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Abstract

Mixed conifer forests of California’s Central Sierra Nevada mountains have historically
been shaped by beneficial wildfire. However, a marked shift in forest structure occurred in the
decades following the establishment of fire suppression policies. Dense understories and high
fuels, in conjunction with prolonged drought and elevated temperatures associated with climate
change, exacerbate the risk of catastrophic wildfire in these ecosystems. More intense, severe,
and frequent catastrophic wildfires have the potential to degrade soil health and places a
substantial carbon reservoir at risk of loss. The purpose of this study was: Chapter 1) evaluate
soil health recovery by assessing trends in dynamic soil properties over time since catastrophic
wildfire, and Chapter 2) compare soil carbon stocks and fractions in soils recovering from
catastrophic wildfire with unburned soil counterparts.

In chapter 1, two chronosequences (5-, 10-, and 50+ year old burn sites) were established
in the Stanislaus and Sierra National Forests reflecting high and low elevation sites, and sampled
at 0-5 cm and 5-15 cm depths. Of the measured soil health indicators, the following were
identified as most sensitive to change over time since wildfire: O horizon thickness, water
repellency, predator:prey ratio, gram positive:gram negative bacteria (GP:GN) ratio,
saturated:unsaturated (sat:unsat) PLFA ratio, Shannon diversity, pH, EC, nitrogen in the mineral
associated organic matter fraction (MAOM-N), C:N ratio, C:N ratio in the mineral associated
organic matter fraction (MAOM-C:N), and bulk density. Our results demonstrated that changes
in soil health over time since wildfire diverged by elevation, where high elevation sites generally
exhibited faster overall recovery compared to low elevation sites. Many soil health indicators of

soils recovering from wildfire showed no statistical difference to unburned soils.



In chapter 2, soils recovering from wildfire (5- and 10 years since catastrophic wildfire)
and unburned (50+ years of no documented burn history) were identified in the Stanislaus and
Sierra National Forests reflecting high and low elevation sites. Each sample site consisted of one
central soil profile excavated to approximately 1-m, and four satellite sites located 10-m in each
cardinal direction from the central profile. Satellite sites were sampled at 0-5 cm and 5-15 cm
depth increments, and aggregated as one depth weighted average reflecting 0-15 cm depth. A
significant increase was detected in surface total carbon (TC) concentration and carbon in the
mineral associated organic matter fraction (MAOM-C) at low elevation sites recovering from
wildfire relative to their unburned counterparts. No significant changes were detected when
considering the whole soil profile to 1-m. However, visual trends of increased high elevation
subsurface (20-65 cm) median TC concentration and MAOM-C, and increased low elevation
surface (0-15 cm) SOC were observed in soils recovering from wildfire. Results demonstrate
SOC recovery from catastrophic wildfire is relatively rapid, and possibly due to the addition of

persistent C as black carbon after fire and new C during secondary succession.
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Chapter 1: Assessment of Near Surface Soil Health Indicators During Post-Wildfire
Recovery, Sierra Nevada, USA
1.1. Introduction

Fire is an integral component of western mixed coniferous forests, where frequent, low
intensity fires historically shaped the structure and ecosystem function of these ecosystems.
However, the effects of fire today are exacerbated by prolonged periods of drought, elevated
temperatures, and dense forest understories that lead to high fuel loads. This can be attributed to
anthropogenic climate change coupled with the legacy of forest management strategies focused
on fire suppression (McKelvey et al., 1996; Beaty & Taylor, 2007; Collins et al., 2007;
Gonzales-Caban, 2007; Van de Water & North, 2010; Abatzaglou & Williams, 2016). As fires
increase in frequency and severity, there is a need to better understand soil health and explore the
potential for recovery of productive soil properties (Turner, 2010; Seidl & Turner, 2022;
Vahedifard et al., 2024). The extent to which dynamic soil properties return to pre-disturbance
conditions, or equilibrate at a new ecological threshold, provides insight into the impact of
wildfire on soil health (Herrick, 2001; Bestelmeyer et al., 2011; Bhaduri et al., 2022; Seidl &
Turner, 2022). Soil health and its subsequent recovery of different soil types may have varying
responses to wildfire. Variation in dynamic properties among soil types alters biotic and abiotic
interactions, further complicating recovery trends (De Andrade Bonetti et al., 2017).

Extreme conditions associated with catastrophic wildfire rapidly degrade forest soil
health by disrupting essential soil functions such as nutrient cycling, water absorption, and
biological activity (Burger et al., 2010). Wildfire can produce surface temperatures that exceed
500 °C, reaching up to 850 °C in extreme cases. The longer these temperatures are maintained,

the more damage ensues (Certini, 2005). This is characterized by soil organic matter (SOM) loss,



which leads to the degradation of soil structure by reducing porosity, breaking down aggregates,
and enhancing compaction, all of which limit the capacity for water infiltration and generate
overland flow that displaces unanchored material (Leighton-Boyce et al., 2007). SOM
combustion causes essential nutrient losses, such as nitrogen and sulfur, through volatilization.
Extreme fire catalyzes indirect losses via reduced cation exchange capacity, leaching, and
accelerated soil erosion. Nitrogen and phosphorus are the two most limiting soil nutrients in most
forest ecosystems, the loss of which has the potential to delay post-fire recovery (Agbeshie et al.,
2022). Nitrogen is readily volatilized at lower combustion temperatures (Baird et al., 1999;
Caldwell et al., 2002) and lost as atmospheric emissions. A second chemical fate is nitrate loss
by leaching which is accelerated by low plant uptake directly after fire (Certini 2005; Johnson, et
al., 2009; Abegshie, et al., 2022). Phosphorus is not readily volatilized and remains immobile in
soils through binding to iron and aluminum (Caldwell, et al., 2002; Murphy, et al., 2006; Bilyera
et al., 2022). Nonetheless, nitrogen and phosphorus may be lost via erosion, as combustion of the
litter layer and other organic materials can expose the mineral soil surface and produce water-
repellent conditions and lead to gulley and sheet erosion (Savage, 1974; Mataix-Solera et al.,
2011; Verma & Jayakumar, 2012). Moreover, extreme temperatures have been shown to degrade
clay minerals, which reduces cation exchange capacity and mineral surface reactivity in general.
Silica and aluminum from degraded phyllosilicate clays can function as cementing agents,
forming sand sized nodules that have the effect of reducing nutrient retention (Ulery & Graham,
1993). Catastrophic wildfire also reduces soil microbial biomass and biological productivity,
slowing vegetative succession trajectories (Holden et al., 2016; Ogwayo, 2023). Despite reduced

soil performance in response to wildfire, a universal standard for soil function as it relates to soil



health does not exist and is entirely dependent on pre-existing environmental conditions (Burger
etal., 2010).

Generalizations about post-wildfire recovery trends over time are limited by the inherent
heterogeneity of soils and the inconsistent nature of burn events. Literature suggests that extreme
variability in post-burn recovery is largely driven by differences in soil forming factors and in
burn severity (Certini, 2005; Nave et al., 2011). Wildfire behavior itself is shaped by complex
interactions among landscape heterogeneity, fuel loads, and climatic conditions, which together
facilitate the vertical spread of fire from the forest floor to the canopy. (Beaty & Taylor, 2008;
Fang et al., 2015; Povak et al., 2018; Mansoor et al., 2022). This is becoming increasingly
common with the progression of climate change, which continues to lengthen fire season
(Abatzoglou & Williams, 2016; Mansoor et al., 2022). Variation in environmental conditions
impacts wildfire behavior, and likely contributes to inconsistent findings across studies,
introducing uncertainty about the sensitivity of soil health indicators to post-fire change.

Effects of wildfire on soil health recovery have been shown to be contradictory. For
instance, soil organic carbon (SOC) is used as a burn severity metric where losses indicate
degraded soil condition. However, formation pathways for different carbon fractions may be
altered (positively and negatively) in response to fire-induced microbial mortality, reduction of
organic inputs from the surface horizon, and formation of persistent charcoal (Kuzyakov et al.,
2009; Nocentini et al., 2010; Jackson et al, 2017). Similarly, microbial communities have
variable responses to wildfire. Bacterial communities exhibit rapid population growth in
comparison to fungal communities in the decades following wildfire (Hart et al., 2005; Hamman
et al., 2007; Barcenas-Moreno & Bééath, 2009; Fonttrbel et al., 2012). While Vazquez et al.

(1993) suggested that fungal and bacterial communities are expected to eventually return to their



pre-burn conditions, Hamman et al. (2007) reported significant structural differences in
microbial communities between burned and unburned sites. Despite the overall dynamic of
gradual increases in microbial biomass after fire, structural and functional changes introduce a
layer of uncertainty in interpreting recovery trends. Inconsistencies in interpreting trends for a
variety of physical properties have also been documented after fire (Imeson et al. 1992; Certini,
2005; Hatten et al., 2005).

The purpose of this study was to evaluate dynamic soil properties relative to time since
catastrophic wildfire. We compared recovery of soil properties from two wildfires (5 and 10
years since burn) relative to sites with no documented history of fire in contrasting soil types of
the central Sierra Nevada mixed conifer forests. We hypothesized that soil health recovery will
depend on time since wildfire, but is also influenced by elevation, which is a proxy for climate,
vegetation, soil formation, and soil type. The objective of this study was to identify the dynamic
soil properties most useful for wildfire recovery assessments.

1.2. Materials and methods
1.2.1. Site Description

The study area encompassed mixed montane conifer stands of the Stanislaus and Sierra
National forests, located in California’s central Sierra Nevada mountains. A chronosequence of
time-since-catastrophic wildfire was identified to assess recovery trends of dynamic soil
properties over a 5 and 10 year burn history. These conditions were compared to adjacent sites
with no documented burn history termed 50+ years since fire. Study sites within the sequence
were stratified by high (5,000-7,000 ft) and low (2,700-4,900 ft) elevation. Mean annual
precipitation (MAP) is 800 to 1000 mm in the low elevation band and 1000 to 1,250 mm in the

high elevation band. Mean annual air temperature (MAAT) is 9 °C at high elevation sites and 11



°C at low elevation sites (WSS, 2024). This area is characterized by hot, dry summers and cool,
moist winters according to the Koppen-Geiger climate classification system (California Soil
Resource Lab, n.d.). These soil landscapes have a xeric soil moisture regime. The soil
temperature regime is mesic at low elevation and frigid at high elevation.

The Stanislaus and Sierra National Forests are both located on the Sierra Nevada
Batholith, a geologic structure formed from the subduction of plate tectonics which melted rock
material that cooled as plutons (Hill, 2006). The parent material of the study site consists of
granitic colluvium, residuum, and till (WSS, 2024). Soils sampled from the high elevation band
were represented by the Gerle soil series, Coarse-loamy, mixed, superactive, frigid Humic
Dystroxerepts. Soils sampled from the low elevation band represented the Holland soil series,
Fine-loamy, mixed, active, mesic Ultic Haploxeralfs (WSS, 2024). Sampling occurred in 2023
and 2024.

Overstory vegetation (when present) in the low elevation band is dominated by incense
cedar (Libocedrus decurrens), ponderosa pine (Pinus ponderosa), white fir (Abies concolor),
sugar pine (Pinus lambertiana), black oak (Quercus kelloggii), canyon live oak (Quercus
chrysolepis), and leather oak (Quercus durata). At the high elevation band vegetation is similar
but also includes Jeffery pine (Pinus jeffryi) and red fir (Abies magnifica) and less oak species.
Understory vegetation across both elevation bands consists primarily of perennial shrubs,
graminoids, and herbs (U.S. Department of Agriculture, 2023; U.S. Department of Agriculture,
2024; CalScape, 2024).

Locations representing five years since catastrophic wildfire (burn) were from within the
perimeter of the Ferguson fire, ignited in the summer of 2018. Approximately 96,901 acres of

land in Mariposa County were consumed across the southwestern Stanislaus and northwestern



Sierra National Forests (Reiner et al., 2018; CalFire, n.d.). Locations representing 10 years since
burn were from within the perimeter of the Rim fire, ignited in the summer of 2013 and is
regarded as the third largest wildfire in California history (Skalski, 2014). This fire burned about
257,314 acres in Tuolumne County, spreading across the Stanislaus National Forest and
Yosemite National Park (CalFire, n.d.). Samples were also collected outside of either of the
aforementioned fire perimeters in locations that have not burned in at least the past 50 years.
This is denoted as the 50+ year since burn site, serving as an analog for a “no burn” control. It
should be noted that all of California has burned at some point in its history, so it was deemed

necessary to differentiate between the control in this study and a true “no burn” site.
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Figure 1.1. Map of study area depicting 10-TSW (green) and 5-TSW (red) sites at high (circle)
and low (triangle) elevations in the Stanislaus and Sierra National Forests.



1.2.2. Soil Sampling

A total of nine sampling sites were selected in each elevation band based on burn history
and granite-derived parent material resulting in 18 different locations (2 elevations x 3 times-
since-burn x 3 replicate sites). Sample sites consist of one central soil profile excavation to verify
the soil series and four satellite sites. Genetic horizons were identified, described, and sampled in
each profile using standard soil survey techniques (Soil Survey Staff, 2012). The four satellite
sites were located 10-m in each cardinal direction away from the central soil profile. Soil was
collected at 0-5 cm and 5-15 cm in the satellite sites. The O horizon was also sampled if present.

Soil was sampled separately at each satellite site by hand for chemical, physical, and
biological analyses. Two samples from the bulk soil were collected at each depth: one for
physical and chemical analysis, and one for microbial analysis. The samples for microbial
analysis were immediately stored on ice and then moved to the laboratory’s cold storage at 4 °C
for no longer than one week. Bulk density cores (diameter of 7.3 cm for profile horizons and 4.8
cm for satellite sites) were collected at each genetic horizon of the central profile and at both
depths in the satellite sites.
1.2.3. Field Measurements

Water repellency and litter thickness were measured in the field. Soil water repellency
was done following the water drop penetration test (WDPT) (Schoeneberger et al., 2012). Five
droplets of de-ionized water were dropped on the bare soil surface, and the average time it took
for the water droplets to infiltrate the soil at 0 cm and 5 cm determined the hydrophobicity
classification. If WDPT could not be performed in the field, a modified version from Doerr

(1998) was performed in the lab. Litter thickness was determined with a measuring tape from the



top of the litter layer to the mineral soil surface. If the litter layer showed development (Oi, Oe,
Oa), the thickness of each horizon was recorded.
1.2.4. Laboratory Analysis

Bulk soil samples intended for physical and chemical analysis were air-dried until a
stable mass was achieved then sieved through a 2 mm mesh. Fresh soil for microbial analysis
was sieved through a 4 mm mesh and either stored at 4 °C for immediate use or frozen for future
use. The processed samples were measured for a variety of soil properties, including pH,
electrical conductivity (EC), extractable phosphorus, particulate organic matter (POM),
minerally associated organic matter (MAOM), total carbon (TC) and nitrogen (TN), and C:N
ratio, litter TC and TN, and particle size analysis. Additional measurements include aggregate
stability, soil color, bulk density, rock fragment volume.

Fresh soil samples sieved to 4 mm were analyzed for microbial biomass using substrate
induced respiration (SIR) and phospholipid fatty acid analysis (PLFA). The method for SIR was
modified from Fierer et al. (2003), in which 10 g of stored 4 °C soil was measured into 132 mL
mason jars and incubated with 25 mL of a 1.2% autolyzed yeast solution. Gas samples were
collected from the headspace of jars at 0.5-, 2.5-, and 4.5-hour intervals after shaking, and
analyzed for cumulative CO> with the Licor Model LI-6252 infrared gas analyzer. Average CO>
concentration from these three time intervals serves as a proxy for microbial biomass, where
greater rates of respiration correlate with larger microbial communities. Frozen soil saved for
PLFA was freeze-dried and sent to the University of Missouri Soil Health Assessment Center for
analysis with the high throughput extraction method from Buyer and Sasser (2012).

Soil pH was determined using a 1:2 slurry consisting of 10 g soil and 20 mL 0.01M

CaClz, following the method described by Thomas (1998) and Soil Survey Staff (1996). Soil EC



was measured in a 1:1 saturated paste 15 g soil and 15 mL deionized water. For both pH and EC,
the slurry was placed on the shaker for 15 minutes and then allowed to sit for one hour prior to
analysis. Extractable phosphorus was quantified with the Bray-P method, which is suitable for
more acidic soils (Sims, 2000). Soil organic carbon and nitrogen concentrations were assessed in
the POM and MAOM fractions. The POM and MAOM fractions were measured following the
particle size fractionation procedure modified from Cotrufo et al. (2019). In this method, 5 g of
soil was dispersed in 30 mL of 0.5% Na(POs)s by shaking for 18 hours. The slurry was then wet
sieved through a 53 um mesh to separate the fine and coarse soil fractions and oven-dried at 60
°C. Samples were analyzed with the ECS-8024 NC Soil Special Costech elemental analyzer. This
dry combustion method was also used to measure total carbon and nitrogen in the bulk soil
samples. Particle size was determined with the hydrometer method (Sheldrick & Wang, 1993).

Aggregate stability was measured with the Slakes app (Soil Health Institute, 2023). Bulk
density and rock fragment volume were both determined from volumetric cores.
1.2.5. Statistical Analysis

In order to identify the effects of time since wildfire (TSW) and elevation class on the
numeric soil health indicators, a combination of PERMANOVA with 999 permutations and
ANOVA of linear mixed effects models (LME) with the restricted maximum likelihood was
used. The LMEs were utilized to predict response of soil health indicators for levels and
interactions of TSW and elevation class. In order to reduce the residual error of the model, we
accounted for the influence of changes in geographic space on response variables by making
sample site a random effect. The focus of this study was to determine how TSW and elevation
class influence the response of soil health indicators, which is reflected in the model as main

effects.



LMESs were validated for goodness of fit with visual assessment of Q-Q and scale-
locations plots, the Shapiro-Wilk test for normality (1965), and the Breusch-Pagan test for
heteroskedasticity of residuals (1979). Log or square root transformations were performed for
soil parameters that did not meet model assumptions. The following variables were log
transformed: actinomycetes, arbuscular mycorrhizal fungi, gram negative bacteria, eukaryotes,
other fungi, gram positive bacteria, fungi:bacteria, predator:prey, monosaturated:polysaturated
PLFAs (only at 0-5 cm), EC, SIR, PLFA, TC, TN, and POM-N. Extractable P, POM-C, MAOM-
C, C:N ratio, POM-C:N ratio, and MAOM-C:N ratio were square root transformed to meet the
model assumptions. Soil gram negative structural ratio, pH, MAOM-N, and aggregate stability
did not undergo transformations.

When model assumptions were violated and could not be amended by transformations,
generalized linear mixed models (GLMM) were used instead. This was done for GP:GN ratio,
saturated: unsaturated PLFAs (0-5 cm), and bulk density (0-5 cm). GLMMs were validated with
the Shapiro-Wilk test for normality of residuals and Levene’s test for equality of variances. This
process was repeated for the listed soil health indicators at both sampling depths (0-5 cm and 5-
15 cm).

response variable ~ TSW * elevation class + (1|sample site)

Pairwise comparisons between the control (50+ years since burn) and each TSW
treatment (10 years and 5 years since burn) were performed with Dunnett’s multiple comparison
test to evaluate whether treatments are statistically distinguishable from the control. Significance
was determined at o = 0.05 and denoted either as n.s. (nonsignificant) or with the corresponding

p-value.
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All statistical analyses were performed in RStudio with the Ime4, emmeans, and vegan
packages.
1.3. Results and discussion
1.3.1. Field Measurements
1.3.1.1. O horizon thickness

Differences in O horizon thickness were significantly associated (p < 0.05) with elevation
and time since wildfire (TSW), including their interaction (Fig. 1.2). At high elevation sites,
recovery of O horizon thickness was 72.8% lower (mean = 2.95 cm; p = 0.0045) at 10-TSW
compared to mean thickness of control sites (mean = 10.85 cm) and 72.34% lower (mean = 3
cm; p = 0.0046) at 5-TSW. In contrast, low elevation sites had much thinner O horizons (< 5 cm)
and showed no significant difference in mean O horizon thickness relative to TSW. There was
substantial evidence that O horizon thickness changed across the main effects of TSW (p <0.01)

and elevation (p < 0.05).
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Figure 1.2. Comparison of O horizon thickness between the 50+ year (control) and 10- or 5- year
since burn treatments using: a) High Elevation O horizon thickness, and b) Low Elevation O
horizon thickness. Points on the plot are mean values, whiskers show standard error, and dashed
lines with A indicate the percent-difference between means.

Fuel accumulation in the forest understory is shaped by elevation, which regulates both

climate and vegetation composition. At higher elevations, cooler temperatures slow
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decomposition of the litter layer (Miller & Urban, 1999; Hu et al., 2025). These sites, dominated
by white fir and ponderosa pine forests (van Wagtendonk et al., 2020), had a surface layer
primarily composed of coniferous needles with high cellulose and lignin content, which
decompose more slowly than broadleaf litter (Stursova et al., 2020; Chen et al., 2023).
Conversely, low elevation forests consisted of ponderosa pine forests and black oak. Greater
prevalence of black oaks and warmer climatic conditions facilitated faster decomposition of litter
with reduced lignin and cellulose concentrations. This pattern is reflected in Fig. 1.2, where the
O horizon thickness in high elevation control sites was greater than in low elevation control sites.

Post-wildfire recovery of the O horizon followed an elevation dependent trend. Recovery
was more evident at high elevation sites, likely due to greater litter production from certain
coniferous trees and slower decomposition rates which facilitated litter residue and organic
matter accumulation. This may be the result of a combination of factors, including the rate of
litter production under different forest types, rate of decomposition under different temperature
and precipitation regimes, and differences in wildfire severity across landscapes. Conifers
produce more litter than broadleaf trees, which contributes to the faster recovery of O horizons at
high elevations compared to low elevations (Zajicovad & Chuman, 2021). This trend was also
observed by MacKenzie et al. (2004) and Hatten et al. (2005), who both reported only marginal
increases in forest floor thickness over time since wildfire at similarly low elevation sites.
1.3.1.2. Water repellency

Soil water repellency varied over TSW and between elevation classes (Fig. 1.3). At high
elevations, approximately 56.9% of all samples exhibited some degree of water repellency
(infiltration time > 5 seconds). However, the distribution of water repellency classifications

changed relative to TSW. At control sites, about 67% of surface (0—5 cm) and 25% of subsurface
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(5—15 cm) samples were at least slightly water repellent. At 10-TSW, occurrence of water
repellency increased in comparison to the control, with 75% of both surface and subsurface
samples at least slightly water repellent. In contrast, 5-TSW occurrence of water repellency was
lower than the control with 41.7% of surface and 58.3% of subsurface samples at least slightly
water repellent.

At low elevations, approximately 27.8% of all samples exhibited some degree of water
repellency. Similar to high elevations, the distribution of water repellency classification changed
relative to TSW. At control sites, 9.1% of surface and 0% of subsurface samples were at least
slightly water repellent. At 10-TSW, occurrence of water repellency increased relative to the
control, with 37.5% of surface 31.2% of subsurface samples at least slightly water repellent.
Similarly, water repellency at 5-TSW increased relative to the control, with 66.7% of surface and
16.7% of subsurface samples at least slightly water repellent.

High elevation sites were more water repellent than low elevation sites. Water repellency
relative to time since wildfire followed different distributions at each elevation class. High
elevation sites were most water repellent at 10-TSW and least water repellent at 5-TSW. In
contrast, low elevation sites were most water repellent at 5-TSW and least water repellent in the

control sites.
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Figure 1.3. Relative abundance of water repellency classifications over TSW, across elevation
classes, and between sampling depths.

13



At high elevations, no significant association between time since wildfire and water
repellency was detected (p = 0.0872). Therefore, water repellency was likely driven by the
quality of the litter layer rather than the effects of wildfire, or recovery occurs faster than 5 years.
Wahl (2008) and Seiwa et al. (2021) reported that litter quality is negatively correlated with soil
water repellency, with low quality coniferous litter containing more hydrophobic compounds
than higher quality broadleaf litter (Wahl, 2008; Zhang et al., 2008; Francis et al., 2023). This
may explain the enhanced hydrophobicity observed in high elevation compared to low elevation.

In contrast, there was a significant association between time since wildfire and water
repellency at low elevation sites (p = 0.038). These sites exhibited greater water repellency with
decreasing time since wildfire, indicating that repellency in these areas was driven primarily by
combustion of the litter layer. Hydrophobic residues from plant material that are vaporized
during fire condense to coat the soil surface as temperatures cool (Savage, 1974; Mataix-Solera
etal., 2011; Verma & Jayakumar, 2012). Together, these findings indicate broad spatial variation
in post-wildfire water repellency shaped by vegetation type, litter quality, and time since
wildfire.

1.3.2. Biological Soil Health Indicators
1.3.2.1. Ecosystem microbial community trends

Microbial community composition of PLFA taxa differs over time since wildfire (p <
0.01), across elevation classes (p < 0.01), and with the interaction of these main effects (p <
0.05) (Table 1.1). However, low correlation coefficient values of each model term indicate weak
associations to the multivariate relationship between main effects and PLFA taxa, as ~82% of the

variation in the data remains unexplained (residual R?). Although the association between model
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terms and PLFA taxa are weak, there is enough evidence of dissimilarity between groups to

produce significant p-values.

Table 1.1. Permutational Analysis of Variance (PERMANOVA) by the Bray-Curtis dissimilarity
method showing the main effects of TSW and elevation class, and the interaction of TSW x
elevation class on PLFA taxa: arbuscular mycorrhizal fungi, gram negative bacteria, eukaryotes,
other fungi, gram positive bacteria, and actinomycetes.

Model Term df R? Pseudo-F p-value
TSW 2 0.07308 4.8148 0.0053 **
Elevation Class 1 0.05655 7.4506 0.0038 **
TSW x Elevation Class 2 0.05071 3.3405 0.0258 *
Residual 108 0.81966

Total 113 1.00000

The table includes degrees of freedom (df), coefficient of determination (R?), test statistic (Pseudo-
F), and significance level (p-value).
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Figure 1.4. NMDS ordination of the association between PLFA taxa and time since wildfire group
at 0-5 and 5-15 cm, where points closer together on the ordination are more similar than points
that are farther apart. The stress value indicating overall goodness of fit of the NMDS is 0.16.
NMDS was performed on arbuscular mycorrhizal fungi (R?> = 0.37; p-value = 0.0001), gram-
negative bacteria (R?> = 0.25; p-value = 0.0001), eukaryotes (R? = 0.54; p-value = 0.0001), other
fungi (R? = 0.48; p-value = 0.0001), gram-positive bacteria (R*> = 0.26; p-value = 0.0001), and
actinomycetes (R? = 0.15; p-value = 0.0001). Vectors in the plot demonstrate strength of the

15



association between individual PLFA taxa, time since wildfire (R? = 0.13; p-value = 0.0001) and
elevation class (R* = 0.047; p-value = 0.0001), where longer arrows correspond to greater
association. Ellipses represent groupings of each TSW group at 95% confidence.

The NMDS ordination depicts a clear clustering pattern of 50+ yr control sites, indicating
a greater degree of within-group similarity of microbial community composition in “unburned”
sites (Fig. 1.4). This cluster follows the eukaryote and gram negative bacteria vectors down the
NMDSI1 and NMDS2 axes, which is associated with greater abundance of these species. Overall,
these results suggest that microbial community composition across “unburned” sites was more
homogenous than recently burned sites.

The 10- and 5-TSW groups are more spread out on the NDMS plot (Fig. 1.4) than the
control, indicating a greater degree of heterogeneity in community composition in recently
burned sites. The 10-TSW cluster aligns with the vectors representing arbuscular mycorrhizal
fungi, other fungi, and gram positive bacteria, suggesting these taxa had a stronger influence on
microbial community composition at 10-TSW sites. Furthermore, samples in the 5-TSW group
appear to fall opposite of the direction of the vectors, indicating lower abundance of measured
PLFA taxa in these sites.

While clustering does occur in the NMDS ordination, overlap among the 95% confidence
ellipses across TSW groups suggests a degree of similarity in overall forest soil microbial
community composition. However, the significant PERMANOVA results (Table 1.1), coupled
with the visual clustering in the ordination space (Fig. 1.4), indicate that community composition
diverges in the 10- and 5-TSW sites relative to the control. Similar patterns were reported by
Barcenas-Moreno et al. (2011), Fonturbel et al. (2012), Adkins et al. (2020), and Saenz de Miera
et al. (2020), where microbial community composition of unburned sites cluster separately from
burned sites on their respective ordination plots. Conversely, burned sites were consistently more

stochastic on the ordination plot. This variation in microbial community composition between
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burned and unburned sites has been primarily attributed to burn severity, and secondarily to
vegetation (Whitman et al., 2019; Adkins et al., 2020; Sdenz de Miera et al., 2020). This
highlights the disparity between burned and unburned landscapes, where unburned microbial
communities remain relatively unchanged over time compared to fire affected microbial
communities (Predergast-Miller et al., 2017). More recently burned sites, which in this study
were dominated by nitrogen-fixing shrubs and graminoids rather than conifer stands, varied in
microbial community composition across the burned landscape. These findings support an
overarching trend of decreasing beta diversity of microbial communities over time since wildfire,
where community structure is heterogenous across the landscape in recently burned sites and
increases in similarity over time since wildfire (Wang et al., 2016; Nelson et al., 2022; Hopkins
et al., 2025).
1.3.2.2. Biological soil health indicators sensitive to change over time since wildfire
Significance was detected for actinomycetes, arbuscular mycorrhizal fungi, and Shannon
diversity (Table 1.2). However, post-hoc analyses of significant ANOVA results detected no
statistically significant differences in actinomycetes abundance among TSW groups across

elevation classes.
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Table 1.2. ANOVA of mixed effects models for PLFA taxa, PLFA structural ratios, total microbial biomass, and
Shannon diversity at 0-5 and 5-15 cm.

Response Model Term 0-5 cm 5-15 cm
Variable
df Test p-value df Test p-value
Statistic Statistic
Actinomycetes ~ TSW 2 1.60 0.240 2 0977 0.403
Elev. Class 1 0.613 0.448 1 0431 0.523
(TSW x Elev. Class) 2 1.39 0.283 2 3.8l 0.0499 *
Arbuscular TSW 2 0997 0.396 2 177 0.209
Mycorrhizal Elev. Class 1 0333 0.574 1002  0.867
Fungi
e (TSW x Elev. Class) 2 0.0398 0.961 2 479 0.0277 *
Gram Negative ~TSW 2 141 0.280 2 1.05 0.376
Bacteria Elev. Class I 295 0.110 1 3.02 0.106
(TSW x Elev. Class) 2 0.539 0.596 2 275 0.101
Eukaryote TSW 2 285 0.0941 2 293 0.0893
Elev. Class 1 391 0.0697 1 2.03 0.178
(TSW x Elev. Class) 2 0.158 0.855 2 294 0.0886
Fungi TSW 2 1.20 0.332 2 1% 0.183
Elev. Class 1 2.6l 0.130 1 0.808 0.385

(TSW x Elev. Class) 2 0.609 0.559 2 0.788 0.475
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Significant differences were detected in arbuscular mycorrhizal fungi between the
subsurface 5-TSW treatment and the control at high elevation sites (Fig. S2). Abundance of
arbuscular mycorrhizal fungi in the 5-TSW soil subsurface was 55.79% lower (mean = 1.07
nmol/g soil; p = 0.0466) than the control (mean = 2.42 nmol/g soil). No other treatment-control
comparisons were statistically significant, although low elevation sites consistently showed a
trend toward elevated arbuscular mycorrhizal fungi abundance in control sites relative to the 10-
TSW and 5-TSW groups.

Predator:prey ratio was significantly different between TSW groups in the soil surface
and subsurface at low elevation (Table 1.2; Fig. S1a). No significance was detected in high
elevation sites between either the 10-TSW or 5-TSW treatments and the control. In contrast, at
low elevation, predator:prey ratio was significantly lower in the 10-TSW and 5-TSW treatments
compared to the control. In the soil surface, the ratio was 41.6% lower (mean = 0.0238; p =
0.00489) at 10-TSW sites than the control (mean = 0.0407), and the subsurface was 32.48%
lower (mean = 0.0241; p = 0.0137) than the control. In 5-TSW sites, the surface predator:prey
ratio was 34.7% lower (mean = 0.0266; p = 0.0230) than the control (mean = 0.0407).
Significance was not detected between the 5-TSW treatment and control in the subsurface.

Gram positive:gram negative bacteria (GP:GN) ratio changed significantly in the soil
surface between the high elevation 10-TSW treatment and control, and between the low
elevation 5-TSW treatment and control (Table 1.2; Fig. S1b). At high elevations, the surface 10-
TSW treatment was 33.7% higher (mean = 0.807; p = 0.000000830) than the control (mean =
0.603). Similarly, low elevation 5-TSW sites were 13.56% higher (mean = 0.791; p = 0.04788)

than the control (mean = 0.697).
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Saturated:unsaturated (sat:unsat) PLFA ratio differed between high elevation 5-TSW
sites and the control (Table 1.2; Fig. S1c). In the soil surface, 5-TSW sites were 26.78% higher
(mean = 1.20; p = 0.00919) than the control (mean = 0.950). In the subsurface, 5-TSW sites were
48.66% higher (mean = 1.66; p = 0.0239) than the control. All other treatment vs. control
comparisons were not statistically significant.

PLFA structural ratios are commonly used as indicators of stress in the soil environment.
Of the measured PLFA structural ratios, only predator:prey, GP:GN, and sat:unsat PLFA ratios
provided significant evidence of stress relative to the control. The consistently elevated
predator:prey ratio in control sites relative to recently burned sites, likely due to greater prey
populations in unburned sites, is an indicator of healthier microbial communities and reduced
environmental stress (Quist et al., 2020). Predators are key components of trophic cascades and
influencers of carbon and nutrient cycling (Thakur et al., 2015; Butenko et al., 2017; Quist et al.,
2020). Soil predators are generally more sensitive to disturbance than their prey, thus a useful
bioindicator of soil health (Quist et al., 2020). Butenko et al. (2017) and Martin & Sprunger
(2022) both detected positive correlation between elevated predator populations with carbon
sequestration and nutrient mineralization, connecting this dynamic with greater soil health and
ecosystem productivity. We found predator:prey ratio serves as a sensitive indicator of soil
health recovery over time since wildfire, especially at low elevation. The lack of significant
differences between the control and burn treatments at high elevation sites indicates either
recovery occurs within the first 5 years of wildfire, or burn severity was low enough to prevent
population loss. Post-wildfire recovery of the predator population may require more than a

decade of succession in low elevation forests of California.
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We found elevated levels of GP:GN and sat:unsat ratios in recently burned sites
compared to the control, indicating a trend of stress reduction over time since wildfire. Elevated
GP:GN and sat:unsat PLFA ratios are also indicators of stress in soils associated with degraded
ecosystem productivity (Wixon & Balser; 2013; Fanin et al., 2019; Norris et al., 2023). GP
bacteria are more resilient to environmental changes than GN bacteria due to their thicker
peptidoglycan layer, utilization of more complex forms of carbon as an energy source, and
ability to withstand nutrient-poor environments (Smith et al., 2008; Francis et al., 2010; Mai-
Prochnow et al., 2016; Fanin et al., 2019; Hu et al., 2025). Similarly, saturated PLFAs are less
sensitive to disturbance than unsaturated PLFA’s due to the lack of double bonds between carbon
atoms, which reduces resilience to elevated temperatures (He et al., 2023; Norris et al., 2023). At
high elevations, these stress indicators were elevated relative to the control at both 10- and 5-
TSW sites, suggesting environmental stress lasts more than one decade post-wildfire. At low
elevation sites, stress indicators were significantly elevated at 5-TSW sites compared to the

control which suggests a degree of recovery within one decade following wildfire.
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Figure 1.5. Comparison of Shannon Diversity Index over TSW, across elevation classes, and
between sampling depths. Whiskers are standard maximum and minimum values, bars give
median values, and “x” give mean values. Higher values correspond to greater species diversity.

Time since wildfire had a significant effect on species diversity, but trends differed by
elevation (Table 1.2; Fig. 1.5). At high elevation, the linear mixed effects model detected a clear
quadratic trend in Shannon diversity (p < 0.05), where species diversity of the 10-TSW sites was
elevated relative to the control and 5-TSW. In the soil surface, the Shannon diversity index at 10-
TSW was 5.49% higher (mean = 1.38; p = 0.0295) than the control (mean = 1.31). No significant
difference was detected between the 5-TSW treatment and the control. Conversely, Shannon
diversity at low elevation sites followed a linear trend where mean species diversity increased
with greater time since wildfire at both sampling depths.

Catastrophic wildfire can significantly reduce Shannon diversity (Cheng et al., 2024),
which limits ecosystem productivity and delays post-wildfire recovery (Rodriguez et al., 2017,
Nelson et al., 2022). Similar to trends observed at our low elevation sites, Porter et al. (2023)
reported the lowest diversity during early successional stages, with gradual increases over time
since wildfire. Nelson et al. (2022) also found that sites afflicted by greater fire severity were

consistently less diverse than unburned sites.
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1.3.3. Changes in Chemical Soil Health Indicators
1.3.3.1. Overall recovery trends over time since wildfire

Soil chemical properties differed between elevation classes (p < 0.05) and with the
interaction of TSW and elevation class (p < 0.01), where the soil chemical state in each TSW
group depended on elevation (Table 1.3). However, the R? values of each model term indicate
weak associations to the multivariate relationship with the main and interaction effects, as ~65%
of the variation in the data remains unexplained (residual R?). Despite these relatively weak
associations, there is enough evidence of dissimilarity between groups to produce significant p-
values.
Table 1.3. Permutational Analysis of Variance (PERMANOVA) by the Bray-Curtis dissimilarity
method showing the main effects of TSW and elevation class, and the interaction of

TSW#*elevation class on soil chemical properties: pH, EC, TC, POM-C, MAOM-C, TN, POM-N,
MAOM-N, C:N ratio, POM-C:N ratio, MAOM-C:N ratio, and extractable P.

Model Term df R? Pseudo-F p-value
TSW 2 0.05621 1.3681 0.2307
Elevation Class 1 0.08870 4.3177 0.0176 *
TSW x Elevation Class 2 0.19766 4.8105 0.0037 **
Residual 32 0.65742

Total 37 1.00000

The table includes degrees of freedom (df), coefficient of determination (R?), test statistic (Pseudo-
F), and significance level (p-value).
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Figure 1.6. Principle component analysis (PCA) of soil chemical properties at 0-5 cm and 5-15
cm in high and low elevations, differentiated by time since wildfire. The PCA accounted for 73.2%
of the total variation in the dataset (PC1 accounts for 43% of variation and PC2 accounts for 30.2%
of variation). Vectors in the plot demonstrate the strength of the effects of soil chemical properties
on the principle components. Ellipses represent groupings of each TSW group at 95% confidence.

PCA eigenvalues indicated that the first two principle components (PC1 and PC2)
accounted for 73.2% of total variation in the dataset (Fig. 1.6). PC1 was primarily associated
with soil organic matter pools of POM, MAOM, and total carbon and nitrogen, whereas PC2 was
most strongly associated with reactivity and organic matter quality. Vectors show opposing
trends for pH and EC compared to C:N ratios of C fractions and suggests an inverse relationship
between these variables, where samples with elevated pH and EC may have lower quality SOM.

50+TSW samples were predominantly clustered by elevation class where high elevation
sites are distributed below the PC1 axis and mostly to the left of the PC2 axis, while low
elevation sites are mostly located above the PC1 axis and to the right of the PC2 axis (Fig. 1.6).

This spatial separation suggests that chemical composition of “unburned”, mature mixed conifer
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forests differs by elevation. High elevation sites appear to follow the Extractable P, C:N ratio,
POM-C:N ratio, MAOM-C:N ratio, POM-C, MAOM-C, and TC vectors toward the bottom left
of the plot. This indicates higher values for these chemical properties and suggests that these
sites were characterized by greater organic matter accumulation. Low elevation control sites
follow either the Extractable P and MAOM-C:N ratio vectors, or lie opposite to the POM-C,
MAOM-C, TC, POM-N, MAOM-N, and TN vectors. Although these sites were higher in
Extractable P and MAOM-C:N ratio, overall SOC and nitrogen pools were lower.

Samples in the 10-TSW treatment followed a similar elevation-dependent distribution to
50+TSW. This alignment suggests that high elevation sites in the 10-TSW treatment were
chemically similar to high elevation control sites, reflecting recovery of SOM pools and nutrient
availability after a decade of ecological succession. In contrast to this, low elevation 10-TSW
sites cluster in a way that aligns with the pH, EC, TN, POM-N, and MAOM-N vectors. The PCA
demonstrates that low elevation 10-TSW were more chemically similar to the recently disturbed
5-TSW group.

Samples in the 5-TSW treatment form a tightly clustered group encompassing both high
and low elevation sites, located almost entirely above the PC1 axis and to the left of the PC2
axis. Regardless of elevation, these sites align with vectors for pH, EC, TN, POM-N, and
MAOM-N. The clustered distribution of both elevation classes suggests that wildfire imposes a
strong homogenizing effect on soil chemical properties.

PERMANOVA (Table 1.3) and PCA (Fig. 1.6) results suggest elevation is an important
factor in post-fire recovery of soil chemical properties. The distribution of soil chemical
properties over time since wildfire in the PCA plot indicates divergent recovery trends based on

elevation class. Wildfire initially induces a homogenizing effect, where the most recently
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disturbed sites are the most chemically similar across both elevation classes. After 10 years of
post-wildfire recovery, high elevation sites more closely resembled the 50+ year “unburned”
control, indicating that recovery time is shorter at higher elevations. In contrast to this, low
elevation 10-TSW sites remain more chemically similar to 5-TSW sites, suggesting that low
elevation recovery was delayed.

Other studies have detected similar post-wildfire trends, where the effects of fire severity
are most pronounced immediately after disturbance. In the years following a burn event, the
primary driver of soil chemical composition often shifts from fire severity to topographic factors
such as elevation and slope (Kong et al., 2018; Kong et al., 2019; Dhungana et al., 2024).
Warmer temperatures, optimal precipitation, and deeper soils of lower elevations in the western
Sierra Nevadas generally enhances ecosystem productivity, facilitating microbial activity and
biogeochemical cycling (U.S. Geological Survey, 2000; U.S. Forest Service, 2001). However,
contrary to established ecological gradients, our study found that recovery of soil chemical
properties was faster at high elevation sites than at low elevation sites. Accelerated recovery
observed at high elevation in this study may reflect lower fire severity at those locations,
potentially due to differences in vegetation type and greater soil moisture (Fang et al., 2015).
1.3.3.2. Chemical and physiochemical soil health indicators sensitive to change post-wildfire

Mixed effects models showed that in the soil surface, TSW had significant effects (p <
0.05) on soil pH, MAOM-N, C:N ratio, and MAOM-C:N ratio; elevation class had significant
effects (p < 0.05) on total carbon, total nitrogen, POM-C, MAOM-C, and POM-N (Table 1.4).
The interaction between TSW and elevation class (TSW x elevation class) had significant effects
(p <0.05) on pH, EC, POM-C, and C:N ratio. In the soil subsurface, TSW had significant effects

(p <0.05) on pH; elevation class had significant effects (p < 0.05) on total carbon, total nitrogen,
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POM-C, MAOM-C, POM-N, and MAOM-C:N ratio; and the interaction (TSW x elevation class)

had significant effects (p < 0.05) on pH and EC (Table 1.4).
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Table 1.4. ANOVA of mixed effects models for soil health indicators at 0-5 and 5-15 cm.

Response Model Term 0-5 cm 5-15cm
Variable
df Test p-value df Test p-value
Statistic Statistic
pH TSW 5.27 0.0209 * 5.09 0.0233 *
Elev. Class 1 0.374 0.551 1 1.20 0.293
(TSW x Elev. Class) 2 10.7 0.00177*%* 2  8.40 0.00455 **
EC TSW 0.168 0.847 0.358 0.706
Elev. Class 1 0975 0.341 1 322 0.0960
(TSW x Elev. Class) 2 6.58 0.0106 * 2  9.28 0.00314 **
TC TSW 1.02 0.388 1.93 0.185
Elev. Class 1 135 0.00281 ** 1 10.5 0.00647 **
(TSW x Elev. Class) 2 3.10 0.0792 2 1.89 0.190
TN TSW 1.81 0.203 3.14 0.0774
Elev. Class 1 6.11 0.0280 * 1 499 0.0437 *
(TSW x Elev. Class) 2 1.36 0.292 2 0944 0.414
Extractable P  TSW 0.152 0.860 0.552 0.589
Elev. Class 1 0.0883 0.771 1 0.0001 0.993
POM-C TSW 0.823 0.461 1.54 0.251
Elev. Class 1 139 0.00255** 1 139 0.00252 **
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Figure 1.7. Comparison of chemical soil health indicators sensitive to change for: a) pH, b) EC,
c¢) MAOM-N, and d) C:N ratio, significance determined by ANOVA, between the 50+ year
(control) and 10- or 5- year since burn treatments at high and low elevations. Points on the plot are
mean values, whiskers show standard error, and dashed lines with A indicate the percent-difference
between means. The filled circle and clear triangle on the plot indicate the sampling depth of each
percent-difference and significance value.

Surface pH was significantly associated with TSW and the interaction between TSW x
elevation class (p < 0.05) (Table 1.4; Fig. 1.7a). At high elevation sites, no significant difference
was observed in surface soils between 10-TSW and control sites. However, surface pH at 5-TSW
was 14.83% higher (mean = 5.81; p = 0.0163) than mean surface pH of control sites (mean =
5.06). In contrast, surface pH at low elevation was elevated by 16.06% at 10-TSW (mean = 5.72;
p =0.0066) compared to control sites (mean = 4.93). No significant differences were detected in
surface pH between 5-TSW and control sites. Subsurface soil pH (5-15 cm) followed the same
trends as surface horizons.

EC was significantly associated (p < 0.05) with the interaction between TSW x elevation
class (Table 1.4; Fig. 1.7b). Despite this, neither Tukey’s HSD (see supplemental material, Table
S3) nor Dunnett’s post hoc tests detected significant differences in surface horizon EC among
TSW treatments and the control. In contrast, subsurface EC at high elevation was 50.7% lower at

10-TSW (mean = 0.0325 dS/m; p = 0.0247) compared to the control (mean = 0.0659 dS/m).
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Subsurface EC at low elevation was 80.35% higher at 10-TSW (mean = 16.56 dS/m; p = 0.0297)
compared to the control (mean = 9.95 dS/m). No significant differences were detected between
5-TSW and control sites at high or low elevation.

MAOM-N differed significantly over time since wildfire in the soil surface (Table 1.4;
Fig. 1.7¢). At high elevation, the control and TSW treatments were statistically indistinguishable.
However, MAOM-N was elevated in 5-TSW compared to the control. At low elevation, 5-TSW
sites were 94.52% (mean = 1.27 mg N/g soil; p = 0.0458) higher than the control (mean = 0.655
mg N/g soil). Overall, soil MAOM-N was consistently higher in 5-TSW sites compared to the
control across both elevation classes.

C:N ratio was statistically significant over time since wildfire (p < 0.05) and the
interaction between time since wildfire and elevation class (p < 0.05) in the soil surface (Table
1.4; Fig. 1.7d). High elevation surface C:N ratio at 5-TSW sites was significantly lower by
34.01% (mean = 18.03; p = 0.0147) compared to the control (mean = 27.33). Similarly, high
elevation surface MAOM-C:N ratio at 5-TSW sites were significantly lower by 29.81% (mean =
15.89; p = 0.0067) than the control (mean = 22.64).

Overall, the chemical soil health indicators most sensitive to change over time since
wildfire were soil pH, EC, stabilized organic nitrogen (MAOM-N), C:N and MAOM-C:N ratios.
Ephemeral increases in soil pH and EC are common after fire. Combustion of biomass supplies
large pulses of base cations and soluble ions to change these properties (Chorover et al., 1994;
Johnson et al., 2005). Our findings suggest pH change is short lived at high elevation and
possibly longer lasting at low elevation (Fig. 1.7). EC may reveal a similar trend at low
elevation. While only significant at low elevation (5-TSW), the trend of higher MAOM-N post-

fire may be attributed to charred organic matter, which can lead to the formation of heterocyclic
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aromatic nitrogen compounds (Knicker, 2007; Lopez-Martin et al., 2018). These compounds are
considered recalcitrant compared to other nitrogen forms, effectively removing nitrogen from
internal cycling processes (Bingham & Cotrufo, 2016). Our findings of elevated MAOM-N in
recently burned sites align with Burgeon et al. (2021), who found pyrogenic organic matter can
become sorbed onto mineral surfaces. Furthermore, Lopez-Martin et al. (2018) reported a
decrease in heterocyclic aromatic nitrogen after seven years of post-fire recovery, consistent with
the decrease in MAOM-N we observed between the 10-TSW treatment and the control. We did
not directly measure charcoal; it was visually identified at the burned field sites. Wildfire has
been found to reduce C:N ratios immediately after fire, which then increase with recovery time
(Baird et al., 1999; Hatten et al., 2005; Kong et al., 2022). This is consistent with our findings at
high elevation sites, where C:N and MAOM-C:N ratios were both lower at 5-TSW compared to
the control, but increased to control levels within one decade.
1.3.4. Changes in Physical Soil Health Indicators
1.3.4.1. Overall recovery trends over time since wildfire

Soil physical properties differed between elevation classes (p < 0.001) and the interaction
of TSW and elevation class (p < 0.05), where the soil physical state in each TSW group
depended on elevation (Table 1.5). There was evidence of a strong multivariate relationship of
physical properties with the main and interaction effects, where ~50% of the variation in the data

was unexplained by this model.
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Table 1.5. Permutational Analysis of Variance (PERMANOVA) by the Bray-Curtis dissimilarity
method showing the main effects of TSW and elevation class, and the interaction of
TSW#*elevation class on soil physical properties: aggregate stability, bulk density, and rock
fragment volume. The table includes degrees of freedom (df), coefficient of determination (R?),
test statistic (Pseudo-F), and significance level (p-value).

Model Term df R? Pseudo-F p-value
TSW 2 0.02634 0.8381 0.4393
Elevation Class 1 0.35552 22.6260 0.0001 ***
TSW x Elev. Class 2 0.11533 3.6700 0.0326 *
Residual 32 0.50281

Total 37 1.00000

The table includes degrees of freedom (df), coefficient of determination (R?), test statistic (Pseudo-
F), and significance level (p-value).

1.3.4.2. Physical soil health indicators sensitive to change post-wildfire

The ANOVA results of mixed effects models in Table 1.6 indicate that aggregate
stability, bulk density, and rock fragment volume were significantly different between elevation
classes in both sampling depths (aggregate stability only significant in the soil surface).
However, bulk density was the only physical property that changed significantly with time since
wildfire. Recovery trends for bulk density varied depending on elevation class, where the control
group trends toward lower values than the 10- and 5-TSW groups at high elevation, and trends
toward higher values than the 10- and 5-TSW sites at low elevation. Literature suggests that
there is a great deal of variation in post-burn aggregate stability and bulk density among studies.
The response of bulk density to wildfire remains inconclusive, with some studies reporting
increases (Mataix-Solera et al., 2011; Agbeshie et al., 2022) while others document decreases
after fire (Agbeshie et al., 2022). Elevated aggregate stability was observed with increasing water
repellency in some instances, where the waxy residues from volatilized compounds were shown

to hold aggregates together (Mataix-Solera et al., 2011).
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Table 1.6. ANOVA of mixed effects models for soil health indicators at 0-5 and 5-15 cm.

Response Model Term 0-5 cm 5-15cm
Variable df Test p-value df Test p-value
Statistic Statistic
Aggregate TSW 2 0.751 0.492 2 3.57 0.0582
Stability Elev. Class 1 5.28 0.0390 * 1 445 0.0549
(TSW x Elev. Class) 2 2.70 0.105 2 0.953 0.411
Bulk Density TSW 2 3.19 0.203 2 4.60 0.0375*
Elev. Class 1 848 0.00359 ** 1 154 0.00146 **
(TSW x Elev. Class) 2  8.28 0.0159 * 2 6.30 0.0165 *
Rock TSW 2 1.38 0.288 2 138 0.297
Fragment Elev. Class 1 9.26 0.00975 ** 1 4.99 0.0434 *
Volume (TSW x Elev. Class) 2 3.00 0.0873 2 217 0.165
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Figure 1.8. Comparison of physical soil health indicators sensitive to change between the 50+ year
(control) and 10- or 5- year since burn treatments at high and low elevations. Points on the plot are
mean values, whiskers show standard error, and dashed lines with A indicate the percent-difference
between means. The filled circle and clear triangle on the plot indicate the sampling depth of each
percent-difference and significance value.

The ANOVA of mixed effects models detected significance over time since wildfire for

bulk density, where both surface and subsurface soils differ between TSW groups across

elevation classes (Table 1.6; Fig. 1.8). At high elevation sites, surface bulk density was 50.77%

higher at 10-TSW sites (mean = 0.943 g/cm?; p = 0.00254) than the control (mean = 0.625
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g/cm®). Similarly, surface bulk density at 5-TSW sites was 29.45% higher (mean = 0.810 g/cm’;
p = 0.0202) than the control (mean = 0.625 g/cm?). Subsurface bulk density was not significantly
different. At low elevation, a significant reduction in bulk density was observed for 5-TSW by
16.55% (mean = 0.886 g/cm?; p = 0.0133) compared to the control (mean = 1.061 g/cm?) (Fig.
1.8). Results indicate that bulk density and its recovery trajectories differ markedly between high
and low elevation. At high elevation, recent burn sites exhibited significantly higher bulk
densities compared to the control. This may be the result of reduced porosity as organic matter
combusts and ash fills void space, which collapses soil structure and increases compaction
(Certini, 2005; Verma & Jayakumar, 2012; Agbeshie et al., 2022). Similar trends in bulk density
were detected by Mataix-Solera et al. (2011), Xue et al. (2014), Wieting et al. (2017), and Kooch
et al. (2024), where wildfire caused immediate and significant increases in bulk density.

Consistent with patterns observed for other soil properties in this study, bulk density
appears to change more rapidly at low elevation sites. After one decade of post-wildfire
recovery, bulk density was statistically indistinguishable from the control. In contrast, 10-TSW
and 5-TSW sites at high elevation sites are statistically different from the control, indicating
slower recovery at high elevations (Fig. 1.8). Chief et al. (2012) also detected lower bulk density
in the aftermath of fire and suggested that this decrease may be attributed to fire-induced soil
vapor expansion, allowing for an ephemeral increase in porosity.
1.4. Conclusion

Recovery trends in the decades following catastrophic wildfire differed by elevation,
where high elevation sites appear to exhibit faster overall recovery than low elevation. After 10
years of post-wildfire recovery, high elevation burn sites more closely resembled the control than

the 5-TSW treatment. In contrast, low elevation sites remained more chemically and physically
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similar to the 5-TSW treatment, suggesting slower recovery. Soil microbial community
composition underwent structural changes in the aftermath of catastrophic wildfire, reflected by
changes in Shannon diversity, beta diversity, and PLFA structural ratios over time since wildfire.
Although many dynamic soil properties did not show change in response to wildfire or recovery
time, several indicators were identified as sensitive to change. These included O horizon
thickness, water repellency, predator:prey ratio, GP:GN ratio, sat:unsat PLFA ratio, Shannon
diversity, pH, EC, MAOM-N, C:N ratio, MAOM-C:N ratio, and bulk density.

Overall, findings support our hypotheses that soil health recovery depends on time since
burn and environmental factors such as elevation. However, this study was constrained by the
absence of direct pre- and post-fire measurements and lack of data on fire severity. Landscapes
are heterogenous, with varying topography, and microclimate, which creates inconsistency in the
severity and intensity of wildfire. This presents the challenge of accurately and consistently
predicting how wildfire impacts soil health. Future research should assess soil health across a
broader range of environmental conditions and fire severities to improve our understanding of

soil health recovery after catastrophic wildfire.
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Near Surface and Deep Soil Organic Carbon Dynamics During Post-Wildfire Recovery in
the Sierra Nevada, USA
2.1. Introduction

Forests are the largest terrestrial carbon (C) sink, containing nearly 70% of global soil
organic carbon (SOC) (Lal, 2005; Jandl et al., 2007; North & Hurteau, 2011). In the continental
United States, temperate forests alone store an estimated 17-37 Pg of carbon, accounting for
roughly 53% of terrestrial C in these ecosystems (Pan et al., 2024). However, this substantial C
reservoir is increasingly at risk from catastrophic wildfires (McCool et al., 2023). Climate
change is intensifying weather extremes, including prolonged drought and rising global
temperatures, which heighten wildfire frequency and severity (Nave et al., 2011; Earls et al.,
2014; Abatzoglou & Williams, 2016). Additionally, decades of fire suppression and conventional
forest management practices in the United States have led to dense, homogenous, and fire
intolerant canopy structures that promote high intensity burns (McKelvey et al., 1996; Certini,
2005; Collins et al., 2007; Beaty & Taylor, 2008). This has facilitated an emerging regime of
extreme fire behavior that poses a significant threat to forest C stocks and may further reduce
ecosystem productivity through alteration of cycling.

SOC loss has cascading effects on ecosystem productivity, primarily through the
reduction of microbial activity and alteration of nutrient stocks and cycling including cation
exchange capacity (CEC) (Powlson et al., 2015). Immediately following catastrophic wildfire,
SOC pools are depleted due to their relatively low volatilization temperature, removing C as an
available microbial energy source (Baird et al., 1999; Chen & Xu, 2010; Sahu et al., 2017). This
disrupts the soil microbial carbon pump (MCP), which is a conceptual framework that outlines

the role of microbial anabolism in C stabilization (Liang et al., 2017; Liang, 2020; Moukanni et
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al., 2022). Disruption of this crucial C input pathway reduces CEC due to the substantial
proportion that SOC contributes (~50%) to nutrient retention and soil fertility (Powlson et al.,
2015; Solly et al., 2020).

Despite initial fire induced SOC losses, ecological succession is a major contributor of
post-disturbance regeneration and cycling (Badalamenti et al., 2019; Duan et al., 2020; Xing et
al., 2023). The establishment of graminoids and shrubs in disturbed areas, and their subsequent
overtaking by competition from conifer stands, may alter allocation of C to SOC pools. In the
context of post-wildfire recovery and ecological succession, particulate organic matter (POM)
and mineral-associated organic matter (MAOM) formation depends on the amount and quality of
litter from vegetation input, as well as physio-chemical interactions of microbially processed
SOC with mineral surfaces (Lavellee et al. 2020; Moukanni et al., 2022; Peter-Contesse et al.,
2024; Zhu et al., 2024). POM is primarily comprised of fractionated and depolymerized plant
and fungal material (Lavallee et al., 2020; Moukanni et al., 2022; Leuthold et al., 2024). The
MAOM fraction forms as a byproduct of microbial decomposition. Stabilization of MAOM
occurs via physio-chemical protection from microbial uptake through sorption to soil mineral
surfaces and occlusion in microaggregates (Lavallee et al., 2020; Cotrufo & Lavallee, 2022;
Moukanni et al., 2022; Angst et al., 2023; Leuthold et al., 2024). The POM fraction has been
observed to increase in post-disturbance secondary succession compared to climax forest
communities, whereas MAOM continued to increase with forest regeneration (Zhu et al., 2024).
This is likely the result of a compositional shift in leaf litter from low to high C:N ratio with
forest succession, as pioneer species generally produce higher quality, more readily
decomposable litter (low C:N ratio) relative to mature conifer stands (Zhang et al., 2008; Morffi-

Mestre et al., 2023). Furthermore, belowground regeneration of complex root systems
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contributes to SOC inputs as root exudates, stimulating microbial activity and further facilitating
fractionation (Lavallee et al., 2020; Xing et al., 2023). Black carbon (BC) may persist in soil
after wildfire as POM, dissolved organic C, and possibly MAOM.

The objective of this study was to evaluate SOC stocks and fractions in soils recovering
from wildfire relative to sites with no documented history of fire (termed herein unburned sites)
in mixed conifer forests of the central Sierra Nevada. The approach leverages systematic
variation in soil (Inceptisols vs Alfisols) as documented by high and low montane elevations to
evaluate deep soil and near surface C stocks and fractions.

2.2. Materials and Methods
2.2.1. Site Description

The study area was located in the Stanislaus and Sierra National Forests of California’s
central Sierra Nevada mountains. Burned and unburned sites were identified within and around
perimeters of the Rim fire (summer of 2013) and Ferguson fire (summer of 2018) . Together,
these catastrophic wildfires impacted approximately 354,215 acres of land across Tuolumne and
Mariposa counties (CalFire FRAP). Adjacent land within the Stanislaus and Sierra National
Forests that has not been affected by fire within the past 50 years were considered unburned as
no fires had been documented by CalFire and USFS.

Study sites were stratified by high (5,000-7,000 ft) and low (2,700-4,900 ft) elevations to
reflect systematic differences in soil and C cycling. Mean annual precipitation (MAP) is 800 to
1000 mm in the low elevation band and 1,000 to 1,250 mm in the high elevation band. Mean
annual air temperature (MAAT) is 11 °C at low elevation sites and 9 °C at high elevation sites

(WSS, 2024). The Koppen-Geiger climate classification system identifies this area as affected by
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hot, dry summers and cool, moist winters (California Soil Resource Lab, n.d.). Soil temperature
and moisture regimes are mesic and xeric, respectively.

Overstory vegetation (when present) in the study site is dominated by incense cedar
(Libocedrus decurrens), ponderosa pine (Pinus ponderosa), white fir (4Abies concolor), sugar
pine (Pinus lambertiana), black oak (Quercus kelloggii), canyon live oak (Quercus chrysolepis),
and leather oak (Quercus durata). Distribution of oak species is more common at low elevation
sites, with canyon live oak only present. Understory vegetation across both elevations consists
primarily of perennial shrubs, graminoids, and forbs (U.S. Department of Agriculture, 2023; U.S.
Department of Agriculture, 2024; CalScape, 2024).

Soils in the study area were derived from granitic colluvium, residuum, and till (Hill,
2006; WSS, 2024). High elevation sites were represented by the Gerle soil series, Coarse-loamy,
mixed, superactive, frigid Humic Dystroxerepts. Soils sampled from the low elevation
represented the Holland soil series, Fine-loamy, mixed, active, mesic Ultic Haploxeralfs (WSS,
2024). Sampling occurred in 2023 and 2024.

2.2.2. Soil Sampling

A total of eighteen sites were selected in the study area, stratified by high and low
elevations. Of the nine sample sites in each elevation band, six sites were selected from within
fire affected areas and three sites from unburned areas. Each sample site consisted of one central
soil profile excavation to approximately 1-m depth, and four adjacent satellite sites at 15 cm
depths. From the soil profiles, genetic horizons were identified, described, and sampled using
standard soil survey techniques (Soil Survey Staff, 2012). The four satellite sites were located
approximately 10-m away from the central soil profile in each cardinal direction. Samples

collected at the satellite sites were divided into 0-5 cm and 5-15 cm depths. Bulk density cores
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were collected from each genetic horizon of the central soil profile and both sampling depths of
the satellite sites.
2.2.3. Laboratory Analysis

Bulk soil samples from the central profile and satellite sites were air-dried in the lab until
the total mass stabilized, then were passed through a 2-mm mesh. Soil < 2-mm was analyzed for
SOC as total C concentration (TC) in the bulk soil. Here we use the terminology total C,
however, TC can be assumed to equal total SOC given the low pH (< 6.0) at all sites. Particulate
organic carbon (POM-C), and mineral-associated organic carbon (MAOM-C) fractions were
measured following the particle size fractionation procedure modified from Cotrufo et al. (2019).
5 g of 2-mm air-dried soil was dispersed in 30 mL of 0.5% Na(PO3)s by shaking for 18 hours.
The resulting slurry was wet-sieved through a 53-pum mesh to separate the fine and coarse soil
fractions, then oven-dried at 60 °C until completely dry. SOC in the bulk soil and in
POM/MAOM fractions was assessed by the dry combustion method using the ECS 8024 Soil
Special Costech elemental analyzer. Bulk density and rock fragment volume were determined
from volumetric cores collected at the field sites. Missing bulk density samples that could not be
collected in the field were supplemented with data from Web Soil Survey (WSS, 2025).
2.2.4. Calculations

SOC inventories were calculated as the sum of SOC stocks to a depth of 1-m in the
central soil profile. SOC stocks were determined by multiplying the TC concentration (g C/g
soil) by bulk density (g/cm?), horizon thickness (cm), and (1-fraction of rock). The result was
converted from units of g/cm? to kg/m?. Satellite sites were also aggregated as a depth weighted
average, where both sampling depths (0-5 cm and 5-15 cm) were analyzed as one depth (0-15

cm).
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SOC inventory =

X (total carbon (%) x bulk density (%) x horizon thickness (cm) x (1 —

cm

fraction of rock))

2.2.5. Statistical Analysis

All data was analyzed using RStudio. Differences in surface SOC (0-15 cm) between
burned and unburned sites at high and low elevations was assessed with two-way analysis of
variance (ANOVA). When significance was detected, Tukey’s HSD was utilized to identify
pairwise differences between treatments effects. SOC in the central soil profile was assessed with
the slice-wise aggregation algorithm by 15-cm depth increments, analyzed with two-way
ANOVA and Levene’s test (Beaudette et al., 2013). Depth plots were visualized with the
Algorithms for Quantitative Pedology (AQP) package depicting the median, 25" percentile, and
75" percentile. Sample sizes were smaller for whole soil compared to the near surface
investigation.
2.3. Results
2.3.1. Post-wildfire surface SOC recovery trends

Results from near surface soil horizons (0-15 cm) demonstrated that the soil C content
and its fractions either increased or were statistically indistinguishable within the first decade of
post-wildfire recovery (Table 2.1; Fig. 2.1). SOC was consistently higher at high elevation sites
compared to low elevation sites regardless of burn status, with the exception of burned low
elevation MAOM-C (Table 2.1; Fig. 2.1). Furthermore, a divergence in SOC trends was detected
between burned and unburned sites by elevation. High elevation sites were statistically
indistinguishable by burn status. At low elevation, TC concentration and MAOM-C of post-

wildfire recovery sites were statistically higher than unburned sites (Fig. 2.1).
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Table 2.1. Comparison of changes in soil C fractions by burn status, elevation, and the interaction
effect of burn and elevation using two-way ANOVA.

Measurement ~ ANOVA term Df F-value p-value

Carbon Stock Burn 1 9.32 0.0032**

(kg/m?) Elevation 1 15.8 0.00017%%**
Burn x Elevation 1 0.238 0.63

TC Burn 1 3.25 0.076

concentration Elevation 1 28.4 0.0000011 **=*

)

(%0) Burn x Elevation 1 4.14 0.046*

POM-C Burn 1 0.392 0.53

(mg C/gsoil)  Elevation 1 18.9 0.000064***
Burn x Elevation 1 2.26 0.14

MAOM-C Burn 1 9.36 0.0035%*

(mg C/gsoil)  Elevation 1 14.7 0.00033%**
Burn x Elevation 1 1.47 0.23

TC concentration was 53.8% higher in soils recovering from wildfire (mean =
3.42%; p = 0.029) compared to unburned sites (mean = 2.23%) (Fig. 2.2). Similarly,
MAOM-C was 73.3% higher (mean = 18.7 mg C/g soil; p = 0.015) compared to unburned
sites (mean = 10.8 mg C/g soil) (Fig. 2.2). No significant differences by burn status were

detected at high elevation sites, or for low elevation C-stock and POM-C (Fig. 2.2).
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Figure 2.1. Soil carbon from (0-15 cm) at high and low elevations for unburned and sites
recovering from wildfire (burned) a) carbon stocks, b) total carbon concentration, ¢) particulate
organic carbon, and d) mineral-associated organic carbon. Bars represent mean values, whiskers
depict standard error, and letters denote significant differences between mean values at o = 0.05
by Tukey’s HSD.

2.3.2. SOC distribution to I meter depth

SOC inventories were statistically indistinguishable relative to burn status and elevation
when considering 1-m as a whole soil (termed herein whole soil) (Table 2.2; Fig. 2.2). Whole
soil SOC inventories were numerically elevated in soils recovering from wildfire, and marginally

higher in high elevation sites compared to low elevation sites (Fig. 2.2).
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Table 2.2. Two-way ANOVA of SOC inventories between unburned and burned sites, at high and
low elevations, and the interaction effect of burn status and elevation.

ANOVA term Df F-value p-value
Burn 1 1.21 0.29
Elevation 1 3.85 0.069
Burn x Elevation 1 0.415 0.53

Burn

- Unburned
- Burned

SOC Inventory (kg/m2)

High Low
Figure 2.2. Soil carbon inventories (cumulative SOC stocks from soil profiles to 1 m) from
unburned and sites recovering from wildfire (burned) at high and low elevations. Bars represent
mean values, whiskers depict standard error, and letters denote significant differences between
mean values at o = 0.05 by Tukey’s HSD.

Depth trends in TC concentration show subtle differences in C allocation both by
elevation and as a result of burn status, but most depth intervals were not statistically different.
At high elevation, median TC and MAOM-C in subsoils recovering from wildfire (20-65 cm
depths) were higher than unburned soils (Fig 2.3a). Variability was also much higher in these
profiles. Median values of surface horizons (0-20 cm) and deep horizons (>65 cm) were similar
as a result of burn status. At low elevation, differences in TC and C fractions were evident in
surface horizons (0-15 cm), where soils recovering from wildfire had higher median values (Fig.

2.3b). MAOM-C showed the most notable difference between burned and unburned soils. At
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depth (> 15 cm), no observable differences in TC or POM were evident. Median MAOM values

in sites recovering from fire were slightly higher than unburned sites at depths below 15 cm.
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Figure 2.3. Depth plots from burned and unburned sites of total carbon concentration (%),
particulate organic carbon, and mineral-associated organic carbon at a) high elevation sites, and b)
low elevation sites. The median (solid lines) is bound by the 25" and 75" percentiles (highlighted
with dashed lines). Note that fractions have different x-axis scales. Data was aggregated at 1-cm
increments across the y-axis for visualization.

2.4. Discussion
Post-wildfire SOC recovery occurred at both high and low elevation sites. In some cases,

SOC in sites recovering from fire exceeded unburned levels, with the most evident differences
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occurring near the soil surface. Based on our findings, MAOM appears to be the greatest
contributor to SOC recovery. The conceptual diagram in Fig. 2.4 outlines recovery pathways of
SOC at both elevations after initial losses from wildfire, where SOC increases can be attributed
to persistence of coarse BC, preferential BC sorption to the soil mineral surface, new C additions
from low C:N litter, and root rhizodeposition from secondary succession species. Although high
elevation sites have elevated SOC compared to low elevation sites, the mechanisms of post-
wildfire SOC recovery are similar at both elevations.

2.4.1. Litter and SOC loss from fire

Litter layers are essential to forest soil health, protecting the soil surface in many ways
(Hatten et al., 2005; Mataix-Solera et al., 2011; Verma & Jayakumar, 2012). SOC accumulation
in the topsoil occurs through physical fragmentation of litter or leaching of dissolved organic
carbon (DOC) (Lavallee et al., 2020; Moukanni et al., 2022). Although this SOC mixes into the
soil profile over time via abiotic processes or bioturbation, the most C-rich layer is generally the
uppermost horizon (Shrestha et al., 2010; Gross & Harrison, 2019; Duan et al., 2020).

The soil environment immediately after wildfire, depending on severity, is characterized
by losses of the litter layer and SOC. SOC loss depends on the duration and intensity of wildfire,
which together determine the depth at which extreme heating occurs (Caldwell et al., 2002;
Certini, 2005). High severity wildfire combusts the litter layer, which functions both as a direct
SOC source and as a layer of topsoil protection against erosion (Hatten et al., 2005). Longer
duration and high intensity wildfire penetrate deeper into the soil profile, which can induce
microbial mortality and volatilize organic material (Baird et al., 1999; Certini, 2005; Barcenas-
Moreno & Baath, 2009; Fonturbel et al., 2012). Unanchored soil material may be lost to wind or

water erosion following wildfire, removing remaining organic material from the soil
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environment (Hatten et al., 2005; Bormann et al., 2008; Mataix-Solera et al., 2011; Verma &
Jayakumar, 2012; Pierson et al., 2019).
2.4.2. Transformations of material to black carbon

Regardless of initial SOC losses, elevated SOC in the recovery period following wildfire
(Fig. 2.2 & 2.3) may be in part attributed to formation of black carbon (BC), which can
contribute to both POM and organo-mineral associations (Lopez-Martin et al., 2018; Burgeon et
al., 2021). Incomplete combustion of organic material produces BC, which is characterized by its
contributions to C sequestration and soil fertility (Liang et al., 2006; Czimczik & Masiello, 2007;
Cheng et al., 2014; Qu et al., 2016; Lian & Xing, 2017). It has been estimated that as much as
3% of the preexisting ecosystem C remains in soil as BC (Forbes et al., 2006). Formation of BC
also increases SOC content through its enhanced recalicitrance, and physical protection by
occlusion in aggregates and sorption to the soil mineral surface (Knicker, 2007; Cheng et al.,
2014; Lopez-Martin et al., 2018; Burgeon et al., 2021). BC recalcitrance is derived from
combustion-induced molecular transformations. This phenomenon is referred to as the
“combustion continuum”, where a gradient of increasing combustion temperatures correlates to
greater aromaticity. At high enough temperatures, these aromatic structures condence to form
clusters (Masiello, 2004; Keiluweit et al., 2010; Wagner et al., 2021). BC is therefore highly
stable, resistant to microbial degradation with a mean residence time estimated at thousands of
years (Kuzyakov et al., 2009; Posada-Baquero & Ortega-Calvo, 2011; Llorente et al., 2018).
While BC surface functionality is heterogeneous and depends heavily on the material it was
derived from, it is commonly comprised of carboxylic and phenolic species (Cheng et al., 2014;
Qu et al., 2016; Burke et al., 2024). These functional groups preferentially sorb to iron

oxyhydroxides, which have been established as important facilitators of C sequestration (Luo et
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al., 2019; Klaes et al., 2023). This may be one mechanism of BC persistence in our study site due
to the prevalence of granitic parent material. One common mineral found in Sierra Nevada
granitic rock is hornblende, a type of amphibole that weathers to iron oxyhydroxides (Perkins,
n.d.; Feth et al., 1964; Cheng et al., 2008; Klaes et al., 2023). Alongside chemical recalcitrance,
BC can be physically protected from biodegradation by occlusion in soil aggregates. Brodowski
et al. (2006) found that BC is preferentially occluded within soil aggregates over other SOC
materials due to its sorption capacity to both SOM and mineral surfaces, highlighting its role in
SOC stabilization. Free and occluded BC is mixed into the soil profile over time since wildfire,
further contributing to long-term C stabilization (Shrestha et al., 2010).

2.4.3. Plant succession and additions of new C

SOC generally undergoes rapid increases in the early to intermediate stages of ecological
succession, largely in response to elevated plant and microbial productivity that characterizes
these regimes and decomposition of dead root tissue (Swanson et al., 2011; Gundale et al., 2024).
Odum’s theory of ecological succession establishes that plant productivity increases with
recovery time following disturbance, but declines once forest communities reach maturity. This
reflects a strategic ecosystem dynamic where early to intermediate successional communities
prioritize productivity, while mature stands have achieved a steady state of C cycling (Odum,
1969; Stoy et al., 2008; Gundale et al., 2024).

Sites recovering from wildfire were dominated by secondary succession species,
consisting of drought- and full-sun tolerant perennial shrubs in an open canopy environment.
These perennial shrubs provide new SOC additions to near surface and subsurface horizons.
Commonly observed post-wildfire vegetation in the study area consisted of greenleaf manzanita

(Arctostaphylos patula), and nitrogen fixers buckbrush (Ceanothus cuneatus), deerbrush
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(Ceanothus intergerrimus), and whitethorn ceanothus (Ceanothus cordulatus), which are
characterized by high quality (low C:N) litter and complex root systems that extend at least 50
cm into the soil profile (USDA PLANTS database, n.d.). Atmospheric C is sequestered as root
biomass, further facilitating SOC cycling via subsurface root litter additions and rhizodeposition
(Lei et al., 2023). DOC is a product of rhizodeposition, the formation and translocation of which
promotes microbial activity and SOM stabilization as MAOM (Sanderman et al., 2008; Kaiser &
Kalbitz, 2012; Srivastava & Yetgin, 2024). DOC undergoes physio-chemical alterations and
microbial processing during translocation, leading to stabilization of hydrophobic and high
molecular weight compounds and domains through organo-mineral interactions (Kaiser & Zech,
2000; Jagadamma et al., 2012; Kaiser & Kalbitz, 2012).

Litter quality also influences SOC accumulation and its fractionation. Yang & Luo
(2011) found that forest litter quality decreases with stand age, where leaf C:N ratio is low in
early successional stages and increases as forests mature. Low C:N litter is more readily
decomposed by soil microbes, which may explain why MAOM appears to be the dominant
fraction leading to recovery after wildfire. Conversely, unburned study sites consisted of mature
mixed conifer stands, where secondary succession species had been outcompeted by conifers and
the litter layer was dominated by low quality coniferous detritus (Zhang et al., 2008).
2.4.4. Depth

Within the whole soil profile, there appears to be limitations in the depth at which fire-
induced changes occur (Fig. 2.3). Our results suggest that the most dynamic changes may have
occurred in the top 15 cm of soil. The literature documents inconsistencies in effects of wildfire
on SOC (Badia et al., 2014), including soil recovery (Prieto-Fernandez et al., 1998). Differences

in SOC loss are mainly a result of heat transfer, which decreases with depth depending on fire
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intensity and water content (Santiesteban-Serrano et al., 2025). Elevated temperatures associated
with wildfire rarely transfer deeper than 20-30 cm in the soil profile, which constrains immediate
effects of wildfire (Certini, 2005; Caon et al., 2014). Some have suggested that these
inconsistencies are partially due to the dilution of soil measurements when sampling layers with
a thickness that exceeds the effect of fire (Badia et al., 2014). This may be why our whole soil
stocks were similar but near surface changes were statistically different. However, wildfire
effects on SOC was detected to a depth of 65 cm in the recovery period of this study (Fig. 2.3).
Therefore, post-wildfire translocation of SOC and microbial productivity gradients may be
mechanisms that constrain differences in SOC between burned and unburned sites deeper than
65 cm. Rhizodeposition from perennial root systems extending approximately 50 cm and mixing
of SOC throughout the soil profile from increased net primary productivity may have a priming
effect on deep soil microbial activity (USDA PLANTS database, n.d.; Sanderman et al., 2008;
Kaiser & Kalbitz, 2012; Xu et al., 2022; Gundale et al., 2024). While microbial biomass
generally declines with depth, elevated resource availability could have induced the deep SOC

processing observed in Fig. 2.4 (Fierer et al., 2003; Eilers et al., 2012).
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Figure 2.4. Conceptual diagram of SOC across successional stages following wildfire. Darker soil
profiles represent greater overall carbon content compared to the lighter soil profile in the upper
two horizons immediately after wildfire. Carbon loss from combustion is also depicted

immediately after wildfire. Lower quality litter (high C:N ratio) limit microbial uptake, leading to
thicker litter layers and greater accumulation of POM in the unburned state. During the recovery

phase, elevated SOC results from inputs of higher quality litter (low C:N ratio) and persistence of
black carbon. Coarse material contributes to the POM fraction, while co-sorption, competitive

displacement, and organo-mineral interactions contributes to the MAOM fraction.

The effects of wildfire on SOC inventories and cycling, particularly in deeper soil layers,
are currently not well documented. Much of existing literature focuses on the upper 30 cm of the
soil profile (Yost & Hartemink, 2020), which Gross & Harrison (2019) suggest in their review
leads to an overall underestimation of changes in SOC across the whole soil. While not as

dynamic as the soil surface, deep soil layers are influenced by SOC inputs via root exudates,
downward movement of DOC, SOC sorption, and microbial activity (Kaiser & Zech, 2000;
Kaiser & Kalbitz, 2012; Schrumpf et al., 2013; Moreland et al., 2022). Deeper soil horizons may

be protected from the effects of some fires. As a result, we advocate for the measurement of near
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surface SOC inventories to document fire effects on forest soil health and whole soil inventories
to understand how C sequestration has been affected.
2.5. Conclusion

SOC recovery trends in the first decade of post-wildfire recovery were detectable when
considering the soil surface (0-15 cm), but not when considering the full 1-m inventories. At low
elevation, burned sites had significantly higher TC concentration and MAOM-C in the surface
layer compared to unburned sites. This increase may be attributed to the combined effects of new
plant productivity associated with secondary ecological succession, black carbon persistence, and
differences in litter quality of perennial shrubs relative to mature conifers. In contrast,
cumulative SOC inventories, total C concentration, POM-C, and MAOM-C across the whole 1-
m profile showed no significant differences between burned and unburned sites at either
elevation. Results demonstrate that systematic variation within soils must be constrained when
conducting soil health assessments in forest soils. Consideration of near surface horizons and the
whole soil profile, including deeper horizons, are needed for different reasons. Near surface
measurements best evaluate soil recovery and the impact of disturbance on dynamic soil
properties. From a carbon sequestration perspective, whole profile soil inventories are important

to assess the effects of wildfire and/or recovery.
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Figure S1. Soil profiles from each time-since-wildfire replicate (10-TSW, 5-TSW, and control),
differentiated by a) high elevation sites, and b) low elevation sites. Soil profile sketches were
generated in Rstudio using the aqp package. Some horizon data was supplemented by Soil Web
(California Soil Resource Lab, n.d.).
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Table S1. Summary of soil profile characteristics from each time-since-wildfire replicate differentiated by high and low elevation sites.

Profile ID Depth (cm)  Horizon — Texture Color Depth (cm)  Horizon Texture Color
High Elevation Low Elevation
10-TSW 1 0-3 O - 10 YR 2/2 0-4 0] - 10 YR 2/2
3-20 A Sand 10 YR 2/1 4-12 Al Sandy loam 10 YR 2/2
20-51 Bwl Sand 10 YR 2/2 12-29 A2 Sandy loam 10 YR 3/2
51-72 Bw2 Sand 10 YR 3/2 29-46 Btl Sandy loam 10 YR 3/3
- - - - 46-69 Bt2 Sandy loam 10 YR 4/4
- - - - 69-89 C Sandy loam 10 YR 4/6
10-TSW 2 0-6 Al Loamy sand 10 YR 2/1 0-18 A Loam 7.5YR 3/4
6-18 A2 Loamy sand 10 YR 2/2 18-36 Bw Loam 5YR 4/6
18-65 C Loamy sand 10 YR 2/1 36-75 Btl Clay 2.5YR3/6
- - - 74-110 Bt2 Clay 25YR3/6
10-TSW 3 0-20 Al Loamy sand 10 YR 2/1 0-6 O - -
20-43 A2 Loamy sand 10 YR 2/2 6-16 Al Loamy sand 10 YR 2/2
43-60 Bw Loamy sand 10 YR 3/4 16-46 A2 Loamy sand 7.5YR 2.5/3
60-92 BC Sandy loam 10 YR 4/4 46-76 Bw Loamy sand 7.YR3/3
92-120 C Sandy loam 10 YR 4/4 76-100 BC Loamy sand 10 YR3/4
10-TSW 4 - - - - 0-12 A Loam 7.5YR3/3
- - - - 12-32 Bw Loam 5YR 4/4
- - - - 32-58 Bt Clay loam 2.5 YR 4/4
- - - - 58-69 BCt Sandy loam 5YR 4/6
5-TSW 1 0-7 A Loamy sand 10 YR 2/1 0-14 A Sandy loam 7.5YR3/2
7-16 AB Loamy sand 10 YR 3/3 14-33 BA Sandy loam 7.5YR 3/6
16-54 Bw Loamy sand 10 YR 3/4 33-55 Btl Sandy loam 7.5YR 3/4
54-101 C Sandy loam 10 YR 3/4 55-71 Bt2 Sandy loam 7.5YR 4/6
- - - - 71-112 Bt3 Sandy loam 10 YR 4/4
5-TSW 2 0-6 A Sandy loam 10 YR 2/2 0-20 A Sandy loam 10 YR 3/3
6-24 BAt Sandy loam 5YR 3/4 20-53 ABt Sandy loam 7.5YR 3/4
24-47 Btl Sandy loam 5YR 3/4 53-104 Bt Sandy loam 10 YR 4/6
47-70 Bt2 Sandy loam 5YR 4/6 - - - -
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70-112 Bt3 Sandy clay loam 5YR 4/6 - - - -
5-TSW 3 0-3 A Loamy sand 10 YR 2/1 0-3 0O - -
3-11 AB Loamy sand 7.5YR 2.5/3 3-13 A Sandy loam 10 YR 2/2
11-25 Bwl Loamy sand 7.5YR3/4 13-42 Bwl Sandy loam 10 YR 3/4
25-86 Bw2 Loamy sand 10 YR 3/6 42-99 Bw2 Sandy loam 7.5YR 3/4
86-120 BC Sandy loam 10 YR 4/6 99-115 Bt Sandy loam 2.5YR 3/6
Control 1 0-14 0O - 7.5 YR 3/3 0-28 A Loamy sand 25Y3/3
14-22 Al Sandy loam 7.5YR2.5/3 28-40 AC Loamy sand 2.5Y3/3
22-41 A2 Silt loam 7.5YR 3/3 40-80 Cr Sand 2.5Y4/4
41-70 Bwl Loam 7.5 YR 4/4 - - - -
70-93 Bw2 Loam 7.5YR 3/3 - - - -
93-107 Cd Sandy loam 2.5Y 4/3 - - - -
Control 2 0-15 Al Loamy sand 10 YR 3/3 0-8 0 - -
15-40 A2 Loamy sand 10 YR 3/4 8-20 Al Sandy clay loam 10 YR 2/2
40-60 Bwl Loamy sand 10 YR 3/4 20-37 A2 Sandy clay loam 10 YR 3/4
60-100 Bw2 Sandy loam 10 YR 3/4 37-80 BAt Sandy clay loam 7.5 YR 3/4
Control 3 0-9 O - - 0-16 Al Sandy loam 7.5YR3/2
9-13 Al Sandy loam 10 YR 3/3 16-33 A2 Sandy loam 7.5YR3/3
13-20 A2 Sandy clay loam 10 YR 3/6 33-51 AC Sandy loam 10 YR 3/3
20-43 A3 Sandy clay loam 7.5YR 3/4 51-65 Cr Sandy loam 10 YR 3/4
43-83 BCr Sandy loam 10 YR 3/6 65-88 Cr Loamy sand 2.5 YR 6/4




Table S2. Relative abundance (%) of PLFA taxa in each TSW group at high and low elevations.

Time Since Actinomycetes AM Fungi Gram Negative Eukaryotes Other  Gram Positive
Wildfire Bacteria Fungi  Bacteria

High Elevation

50+ yr 12.2% 4.01% 53.6% 2.51% 6.02% 21.7%

10 yr 12.5% 4.83% 47.9% 2.30% 7.48% 25.0%

Syr 11.1% 3.77% 54.7% 2.33% 547% 22.7%

Low Elevation

50+ yr 12.5% 5.10% 49.9% 2.78% 5.72% 24.0%

10 yr 13.3% 4.54% 48.6% 1.74% 6.22% 25.6%

Syr 14.4% 4.74% 50.1% 1.93% 3.46% 25.7%

81



(8

Table S3. Summary of PLFA taxa (nmol/g soil) at high and low elevation sites since wildfire (mean + standard error; n = 9 replicates
& n = 12 replicates for low elevation 10-TSW sites) at 0-5 cm and 5-15 cm in depth. Within a sampling depth for each soil health
indicator, means with the same letter are statistically indistinguishable at o = 0.05 by Tukey’s HSD.

Depth Time Since Actinomycetes AM Fungi Gram Negative Eukaryote Fungi Gram Positive
Wildfire Bacteria Bacteria

High Elevation

0-5 cm 50+ yr 8.822+£0.6 3342+ 0316 433 +4.11 2.13+£0.252 575+1.30 16.7+1.22
10 yr 8.07*+1.54 3.34°+£0.746 32.1+£7.29 1.89+£0.658  7.72+396 169+3.43
S5yr 5.38%+0.81 2.84*+£0.597 32.9+5.02 1.56 £0.215  4.79+£0.901 13.9+2.70

5-15 cm 50+ yr 8.132+0.554 2.42%+0.215 342+3.60 1.43+0.115  2.92+£0.398 13.8+0.806
10 yr 8.332+1.64 3.26°+0.697 32.8+6.61 1.57+0384 6.17+2.04 164+3.16
S5yr 427%*+0.34 1.07%£0.167 18.1 £1.60 0.684+0.103 1.22+0.323 7.80+0.764

Low Elevation

0-5 cm 50+ yr 6.62*+0.748 298*+0.326 29.6+3.66 1.70+0.186  4.05+0.635 13.2+1.35
10 yr 6.03°+£0.398 2.552+0.199 262+1.77 0.934+0.092 3.70+0.599 13.1+£0.747
S5yr 6.212+0455 227*+£0.182 233+1.65 0.918+0.089 1.84+0.234 12.1+0.828

5-15 cm 50+ yr 5922+£0.728 2.22*+0.311 22.6+3.90 1.16 £0.173  2.04+£0.332 10.9+1.41
10 yr 529%+0.582 1.56*+0.242 16.6+1.78 0.636 £0.099 2.25+0.630 9.28+1.10
Syr 6.79%+0.603 2.12*+0.214 229+1.61 0.845+£0.058 1.37+£0.179 11.7+£0.984




Table S4. Summary of PLFA ratios at high elevation sites over time since burn (mean + standard error; » = 9 replicates & n = 12
replicates for low elevation 10-TSW sites) at 0-5 cm and 5-15 cm in depth. Within a sampling depth for each soil health indicator, means
with the same letter are statistically indistinguishable at a = 0.05 by Tukey’s HSD
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Depth Time Since  Fungi: Bacteria Gram™:Gram" Predator: Prey Saturated: Monosaturated: Gram’

Wildfire Bacteria Unsaturated Polysaturated Metabolic
PLFA PLFA Stress

High Elevation

0-5cm 50+ yr 0.152+£0.0196 0.603*+0.0216  0.0372*+ 0.00539 0.950*+£0.0519  6.83+£1.30 2.08£0.125
10 yr 0.183 +0.0288 0.807°+0.0290  0.03422+0.00391 1.13%+£0.0796 6.20 £0.783 1.93+0.113
Syr 0.161 +£0.0226 0.570*+£0.0198  0.0350*=+ 0.00240 1.20°+£0.116 5.46 +0.493 2.40+0.375

5-15cm 50+ yr 0.120 £ 0.0135 0.669%+0.0365  0.0309*+0.00199 1.122+£0.0785 7.89+1.08 1.69+0.113
10 yr 0.164 £ 0.0214 0.766*+£0.0256  0.0304*+ 0.00369 1.22%+£0.112 7.40 £1.48 1.68 £0.137
Syr 0.0856 +0.0107 0.670*+0.0267  0.0263*+ 0.00263 1.66°+0.109 8.55+0.608 1.39+0.234

Low Elevation

0-5cm 50+ yr 0.167 +0.00882 0.6972+0.0405  0.0407°+0.00146 1.042+0.0423 5.96 £ 0.441 2.55+£0.127
10 yr 0.161 £0.0155 0.7352+0.0148  0.0238*+0.00143 1.152£0.0510 6.81 £ 0.462 2.75£0.167
Syr 0.118 = 0.00662 0.791*+0.0257  0.0266*+ 0.00276 1.11*+0.0643 9.77 £0.870 2.25+0.166

5-15cm 50+ yr 0.131 £ 0.00655 0.7822+0.0401  0.0357°+0.00255 1.19+0.0725 7.28 £0.499 2.02+0.113
10 yr 0.138 £ 0.0163 0.8822+£0.0275  0.0241*+0.00239 1.50*+ 0.0837 7.40 £ 0.834 1.61 £0.0723
Syr 0.102 £ 0.00722 0.806°+0.0354  0.0248°+0.000909 1.16°+0.0734 10.7 £ 0.541 1.91+0.252
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Figure S2. Comparison of microbial stress ratios sensitive to change for: a) Predator: Prey ratio,
b) Gram Positive: Gram Negative (GP:GN) Bacteria ratio, and c¢) Saturated: Unsaturated PLFA
ratio, determined by ANOVA, between the 50+ year (control) and 10- or 5- year since burn
treatments at high and low elevations. Points on the plot are mean values, whiskers show standard
error, and dashed lines with A indicate the percent-difference between means. The filled circle and
clear triangle on the plot indicate the sampling depth of each percent-difference and significance

value.
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Table S5. Summary of soil health indicators at high and low elevation sites over time since burn (mean =+ standard error; n = 12 replicates
for pH, EC, TC, TN, and C:N; n = 9 replicates for Extractable P) at 0-5 cm and 5-15 cm in depth.

Depth Time Since pH CaCl EC (dS/m) Extractable P TC (%) TN (%) C:N Ratio
Wildfire (ppm)

High Elevation

0-5cm  50+yr 506*+£0.09 0.09162+0.0107 67.58+24.77 6.11£0.67 0.223+0.0217 27.33°+0.859
10 yr 478*+0.14 0.0601*=£0.0109 99.78+23.32 586+0.45 0210+0.0761 30.16°+2.84
S5yr 5.81°+£0.13 0.13382+0.0208 29.43+9.13 466047 0265+0.0262 18.03%+1.02

5-15em 50+ yr 499®+0.08 0.0659°+£0.0079 49.51+18.64 3.78+0.32 0.144+0.0117 26.302+1.074
10 yr 4.73%+£0.15 0.0325%*+£0.0050 66.41+17.76 4.73+0.39 0.172+0.0217 29.88*+2.971
S5yr 562°+£0.11 0.0691°+0.0120 18.28+5.08 3.60+0.34 0.173+£0.0154 20.98*+0.748

Low Elevation

0-5cm  50+yr 493%+£0.09 0.0875%*+0.0118 66.64+15.06 2.67+0.37 0.124+0.0144 21.43+1.34
10 yr 572°+0.09 0.16847+0.0208 24.04+6.71 4.09+037 0.199+0.0237 21.40+0.858
S5yr 528%+£0.09 0.09172+0.0205 70.21+14.50 4.08+0.28 0.200+0.0219 21.92+1.703

5-15cm 50+ yr 484%*+0.08 0.0531*+£0.0088 71.49+19.90 1.9+0.29 0.087 £0.0086  20.88 +1.48
10 yr 564°+0.09 0.0957°+£0.0092 13.69+3.31 2.85+024 0.133+0.0146 22.74+1.26
S5yr 530%®+£0.10 0.0627®+0.0088 48.76+13.52 3.41+£024 0.159+£0.0144 21.96+0.737
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Table S6. Summary of the POM and MAOM fractions at high and low elevation sites over time since burn (mean =+ standard error; n =
9 replicates & n = 12 replicates at low elevation 10-TSW) at 0-5 cm and 5-15 cm in depth. Sites sharing the same letter are

indistinguishable by Tukey’s HDS (o = 0.05)

Depth Time Since POM-C MAOM-C POM-N MAOM-N POM C:N MAOM C:N
Wildfire (mg C/g soil) (mg C/gsoil) (mg N/g soil) (mg N/g soil) Ratio Ratio

High Elevation

0-5cm  50+yr 39.48%+£6.15 23.62+2.71 1.057+0.194 1.060*=+0.123 39.69+224  22.64°+1.18
10 yr 3568%+7.12 29.17+2.02 1.165+0275 1.4582+0.0884 32.66+1.95  20.04 % +0.822
Syr 22.82%+£259 2235+£205 0.940+£0.130 1.4492£0.152  25.83+220 15.89%*+0.918

5-15cm 50+ yr 18.57%+1.59 1847+£223 0.446+0.0498 0.816*+0.124  43.52+2.67  23.89%+1.699
10 yr 24.72%+4.55 27.07+248 0.678+£0.133  1.293%*+0.116 37.68+1.79  21.08*+0.868
Syr 16.84+£6.15  23.62+2.71 0.501 +£0.0576 0.985%=+0.105 39.69+2.24  2264%+1.18

Low Elevation

0-5cm  50+yr 11.48%+£3.60 12.40+1.90 0.365+0.0802 0.655*+0.707  26.82+5.10 18.34 2+ 1.026
10 yr 21.06*+245 20.66+1.70 0.825+0.124  1.205*+0.0853 26.64 + 1.66 17.03 2+ 0.461
Syr 20.88%+1.82 20.72+2.01 0.761+£0.110 1.274*+0.163 29.76 £2.43 16.90 * + 0.687

5-15cm 50+ yr 944%+1.52 995+1.92 0.289 +£0.0384 0.5292+0.0653 32.45+5.048 17.72%+1.201
10 yr 13.092+1.57 16.56+1.34 0.426+0.0577 0.869*+0.0567 31.47+2.42 19.05%+0.835
Syr 13.38%+1.43 19.08+2.06 0.403+0.0568 1.081*+0.138  26.82+5.10 18.34 2+ 1.026




Table S7. Summary of physical soil health indicators at high and low elevation sites over time
since burn (mean + standard error) at 0-5 cm and 5-15 cm in depth. Within a sampling depth for
each soil health indicator, means with the same letter are statistically indistinguishable at o = 0.05

by Tukey’s HSD.

Depth Time Since Aggregate Bulk Density Rock Fragment
Wildfire Stability Index  (g/cm®) Volume (cm?)

High Elevation

0-5cm  50+yr 0.873+0.0176  0.721 £0.0571 0.625%£0.0312
10 yr 0.886+0.0223  0.776 £ 0.0296 0.943°+0.0284
5yr 0.824 +0.0460  0.860 = 0.0258 0.810° £ 0.00864

5-15ecm 50+ yr 0.873 £0.0176  0.721 £0.0571 0.6252+0.0312
10 yr 0.886+0.0223  0.776 £ 0.0296 0.943°+0.0284
5yr 0.824 +0.0460  0.860 +0.0258 0.810 ° =+ 0.00864

Low Elevation

0-5cm  50+yr 0.865+0.0386 0.707 £0.0499 0.777*+0.0153
10 yr 0.918 £0.0299 0.856 +0.0338 0.935°+0.0340
5yr 0.921 £0.0183 0.892+0.0223 0.804% +0.0118

5-15cm 50+ yr 0.865+0.0386 0.707 £0.0499 0.777*+0.0153
10 yr 0.918 £0.0299 0.856 +0.0338 0.935°+0.0340
Syr 0.921 £0.0183  0.892+0.0223 0.804%®+0.0118
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Table S8. Summary particle size at high and low elevation sites over time since burn (mean +
standard error) at 0-5 cm and 5-15 cm in depth.

Depth Time Since  Sand (%) Silt (%) Clay (%)
Wildfire

High Elevation

0-5cm  50+yr 633105 26.7+£9.8 10.0+4.0
10 yr 84.0+52 147+48 1.67+0.33
Syr 72.7+1.8 233+23 4.00+1.2

5-15em 50+ yr 63.3+10.5 26.7+9.8 10.0+4.0
10 yr 84.0+52 147+48 1.67+0.33
Syr 72.7+1.8 233+23 4.00+1.2

Low Elevation

0-5cm  50+yr 63.3+85 30.0+7.6 6.67+1.8
10 yr 773+42 193+4.7 3.33+0.67
Syr 76.7+24 20.0=+1.2 333+1.3

5-15em 50+ yr 63.3+85 30.0=+7.6 6.67+ 1.8
10 yr 773+42 193+4.7 3.33+0.67
Syr 76.7+24 20.0=+1.2 333+1.3
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Table S9. Summary of soil carbon (0-15 cm; 0-1 m only for C Inventory) at high and low
elevations for unburned sites and sites recovering from wildfire (burned) (mean + standard error).
For each soil carbon measurement, means with the same letter are statistically indistinguishable at
a = 0.05 by Tukey’s HSD.

Burn C Stock TC (%) POM-C MAOM-C C Inventory
Status (kg/m?) (mg C/g soil) (mg C/gsoil) (kg/m?)
High Elevation

Unburned 2.66*°+0.20 4.56*+0.40 25.5+2.9 2028 +£23 16.3* 2.7

Burned 320*+0.21 4.53*+£0.29 23.6°+3.0 23. 7+ 1.7 253*+6.4

Low Elevation

Unburned 1.78°+£0.25 2.23°+0.32 10.1°+£2.0 10.8°+ 1.9 11.6°+4.2

Burned 2.52%¢+0.11 3.42°+£0.19 158°+1.2 187+ 1.2 14.3*+1.7
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