from species
composition mixing, shadows, and non-vegetated areas [25,27,55]. Despite these challenges,
studies have reduced scaling problems in tropical forests by using a fusion of LIDAR-
derived canopy cover estimates and high spatial resolution (<2 m pixel size) imagery [56].
Using this methodology, only spectral characteristics of canopy crowns are assessed,
minimizing mixed pixel errors. A similar approach could be used with lower spatial
resolution imagery (i.e., 30 m Landsat imagery) by integrating existing canopy cover
products, such as the National Land Cover Database (NLCD) or the Landscape Fire and
Resource Management Planning Tools Project (LANDFIRE) canopy cover products [57,58]
or LiDAR data, to quantify errors associated with variable canopy cover.

The temporal trajectories of all three indices over the duration of this study suggests that
caution should be used when using these indices for long-term severity characterization (i.e.,

>1 year), as all indices returned to their baseline (pre-fire) values for both species at one year
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post-fire. This result has also been observed with studies using spectral indices to map
burned area [36]. Specifically, burned area mapping accuracy derived from NBR and dNBR
spectral indices was demonstrated to significantly decline in Southeastern U.S. ecosystems
when satellite data more than two months post-fire was used [59]. While [59] were primarily
concerned with an ecosystem dominated by Pinus palustris (longleaf pine), our findings
agree with theirs in suggesting initial severity assessments may be preferred over extended
assessments when using vegetation metrics (such as PN) as the burn severity metric.

The results of this and the prior studies [8] demonstrate that at one month post-fire a
clear dose-response relationship between FRED and ecophysiology metrics is apparent. This
study demonstrated that at one year post-fire the surviving seedlings of the 0.4 MJ m~2 and
0.8 MJ m2 treatments were not significantly different from the control. Therefore, the
compelling question that future research could seek to elucidate is how long (i.e., between
one month and one year) does it take for the control and treatment groups to converge? In
terms of plants within natural ecosystems (i.e., not nursery grown), additional questions
include how seasonality and other environmental stressors, such as droughts and insects,
impact this recovery trajectory.

This study serves as an example of how spectral data can be used to assess physiological
function following wildland fires. For instance, these data could improve estimates of
carbon assimilation loss due to damaged or consumed leaf area. The strong relationships
between tree physiology and remote sensing spectral indices provides a significant step
towards improving the characterization of wildland fire severity and carbon cycle dynamics

across fires and regions.

Conclusions

Results from two physiologically-different conifer seedlings highlight the potential of
spectral indices to predict fire effects related to carbon processes. The dNDVI spectral index
outperformed other spectral indices used for vegetation stress and burn severity
characterization in regard to leaf Py quantification. In terms of how knowledge is advanced,
this study provides the necessary spectral groundwork for the development of more
sophisticated landscape-scale remote sensing assessments of how fires impact the terrestrial

carbon cycle. Such research could help provide quantitative data on landscape fire
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vulnerability [60] to help decision-makers mitigate the impact of fires on the environment
[61]. Although promising, future work is, however, needed to examine how these
relationships scale from individual trees to forest stands. Other spectral indices, such as
dNBR, have been shown to be good at capturing broad change metrics, such as amount of
live vegetation, vegetation moisture content, and changes in areal extent of exposed soil
[11,28]. However, as the widely-used Monitoring Trends in Burn Severity (MTBS) product
[62] (delineated using dNBR) is usually the result of arbitrary thresholds [17], this research
provides a path toward the development of more quantitative and mechanistic severity
metrics.

Importantly, the survival of low and moderate FRED seedlings after one year post-fire
confirms an immediate post-fire dose-response relationship and not short-term variation
followed by delayed mortality. This further reaffirms that fire-induced mortality is more
complex than the binary scenario where trees survive with no impacts below a certain
temperature and duration threshold, and mortality occurs above the threshold [8]. In terms of
burn severity for these two species, the return of all spectral indices from surviving seedlings
to their pre-fire baselines at 52 and 54 weeks post-fire indicates that initial severity
assessments conducted utilizing post-fire data from the same growing season as the fire may
be more useful at quantifying severity (in terms of Pn) than extended assessments that utilize
data from the following growing season. Further study is clearly needed to determine if
these relationships hold for older, larger trees, and other plant species.
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Tables

Table 1. Spectral indices assessed in this study.

Spectral Index Formulation
NDVI PNIR — Pr/PNIR T pr
dNDVI NDlerefire - NDVIpostfire
NBR PNIR — PSWIR/PNIR + PSwWIR
dNBR NBRprefire - NBRpostfire
PRI ps31 — Ps70/ps3t + Ps70
dPRI PRprefire — PRIpostfire

PNIR = Sensor near-infrared reflectance, pr = sensor red reflectance, and pswir = Sensor
shortwave infrared reflectance. For PRI, ps31 and ps7o denote reflectance from
specific spectral wavelengths (um).
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Figure 1. Increasing FRED dose leads to increasing crown scorch and lower leaf
physiological performance. Scatterplots display four week post-fire data with colors
representing FRED doses: blue = control, yellow = 0.4 MJ m™2, orange = 0.8 MJ m™2, and
red = 1.2 MJ m~2, and solid markers representing Pinus and open markers representing
Larix. The solid and dotted lines represent predicted values for Pinus and Larix four weeks
post-fire, respectively. Sub-plots are as follows: (a) leaf Pn predicted from FRED (adapted
from [8] to include a comparison with Larix) and (b) crown scorch predicted from FRED;
(c) Pn predicted from crown scorch; and (d) stomatal conductance predicted from crown

scorch.
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Figure 2. Crown scorch increased with FRED dose for both species. Photographs display
overall seedling condition four weeks post-fire.
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Figure 4. Spectral indices are strongly influenced by FRED dose and provide relatively
accurate quantification of leaf physiological performance. Scatterplots display post-fire data
with colors representing FRED doses: blue = control, yellow = 0.4 MJ m2, orange = 0.8 MJ
m~2, and red = 1.2 MJ m2, and solid markers representing Pinus and open markers
representing Larix. The solid and dotted lines represent predicted values for Pinus and Larix,
respectively. Regression fits of mean values are in parentheses. Sub-plots are as follows: (a)
average spectral reflectance of Pinus FRED dose groups from ~0.4-2.5 um; (b) dNDVI
predicted from FRED four weeks post-fire (adapted from [8] to include a comparison with
Larix); (c) Pn predicted from dNDVI four weeks post-fire (adapted from [8] to include a

comparison with Larix); and (d) chlorophyll fluorescence predicted from dPRI one week
post-fire.
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Chapter 3
Impacts of fire radiative flux on mature Pinus ponderosa growth and vulnerability to

secondary mortality agents

Published in International Journal of Wildland Fire:
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(2017), Impacts of fire radiative flux on mature Pinus ponderosa growth and vulnerability to
secondary mortality agents, International Journal of Wildland Fire 26, 95-106,
d0i:10.1072/WF16139.

Abstract

Recent studies have highlighted the potential of linking fire behavior to plant
ecophysiology as an improved route to characterizing severity, but research to date has been
limited to laboratory-scale investigations. Fine-scale fire behavior recorded during prescribed
fires has been identified as a strong predictor of post-fire tree recovery and growth, but most
studies report fire behavior metrics averaged over the entire fire. Additionally, previous
research has found inconsistent effects of low-intensity fire on mature Pinus ponderosa
growth. In this study, fire behavior was quantified at the tree scale and compared with post-
fire radial growth and axial resin duct defenses. Results show a clear dose-response
relationship between peak fire radiative flux density (FRFD: W m2) and post-fire Pinus
ponderosa radial growth. Unlike in previous laboratory research on seedlings, there was no
dose-response relationship observed between fire radiative energy density (FRED: J m) and
post-fire mature tree growth in the surviving trees, potentially indicating the importance of
heat transfer modes in characterizing these relationships. These results may also suggest that
post-fire impacts on growth of surviving seedlings and mature trees require modes of heat
transfer to impact plant canopies. This study demonstrates that increased resin duct defense is
induced regardless of fire intensity, which may decrease Pinus ponderosa vulnerability to
secondary mortality agents.
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Introduction

Low-intensity surface fires have a well-documented role in maintaining healthy
ponderosa pine (Pinus ponderosa Dougl. ex Laws.) forests (Agee, 1998; Heyerdahl et al.
2001; Baker, 2009). Surface fires can reduce susceptibility to high-intensity, stand replacing
fires by consuming surface fuels, thinning understory trees and shrubs, and increasing
canopy base height of dominant trees (Steele et al. 1986; Busse et al. 2000; Strom and Fule
2007). Changes in climate and widespread fire exclusion have led to fuel accumulation and
forest structural changes resulting in higher intensity fires across the western United States
(Stephens et al. 2009). To counter this trend, management efforts have included low-
intensity prescribed fires as a tool to help return these forests to characteristic stand densities
and fuel loadings (Agee and Skinner 2005). The resulting range of surface fire intensity
(wildfire to prescribed fire) in Pinus ponderosa forests is large, and varies considerably
depending on the fuel complex structure, ignition pattern, burning conditions, slope, and
other factors (Alexander and Cruz 2012). High variability in fire intensity, coupled with
secondary mortality agents such as bark beetles and disease, have resulted in considerable
uncertainties in identifying the causes and magnitudes of tree vulnerability, recovery, and
mortality post-fire. While many fire effects models exist, none spatially quantify post-fire
ecological and physiological characteristics, limiting our understanding of ecosystem carbon
dynamics and our ability to manage landscapes pre- and post-fire (Reinhardt and Dickinson
2010; Smith et al. 2016).

The effects of fire on tree growth and physiology are a consequence of the transfer of
heat into the roots, bole, and crown (Michaletz and Johnson 2007). Heat-induced cell
necrosis can reduce growth by damaging apical and lateral meristems and can eventually
lead to tree mortality. Many empirical studies have linked visual assessments of crown and
bole damage with post-fire tree mortality and recovery (Ryan and Reinhardt 1988; Mantgem
et al. 2003; Hood et al. 2007). Unfortunately, most studies have failed to link fire behavior
with post-fire vegetation response (Smith et al. 2016). This is illustrated in Table 1, which
shows widely differing Pinus ponderosa growth and physiology responses despite similar
treatments, tree size and ages, and post-fire sampling times. Research that has tried to link
heat transfer with vegetation response has mainly focused on localized cell death, such as

through stem girdling and cell deformation (Bova and Dickinson 2005; Michaletz et al.
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2012). For instance, Michaletz et al. (2012) observed heat-induced xylem conduit wall
deformation and cavitation, which they hypothesized could lead to reduced xylem
conductivity and tree mortality. Other studies have applied hot water baths to excised branch
segments as a proxy for fire (West et al. 2016). However, these studies are limited in their
inference because they do not replicate natural fire conditions where large sections of plants
are exposed to heat (Smith et al. 2016). Further, the constant heat flux created by the
application of a heater, controlled flame, or water bath is limited in relevance to the sporadic
short duration heat pulses that are experienced in a wildland fire (Kremens et al. 2010).
Physiologically, the application of heat to a plant module or portion of the stem provides
insight into cellular and molecular processes, but may miss both compensatory responses
that allow plants to maintain physiological function at an organismal scale (Trifilo et al.
2011) and potential synergistic effects that could result from damage to multiple portions of
the plant.

Fire damage to boles and crowns can reduce photosynthetic potential and phloem
transport and increase immediate (within 2 years post-fire) Pinus ponderosa vulnerability to
secondary mortality agents, such as Dendroctonus ponderosae (mountain pine beetle)
(Davis et al. 2012). Primary tree defense to bark beetle attacks consists of resin duct systems
that can transport resin vertically through axial ducts in the sapwood and radially through
ducts in the sapwood and phloem (Lieutier 2002; Hood and Sala 2015a). In pines, resin
ducts are crucial during beetle attack and serve as physical barriers that are toxic to both the
beetles and the symbiotic fungi introduced by the beetles (Lieutier 2002; Hood and Sala
2015a). Resin duct systems can be classified as defenses that are either constitutive, which
are pre-formed before damage, or induced, which are activated by injury or pest colonization
(Lieutier 2002). There is growing evidence that trees with greater resin duct defenses (i.e.,
resin duct size and proportional area of growth ring) have a greater chance of surviving
beetle attack than trees with lesser defenses (Kane and Kolb 2010; Ferrenberg et al. 2014;
Hood et al. 2015a). Resin duct properties have been demonstrated to be more important than
growth for predicting tree survival (Kane and Kolb 2010; Hood et al. 2015b).

Low-intensity surface fires have been observed to increase the size and production of
resin ducts and enhance resin flow in Pinus ponderosa (Feeney et al. 1998; Perrakis and

Agee 2006; Davis et al. 2012; Hood et al. 2015a). This increase in resin duct defense can
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persist for years post-fire, increasing constitutive defenses and long-term resistance to pest
attack (Hood et al. 2015a). Hood et al. (2015a) hypothesized that non-lethal fire damage
could serve as a cue for trees to increase defense capacity in preparation for beetle attacks
that are common post-fire (Hood and Bentz 2007; Davis et al. 2012). In the studies we have
identified (Table 1), the induction of increased resin duct defense in Pinus ponderosa
following wildfire is relatively universal. However, none of these studies related spatial
variation in fire behavior to differences in resin duct formation, leaving relationships
between fire intensity and post-fire changes in tree defenses largely unknown.

Recent studies have highlighted the utility of using radiative heat flux metrics that
quantify fire energy as a route to characterize fire behavior and predict post-fire tree
mortality, growth, and physiological function. Radiation typically represents only ~11-17%
of the total heat flux (Freeborn et al. 2008; Smith et al. 2013; Kremens et al. 2012),
however, it is relatively easy to measure (Kremens et al. 2010) and is strongly correlated to
other heat flux components (Freeborn et al. 2008). Kremens et al. (2012) and Hudak et al.
(2016) used Fire Radiative Flux Density (FRFD: W m) to characterize fire behavior in oak
woodland and longleaf pine forests, respectively. Satellite derived fire radiative power (FRP:
W) has been used to predict changes in burn severity spectral indices at landscape scales
(Heward et al. 2013) and FRP products derived from the Moderate Resolution Imaging
Spectrometer (MODIS) are widely used in the assessment of fire regimes (Giglio 2007;
Roberts et al. 2009; Archibald et al. 2010; Andela et al. 2015) and regional and global fire
emissions (Mebust et al. 2011; Kaiser et al. 2012; Konovalov et al. 2014). Recent studies
have observed dose-response relationships in Pinus contorta (lodgepole pine) and Larix
occidentalis (western larch) seedlings to increasing doses of fire radiative energy density
(FRED: J m). Specifically, under controlled nursery and laboratory conditions, FRED dose
resulted in decreasing photosynthesis and diameter at root collar in surviving trees (Smith et
al. 2016, in review) and increased mortality at extended temporal scales (Sparks et al. 2016).
These studies indicate that there is a strong link between measures of radiative heat flux and
vegetation response and mortality. However, there is a need to investigate such linkages on
larger trees and under field burning conditions. In larger trees we would expect that
defensive traits, such as crown base height and bark thickness, would result in reduced

impacts of heat flux dose on the post-fire recovery and mortality (Wade, 1993). Trees burning
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within the natural environment (not within a laboratory) would also be expected to be more

resistant given they have adapted to environmental conditions and variability. Consequently,

in this study we sought to answer the following questions:

1) Is there a dose-response relationship between metrics of fire intensity and radiative flux
and the post-fire mature tree growth? If yes, are the radiative heat flux metrics the same
as those observed to produce dose-response relationships in seedlings and if not, why?

2) Is there a dose-response relationship between metrics of fire intensity and fire radiative

flux and mature tree defenses?

Methods
Site Description and Experimental Design

The University of Idaho Experimental Forest (UIEF) is located on the Palouse Range,
approximately 20 km northeast of Moscow, Idaho. The UIEF is characterized by a mixed-
conifer temperate forest. Dominant tree species within the UIEF include, Psuedotsuga
menziesii (Douglas-fir), Abies grandis (grand fir), Thuja plicata (western red cedar), and
Pinus ponderosa (ponderosa pine). Mean summer temperatures over the 1981-2010 time
period were 16.4 °C and mean summer precipitation was 97.5 mm (annual precipitation was
658.1 mm)(Arguez et al. 2010).

Three even-aged, Pinus ponderosa dominated stands were chosen for this study,
ranging in elevation from ~880-950 m (Figure 1). The three stands were planted in 1982
following clearcut and broadcast burn treatments and have understories dominated by
Physocarpus malvaceus (ninebark) and Symphoricarpos albus (snowberry). In June 2014,
approximately two hectares of each stand was mechanically thinned using a boom-mounted
brushing head on a CAT 320B excavator (Caterpillar Inc., Peoria, IL, USA). All understory
shrubs were chipped and the overstory Pinus ponderosa was thinned to a target spacing of 6
m and chipped (see Figure 2 for pre-burn conditions). The thinning decreased basal area (m?
ha!) of trees >5 cm diameter at breast height (DBH) by an average of 12.1 m? ha* across all
three stands (Table 2). Likewise, stand density (tree ha') of trees >5 cm DBH was reduced
by an average of 655 trees ha* across all three stands (Table 2).

Prescribed burns were conducted on two consecutive days in late October, 2014 in one-

half of each stand to reduce surface fuel loadings. Prior to the prescribed burns, nine 5 m by
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7 m rectangular plots were selected from a 60-plot grid established as part of an ongoing
study (Figure 3). The nine plots were deliberately selected to exhibit a wide variability of
slopes, aspects, fuel loading, and moisture content to facilitate a large range of potential fire
behavior conditions. Temperature during burning operations on both days ranged from 16-
20 °C, with the highest temperature occurring at the start of operations and the lowest
temperature occurring at the end of operations. Likewise, relative humidity ranged from 26-
52% both days. Surface winds were 1.6-4.8 km h! during burning operations. Plots were
ignited with a drip torch on the downhill side to establish a uniform head fire flaming front,
with ignition lines separated by ~8m.
Fire Behavior and Fuel Consumption

Fireline intensity was calculated using the low heat of combustion for Pinus ponderosa
chipped woody material and needles. To calculate the heat yield of the fuel consumed in
each plot, we followed the calculations presented in Van Wagner (1972) for woody fuels
and subtracted the heat loss deductions due to bound and free water. Specifically, a
deduction of 1,264 kJ kg™ was subtracted from high heat of combustion estimates obtained
through bomb calorimetry. Fuel depth and loading of fine and coarse woody debris (1, 10,
100, 1000 hour fuels), duff, and litter were obtained through destructive quadrat (0.5 m by
0.5 m) sampling in the four corners of each plot. Following collection, the fuels were sorted
and oven dried to obtain dry fuel loading (detailed in Table 3). Litter and 1, 10, and 100 hour
fuel samples (n=5) were collected immediately before plot ignition just outside each plot,
sealed in plastic bags, and oven dried to obtain fuel moisture content. Ignition operation
logistics did not permit the collection of litter and 1 hour fuel moisture samples in plots 1
and 2. Consumption was estimated following Kreye et al. (2013). Specifically, a systematic
grid of nine steel pins were installed in each instrumented plot in order to measure the
average depth of pin exposed post-fire. This method was used as there were strong linear
relationships (r>=0.66, SE=3.52, p<0.001) between woody fuel depth and total fuel load
derived from 62 individual quadrats. These relationships have also been observed in similar
chipped fuelbeds (Reiner et al. 2009). To enable the calculation of rate of spread, video
cameras (Samsung HMX-F90 HD Camcorder, Samsung Electronics America Inc.,
Ridgefield Park, NJ, USA) were positioned at each of the plots such that the plot corner pin
flags and center of the plot were visible. The average rate of spread for each plot was
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calculated by analyzing the time to travel between different sets of reference points (n=10).
As all of the plots had some slope and were ignited from the bottom, the direction of spread
was predominately uphill and in-line with reference points.

We used the definition of flame length described by Johnson (1992) due to its ease of
use and interpretation, where flame length is the distance from the center of the burning bed
on the surface to the tip of the continuous flame in the direction of the travelling fire front.
The center towers were marked with graduated height intervals to create reference points to
aid in the assessment of flame length. Flame lengths were observed and recorded by field
observers and were validated through examination of still-frame video data, analyzed at 10 s
intervals. Flame residence time was derived from the video data and was calculated as the
total time that plots maintained continuous flaming combustion (Cheney 1990). Smoldering
time was estimated to be the difference between the total duration of radiometer signal
above average pre-fire values and flame residence time.

Fire radiative flux density (FRFD: W m) was calculated using observations from dual-
band infrared radiometers and methodology detailed in Kremens et al. (2012). The dual-
band infrared radiometers were affixed on instrument towers 5.2 m above the center of each
plot and recorded data at 0.1 Hz from pre-ignition to fire extinction. The size of the burning
plot exceeded the radiometer field of view, thus minimizing edge effects. We calculated fire
radiative energy density (FRED: J m) as the time integral of FRFD observations for each
plot. For non-instrumented plots, FRED was modeled using the combustion factor (kg J?)
derived from linear regression analysis between observed FRED and fuel consumption (r? =
0.92, SEE = 0.991, p < 0.001). Effects of variable FRED dose duration (J m? hr?) are not
well-researched (Smith et al. 2016) and so we also calculated FRED normalized by total
burn duration for each plot (average FRFD per unit time: FRFD,). FRFD, was obtained by
dividing FRED by the total duration of radiometer signal above average pre-fire values.
Tree Growth and Resin Ducts

In March 2016, a mortality and tree health survey was conducted in all prescribed
burning stands. Live/dead status, DBH, and overall stem and crown condition were recorded
for each tree. Additionally, we collected 5 mm increment cores at ~1.37 m above the ground
from all (n=31) trees within the nine 5 by 7 m study plots. Additional cores (n=31) were also
collected from trees in randomly selected control plots of the unburned half of each stand
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(see Figure 1 for control plot locations). Cores were prepared for cross-dating following
standard methodology (Speer, 2010). Ring widths were measured to the nearest 1 um using
a Nikon (Nikon Instruments Inc., Melville, NY, USA) SMZ800 microscope equipped with a
Velmex micrometer and Metronics digital readout (Velmex Inc., Bloomfield, NY, USA).
Ring widths were used to calculate relative growth (% deviation from mean 3-year pre-fire
growth), calculated as [(Growthyrx —Growthavgprefire) / Growthavgpretire]. Images of each core
were obtained using a SPOT lIdea 5 MP camera and SPOT Imaging Microscopy Imaging
Software version 5.2 (Diagnostic Instruments, Inc, Sterling Heights, MI, USA). Images were
acquired at a resolution (0.741 pixels pm™) where individual earlywood and latewood
tracheid cells were clearly visible. This resolution was considered adequate as the resin
ducts in this study were, on average, 30 and 90 times greater in size compared to earlywood
and latewood cells, respectively. Axial resin duct size was obtained using ImageJ 1.50b
(U.S. National Institutes of Health, Bethesda, MD, USA) following methodology presented
in Hood et al. (2015a).
Statistics

Growth and resin duct metric differences between burned and control trees were
compared with ANOVA, and if significant, a Tukey’s Honest Significant Difference test (a
= 0.05) was employed. Growth and resin duct metric differences were also analyzed by peak
FRFD, FRED, and FRFDy, class to determine if there was a dose-response relationship. Data
were organized into classes using equal-width bins for each radiative energy flux metric.
Distributional assumptions required for ANOVA were graphically assessed and
homogeneity of variances were verified using the ‘Bartlett Test of Homogeneity of
Variances’ (Bartlett 1937). Relationship ‘goodness of fit’ between dependent and
independent variables was assessed using the coefficient of determination (r?) and standard

error of the estimate (SEE) from regression analysis.

Results

Fire behavior, consumption, and radiative flux measurements for each plot are
summarized in Table 3 and typical fire behavior is shown in Figure 2. Although some plots
displayed very active fire behavior (high rate of spread and long flame length), most plots

were dominated by smoldering combustion. On average, smoldering dominated combustion
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represented 97.3% of the total burn duration. Similar to studies in other ecosystems
(Kremens et al. 2012), we observed linear relationships between peak FRFD and fireline
intensity. Peak FRFD was linearly related with both fireline intensity (r? = 0.96, SE=284.6,
p<0.001) and fireline intensity derived from flame length (r> = 0.86, SE=59.7, p<0.001).
Two trees died within the plots, one with 17.8 cm DBH and one with 22.1 cm DBH. These
trees died in plots with FRED ranging from 0.2 to 5.4 MJ m2and had no obvious signs of
bark beetle attack (e.g. pitch tubes, beetle larvae galleries) ~1.5 years after the burns. Due to
the fact that only two trees died within the burn plot boundaries during the study period
(Figure 3), we had little statistical power to detect a relationship between fire behavior and
tree mortality.

There were no significant differences in pre-fire relative growth between burned and
control trees. Relative growth was lower for burned trees compared to control trees 1 year
post-fire (Figure 4a). Additionally, there was a clear dose-response between peak FRFD and
1-year post-fire relative growth (Figure 4b). There were no significant differences between
pre-fire peak FRFD groups and only control and high peak FRFD groups were significantly
different from each other in 2015. Generally, trees exposed to higher doses of peak FRFD
experienced lower relative growth compared to those exposed to lower peak FRFD dose and
control trees. There was a weak linear relationship between relative growth and peak FRFD
(r’=0.23, SE=29.7, p<0.001). There were no obvious dose-response relationships between
FRFD, or FRED and relative growth. Only relative growth for control (11.5 + 5.2%) and
low (-20.8 £ 9.3%) FRED groups and control (11.9 £ 5.2%) and low (-19.7 £ 10.7%) FRFD,
groups were significantly different from each other (Figure 4c). There were no significant
linear relationships between relative growth and FRED or FRFDy..

The only significant differences in duct metrics pre-fire were between control (1.7 £ 0.25
ducts yr?) and high (1 + 0.0 ducts yr') FRED duct production groups and control (0.013 +
0.0008 mm?) and high (0.024 + 0.0092 mm?) FRED total duct area groups in 2011. Unlike
relative growth, there were differences in resin duct metrics in 2014 but not 2015 (Figure 5).
Duct production (ducts yr?), mean duct size (mm? duct?), and total duct area (mm?) in 2014
were higher in burned trees compared to control trees (Figure 5a-c). Unlike relative growth,
there were no apparent dose-response relationships between peak FRFD, FRED, or FRFD,

and any of the duct metrics. In 2014, duct production and total duct area were lower in the
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control group than in the low FRFD,, groups (Figure 5d,f). Mean duct size was lower in the
control group than in the low and moderate FRFD,, groups in 2014 (Figure 5e). There were
no significant effects of burn status (control, burn) or radiative heat metrics on resin duct

size, production, or area in 2015.

Discussion
Sources of variability in post-fire Pinus ponderosa growth

There is considerable variability in reported fire effects on Pinus ponderosa growth
metrics (Table 1). This variation even occurs across research conducted in the same region
and with trees of similar size and age. For example, in central Arizona, basal area increment
has been observed to both decrease (Sutherland et al. 1991) and increase (Feeney et al.
1998) relative to control trees ~1-2 years post-fire. Likewise, in the Bitterroot Mountains in
western Montana, radial wood growth has been observed to increase (Fajardo et al. 2007) or
not be significantly different (Sala et al. 2005) relative to control trees ~9-10 years post-fire.
Variability in growth metrics could be due to differences in water availability and other
environmental factors between studies. Our findings suggest that this variability could be
attributed to fine scale spatial variability in fire intensity. It is clear that both FRED and
FRFD can vary by many orders of magnitude in low-intensity wild- and prescribed-fires.
The peak FRFD data observed in this study were within the typical range observed in past
studies. Specifically, peak FRFD in prescribed fires have been observed to range from ~4-20
kW m in mixed oak forests (Kremens et al. 2012), 0-15 kW m in longleaf pine forests
(Hudak et al. 2016), 13.5-48.6 kW m2 in hardwood/loblolly pine forests (Cannon et al.
2014), and 1.7-16.3 KW m2 in chipped ponderosa pine forests (this study). While most
studies in Table 1 recorded an ‘average’ fire intensity metric for the entire burn, none
quantified fire intensity spatially, and thus could not link within-study variation in post-fire
tree response to differences in fire intensity experienced by the trees. Smith et al. (2016)
used a dose-response methodology with Pinus contorta seedlings and found strong
relationships between FRED dose and photosynthesis. As FRED dose increased, there was a
linear decrease in photosynthesis four weeks post-fire. Likewise, they observed decreasing

tree diameter at root collar with increasing FRED.
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Heat Transfer Mode and Dose-Response

Unlike Smith et al. (in review) we did not observe a dose-response between FRED and
changes in post-fire diameter growth in these mature Pinus ponderosa trees. There are
several factors that could account for this disparity, including: (i) variability in microsite
environmental conditions, (ii) the trees in our study were much larger and had more fire
resistant traits (thicker bark, higher crown base height) and (iii) compared to the flaming-
dominated combustion in the other study, combustion in these burns was smoldering-
dominated.

Variability in microsite environmental conditions such as water and light availability
could be the result of differences in slope position. These conditions could influence the
radial growth and mask any dose-response relationships like those seen in prior studies.
These differences could also have led to variation in the degree of heat exposure around the
boles and the degree to which flames interacted vertically with each tree (i.e. bole scorch on
lee-ward sides).

Diameter and bark thickness have been observed to be strong predictors of post-fire
conifer survival, with larger diameter and bark thickness increasing the probability of
survival (Ryan and Reinhardt 1988; Stephens and Finney 2002). Whereas the previous dose-
response studies used seedlings with thin bark and low crown base height (<0.2 m) and
observed crown scorch from 40-100% (Sparks et al. 2016), the Pinus ponderosa trees in our
study ranged from 13.2-33.0 cm in DBH and had an average crown base height of 6.4 + 0.3
m.

Relative to the controlled laboratory burns conducted by Smith et al. (2016) and Sparks
et al. (2016), the burns in our study produced larger FRED values (up to 13.7 MJ m?).
However, compared to the artificially constructed fuelbeds in the laboratory burns,
combustion of the chipped fuelbeds was much more dominated by smoldering (>97% of
total burn duration on average) and occurred over a much longer period of time (11.9 hours
on average). Distributing the FRED dose over a longer duration may have reduced the
amount of damage caused by the fires. However, the smoldering-dominated combustion
could have led to below-ground damage of tree root systems and reductions in fine roots,
which could result in reduced growth (Swezy and Agee 1990). The dose-response

relationship between peak FRFD and relative growth (Figure 4b) may be indicative of
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damage to the tree crowns caused by convective heat fluxes. Similarly, the past studies of
FRED doses on seedlings (Smith et al. 2016, in review) involved flames in contact with the
entire plant leaving it open to speculation on what mode of heat transfer was responsible for
the observed effects. The use of FRED in these studies was only used due to its ease in
repeatability and the radiative heat flux itself was not assumed to necessarily be the cause of
the observed effects. In the current study, while flames did not conduct heat to foliage
through direct contact, maximum flame lengths reached >1.5 m in several of the plots,
which could deliver substantial convective heat flux to the crown via high temperature gases
rising above the flames. These heat fluxes could cause necrosis in foliage and buds
(Michaletz et al. 2007) and extreme drops in vapor pressure, which could lead to structural
deformation in xylem cell walls (Michaletz et al. 2012), cavitation in foliage (Kavanagh et
al. 2010), and consequently decrease tree growth.
Vulnerability to Secondary Mortality Agents

The data from our study and others (Table 1) suggest that low-intensity fires serve as a
cue for Pinus ponderosa to increase their resin duct defenses. The majority of studies
surveyed observed post-fire increases in resin duct defenses (Feeney et al. 1998; Perrakis
and Agee 2006; Davis et al. 2012; Hood et al. 2015a) despite an enormous range of reported
fire intensity. Likewise, we observed no dose-response relationship between radiative heat
transfer metrics (peak FRFD, FRED, FRFD,) and resin duct metrics. The increase in resin
duct production that occurs after fire could be a direct physiological response to fire or it
could be indirect response to fire induced by changes in resource (light, water, nutrient)
availability that are associated with fire. Other studies have hypothesized that smoke
exposure could serve as a cue for increased production of defensive compounds (Calder et
al. 2010). While Calder et al. (2010) found decreases in photosynthesis, they did not find
significant differences in defensive compound production between trees exposed to 20
minutes of smoke and control trees. The control trees in our stands were in close proximity
(~20-55 m) to the burn plots and could have received some smoke exposure, however, we
do not have sufficient data to conclude that the smoke exposure experienced by the burned
and control trees increased or decreased resin duct metrics. In addition to direct fire effects,
other studies have found that resin duct area in Pinus ponderosa increases under higher

temperature and precipitation (Hood et al. 2015a). For our study area, mean summer
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temperatures increased from 2011-2015, however, precipitation decreased over this period.
Average departure in mean summer (JJA) temperature from the 30 year normal (1981-
2010)(Arguez et al. 2010) was +1.9°C in the three years prior to the burn experiments and
+3.5 °C in the two years post. The percent of normal summer precipitation averaged 19% in
the three years prior to the burn experiments and 11% in the two years post. In our study, the
increase in all resin duct metrics in the burn treatments could also be due to the pulse of
nutrients that typically follows combustion of surface fuels (Certini 2005).
Limitations and Future Work

We acknowledge that our study has some limitations. First, we have relatively small
sample sizes for higher doses of peak FRFD, FRED, and FRFD, compared to lower doses
and control samples. Future studies could manipulate surface fuel loading and moisture
content so that even sample sizes are maintained. Second, in an attempt to create a wide
range of fire intensity, our plots were set up on slightly different slopes and aspects, creating
increased potential for different growing conditions between the sampled trees pre- and
post-fire. Studies continuing this research should strive for more uniform stand conditions to

help control for environmental variation.

Conclusions

Our study demonstrates that quantification of fine-scale fire behavior (e.g. flaming
versus smoldering combustion) are crucial components for quantifying post-fire tree growth.
These results also highlight the utility of peak FRFD for characterizing post-fire growth in
Pinus ponderosa and its potential for landscape-scale application (e.g. MODIS derived
FRP). More research is needed to test the applicability of this dose-response relationship in
different age classes and species. This study also highlights the need for more research into
heat flux dose duration (e.g. vegetation response to large dose distributed over a long time
versus large dose distributed over a short time). Our observations also suggest that non-
lethal surface fires, regardless of intensity, have potential to significantly increase resin duct
defenses of Pinus ponderosa post-fire. This study extended the prior dose-response studies
on seedlings (Sparks et al. 2016; Smith et al. 2016) through investigating whether radiative

heat flux doses leads to predictable responses in post-fire growth and vulnerability to
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secondary agents. Ultimately, this research furthers the argument to advance fire severity

research through connecting doses of the fire heat flux to plant ecophysiology responses.
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Tables

Table 1 (continued on next page). Summary of previous work on Pinus ponderosa growth
and physiology responses to fire. Fire behavior metrics include: | = fireline intensity, FL =
flame length. Growth or other physiological metrics include: DBH = diameter at breast
height, BAI = basal area increment, A = photosynthesis, pre-dawn ¥ = pre-dawn water
potential. Notation: ns = non-significant. State acronyms include: Colorado (CO), Arizona

(AZ), Idaho (ID), and Utah (UT).

ADDIox Approx.
Location Pprox. DBH Treatments Fire behavior
age
(cm)
Growth
Metrics
(Fioocky Mtns, - 21-34 Burn (fall), no burn, control Avg. I: 20 kW m?
Burn (high fuel consumption),  FL (m): 0.3-0.5 (mod), 0.6-1.0
Central OR 45 25 burn (moderate fuel (high) ROS (m min): 2-
consumption), control 4.6 (mod), 0.3-0.6 (high)
Central AZ 50-190 20-40 Burn (fall), control FL<0.4m
Central AZ 115423  16-41 | nin. thin+burn (fall), FL: 0.15 m (0.6 max)
control
South-central . I: 4.2-48 KW m, FL: 0.15-0.46
OR - - Burn (spring), control "
Central AZ - 26 +1.1  Thin + burn (spring) FL: 0.3-0.6 m (2.5 max)
Bitterroot Thin, thin + burn (spring &
Mtns, MT 70 25-31 fall), control )
Bitterroot Thin, thin + burn (spring),
Mtns, MT 20-250 i control i
Blue Mtns, 80-100 ) Burn (spring), burn (fall), FL:06m
OR control
North-central 34 23+ 0.6 Thin + burn (fall), Thin FL1 0.2-1.1 m, I: 83-2712 kW
ID control m
Resin
Metrics
Central AZ  115-423  16-41 I;‘r'l?r'otlh'” + burn (fall), FL 0.15 m (0.6 max)
Central AZ - 26 +1.1  Thin + burn (spring) FL 0.3-0.6 m (2.5 max)
Crater Lake i 94 £ 994 BUM (spring), burn (fall), FL 0.18-0.6 m (spring), 0.3-0.9
NP, OR - control m (fall)
Western MT - >p5  Thin, thin + burn (spring), FL02-27 m
burn (spring), control
MT, ID - 21.5-46.6  Wildfire (fall), burn (spring) -
MT, UT - 29.5 Wildfires -
North-central 34 23+ 0.6 Thin + burn (fall), Thin FL:0.2-1.1 m, I: 83-2712 kW

ID

control

m1
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Table 1 (continued from last page). Summary of previous work on Pinus ponderosa
growth and physiology responses to fire. Fire behavior metrics include: I = fireline intensity,
FL = flame length. Growth or other physiological metrics include: DBH = diameter at breast
height, BAI = basal area increment, A = photosynthesis, pre-dawn ¥ = pre-dawn water
potential. Notation: ns = non-significant. State acronyms include: Colorado (CO), Arizona
(AZ), Idaho (ID), and Utah (UT).

Growth or Physiological Increase (+) Sampling Time

Metric Decrease (-) (yr post-fire) Reference
Fasicle length, bud size + 1 Wyant et al. 1983
Needle mass, foliar
nitrogen, tree height, basal - 14 Landsberg et al. 1984
area
- <2
BAI Sutherland et al. 1991
ns 8
A, BAI +
pre-dawn ¥ ) 1,2 Feeney et al. 1998
Basal area, crown length - 2-4 Busse et al. 2000
A, pre-dawn ¥ + <1 Wallin et al. 2003
A, Radial wood growth ns 9 Sala et al. 2005
BAI + 10 Fajardo et al. 2007
BAI ns 1-2 Hatten et al. 2012
Relative wood growth - 15 This study
Resin flow + 1,2 Feeney et al. 1998
Resin production - <1 Wallin et al. 2003
Resin flow + 1,2 Perrakis and Agee 2006
Resin flow + 1,2 months Six and Skov 2009
Resin flow + 0.25-3 Davis et al. 2012
Resin duct size and area + 1,2 Hood et al. 2015

Resin duct size and area + 15 This study




Table 2. Stand characteristics pre- and post-thinning (mean = SE).

Timeframe Stand I?c?nl_)l Hfrir?)ht B?rzglhg-rlga (t?eeegsrigl)
A 149 +£07 94 04 246 *14 13250 £89.7

Pre-thinning B 176 +£0.6 109 =*0.2 328 +£26 12083 £79.3
C 190 £14 106 %09 240 35 700.0 +56.4
A 182 +£09 11.0 =05 106 +1.1 3833 +£20.7

Post-thinning B 218 +09 129 04 146 £15 3917 +452
C 217 +14 118 +0.8 200 £35 4917 x621
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Table 3 (continued on next page). Pre-fire fuel characteristics and fire behavior,
consumption, and radiative flux metrics derived from videography and infrared radiometers.
FL = flame length, ROS = rate of spread, | = fireline intensity, FRFD = Fire Radiative Flux
Density, FRED = Fire Radiative Energy Density, and FRFD,, = average Fire Radiative Flux
Density.

Fuel Load Fuel Moisture Content Litter +

Plot (kg m?) (%) DDGUftfh Con;ruorffrl)tion
Litter Duff Wood Litter 1hour 10hour 100 hour (cr?‘n) (kg m?)
1 0.8 1.6 3.9 - - 9 15 7.9 4.2
2 1.2 4.4 2.8 - - 12 18 8.4 2.2
3 2.3 51 14.5 13 23 28 41 5.7 6.6
4 0.3 8.3 2.8 40 26 26 53 7.3 1.6
5 1.0 1.0 5.8 22 22 23 22 8.1 3.0
6 1.4 4.2 3.9 20 26 27 57 5.2 4.7
7 0.3 1.3 15 16 18 19 28 4.7 1.8
8 0.2 2.2 2.9 14 16 19 37 8.4 2.3
9 0.4 2.4 2.4 14 19 27 54 7.8 1.7




Table 3 (continued from last page). Pre-fire fuel characteristics and fire behavior,
consumption, and radiative flux metrics derived from videography and infrared radiometers.
FL = flame length, ROS = rate of spread, | = fireline intensity, FRFD = Fire Radiative Flux
Density, FRED = Fire Radiative Energy Density, and FRFD,, = average Fire Radiative Flux

Density.
FL ROS | Re',\:sli?:ir:r?ce Smg'idnﬁgi”g FRFDpeak  FRED FRFD,
(m)  (mmint) (kW m?) Time (hr) (kWm?) (MIm?) (MJm?hr?)
(hr)

0.30 0.50 734 0.37 6.52 5.96 6.00 0.87
0.23 0.45 324 0.15 17.68 3.62 1.99 0.11
0.30 0.37 637 0.34 14.16 2.16 9.75 0.68
0.30 0.27 83 0.12 1.24 1.69 0.17 0.15
0.79 0.55 346 0.25 10.47 3.81 2.41 0.22
1.07 2.22 2516 0.14 8.78 11.74 4.36 0.49
1.02 6.00 2712 0.08 22.03 16.27 4.09 0.19
0.61 0.80 460 0.13 11.87 2.79 1.94 0.04
0.61 2.40 1099 0.20 12.35 5.70 2.94 0.23
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Figure 1. Location of the treatment units and plot locations within the three Pinus

ponderosa stands at the University

of Idaho Experimental Forest near Moscow, Idaho.
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Pre-burn During Post-burn

Figure 2. Fuelbed conditions pre-, during, and post-fire for plots with Fire Radiative Energy
Density (FRED) ranging from minimum observed values (bottom row) to maximum
observed values (top row).
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Figure 3. Stem map of Pinus ponderosa by diameter at breast height (DBH) class with
observed and modeled Fire Radiative Energy Density (FRED) (stands A-C). Numbered
plots (1-9) with dotted outlines indicate where consumption and Fire Radiative Flux Density
(FRFD) were measured. Solid plot outlines indicate plots where fuel consumption was
measured and FRED was modeled. Consumption and FRED were modeled for plots with no
outlines. Trees outside of the plots, but within 2 m are shown for illustrative purposes. Black
and ‘s’ trees indicate dead and stressed trees, respectively.
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Figure 4. Pinus ponderosa relative radial growth (mean + SE) by treatment (a), Fire
Radiative Flux Density (FRFD) class (b) and normalized average Fire Radiative Flux
Density (FRFDy) class (c). Relative radial growth is calculated as [(Growthyrx —
Growthavgprefire) / Growthavgerefire]. Red highlight indicates year that prescribed fires were

conducted. Asterisks indicate significant differences: * p<0.05; ** p<0.01; *** p<0.001.
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Figure 5. Pinus ponderosa resin duct production (mean = SE) by treatment (a) and
normalized average Fire Radiative Flux Density (FRFDy) class (d), mean resin duct size by
treatment (b) and FRFDy class (e), and total resin duct area by treatment (c) and FRFDy
class (f). Red highlight indicates year that prescribed fires were conducted. Asterisks

indicate significant differences: * p<0.05; ** p<0.01; *** p<0.001.
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Chapter 4
Lasting impacts of fire intensity on post-fire temperate coniferous forest net primary

productivity

Abstract

Fire is an extensive ecological disturbance in temperate forests and impacts the carbon
cycle through direct combustion emissions, tree mortality, and by impairing the ability of
surviving trees to sequester carbon. While sapling-based studies have demonstrated that fire
intensity is a determinant of post-fire net primary productivity, wildland fires at landscape to
regional scales have largely been assumed to cause tree mortality, or conversely, cause no
physiological impact in a binary framework. Our objective was to understand how fire
intensity affects post-fire net primary productivity in conifer-dominated forested ecosystems
at the spatial scale of large wildland fires. We examined the relationship between fire
radiative power (FRP) and net primary productivity (NPP) using 16 years of data from the
MOderate Resolution Imaging Spectrometer (MODIS) data for 15 large fires in western
United States coniferous forests. The greatest NPP post-fire loss occurred one year-post fire
and ranged from -63 to -274 g C m? yr! (-13 to -52%) across all fires. Forests dominated by
species with higher relative fire resistance had the lowest relative NPP reductions compared
to forests with less resistant species. Post-fire NPP decreased with increasing XFRP and
peak FRP regardless of species composition and lasted for many years post-fire. In some
cases, this dose-response relationship remained beyond a decade post-fire, highlighting a

legacy effect of fire intensity on post-fire C dynamics in these forests.

Introduction

Forested ecosystems cover ~30% of Earth’s land surface and serve as one of the largest
terrestrial carbon (C) sinks (Bonan 2008; IPCC 2013). Dynamic ecological processes such
as wildfires impact this sink through direct C emissions from combustion, loss of C uptake
through tree mortality, decomposition processes, and sequestration of black C within forest
soils (Bowman et al. 2009; Brewer et al. 2013; Tinkham et al. 2016). Recent research has
demonstrated that increases in fire intensity impair the ability of surviving trees to

photosynthesize (Smith et al. 2016, 2017). However, at larger spatial scales, while many
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studies have examined and projected post-fire trends in forest productivity (Hicke et al.
2003; Kashian et al. 2006; Goetz et al. 2007; Romme et al. 2011), few have evaluated
relationships between the fire intensity and those trends. Characterization of such
relationships is essential given lower fuel moisture (Gergel et al. 2017) and higher fire
activity (intensity, frequency, and size) are predicted in North American forested ecosystems
under anthropogenic climate change (Balshi et al. 2009; Spracklen et al. 2009; IPCC 2013;
Barbero et al. 2015; Abatzoglou and Williams 2016; Bowman et al. 2017).

Recent studies have observed relationships between the quantity of fire radiative energy
(FRE: J) and peak fire radiative power (FRP: W) incident on trees and reduced tree growth
and mortality (Sparks et al. 2016, 2017; Smith et al. 2017). FRP is the instantaneous
radiative flux, which is strongly related to common field-based fire intensity metrics
(Kremens et al. 2012; Sparks et al. 2017) and its temporal integral is FRE. These are two of
the most commonly used metrics to quantify fire intensity from satellite remote sensing
products. Under controlled experiments on saplings, a toxicological “dose-response”
relationship was observed, whereby increasing FRE resulted in decreasing net
photosynthesis in surviving Pinus contorta and Larix occidentalis saplings (Smith et al.
2016, 2017) and increased mortality 1-year post-fire (Sparks et al. 2016). Furthermore,
Sparks et al. (2017) observed decreasing radial growth in mature Pinus ponderosa 1.5 years
post-fire with increasing peak FRP. These findings suggest that there is a strong link
between measures of fire intensity and subsequent vegetation productivity and mortality.

Prior studies have been limited to the individual plant spatial scale and only up to ~1.5
years following fire treatments. They have also not evaluated how relative fire resistance, or
the ability of a tree species to withstand and survive heat-induced damage from fire (Starker
1934; VanderWeide and Hartnett 2011), affects the observed dose-response relationship.
Numerous studies have linked morphological traits to post-fire survival. Thicker bark, deep
rooting depth, and a high, open tree crown have all been identified as characteristics that
increase a tree’s relative fire resistance (Starker 1934; Fischer and Bradley 1987; Ryan and
Reinhardt 1988; VVanderWeide and Hartnett 2011; Keeley 2012; He et al. 2012; Harrington
2013). However, the vast majority of studies assume a binary response regarding fire
impacts on vegetation: either mortality or no physiological effect at all (Smith et al. 2017).
Consequently, there is a need to investigate if dose-response relationships can be quantified
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at larger spatial and temporal scales and across forest stands dominated with species of
varying levels of fire resistance.

Active and post-fire observations from MODIS provide an avenue to expand previous
dose-response studies to a landscape spatial scale and across decadal temporal scales.
MODIS-derived FRP has been used in the characterization of fire regimes globally (Giglio
et al. 2006; Archibald et al. 2010; Freeborn et al. 2014). Terra and Aqua satellites can
observe active fires up to four times daily at 1 km pixels (Justice et al. 2002), enabling the
coarse integration of FRP over the duration of a fire, described as fire radiative energy
(Boschetti and Roy 2009; Kumar et al. 2011). However, the relatively low temporal
resolution results in significant underestimations of FRE when compared with higher
temporal resolution sensors (Kumar et al. 2011). Recent studies have used the sum of FRP
(ZFRP) over variable time periods to characterize fire regimes (Williamson et al. 2013;
Bowman et al. 2017). MODIS observations have also enabled global estimations of Gross
Primary Production (GPP) and Net Primary Production (NPP) when used in tandem with
local meteorological data (Running et al. 2004; Zhao and Running 2010). These
measurements have been critical to understanding of C fluxes and forest disturbances over
large spatial extents (Zhao and Running 2010, Bright et al. 2013).

Given the lack of landscape scale studies that quantify fire intensity and species
composition impacts on post-fire C dynamics, the objective here was to understand how fire
intensity affects post-fire productivity in conifer-dominated forested ecosystems. Our results
provide further insight into post-fire C dynamics and a framework for spatiotemporal
assessments of fire effects. In this study we sought to answer the following questions:

1. What are the relationships between FRP and post-fire forest NPP at spatial scales of large
wildland fires?
2. How do these relationships vary over time?

3. How do these relationships vary with species composition?

Methodology
Wildland fire selection

Fifteen wildland fires in the Northern Rocky Mountains, U.S., were selected for this
study (Figure 1). Fires were chosen to represent coniferous forest stands ranging from those
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dominated by highly resistant species (resistors) to those dominated by less resistant species
(avoiders). To assess the pre-fire dominant forest cover for each fire, we used the
LANDFIRE Existing Vegetation Type (EVT) 30-m product (LANDFIRE 2013). Fire
selection was based on the following criteria:

(i) Located in northwestern United States forests to minimize latitudinal climatological
gradients;

(i) Located completely within a designated wilderness or other protected area to minimize
confounding factors such as land management disturbance;

(iii) Occur in a closed canopy (mean canopy cover > 60%), conifer-dominated forest to
minimize mixed pixels; and

(iv) Within forests where majority of area has not been observed to have burned in the last
~30 years.

Canopy cover for each fire was determined by aggregating 30 m National Land Cover
Database (NLCD) Percent Tree Canopy product (Homer et al. 2007) to the 1 km spatial
resolution of the MODIS products. We used the Monitoring Trends in Burn Severity
(MTBS) fire polygons to estimate whether a forest had burned in the last ~30 years
(Eidenshink et al. 2007). Summary information for each fire is given in Table 1.

MODIS Datasets

For each fire, we assessed post-fire NPP trajectories as a function of co-located FRP
using MODIS collection 5 NPP and FRP products. We used the 1-km MOD17A3 version
055 NPP product (kg C m-2 yr-1) to characterize changes in productivity within and
between our study fires. The NPP product is detailed in Running et al. (2004) and Hasenauer
et al. (2012). MODIS reflectance products (fraction of photosynthetically active radiation
(FPAR), leaf area index (LAI), and land cover classification) are used in tandem with
meteorological data (incoming PAR, stress scalars for high vapor pressure deficit and
temperature) and physiological parameters for different vegetation types (Biome Parameter
Lookup Table) to calculate daily GPP. NPP is calculated as the sum of GPP over a year
minus maintenance and growth respiration. We acquired the NPP product from the
Numerical Terradynamic Simulation Group (NTSG) at the University of Montana. NPP data
for years 2000-2015 were downloaded from the NTSG FTP site and analyzed in their native
Sinusoidal projection.
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To calculate FRP metrics co-located with each NPP pixel we used the MODIS
Collection 5 global monthly 1-km fire location product, MCD14ML (Giglio 2010), which is
derived from the MODIS active fire product (Giglio et al. 2003). MODIS FRP is derived
from an empirical relationship between mid-infrared brightness temperature and FRP
(Kaufman et al. 1998) and is affected by several factors, including fire background
characterization and atmospheric water vapor (Wooster et al. 2005). The MCD14ML
product provides the geographic location (centroid coordinates), date, time, FRP, scan angle
and other data for each fire pixel detected by MODIS on the Terra and Aqua satellite
platforms (Giglio 2010). Following Giglio et al. (2006) and Freeborn et al. (2011), we
excluded any fire detections at scan angles greater than 40° due to significant errors that
arise from increasing pixel areas at scan edges (Heward et al. 2013). At 40°, the scan-to-scan
overlap is ~25%, which can result in oversampling at scan edges due to the MODIS bow-tie
effect (Freeborn et al. 2011) and additional uncertainty. The resulting range of FRP was
comparable to FRP observed in other closed-canopy temperate forests (Heward et al. 2013).
We used MTBS fire perimeters to validate that fire detections were co-located with recorded
fire events spatially and temporally. Fire detections outside the MTBS perimeter were
included if they were closer than 1000 m from the MTBS fire boundary (as fires can occur
anywhere in the 1-km FRP product).

Data Analysis

FRP data was co-located with the nearest NPP pixel centroid coordinates. We calculated
FRP metrics (e.g. peak FRP, XFRP) for each fire-affected pixel that have been demonstrated
to have a dose-response relationship with conifer growth and mortality (Smith et al. 2016,
2017; Sparks et al. 2017). Fire-affected pixels were grouped by peak FRP and XFRP
percentile classes (0-25, 25-50, 50-75, 75-100) for each fire. By excluding detections above
40°, XFRP values in this study underestimate the true XFRP observed by MODIS, and this
effect should be considered when interpreting our results. Unburned pixels (nunburned =
nFRP percentile group) outside the MTBS fire perimeter with no significant difference in
NPP from pre-fire fire-affected pixels were selected as ‘control’ pixels. Pre- and post-fire
NPP were used to calculate the percent deviation from mean pre-fire NPP, or relative NPP,

for each pixel (i,j) and year (t), which was calculated with the equation:
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(NPPi'j't - NPPprefire (i.j))

NPPprefire (i,j)

Relative NPP (%) =

To account for interannual variability in NPP not caused by the fires we subtracted the
unburned (control) pixel values from the burned pixel values (Goetz et al. 2006; Bright et al.
2013). After confirming normality and homogeneity of variances, differences between FRP
percentile classes were assessed using ANOVA with a post hoc Tukey’s honest significant
difference test (o = 0.05). Recovery time for the fire affected pixels was also assessed and
was defined as the time necessary for post-fire total NPP to equal or surpass mean pre-fire
NPP at the same location.

Results
Increasing FRP dose leads to lasting reductions in post-fire NPP

Across all fires, increasing XFRP and peak FRP magnitude led to decreasing post-fire
NPP response (Figures 2,3). This dose-response relationship was strongest one year post-
fire, where mean relative NPP across all fires decreased with increasing peak FRP (Figure
3a) and XFRP (Figure 3b). Generally, there were more significant differences between XFRP
percentile class relative NPP than between peak FRP percentile class relative NPP (Figures
3a-b). At six years post-fire, the longest time period for which there was data for most fires
(all fires except the 2011 Saddle fire), the dose-response relationship was not as clear (fewer
differences between FRP percentile classes)(Figure 3). While both ZFRP and peak FRP
percentile class relative NPP values were significantly different from the control, there were
fewer differences between the percentile classes (Figure 3).

The dose-response relationship was affected by species composition. There were
stronger dose-response relationships between FRP/peak FRP percentile class relative NPP
for forests dominated by avoider (Figure 4e-f) and mixed species (Figure 4c-d) than those
dominated by resistor species (Figure 4a-b). While mean relative NPP was lower than
control values, there were no differences between XFRP or peak FRP percentile class mean
relative NPP in resistor dominated forests. Similar to the relationship for all fires, there were
more significant differences between ZFRP percentile classes than between peak FRP

percentile classes. At six years post-fire there were fewer differences between XFRP/peak
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FRP percentile class relative NPP, but all classes were lower than the control relative NPP
(Figures 4).

Maximum relative NPP loss occurred at one year post-fire and differed by species
composition. Generally, mixed stands consisting of fire avoiders and resistors had the largest
relative post-fire NPP losses with an average loss of -41.4% (-218.3 g C m yr!), followed
by stands that were dominated by avoider species with an average loss of -33.9% (-152.8 g
C m?2yrt). Stands dominated by fire resistant species had the smallest average loss of -
21.4% (-114.0 g C m2 yr?).

Recovery and trajectories of post-fire NPP

Post-fire observations ranged from 4-12 years post-fire (average 8.4 years) for the fifteen
fires, however, only the lowest FRP class of one fire (2006 South Fork Fire) had recovered
to pre-fire NPP levels at the end of the observational period (~9 years post-fire). Generally,
recovery trajectories were linear for all fire resistance groups, except for a few fires where
NPP started decreasing around 2011 (Figures S1, S2).

Discussion
Increasing FRP dose leads to lasting reductions in post-fire NPP

To date, research has largely analyzed post-fire forest productivity with fire as a binary
predictor variable (presence-absence). In the current study, we applied a dose-response
methodology that has been demonstrated at the tree-scale (Smith et al. 2016, 2017; Sparks et
al. 2016, 2017) to large fires using landscape remote sensing datasets. A dose-response
relationship between ZFRP/peak FRP and NPP was shown across all study fires and lasted
for many years post-fire (Figures 3,4). In some cases, this dose-response relationship
remained for greater than a decade post-fire (S1, S2). There were differences in the
magnitude of post-fire NPP loss between forests with differing species composition (Figure
4). Generally, forests dominated by fire resistant species had lower post-fire relative NPP
losses and fewer differences between LFRP/peak FRP percentile classes (Figures 4a-b). This
is similar to relationships at the tree scale where trees that do not develop fire resistant traits,
such as thick bark, have a higher probability of fire-induced damage and mortality (Ryan
and Reinhardt 1988; VVanderWeide and Hartnett 2011). Across all fires, the maximum NPP

loss 1-year post-fire across all fires (63-274 g C m yrt) is comparable to post-fire NPP
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losses (60-260 g C m yr't) observed using landscape remote sensing data and modeling in
boreal forest (Hicke et al. 2003).

There was considerable variability in the dose-response relationships within each fire
resistance grouping, which could potentially be attributed to differences in stand structure
and age as well as differing proportions of burned and unburned area within each NPP pixel
(mixed pixels). Previous studies have indicated that smaller trees are more susceptible to
fire-induced mortality than larger trees (Hood et al. 2007). Additionally, there is evidence
that similar FRP doses can lead to widely different growth responses across tree ages (Smith
et al. 2017; Sparks et al. 2017). For example, 2.5-year-old Pinus contorta and Larix
occidentalis saplings exposed to highly controlled laboratory surface fires (peak FRP ranged
from 4.1-12.9 kW m) had radial growth at 1 year post-fire that was -2.5 to -20% of
unburned saplings (Smith et al. 2017). In contrast, prescribed fires in 34-year-old Pinus
ponderosa stands produced a similar range of peak FRP (0.2-16.3 kW m?), but resulted in
tree radial growth that was -10 to -45% of unburned tree radial growth at 1.5 years post-fire
(Sparks et al. 2017). Additionally, previous studies have quantified unburned proportions
within MTBS perimeters ranging from ~20-25% of within perimeter area (Meddens et al.
2016), which could lead to more mixed pixels (pixels containing burned and unburned
forest). The forests analyzed in this study likely had heterogeneous stand structures and ages
within each 1 km MODIS pixel. These sub-pixel differences could lead to widely different
patterns of mortality and recovery and mask any pixel-scale dose-response relationship.

The observed dose-response relationship was also affected by variability in canopy cover
and number of MODIS FRP observations per pixel. Fires that displayed a clear dose-
response relationship (more differences between FRP percentile group relative NPP) had
higher mean canopy cover (86.6 + 8.5%) compared to fires that showed a weak dose-
response relationship (83.4 = 10.7%). Forests with higher mean canopy cover likely have a
lower number of mixed pixels, or pixels that contain a significant areal proportion of non-
forest cover (e.g. understory vegetation, non-vegetated areas). Higher areal proportions of
understory vegetation could lead to a smaller NPP reduction post-fire if understory
vegetation regenerates quickly after the fire (Bright et al. 2013). In addition to canopy cover,
the dose-response relationship was stronger as the average number of MODIS FRP
observations per pixel increased. The mean number of FRP observations per pixel decreased
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from fires with a clear dose-response relationship (2.6 + 0.6 obs. pixel™) to those with weak
relationship (1.8 + 0.1 obs. pixel™). This pattern could be attributed to the long temporal
intervals between consecutive satellite overpasses (maximum 4 overpasses day-1) and
consequently, a poorer overall characterization of the fire behavior for a particular pixel
(Giglio 2007). This factor could also account for the differences observed between ZFRP
and peak FRP as the long intervals between consecutive satellite overpasses have a high
probability of missing increased fire activity associated with peak FRP (Giglio 2007).
Recovery and trajectories of post-fire NPP

Despite an average post-fire observational period of 8.4 years across all fires, only the
lowest XFRP/peak FRP percentile class of one fire (2006 South Fork Fire) had recovered to
pre-fire NPP levels ~9 years post-fire. Other studies that have used remote sensing
observations reported recovery time ranging from 5 years (Goetz et al. 2006) to 9 years
(Hicke et al. 2003) in boreal forests. Likewise, chronosequence studies in boreal forest have
estimated recovery to be ~10 years (Amiro et al. 2010). The results from this study are
consistent with observations showing large differences in productivity between burned and
unburned forest stands at time periods greater than 10 years post-fire (Dore et al. 2008).

The dose-response relationship for these fires diminished with time (fewer differences
between FRP percentile groups). At six years post-fire, relative NPP for most of the FRP
percentile classes was significantly different than the control, but there were few differences
between FRP percentile class relative NPP (Figure 3). The convergence of NPP trajectories
could be attributed to rapid recovery and colonization of fire affected areas by understory
species (Goetz et al. 2006). The forests in the current study occur in areas where rapid post-
fire colonization by shrub and herbaceous species is common (Jorgensen and Jenkins 2011),
which could make NPP appear to recover more rapidly in areas where the forest overstory
has been removed (Bright et al. 2013).
Conceptual framework for assessing spatiotemporal post-fire recovery

The results presented in this work, building upon previous tree-scale studies, provide a
framework that links fire intensity to post-fire changes in individual tree and forest
growth/productivity (Figure 5). In this conceptual system, several post-fire recovery
pathways exist for trees/forests depending on the initial fire intensity. We hypothesize that
higher intensity fires cause trees to incur more damage, which can lead to rapid mortality if
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trees have insufficient resources to repair physiological function in the weeks and months
following a fire. The highest fire intensity pathways lead to the greatest losses in
physiological function and net primary productivity in surviving trees (Smith et al. 2017;
Sparks et al. 2017) as well as the highest probability of delayed mortality in the years after a
fire (Sparks et al. 2016). Moderate levels of fire intensity cause enough damage to decrease
growth/productivity and alter a tree’s vulnerability to secondary mortality agents (e.g.
insects, disease and drought). Vulnerability may be lessened if permanent defensive
structures, such as resin ducts in Pinus species used for expelling bark beetles, are induced
by the fire (Hood et al. 2015; Sparks et al. 2017). On the contrary, fire may make trees more
susceptible to secondary mortality agents if the photosynthetic potential of trees is
sufficiently impaired (Davis et al. 2012). Trees experiencing low intensity fires will likely
have reduced growth, but a higher probability of surviving than trees subjected to higher fire
intensities. For any post-fire pathway, trees in better physiological condition or those
exposed to fewer environmental stressors will likely experience a lower impact to post-fire
growth and a lower probability of mortality.
Limitations

The dose-response relationship we observed between XFRP/peak FRP and post-fire NPP
does not necessarily mean this methodology can now be directly applied to the
characterization of landscape-scale C dynamics; several limitations are obvious. First, this
study analyzed fires that occurred in forests with little-to-no management disturbance.
Applying this methodology to managed forests may produce significantly different results as
land management disturbances (e.g. timber harvest, urban development) may alter the dose-
response relationship between FRP and NPP. Secondly, in forests with canopy cover
<100%, MODIS observes reflectance from overstory and understory forest vegetation.
Understory vegetation that recovers rapidly could alter the magnitude of post-fire NPP drop
and make it appear to recover more or less quickly. Thirdly, due to the fact that MODIS FRP
observations per pixel were generally low for fires in this region (mean = 2.2 observations
pixel™?), caution should be used when interpreting results and comparing to other ground and
remote sensing based measurements. Finally, by excluding detections above 40°, £FRP
values in this study underestimate the true XFRP observed by MODIS, and this effect should

be considered when interpreting our results.
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Conclusions

Through the use of remotely sensed fire radiative power and net primary productivity,
we demonstrate that increasing doses of XFRP/peak FRP lead to decreasing post-fire net
primary productivity in coniferous forests. This dose-response relationship has a legacy
effect on C dynamics, in some cases lasting for greater than a decade post-fire. Species
composition influenced the magnitude of post-fire NPP loss, highlighting the importance of
relative fire resistance of forest species in accounting for post-fire C dynamics. Despite post-
fire observations ranging up to 12 years, most of the forests had not recovered to pre-fire
productivity levels, which agrees with field observations showing large differences in
productivity between burned and unburned temperate forest stands up to a decade post-fire
(Dore et al. 2008). Ultimately, this study extends prior tree-scale dose-response studies and
presents a framework for using fire radiative metrics to quantifying long-term post-fire

effects, such as reduction and recovery of NPP, at the landscape spatial scale.
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Tables

Table 2. Summary of the fifteen fires analyzed in this study.

| Size _ Dominant
Fire Name (ha) Location Conn_‘er Ignition Date
Species

Ahorn 18,778 Montana Mix June 28, 2007
Arnica 4,556 Wyoming  Avoiders September 23, 2009
Bridge 15,116 Idaho Avoiders July 18, 2007
Columbine 7,115 Wyoming  Avoiders August 9, 2007
East 7,145 Wyoming  Avoiders August 8, 2003
Fawn Peak 31,870 Washington Mix June 30, 2003
Fool Creek 22,186 Montana Avoiders June 28, 2007
Little Salmon 13,598 Montana Mix July 18, 2003
Meriwether 7,762 Montana Resistors July 21, 2007
North Fork 6,774 Oregon Resistors August 1, 2009
Saddle 12,706 Idaho Mix August 18, 2011
Sawmill 6,015 Montana Resistors July 13, 2007
Shower Bath 19,911 Idaho Resistors July 17, 2007
South Fork 11,494 Idaho Resistors August 7, 2006

Tatoosh 20,185 Washington Mix August 22, 2006
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Figure 1. Location of study fires overlaid on current distribution of U.S. forest type
classified using relative fire resistance information in the literature.
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Figure 2. XFRP dose impacts on net primary productivity response observed in forest stands
dominated by species varying from highly resistant (resistors) to less resistant (avoiders)
(top — bottom row). Four letter codes represent typical conifer species in northwestern
United States forests: PSME, Pseudotsuga menziesii; PIPO, Pinus ponderosa; LAOC, Larix
occidentalis; PIEN, Picea engelmannii; ABLA, Abies lasiocarpa; PICO, Pinus contorta.
Grey dotted line marks fire year.
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Figure 3. FRP impacts on net primary productivity response across all study fires by: a)
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dominated by species varying from highly resistant (a,b) to mixed (c,d) to less resistant (e,f).
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Chapter 5
Conclusions and Future Research Avenues

In this PhD dissertation | sought to improve our understanding of fire impacts on conifer
physiology, mortality and vulnerability and develop a spatiotemporal framework to quantify
these impacts. Specifically, the research in this dissertation sought to quantify relationships
between fire intensity and tree physiological processes, growth, and mortality at individual
tree and landscape spatial scales. Laboratory, field, and satellite data were used to help
quantify these relationships at multiple spatial and temporal scales.

In Chapter 2, highly controlled laboratory surface fires were used to quantify
relationships between fire radiative metrics and post-fire seedling physiology and mortality.
Increasing doses of fire radiative energy led to greater reductions in physiological function
(e.g. net photosynthesis, chlorophyll fluorescence) and higher mortality at one year post-fire.
Physiological change was accurately quantified by the dNDVI spectral index, indicating the
potential of spectral indices for quantification of post-fire carbon processes. All spectral
indices returned to baseline values at one year post-fire suggesting that initial severity
assessments may be more useful than extended assessments. This work has implications for
both land managers and researchers seeking to quantify and predict mortality and recovery
of surviving seedlings post-fire. Additionally, this chapter provides critical information for
interpreting spectral index values in terms of physiological change over time.

Chapter 3 used prescribed fires in Pinus ponderosa stands to quantify relationships
between fire radiative metrics and mature Pinus ponderosa growth and vulnerability post-
fire. Increasing fire radiative power led to decreases in radial growth of fire affected Pinus
ponderosa. Unlike chapter 2, there was no relationship between fire radiative energy and
tree growth. This discrepancy is potentially due to differences in fire behavior; in chapter 2
fire behavior was flaming dominated and in chapter 3 fire behavior was dominated by
smoldering combustion. Results suggest that other modes of heat transfer (e.g. convection)
associated with higher intensity fire behavior (e.g. higher fireline intensity and fire radiative
power) may be responsible for reductions of growth post-fire. Increased resin duct density,
average size, and total area per growth ring occurred regardless of fire intensity, indicating
that Pinus ponderosa may have reduced vulnerability to secondary mortality agents, such as
bark beetles, post-fire. This work has implications for both land managers and researchers
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seeking to quantify and predict impacts of prescribed and wildland fires on mature tree
growth and vulnerability post-fire. This chapter also highlights the importance of
quantifying fine-scale fire behavior (instead of average fire behavior for entire fire spatial
extent and duration) for determining fire effects.

Chapter 4 used landscape remote sensing observations from fifteen large wildfires in the
northwestern United States to quantify relationships between fire radiative power and
coniferous forest productivity. Similar to observations at the tree scale, forest net primary
productivity decreased with increasing fire intensity, regardless of species composition. This
dose-response relationship has a legacy effect on C dynamics, in some cases lasting for
greater than a decade post-fire. Forests with higher fire resistant species displayed lower
reductions in post-fire net primary productivity, highlighting the importance of species
composition in accounting for post-fire carbon dynamics. This work has implications for
both land managers and researchers seeking to quantify and predict impacts of prescribed
and wildland fires on coniferous forests at the landscape spatial scale and decadal temporal
scale. The conceptual framework presented in this work demonstrates a model for future
spatiotemporal post-fire recovery assessments.

The ultimate goal of this dissertation was to build a spatiotemporal framework that could
either predict fire effects using active fire observations from field/remotely sensed data,
predictable fire behavior metrics (e.qg. fire radiative power, fire radiative energy), or post-fire
remotely sensed data. While the research in this dissertation made large advances toward
that goal, our knowledge regarding impacts of fires on trees is far from complete and there
are an uncountable number of questions that need to be explored in future research. A few of
the questions that arose during the completion of this dissertation were: Are there dose-
response relationships between other modes of heat transfer (e.g. conduction, convection)
and post-fire tree mortality/physiology/growth? How does duration of heat flux dose impact
vegetation response post-fire (i.e. vegetation response to heat flux dose over a long time
versus same dose distributed over a short time)? Are trees most affected by heat induced
damage to roots, stem, or crown? Is there a particular age or size where trees that develop
fire resistant features (e.g. thick bark, high crown base height) respond to fire differently
than less resistant species? How does plant stress (e.g. water and nutrient stress) affect the

observed dose-response relationship in seedlings and mature trees? How do multiple
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disturbances (e.g. fire + bark beetles, fire + drought, fire + human land management) affect
the dose-response relationship between fire behavior and tree mortality? The initial
trajectory of my future research will be guided by these unanswered questions.
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Appendix A
Relationships between fuel properties, biomass consumed, and energy release in

heterogeneous woody fuels

Abstract

Several relationships between fire radiative power (FRP: W) and rate of biomass
consumed (g s*) are available in the scientific literature. Although fuel moisture has been
demonstrated to impact these relationships in pine needle fuelbeds, the role of this and other
factors including particle size and fuelbed bulk density in wood dominated fuels is not well
understood. Controlled laboratory experiments were used to explore relationships between
biomass consumed (BC: kg m), FRP, and fire radiative energy per unit area (FRE: J m™).
Experiments were conducted using both idealized wood dowels and irregular natural woody
fuels burned under varying levels of fuel water content, particle surface-area-to-volume ratio
(SA/V: m1), and fuelbed bulk density (kg m). Results demonstrate that fuels with greater
SA/V generally produce larger peak fire radiative power values. Linear relationships
between BC and peak FRP in dry fuelbeds indicates that peak FRP can potentially be
modeled from BC in uniform or mixed fuelbeds. Particle SA/V and fuelbed bulk density
were not observed to be significant drivers of the amount of biomass consumed per Joule of
FRE emitted; a metric often referred to as the combustion factor (CF: kg J1). While not
significant, the ambient fuel water content particles exhibited consistently higher
combustion factors than their dry counterparts. These results demonstrate that FRE can be
used to estimate biomass consumed in heterogeneous woody fuels. The results also further
confirmed a previous theoretical biomass consumed model that linked FRE and fuel water

content and demonstrated its broad applicability across fuel types.

Introduction

Fires are critical to human civilization and Earth system processes (Bowman et al. 2009;
Smith et al. 2016a). Estimates of biomass consumed from global wildland fires are
important in quantifying impacts on regional air quality and climate-altering large-scale
atmospheric chemistry processes (Seiler and Crutzen 1980; Andreae and Merlet 2001; van
der Werf et al. 2010; Hyde et al. in review). A common approach to inferring biomass
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consumed from wildland fires is through the application of biomass conversion factors
(Wooster et al. 2005; Schroeder et al. 2014) which relate observations of fire radiative
power (FRP, units: W) to the rate of biomass consumed (Freeborn et al. 2008; Kaiser et al.
2012; Kremens et al. 2012; Smith et al. 2013; Hudak et al. 2015). Fire radiative energy
(FRE, units: J), the time integral of FRP, is linearly related to total biomass combusted in
many different fuel types (Wooster et al. 2005; Freeborn et al. 2008; Smith et al. 2013).
This relationship, termed the combustion factor (CF), is the amount of biomass consumed
per Joule of FRE emitted (kg MJ ™) for a given fuel type. Several universal combustion
factors have been proposed to aid global emission estimates (Wooster et al. 2005; Kaiser et
al. 2012), however, limited research has examined the associated uncertainties (Freeborn et
al. 2008; Smith et al. 2013).

FRP and FRE have been used for quantifying emissions from fires globally. Bottom-up
trace gas and aerosol emissions can be estimated using the product of biomass consumption
from FRP/FRE derived CFs with trace gas and aerosol emission factors (Freeborn et al.
2008; Wooster et al. 2011; Konovalov et al. 2011; Kaiser et al. 2012; McCarty et al. 2012;
Zhang et al. 2012; Schroeder et al. 2014), or by directly relating emission rates and total flux
to FRP or FRE (emission ratios: g MJ1) (Ichoku and Kaufman 2005; Freeborn et al. 2008;
Mebust et al. 2011; Konovalov et al. 2014). Recent research has demonstrated that assuming
a constant CF across fuel types can significantly impact emissions estimates (Schroeder et
al. 2014). Likewise, emission fluxes derived from emission ratios may be subject to large
errors if seasonal changes in combustion efficiency and trace gas emissions are not
considered (Hoffa et al. 1999; Korontzi et al. 2003; Lapina et al. 2008; Mebust and Cohen
2013). In addition to fire emissions, there are an increasing number of studies using FRP
metrics (e.g. peak FRP values) to characterize fire behavior (Kremens et al. 2012; Hudak et
al. 2016), fire severity (Heward et al. 2013), post-fire vegetation response and mortality
(Sparks et al. 2017), fire regimes (Archibald et al. 2010; Andela et al. 2015), and assessing
global susceptibility to wildfires (Bowman et al. in review).

Several studies have identified sources of uncertainty associated with FRP and FRE
including: sensor viewing angle (Freeborn et al. 2008; Frankman et al. 2013; Paugam et al.
2013; Freeborn et al. 2014; Dickinson et al. 2016), temporal sampling issues (Boschetti and
Roy, 2009; Kumar et al. 2011; Hudak et al. 2015), obscuration by clouds, smoke (Schroeder
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et al. 2014), and tree cover (Hudak et al. 2015; Mathews et al. 2016), combustion phase
(Freeborn et al. 2008), radiative fraction (f;) (Kremens et al. 2010, 2012), emission and
absorption by trace gas combustion products (Kremens et al. 2012; Dickinson et al. 2016),
fire diurnal cycles (Andela et al. 2015), and fuel water content (Smith et al. 2013). While
many studies have proposed that fuel type (Kremens et al. 2012; Schroeder et al. 2014) and
fuel bed heterogeneity (Simeoni et al. 2011; Cannon et al. 2014; Andela et al. 2015) may be
a significant source of uncertainty in estimating FRE and CFs, few have specifically tested
these assumptions. Table 1 presents a synthesis of the wide range of observed and modeled
CFs found in the literature.

Fuel particle size and shape, which have not been widely researched, are additional
potential sources of uncertainty in FRP and FRE characterization. Fuel particle research has
indicated that particle size and shape as well as porosity of the entire fuelbed can
significantly influence combustion properties including: conduction, convection, and
radiation heat transfer rates (Finney et al. 2013; Santoni et al. 2014; Al-Shemmeri et al.
2015), moisture evaporation rate (Yang et al. 2005), and volatile yields (Lu et al. 2010).
Specifically, fuelbeds with smaller particles have been observed to have higher moisture
evaporation rates (Yang et al. 2005) and higher volatile yields, regardless of particle shape
(Lu et al. 2010). An additional source of uncertainty arises in wood-dominated fuelbeds.
Specifically, particle water content, which is known to impact f; (Smith et al. 2013), can
vary dramatically due to the vertical and horizontal arrangement in the fuelbed.
Additionally, highly compacted fuels within the fuelbed will exhibit very different water
content characteristics than surface fuels that are subjected to higher degrees of solar heating
(Kreye et al. 2012). Although most CF relationships have been produced assuming constant
water content, a theoretical biomass consumed model using FRE that incorporated varying
water content has been proposed (Smith et al. 2013).

Clearly, the assessment of FRP, FRE, and biomass consumed can be particularly
challenging when dealing with highly heterogeneous fuelbeds such as sites with large
guantities of downed woody debris. In such fuel complexes, destructive quadrat sampling
may not be realistic given the large potential mass of fuel per typical field sampling unit
(e.g. 1 m?). Therefore, the objectives of this study were to: (1) Characterize FRP per unit
area (W m2), which is sometimes referred to as fire radiative flux density (FRFD), and FRE
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per unit area (J m?), often referred to as FRED (Kremens et al. 2012; Hudak et al. 2016),
released as a function of particle surface-area-to-volume ratio (SA/V: m™) under dry and
ambient fuel water content, (2) characterize FRP and FRE in both idealized and natural
woody fuel beds under a range of fuelbed bulk densities, and (3) test whether a theoretical
biomass consumed model using FRE, that includes water content and was developed on pine

needle fuelbeds, transfers to the combustion of woody fuels.

Methodology
Fuelbed characterization

Laboratory burn experiments were conducted at the combustion laboratory associated
with the Idaho Fire Institute for Research and Education (IFIRE) detailed in Smith et al.
(2013, 2016b) and Sparks et al. (2016). Two fuel types with three significantly different
mean SA/V’s were burned: 1) cylindrical birch dowels (diameters: 0.32, 0.79, and 1.27 cm)
cut into ~1 cm sections, and 2) recently chipped Pinus ponderosa Dougl. ex Laws.
(ponderosa pine) chips (Figure 1). Dowels were chosen to represent a theoretically uniform-
SA/V fuelbed. Chipped Pinus ponderosa chips were sorted into three SA/V groups using
coarse mesh (~2.54 cm pore size) and fine mesh (~1.27 cm pore size) sieves following the
methodology presented in Brewer et al. (2013). Volume (m?) and surface area (m?) were
estimated from a simple random sample (n=50) from each sorted group. Sample size
represented the number of observations necessary to estimate each group mean within less
than £15% at the 95% confidence level. Volume and surface area of dowels were calculated
using particle length and diameter. Average (+SE) SA/V (m™) for the dowel groups was
1390 (4.5), 659 (1.1), and 469 (0.6). Volume of chipped particles was determined using
water displacement methodology presented in Fasth et al. (2010). Surface area of chipped
particles was determined via a planar area approach as the majority of chipped particles
were fractured into flat-faced triangular or rectangular prisms. Planar area methods have
been shown to be more appropriate for characterizing porous, irregularly shaped objects than
wetted layer techniques (e.g. Fernandes and Rego 1998) that use changes in mass from
immersion of object into water or other substance (Bergey and Getty 2006). We
acknowledge that a downside of the planar area approach is that it underestimates surface
area for particles that have rough surface texture (Bergey and Getty 2006). Images of each
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particle face were acquired with a 16 mega-pixel tripod-mounted camera with a known
field-of-view and classified using the Hartigan-Wong K-means clustering algorithm
(Hartigan and Wong 1979) within R statistical software version 3.2.1 (R Core Team 2014).
The total surface area of a chipped particle was calculated to be the sum of each classified
particle face. Average (+SE) SA/V (m™) for the chipped groups was 1082 (41.5), 666 (27.8),
and 395 (23.7).

Fuelbeds were created by combining dry Pinus monticola needles and dowel/chipped
woody particles such that there was a uniform mixture of wood particles and needles (Figure
1). Pinus monticola needles were used to facilitate fire spread, as fire would not spread in
pure wood fuelbeds. Pinus monticola needles were used instead of Pinus ponderosa needles
as the combustion characteristics are well understood (Smith et al. 2013, 2016b; Sparks et
al. 2016), whereas we observed that Pinus ponderosa needles exhibited high variability of
heat release at fuel water content < 0.06, potentially due to the presence of oils. The fuel
water content, Wc, was calculated and controlled following the methodology presented in
Smith et al. (2013).

W, = M 1)

- Dy+W oy

where, Wc (dimensionless, 0-1) is the fuel water content, Wwm (kg) is the water mass, and Dm
(kg) is the dry mass of the fuel sample. Fuelbeds were compressed with a steel plate to a
desired depth and measured at four locations (center and edges) to the nearest 0.1 cm to
ensure uniformity of fuelbed bulk density. To examine biomass consumed to FRE
relationships, a total of 36 dry (Wc <0.01) fuelbeds were burned (2 fuel types * 3 SA/V
groups * 2 fuelbed bulk densities * 3 replicates). To test the combined influence of SA/V
and Wc, an additional 30 fuelbeds were burned (2 fuel types * 3 SA/V groups * 1 fuelbed
bulk density * 5 replicates) at ambient Wc, 0.09 £ 0.007 (mean + SE). Fuelbeds were burned
at fuelbed bulk densities of: 50 and 70 kg m™ for dry dowels, 30 and 40 kg m for dry
chipped particles, 64 kg m™ for ambient dowels, 50 kg m™ for ambient chipped particles.
Fifty grams of needles were used for all fuelbeds except the ambient dowel burns, where
100 g were used.
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Theoretical Heat Budget
Following the methodologies of Kremens et al. (2012) and Smith et al. (2013), the
following approximate heat budget was used to account for the relationship between FRE

and biomass consumed as a function of the fuel water content:

% = fr[Hc - VVC(HC + Hygp + Cw (373 —T,) + HD)] @)

where W, and FRE are already defined, BC is the biomass consumed (kg m2), Hc is the high
heat of combustion of the fuels (MJ kg™), Hvap is the enthalpy of water vaporization at
atmospheric pressure (2.257 MJ kgt), Cw is the heat capacity of water (0.0042 MJ kg?), Ta
is the ambient temperature (300 K), and Hp is the heat of desorption (0.1 MJ kg™). The
fraction of total energy released in the form of radiation (f;) was then derived by dividing the
observed FRE (MJ m) by the product of the heat of combustion (MJ kg?) and the total
biomass consumed (kg m2). Wood and pine needle high heat of combustion values were
measured using a Parr plain jacket calorimeter (Parr Instrument Company, Moline, IL,
USA). Average (+SE) Hc (MJ kg1) values for the needles, dowels, and chipped Pinus
ponderosa were 21.7 (0.16), 19.5 (0.46), and 19.5 (0.26), respectively.

To model BC, while accounting for W¢, we followed the derivation outlined in Smith et

al. (2013) where equation (2) is rearranged and substituted by (1) and normalized for

biomass consumed:

FRE

BC = oo ®)

where m is the bias in the FRE emitted per unit biomass consumed as a function of W¢, and
b (MJ kgl) is the FRE emitted per unit of biomass consumed for dry fuel (0 Wc). Therefore,
b is the reciprocal of CF on a dry fuel basis. The constant m is derived by calculating the
slope coefficient from linear regression analysis between FRE/BC (dependent variable) and
Wc (independent variable). For the purpose of this assessment, the value of m presented in
Smith et al. (2013) of 5.32 is applied. Although this value was calculated for Pinus
monticola needles, it was used in this study to evaluate the broad transferability of this

method.
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Experimental Burns

For each burn, 1-2 g of butane was applied to the edge of each fuelbed to promote a
uniform flaming front. FRP was calculated via dual-band thermometry (Dozier 1981) using
a dual-band infrared radiometer detailed in Kremens et al. (2012) and Smith et al. (2013).
The 52° field-of-view radiometer was positioned at nadir, 0.68 m above the center of each
0.28 m? circular fuelbed and recorded data at 2 Hz from several minutes pre-ignition to burn
completion. Each burn was considered complete when FRP values reached mean pre-fire
values. After each burn, charred wood particles and ash were sifted using a fine sieve (~2
mm pore size), oven dried, and weighed to obtain separate consumption estimates for the
wood particles and pine needles and calculate FRE per unit biomass consumed (FRE/BC:
MJ kgl). FRE values for the wood particles were calculated by subtracting pine needle FRE
from total FRE. Pine needle FRE for dry fuels (W¢ <0.01) was obtained by using a
previously calculated biomass consumed to FRE relationship, FRE = BC / 0.331 (Smith et
al. 2013). This calculation was performed with the assumption that the majority of radiation
emitted from combusting pine needles in the sensor field-of-view was not blocked or
absorbed by wood particles. This assumption should be reasonable as the construction of our
fuelbeds resulted in minimal layering of pine needles and wood.
Data Analysis

To assess whether SA/V had a significant effect on peak FRP, the relationship between
FRP and BC for each SA/V group was characterized using linear regression. For comparison
purposes, data from Smith et al. (2013) was used to assess this relationship for pure Pinus
monticola fuelbeds. A SA/V estimate of 9050 m™ was used for Pinus monticola needles
(Brown 1970). Linear regression was also used to characterize the relationships between
FRE and BC for each SA/V and fuelbed bulk density group. The regressions between
FRP/FRE and biomass consumed for each of the different SA/V and fuelbed bulk density
groups were compared using analysis of covariance (ANCOVA) to determine whether the
slope coefficients were significantly different (p < 0.05). Relationship ‘goodness of fit’
between explanatory and response variables was assessed using the coefficient of

determination (r?) and standard error (SE).
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Results and Discussion

Peak FRP values increased linearly as BC increased for both fuel types at 0.0 Wc
(Figure 2). In pure Pinus monticola fuelbeds, peak FRP was linearly related with BC (r? =
0.99, SE=0.77 kW m, p<0.001) (Figure 2). Likewise, all woody fuelbeds (dowels and
chipped fuels) at 0.0 Wc displayed strong linear relationships (r> > 0.9, SE < 2.5 kW m?,
p<0.001) between BC and peak FRP. The results of the ANCOVA analysis identified
significant interactions between all woody fuelbeds and pure Pinus monticola fuelbeds,
indicating that the regression slope coefficients were significantly different (i.e. pure Pinus
monticola fuelbeds produce greater peak FRP values than the woody fuelbeds at a given BC
value). Slope coefficients for the woody fuelbeds generally increased with increasing SA/V
for both fuel types, but were only significant between the largest dowel SA/V group (1390
m™) and the two other dowel SA/V groups (659 and 469 m™). Increasing heat release with
increasing SA/V was also observed by Santoni et al. (2014) in dry pine needle fuelbeds
burned in a forced flow combustion chamber. Specifically, modeled heat release rate (kW m-
2) increased as surface-area-to-volume ratio increased in needles from three Pinus species.
Santoni et al. (2014) also identified fuelbed permeability as a significant driver of heat
release, which is affected by the orientation and compactness of fuel particles. This factor
could account for some of the variability in BC to peak FRP relationships in the current
study. These observations may provide useful information and guidance for studies using
FRP to characterize fire behavior (e.g. Kremens et al. 2012; Cannon et al. 2014; Hudak et
al. 2016), post-fire vegetation response and mortality (e.g. Smith et al. 2017; Sparks et al.
2017), and fire regimes (e.g. Archibald et al. 2010; Andela et al. 2015). However, further
work is necessary at the forest stand (e.g. Kremens et al. 2012; Sparks et al. 2017) and
landscape spatial scales to confirm if and how these relationships scale.

There was little variation in observed combustion factors, even when considering all
SA/V groups, fuelbed bulk densities, and fuel water content conditions (Figure 3a,b). There
were no significant interactions between SA/V groups or between fuelbed bulk density
groups, indicating that the regression slope coefficients (CFs) were not significantly
different. Although dry and ambient laboratory derived CFs were not significantly different,
ambient SA/V groups produced CFs consistently higher than their dry counterparts (Figure
3a,b). In the current study, the CF for fuels burned at <0.01 W¢ was slightly lower than that
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for fuels burned at 0.09 Wc (dry CF: 0.216 kg MJ; ambient CF: 0.232 kg MJ™?). This is
mirrored in the literature where CFs are consistently higher across studies with wetter fuels
(Freeborn et al., 2008; Smith et al. 2013) and lower across studies with drier fuels (Wooster
et al. 2005; Smith et al. 2013) (Table 1). The CF derived in Kremens et al. (2012) is slightly
lower than expected for the reported fuel moisture content and could possibly be explained
by the dry wood added to the fuelbeds during their experiments. Notably, biomass consumed
estimates calculated using the universal CF from Kaiser et al. (2012) more than double those
estimated with the next highest laboratory derived CF for extremely wet (W¢ > 0.25) fuels
(Smith et al. 2013). Ultimately, our data supports previous experiments highlighting
moisture effects on biomass consumed estimates from FRE (Smith et al. 2013). Observed
consumption was in strong agreement with modeled consumption (Figure 3c) using the
water content adjusted biomass consumed to FRE relationship described in Smith et al.
(2013).

Conclusions

Woody fuel CFs derived from this study have been presented over a range of fuel SA/V
and loadings. SA/V did not have a significant impact on FRE derived from fuelbeds at dry
or ambient fuel water content. Unlike FRE, peak values of FRP generally increased as SA/V
increased. Linear relationships between biomass consumed and peak FRP in uniform and
mixed fuelbeds at 0.0 Wc indicates that peak FRP could be modeled from biomass
consumed estimates with further study. Although CFs have been observed to vary with
changes in fuel water content in pine needles (Smith et al. 2013), woody fuels seem to be
insensitive to small changes in fuel water content. CFs derived from our ambient woody
fuels were slightly higher than dry fuels, but were within the margin of error for the CF
derived from all fuels. This indicates that robust estimates of biomass consumed and carbon
loss can be quantified using FRP and FRE methodology in fire prone ecosystems with
significant woody fuels (e.g. boreal and temperate forest). Future work is needed to confirm
these results in other fuel types and spatial scales to improve our understanding of CF

uncertainty and characterization of wildland fires.
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Table 1. Combustion factors (CF: kg MJ™) and radiative fraction (f;) derived from lab and
field experimental studies and modeling. Fuel moisture content (FMC, calculated on dry
weight basis) is used for comparison to other studies.

Fuel Type FMC (%) CF (kg MJ?) fr (%) Reference

Observed

ang;a(ss, wood, shrub 0.195 Frankman et al. 2013
Pinus ponderosa,  _, 0216 +0.041 25  +5  This study

birch wood

Pinus ponderosa, 4, 0232 +0.046 23 +1  Thisstudy

birch wood

Grass 0.261 Schroeder et al. 2014
Oak savannah litter 7.3-27.4 0.299 17 +3 Kremens et al. 2012
Pinus monticola <1 0.325 +0.008 15 +1.0 Smithetal 2013
needles

Miscanthus grass 12 0.368 £0.015 13 +£3.0 Wooster et al. 2005
g:f‘(ss’ wood, shrub 71 448 0453 +0068 117 +24 Freeborn et al. 2008
Modeled

AGOS? 0.13 Kaiser et al. 2012
SAOS? 0.26 Kaiser et al. 2012
AG? 0.29 Kaiser et al. 2012
Grass 0.3-0.31 +0.37-0.38 Konovalov et al. 2014
Forest 0.3-0.52 +0.33-0.56 Konovalov et al. 2014
EF? 0.49 Kaiser et al. 2012
Pinus monticola 0 0.59 +0.065 8 +10 Smithetal 2013
needles

Forest 0.66-0.85 +0.81-1.05 Konovalov et al. 2014
Grass 0.69-0.86 +1.13-1.24 Konovalov et al. 2014
SA® 0.78 Kaiser et al. 2012

TF? 0.96 Kaiser et al. 2012
Universal 1.37 Kaiser et al. 2012
EFOS? 1.55 Kaiser et al. 2012
Peat 5.87 Kaiser et al. 2012

8 and cover class: AGOS: agriculture with organic soil, SAOS: savannah with organic soil, AG: agriculture,
EF: extratropical forest, SA:savannah, TF: tropical forest, EFOS: extratropical forest with organic soil
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Figure 2. Relationships between biomass consumed (BC) and peak fire radiative power
(FRP) for all surface-area-to-volume ratio (SA/V) groups for, a) dowel fuelbeds at 0.0 fuel
water content (WC), and b) chipped Pinus ponderosa fuelbeds at 0.0 WC. The relationship
for pure Pinus monticola (SA/V: 9050 m-1) fuelbeds (data from Smith et al. (2013)) is also
shown in both panes for comparison purposes. Lines represent the ordinary least squares
(OLYS) linear best fit through the origin between consumption and peak FRP for each SA/V

group.



106

(@) 1.0 | pc=0216'FRE
r2 = 0.991, p < 0.001, SE = 0.041 kg m?2
§08-
€
2
<~ 0.6 -
=
il
Q.
g 04 X
g o
802 &
A
0.0, K *
(b) 1.0 gc-o232'FRE v
r2=0.994, p < 0.001, SE = 0.046 kgm? ¢ o
§0.8- w9’
€
2
<~ 0.6
{ ey
iel
B | SANV (m™)
E 04 o 1390
2 o 659
o) | o 469
© 0.2 o 1082
2 A 666
Oo il ¢ 395
0 1 2 3 4
FRE per unit area (MJ m )
(c) - -
&G ’ BCmodeled = 1'122*Bcobser\/ed o} r
e r2=0.994, p < 0.001, s ©
= -2 ez
08/ SE = 0.052 kg m | g
3
=
iel
5 0.6
£
?
£ 0.4
[&]
B
o 0.2
T
O
=
0.0

00 02 04 06 08 10
Observed consumption (kg m™?)

Figure 3. Relationship between fire radiative energy (FRE) and biomass consumed (BC) for
all surface-area-to-volume ratio (SA/V) groups for dry fuels (a) and ambient water content
fuels (b). Hollow markers represent dowels and solid markers represent chipped wood
particles. The relationship between observed and predicted consumption using the water
content adjusted biomass consumed-to-FRE model from Smith et al. (2013) is also shown
(c). In all panes, the solid line represents the ordinary least squares (OLS) linear best fit
through the origin between consumption and FRE and the dashed lines represent the 95%
prediction interval.
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