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ABSTRACT

Repeated high-severity fire is threatening forest

resilience in dry and mesic forests of the Sierra

Nevada and southern Cascades of California, USA.

While impacts to plant communities have been

described, the belowground effects of this fire re-

gime change are less known. Here, we: (1) describe

trends in reburn activity in the Sierra Nevada and

southern Cascades, (2) conduct a case study on the

effect of repeated high-severity fire on soil bio-

geochemistry within Plumas National Forest, Cali-

fornia, and (3) propose a conceptual framework to

describe hypothetical belowground effects of re-

peated high-severity fire on soil biogeochemistry

and the soil microbiome by drawing on our case

study and available literature. We found that

yearly £ 20 y reburn area (yearly burned area

that has also burned within 20 y prior) and year-

ly £ 20-y high-severity reburn area (where both

initial and repeated burn events were of high

severity) are increasing across the Sierra Nevada

and Southern Cascades. Our framework suggests

that soil carbon and nitrogen (in bulk soil and soil

organic matter fractions) may be resistant to addi-

tional decline with recurrent fire. However,

declining post-fire inorganic N pulses with recur-

rent fire, the inability of soil organic matter to re-

cover between fires, and an altered microbial

community may impact ecosystem recovery. These

findings may be pertinent to dry and mesic forests

beyond our study region.
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HIGHLIGHTS

� Severe reburn activity is increasing in the Sierra

Nevada and southern Cascades.

� Soil C and N resisted continued loss with reburns

but may not recover between fires.

� Changes to SOM substrate could impact micro-

bial communities and soil fluxes.

INTRODUCTION

The occurrence of large and extreme wildfires is

increasing in forests of the Western US (Dennison

and others 2014; Abatzoglou and others 2021;

Hagmann and others 2021). While fire is an inte-

gral component of many Western landscapes,

increasing wildfire activity beyond the historical

range of variability for a given region can hinder

forest resilience (Coop and others 2020). As such,

there is growing concern over the fate of Western

forests (Turner 2010; Johnstone and others 2016;

Stevens-Rumann and others 2018).

Forest wildfire regimes are often categorized as

fuel- or climate-limited, with tradeoffs between

expected fire recurrence and severity (defined here

as degree of fire-induced plant mortality or soil

damage; Agee 1998; Keeley 2009; Steel and others

2015), though forests often display characteristics

of both fuel and climate limitation over larger

geographic and temporal scales (Agee 1998; Safford

and Stevens 2017). The self-limiting nature of

wildfire in forests (Hurteau and others 2019)

should prevent widespread frequent and severe

fire. However, repeated high-severity fire is

impacting conifer forests in both historically cli-

mate-limited fire regimes (for example, subalpine

lodgepole (Pinus contorta) forests; Turner and others

2019, 2025) and in those with mixed fire regimes

across the West (for example, dry and mesic conifer

forests of the Rocky, Sierra Nevada, and Klamath

mountain ranges; Donato and others 2009, 2016;

Miller and others 2009; Buma and others 2020;

Hoecker and Turner 2022; Paudel and others

2022). With short-interval severe fire, forests risk

conversion to a non-forested shrub- or grass-dom-

inated state that is maintained by positive fire-

vegetation feedbacks (Coppoletta and others 2015).

Repeated high-severity fire may prevent forest

recovery through a combination of aboveground

and belowground mechanisms. Aboveground

mechanisms for long-term conversion to a non-

forested state include limited time for conifer

regeneration between fire events, post-fire micro-

climatic conditions that are not conducive to con-

ifer reestablishment, and increased conifer

propagule limitation (Johnstone and others 2016;

Urza and Sibold 2017; Rodman and others 2020;

Nolan and others 2021; Prichard and others 2021;

Gill and others 2022). Belowground, recovery may

be further inhibited by changes in soil carbon (C)

and nitrogen (N) cycling (Agbeshie and others

2022) and the soil microbiome. For example, be-

cause C and N both have relatively low oxidation

temperatures, the combustion of soil C and N in

shallow surface soils can reduce soil organic matter

(SOM) for decades after severe fire (Wan and

others 2001; Knicker 2007; Nave and others 2011;

Dove and others 2020). Soil organic matter pro-

vides several services that might impact ecosystem

recovery, such as soil structure (which prevents

erosion), water holding capacity (which confers

drought resilience), and nutrient storage (which

confers resources to recovering vegetation; Blanco-

Canqui and others 2013; Bossio and others 2020).

The effects of frequent, low-severity fire or

infrequent, high-severity fire on aboveground and

belowground ecosystem properties and processes

have been synthesized and reviewed extensively

(for example, Covington and Sackett 1986; Smith-

wick and others 2005; Johnson and others 2012;

Dove and others 2020, 2022; Pellegrini and Jackson

2020; Pellegrini and others 2020, 2021, 2022). We

lack sufficient information, at present, to thor-

oughly review or synthesize the impacts of fre-

quent severe fire on forest ecosystem properties or

processes–especially belowground. Therefore, to

encourage more research on this emergent topic,

we identified three needs: (1) determine the spatial

scope of the problem, (2) collect data showing

possible belowground impacts of frequent severe

fire, and (3) generate hypotheses that can be tested

with subsequent research based on available data

and what is known from other fire regimes. Here,

we focus on the Sierra Nevada and southern Cas-

cades of California, USA, a region which is vul-

nerable to repeated high-severity fire due to dense

forests, steep terrain, and reliance on snowpack for

soil and fuel moisture. Severe reburn activity has

been described in the region (Coppoletta and others

2015; Lydersen and others 2019; Paudel and others

2022), but not yet quantified. We first analyze

landscape trends in reburn activity to characterize

the spatial and temporal extent of reburning in the

Sierra Nevada and southern Cascades. We then

present a case study on the impacts of recurrent

high-severity fire on soil biogeochemical pools and

fluxes on the Plumas National Forest, California, in

which we characterized soil C and N storage in
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different SOM fractions, soil CO2 efflux (represen-

tative of heterotrophic microbial respiration), and

inorganic N concentrations and cycling. We intend

the case study to provide detailed insight into

potential belowground responses to repeated high-

severity fire in a subregion of the Sierra Nevada – a

baseline of data to which future research can be

compared. We then combine the case study results

with extant literature to generate broader

hypotheses regarding how repeated high-severity

fires may influence soil properties and processes in

conifer forests in and beyond the Sierra Nevada and

southern Cascades.

METHODS

Study Region

The Sierra Nevada and Southern Cascades of Cali-

fornia have a historically mixed-severity fire re-

gime (Hessburg and others 2016) and are

comprised of varied forest types including mixed-

conifer forest and upper montane forests, as well as

montane chaparral (Airey Lauvaux and others

2016). Montane chaparral is dominated by sclero-

phyllous shrubs (for example, Greenleaf manzanita

or Arctostaphylos patula) and found in areas with

arid environmental conditions, such as dry, south-

facing slopes, or in recent high-severity burn pat-

ches, where it is viewed as early successional

habitat (Nagel and others 2005; Hessburg and

others 2016).

Repeated high severity fire in this region has

been attributed, in part, to past fire exclusion

(lessened fuel limitation) which left large areas

prone to severe fire during periods of prolonged

drought or extreme fire weather conditions (less-

ened climate limitation; Parks and others 2015b;

Prichard and others 2021). With typical wildfire

limitations diminished, fires have burned past

typical barriers, including into recently burned

areas that might otherwise limit fuel connectivity

(Parks and others 2015a; Taylor and others 2022).

Severely burned areas often consist of standing and

downed snags and, early in succession, chaparral

shrubs. Both land cover types can carry subsequent

fires (Coppoletta and others 2015; Lydersen and

others 2017, 2019). Successive burning can hinder

conifer recovery, promoting long-term conversion

to a chaparral-dominated state (Collins and others

2007; Coppoletta and others 2015; Grabinski and

others 2017; Davis and others 2020, 2024; Paudel

and others 2022).

Spatial Analysis

To quantify forest area of the Sierra Nevada and

Southern Cascades region experiencing recurrent

wildfire, we analyzed publicly available fire

perimeter and fire severity data from the Moni-

toring Trends in Burn Severity (MTBS) database

(Eidenshink and others 2007). The MTBS database

provides multiple metrics of fire severity, including

a five-class thematic map of burn severity used

here (classes include unburned to low severity, low

severity, moderate severity, high severity, and in-

creased greenness). The burn severity classes are

generated through a threshold analysis of differ-

enced normalized burn ratio (dNBR) which corre-

lates with field-based assessments of burn severity

both aboveground and belowground. While the

severity classifications have limitations (Kolden

and others 2015), they are useful for analyzing

trends across broad spatial scales.

We used the MTBS data to calculate annual £
20 y reburn area, or the area of land burned each

year in wildland fire that had also burned in

wildland fire within 20 y prior, as well as annual

£ 20 y high-severity reburn area, or the area of land

burned in wildland fire at high-severity each year

that had also burned in wildland fire at high-

severity within 20 y prior. For example, the £ 20

y reburn area for 2013 represents the area burned

in 2013 that had also burned at some point be-

tween 1993 and 2013. It is noteworthy that our

analyses only include areas that burned twice

within a 20-year period, and additional areas that

burned more than twice could lead to higher esti-

mates of reburn area. The MTBS database currently

includes the 1984–2024 fire years, which enabled

us to calculate £ 20 y reburn area for 2004–2024.

We conducted generalized linear regressions

(Gamma family with log link) of each reburn area

metric over time. All spatial and regression analyses

were conducted in R version 4.5.0 (R Core Team

2025) and maps (Figure 1) were generated using

ArcGIS Pro version 3.5 (Environmental Systems

Research Institute (ESRI) 2025).

Case Study

Given the limited information on how repeated

high-severity fire influences soil biogeochemistry,

we conducted a case study in Plumas National

Forest, California by comparing a chronosequence

(that is, space-for-time substitution; Pickett 1989)

of sites at varying stages of recovery from an initial

high-severity fire event (1, 3, 15, and 100 + y post-

fire) as well as two sites at early stages of recovery
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from a second high-severity fire event (1 and 3-y

post-fire) that occurred within 15-y of the initial

fire event (Figure 2; Appendix 1, Table S1). The

single-burn chronosequence allowed us to examine

soil recovery without repeated fire (as in, for

example, Ross and others 2012; Kurth and others

2014; Dove and others 2020, 2022), providing re-

gion-specific context needed to determine how soil

recovery after two severe fire events differs from

soil recovery after one severe fire event.

Using a combination of remote sensing imagery,

differenced normalized burn ratio (dNBR), and

field validation, we identified six sites with differ-

ent burn histories: sites that burned at high severity

once in 2007 (hereafter 15-y single-burn), 2019

(hereafter 3-y single-burn), or 2021 (hereafter 1-y

single-burn), sites that burned both in 2007 and

Figure 1. Trends in £ 20-y reburn area (area that has burned twice within 20 y; km2; Panel A; colors scaled by reburn

area) or £ 20-y high-severity reburn area (area that has burned at high-severity twice within 20 y; km2; Panel B; colors

scaled by reburn area) over time (2004–2024) and a depiction of £ 20-y reburn area extent (Panel C) for the Sierra

Nevada and Southern Cascades bioregions. In Panel C, £ 20-y reburn area (orange) is shown over the extent of all

wildfires that occurred between 1984 and 2024 (purple).
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2019 (hereafter 3-y double-burn) or in 2007 and

2021 (hereafter 1-y double-burn), and a site that

had not burned in at least 100 years (hereafter

100 + y single-burn; Figure 2). While there was

substantial overlap among these fires (Figure 2),

overlapping areas that burned at high severity in

each fire while also retaining similar site charac-

teristics were rare (see Appendix 1, Figure S1 for

sites overlaid on dNBR maps of each fire), pre-

venting us from identifying multiple sites for each

burn history. Despite this limitation, we had the

rare opportunity to study contrasting fire activity at

six sites with similar state factors (climate, topog-

raphy, soil characteristics, and vegetation [based on

pre-fire remote imagery and surrounding un-

burned forests]) located within 13 km of each

other.

The single-burn chronosequence included a

mature mixed-conifer forest (100 + y since fire), a

Greenleaf manzanita (Arctostaphylos patula)-domi-

nated forest with some conifer regeneration (15-y

since fire), and two sites at early stages of recovery,

dominated by herbaceous vegetation (3-y since

fire) or still devoid of live vegetation (1-y since

fire). The 15-, 3-, and 1-y single-burn sites also

each had abundant downed and/or standing snags.

The 3-y double-burn site was dominated by

herbaceous vegetation, similar to its single-burn

counterpart. The 1-y double-burn site had patchy

herbaceous vegetation. Both double-burn sites also

included top-killed Greenleaf manzanita and evi-

dence of snag consumption during the last fire (for

example, log-shaped areas of complete combustion

on the ground surrounded by ash). Site soil, cli-

Figure 2. Case study plot locations laid over the approximate fire extent for the 2021 Dixie Fire (1-y prior to sampling),

the 2019 Walker Fire (3-y prior to sampling), and the 2007 Wheeler Fire (15-y prior to sampling; part of the Antelope

Complex). Each plot burned at high severity either once (for single-burn sites) or twice (for double-burn sites). Burn

history was field validated at all sites. To see where plots are located on differenced normalized burn ratio (dNBR) maps for

each fire, see Appendix 1, Fig. S1.
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matic, topographic, and additional plant commu-

nity characteristics are described in Appendix 1,

Table S1 and Appendix 2.

Detailed descriptions of all field sample collection

and laboratory methods can be found in Appendix

2. Briefly, in June of 2022, we collected six 0–5 cm

soil samples from each site (including bulk density

samples). We then measured CO2 production, ni-

trate (NO3
-), and ammonium (NH4

+) concentra-

tion, and net nitrification through a 7-day

incubation of field moist soil (Hart and others 1994;

Drury and others 2008) as well as soil C storage in

particulate organic matter (POM; sand) and min-

eral-associated organic matter (MAOM; clay and

silt) using soil size fractionations for each sample

(Christensen 2001; Poeplau and others 2018).

We conducted statistical analyses in R version

4.5.0 (R Core Team, 2025) with statistical signifi-

cance set a priori to a = 0.05. We used analysis of

variance (ANOVA) and Tukey post hoc tests to

determine differences among single-burn sites for

each measured variable. We used Welch’s T-tests to

determine differences between the 1-y single- and

double-burn sites and between the 3-y single- and

double-burn sites. We focused on C and N con-

centrations for these analyses, but bulk density and

stock information can be found in Appendix 1,

Table S2.

RESULTS

Characterizing Regional Changes
in Reburn Activity

We found an exponential increase in £ 20 y re-

burn area (irrespective of fire severity) across the

Sierra Nevada and Southern Cascades (Figure 1A;

b = 0.16, SE = 0.05, t = 3.18, p = 0.005) between

2004 and 2024. There was also an exponential in-

crease in £ 20 y high-severity reburn area (con-

sidering both initial and repeat fire severity;

Figure 1B; b = 0.21, SE = 0.05, t = 4.37,

p < 0.001), providing evidence that repeated high-

severity fire has increased across the Sierra Nevada

and Southern Cascades. Figure 1C includes a map

of £ 20 y reburn area throughout the region,

illustrating that both burned areas and reburned

areas have occurred throughout the study region.

Repeated High-Severity Fire Effects
on Soil in Plumas National Forest

When we compare patterns across the chronose-

quence that experienced only single fires, soil C

and N concentration (both in bulk soil and in dif-

ferent soil fractions) and cumulative Rh were each

higher in the 100 + y site (longest time since fire)

than all other sites, where soil properties did not

differ (Figure 3; Appendix 1, Tables S3-S5). Par-

ticulate C and N were, on average, 53% and 62%

lower, respectively, and mineral-associated C and N

were 38% and 50% lower, respectively, in the

three most recently burned sites compared to the

100 + y site. Conversely, soil NH4
+, NO3

-, and net

nitrification were each elevated in the 1-y site

(shortest time since fire) compared to all other sites

(Figure 3; Appendix 1, Tables S3 and S5).

Soil C and N concentrations (both in bulk soil

and in different soil fractions) were similar between

single- and double-burn sites (1-y or 3-y post-fire;

Figure 3, Appendix 1, Table S4). Cumulative Rh

was lower in the 3-y double-burn site than the 3-y

single-burn site (Welch’s t = 2.84, p = 0.03). The 1-

y double-burn site had lower soil NH4
+ (Welch’s

t = 3.43, p = 0.007) but higher soil NO3
- (Welch’s

t = - 2.4, p = 0.05) than the 1-y single-burn site.

Plots for soil C and N concentrations in each soil

fraction can be found in Appendix 1, Figure S2.

DISCUSSION

We identified landscape trends in reburn activity

across the Sierra Nevada and southern Cascades to

determine the extent to which repeated high-

severity fire may threaten forest recovery. Positive

trends in both £ 20 y reburn area and £ 20 y

high-severity reburn area provide, to our knowl-

edge, the first evidence of these increases

throughout the region. Both trends appeared

strongly influenced by the 2020 and 2021 fire

years, which were historically large fire years for

California but also part of a decades-long trend in

increasing fire activity (Keeley and Syphard 2021;

Safford and others 2022). This suggests that large

areas of forest may be at increasing risk of con-

version to a shrub- or grass-dominated state that

could change forest soils over time. In particular,

our case study identified that recurrent severe fire

may prevent the slow recovery of SOM and the

critical ecosystem services it provides (Smith and

others 2013; Scharlemann and others 2014), im-

pact forest ecosystem C and N budgets, and

potentially impact the soil microbial community.

Soil biogeochemical properties may not change

uniformly with repeated high-severity fires, even

within a given location. Our case study provided a

glimpse into one set of outcomes, though a wide

range of soil responses might be possible (Figure 4).

We posit that possible responses of soil biogeo-

chemical properties can be summarized in one of
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three ways: soil properties that are resistant to loss

beyond the effect of the initial high-severity fire

and display some degree of resilience between fire

events (Path A; Figure 4), soil properties that are

resistant to decline beyond the effect of the initial

high-severity fire but unable to recover between

fire events (Path B; Figure 4), or soil properties that

experience continued decline with repeated burn-

ing until a lower limit is reached (Path C; Figure 4).

We will discuss examples of soil properties that may

follow each of these pathways below, which are

also listed in Figure 4B.

Given the slow recovery of SOM after severe fire

(Dove and others 2020), there may be non-de-

tectable soil organic C and N recovery between

successive fire events under repeated high-severity

fire, corresponding with path B. While SOM losses

through fire are often limited to the top centimeters

of soil, it can take several decades for the recovery

of plant C inputs to allow shallow surface SOM to

accumulate to pre-fire levels (Nave and others

2011; Dove and others 2020). We observed evi-

dence of this for C and N in both bulk soil and soil

fractions, where: (1) C and N concentrations

showed no sign of recovery by 15-y post-fire and,

(2) single- and double-burn sites (1-y or 3-y since

fire) did not differ. The findings of our case study

also align with a recent study by Turner and others

(2025) in the greater Yellowstone ecosystem

(Wyoming, USA). The authors hypothesized a

‘‘ratcheting down’’ effect of short-interval, stand-

replacing fire on ecosystem N stocks. However, they

Figure 3. Soil total carbon (C; Panel A) and nitrogen (N; Panel B) concentrations, cumulative soil heterotrophic

respiration (Rh; Panel C), ammonium (NH4
+) concentration (Panel D), nitrate (NO3

-) concentration (Panel E), and net

nitrification (Panel F) of each site. The letters signify differences across single-burn sites (ANOVA) while asterisks (*)

signify significant differences between single- and double-burn sites (Welch’s T-Test) where p £ 0.05.
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Figure 4. Panel A depicts pathways of repeated high-severity fire effects on soils (paths A–C) that prevent soil

biogeochemical properties or processes from returning to a pre-fire condition (blue dashed line), as they eventually might

after a single severe fire (gray-dotted line). Each fire event corresponds with a vegetation and fire depiction. Path A

represents properties that are resistant to loss beyond the effect of the initial high-severity fire and display resilience

between fire events. Path B represents properties that are resistant to decline beyond the effect of the initial high-severity

fire but unable to recover between fire events. Path C represents properties that can experience continued decline with

repeated burning until a lower limit is reached. The area between the pathways is shaded to represent the full range of

possible outcomes. Panel B describes the potential effects of single severe fires on commonly measured soil biogeochemical

effects (with example references) as well as hypotheses for potential repeated severe fire effects that correspond to Panel

A. For a comprehensive review of single fire effects on soils, see Certini (2005), Knicker (2007), Nave and others (2011),

Wang and others (2012), Pellegrini and Jackson (2020), or Agbeshie and others (2022).
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instead found that soil N stocks were resistant to

continued loss, which buffered effects on ecosys-

tem N. Nevertheless, some degree of continued

decline in soil C and N, corresponding with path C,

could still occur in some forest types if the addition

of downed snags or early successional vegetation

(like chaparral) after an initial fire increases surface

fuel loads and leads to additional soil heating effects

in a repeat fire.

Fire-driven SOM losses are unlikely to be evenly

distributed throughout SOM fractions. Particulate

organic matter (POM) is often more abundant in

forest soils and less resistant to fire than mineral-

associated organic matter (MAOM; Pellegrini and

others 2022), which is physically and chemically

protected from loss by occlusion in fine aggregates

and by sorption to mineral surfaces (Lavallee and

others 2020; Sokol and others 2022). Losses of

MAOM through fire can still occur, however,

depending on the magnitude of soil heating and

corresponding changes to mineral composition and

soil aggregation (Ulery and others 1996; Merino

and others 2021). The single-burn chronosequence

aligned with this understanding, with greater rel-

ative losses of POM C and N than of MAOM C and

N.

While MAOM and POM fractions experienced

different degrees of C and N loss after the initial

severe fire event relative to unburned conditions,

both fractions were resistant to continued decline

after the second fire event (path B). A shift in the

relative abundance of SOM fractions could affect

post-fire soil function, as MAOM is considered less

easily accessible by microbes (given its protection

mechanisms) than POM (Lavallee and others 2020;

Daly and others 2021; Islam and others 2022) and

has a lower C:N ratio, attributed in part to the

microbial products that contribute to it (Sokol and

others 2019; Whalen and others 2022). As such,

recovery of the microbial community under re-

burns could be especially important for MAOM

recovery.

Severe fire can also influence soil N cycling

(Turner and others 2007; Hanan and others 2016;

Brady and others 2022). The deposition of NH4
+-

rich ash, loss of pine needle litter, and reduced

plant N uptake in post-fire soils can result in ele-

vated rates of nitrification that may last from a few

years in mixed-conifer forests (Dove and others

2020) to decades in Ponderosa pine forests (Deluca

and Sala 2006; Kurth and others 2014). Increased

nitrification and NO3
- concentrations can leave

recently burned forests susceptible to additional N

losses through leaching over time (Hanan and

others 2017; Gustine and others 2022).

With repeated high-severity fire, the possibility

of reduced ecosystem organic N after each succes-

sive fire could lead to progressively less mineraliz-

able N and thus continuously smaller post-fire

NH4
+ pulses. This was observed in our case study,

where soil NH4
+ concentrations were higher in the

1-y single-burn site than the 1-y double-burn site.

Net nitrification rates were also slightly higher in

the 1-y single-burn site than the 1-y double-burn

site (though not significantly), potentially reflect-

ing differences in the abundance of NH4
+ substrate.

Soil NO3
-, on the other hand, was higher after

repeated burning (1-y post-fire). This discrepancy

may just reflect different rates of leaching and

runoff between sites (Murphy and others 2006;

Johnson and others 2009), though soil NO3
- was

also higher 5 years after repeated short-interval fire

than repeated long-interval fire in the greater Yel-

lowstone ecosystem (Turner and others 2025). If N

becomes less tightly cycled with repeated burning,

the potential for N export off-site could further

prevent soil total C and N recovery and reinforce

the likelihood of soil C and N remaining on path B.

Nitrogen fixation can make up for fire-driven

ecosystem N losses over the course of decades

(Johnson and others 2012). This may not occur

everywhere, however, as the deposition of NH4
+-

rich ash can prevent N-fixing bacteria or early

successional plant symbionts (for example, Lupinus

spp.) from fixing N during the immediate post-fire

period where light and other resources are less

limiting (Vitousek and Howarth 1991; Smithwick

and others 2005; Turner and others 2007). For

example, in a mixed broadleaf-conifer forest in

Klamath National Forest, the presence of early

successional N-fixing Ceonothus spp. did not drive a

rapid recovery of ecosystem N stocks; instead, it

was estimated that upwards of 100 years between

fires would be needed for a return to pre-fire N

conditions via asymbiotic N-fixer activity (Yelenik

and others 2013).

Repeated high-severity fire may have broader

impacts on soil microbial communities, extending

beyond microbes associated with N cycling, as the

microbial community adapts to ecosystem-level

changes in fire activity and vegetation dynamics

(Hamman and others 2008; Wang and others 2012;

Lombao and others 2020; Barreiro and Dı́az-Raviña

2021). The most direct impacts to microbes would

occur through soil heating (Wang and others 2012;

Fernández-Garcı́a and others 2019a, 2019b), while

changes in substrate availability (Barreiro and Dı́az-

Raviña 2021; Roth and others 2023) and the soil

environment (for example, soil pH; Caiafa and

others 2023) could act as indirect effects.
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Severe fire has been shown to reduce microbial

abundance, richness (Caiafa and others 2023), and

diversity (Adkins and others 2020) in Western

forests, with some recovery over the course of

10 years (Caiafa and others 2023). In the Sierra

Nevada, it appears that two or more decades may

be necessary for the altered microbial community

to return to a pre-fire condition (Certini 2005;

Dove and others 2022). With repeated high-

severity fire, microbial communities could become

increasingly dominated by fire-resistant organisms

that are resistant to soil heating, grow rapidly, or

can degrade pyrogenic C while recovery of less fire-

resistant organisms may be continuously stunted

by reburning C (Glassman and others 2016; Nelson

and others 2022; Revillini and others 2025). As

such, it is possible that the partial recovery of

microbial communities between fire events may

leave proxies of overall microbial activity (for

example, microbial biomass and soil respiration)

best represented by path A while microbial richness

and functional diversity may be represented by

path C. Reductions in microbial abundance could

align with the somewhat lower mean cumulative

Rh values observed in the double-burn site than the

single-burn site of our case study.

The loss of ectomycorrhizal fungi (EMF) with

repeated burning would have particularly impor-

tant implications for forest recovery, as EMF are

critical for water and nutrient transport in regen-

erating conifers (Franco and others 2014; Anthony

and others 2022). Ectomycorrhizal fungi popula-

tions can be reduced by severe fire (Caiafa and

others 2023), though certain taxa are better adap-

ted to survive high temperatures than others (‘‘fire

fungi’’; Glassman and others 2016). We posit that

the persistence of EMF despite novel reburn

activity could play an important role in the resi-

lience of Sierra Nevada and southern Cascades

forests into the future, but we lack sufficient

information with which to hypothesize a potential

path associated with EMF.

As research attempts to keep pace with acceler-

ating fire regime change in the Sierra Nevada and

southern Cascades, there is an emergent need to

understand whether there are generalizable effects

of repeated high-severity fire on soils. Research

focused on soil heating effects between initial and

subsequent severe fire events may be critical to

address this uncertainty, as fire intensity (energy

release; Keeley 2009) and soil heating effects may

differ between initial and repeat fire events despite

consistently high severity (biomass consumption;

Keeley 2009). For example, while it is likely that

less live fuel is present aboveground in a repeat fire

event relative to an initial fire event in the Sierra

Nevada, the burning of early successional chaparral

vegetation (Marion and others 1991) and dead

forest vegetation (for example, snags and downed

logs; Monsanto and Agee 2008) can substantially

raise surface soil temperatures. Similarly, while

there could be less forest floor litter present in a

repeat fire event relative to an initial fire event, the

fuel structure of montane chaparral exists close to

the soil surface. Soil moisture is also likely to differ

between initial and repeat fire events based on

differences in forest structure and evapotranspira-

tion, with implications for heat transfer down the

soil profile as wet soils take more energy to heat

and are more conductive than dry soils (Smits and

others 2016).

CONCLUSIONS

We demonstrate that the spatial extent of high-

severity reburning has increased across the Sierra

Nevada and southern Cascades in the last decades.

Repeated high-severity fire may be impactful for

forest resilience across the region as a result of both

above and belowground effects. Our chronose-

quence-based measurements that included multi-

ple severe fires demonstrated instances of reburn

effects differing from initial fire effects for different

soil properties. However, the variables we mea-

sured were not comprehensive, nor was the study

area necessarily representative of the entire region

in which severe reburns are occurring. We utilized

extant literature on fire effects from single severe

fires and, where possible, repeat severe fires to

expand upon our own observations and hypothe-

size different biogeochemical trajectories if severe

fires continue to occur at high frequencies in the

region. While our results may provide an empirical

and conceptual baseline, we intend this work to

encourage more research on the effects of repeated

high-severity fire in the Sierra Nevada and south-

ern Cascades as well as other forested regions with

intensifying reburn activity.
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