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Abstract

Mitigating the effects of massive wildfires is one of the most critical forest conservation

goals of our generation, and perhaps the most important in western North America. Changes in

climate and Euro-American fire suppression have altered the natural fire regime across the

western US. Chaparral-dominated ecosystems that historically experienced infrequent

high-intensity fire are currently threatened by an increase in wildfire frequency driven by

increased urbanization of wildlands, warming temperatures, and invasion of non-native species.

Dry conifer forests, on the other hand, are experiencing fewer fires due to fire suppression

policies, but these policies have resulted in fuel accumulations and forest densification. The

warming climate is leading to drier fuels and more severe fire weather, and when fires escape

control today, they tend to burn large areas at high severity, which pose enormous threats to

biodiversity, human health, and the economy. To address these issues, fuel treatments such as

prescribed fire, hand thinning, and mechanical surrogates for fire (e.g thinning, mastication)

have been implemented to restore forest resilience by reducing surface and canopy fuels and

restoring natural disturbance processes in historically frequent-fire forests.

In my first chapter of this dissertation, I examined the impact of increased fire frequency

on the composition and abundance of herbaceous and woody species in chaparral plant

communities in the Interior Coast Range of northern California. In my second chapter, I

document and analyze patterns in fuel dynamics after fuel treatments across dry conifer forests

in the western US using 1,932 observations from 65 published studies. My third chapter

concludes this dissertation by quantifying the current effectiveness of prescribed fire as a

management strategy by documenting changes in surface fuel loading, stand structure, and

resulting species diversity. Understanding the ecological consequences of human-driven

changes to fire regimes, and the consequent management strategies to combat them, are
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crucial for projecting future fire activity under various climate change scenarios and land

management strategies.
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Introduction

Mitigating the effects of massive wildfires is one of our generation's most critical forest

conservation goals and perhaps the most important in western North America. There is a vast

diversity of fire regimes on Earth, each with specific characteristics, such as frequency, severity,

size, and seasonality, that vary over time and space. However, factors that have driven these

patterns in the past have been severely altered by changes in climate and Euro-American fire

suppression (McLauchlan et al. 2020). These changes have resulted in larger, higher severity

fires that pose enormous threats to biodiversity, human health, and the economy (Safford et al.

2022; Steel et al. 2023; Weeks et al. 2023; Williams et al. 2023)

Sclerophyllous shrubland ecosystems in the world’s Mediterranean climate zones

(MCZs) are a widespread vegetation type and provide invaluable ecosystem services to

surrounding human-dominated communities (Underwood et al. 2018). Chaparral shrublands of

the North American MCZ historically burned at high intensity with a mean fire return interval of

30-100 years before Euro-American settlement (Van de Water and Safford 2011). Despite its

resilience to periodic fire events, alteration of the natural fire regime can lead to the transition

from chaparral to oak woodland or grassland. A common successional pathway we see today is

a transition to disturbance-tolerant non-native grassland due to an increase in fire frequency

(Zedler et al. 1983; Keeley and Fotheringham 2001; Syphard et al. 2019). Increasing

temperatures and reduced precipitation are likely to exacerbate the size and frequency of

catastrophic fires by altering the amount and distribution of fuels and creating a shorter

fire-return interval than historically was present (Franklin et al. 2004; Syphard et al. 2019). This

altered fire regime threatens biodiversity (Pausas et al. 2004) and increases fire risk to

communities living in the wildland-urban interface (Syphard et al. 2008). Once a chaparral stand
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has undergone type conversion, it has a low chance of reverting back to its historical condition,

even if actively managed (Allen et al. 2020; Dewees et al. 2022).

For my first chapter, I examined the impact of increased fire frequency on the

composition and abundance of herbaceous and woody species in the Interior Coast Range of

northern California. I investigated the impact of higher fire frequencies than previously reported

in the scientific literature for California by sampling fifty-four 250-m2 plots to assess postfire

regeneration of chaparral shrubs and plant community composition. Our findings reveal that

three fires in quick succession significantly reduced post-fire native woody regeneration, with

obligate seeding species experiencing a 99% reduction and facultative species showing an 83%

reduction in regeneration in the most frequently burned plots. Further, the overall marginal effect

of an increase in one short interval fire decreased the proportion of native species cover by 12%

and richness and Shannon diversity both by 4%. Consequently, areas with higher fire

recurrence exhibited a more homogeneous landscape, dominated by a similar group of

non-native species.

Fire is still a natural disturbance process in dry conifer forests in the western US,

however the characteristics that define the fire regime of these forests are quite different from

that of chaparral. These forests are experiencing fewer fires due to fire suppression policies, but

these policies have resulted in fuel accumulations and forest densification. The warming climate

is leading to drier fuels and more severe fire weather, and when fires escape control today, they

tend to burn large areas at high severity, which pose enormous threats to biodiversity, human

health, and the economy (Lohman et al. 2007; Steel et al. 2022, 2023; Weeks et al. 2023;

Williams et al. 2023).

Yellow pine and mixed-conifer (YPMC) forests, for example, are the dominant vegetation

type in the Sierra Nevada mountain ranges and typically experienced frequent (10-15 years) fire

that was generally low-to-moderate severity prior to Euro-American settlement (Van de Water

and Safford 2011). Variable fire effects were common due to spatially heterogeneous fuel loads,
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leading to a fine-scaled matrix of mature trees, gaps, and groups of seedlings and saplings that

promoted species diversity (Larson and Churchill 2012; Knapp et al. 2013; Richter et al. 2019).

However, many of these forests have experienced an increase in tree density and shifts in

species composition in the absence of fire. Decades of fire suppression and timber harvesting

have resulted in structural and compositional changes, leading to high surface fuel loads, high

densities of small stems, and an increasing proportion of fire-intolerant species such as Abies

concolor and Calocedrus decurrens (Safford and Stevens 2017). This has increased the number

of massive, catastrophic fires in many western fire-adapted forests, posing severe threats to

humans and ecological values.

To address these issues, fuel treatments such as prescribed fire, hand thinning, and

mechanical surrogates for fire (e.g thinning, mastication) have been implemented to restore

forest resilience by reducing surface and canopy fuels and restoring natural disturbance

processes in historically frequent-fire forests (Agee and Skinner 2005; North et al. 2012;

Stephens et al. 2012). Despite the expanding use of fuel treatments, significant gaps still exist in

our understanding of the dynamic change in fuels after treatment as well as their effectiveness

in achieving quality objectives such as shifts in species composition and spatial patterns to

resemble historical patterns prior to Euro-American colonization.

My second two chapters focus on questions relating to fuel treatment effectiveness in dry

conifer forests of the western US. For my second chapter, I documented and analyzed patterns

in fuel dynamics after fuel treatments across dry conifer forests in the western US by conducting

a meta-analysis using 1,932 observations from 65 published papers. Overall, I found that fuel

treatments successfully reduce fuel loads across dry conifer forests; however this effect varied

across fuel treatment types. Treatments including thinning followed by prescribed fires

(THIN+BURN), when compared to treatments including only thinning (THIN) and prescribed

fires (BURN), were the most successful in reducing overstory fuel loads while simultaneously

mitigating the build up of surface fuels after thinning. BURN treatments, despite having limited
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impact on overstory fuels, were the most effective at reducing surface fuel loads even after a

single entry. These findings underscore the effectiveness of fuel treatments in altering fuel loads

across different forest types, with treatment type and initial stand conditions being key factors

influencing outcomes.

My third chapter concludes this dissertation by quantifying the current effectiveness of

prescribed fire as a management strategy in YPMC forests which historically experienced

frequent low-to-moderate intensity fire. We documented changes in surface fuel loading, stand

structure, and resulting species diversity before and after prescribed fire at 12 project sites

across northern and central California. We found that first-entry prescribed fire was successful

at reducing surface fuels in YPMC forests, however, there was limited effect on forest structure.

Despite this lack of change in overstory structure, we found a significant increase in native and

nonnative species richness and Shannon diversity two years after treatment.
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Chapter 1: Frequent fire in California chaparral reduces post-fire shrub
regeneration and native plant diversity

Ashley R. Grupenhoff1* & Hugh D. Safford1,2

1Department of Environmental Science and Police, University of California, 1 Shields Ave,
Davis, California 95616, USA

2Vibrant Planet, Incline Village, Nevada, USA
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Abstract

Fire is crucial for maintaining species diversity and resilience in fire-adapted shrublands of the

world’s Mediterranean climate zones (MCZs), which include the chaparral shrublands of the

North American MCZ. Chaparral generally experiences high intensity burning, with long intervals

between fires (30-100 years) typical under undegraded conditions. Modern fire frequencies are

much higher, however, driven by high density of human ignitions and a progressively longer,

warmer, and seasonally drier fire season. This departure from historical patterns has major

implications for biodiversity, leading to exotic invasion, decreased ecosystem services, and

potential type conversion of shrubland to grassland. We studied the impact of increased fire

frequencies on the composition and abundance of herbaceous and woody species in the Interior

Coast Range of northern California. Our study area is one of the most frequently burned areas

in the state, which afforded us the opportunity to investigate higher fire frequencies than

heretofore reported in the scientific literature for California. We surveyed fifty-four 250-m2 plots

to assess changes in plant community composition and postfire regeneration of chaparral

shrubs across a wide range of fire frequencies, including plots that have burned up to six times

in the past 30 years. Our findings reveal that three subsequent fires significantly reduced

post-fire native woody regeneration, with obligate seeding species experiencing a 99%

reduction and facultative species showing an 83% reduction in regeneration in the most

frequently burned plots. Moreover, the overall marginal effect of an increase in one short interval

fire decreased the proportion of native species cover by 12% and richness and Shannon

diversity both by 4%. Consequently, areas with higher fire recurrence exhibited a more

homogeneous landscape, dominated by a similar group of non-native species.

Keywords: chaparral, fire frequency, post-fire regeneration, species diversity
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Introduction

Fire is vital for maintaining biodiversity in many fire-adapted ecosystems around the

world, but interactions between anthropogenic drivers such as rapid climate warming,

disturbance regime interventions, and land use change are causing major changes in the

spatial-temporal pattern of fire (hereafter, fire regime) (UNEP 2022). In the North American

Mediterranean Climate Zone (NAMCZ), the climate is warming and becoming seasonally drier

and more variable, extreme fire weather conditions are more common, and there is an increase

in urbanization and population growth (Keeley and Fotheringham 2001; Abatzoglou and

Williams 2016; Molinari et al. 2018; Syphard et al. 2018). Changes in climate and increased

urbanization have altered natural fire regimes across the region, posing serious risks to the

NAMCZ, especially chaparral shrublands (Molinari et al. 2018; Park et al. 2018; Syphard et al.

2019).

Chaparral shrublands are a widespread vegetation type in the NAMCZ that provide

numerous ecosystem services and are considered to be biodiversity hotspots (Rundel 2018;

Underwood et al. 2018). Because the shrub canopy is short and mostly connected to surface

fuels, California chaparral mostly burns at high intensity (Keeley and Safford 2016). Chaparral

vegetation is adapted to moderately infrequent fire, with paleodata and modeling studies

suggesting an optimal fire return interval range between 30 and 90 years (Van de Water and

Safford 2011). Despite its resilience to periodic fire events, alteration of the natural fire regime

can lead to the transition from chaparral to oak woodland or grassland. In some cases,

chaparral can transition to woodland or forest after very long intervals without fire (Callaway and

Davis 1993; Safford et al. 2021). A common successional pathway we see today, however, is a

transition to disturbance-tolerant non-native grassland due to an increase in fire frequency

(Zedler et al. 1983; Keeley and Fotheringham 2001; Syphard et al. 2019). Studies in southern

California show that large areas of lowland and lower montane chaparral have been converted
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to exotic grassland, driven by an increase in short-interval fires and recurrent drought (D’Antonio

and Vitousek 1992; Keeley and Brennan 2012; Park et al. 2018; Syphard et al. 2019).

Uncharacteristically short fire return intervals threaten chaparral resilience and

persistence by eliminating species without adaptations to short fire return intervals. Many plants

adapted to fire-prone ecosystems have traits that allow them to survive and regrow after fire or

to rapidly recolonize burned areas (He et al. 2019). Postfire recovery includes factors such as

regrowth, reproduction, dispersal, germination, and establishment, all of which are mediated by

how plant traits interact with fire severity (McLauchlan et al. 2020). In chaparral, postfire

recovery involves regeneration initiated by germination of the dormant seed bank, resprouting

from lignotubers and other vegetative structures, or wind dispersal. Native woody species are

commonly divided into obligate seeders (species incapable of vegetative regeneration and

which germinate from the dormant seed bank in the first postfire year), obligate resprouters

(which lack a dormant seed bank but regenerate vegetatively), and facultative seeders (which

have post-fire germination coupled with resprouting). Increased fire frequency may induce

substantial mortality for obligate seeders since these species often require a decade or more to

replenish the seed bank (Zedler et al. 1983; Jacobsen et al. 2004). Some studies have also

shown that even resprouting chaparral species will be eliminated if fire is frequent enough

(Haidinger and Keeley 1993; Keeley and Brennan 2012).

Shifts in species composition and type conversion to nonnative grassland have

large-scale implications for ecosystem resilience, regional and local biodiversity, and ecosystem

services such as primary production, carbon sequestration, nutrient cycling, pollination, erosion

mitigation, and habitat provision (Rundel 2018; Underwood et al. 2018). As such,

understanding the nuanced effects of fire recurrence on biodiversity and recovery is necessary

for understanding the extent and future trajectories of chaparral type conversion. To date, no

study has examined these effects at sites that have burned more than three times in the past
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few decades. Additionally, only a handful of studies have focused on the Coast Range of

northern California, one of the most frequently burned locations in the whole state.

Our study took place in the footprint of the 2020 Hennessy Fire, the largest of the fires

composing the LNU Lightning Complex. The landscape burned by the Hennessy has a rich fire

history: 38% of the Hennessy Fire had burned in the previous 10 years, the highest proportion

of any 2020 fire, and more than 50% had burned at least once in the last 20 years (Safford et al.

2022). Some areas in the Putah and Cache Creek drainages had burned 6 times since 1985,

and up to 4 times in the previous 7 years, which makes these areas among the most frequently

burned wildlands in all of California. This provides a unique research opportunity, as to this

point, no published studies in California have evaluated the impacts of more than three fires on

chaparral resilience.

To better understand when chaparral communities lose resilience to invasion, we asked

two primary questions: 1) How does fire frequency affect the diversity and cover of native and

non-native species; and 2) What are the consequences of higher burn frequency on shrub

seedling establishment and resprouting success? Based on results from previous studies, we

hypothesized (1) a reduction in species diversity and local richness in areas with more than 2

short interval fires and (2) decreased native shrub regeneration and resprout growth of native

shrubs. Specifically, we hypothesized higher burn frequency would lead to a reduction in the

probability of obligate and facultative seedling regeneration after 2 short interval fires (2a) and a

reduction in resprout growth of facultative species after 3 short interval fires (2b).

Methods

Study Site

The study was conducted in the Interior Coast Range of northern California which

supports a diverse mosaic of chaparral, oak woodland, and grassland. Intact chaparral

vegetation is dominated by drought-tolerant, sclerophyllous shrubs. Our study focused on
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Adenostoma fasciculatum (chamise) chaparral and mixed chaparral stands. Nearly pure stands

of chamise-dominated chaparral occur on sandstone substrates on xeric exposures with shallow

soils, while mixed chaparral stands occur on more mesic exposures with deeper soils and

include chamise as well as other co-dominant species such as Ceanothus spp., Heteromeles

arbutifolia, Arctostaphylos spp., and Quercus berberidifolia.

Historic mean fire-return intervals in California chaparral have been estimated between

30-90 years (Van de Water and Safford 2011) and the ignition sources prior to European

colonization were primarily Indigenous peoples who burned in grasslands and chaparral for

foods, medicines, and ceremonial items (Anderson and Keeley 2018); lightning ignitions

certainly occurred but were relatively rare, as they are today (van Wagtendonk and Cayan

2008). Today, human ignition sources are typically due to accidents from power lines, vehicles,

and campfires (Syphard and Keeley 2015; Anderson and Keeley 2018).

We sampled post-fire chaparral plant communities after the 2020 LNU Lightning

Complex Fire, which was one of the largest fires in California history, burning 124,000 hectares

in Napa, Yolo, Solano, and Lake Counties (Safford et al. 2022). We focused on the area burned

in the Hennessy Fire, which ignited by lightning on August 17th and was extinguished in early

October. In total, 54 plots were sampled at Quail Ridge UC Natural Reserve (38°30’ N, 122°08’

W), Cold Canyon UC Natural Reserve (38°30’ N, 122°06’ W), Cache Creek Regional Park

(38°54’ N, 122°18’ W), and Bobcat Ranch Audubon Reserve (38°31’ N, 122°04’ W) (Fig. 1.1).

All sites are between 260-540 m elevation and occur on inceptisols (mostly Maymen and

Millsholm soil series) on sandstone substrates (California Soil Web;

https://casoilresource.lawr.ucdavis.edu/gmap/). The study area experiences a Mediterranean

climate with an annual average of 630-760 mm precipitation, mean January minimum and

maximum temperatures are 3°C and 14°C, respectively, and mean July minimum and maximum

temperatures are 15°C and 34°C (30-year average, 800-m resolution, PRISM Climate Group

2022).
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The study area has a variable fire history, ranging from never burned to six prior burns in

the past 30 years (Table 1.1). Plot locations were stratified across a fire frequency gradient and

aspect, with an equal number of plots on cool (N and E aspects) and warm (S and W aspects)

slopes. GIS layers from the USDA Forest Service were used to extract the date of origin and fire

size for fires that occurred during the past 30 years. Fire frequency was calculated using the

California Fire Return Interval Departure (FRID) database (Safford et al. 2011). Since these fire

perimeters generally ignore unburned patches within fires that are less than hundreds of acres

in size, we used Google Earth historical imagery to examine the landscape for unburned

patches after each fire and we adjusted the FRID database fire frequencies accordingly. Heat

load index was calculated for each transect using aspect and slope to account for the amount of

solar radiation received (McCune and Keon 2002). Precipitation and temperature point

estimates were extracted for each transect using the 4 km resolution PRISM dataset (PRISM

Climate Group 2022).

Sampling Design & Processing

At each of the 54 plots, 50 x 5-m belt transects were established following (Safford and

Harrison 2004; Werner et al. 2022). Sites were visited in the spring of 2021 and 2022. All plant

species were recorded within the entire 250-m2 transect to measure the overall richness of

native and exotic plant species. Five 1-m2 quadrats were sampled at 10-m intervals along the

transect line, measuring: the percent cover of all native and exotic species; number and height

of shrub seedlings; resprout height; percent cover of rock, bare soil, and litter; and litter depth.

All variables collected at the 1-m2 scale were averaged to give a transect-level value. Plant life

history data for each species were obtained from the USDA Forest Service Fire Effects

Information System or the University of California Jepson Herbarium. Species were classified by

origin (native, non-native), lifeform (tree, shrub, forb, graminoid, fern), and fire regeneration

strategy (obligate seeder (OS), facultative seeder (FS), obligate resprouter (OR)). The
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proportion of native species cover, richness, and diversity were calculated at each transect each

year (2021 & 2022). We calculated the proportion of native plant cover in each plot as the total

native cover/(total native cover + total exotic cover). Additionally, we calculated the proportion

of local species richness (calculated as the mean number of species per 250 m2 plot) and the

proportion of Shannon-Wiener diversity (which gives weight to rare species) using the vegan

package in R (R Core Team 2021; Oksanen et al. 2023).

Fire severity was estimated in each belt transect by measuring the stem diameter (1 cm

from the terminus) of four stems from a randomly chosen Adenostoma fasciculatum (chamise)

individual rooted in or adjacent to each quadrat (Perez and Moreno 1998). Additionally, five

more individuals were measured at the entire 250m2 transect scale. In cases when chamise was

not present we used Heteromeles arbutifolia or Quercus berberidifolia individuals. We measured

heterogeneity in fire severity within each belt transect by calculating the coefficient of variation

for the five quadrats within a transect.

Statistical analyses

Species cover, diversity, and composition (H1)

Bayesian generalized linear mixed models were used to investigate the interaction

between fire frequency on the proportion of native species cover, richness, and diversity for both

survey years using a Beta Binomial likelihood (Equation 1), which accommodates values

between 0 and 1. To determine which environmental covariates to add to the model, we used

the expected log pointwise predictive density (ELPD) to measure leave-one-out cross-validation

for our goodness of fit measure. The covariates that we evaluated were fire frequency

(numBurn), mean annual precipitation, mean annual temperature, heat load index, slope and

aspect. We verified that independent variables were not highly correlated using the Spearman

correlation coefficient (Supplemental Fig. 1). We first fit the proportion of native species cover

with each individual predictor separately and added significant predictors in order of ELPD to
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determine whether they significantly increased ELPD of the resulting model. Non-metric

multidimensional scaling (NMDS) was used to visualize compositional differences between

areas with variable fire recurrence as a part of the vegan package in R (R Core Team 2021;

Oksanen et al. 2023). This ordination uses rank-order correlation and Bray-Curtis dissimilarities

to model the differences among treatments based on species composition and abundance of all

plant species.

Equation 1:
𝑝𝑟𝑜𝑝. 𝑛𝑎𝑡𝑖𝑣𝑒𝑐𝑜𝑣𝑒𝑟

𝑖,𝑗
 ~ 𝐵𝑒𝑡𝑎(µ

𝑖,𝑗 
, ϕ)

𝑙𝑜𝑔𝑖𝑡(µ
𝑖,𝑗 

) =  α +  β
𝑛𝑢𝑚𝐵𝑢𝑟𝑛

𝑛𝑢𝑚𝐵𝑢𝑟𝑛 + β
𝑛𝑢𝑚𝐵𝑢𝑟𝑛

𝑛𝑢𝑚𝐵𝑢𝑟𝑛2 +  β
𝑆𝑢𝑟𝑣𝑒𝑦𝑌𝑒𝑎𝑟

𝑆𝑢𝑟𝑣𝑒𝑦𝑌𝑒𝑎𝑟

α ~ 𝑠𝑡𝑢𝑑𝑒𝑛𝑡_𝑡(3,  0,  2. 5)

Shrub regeneration (H2a)

We used a similar modeling procedure to understand how fire frequency influenced

shrub regeneration and resprout growth. We fit seedling presence/absence using multiple

Bayesian generalized linear models with Bernoulli likelihood (Equation 2). Like species diversity,

we used the ELPD as a measure of leave-one-out cross-validation for our goodness of fit

measure to compare. We first fit the presence/absence of a seedling with each individual

predictor separately and added significant predictors in order of ELPD to determine whether

they significantly increased ELPD of the resulting model. The covariates that we evaluated were

fire frequency (numBurn), mean annual precipitation, mean annual temperature, heat load

index, aspect, and slope. For seedling presence/absence, we calculated the area under the

receiver operating curve (AUC) with the ROCR package in R, which is a commonly used

method to evaluate model fit (Sing et al. 2005). AUC values >0.8 indicate good model prediction

while values near 0.5 indicate the model is not better than random chance. We created a

separate model for facultative and obligate seeding species, and for each individual species

separately.
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Equation 2:
𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 ~ 𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖(ρ

𝑖
)

𝑙𝑜𝑔𝑖𝑡(ρ
𝑖
) =  α + β

𝑛𝑢𝑚𝐵𝑢𝑟𝑛
𝑛𝑢𝑚𝐵𝑢𝑟𝑛 + β

𝑆𝑢𝑟𝑣𝑒𝑦𝑌𝑒𝑎𝑟
𝑆𝑢𝑟𝑣𝑒𝑦𝑌𝑒𝑎𝑟 

𝑎 ~ 𝑠𝑡𝑢𝑑𝑒𝑛𝑡_𝑡(3,  0,  1)
~ normal(0,1)β

Resprout growth (H2b)

To test how the growth of resprouting A. fasciculatum was impacted by fire frequency, we

fit resprout height one year after fire with a Gaussian distribution (Equation 3). After ELPD

measure of leave-one-out cross validation model selection, the final model included covariates

for heat load index and the diameter of the largest stem (an indicator of prefire size). Resprout

growth was square root transformed to meet assumptions of normality.

Equation 3:
𝑟𝑒𝑠𝑝𝑟𝑜𝑢𝑡 𝑔𝑟𝑜𝑤𝑡ℎ ~ 𝑁(µ

𝑖
, σ)

µ
𝑖

=  α + β
𝑛𝑢𝑚𝐵𝑢𝑟𝑛

𝑛𝑢𝑚𝐵𝑢𝑟𝑛 + β
ℎ𝑙𝑖

𝐻𝑒𝑎𝑡 𝑙𝑜𝑎𝑑 𝑖𝑛𝑑𝑒𝑥 + β
𝑑𝑖𝑎𝑚 𝑙𝑎𝑟𝑔𝑒𝑠𝑡 𝑠𝑡𝑒𝑚

𝐷𝑖𝑎𝑚 𝑙𝑎𝑟𝑔𝑒𝑠𝑡 𝑠𝑡𝑒𝑚 

𝑎 ~ 𝑛𝑜𝑟𝑚𝑎𝑙(0, 1)
~ normal(0,1)β

All models were created using the brm function in the brms package (Bürkner 2017) in R

version 4.1.1 (R Core Team 2021). Continuous independent variables were centered and scaled

prior to analysis. We used mildly regularizing priors to prevent overfitting with 4 chains, each

with 2000 iterations and a warmup of 1000. Trace plots and R-hat values were assessed to

confirm proper mixing and model convergence.

Results

Fire severity

Mean and maximum fire severity, as well as the heterogeneity of fire severity, were

reduced with increased fire frequency (>2 in the past 30 years) (Fig. 1.2, Table 1.2). Fire

severity, which is inversely related to the diameter of the measured stem termini, was high in
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sites that only burned once before the Hennessy Fire, but low in all other fire frequency classes

(differences among FF = 3, 4, 5, and 6 were not statistically significant from each other).

Species cover, diversity, and composition (H1)

In total, 223 species were found throughout the study area. As predicted, we found that

the proportion of native species cover, the proportion of native richness, and the proportion of

native Shannon diversity declined with increased fire recurrence in both survey years (Fig. 1.3).

The effect of fire recurrence was strongest for the proportion of native cover (βnumburn = -1.17; CIs

= -1.67 to -0.67) and moderately strong for the proportion of native species richness (βnumburn =

-0.50; CIs = -0.86 to -0.15) and Shannon diversity (βnumburn = -0.65; CIs = -1.14 to -0.16)

(Supplemental Table 1.1). The overall average marginal effect of a 1-unit increase in fire

frequency decreased the proportion of native cover by 12%, the proportion of native richness by

4%, and the proportion of native Shannon diversity by 4%.

This effect of fire frequency, however, varied at higher and lower levels of fire frequency

for all diversity metrics (Fig. 1.3). At lower levels of fire frequency, a one-unit increase in

frequency led to a significant 16% decrease in the proportion of native cover (Fig. 1.3b). In

contrast, a frequency of 5 fires in the past 30 years resulted in a slight 5% increase in the

proportion of native cover. The pattern of native richness and Shannon diversity closely align

with the findings for native cover. For lower levels of fire frequency, a one-unit increase is

associated with a 7% and 9% decrease in native richness and Shannon diversity, respectively.

However, as fire frequency rises to higher levels there is a slight shift to a 2% increase in native

richness and a 1% increase in Shannon diversity.

Plots in areas with different fire frequencies had different species assemblages. The

NMDS ordination of species composition resulted in an overlapping cluster of plots with higher

fire recurrence (>2 short interval fires) that contain more non-native herbaceous species, while

plots with lower fire recurrence (≤ 2 short interval fires) contained more native herbaceous
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species and shrubs (Fig. 1.4). Species characteristic of the high fire frequency plots included

Avena barbata, Centaurea melitensis, Erodium cicutarium, and Festuca myuros (Fig. 1.4), all

classic dominant species in the exotic annual grassland that characterizes highly disturbed sites

in lowland California. Plots with higher fire recurrence had smaller clusters compared to areas

with low fire recurrence, indicating a shift from a more heterogeneous post-fire landscape to a

more homogeneous landscape with many similar non-native species.

Shrub regeneration (H2a)

Increased fire frequency in chamise chaparral reduced shrub seedling regeneration, as

expected (Fig. 1.5). In plots with higher fire frequency (FF=6), seedling regeneration for FS

declined by 83% and OS regeneration declined by 99% when compared to plots with lower fire

frequency (FF=1). OS species, including Ceanothus oliganthus and Ceanothus cuneatus, were

almost completely eliminated in areas with >2 fires in the past 30 years (Fig. 1.5). We found a

strong negative association between fire frequency and the presence of OS regeneration

(βnumburn = -0.92; CIs = -1.43 to -0.49; Fig. 1.5a) and a significant, albeit less strong, negative

association between fire frequency and the presence of FS regeneration (βnumburn = -0.33; CIs =

-0.47 to -0.19; Fig. 1.6a). Fire frequency significantly reduced the presence of Ceanthous

cuneatus (βnumburn = -1.10; CIs = -1.65 to -0.64; Fig. 1.5b) and Ceanothus oliganthus (βnumburn =

-1.20; CIs = -2.27 to -0.41; Fig. 1.5c). The effect of fire frequency on FS regeneration was

species-specific and significantly reduced the presence of Adenostoma fasciculatum (βnumburn =

-0.70; CIs = -1.02 to -0.40; Fig. 1.6b) and Lepechinia calycina seedlings (βnumburn = -0.66; CIs =

-1.00 to -0.35; Fig. 1.6d). Despite an overall decrease in presence of FS regeneration due to fire

frequency, we found a slight qualitative increase in Eriodictyon californicum seedlings (βnumburn =

0.05; CIs = -0.18 to 0.28) but this effect was not significant (Fig. 1.6c).

Shrub resprout growth (H2b)
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In contrast to hypothesis 2b, we did not see any significant difference in A. fasciculatum

resprout growth with increased fire frequency (βnumburn = 0.00; CIs = -0.02 to 0.01; Fig. 1.7).

Despite a reduction in live individuals, postfire height was around 0.4 meters 1-year after fire for

all levels of fire frequency. Heat load index and the diameter of the largest stem improved model

fit, but did not have a strong association with resprout growth (βhli = 0.00; CIs = -0.02 to 0.01;

βdiam largest stem = -0.01; CIs = -0.03 to 0.00)

Discussion

Our results are consistent with other studies that show a reduction in native shrub

regeneration and species diversity after multiple, short-interval fires in chaparral shrublands

(Zedler et al. 1983; Haidinger and Keeley 1993; Jacobsen et al. 2004; Keeley and Brennan

2012). Yet our study is the first to examine how such high fire frequencies – up to six times in

the past 30 years – may be impacting chaparral vegetation in the NAMCZ. Our findings highlight

how uncharacteristically high fire recurrence (>2 short interval fires) in chaparral reduced fire

severity, resulting in a reduction in native woody regeneration and homogenization of the plant

community. We found that a diverse mix of native shrub and herb species are being replaced

with a smaller, more homogeneous set of non-native annual species. Overall, these results

highlight the complex relationship between fire frequency and diversity metrics, showcasing how

different levels of fire frequency can impact native cover, richness, and Shannon diversity in

varying ways.

It is important to note that the occurrence of short intervals between fires, rather than fire

frequency per se, is a key component to type conversion (Jacobsen et al. 2004; Syphard et al.

2019). Our study examines the effect of fire frequency, and because short interval fires are more

likely to occur when fire is more frequent, we cannot parse a partial causality between the two in

this study. All of our sites that burned more than three times in the past 30 years were also the

sites that had the shortest fire return intervals (between 2 and 5 years). Short fire return
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intervals reduce fire intensity, promoting non-native species persistence and reducing

regeneration of native chaparral shrubs (Keeley et al. 2006). This has negative consequences

for obligate seeding shrubs that require at least 10 years to mature before replenishing the seed

bank (Zedler et al. 1983; Jacobson et al. 2004), and in particular for the genus Ceanothus,

which tends to germinate best under higher fire intensities that are only possible in the presence

of a woody fuel load (Moreno and Oechel 1991; Le Fer and Parker 2005). Despite our inability

to parse the importance of fire return interval and fire frequency independently, assessing fire

frequency by itself is still relevant given the increasingly common condition of frequent fire in

chaparral and that the two are very often linked.

How does fire frequency affect the diversity and cover of native and non-native species?

Our study confirms that increased fire frequency in chaparral facilitates a reduction in the

proportion of native species cover, richness, and Shannon diversity. Consequently, plots with

higher fire recurrence exhibit a more homogeneous landscape, dominated by a set of similar

non-native species. This result is in line with the body of research in southern California,

showing that high fire frequency, and subsequent short fire intervals, promote non-native

invasion (Keeley 2006; Syphard et al. 2019). It is generally known that in chaparral landscapes,

shrub canopy closure and the presence of a non-native seedbank at the time of fire are

important drivers of non-native invasion (D’Antonio et al. 2001; D’Antonio and Kark 2002;

Keeley et al. 2005). We observed a decrease in fire intensity – which is inversely related to the

diameter of the measured stem termini – with an increase in fire frequency. This lower intensity

fire diminishes the heat filter that kills the non-native species pool and promotes native

germination (Keeley et al. 2008; Keeley and Brennan 2012).

Prior studies in California chaparral have only examined the impacts of up to three

short-interval fires. Our study is the first to show the effect of up to six fires in the past 30 years.
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Note that at the most highly departed sites (FF=6), there is a slight increase in the proportion of

all diversity metrics. This was an unexpected result and is likely due to a transition to grassland

vegetation type. Highly departed sites are primarily dominated by non-native grasses and fobs

(e.g., Avena barbata, Bromus madritensis, Erodium spp.). Nonetheless, we found a slight

increase in native richness and cover at the higher end of the fire frequency gradient (>5 fires in

the past 30 years), driven mostly by disturbance-tolerant native species that are common in

California grassland systems (e.g., Acmispon spp., Madia spp., Dichelostemma spp.). Despite

this increase in native forbs, we observed no perennial grasses characteristic of native

California grasslands at these sites (e.g., Stipa spp., Melica spp.). Further, these plots still

exhibited lower diversity metrics than sites with low fire frequency (<2 fires in the past 30 years).

Another caveat to this finding is that, due to a lack of interspersion with FF =2-5, there could be

certain site effects driving this increase in diversity.

What are the consequences of higher burn frequency on shrub seedling establishment and

resprouting success?

As predicted, we found a reduction in both OS and FS regeneration. OS species, such

as C. oliganthus and C. cuneatus, were almost completely eliminated in areas with more than 2

fires in the past 30 years (99% reduction). These results are consistent with other studies in

southern California, showing that obligate seeding shrubs often require a decade or more

between fires in order to reach maturity and replenish the seedbank (Zedler et al. 1983;

Jacobsen et al. 2004; Keeley and Brennan 2012). Our observed reduction in fire severity with

short-interval fires confirm a departure from the high-intensity fires that are typical of

undegraded chaparral and vital for the survival and recruitment of many chaparral shrub species

(Park and Jenerette, 2019).
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While all obligate seeding species declined with high fire frequency, facultative species

as a group showed reduced regeneration (83% reduction) but displayed species-specific

responses, with some species persisting at high levels of fire frequency. We found that A.

fasciculatum re-established well from seedlings after up to 3 fires in the past 30 years. Still,

seedling regeneration declined and was almost completely eliminated in areas with fire

frequency >5. This result contrasts with research in southern California, reporting a drastic

reduction in A. fasciculatum seedlings after just two short interval fires (Zedler et al. 1983;

Keeley and Brennan 2012). Despite our prediction that all facultative seeding species

regeneration would be eliminated after 2 short interval fires, there was little effect on Eriodictyon

californicum regeneration. We found a slight increase in seedling regeneration at the most

highly departed sites. This is not necessarily surprising, considering Eriodictyon sp. is a principal

invader in many disturbed sites (Mooney and Hobbs 1986). While grouping regeneration by

functional type (OS, FS) can be very useful, species-specific responses are vital to consider

(Keeley et al. 2006).

Contrary to our expectations, and findings from research in southern California (Zedler et

al. 1983; Keeley and Brennan 2012), we found no reduction in resprout growth with increased

fire frequency. Other variables that play an essential role in determining the vigor of resprouting

shrubs. For example, the survival and vigor of resprouting shrubs in northern California are

especially sensitive to pre-fire drought and can exacerbate the effect of short-interval fire

(Werner et al. 2022). While the lack of environmental variation (e.g., temperature, precipitation)

and temporal scope across our sites makes it difficult to parse out the exact cause of reduced

resprout vigor, we can fully understand the consequences of increased fire frequency, which did

not have a strong impact on resprout vigor. While resprouting species are well adapted for

repeat fires, they can be extirpated after some time (Zedler et al. 1983, Keeley and Brennan

2012). Assessing shrub mortality, in addition to resprout success, is vital to consider.

20



Conclusion

Much of the species diversity in the NAMCZ – a global biodiversity hotspot – is centered

in chaparral-dominated shrublands. There is a rich diversity of endemic species restricted to

chaparral and loss of this habitat type has major implications on many ecosystem services such

as flood control, erosion reduction, carbon sequestration, nutrient cycling, pollination, primary

production, and habitat provision (Rundel 2018; Underwood et al. 2018). Here we provide

insights into the effects of altered fire regimes on chaparral plant communities, using a broader

fire frequency gradient than has been previously studied.

Our study provides empirical evidence that an increase in fire frequency, and the

associated increase in shorter fire return intervals, precipitates a shift in the local vegetation.

Initially characterized by a distinctive assemblage of native woody and herbaceous species, we

observed a shift to a homogenized community dominated by a smaller set of non-native annual

species. Areas dominated by nonnative grasses increase fine fuel loads, leading to more

frequent fires that burn at lower intensity. The shift in fire behavior allows the nonnative

seedbank to persist, leading to a repeating “grass-fire cycle” (D’Antonio and Vitousek 1992).

Once a community has undergone type conversion, it has a greatly reduced probability of

reverting to its previous state, even if actively managed (Allen et al. 2018; Dewees et al. 2022).

Identifying areas that are in severe danger of type conversion, but are still intact, enhances the

possibility of preventative management (Allen et al. 2018). In chaparral, reducing fire frequency

is paramount to conserving native species and preserving ecosystem services, using the

entirety of the integrated fire management spectrum (Safford et al. 2018).
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Figures and Tables

Fig. 1.1. Map of LNU Lightning complex (purple polygon) with locations of prior fires burned
since 1985 (light blue polygons). The figures to the left show plot locations, which were
distributed across a fire frequency gradient of 1 total burn (blue) up to 6 total burns in the past
30 years (red).
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Fig 1.2: Measures of mean fire severity (mm) (± SE) decrease with increased fire frequency.
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Fig 1.3: Proportion of native species cover (A), richness (C), and Shannon diversity (E) at the
plot level declines with increased fire frequency after both survey years. Predicted values from
the top-ranked Bayesian model with 95% credible intervals, as well as raw values (grey circles,
n=103).
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​​
Fig 1.4: Non-metric multidimensional scaling plot (NMDS) of Bray-Curtis dissimilarity matrix
across fire frequency. Each point represents a survey point. Plots with higher fire recurrence
(pink, orange, and yellow) are more clustered together, indicating that they have a more similar
species composition than plots with lower fire recurrence (black, dark blue, purple). Labeling
priority was given to more abundant and frequent species. Species codes: ACMGLA Acmispon
glaber, ACMWRA Acmispon wrangelianus, ADFA Adenostoma fasciculatum, ASTGAM
Astragalus gambelianus, AVEBAR Avena barbata, CEACUN Ceanothus cuneatus,CENMEL
Centaurea melitensis, CLAUNG Clarkia unguiculata, DICVOL Dichelostemma volubile, ERICAL
Eriodictyon californicum, EROCIC Erodium cicutarium, ESCCAE Eschscholzia caespitosa,
FESMYU Festuca myuros, LYSARV Lysimachia arvensis, MELTOR Melica torreyana, NEMMEN
Nemophila menziesii, STARIG Stachys rigida, TOXFRE Toxicodendron fremontii, TRIMIC
Trifolium microcephalum, TRIMIC2 Trifolum microdon. Final stress of three dimensional solution
= 0.166 after 24 iterations.
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Fig 1.5: The probability of occurrence of an obligate seedling (A), including Ceanothus cuneatus
(B) and Ceanothus oliganthus (C), declines with increased fire frequency in both survey years
(2021 & 2022). The probability of occurrence is the presence of at least one seedling in the
250m2 plot. Error bars show 95% CIs. The area under the receiver operating curve (AUC), a
measure of model accuracy ranging from 0-1, noted in the bottom left.
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Fig 1.6: The probability of occurrence of a facultative seedling (A) declines with increased fire
frequency in both survey years (2021 & 2022). This relationship was species-dependent, and
fire frequency had little change on the probability of occurrence of an Eriodictyon californicum
seedling (C) but decreased the probability of occurrence for Adenostoma fasciculatum (B) and
Lepechinia calycina (D) seedlings. The probability of occurrence is the presence of at least one
seedling in the 250m2 plot. Error bars show 95% CIs. The area under the receiver operating
curve (AUC), a measure of model accuracy ranging from 0-1, is noted in the bottom left.

32



Fig. 1.7: Resprout height (m) of Adenostoma fasciculatum does not significantly change with
increased fire frequency. Error bars show 95% CIs. Picture of Adenostoma fasciculatum
individual that has experienced 3 short interval fires in the past 30 years.
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Table 1.1: Description of all study sites included in the analysis.

Site Jurisdiction Fire History (since 1980) Shortest
interval

between fire

Fire frequency
(since 1985)

Bobcat
Ranch

Audubon
Canyon
Ranch

2020 (Hennessey), 2018
(County), 2016 (Cold),

2014 (Monticello), 2007
(Braye)

2 3,4,5

Quail
Ridge

UC Natural
Reserve

2020 (Hennessey), 2005
(Pleasure)

15 1,2

Cold
Canyon

UC Natural
Reserve

2020 (Hennessey), 2015
(Wragg),

Miller (1988)

5 3

Cache
Creek

BLM 2020 (Hennessey), 2012
(sixteen complex), 2004

(Rumsey), 2002
(Sixteen), 1999
(Rumsey), 1987

(Haswell)

2 1,6

Table 1.2: Fire severity (mm) (± SE), which is inversely related to the diameter of the measured
stem termini, across fire frequency gradient.

Fire frequency 1 3 4 5 6

Mean fire
severity (mm)

1.17 ± 0.24 0.24 ± 0.03 0.13 ± 0.01 0.22 ± 0.02 0.32 ± 0.02

Coefficient of
variation in
mean fire
severity (%)

88.1 40.6 21.1 28.9 18.3

Maximum fire
severity (mm)

2.45 ± 0.48 0.49 ± 0.07 0.21 ± 0.03 0.40 ± 0.04 0.47 ± 0.02

Coefficient of
variation in
max fire
severity (%)

83.3 50.0 54.4 19.7 12.0
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Supplemental Figures

Supplemental Figure 1.1: Correlation plot of covariates included in this analysis. Spearman’s
Rank Correlation Coefficients
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Supplemental Table 1.1: Model summary for Bayesian model fit for the proportion of native
species cover, proportion of native species richness, and proportion of native Shannon diversity.

Native
Species
Cover

Estimate Est.Error Lower 95%
CI

Upper 95%
CI

Rhat Bulk_ESS

Intercept 2.54 0.42 1.72 3.33 1.00 2335

Num_burn -1.17 0.26 -1.67 -0.67 1.00 2165

Num_burn2 0.12 0.04 0.04 0.19 1.00 2200

2022
SurveyYear

-0.49 0.17 -0.83 -0.16 1.00 4612

Native
Species
Richness

Estimate Est.Error Lower 95%
CI

Upper 95%
CI

Rhat Bulk_ESS

Intercept 1.39 0.30 0.81 1.98 1.00 1596

Num_burn -0.50 0.18 -0.86 -0.15 1.00 1484

Num_burn2 0.06 0.03 0.01 0.11 1.00 1439

2022
SurveyYear

-0.18 0.11 -0.40 0.04 1.00 2856

Native
Shannon
Diversity

Estimate Est.Error Lower 95%
CI

Upper 95%
CI

Rhat Bulk_ESS

Intercept 1.56 0.41 0.77 2.40 1.00 2615

Num_burn -0.65 0.25 -1.14 -0.16 1.00 2523

Num_burn2 0.08 0.04 0.01 0.15 1.00 2535

2022
SurveyYear

-0.23 0.13 -0.49 0.02 1.00 6148
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Abstract

Background

Fuel treatments are vital tools for reducing wildfire hazard, and their use has expanded in

response to the increasing risk and occurrence of severe wildfires across western dry conifer

forests. A number of systematic reviews have documented the effectiveness of fuel treatments

in reducing future wildfire severity, yet few have synthesized the evidence on how treatments

affect multiple dimensions of fuel loads across the western United States (US). Focusing on

western US dry conifer forest types, we conducted a meta-analysis using 1,932 observations

from 65 published papers to (1) test the effect of different fuel treatment types on fuel loads, and

(2) synthesize patterns of post-treatment fuel loads.

Results

Overall, fuel treatments reduced fuel loads across western US dry conifer forest types; however,

this effect varied across fuel treatment types. Treatments including thinning followed by

prescribed fires (THIN+BURN), when compared to treatments including only thinning (THIN)

and prescribed fires (BURN), were the most successful in reducing overstory fuel loads while

simultaneously mitigating the build up of surface fuels after thinning. BURN treatments, despite

having limited impact on overstory fuels, were the most effective at reducing surface fuel loads

even after a single entry. Post-treatment fuel conditions, although not significantly related to

forest type, were influenced by starting stand conditions that interacted with fuel treatment.

Conclusions

Our findings underscore the effectiveness of fuel treatments in altering fuel loads across

different forest types, with treatment type and initial stand conditions being key factors

influencing outcomes. The success of fuel treatments, especially in landscapes with heavy fuel

loads, highlights their potential as a valuable tool in managing fire risk and restoring forest

health. In synthesizing post-treatment fuel data, we provide vital information for improving fire

behavior predictions and wildfire management strategies in response to future climate change.
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Introduction

Dry conifer forests in the western US have experienced a massive increase in the annual

average area burned by wildfire, driven primarily by a shift to warmer and drier conditions and

fuel accumulations linked to a century or more of fire exclusion (Westerling 2018; Abatzoglou et

al. 2021). Consequently, these conditions have resulted in fuel loads that far exceed historical

levels and forests with a more homogeneous composition and structure (Hessburg et al. 2005;

Stephens et al. 2012b; Hessburg et al. 2016). This altered forest landscape has given rise to

uncharacteristically large and severe ‘megafires’ that are detrimental to biodiversity, ecosystem

and human health, and the economy (Lohman et al. 2007; Steel et al. 2022, 2023; Weeks et al.

2023; Williams et al. 2023). To address these issues, fuels treatments such as prescribed fire,

hand thinning, and mechanical surrogates (e.g., woody debris removal and/or mechanical

thinning) have been implemented to restore forest resilience by reducing surface and canopy

fuel loads, thereby mitigating the potential impact of future wildfires (Agee and Skinner 2005;

Stephens et al. 2012b).

Areas treated with fuel reduction methods have been shown to experience lower fire

severity compared to untreated stands in similar weather conditions (Safford et al. 2012;

Martinson and Omi 2013; Prichard et al. 2020). However, different fuel treatments can have

varied effects and effectiveness over time. These outcomes are dependent on factors such as

site productivity and rate of fuel accumulation (Prichard et al. 2017), which can alter treatment

longevity (Vaillant et al., 2015). Having a more accurate quantitative picture of resulting changes

in fuel attributes after treatment will aid in modeling the effects of fuel treatments on fire behavior

and informing wildfire management strategies in response to changing environmental

conditions.
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Despite the expanding use of fuel treatments, significant gaps exist in our understanding

of the dynamic change in fuels after treatment, and of the role of fuels in fire spread and growth

(Omi, 2015). To address these knowledge gaps, there has been a growing emphasis on

examining the ecological implications of different fuel treatment options. One notable example is

the Fire and Fire Surrogate (FFS) study, a long-term experiment evaluating the effects and

effectiveness of mechanical thinning and prescribed burning for reducing fuels across western

US forest types that historically experienced frequent, low-to-moderate intensity fires (Schwilk et

al., 2009; Stephens et al., 2009; Weatherspoon and McIver, 2000). Whereas the FFS study

provides invaluable information on how effective fuel treatments are in reducing fuels,

meta-analyses complement such experiments by compiling published evidence across broader

areas and forest types while incorporating a wider range of observational and experimental

studies.

A limited number of reviews have previously examined the effects of thinning and

burning treatments in mitigating subsequent fire intensity and restoring natural fire behavior in

western dry conifer forests (Fulé et al. 2012; Martinson and Omi 2013; Ott et al. 2023). Fulé et

al. (2012), for example, examined how fuels treatments restore natural fire behavior and

Martinson and Omi (2013) examined the effect of fuel treatments on subsequent fire intensity

and severity in western US forests. While these reviews show that fuel treatments effectively

restore low-severity fire behavior, they do not synthesize empirical post-treatment fuel data. We

expand on these reviews by including more recent studies and focus primarily on empirical data

rather than modeled fire behavior. The goals of the present meta-analysis are first to test the

effectiveness of different treatment types in reducing fuel loads, and second to quantify

post-treatment fuel loads in treated areas. Specifically we ask: (1) How effective are fuel

treatments in reducing fuels? (2) What is the state of fuels after fuel treatments? (3) Are

post-treatment fuel levels influenced by pre-treatment stand conditions or forest type?
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Methods

Literature search

We conducted a literature search following the steps suggested by Harrer et al. (2021).

We searched the Web of Science database on February 7, 2022, for papers that included all

combinations of the following search terms: fuel load, duff load, litter load AND fuels treatments,

thinning, prescribed burning, managed wildfire AND western forests, mixed conifer, yellow-pine,

pine-oak, ponderosa pine, Jeffrey pine, dry conifer forests. We selected studies that met the

following criteria:

1. Studies were located in western dry forests of the US dominated by ponderosa pine

(Pinus ponderosa), Jeffrey pine (Pinus jeffreyi), pine-oak (Quercus spp.), mixed-conifer,

or Douglas-fir (Pseudotsuga menziesii).

2. Fuel treatments included thin-only, burn-only (prescribed fire or managed wildfire),

mastication only, thin and burn, or mastication and burn, since these are overwhelmingly

the most common treatments applied in these forests.

3. The study design included control-impact (CI), before-after (BA), and before-after

control-impact (BACI) studies. We excluded studies that lacked controls or pre-treatment

data.

4. The study measured one or more of the following outcome variables, which are

important for modeling fire behaviors: tree density, tree basal area, canopy cover,

canopy bulk density, canopy base height, surface fuels (1, 10, 100-hour fuels, coarse

woody debris (CWD), litter, and duff), vegetation cover (shrub and herbaceous), seedling

density, sapling density, snag density, and snag basal area.
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After removing duplicates, we scanned the abstracts of the remaining 406 papers and

removed papers that did not fit our inclusion criteria, leaving 65 papers that were included in the

analysis. Generally, discarded papers had the wrong treatment effect (effect of wildfire or forest

pests/pathogens), wrong outcome variables (no post-treatment fuels data given), or

post-treatment fuels data that were simulated based on pre-treatment fuels. Although simulated

studies can test treatment effectiveness in areas in which direct experimentation with fuel

treatments may be difficult, we omitted these studies since one of our goals was to synthesize

empirical observations of post-treatment fuel loads.

Data extraction

Fuel load means, standard deviations, and sample sizes across different treatment

groups were extracted from each study that met the inclusion criteria previously described. In

addition to recording fuel loads and the associated fuel treatment conducted, we noted site

characteristics including forest type, ecoregion, time since treatment, prior history, and

management jurisdiction. In cases in which summary statistics were not documented, we

extracted data using WebPlotDigitizer v. 4.3 (Rohatgi 2022). Using plot locations noted

in the study, we extracted the ecoregion using the ‘Terrestrial Ecoregions of the World’ dataset

in R (Dinerstein et al. 2017). Ecoregions denote useful boundaries that incorporate distinct

biogeographic assemblages and ecological habitats. We noted methodological variables that

could affect the outcome of the study (before-after, control-treatment), the size of the plot, and

sample size. For the purpose of this analysis, we broadly categorized studies into treatments:

1. “BURN RX” - prescribed fires that were low-to-moderate severity and had little to no

overstory mortality (N = 45 papers)
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2. “BURN MW” - managed wildfires that were low-to-moderate severity and had little to no

overstory mortality (N = 3 papers)

3. “THIN” - small to intermediate diameter trees were removed (N = 33 papers)

4. “MAST” - mastication, i.e., vegetation was chopped, ground, or chipped and left on soil

surface (N = 3 papers)

5. “THIN+BURN” - thinning was conducted followed by prescribed fire (N = 31 papers)

6. “MAST+BURN” - mastication was conducted followed by low-to-moderate severity

burning (N = 1 paper)

7. “THIN+MAST” – thinning was conducted followed by mastication (N = 1 paper)

8. “FULL” - a combination of thinning, mastication or raking fuels, and low-to-moderate

severity prescribed fire (N = 3 papers)

To quantify untreated fuel loads, some studies used values measured prior to treatment

in the plots that were ultimately treated, some used values measured in control plots at the

same time (post-treatment) when the treated plots were measured, and some included both. To

represent untreated fuel loads, we used values measured prior to treatment when available and

values measured at control plots otherwise. Our assessments of treatment effects compare

reported untreated fuel loads (as previously defined) against reported post-treatment fuel loads.

Meta-analysis

To examine the change in fuel loads due to treatments, we summarized the absolute and

relative change in fuel loads across forest types and ecoregions. Given the limited number of

studies examining fuel loads after treatments involving MAST or BURN_MW, we include only

BURN_RX (henceforth, BURN), THIN, and THIN+BURN in this analysis. We used a response

ratio (RR) for our effect size calculation, which is designed to measure relative differences and
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is more appropriate for our questions of interest than the commonly-used Hedges’ g (Hedges

and Olkin 2014) because it allows for calculating the magnitude and significance of an overall

effect across studies (Hedges et al. 1999; Mosquera et al. 2000). The metric we used is defined

as:

(1)𝑙𝑛(𝑅𝑅) =  𝑙𝑛
𝑥𝐴
𝑥𝐵( )

in which is the post-treatment fuel load mean and is the untreated fuel load mean.𝑥𝐴 𝑥𝐵

Negative values indicated studies in which the fuel treatment reduced the fuel load. Positive

values indicate studies in which the fuel treatment led to a higher fuel load. The natural

logarithm could not be calculated when the mean value for any of the treatments or untreated

fuel loads was zero. In these cases, we substituted zero with the minimum possible value (e.g.,

0.0 Mg/ha surface fuel load was replaced with 0.001 Mg/ha), similar to Thapa et al. (2018).

More than one ln(RR) was calculated for one study in which multiple treatment types, forest

types, and/or fuel variables were reported. These effect sizes were considered as independent

observations. In some cases, multiple fuel treatments shared the same untreated value (no fuel

treatment), leading to non-independence. To account for this situation, we created a Bayesian

hierarchical model with treatment type as a fixed effect and a random intercept that varied by

study (Bürkner 2017; McElreath 2020).

We used the brm function in the brms package (Bürkner 2017) in R version 4.1.1

(R Core Team 2021) to fit a mixed-effects model for each fuel variable with ln(RR) as the

response variable, treatment type as a fixed effect, and two random effects: (i) study ID, to

control for non-independence among fuel load values from the same study; and (ii) forest type,

to account for variation in pre-treatment fuel accumulation across different forest types

(Equation 2).

In a meta-analysis, individual effect sizes are typically weighted by the inverse of the

sampling variance to increase the weight of studies with greater precision. Many studies
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included in this analysis did not report information on within-study variability (standard error or

standard deviation). To include these studies, we used an alternative weighting scheme (ⱳ) that

uses experimental replications (Adams et al. 1997; Basche and DeLonge 2017; Thapa et al.

2018). Effect size weights were incorporated into the model by combining the number of

experimental replicates with their estimated effect size using the se function (Bürkner 2017).

For interpretation, ln(RR) values were back-transformed to mean effect sizes (RR = e^ln(RR))

and expressed as percentage change in fuel load due to fuel treatment, , as follows:∆𝐹𝐿

(2)∆𝐹𝐿 =  100 *  (𝑅𝑅 − 1)

We used a similar modeling procedure to predict post-treatment fuel loads across

various starting fuel conditions and forest types. We fit post-treatment fuel load using multiple

Bayesian generalized linear models for each fuel variable, with treatment type and untreated

fuel load as fixed effects, and two random effects: (i) study ID, to control for non-independence

among fuel load values from the same study; and (ii) forest type, to account for variation in

pre-treatment fuel load across different forest types (Bürkner 2017; McElreath 2020).

For all models, we specified normal prior distributions for the true pooled effect size (μ)

and a half-Cauchy distribution with a mean of 0 and a standard deviation of 2 for the

between-study heterogeneity (τ). We used these half-Cauchy parameters to reflect high levels

of between-study heterogeneity (McElreath 2020). Each model was run for 5000 iterations

following a warm-up period of 1000 iterations (which was discarded for the analysis).

Convergence was checked with Gelman-Rubin diagnostics based on posterior predictive

checks and inspection of the potential scale reduction factor ( values of the parameter𝑅
^
)

estimates (Gelman and Rubin 1992). We considered the treatment effect to be significantly

different from zero if the 95% confidence interval did not cross zero (McElreath 2020).
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Detection of publication bias

Publication bias is generally assessed using funnel plots that compare effect sizes and

sampling variances to check for asymmetry in the data (Egger et al. 1997). However, since

sampling variances were not available in some of the studies included, we indirectly evaluated

bias toward publishing positive or negative results using histograms of the individual effect sizes

(Basche and DeLonge 2017; Thapa et al. 2018). Histograms of the overall effect size estimates

showed equal distribution between slightly positive and slightly negative values, suggesting that

the effects of publication bias are negligible (Fig. S2.1).

Results

Studies quantifying change in fuel load due to treatment

Our literature search incorporated many studies that quantified the change in fuels after

a variety of fuel treatments across dry conifer forests in the western US (Fig. 2.1). We found a

total of 65 published papers, representing 95 distinct studies out of 406 (16%) papers found in

the literature, which met our search criteria and had quantitative data suitable for a

meta-analysis. Figs. 2.2 and 2.3 report the number of studies that quantify the fuel state in terms

of different fuel variables (Fig. 2.2), fuel treatment methods (Fig. 2.3A), and western US dry

forest types (Fig. 2.3B). It is noteworthy that several studies evaluated more than one fuel

variable, forest type, and treatment type; thus, they are counted multiple times in Figs. 2.2 and

2.3. 94% (61/65) of relevant publications were published after 2000. Sierra mixed conifer and

yellow pine forests were the predominant forest types, with each accounting for 32% (21/65) of

papers (Fig. 2.3B). Most articles quantified fuel loads at short time scales, with 92% (60/65) of

articles considering observations between 0-4 years post-treatment and only 6.2% (4/65)

quantifying fuel loads after over 20 years post-treatment (Fig. 2.4). We retrieved a total of N =

1,971 effect sizes ln(RR), most of which came from studies that compared pre-treatment to
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post-treatment fuel loads (n = 1224, where n denotes the number of observations), with median

time between pre-treatment and treatment measurement of 1 year, and median time between

treatment and post-treatment measurement of 1 year. Other effect sizes were calculated from

control sites (n = 747). Forest structure variables were the most frequently reported, with 10% (n

= 200) of the total observations representing tree density and 7% (n = 140) representing basal

area. Woody surface fuel load also had a high frequency of observations, with 1-hour fuel loads

comprising 5% of observations (n = 90), 10-hour fuel loads at 5% (n = 96), 100-hour fuel loads

at 6% (n = 114), and 10% representing CWD (n = 195).

Effectiveness of fuel treatments in reducing fuel loads

The most commonly reported forest structure (or “overstory fuel”) variables, including

tree density, basal area, canopy bulk density (CBD), canopy base height (CBH), and canopy

cover, were significantly reduced in both THIN and THIN+BURN treatments; however, they were

not as significantly reduced in BURN treatments (Fig. 2.5A, Table S2.2). On average

THIN+BURN treatments strongly reduced all overstory fuel variables, i.e.: tree density by 73%,

with ln(RR)  = -1.32 and 95% credible intervals (CIs) = -1.59 to -1.06; basal area by 46%, with

ln(RR)  = -0.61 and CIs = -0.76 to -0.46; canopy bulk density by 56%, with ln(RR) = -0.83 and

CIs = -1.18 to -0.48; and canopy cover by 39%, with ln(RR) = -0.50 and CIs = -0.83 to -0.17.

The effect of THIN treatments was less substantial than THIN+BURN treatments, but they still

reduced tree density by 59%, with ln(RR) = -0.90 and CIs = -1.18 to -0.61; basal area by 41%,

with ln(RR) = -0.53 and CIs = -0.74 to -0.31; canopy bulk density by 55%, with ln(RR) = -0.79

and CIs = -1.19 to -0.43; and canopy cover by 26%, with ln(RR) = -0.30 and CIs = -0.63 to 0.05.

The lowest confidence was found for the canopy cover treatment effect, for which the credible

interval includes zero (i.e., no statistically significant effects). Canopy base height (CBH), which

is inversely related to the amount of canopy fuel available to propagate fire vertically into the
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upper canopy, significantly increased in THIN+BURN treatments by 115%, with ln(RR) = 0.76

and CIs = 0.24 to 1.29, and in THIN treatments by 79%, with ln(RR) = 0.58 and CIs = 0.16 to

1.00. BURN treatments had little to no effect on canopy cover and canopy bulk density;

however, they significantly reduced tree density by 32%, with ln(RR) = -0.39 and CIs = -0.66 to

-0.14, and marginally reduced basal area by 8%, with ln(RR) = -0.08 and CIs = -0.16 to -0.02.

CBH moderately increased by 40% in BURN treatments with ln(RR) = 0.34, and CIs = -0.03 to

0.72.

Surface fuels showed an opposite pattern to that of overstory fuel loads, with moderate

to significant reduction in BURN treatments, slight increases in THIN treatments, and moderate

reduction in THIN+BURN treatments (Fig. 2.5B, Table S2.2). BURN treatments significantly

reduced litter and duff load by 69%, with ln(RR) = -1.17 and CIs = -1.69 to -0.56; 100-hour fuels

by 56%, with ln(RR) = -0.82 and CIs = -1.15 to -0.45; and rotten CWD by 90%, with ln(RR) =

-2.26 and CIs = -3.43 to -0.92. Conversely, the reduction in sound CWD, 10-hour fuels, and

1-hour fuels after BURN treatments was not statistically significant (Table S2.2). THIN

treatments exhibited varying effects. They substantially increased rotten CWD, with ln(RR) =

2.01 and CIs = -0.85 to 4.96 which indicates a considerable variability and low confidence as the

CIs crossed zero. They also resulted in slight increases of 100-hour fuels by 36%, with ln(RR) =

0.31 and CIs = -0.25 to 0.86); 10-hour fuels by 31%, with ln(RR) = 0.27 and CIs = -0.38 to 0.91;

and sound CWD by 108%, with ln(RR) = 0.73 and CIs = -0.63 to 2.04, although these results

were not statistically significant. Additionally, slight non-significant reductions were noted in

1-hour fuels, with ln(RR) = -0.39 and CIs = -1.31 to 0.61; and in litter/duff, with ln(RR) = -0.35

and CIs = -1.31 to 0.63. For THIN+BURN treatments, minimal effects were observed on most

surface fuel variables, except for a substantial but statistically non-significant 69% reduction in

litter and duff, with ln(RR) = -1.18 and CIs = -2.36 to 0.04.

Effects of starting fuel conditions and forest type on post-treatment fuel loads
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Fuel treatments reduced tree density and basal area relative to untreated stands.

However, the relative differences in post-treatment fuel loads among THIN, BURN, and

THIN+BURN treatments depended greatly on the starting fuel conditions (Fig. 2.6). We found

that the starting conditions and fuel treatment interacted to affect post-treatment tree density

and basal area (Fig. 2.6). The effect of untreated tree density on post-treatment tree density

alone was positive (βcontrol_fuel_load = 0.60, CIs = 0.49 to 0.70), but the interaction between starting

stand conditions and post-treatment tree density varied with fuel treatment method such that

THIN+BURN (βcontrol_fuel_load:thin+burn = -0.56, CIs = -0.63 to -0.50) and THIN (βcontrol_fuel_load:thin = -0.16,

CIs = -0.22 to -0.10) treatments were more likely to have a greater effect on reducing tree

density than BURN treatments at higher initial stand densities (Fig. 2.6A, 2.7A). Similarly, the

effect of untreated basal area on post-treatment basal area was positive (βcontrol_fuel_load = 1.31,

CIs = 1.19 to 1.44); however, unlike tree density, the interaction with fuel treatment was similar

across all fuel treatments (Fig. 2.6B, 2.7B).

Models with random effects for forest type were better at predicting post-treatment tree

density (R2 = 0.80) and basal area (R2 = 0.94); however there were only slight differences in

post-treatment overstory fuels across forest types (Fig. 2.8). Statistically significant differences

were observed in post-treatment tree density between forest type after THIN and BURN

treatments (Pr = 0.95), but no statistically significant differences were observed after

THIN+BURN treatments (Fig. 2.8A). Post-treatment basal area was similar across all forest

types except for the Sierra mixed conifer forest type, which had a significantly higher

post-treatment basal area than all other forest types (Fig. 2.8B; Pr = 0.95).

Surface fuels showed a reduction in both BURN and THIN+BURN treatments when

compared to untreated stands across all fuel variables, but an increase in THIN treatments.

Similar to overstory fuels, starting fuel conditions and fuel treatment interacted to affect

post-treatment fine and CWD (Fig. 2.9). The effect of both untreated CWD and fine woody

49



debris (FWD) on their post-treatment counterparts alone was positive (CWD: βcontrol_fuel_load = 0.33,

CIs = 0.27 to 0.39; FWD: βcontrol_fuel_load = 1.41, CIs = 1.36 to 1.48), but this effect varied with fuel

treatment such that BURN and THIN+BURN treatments had a greater effect on reducing CWD

and FWD at higher initial fuel loads (Fig. 2.9, 2.10, Tables S2.4-2.5).

Post-treatment surface fuel loads varied slightly across forest types. Models with a

random effect for forest type were better at predicting post-treatment CWD (R2 = 0.77) and FWD

(R2 = 0.89). CWD and FWD were not significantly different across all forest types after BURN

and THIN+BURN treatments, but significant differences were observed after THIN treatments

(Fig. 2.11; Pr = 0.95). CWD load in Sierra mixed conifer forest types was moderately higher than

in yellow pine, rocky mountain mixed conifer, and pacific northwest (PNW) mixed conifer forest

types after thinning (Fig. 2.11A). FWD, on the other hand, was moderately higher in yellow pine

forest types after thinning (Fig. 2.11B).

Discussion

This meta-analysis aims to document and synthesize patterns in fuel dynamics after fuel

treatments across western US dry conifer forests characterized by historically frequent fire

regimes. Our results show that, in general, fuel treatments reduced fuel loads across western

US dry forest types. Consistent with prior literature, this effect depended on treatment type and

the fuel variable in question (Fulé et al. 2012; North et al. 2012; Martinson and Omi 2013; Omi

2015; Ott et al. 2023). Furthermore, our findings underscore the role of starting stand conditions,

which interact with fuel treatments to influence resulting post-treatment fuel loads. In our

analysis of 65 publications that met our criteria, we observed significant reductions in the most

commonly reported overstory fuels following THIN and THIN+BURN treatments. Notably, THIN

treatments exhibited the highest levels of surface fuel load among all treatment types, leading to

surface fuel loads that were on average higher than control fuels loads, although with high
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variability. Conversely, BURN treatments yielded significant reductions in surface fuels, but had

a smaller impact on overstory fuels, although they did substantially reduce tree density. Fuel

treatments demonstrate successful reduction in fuel loads, but this study shows the intricate

interplay between treatment type, starting conditions, and the resulting changes in fuel

components.

Effectiveness of fuel treatments in reducing fuels

Fuel treatments are, in part, designed to reduce crown fire potential, which is dependent

primarily on canopy fuels and canopy base height (van Wagner 1977). While THIN+BURN and

THIN treatments had the greatest effect on reducing overstory fuel loads, BURN treatments

demonstrated smaller effects on overstory fuel variables, with the exception of tree density.

Generally, smaller and shorter trees with thinner bark are the most vulnerable to low- to

moderate-severity prescribed fire, which is why we see this significant reduction in tree density

but a limited reduction in basal area and canopy bulk density (Hood et al. 2007; Hurteau and

North 2009; Jain et al. 2012).

While previous research has demonstrated that BURN treatments can substantially

reduce overstory fuels (Youngblood et al. 2008; Battaglia et al. 2008), the effectiveness of these

treatments is highly influenced by factors such as weather conditions, fuel moistures, and initial

stand conditions (Jain et al., 2012). Additionally, mortality thresholds can vary depending on the

tree species involved (Hood et al. 2007). While multiple-entry burns can hold potential for

reducing overstory fuel loads and restoring historic stand structures for fire hazard mitigation,

THIN+BURN and THIN treatments are currently the most effective option for reducing overstory

fuels in a single entry. Despite the effectiveness of some prescribed fire programs across the

western US, there remain several limiting factors preventing their widespread use at meaningful

levels. These factors include concerns related to risk, resource limitations, and regulatory

constraints (Miller et al. 2020; Williams et al. 2023).
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Fuel treatments also aim to reduce surface fuels, thereby lowering fireline intensity and

diminishing the likelihood of crown fire (Agee and Skinner, 2005; Stephens et al., 2009). Despite

successful reductions in overstory fuel loads, THIN treatments led to a slight increase in surface

fuel loads. Conversely, BURN treatments were the most successful in reducing fine and coarse

woody surface fuels when compared to both THIN+BURN and THIN treatments. As with

overstory fuels, this effect depended on the fuel variables and fuel treatment used. Rotten CWD

was significantly and substantially reduced by BURN treatments, but sound CWD was minimally

and non-significantly reduced. This result could be explained by the higher level of

combustibility and consumption of rotten CWD (Hyde et al. 2011, 2012). Rotten logs have a

lower heat conductivity and oxygen availability, key factors in smoldering consumption (Carvalho

et al. 2002; Hyde et al. 2012). Conversely, THIN treatments moderately increased most fine and

coarse woody fuels except for litter, duff, and 1 hour fuel loads. Mechanical thinning produces

FWD and CWD as a byproduct, typically increasing surface fuel loads at least over the short

term (Agee and Skinner 2005; Johnston et al. 2021). The lower levels of litter, duff, and 1-hour

fuels in thinned areas may result from higher decomposition rates produced by aerating the duff

layer and mixing it with mineral soil (Johnston et al. 2021). It is important to note that the pattern

of changes to different surface fuel pools is likely influenced by the specific harvesting method

employed (Chiono et al., 2012; Stephens and Moghaddas, 2005a), a factor that was not

considered in our analysis. THIN+BURN effects were intermediate due in part to the

combination of fuel accumulation after thinning and fuel consumption after burning. On net,

THIN+BURN treatments tend to substantially (69%) reduce litter and duff levels, but do not

consistently reduce fine and coarse woody surface fuel loads.

State of fuels after fuel treatments and influence of pre-treatment stand conditions and forest

type
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Our analysis revealed that post-treatment fuel loads were highest in stands with higher

starting fuel loads, irrespective of the fuel treatment applied. The influence of starting fuel

conditions on post-treatment fuels varied depending on fuel treatment and fuel variable. We

observed a limited effect of starting fuel conditions on post-treatment tree density following

THIN+BURN treatments, as well as on post-treatment CWD following BURN and THIN+BURN

treatments. These findings suggest that such treatments can be effective in achieving a target

tree density and CWD loading regardless of starting conditions, underscoring the benefit of

investing in fuel treatments, particularly in landscapes characterized by heavy fuel loads. These

results are consistent with previous research demonstrating the cost-effectiveness of different

fuel treatment strategies, with significant positive impacts evident in landscapes with the highest

fuel loads (Chew et al. 2003). It is noteworthy that, for some fuel variables (especially basal

area), untreated fuel loads also varied substantially among treatment types. This variation may

in part reflect the fact that managers usually rule out some treatment methods under certain

pre-treatment conditions (e.g., BURN in a highly overstocked stand). This result emphasizes the

importance of evaluating treatment effectiveness also in terms of a response ratio, which takes

into account the relative changes in fuel variables as a result of a fuel treatment.

Consistent with other research, we found little variation in post-treatment fuel loads

across forest types (Fulé et al., 2012; Stephens et al., 2009). The forest types included in this

analysis are all western US dry conifer forests that were historically fuel limited systems and

experienced frequent, low-to-moderate intensity fires (Swetnam and Baisan 1996; Metlen et al.

2018; Safford et al. 2021). Disruption to this historical fire regime due to fire suppression has

occurred across all of these forest types, generally producing a shift to high surface fuel load,

high tree density, and forest homogeneity (van Wagner 1977; Covington and Moore 1994;

Swetnam et al. 1999; Wagtendonk 2018). In line with Fulé et al. (2012), we found that

post-treatment fuels were more influenced by type of fuel treatment and starting fuel load than

by forest type.
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Beyond the data: additional fuel treatment effectiveness considerations

Due to the paucity of studies examining the state of fuel loads after mastication,

managed wildfire, and multiple entry prescribed burns, we were unable to include these studies

in the analysis. Mastication treatments – mechanical fuel treatments that chop, grind, or chip

vegetation – reduce canopy and ladder fuels but result in an increase in surface fuels (Kane et

al. 2006). Mastication followed by prescribed burning has been found to adequately reduce both

canopy and surface fuel loads (Reiner et al., 2009; Stephens and Moghaddas, 2005a); however,

there is a high degree of variability in post-mastication fuel load, leading to variable fire behavior

during prescribed burns (Bradley et al. 2006; Kane et al. 2006), and the potential for severe

burning in wildfires (Safford 2008). Wildfires managed for restoration (hereafter, managed

wildfire) have also increased as a restoration option to reduce hazard fuels and restore historical

spatial structure (Stephens et al. 2016). Generally, managed wildfires are more intense than

first-entry prescribed fire, and are more likely to reduce canopy fuels in addition to surface fuels.

Yet few empirical studies exist that quantify fuels after managed wildfire. Lastly, with extremely

high surface and canopy fuel load, multiple entry treatments may be necessary for successfully

reducing fuels to moderate levels (Peterson et al. 2003). More research is needed to

understand variation in fuel loads after mastication, managed wildfire, and multiple entry

prescribed fires.

In order to incorporate as many studies as possible, we did not parse the fine-scale

variations in treatment design (e.g., type of harvest system used, spring vs. fall burn), which

have been shown to influence the effectiveness of fuel reduction. For instance, Stephens et al.

(2009) found that the type of harvest system used, along with the residual fuels left in the unit,

significantly impacted the efficacy of thinning in reducing passive and active crown fire potential.

Whole-tree harvesting typically results in fewer residual surface fuels when compared to other

methods, such as helicopter yarding or harvester-forward operations (Agee and Skinner, 2005;
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Stephens et al., 2009). Additionally, research has shown that early-season burns consume less

fuel and have lower fire intensity than late-season burns, leading to higher post-fire fuels (Knapp

et al. 2005, 2007). Lastly, a recent meta-analysis synthesizing simulation studies comparing

treatment scenarios in North America found treatment extent, placement, size, prescription

intensity, and timing to be important factors determining treatment effectiveness (Ott et al.,

2023). Due to the lack of qualified studies incorporating these factors we were unable to include

them in the analysis. Despite our inability to account for fine scale variation in fuel treatment

characteristics, the fact that we were able to find strong effects of fuel treatments in reducing

fuels suggest that coarse-scale treatment type definitions capture a significant amount of

variation in outcomes.

Across all surface fuel variables, the effect of fuel treatment was highly variable. Almost

all studies that quantified surface fuels used coarse-scale methods, such as Brown's transects,

that are generally fast and simple to use (Brown 1974; Lutes et al. 2006) and moderately

repeatable (Hazard and Pickford 1986). Although this method can be precise at a coarse scale,

it can be highly variable among fuel size classes and among forest types (Sikkink and Keane

2008). CWD can be especially variable, and transect length is one of the main parameters

affecting the precision of the estimate (Hazard and Pickford, 1986). Some treatment areas may

require more transects to reduce variance.

Management implications

The results reported and analyzed in the present study corroborate and fortify the

existing body of evidence supporting the effectiveness of fuel treatments in reducing fuel loads.

Currently, fire exclusion in western US conifer forests has led to the accumulation of surface

fuels and increased continuity of vertical and horizontal stand structure, subsequently increasing

their susceptibility to high-severity wildfire (van Wagner 1977; Collins et al. 2011). Further,
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ongoing climate change will likely exacerbate this issue as the fire season extends and these

areas become warmer and drier (Westerling 2018; Stephens et al. 2020). The success of fuel

treatments, especially in landscapes with heavy fuel loads, highlights their potential as a

valuable tool in managing fire risk and restoring forest health. Generally, we found that, when

compared to THIN and BURN treatments, THIN+BURN treatments are the best at reducing

overstory fuel loads while simultaneously mitigating the build up of surface fuels after thinning.

These findings corroborate the results from the Fire and Fire Surrogate study (Schwilk et al.,

2009; Stephens et al., 2009; Weatherspoon and McIver, 2000). Whereas THIN treatments also

decreased overstory fuels, albeit to a lesser extent than THIN+BURN treatments, they resulted

in the highest surface fuel loads when compared to BURN and THIN+BURN treatments.

Because decomposition is relatively slow in most of the non-coastal western US – especially in

California, which mostly lacks summer precipitation (Safford and Stevens 2017) – higher fuel

load plus annual accumulations can result in long-term increases in fire hazard in such stands.

However, it is worth noting that a study at Blodgett Forest, in a wet part of the Sierra Nevada

(1800 mm annual precipitation), showed that decomposition was sufficient to significantly

reduce fine fuels to low fire hazard within 7 years after fuels treatment (Stephens et al. 2012a).

Despite having limited impacts on overstory fuels, BURN treatments were most successful in

reducing fine and woody surface fuels and resulted in the lowest levels of post-treatment

surface fuel loads, while also reducing tree density.

These findings offer a nuanced perspective on how fuel treatments alter fuels,

highlighting the importance of initial stand conditions while revealing a lesser importance of

forest type. Accurate fuel load estimates are vital for wildland fire behavior prediction models

(e.g., FLAMMAP, (Finney 2006)), emission models (e.g., FOFEM, (Reinhardt et al. 1997)), and

smoke-dispersion models (e.g., BlueSky, (Larkin et al. 2009)), especially given the projected

increase in severe wildfires due to a warming climate (Westerling 2018). The fuel load estimates
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we compile and summarize here can be used for projecting efficacy under various future climate

scenarios as well as predicting potential fire behavior and the effects of future wildland fires.

Accurate pre- and post-treatment fuel data is indispensable for effective wildfire management

strategies, and for comparing different treatment methods

Conclusion

This meta-analysis provides insights into fuel dynamics following fuel treatments in

western US dry conifer forests with historically frequent fire regimes. Our findings underscore

the effectiveness of fuel treatments in altering fuel loads across different forest types, with

treatment type and initial stand conditions being key factors explaining outcomes given current

management approaches. Our results strongly suggest initial THIN+BURN treatments for

maximum effectiveness in reducing overstory fuels; however, BURN treatments were the most

successful at reducing surface fuels, whereas THIN treatments tend to increase surface fuel

loads. Additionally, our study highlights the importance of considering initial fuel loads when

predicting treatment impacts, as post-treatment fuel levels were highest in stands with heavier

initial fuel loads. This effect, however, varied depending on fuel treatment and fuel variable. The

dependence on initial conditions highlights the need for future treatments to use more intensive

prescriptions in more fuel-loaded stands for a given target post-treatment fuel load. Consistent

with other research, fuel treatment effectiveness was not significantly influenced by forest type.

Despite the extensive body of literature supporting fuel treatment effectiveness, there is

a need for more empirical post-treatment fuel data to complement simplified fire behavior

models used in simulation studies. Such data are vital for more accurate fire behavior

predictions and to inform wildfire management strategies in response to changing environmental

conditions with future climate change. In some places, there is a need for more intensive fuel

treatment data collection and standardization of methods. Our study also identifies the need for

further research on other fuel treatment options, such as mastication, managed wildfire, and
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multiple entry prescribed burns, which were not adequately represented in the analyzed studies.

Overall, we provide critical insights into fuel treatment effectiveness, which can be instrumental

in mitigating wildfire risk and restoring forest health in western US dry conifer forests. Further

research and refinement of fuel treatment strategies are essential in effectively managing these

ecosystems in the face of increasing wildfire risks and changing environmental conditions.
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Figures

Figure 2.1. Map of the 95 study locations included in the meta-analysis. The geographic
distribution of temperate conifer forests is shown by the purple polygons. The dark gray area
indicates the region of interest for this study. The black dots represent the locations of the
observations for the available references included in this study.
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Figure 2.2. Number of identified papers that quantify fuel loading in terms of different fuel
variables. Several studies evaluated more than one fuel variable, forest type, and treatment
type. Treatment types represented by single studies were removed from the analysis.
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Figure 2.3. Number of identified papers that quantify fuel loading in terms of: (A) different fuels
treatment methods and (B) different western US dry forest types. Several studies evaluated
more than one fuel variable, forest type, and treatment type. Treatment types represented by
single studies were removed from the analysis.
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Figure 2.4. Number of papers that quantify the state of fuels after fuel treatments classified by
considered temporal scales. Several papers considered more than one temporal scale.
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Figure 2.6. Overstory fuel: (A) Post-treatment tree density and (B) basal area vary with starting
fuel conditions after BURN (tan), THIN (brown), and THIN+BURN (blue) treatments. Predicted
values from the top-ranked Bayesian model with 95% credible intervals, as well as raw values
(colored circles).
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Figure 2.7: Average marginal effect of a 1-unit increase in starting fuel conditions on: (A) tree
density and (B) basal area after BURN, THIN, and THIN+BURN treatments varied across high
(dark blue), medium (blue), and low (light blue) levels of starting fuel load. Black dots show the
mean effect with 80% and 95% confidence intervals shown in black.
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Figure 2.9: Post-treatment fuel load: (A) CWD and (B) FWD vary with starting fuel conditions
after BURN (tan), THIN (brown), and THIN+BURN (blue) treatments. Predicted values from the
top-ranked Bayesian model with 95% credible intervals, as well as raw values (colored circles).
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Figure 2.10: The average marginal effect of a 1-unit increase in starting fuel conditions on
coarse woody debris (C) and fine woody debris (D) after BURN-only, THIN-only, and
THIN+BURN treatments varied across high (dark blue), medium (blue), and low (light blue)
levels of starting fuel load. Black dots show the mean effect with 80% and 95% confidence
intervals shown in black.
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Supplemental information

Additional File 1 - Figure S2.1: Histogram of the individual effect sizes for all fuel variables. This
histogram shows an approximately equal distribution between positive and negative values,
suggesting absence of publication bias.

Additional File 2 - Table S2.1: List of the 65 publications through February 2022 that met all
criteria for inclusion in the meta-analysis presented in this study. Study location(s), forest
type(s), treatment age(s), treatment type(s), and whether overstory fuels or surface fuel
variables were reported.

Additional File 3 - Table S2.2: Effect size, expressed as ln(RR) of overstory and surface fuel
loads after prescribed burning (BURN), thinning (THIN), and thinning and burning
(THIN+BURN) treatments. Model estimates, estimated error, and 95% credible intervals (CIs)
are reported. Negative values indicate that the fuel treatment reduced fuel loads. Parameters
whose 95% CIs do not cross zero are indicated in bold.

Supplemental Fig. S2.1. Histogram of the individual effect sizes for all fuel variables. This
histogram shows an approximately equal distribution between positive and negative values,
suggesting absence of publication bias.
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Chapter 3: First entry prescribed fire has greatest effects on surface
fuels but limited effect in altering forest structure
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Introduction

Historically, dry forests in the western United States experienced frequent

low-to-moderate intensity fires, however, fire suppression and the enforced cessation of

Indigenous burning practices have altered the fire regime of these forests. Variable fire effects

were historically common due to spatially heterogeneous fuel loads, leading to a fine-scaled

matrix of mature trees, gaps, and groups of seedlings and saplings that promoted ecological

diversity (Larson and Churchill 2012; Lydersen et al. 2013; Richter et al. 2019). Yet decades of

fire suppression and harvesting of old, fire-tolerant trees have resulted in high surface fuel

loads, high densities of young trees, and an increasing proportion of fire-intolerant species.

These changes in fuel conditions and structural changes, in combination with climate warming,

have led to a massive increase in larger, higher severity fires (Agee and Skinner 2005;

Westerling 2018; Williams et al. 2023), posing enormous threats to biodiversity, ecosystem

resilience, and human health (Richter et al. 2019; Steel et al. 2022, 2023; Weeks et al. 2023;

Williams et al. 2023).

Prescribed fire and managed wildfire are generally recognized to restore forest resilience

by decreasing fire risk and restoring natural disturbance processes in historically frequent-fire

yellow pine and mixed conifer (YPMC) forests (Biswell 1989; Agee and Skinner 2005; Schwilk et

al. 2009; Stephens et al. 2009). While prescribed fire can successfully reduce surface and

ladder fuels, thereby reducing the potential for passive crown fire and future wildfire severity

(Agee and Skinner 2005; Stephens and Moghaddas 2005; Stephens et al. 2009; Prichard et al.

2020), its efficacy in restoring a more fire resistant forest structure has been highly variable.

Some studies have found that when compared to treatments in which thinning was conducted

before, fire alone was insufficient in restoring the more open forest structure characteristic of

pre-Euro-American settlement (Covington and Wagner 1998). Other studies, however, have

found that prescribed fire alone was successful in restoring structural heterogeneity and plant
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diversity in the short term by removing understory biomass and soil nutrients available (Abella

and Springer 2015).

In addition to reducing fire risk and restoring historic stand structure, there is a push to

manage forests to maintain biodiversity (Hunter 1999). This is especially relevant in California,

where over half of its plant diversity is found in the understory plant community of the Sierra

Nevada (Potter 1998). Many studies have shown that the largest increases in understory

species diversity and richness were observed after thinning followed by prescribed fire, when

compared to thinning or prescribed fire alone (Collins et al. 2007; Wayman and North 2007;

Schwilk et al. 2009). Yet these treatments have also been shown to lead to the highest

abundance and richness of exotic species, while burn-only treatments did not induce enough

disturbance necessary for exotic species to establish (Metlen and Fiedler 2006; Knapp et al.

2007; Collins et al. 2007).

Tree thinning followed by prescribed fire treatments has been shown to successfully

restore forest structure while simultaneously reducing surface fuel loads (Pollet and Omi 2002;

Moghaddas and Stephens 2007; Stephens et al. 2009; Fulé et al. 2012). However, there are

many economic and ecological constraints to thinning. For one, thinning is more expensive than

prescribed fire, and these costs are likely going to increase (North et al. 2012). Additionally,

mechanical equipment can have adverse effects on the landscape by disturbing soil properties

and introducing non-native species (Battles et al. 2001; Dudney et al. 2021). Prescribed fire

alone can be successful at reducing potential fire behavior through the reduction of surface and

ladder fuels (Stephens and Moghaddas 2005; Vaillant et al. 2009).

With a push to increase prescribed fire use, it is vital to understand the effectiveness of

prescribed fire in achieving qualitative objectives such as wildfire risk mitigation and improved

ecological resilience. While the breadth of research examining prescribed fire effects has grown

substantially in the past few decades (e.g., The National Fire and Fire Surrogate study; (Schwilk

et al. 2009; Stephens et al. 2009), there are still few studies examining regional trends.
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Despite increases in the area burned, some studies have found that low-intensity

first-entry prescribed fires are not sufficient for effectively meeting ecological objectives (Fule et

al. 2004; Schwilk et al. 2009; Webster and Halpern 2010). We use data from the California

Prescribed Fire Monitoring Program (CPFMP), a joint effort by the University of California Davis

and CAL FIRE, to examine whether current prescribed fire practices are meeting quality

objectives in yellow pine and mixed conifer (YPMC) forests. Specifically, we ask: 1) To what

extent does current prescribed fire reduce surface fuels? 2) What factors most influence fuel

consumption in YPMC forests? 3) To what extent does current prescribed fire alter forest

structure and species diversity? 4) What environmental variables best explain prescribed fire

effects on native and nonnative species?

Methods

Study site
This study includes 19 project sites across northern and central California sampled by

the CPFMP (Fig 3.1). We focus on areas burned in mixed conifer or yellow pine forest types,

which historically experienced low to moderate intensity, frequent fire. Presettlement fire return

intervals in these forests were frequent, burning every 12-20 years (Safford and Stevens 2017).

The average elevation of the study sites is 1984 meters and ranges from 566 to 2669 meters.

Vegetation in these forests is dominated by yellow pines, which include ponderosa pine (Pinus

ponderosa Laws) and Jeffrey pine (P. jeffreyi Grev. & Balf.), white fir (Abies concolor Gord. &

Glend), sugar pine (Pinus lambertiana Dougl.), California black oak (Quercus kelloggii Newb.),

Douglas-fir (Pseudotsuga menziesii Franco), and incense-cedar (Calocedrus decurrens (Torr.)

Floren.). Some stands of red fir (A. magnifica A. Murray bis) were found at higher elevations

and at moister sites. Climate across the study sites is Mediterranean, with the majority of

precipitation occurring in winter and spring. Precipitation at the sites ranges from 360 to 2247
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mm. Mean minima in January range from -10.3 to 5.2 ℃ and mean maxima in July range from

21.5 to 35.6 ℃ (Table 3.1).

Field measurements

In each of the 19 sites, 0.04 ha permanent plots were stratified across burn units (overall

n=697). Field data were collected using a modified version of the USDA Forest Service (USFS)

common stand exam (“CSE”; USDA Forest Service 2012). This protocol includes quantification

of overstory and understory structure, standing and downed trees, surface fuels and woody

debris, and ground cover. Measurements were taken before and after prescribed burns. Of the

697 plots implemented, 245 of these burned.

Vegetation measurements

Tree measurements were collected for all trees greater than 7.62 cm diameter at breast

height (DBH) in the 0.04 ha plot before and one year after prescribed burn treatments. Species,

status (live or dead), DBH, height, and height-to-live-crown were recorded. For all snags, DBH

and height were recorded. A smaller 0.006 ha circular plot, sampled at the CSE plot center, was

used to record the number, species, height, and status of all saplings (>1.4 m tall) and seedlings

(<1.4 m tall). Ocular estimates of percentage cover by trees, shrubs, grasses, and herbs were

made in the full 0.04 ha plot. Ground cover data were estimated for the following categories:

rock (particles >2 mm diameter), bare ground, litter, basal vegetation, and woody debris.

In the full 0.04 ha plot, vegetation composition was recorded by identifying all plants to

the species level and estimating the percent cover for each species. Plant life history data for

each species were obtained from the USFS Fire Effects Information System or the University of

California Jepson Herbarium. Species were classified by origin (native, introduced) and lifeform

(tree, shrub, forb, graminoid, fern). We calculated local species richness (calculated as the

mean number of species per 0.04 ha plot) and the Shannon diversity index (gives weight to rare
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species) by plant origin (native or introduced) using the vegan package in R (R Core Team

2021; Oksanen et al. 2023).

Ground and surface fuel load

Surface fuels were measured using the planar intercept method (Brown 1982) at each

plot before and immediately after prescribed burn treatments. Four 11.4-meter transects were

established at N, S, E, and W azimuths from the plot center, and sampling commenced at the

distal end of the transects. Fine woody material was tallied by 1-,10-, 100-, and 1000-hour fuel

classes used in the National Fire-Danger Rating System (diameters: 0-0.6 cm, 0.6-2.5 cm,

2.5-7.59 cm, and >7.6 respectively). 1- and 10-hour fuel classes were sampled between meters

0 and 2; 100-hour fuels were sampled between 0 and 4 m; and 1000-hour fuels were sampled

between 0 and 11.4 m. For all pieces of coarse woody debris (1000-hour fuel classes) that

intersected the transect line, the diameter, length, and decay class were recorded individually.

Duff and litter fuel depths (cm) were measured 0 and 4 m from the beginning of each

sub-transect, for a total of 8 measurements. Litter is the layer of undecomposed material, and

duff consists of fermenting and decomposing organic material.

Fine woody material, CWD, and litter and duff measurements were summarized at the

transect scale and were weighted based on the average basal area proportion of tree species in

the plot to account for differences in fuel characteristics across study areas (Van Wagtendonk et

al. 1998; Stephens 2001). In order to normalize fuel consumption by pre-burn fuel loads, we

calculated consumption as a proportion (Equation 1). In a few instances, the post-burn fuel load

as sampled with Brown’s protocol, was greater than the pre-burn fuel load. For these cases, we

treated total consumption as zero.

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1:  𝑃𝑟𝑒𝐹𝑖𝑟𝑒 𝐹𝑢𝑒𝑙 𝑙𝑜𝑎𝑑 − 𝑃𝑜𝑠𝑡𝐹𝑖𝑟𝑒 𝐹𝑢𝑒𝑙 𝑙𝑜𝑎𝑑
𝑃𝑟𝑒𝐹𝑖𝑟𝑒 𝐹𝑢𝑒𝑙 𝑙𝑜𝑎𝑑
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Prescribed fire treatments

Of the 19 project sites, 12 were treated with prescribed fire. The primary objective of these

burns was to reduce fire risk and restore forest health. Fire weather indices on burn day were

obtained from the most representative Remote Automated Weather Station (RAWS) for each

site. Fire weather-related measures include temperature, wind speed, relative humidity, fuel

moisture, and days since precipitation (Table 3.1).

Statistical analyses

Prescribed fire effects on surface fuel loading

To determine the effect of prescribed fire on surface fuel loading, we compared surface

fuel loads (litter, duff, fine woody debris, and coarse woody debris) before and immediately after

prescribed fire. Due to the non-normal distribution of the fuel data, Kruskal-Wallis tests were

performed to identify differences before and after prescribed fire.

Mechanisms associated with fuel consumption

Bayesian generalized linear mixed models were used to assess the effect of prescribed

burning on fuel consumption. The proportion of fuel consumed ranged from zero (unburned) to

one (completely burned); therefore, we used a zero/one inflated beta (ZOIB) hierarchical

regression model, which allows for zeros, ones, and continuous proportions between the two

(Liu and Eugenio 2018). We considered the following predictors: pre-fire fuel load, density of live

trees, density of snags, canopy cover, basal area proportions of pine, fire, and incense cedar,

fuel moisture percent, relative humidity, days since last precipitation, elevation, slope, and

aspect. Many of these variables are highly correlated, so to reduce multicollinearity, we

identified all predictor variables that were correlated (R > 0.5) and retained the variable from

each highly correlated pair that showed the highest correlation with fuel consumption (Equation

2).
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Equation 2: 𝑖𝑚𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 ~ 𝐵𝑒𝑡𝑎(µ
𝑖,𝑗 

, ϕ)

𝑙𝑜𝑔𝑖𝑡(µ
𝑖,𝑗 

) =  α +  β
𝑝𝑟𝑒𝑓𝑖𝑟𝑒 𝑚𝑎𝑠𝑠

𝑝𝑟𝑒𝑓𝑖𝑟𝑒 𝑚𝑎𝑠𝑠 + β
𝑝𝐵𝐴 𝑝𝑖𝑛𝑒

𝑝𝐵𝐴 𝑝𝑖𝑛𝑒 +  β
𝑝𝐵𝐴 𝑓𝑖𝑟

𝑝𝐵𝐴 𝑓𝑖𝑟 +  

 β
𝑝𝐵𝐴 𝑐𝑎𝑑𝑒

𝑝𝐵𝐴 𝑐𝑎𝑑𝑒 + β
𝑝𝑟𝑒𝑓𝑖𝑟𝑒𝑇𝑟𝑒𝑒𝐷𝑒𝑛

𝑝𝑟𝑒𝑓𝑖𝑟𝑒 𝑇𝑟𝑒𝑒𝐷𝑒𝑛 +

β
𝑝𝑟𝑒𝑓𝑖𝑟𝑒𝑆𝑛𝑎𝑔𝐷𝑒𝑛

𝑝𝑟𝑒𝑓𝑖𝑟𝑒𝑆𝑛𝑎𝑔𝐷𝑒𝑛 + β
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛

𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 +  

β
𝑠𝑙𝑜𝑝𝑒

𝑠𝑙𝑜𝑝𝑒 +  β
𝑎𝑠𝑝𝑒𝑐𝑡𝑟

𝑎𝑠𝑝𝑒𝑐𝑡 + β
𝑓𝑢𝑒𝑙𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒

𝑓𝑢𝑒𝑙𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒

α ~ 𝑛𝑜𝑟𝑚𝑎𝑙(0, 100)

Prescribed fire effects on forest structure

To determine how forest structure differed before and after prescribed fire, we modeled

two forest structure variables (basal area and tree density) of dominant tree genera using a

Bayesian gamma regression model (Equation 3) and diameter size class using a Bayesian

hurdle-gamma regression model (Equation 4). Both response variables have a gamma

distribution, and we used a hurdle model for the diameter size class due to the occurrence of

zeros. We included a random effect for each site to account for the non-independence of plots

within each site.

Equation 3: 𝑓𝑜𝑟𝑒𝑠𝑡 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 ~ 𝐺𝑎𝑚𝑚𝑎(µ
𝑖,𝑗 

, ϕ)

+ (1|site)𝑙𝑜𝑔𝑖𝑡(µ
𝑖,𝑗 

) =  α +  β
𝑝𝑟𝑒 𝑝𝑜𝑠𝑡 𝑓𝑖𝑟𝑒

𝑝𝑟𝑒 𝑝𝑜𝑠𝑡 𝑓𝑖𝑟𝑒 * β
𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑔𝑒𝑛𝑒𝑟𝑎

𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝐺𝑒𝑛𝑒𝑟𝑎

Equation 4: 𝑓𝑜𝑟𝑒𝑠𝑡 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 ~ 𝐺𝑎𝑚𝑚𝑎 𝐻𝑢𝑟𝑑𝑙𝑒(µ
𝑖,𝑗 

, ϕ)

𝑙𝑜𝑔𝑖𝑡(µ
𝑖,𝑗 

) =  α +  β
𝑝𝑟𝑒 𝑝𝑜𝑠𝑡 𝑓𝑖𝑟𝑒

𝑝𝑟𝑒 𝑝𝑜𝑠𝑡 𝑓𝑖𝑟𝑒 * β
𝑑𝑖𝑎𝑚𝑐𝑙𝑎𝑠𝑠

𝑑𝑖𝑎𝑚𝑐𝑙𝑎𝑠𝑠 + (1|𝑠𝑖𝑡𝑒)

𝐻𝑈
𝑖,𝑗

 =  α + β
𝑑𝑖𝑎𝑚𝑐𝑙𝑎𝑠𝑠

𝑑𝑖𝑎𝑚𝑐𝑙𝑎𝑠𝑠
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Prescribed fire effects on species richness and diversity

We fit species accumulation curves to ensure that understory vegetation was adequately

sampled (Fig. 3.2). To determine the effect of prescribed fire on understory species richness and

Shannon diversity, we compared understory species richness and diversity before, 1 year after,

and 2 years after prescribed fire. Four models were created estimating native richness,

introduced richness, native Shannon diversity, and introduced Shannon diversity. For species

richness, we used a negative binomial distribution due to the right-skewed distribution of the

data and the fact that richness was overdispersed (variance > mean). For Shannon diversity, we

used a Gaussian distribution since the data met assumptions of normality.

Mechanisms associated with post-fire species richness and diversity

To test mechanisms associated with immediate effects on species richness and diversity,

we modeled native and introduced species richness and Shannon diversity as a function of

possible environmental covariates. The covariates we included were elevation (m), slope

(degree), aspect, canopy cover (%), live tree density, litter depth (cm), bare soil (%), and

pre-treatment richness or Shannon diversity to account for pretreatment conditions. We used a

negative binomial distribution to model richness and a Gaussian distribution for Shannon

diversity.

We fit all models with brms in R (Bürkner 2017; R Core Team 2021). Continuous

independent variables were centered and scaled prior to analysis. We used weakly informative

priors with 4 chains, each with 3000 iterations and a warmup of 1000. Trace plots and R-hat

values were assessed to confirm proper mixing and model convergence. We define significant

differences as those instances when the 95% credible intervals did not cross zero.
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Results

Prescribed fire reduced surface fuels in yellow pine mixed conifer (YPMC) forests

Prefire total surface fuel loading averaged 42.4 Mg/ha (2.6 Mg/ha to 282 Mg/ha) and

was reduced by an average of 70% immediately after burning. Out of all fuel variables, litter and

duff contributed the most to total surface fuel loading before fire (87%) and after fire (81.3%).

Prescribed fire significantly reduced fine woody debris (FWD) by 55%, coarse woody debris

(CWD) by 60%, litter load by 66%, and duff by 75% (Fig. 3.3, p < 0.05). The most important

predictors were prefire fuel mass (βprefire fuel mass = 0.20, CIs = 0.15 to 0.27), elevation (βelevation =

0.50, CIs = 0.22 to 0.78), live tree density (βlive tree density = 0.20, CIs = 0.00 to 0.38, and snag

density (βsnag density = 0.31, CIs = 0.11 to 0.49) (Fig. 3.4).

Prescribed fire had a limited effect on forest structure

Overall prescribed fire did not significantly reduce tree density or basal area of live trees

and snags (Table 3.4). Pre-fire live tree density averaged 331 stems/ha (25 to 1334 stems/ha)

and had a nonsignificant mean reduction of 24% after prescribed fire. Snag density showed a

nonsignificant increase by 61% after prescribed fire, with an average of 114 stems/ha (25 to 593

stems/ha) before fire and 184 stems/ha (24 to 1310 stems/ha) after fire. Live basal area

averaged 43 m2/ha (0.20 to 269 m2/ha) before prescribed fire and was reduced by a

(nonsignificant) average of 8.6% one year after treatment. Snag basal area had no significant

change after prescribed fire and averaged 15.8 m2/ha (0.12 to 194 m2/ha) before fire and 14.3

m2/ha (0.12 to 111) after fire.

Prior to treatment, tree density and basal area varied across genera and size classes.

Most trees were in small size class distribution categories (<20 cm and 20-40 cm dbh), and

mostly fir species (Fig. 3.6). Prescribed fire treatments reduced the density of fir species by 11%

(βprepostfire:fir_spp = 0.12, CIs = -0.07 to 0.30), however, this was not significant (Fig. 3.6A). There

104



were no significant reductions in basal area across genera (Fig. 3.6C). Prescribed fire

moderately reduced the density of trees <20 cm dbh by 31% (βprepostfire:[<20] = 0.38, CIs = 0.19 to

0.57) and trees 20-40 cm dbh by 15% (βprepostfire:[20-40] = 0.16, CIs = 0.01 to 0.31; Fig. 3.6B). All

other size classes did not significantly change. The largest proportion of basal area was in the

20-40 cm dbh size class (Fig. 3.6D). Despite a 27% reduction in basal area of the smallest size

class (<20 cm dbh), there were no significant reductions across any size class.

Immediate effects (1-2 years) of prescribed fire treatment on native and non-native species
richness and diversity

Both native and non-native species richness increased after prescribed fire. However,

this effect was not significant until two years post-treatment (Fig. 3.7). Average prefire native

species richness was 15 ± 0.7 and significantly increased to 21 ± 1.9 (an increase of 30%) two

years after prescribed fire (βprefire-postfire2yr] = -0.93, CIs = -1.20 to -0.68). Nonnative richness was

substantially lower at 0.26 ± 0.05 species, but this also significantly increased by 87%

(βprefire-postfire2yr] = -3.36, CIs = -4.81 to -2.16). Comparably to species richness, native Shannon

diversity increased after fire, however it was significantly different only one year after fire

(βprefire-postfire1yr] = -0.36, CIs = -0.55 to -0.20, Fig. 3.7). Nonnative Shannon diversity followed

similar trends to nonnative species richness and significantly increased 2 years after prescribed

fire (βprefire-postfire2yr] = -0.34, CIs = -0.43 to -0.25).

Discussion

This paper aims to evaluate the effectiveness of prescribed fire in altering surface fuels

and certain ecological variables in California’s YPMC forests that were historically maintained by

frequent fire (Safford and Stevens 2017). Our findings highlight that first-entry prescribed fire

significantly reduced surface fuels but had a limited effect on forest structure. Overall,

prescribed fire did not significantly reduce tree density or basal area of live trees or snags.
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Nevertheless, species richness and Shannon diversity significantly increased two years

post-fire.

One main objective of prescribed fire is to reduce surface fuels, which can reduce fireline

intensity and crown fire potential (Agee and Skinner 2005; Stephens et al. 2009). We found that

prescribed fire successfully reduced coarse and woody surface fuel variables, with the most

significant reductions in duff and litter (75% and 66%, respectively). It is important to note that

while prefire fuel loadings across all study sites were similar to that of a fire-excluded Sierra

Nevada forest, CWD and litter loads were lower than previously reported (Lydersen et al. 2015;

Cansler et al. 2019). With the lack of large, down trees at most sites, unit preparation and local

firewood collecting may explain these low fuel loads (Stephens 2004).

Prefire fuel mass, elevation, and overstory trees significantly influenced fuel consumption

immediately after fire, corroborating other studies in Sierra Nevada YPMC forests (Lydersen et

al. 2015; Levine et al. 2020). The significance of prefire fuel mass highlights the importance of

starting fuel conditions in fuel consumption. This finding supports other studies that showed that

starting fuel load and number of burn entries impact burn efficacy (Levine et al. 2020). While we

have limited data on multiple-entry burns in this study, first-entry burns with higher starting fuel

loads had the most significant consumption. This finding is likely due to a more homogeneous

fuel bed, which allows for more complete fuel consumption (Miller and Urban 1999; Moghaddas

and Stephens 2007; Levine et al. 2020).

Overstory live tree density and snag density were significant covariates for fuel

consumption. An increase in tree density results in higher fuel production and alters

microclimate conditions such as temperature and relative humidity, which is why we most likely

see this increase in fuel consumption (Keane 2008; Fry and Stephens 2010; Lydersen et al.

2015). Unlike other studies in YPMC forests in the Sierra Nevada, we found little influence of

species composition variables on fuel consumption (Van Wagtendonk and Moore 2010;

Lydersen et al. 2015; Levine et al. 2020). This is likely due to the high levels of surface fuels that
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have accumulated after almost a century of fire suppression, creating a homogenous fuel bed

that cancels out any effect of fine-scale variation in overstory composition. As such, the effect of

species composition will likely be more critical during multiple-entry burns (Van Wagtendonk and

Moore 2010; Lydersen et al. 2015; Levine et al. 2020)

We found no significant changes to forest structure after prescribed fire. However, there

were slight, albeit non-significant, reductions of trees in small-size class distribution categories

(<40 cm dbh) and fir species. The prescribed burns were conducted under mild conditions when

extreme fire behavior was low. This lack of mortality suggests that current low-to-moderate

first-entry prescribed fire may not be sufficient to drive structural change (Schwilk et al. 2009;

Fulé et al. 2012; Waring et al. 2016). YPMC stands prior to Euro-American settlement had an

average of 159 trees/ha, with a range of 60 to 328 trees/ha, and a basal area of 35 m2/ha, with

a range of 21 to 54m2/ha (Safford and Stevens 2017). Even after prescribed fire, these sites

show higher densities than these historical estimates. Our data show the immediate effects of

prescribed fire; however, there may be a lag response in mortality (Thies et al. 2006; Hood et al.

2007). These highly dense stands are at risk for high-severity wildfires and are less resilient to

insect outbreaks, such as bark beetles (Fettig et al. 2007) and climate change (Young et al.

2020). While this study shows that first-entry prescribed fire induces little change in forest

structure, other studies have found that multiple-entry fire (Webster and Halpern 2010; Hankin

and Anderson 2022) and thinning prior to prescribed fire (Wayman and North 2007; Schwilk et

al. 2009; Fulé et al. 2012) can induce higher levels of tree mortality.

Despite the lack of significant changes to forest structure, species richness and Shannon

diversity significantly increased two years post-fire. Many variables are associated with changes

to the understory plant community, such as canopy cover, litter cover, soil moisture, soil

nutrients, and available light (Wayman and North 2007; Abella and Springer 2015; Dudney et al.

2021). While mechanical thinning treatments can successfully alter some environmental

conditions to change understory diversity long-term, fire has an essential role by altering soil
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nutrient availability and stimulating germination through heat and smoke (Kauffman and Martin

1990; Abella et al. 2007). These fire-specific germination cues, in addition to a reduction to

surface fuels, are likely the reason we see a significant increase in diversity two years after

treatment. Further reduction in canopy cover may be necessary for substantially increasing the

understory flora in the long term (Knapp et al. 2007; Abella and Springer 2015).

We found a significant increase in non-native species richness two years after

prescribed fire, but this was a minimal increase of only two nonnatives on average. Non-native

species generally increase substantially after mechanical thinning and thinning followed by

burning treatments (Collins et al. 2007; Schwilk et al. 2009; Dudney et al. 2021). The minimal

increase in non-native species is an added benefit of burn-only treatments; however,

recruitment of these disturbance-tolerant species may have long-lasting effects on the

understory community (Dudney et al. 2021)

Our findings are from 12 prescribed fires across a broad geographic scope. While we are

able to compare burn effects across sites with variable environmental conditions, we are unable

to parse apart specific within-stand variables linked to fuel consumption and changes to species

diversity. Despite this, these findings apply to the management of most YPMC forests in the

Sierra Nevada and provide important metrics to which current prescribed fire is altering surface

fuels and ecological variables such as forest structure and species diversity. Continuity and

expansion of long-term monitoring programs, such as the CPFMP, will be vital for informing fire

managers.

While the primary goal of prescribed fire is to mitigate future stand-replacing fires by

reducing fuel loads, it can also successfully restore stand structure and composition to restore

ecosystem resilience. We found prescribed fire to be effective at reducing surface fuels but

ineffective at incorporating spatial and structural heterogeneity (Larson and Churchill 2012).

Repeat treatments of prescribed fire may be necessary to restore conditions typical of

frequent-fire forests (Sackett 1980; Stephens et al. 2009, 2020; Waring et al. 2016).
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Figures and Tables

Figure 3.1: Location of plot locations (black dots) across northern California. The geographic
distribution of temperate conifer forests is shown by the turquoise polygon.
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Fig 3.2: Species accumulation curve for understory vegetation sampled before and after
prescribed fire treatment.

Figure 3.3: Changes in surface fuel loading after prescribed fire. Bar values are the mean
surface fuel loading values (Mg/ha) and ±1 standard error. Stars indicate a significant difference
between pre- and post-fire fuel load estimates for each fuel load.
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​​
Figure 3.4: Regression estimates associated with fuel consumption after prescribed fire. Values
are coefficient estimates with corresponding error bars from the final model of total fuel
consumption.
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Figure 3.5: Fuel consumption varies with starting fuel conditions (A), elevation (B), live tree
density (C), and snag density (D). Predicted values from the top-ranked Bayesian model with
95% credible intervals.
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Figure 3.6. Pre-treatment (orange) and one year post-treatment (brown) tree density (stems/ha)
across common genera (A), basal area (m2/ha) across common genera (C), tree density
(stems/ha) across diameter class (B), and basal area (m2/ha) across diameter class (D).
Predicted values from the top-ranked Bayesian model with 95% credible intervals.
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Figure 3.7. Native (left column) and nonnative (right column) species richness and diversity
before (orange), 1 year after prescribed fire (brown), and 2 years after prescribed fire (green).
Mean predicted values from the top-ranked Bayesian model with 95% credible intervals are
plotted. Shared letters indicate diversity indices are not different from one another.
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Figure 3.8: Regression estimates associated with native species richness after prescribed fire.
Values are coefficient estimates with corresponding error bars from the final model of total fuel
consumption.
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Table 3.2: Weather conditions during each prescribed burn. All data are from the nearest
Remote Automated Weather Station (RAWS).

Site Date Temperatu
re (℃)

Wind
speed
(m/s)

Relative
Humidity
(%)

Fuel
moisture
(%)

Days since
precipitatio
n

Bear
Mountain

9/30/2019 2 3 65.8 11.3 14

Burton
State Park

1/11/2020 -3.4 4 71.2 27.3 2

Calaveras
State Park

5/26/2022 19 4 32.5 5.5 17

Caples
Fire

10/2019 9 1 37.5 5.1 23

Drycreek,
Inyo NF

6/23/2022 12 1 55.3 7.4 45

French
Meadows,
TNC

5/16/2021 9 3 80.1 12.0 96

Modoc NF 5/10/2021-
5/11/2021

12-15 2-3 28-34 5.5 - 7.1 15-16

Odell
Property

2/8/2022 14 1 29.6 7.5 32

Shaver
Lake

5/19/2022 15 1 58.8 11.4 28

Slypark,
SPI

1/31/2020 13 1 53.9 13.1 6

Springs
Fire, Inyo
NF

8/10/2019-
8/20/2019

14 5 32.0 6.0 3
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Table 3.3: Mean fuel loads (Mg/ha) with standard error of prefire and immediately postfire
surface fuel variables.

Fuel type Prefire
Postfire

immediate
1 hour fuels 0.12 (0.02) 0.04 (0.01)

10 hour fuels 0.50 (0.05) 0.27 (0.04)
100 hour fuels 1.37 (0.17) 0.58 (0.08)

1000 hour
fuels 3.59 (0.43) 1.41 (0.26)

litter load 11.61 (0.63) 3.89 (0.32)
duff load 25.23 (2.04) 6.52 (0.87)

Table 3.4: Mean tree density (stems/ha), snag density (stems/ha), basal area of live trees
(m2/ha), basal area of snags (m2/ha), and canopy cover (%) before and 1 year after prescribed
fire.

Forest structure

characteristic
Prefire Postfire 1 year

Tree density (stems/ha) 331 (19) 253 (16)

Snag density (stems/ha) 114 (8.5) 184 (18.5)

Live basal area (m2/ha) 43.0 (2.24) 39.3 (2.20)

Snag basal area (m2/ha) 15.8 (1.72) 14.3 (1.63)

Canopy cover (%) 42 (0.9) 34 (0.8)
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