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ABSTRACT OF THE DISSERTATION  
 

 

Uncovering Arbuscular Mycorrhizal Fungi and Microbiome Responses to Dryland Fires 

 
by 

 
 

Arik Joukhajian 

 

Doctor of Philosophy, Graduate Program in Microbiology 
University of California, Riverside, September 2025 

Dr. Sydney I. Glassman, Chairperson 
 

 
 

Drylands cover 40% of the Earth’s land surface, and this is expected to expand 

under climate change. These ecosystems are increasingly affected by wildfire, yet the 

responses of microbes to wildfire remain far less studied than forests and chaparral. In the 

Mojave Desert, most plants, including the iconic Eastern Joshua tree (Yucca jaegeriana), 

depend on symbioses with arbuscular mycorrhizal fungi (AMF). However, the AMF of Y. 

jaegeriana have not been characterized. To establish a baseline of symbiosis, I seasonally 

sampled and sequenced soil and root microbes from healthy, unburned counterparts to the 

heavily impacted Y. jaegeriana in the region and identified high overlap in root and soil 

samples yet greater divergence between the two in Winter and Spring. Overall richness 

and abundance was lowest in Summer, making Fall the best time to identify AMF 
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diversity. I then characterized soil microbial communities impacted by the nearby Dome 

Fire, which burned a million trees of Y. jaegeriana and displayed unusually high-severity 

for a desert fire. Over three years, archaeal, bacterial, and fungal diversity remained 

stable or even increased. Yet, this fire still caused emergence of known pyrophilous 

bacteria such as Massilia and Noviherbaspirillum, and fungi such as Naganishia, 

Coniochaeta, and Penicillium, overlapping with microbes found in fire-adapted forest 

and chaparral fires. To compare outcomes of this low-intensity, high-severity fire with a 

high-intensity, high-severity chaparral wildfire, I constructed cross-kingdom association 

networks to identify trends beyond diversity and abundance which varied over time. I 

saw trends in cohesion consistent with long-term disturbance in burned plots in both 

desert and chaparral plots, despite only chaparral plots showing signs of decreased 

richness and biomass post-fire. I also identified potential keystone taxa in the burned 

plots, including two closely related pyrophilous bacteria Noviherbaspirillum and 

Massilia, a Pyronemataceae fungus Pseudotricharina, and taxa identified as potential 

keystones in other systems like Candidatus Udaeobacter and Crossiella. Taken together, 

I report AMF diversity, minimal shifts in diversity, and yet widespread emergence of 

pyrophilous microbes in a sensitive post-fire desert community. 
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1 Chapter I.  

Introduction to the Dissertation  

1.1 Introduction  

Drylands cover 40% of the Earth’s land surface and are projected to expand 

further due to climate change (Zeng and Yoon 2009). Despite their low precipitation and 

sparse vegetation (Huang et al. 2016), these ecosystems are increasingly subject to 

wildfires, driven by altered rainfall patterns and rising temperatures (Stanton et al. 2023). 

Although deserts have historically experienced infrequent fire, the increasing occurrence 

of large, high-severity wildfires raises concerns about long-term impacts on desert 

ecosystems (Stanton et al. 2023). Soil microbial communities, which mediate nutrient 

cycling, plant interactions, and ecosystem recovery, are particularly sensitive to the 

disturbance of wildfires (Certini et al. 2021; Pulido-Chavez et al. 2023; Nelson et al. 

2024), yet their responses to desert wildfires are underexplored. Understanding how fire 

affects these communities is essential for predicting ecosystem resilience and recovery 

under future climate scenarios. 

California habitats have historically been managed by fire, whether through 

human intervention or plant-induced fire encouragement (Vale 2013), but a century of 

fire suppression now converges with climate change resulting in increasingly frequent 

and unusually large wildfires across the state (Turco et al. 2023). Fires in forests and 

chaparral shrublands have historically occurred at a high return interval, establishing fire 
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adaptations like serotinous pinecones and excess buildup of oily secretions on shrubs to 

promote occasional clearance of the overstory in chaparrals (Keeley et al. 2011). These 

conditions were sustained by early human inhabitants, and fire suppression only began in 

1850 to simplify management (Martinez et al. 2023). While growing human expansion 

and a growing wildland-urban interface can impact wildfire occurrence through fire 

suppression and accidental fires, climate change appears to be a more widespread cause 

of  this growing fire regime (Vachula et al. 2019). Cycles of drought and downpour, 

combined with buildup of plant matter, led to 2018 and 2020 to be some of the largest 

wildfire years in California history. The 2018 Mendocino Complex Fire burned 459,123 

acres (1,858 km2) and was only surpassed by the 2020 August Complex Fire which 

burned 1,032,648 acres (4,180 km2), roughly 1% of California's total land (Keeley and 

Syphard 2021).  

Meanwhile, Southern California was impacted by the 2018 Holy Fire in 

Cleveland National Forest, split between Orange and Riverside counties. The Holy Fire 

served as an early template to document microbial secondary succession following 

wildfire (Pulido-Chavez et al. 2023), similar to the consistent secondary succession found 

in chaparral plants in which certain early colonizers establish soon post-fire and 

eventually give way to long-term inhabiting late colonizers (Keeley et al. 2011). 

Chaparral wildfires are often high-intensity, or producing extreme levels of thermal 

energy, as a result of dense woody vegetation and volatile oils of plant surfaces (Wilkin 

et al. 2017), but it was also high-severity, or extreme in its impact on plant communities, 

evidenced by an ash depth of up to 11cm in certain areas (Pulido-Chavez et al. 2023). 
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Despite suppression of microbial diversity soon after fire, early colonizing bacteria and 

fungi identified through DNA sequencing were represented by well-known documented 

pyrophilous, or fire-loving, microbes which rapidly grew in dominance within the soil 

microbial community (Pulido-Chavez et al. 2023). These included Pyronema, a genus of 

“phoenicoid” fungus that was long-since identified fruiting in large quantities in burned 

areas (Seaver 1909), and a variety of bacteria that have also showed up in other burned 

ecosystems (Whitman et al. 2019; Enright et al. 2022; Nelson et al. 2024). These 

pyrophilous microbes often replace those killed by the direct effects of fire on heat-

sensitive microbes, but several indirect effects can cause further shifts in microbial 

communities allowing pyrophilous microbes to thrive. 

Indirect effects such as shifting aboveground plant communities and nutrient 

deposition can have long-lasting effects on soil microbes such as mycorrhizal fungi 

(Lekberg et al. 2013). In particular, arbuscular mycorrhizal fungi (AMF) can show 

immediate and long-term shifts in response to desert wildfires (Chimal-Sánchez et al. 

2015). However, they can also be highly resilient to wildfires, partly due to their 

chlamydospores, which can vary in spore size (11 µm up to 685 µm) and volume (3,363 

μm3 to 88,173,798 μm3) (Chaudhary et al. 2020, 2025). Concerns over such indirect 

effects and the long-term sustainability of Y. jaegeriana habitat prompted my assessment 

of their association with AMF. Since AMF can enhance drought tolerance and facilitate 

direct water transport to plants along fungal hyphae (Augé 2001; Kakouridis et al. 2020), 

AMF are ubiquitous among desert plants, especially in the Mojave. Further, AMF 

inoculum was the most abundant under the Mojave Yucca, Y. schidigera, in a 2002 
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assessment of 34 Mojave desert plants (Titus et al. 2002b), and a diverse AMF 

community was recently identified to be associated with the closely related sister species 

Western Joshua tree (Y. brevifolia) (Harrower and Gilbert 2021). In contrast, the AMF 

associated with the more recently described Eastern Joshua tree (Y. jaegeriana) had never 

been described. In Chapter II, we characterized AMF from Y. jaegeriana near the Cima 

Dome to establish a baseline of this symbiosis. We sampled trees seasonally to identify 

year-round variations in spore abundance and a temporal core community of AMF, in 

order to identify potential mycorrhizal partners in any potential inoculation efforts. 

The long-term analysis of soil microbial communities inspired a similar 

investigation of the 2020 Dome Fire, which burned 43,273 acres (175 km2) of Joshua tree 

grassland around the Cima Dome. Unlike the Holy Fire, the Dome Fire occurred in the 

Mojave Desert, which does not have a frequent fire return interval. This wildfire burned a 

million Eastern Joshua trees (Yucca jaegeriana), which formed a dense stand of trees 

across this high-elevation region in the desert, causing high-severity impact on grasses 

and shrubs as well (Smith et al. 2023). Assessments of desert microbial communities 

after fire have primarily been done in controlled burn settings (Liu et al. 2000; Aanderud 

et al. 2019; Zhang et al. 2025), and the dry nature of desert sand has been thought to 

buffer most of the impacts of fire (Allen et al. 2011). Coupled with the fact that the 

understory grasses burn away quickly, fast-moving desert fires are thought to leave little 

impact on the soil microbial community as the direct effects of fire are attenuated. In 

Chapter III, we investigate the plant and microbial community shifts following this desert 

wildfire across 5 sampling timepoints ranging from 17 days to 3-years post-fire. 
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With the wealth of data following long-term analyses of microbial communities in 

the Holy Fire and the Dome Fire, I aimed to better understand the overall microbial 

response in these contrasting fires of low- and high-intensity, which both showed high-

severity impacts on the aboveground plant community, using network analysis. Networks 

can be generated from compositional data of microbial communities based on 

associations of taxa with each other, and can be expanded to multiple datasets allowing 

for cross-kingdom analyses, useful for inferring interactions between microbes in the 

network (Kurtz et al. 2015). Wildfires can vary to uniform depression of diversity in 

bacteria and fungi, as in the Holy Fire (Pulido-Chavez et al. 2023), or uneven depression 

of only fungi often seen in forest fires (Whitman et al. 2019). However, a cross-kingdom 

approach towards network metrics allows for examination of wider-scale understanding 

of concepts such as sensitivity and resilience, already tested in contexts of salt-stress 

(Hernandez et al. 2021) and controlled burns (Birch et al. 2025). Further, highly 

connected nodes in networks may correlate to microbial keystone species, and identifying 

differences in important network nodes across burned and unburned networks may help 

expand our understanding of pyrophilous microbes and their activity in soil post-fire.  

 Thus, over the course of three chapters, I first described the seasonal variations in 

the association between Y. jaegeriana and the AMF community through sampling of both 

soil and root using assessments of spore abundance and high-throughput sequencing. 

Further, I investigated the impact on surviving trees within the burn scar. Second, I 

described how the plant community and microbial community responded to wildfire over 

the course of three years of sampling, using plant assessments and soil samples collected 
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from 9 plots across the Cima Dome. Finally, I compared my findings with the Holy Fire, 

which was studied with an identical sampling regime and DNA sequencing methodology. 

In my comparison, I will employ both a comparison of the impact of the fire on soil 

edaphic properties and microbial diversity in response to fire, but also an analysis of 

microbial association networks using archaeal, bacterial, and fungal data together. Using 

these comparisons, I can better understand how desert wildfires impact soil microbial 

communities in both direct and indirect ways with a severely impacted chaparral 

community as a benchmark. 
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2 Chapter II.  

Eastern Joshua Tree Arbuscular Mycorrhizal 

Fungi Largely Consistent Across Roots, Soils, 

and Seasons 

2.1 Abstract 

The Mojave Desert is home to iconic Joshua trees threatened by climate change. 

Most desert plants form mutually beneficial partnerships with arbuscular mycorrhizal 

fungi (AMF), yet the AMF of the Eastern Joshua tree (Yucca jaegeriana) remain 

completely uncharacterized. We tested how Y. jaegeriana AMF spore abundance, 

richness, and composition varied when sampling 20 trees across 4 seasons from roots 

versus soils. We confirmed root colonization via staining, assessed spore abundance via 

microscopy, and used Illumina MiSeq to sequence AMF virtual taxa (VT) with WANDA 

AML2 primers. We identified 12 spore morphotypes and 47 VTs across 5 families within 

Glomeromycotina and the most abundant VT Glomus VTX00294 appeared in 87% of soil 

and root samples. The majority of VTs (26/47) were present across all seasons and were 

shared among soil and roots (38/47) with more VTs unique to soil. In soil, per tree mean 

spore abundance and AMF richness was lowest in Summer but consistent across other 

seasons with richness ranging from 8.8 to 11.5 VTs and mean root richness consistent 

across seasons. We conclude that sampling from soils rather than roots and any season 

other than Summer will yield the most diverse AMF communities.  
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2.2 Introduction 

Mycorrhizal fungi enable many desert plants to survive at the edge of climatic 

extremes, particularly by increasing access to water (Augé 2001; Miriti et al. 2007). Yet, 

many desert plant species face contraction of their reproductive ranges as climate change 

exacerbates desert conditions (Guida et al. 2014). The iconic Joshua trees are among the 

many desert plants facing such threats, and the Western Joshua tree, Yucca brevifolia, has 

shown both long-term predicted declines and observed range shrinkage in reproductive 

viability due to climate change (Sweet et al. 2019). Yuccas, like most desert plants, 

associate with symbiotic arbuscular mycorrhizal fungi (AMF) within the 

Glomeromycotina (Titus et al. 2002b; James et al. 2020) for increased access to nutrients 

and water (Smith and Read 2010). As parts of the Joshua tree habitat become unsuitable 

for reproduction, it is critical to understand their microbial associations in the cooler 

climate refugia where Joshua trees are expected to thrive.  

Despite the iconic nature of Joshua trees, many open questions remain about the 

basic biology of these plants and their associated microbiomes. Yucca jaegeriana, the 

Eastern Joshua tree, which is densest in cooler climate refugia (Esque et al. 2023), was 

recently recognized as a distinct species from the Western Joshua tree based on 

morphology (Lenz 2007), its unique species of obligate pollinator moth (Smith et al. 

2008), and genomic sequencing (Royer et al. 2016). AMF have been found in desert 

ecosystems across the globe (Vasar et al. 2021), including 3 species of Yucca (Titus et al. 

2002b; Tawaraya 2003; Harrower and Gilbert 2021), yet the AMF of Y. jaegeriana 

remain completely uncharacterized. One existing study found 37 AMF virtual taxa (VTs, 
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or roughly the equivalent of AMF species based on 18S rRNA sequences (Öpik et al. 

2010)), associated with the roots of sister species Y. brevifolia within Joshua Tree 

National Park (JTNP). AMF taxa in Y. brevifolia roots were clustered phylogenetically by 

elevation, and experimental seedling inoculation showed that all sources of native AMF 

inoculum increased plant biomass after six months (Harrower and Gilbert 2021). This 

suggests that Y. jaegeriana will be similarly colonized with diverse AMF taxa important 

to its growth and survival, potentially aiding future restoration goals as wildfires 

increasingly threaten these trees (Wilkening et al. 2022).  

Beyond being completely uncharacterized within Y. jaegeriana, little is known in 

general about how AMF vary in richness and composition across seasons or in roots 

versus soils. AMF families show differing investment in root colonization and extra-

radical hyphae, and these lifestyle differences can result in greater nutrient access or 

enhanced pathogen resistance for the plant depending on AMF lifestyle preferences 

(Camenzind et al. 2024). Similarly, AMF in the same region can display varying seasonal 

trends while associating with different plants (Hopkins and Bever 2024). The impact of 

seasons on richness and community composition of AMF can vary from weak to strong 

in temperate grasslands (Dumbrell et al. 2011; Sepp et al. 2019). Seasonality also had no 

effect on AM community composition in a temperate forest (Davison et al. 2012) but a 

strong effect in an arid shrubland and a subtropical forest (Sánchez-Castro et al. 2012; 

Maitra et al. 2019). Finally, AMF richness remained stable throughout the year in semi-

arid shrublands (Chaudhary et al. 2014). Moreover, sample type (root, soil, spore, or 

rhizosphere) drove significant differences of community composition in grasslands, 



10 

 

wheat prairies, agricultural sorghum fields, and a subtropical forest (Hempel et al. 2007; 

Ellouze et al. 2018; Sepp et al. 2019; Gao et al. 2019), suggesting that sampling root or 

soil can also lead to differing AMF communities. Therefore, a comprehensive 

characterization of Y. jaegeriana AMF communities should sample across seasons and 

sample types.  

AMF can also vary in spore abundance and root colonization across seasons. If 

host plants have different active seasons, then AMF species can show seasonal 

preferences for sporulation (Bever et al. 2001). Sporulation can also vary based on 

climate. For example, sporulation trended with precipitation in a water limited semi-arid 

region in Brazil (Da Costa et al. 2021). However, this seasonality of spore abundance 

disappeared in a Brazilian rainforest with high humidity (Kemmelmeier et al. 2022). 

AMF root colonization of the perennial Mojave desert shrubs Larrea tridentata and 

Ambrosia dumosa showed strong seasonal changes after cool-season rains (Apple et al. 

2005) but these seasonal changes in colonization went away during drought (Titus et al. 

2002b; Clark et al. 2009). Therefore, it is likely that AMF sporulation and colonization 

would vary across seasons in a desert plant like Y. jaegeriana. 

Since AMF species can vary seasonally, there may only be a few AMF species 

present in the core community year-round. Core microbiomes can either refer to a few 

taxa repeatedly identified across time within the same host individual, or to core taxa that 

are shared across all host individuals within a population (Risely 2020). Some evidence 

points to AMF occurring as core community members. For example, 4 AMF sequence 

phylotypes formed a temporal core community for two plants in an arid shrubland 
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(Sánchez-Castro et al. 2012), potatoes appear to have a core community of AMF partners 

across the Andes mountains despite a wide geographic range (Senés-Guerrero and 

Schüßler 2016), and some AMF species were consistently found with the Western Joshua 

tree across long physical distances (Harrower and Gilbert 2021). Dominance within a 

particular season does not necessarily indicate membership of the core microbiome. For 

example, 2 AMF taxa that were highly dominant in June disappeared by September in 

sorghum fields (Gao et al. 2019). Thus, sampling across both time and space is necessary 

to identify a core microbiome.  

Finally, another factor potentially impacting the AMF of Y. jaegeriana is fire. A 

mix of intermittent drought, exotic grasses (McAuliffe 2016), and Winter rains (Tagestad 

et al. 2016) primed the Cima Dome, which was home to the densest population of Y. 

jaegeriana, for the 2020 Dome Fire, killing > 1 million trees (NPS. 2020). High-elevation 

regions like the Cima Dome are among the 10% of habitat expected to continually 

support Joshua tree reproduction in the face of ongoing climate change (Sweet et al. 

2019) making it a particularly important location to characterize Y. jaegeriana AMF. 

While AMF are typically more resistant to high temperatures than other soil microbes 

(Allen et al. 2011), post-fire communities of AMF may be shaped by the succession of 

their plant hosts (Neuenkamp et al. 2018) and the varying survival rates of initial 

community members based on their differing spore traits (Hopkins and Bennett 2023). 

There may not be any correlation between traits that allow AMF to support early 

successional plants and traits for fire survivorship, so turnover of AMF following fire is 

possible. 
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Here, we comprehensively characterize the Y. jaegeriana AMF community via 

both traditional microscopy and modern next-generation sequencing methods in root and 

soils and across seasons. We collected root and soil samples from 20 healthy Eastern 

Joshua trees from each of the four seasons spanning from June 2021 to March 2022 with 

16 trees outside and 4 surviving but scarred trees within the 2020 Dome Fire burn scar. 

We asked if AMF spore abundance, richness, and composition varied across seasons and 

sample types (roots versus soil) and if a core community exists across roots/soils and 

seasons. We further tested if being within a burn patch affected AMF richness and 

composition. We predicted that spore abundance would significantly increase during 

seasons of high precipitation, corresponding to Summer and Winter samplings, which 

would also vary in AMF community composition. However, we predicted that AMF 

richness would be lower in Eastern Joshua trees within the burn scar due to reduction of 

surrounding desert shrubs and grasses. We also predicted that roots would provide greater 

AMF species richness than soil since Glomeraceae, which were abundant in Western 

Joshua tree Y. brevifolia (Harrower and Gilbert 2021), preferred roots over rhizosphere or 

extra-radical mycelium in semi-arid plants (Varela-Cervero et al. 2015; Alguacil et al. 

2016). Finally, we predicted that a Y. jaegeriana AMF core community would consist of 

members of the Glomeraceae and Ambispora from Ambisporaceae, corresponding to taxa 

that were abundant at a similar elevation band for Y. brevifolia (Harrower and Gilbert 

2021).  



13 

 

2.3 Experimental Procedures 

Sampling: We selected 20 healthy Yucca jaegeriana trees (Fig. 1A) with a 

minimum of 5 florets and 1m height as our focal plants in Mojave National Preserve, CA 

(Table S1). Sixteen trees (#1-16) were selected east of the Morningstar Mine Rd which 

acted as a barrier for the Dome Fire, while four fire-scarred but surviving trees (#17-20) 

were selected within the burn perimeter (Fig. 1B). We sampled at the beginning of each 

season with Summer on June 23, 2021, Fall on September 9, 2021, Winter on December 

21, 2021, and Spring on March 30, 2022. We collected and extracted DNA from both 

roots and surrounding soil for a total of 160 samples (2 types (roots vs soil) X 4 seasons 

(Summer, Fall, Winter, Spring) x 20 trees). We used releasable bulb planters and wiped 

off debris with 70% ethanol between trees to collect 2-3 soil cores of the top 10 cm of 

soil from close to the base of the trunk of each tree at each season, avoiding previously 

sampled edges of the base when possible (Fig. 1A). We ensured that roots came directly 

from Eastern Joshua tree roots due to the distinct red color and also sampling directly 

from beneath the tree trunk and away from other grasses and shrubs (Fig. S1). We stored 

soil on ice and returned to UC Riverside where it was sieved (2mm) within 24-48 hours 

of collection, during which we separated roots from within the soil sample. We stored 

approximately 10g of soil and 1g of roots at -80°C for downstream DNA extraction and 

air-dried the remaining soil. We stored additional roots in -80°C or in 50% ethanol 

solution in 4°C for staining and visualization of fungal structures. 

AMF Spore Count and Colonization Analysis: We extracted and counted spore 

number and estimated morphotype diversity from all 20 trees from all seasons. We used 
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25g of dried soil for sucrose-Calgon spore extractions (Ianson and Allen 1986) collected 

with 15mL distilled water. We dispensed 1mL aliquots of well-mixed spore extracts onto 

filter paper and counted all spores at 40X magnification four times per sample. We 

identified AMF spores based on color, size, morphology, and based on INVAM (Stürmer 

et al. 2021), the AMF spore guide in Glomeromycota (Błaszkowski 2012), and following 

expert opinion by Dr Michael Allen. We averaged those 4 spore counts, multiplied by 15 

(mL) to extrapolate the total count, and divided by 25 (g) to estimate spore content per 

gram of soil (Fig. 1C). We assessed spores for their relative size and color and assigned 

them to 12 different morphotypes (McKenney and Lindsey 1987). We confirmed the 

presence of AMF colonization in the roots (Fig. 1D) through trypan blue staining and 

microscopy (Koske and Gemma 1989; McGonigle et al. 1990). We rinsed roots in 

distilled water and cleared overnight in 2.5% KOH. We then rinsed roots in water again 

and bleached with 15% peroxide with 0.05% KOH for 5 minutes at room temperature to 

reduce red coloration in the roots. We then acidified roots with 2% HCl for 2 minutes and 

moved roots to a 0.05% Trypan Blue solution at 90°C for 30 minutes. Finally, we 

destained the roots in a 1:1 solution of lactic acid and glycerol for 24 hours. We mounted 

roots on slides in PVLG to detect AMF structures but did not quantify colonization rates 

due to inconsistent clearance of red coloration from the roots. 

DNA Extractions: To extract DNA from soil, we used Qiagen DNeasy Powersoil 

Pro kits following the manufacturer’s protocol, except we replaced 100µL C1 solution 

with 100µL ATL buffer and incubated with 0.30g soil overnight at 4°C to improve 

yields. We followed an established protocol to extract DNA from roots (Glassman et al. 
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2015), where we lyophilized roots for 24 hours (Labconco FreeZone 4.5L, Kansas City, 

MO, USA), used sterilized steel beads to grind 0.1g of roots using a 1 minute Fast-Prep 

24™ (MP Biomedicals, Santa Ana, USA) cycle at 6.5m/sec, then added 1 ml of 1:1000 

beta-mercaptoethanol:cetyltrimethyl ammonium bromide 2X (CTAB) and incubated one 

hour at 65°C. We then used 600µL of chloroform to remove lipids and mixed 700µL of 

the aqueous solution with 350µL 95% EtOH then proceeded with the Qiagen DNeasy 

Blood and Tissue Kit starting with buffer AW1. 

PCR and Sequencing: We used a two-step PCR to amplify the AMF-specific 

WANDA-AML2 primer pair (Lee et al. 2008; Dumbrell et al. 2011) adapting from 

established methods (Weber et al. 2019). We mixed 3 µL DNA from roots or soil with 

0.5µL of 10 µM of each primer, 8.5 μL of Ultra-Pure Sterile Molecular Biology Grade 

water (Genesee Scientific), and 12.5 μl Accustart ToughMix (2× concentration; 

Quantabio). We amplified at the following settings: 94°C for 2 minutes, followed by 30 

cycles of denaturing at 94°C for 30 s, annealing at 60°C for 30 s, elongating at 68°C for 

45 s, and a final elongation step at 68°C for 2 minutes. We ran a 1.2% agarose gel to 

check for bands and increased to 35 cycles for samples with no visible bands. We cleaned 

PCR products with AMPure XP magnetic beads (Beckman Coulter Inc.) following 

manufacturer instructions. We used a second PCR to add DIP barcodes (Kozich et al. 

2013) and adaptors for Illumina sequencing with a 94°C heating step for 2 minutes and 

10 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min, using 12.5 µL Accustart 

Toughmix, 2.5µL of 1 µM DIP PCR2 primers, 6.5µL of ultra-pure water, and 1µL of 

PCR product. Following established protocols from our lab (Pulido-Chavez et al. 2023; 
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Glassman et al. 2023), we pooled samples based on band intensity in an agarose gel by 

aliquoting 1 μL, 2 μL, or 3 μL per sample, then cleaned the pool with AMPure prior to 

checking concentration and quality with Agilent Bioanalyzer 210. We sequenced with 

Illumina Miseq 2x250 bp Nano kit, which provided sufficient sequence coverage due to 

low richness of AMF communities (Öpik et al. 2010), at the UC Riverside Institute for 

Integrative Genome Biology in 2 libraries to accommodate all samples. We included 

multiple negative controls for DNA extraction and PCRs in each library.  

Bioinformatics: We analyzed sequencing data using QIIME2 version 2022.2 

(Bolyen et al. 2019). We removed forward and reverse adaptors using the QIIME2 

cutadapt trim-paired plugin, demultiplexed, and denoised using DADA2 with the 

denoise-single plugin based on the quality of forward reads to ensure median quality 

scores over 30. We assigned taxonomy exclusively using forward reads, since the 

forward reads contain more of the informative variable region (Dumbrell et al. 2011; 

Davison et al. 2012). We matched sequences to the MaarjAM database (Öpik et al. 2010) 

using virtual taxa (VT) numbers and removed singletons to minimize the impact of 

erroneous reads. Since a portion of reads did not match to any VTs, they were subjected 

to a lower threshold BLAST against the MaarjAM database which retained matches with 

the highest e-value lower than 1e-50, a percent identity over 90%, and less than 10 

nucleotide mismatches (Chaudhary et al., 2020). Sequences not matching one VT with 

these constraints were excluded from analysis as non-AMF reads. 

Statistical analysis: We performed statistical analysis in R version 4.1 (R Core 

Team 2020). We generated a species accumulation curve and rarefaction curve to 
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determine cutoffs for sample numbers and sequencing depth using functions specaccum 

and rarecurve in “vegan” (Oksanen et al. 2022). We tested the impact of different 

rarefaction levels on number of samples, total number of VTs, and mean and median per 

sample AMF richness using the using the rrarefy.perm function in “EcolUtils” (Salazar 

2015) and taking the mean of 10,000 permutations of rarefaction. We found that 

normalizing to 754 reads per sample allowed us to retain the most samples (143/150) and 

yield the same total number of VTs as non-rarefied data (47 VTs) but also account for 

uneven sequencing depth to accurately compare sample richness across treatments (Weiss 

et al. 2017; Table S2). Prior to rarefaction, our samples ranged from 202 reads to 39,799 

reads with an average of 7,266 reads per sample, and this level of variance can skew 

results without a rarefaction method that maintains species counts through multiple 

permutations (Schloss 2024). We calculated diversity indices using the estimateR and 

diversity functions in “vegan”.  

To identify significant drivers of species richness across our trees, we used 

generalized linear mixed models from the “lme4” package (Bates et al. 2024). We used 

Poisson distributions after testing several distributions in the “MASS” package (Ripley et 

al. 2024) using the “car” (Fox et al. 2023) function qqp. We used reverse model selection 

to identify the lowest Akaike's Information Criterion (AIC) value amongst differing 

generalized linear models incorporating season, type, and burn status, while comparing 

library and tree number held as random effects. Sequence libraries had an uneven sample 

type distribution (Fig. S2) so final models only incorporated tree number as a random 

effect. To analyze seasonality of AMF VT richness and spore abundance, we used 
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separate models for roots and soils due to differing levels of variance in the two groups. 

We confirmed normal distributions and low variance with the Shapiro-Wilk test and 

Levene’s test, respectively (Shapiro and Wilk 1965; Schultz 1985). Then we compared 

seasons with repeated measures ANOVA. We used the R package “modelsummary” 

(Arel-Bundock et al. 2022) to export tables of statistics.  

We analyzed differences in beta-diversity using Bray-Curtis dissimilarity matrices 

calculated with the “vegan” function avgdist rarefied to 754 sequences per sample, then 

applied a PERMANOVA analysis using the “vegan” functions adonis2 and betadisper for 

differences between centroids and variation in mean distance of samples to centroids, 

respectively. We visualized beta diversity using non-metric multi-dimensional scaling 

(NMDS) plots with the “vegan” function metaMDS. 

We generated masked sequence alignments of representative sequences of our 

forward read VTs and the Mucoromycota outgroup Endogone botryocarpus (Genbank 

accession LC431079). We made a phylogenetic tree of identified VTs using the QIIME2 

plugin iq-tree-ultrafast-bootstrap which compared models to identify TIM+F+I+G4 

(Transitional Model, Frequency, Invariant, rate 4 Gamma distribution) as the best fit 

model for tree construction based on the Bayesian Information Criterion. 

We used heat maps and Venn diagrams to test and visualize the impact of 

sampling type (roots versus soils) and season on AMF richness and frequency and to 

identify a core microbiome. We used frequency of VTs in root and soil to generate Venn 

diagrams and made graphics using the “VennDiagram” package (Chen 2022). We used 

base R to create heatmaps based on prevalence of taxon appearance and selected color 
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palettes from the “viridis” package (Garnier et al. 2024). We used the rankabundance 

function in the “BiodiversityR” package (Kindt 2024) to calculate the abundance and 

prevalence of VTs in our filtered and rarefied dataset. 

Sequences were deposited to NCBI SRA PRJNA1196672. All scripts can be 

found at github.com/arik-chou/YJAMF. 

2.4 Results 

After merging two Illumina libraries consisting of 2,399,441 reads, and filtering 

for quality, we obtained 1,264,130 sequences corresponding to 1,269 amplicon sequence 

variants (ASVs) from 150 samples, as 10 samples did not amplify. ASVs that matched a 

MaarjAM database VT were combined into 47 distinct VTs. Species saturation curves 

showed that sampling roughly 10 trees yielded most of the AMF VT diversity present 

(Fig. S3A). Rarefaction curves showed that all samples saturated at roughly 15 species 

per 0.1g root and under 20 species per 0.30g soil regardless of sequencing depth up 

ranging from 754 to 40,000 reads per sample (Fig. S3B). We compared library effects 

across sample types (Fig. S2) and saw no significant differences in root (LMM, t(62.34) 

= 1.43, p = 0.16) or soil (LMM, t(52.07) = 1.12, p = 0.27). 

Spore abundance variation across seasons: Spore abundance averaged at a 

mean ± standard error (SE) of 12.06 ± 0.71 spores/1g soil, with 12 distinct morphotypes 

detected (Table S3). Summer had significantly fewer spores per gram than the other 

seasons (Table 1, Fig. 2A; (F3,57 = 10.3, p < 0.001). The Summer sampling (June 2021) 

followed the months with the lowest levels of precipitation (Fig. 2C). Spore abundance 
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was correlated to precipitation at each sampling time as a sum of the prior 3 months’ 

rainfall (F1,76 = 4.17, p < 0.0001, Table S4). Two morphotypes dominated in abundance 

(M3 and M4) across all seasons, followed by 2 more morphotypes (M5 and M8), which 

all had lowest abundances in the Summer with M4 and M8 peaking in Spring, M3 in 

Winter, and M5 in Fall. The remaining eight spore morphotypes showed similar 

abundance values, most peaking in abundance in Fall (Fig. S4). 

Impact of being in a burn patch on AMF richness and composition: Whether 

the tree was within the burn scar versus outside the burn scar did not significantly impact 

AMF VT richness (GLMM, z = 0.39, p = 0.70; Fig. 3A), so the burn effect was not 

included in our final model. There was also no significant difference in the mean spore 

abundance for trees within the burn scar versus outside the burn scar (Fig. 3B), but there 

was a small impact of burn on AMF VT community composition (PERMANOVA, F1,1= 

2.53, R2 = 0.018, p = 0.01). 

AMF richness and composition in roots versus soil: Averaged across seasons, 

soils yielded more AMF VTs per tree (10.63 ± 0.40 (n = 71)) than roots (9.18 ± 0.33 (n = 

72)), (Fig. 3C, GLMM, z = 2.86, p = 0.004). Although soils yielded more AMF VTs than 

roots, 80% of AMF VTs were shared across soils and roots, with 38 of the 47 VT found 

in both sample types, and with 6 AMF VT exclusive to soil and only 3 to roots (Fig. 4A). 

Glomus VTX00294 was the most frequent AMF VT in both roots and soils (Fig. 5), 

detected in 87% of all samples. AMF VT communities showed small but significant 

differences between roots and soils in both the location of centroids (PERMANOVA, F1,1 

= 15.0, R2 = 0.096, p = 0.001) and mean distance to centroids per sample (betadisper, F1,1 
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= 21.1, p < 0.001) when all seasons were considered together. Considering seasons 

separately, differences between AMF community composition of roots versus soils 

ranged from R2 of 0.07 in Summer and 0.08 in Spring to 0.13 in Fall and 0.19 in Winter 

(Fig. 6). 

AMF richness and composition across seasons: While there was no significant 

impact of season on per tree mean AMF richness in roots (F3,46 = 0.84, p = 0.48), soil 

samples did vary by season (F3,45 = 5.2, p = 0.004) with Summer having the lowest AMF 

VT richness (Table 1; Fig. 2B). Per tree mean AMF richness in soil was correlated with 

the sum of the prior 3 months’ rainfall in soil (GLMM, z = 3.03, p = 0.003) but not in 

roots (GLMM, z = 0.44, p = 0.66). When combining total per tree AMF richness from 

soil and roots, richness was significantly higher in all seasons compared to Summer 

(LMM, Fall: t = 2.65, p = 0.011; Winter: t = 2.66, p = 0.010; Spring: t = 2.77, p = 0.0078; 

Fig. S5). 

The majority (55%) of AMF VTs were found in all four seasons (Fig. 4B) and this 

pattern held for both roots (Fig. 4C) and soils (Fig. 4D). Seasons also had similar 

amounts of VTs detected overall when combining soil and roots, with 36 present in Fall 

and Spring, and 38 in Summer and Winter. However, each season had at least 1 VT that 

was not present in the other seasons (Fig. 4B), so season had a minor but significant 

impact on AMF community composition (Fig. S6, PERMANOVA, F1,3 = 2.00, R2 = 0.04, 

p = 0.004). In soil, community composition differed between Summer and Fall (F1,34 = 

3.8, R2 = 0.10, p = 0.003), and Summer and Winter (F1,32 = 2.2, R2 = 0.06, p = 0.027). 

Meanwhile, roots differed only between Fall and Spring (F1,37 = 3.1, R2 = 0.07, p = 
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0.025), with no seasonal differences in beta-dispersion within root or soil. Heatmaps from 

root and soil samples (Fig. 5) highlight seasonal dominance for VTs highly prevalent 

across all samples, as the ten most prevalent VTs are also present in all seasons, 

representing 58% of the proportion of VT detection frequency. Some VTs were highly 

prevalent overall such as Glomus VTX00294 and Glomus VTX00063, and others had clear 

seasonal preferences for Summer (Glomus VTX00099 and Glomus VTX00114) or Fall 

(Glomus VTX00177 and Glomus VTX00442). Sample-type specific trends included higher 

prevalence of Paraglomus VTX00444 in Summer soils, Diversispora VTX00306 in 

Summer roots, Glomus VTX00409 and Glomus VTX00098 in Fall soils, Glomus 

VTX00214 and Diversispora VTX00306 in Winter soils, and Claroideoglomus VTX00056 

in Spring roots.  

Core community across roots/soil and seasons: A core community of 26 out of 

47 VT primarily from the Glomeraceae was present across all seasons from roots and 

soils (Fig. 4B), with 20 out of 41 detected in roots (Fig. 4C) and 25 out of 44 in soil (Fig. 

4D). A total of 19 VTs were present across all seasons in both roots and soils. Season-

exclusive taxa included Glomus VTX00150 in Fall, Glomus VTX00067 and Diversispora 

VTX00355 in Summer, Glomus VTX00105 and Paraglomus VTX00375 in Spring, and 

Archaeospora VTX00375, Glomus VTX00093, and Glomus VTX00077 in Winter samples. 

While many of these exclusive taxa often only appeared in a few samples in one season 

with low overall prevalence (Fig. 5), other non-core community members appeared more 

frequently in other seasons but were completely absent in one season, such as Glomus 

VTX00069, Glomus VTX00165, Glomus VTX00174, Glomus VTX00414, Glomus 
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VTX00416, and Glomus VTX00326. Of the 47 VT sequenced from roots and soil from Y. 

jaegeriana, only 9 VT overlapped with the 37 VTs associating with the closely related Y. 

brevifolia (Harrower and Gilbert 2021), those being Glomus VTX00114, 

Claroideoglomus VTX00193, Claroideoglomus VTX00056, Diversispora VTX00061, 

Diversispora VTX00306, Glomus VTX00092, Glomus VTX00069, Glomus VTX00093, 

and Glomus VTX00105, in descending order of frequency across all samples in this study. 

Of these, only Glomus VTX00114 showed high prevalence, as the eighth most prevalent 

taxa in our study. 

2.5 Discussion 

Here, we present the first study of Eastern Joshua tree Yucca jaegeriana AMF and 

perform a comprehensive analysis of how AMF spore abundance, richness, and 

composition varies across seasons in roots versus soil among the same 20 trees sampled 

via both traditional microscopy and modern next generation sequencing methods. We 

confirmed AMF colonization in roots via staining and using Illumina MiSeq of 

WANDA-AML2 primers and identified 47 VTs overall from 5 families within the 

Glomeromycotina with a core AMF microbiome of 26 VTs across all seasons. AMF 

communities of Y. jaegeriana were diverse, with each tree harboring an average of ~10 

VTs per tree per sample type. Contrary to our predictions, AMF richness was unaffected 

by being within a burn scar, and roots did not yield greater AMF species richness than 

soil. In fact, soils yielded more AMF taxa than roots overall, although the vast majority of 

AMF VTs were shared by soil and roots. While one VT, Glomus VTX00294, showed 
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dominance across sample types, trees, and seasons, the community showed high temporal 

stability. Further, AMF richness did not vary in roots across seasons but was lowest in 

Summer for soils and spore abundance. Notably, the AMF community was distinct from 

that of the sister species Y. brevifolia, with only 9 shared VTs between hosts, suggesting 

more host diversity than expected based on previous research indicating low host 

specificity and low global endemism among AMF (Davison et al. 2015). 

We detected the lowest AMF spore abundance and richness in Summer soils 

following the driest months, but AMF spore abundance was constant from Fall to Spring. 

Similar trends regarding abundance and richness were reported in arid and semi-arid 

steppes (Bencherif et al. 2016), with richness and spore abundance at their lowest in the 

Summer. Precipitation leading up to the Summer sampling was minimal (Fig. 2C), likely 

slowing plant and AMF growth. Sustained precipitation may have supported the increase 

in spore abundance we detected in Fall, similar to a study that detected a correlation 

between precipitation and spore density in semiarid shrublands (Chaudhary et al. 2014).  

While we identified 4X as many AMF VT from next generation sequencing than 

from spore morphotyping, both followed similar trends. Overall richness of VTs and 

spore abundance were both lowest in summer and both showed high dominance by 1-2 

taxa. Similar to our trends in VT prevalence, each of the four seasons represented a peak 

in abundance for at least one morphotype. This trend is consistent with prior studies in 

which spore abundance rose after precipitation when water is limiting, with some 

morphotypes still peaking in abundance outside of the most spore-dense season (Gemma 

et al. 1989; Bever et al. 2001; Da Costa et al. 2021; Kemmelmeier et al. 2022). While 
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patterns of seasonality in spore morphotypes may be skewed by morphological plasticity 

of spores and other difficulties in species identification, a recent study of spore dispersal 

showed congruence between spore morphotyping and next-generation sequencing trends 

of aerial spores captured at a 20m height near agricultural fields (Chaudhary et al. 2020). 

While two morphotypes drove a peak in their post-harvest Summer spore counts, an 

overall diverse variety of 20 morphotypes and 17 VTs continued to follow their own 

seasonal trends with little change to VT richness, indicating that seasonal variation in 

spore dispersal is likely. Grasslands can show strong seasonal differences between 

summer and winter root AMF communities (Dumbrell et al. 2011), however the century-

spanning lifetimes of Joshua trees supported a more consistent AMF community similar 

to those seen in forests (Kemmelmeier et al. 2022; Djotan et al. 2024). 

Eastern Joshua trees sampled within the burn scar did not show a decrease in 

AMF spore abundance or taxa richness, indicating that burning away the surrounding 

shrubs and grasses did not drastically impact the AMF associated with surviving trees. 

While we did not sample trees killed by the fire in this study, it is possible that spores 

would still be detected amongst the surrounding soil and dead roots, since AMF survive 

in storage after long periods of time (Allen 1992), and some burn conditions can even 

increase spore abundance (Aguilar-Fernández et al. 2009; Moura et al. 2022). Further, 

AMF beyond the top 10cm are thought to be buffered from low-intensity fires (Allen et 

al. 2011), thus seeding recolonization of shallow roots. While ectomycorrhizal fungi 

appear to die off by 1 month post-fire (Pulido-Chavez et al. 2023), the longevity of AMF 

spores in the wild is not known. While it is possible that post-fire nutrient pulses reduce 
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the need for AMF associations (Kennedy et al. 2002), other studies indicate that fast 

moving low intensity fires do not typically lead to long lasting impacts on mycorrhizal 

fungal richness (Chimal-Sánchez et al. 2015; Stürmer et al. 2022; Espinosa et al. 2023).  

Most AMF taxa were shared by soil and roots, with AMF taxa exclusive to one 

sample type being rare. Indeed, 80% of AMF taxa were shared by soils and roots, and 

none of the sample-type exclusive taxa were found in any substantial frequency, often 

appearing in one sample. Six AMF VTs (Paraglomus VTX00375, Glomus VTX00093, 

Glomus VTX00077, Diversispora VTX00354, Diversispora VTX00355, and 

Archaeospora VTX00376) were detected in soil exclusively. These soil-exclusive taxa 

may have different colonization structures and strategies for soil or root, like Glomus 

intraradices and Glomus etunicatum (Hart and Reader, 2005). Further, Diversisporales 

AMF are well-known for their “edaphophilic” lifestyle of abundant extraradical hyphae 

and sparse hyphae in roots (Powell et al. 2009; Weber et al. 2019). This soil preference 

was supported by increased prevalence of Diversispora VTX00263 and Diversispora 

VTX00306 in Winter soils, but no corresponding increase of the same taxa in roots (Fig. 

5). While some studies have shown substantial compositional differences in root and soil 

AM taxa (Hempel et al. 2007), we report significant overlap of root and soil communities 

with some variation in low abundance taxa. 

Differing trends in seasonality across sample types led to some AMF 

compositional differences across seasons both between roots and soils and within roots 

and soils across seasons, likely driven by abundant edaphophilic Diversispora members 

fluctuating across seasons. For example, the differences between AMF composition in 
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roots versus soils was higher in Fall and Winter (13-19%) compared to Summer and 

Spring (7-8%). Moreover, within soil AMF communities, they only differed between 

Summer-Fall and Summer-Winter, and within root AMF communities, they only differed 

between Fall-Spring but were consistent across other seasons. A study highlighting 

seasonal preference of AMF in nearby Palm Desert surveyed multiple plant species’ roots 

to assess microbial responses to the Winter and Summer rains (Taniguchi et al. 2023). 

AMF taxa were a larger percentage of the fungal ITS1 sequence relative abundance after 

Summer rain but not Winter rains. Root AMF in wet-season months appeared to be 

structured based on associations with host plants rather than stochastic processes, 

consistent with community assembly patterns seen in sorghum fields after the removal of 

drought stress (Gao et al. 2020). Those patterns were reflected here in this study, as AMF 

VT richness in Spring was not significantly different from the lowest season, Summer, 

despite prior Winter rain (Fig. 2B). It is possible that ending the drought stress with 

Summer monsoons leads to more root growth and more opportunities for diverse AMF 

community structure in Fall. Another shallow-rooted succulent, Yucca angustissima, 

showed preferential Summer rain uptake while nearby perennials used both Summer and 

Winter rain sources (Ehleringer et al. 1991). Thus, root growth in Fall could support new 

root-specific mycorrhizal associations, while post-Winter rains do not, driving the 

compositional difference in Fall and Spring roots and resulting in differing amounts of 

variation across roots and soil. 

AMF VT richness and community composition was otherwise largely consistent 

across seasons, with the majority of AMF VTs found across all seasons and with soil 



28 

 

AMF richness reducing only in Summer. Our rarefaction curve shows that 10 Y. 

jaegeriana trees was sufficient for capturing most of the AMF community. Since we 

sampled double that, we were able to detect more rare taxa that either had some 

preference for roots versus soils or seasons, or were simply identified in one season 

versus another due to stochasticity. For example, Glomus VTX00104 was prevalent in 

Summer soils but not detected in Winter soils, but was detected in roots in the Spring. 

Other taxa share their peak in prevalence in both sample types at the same season, such as 

Glomus VTX00114 and Glomus VTX00099 in Summer, Glomus VTX00177 and Glomus 

VTX00442 in Fall, and Glomus VTX00155 in Spring. These trends are consistent with 

observations of Cryptomeria japonica root and soil sampled monthly in different forests, 

which revealed monthly stochastic changes in the plant’s AMF communities but 

consistency in overall trends of richness across forests (Djotan et al. 2024). Aided by 

dispersal of AMF through spores, hyphal fragments, or infected plant roots (Paz et al. 

2021), AMF maintain arbuscules for nutrient exchange over the course of multiple days 

(Kobae and Hata 2010) while the fungus remains as viable infective extraradical 

mycelium in the soil for up to 5 months after removal of a host (Pepe et al. 2018). 

We found 26 out of 47 VTs that were present in at least one root or soil sample 

from our 20 Y. jaegeriana trees at every season, forming a temporal core community. 

These include VTs from 4 of the 5 genera detected in this study including Glomus, 

Claroideoglomus, Paraglomus, and Diversispora ordered from most to least abundant. 

Whether these taxa are functionally critical or simply resilient is not known. It is possible 

that functional redundancies exist across the AMF community, but the high rate of 
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genetic diversity across just one species of AMF suggests differing roles for each 

mycorrhizal association with implications for wider ecosystem functioning (Powell and 

Rillig 2018). Unlike other yuccas with deep taproots, Joshua tree roots are fibrous and 

shallow (Rundel and Gibson 1997), so they likely invest in a broad range of mycorrhizal 

partners to search for a variety of nutrients (Johnson 2010). This reliance on AMF may 

increase resource allocation towards many AMF species regardless of their benefit, 

potentially explaining the high diversity and low overlap of species between Y. 

jaegeriana and Y. brevifolia (Harrower and Gilbert 2021). However, the constant 

presence of 5-10 AMF virtual taxa may support resilience against increasing temperature 

maxima, since Summer heat did not drastically alter species composition, and did not 

obstruct an increase in soil AMF species richness between Summer and Fall. Better 

understanding the dynamics of the core community will require investigations into 

differing contributions of AMF species to their plant host, as AMF communities often 

exhibit rare taxa appearing and disappearing with unclear consequences (Sánchez-Castro 

et al. 2012). AMF also display intra-specific genomic differences that contribute to their 

interactions with hosts (Schoen et al. 2021) and mutualistic bacteria within AMF spores 

that modulate mycorrhizal drought responses (Chávez-González et al. 2024), adding 

further layers of complexity to these multilevel interactions. 

Surprisingly, despite their close genetic relationship and the general lack of host 

specificity among AMF (Davison et al. 2015), only 9 of 47 VTs overlapped between Y. 

jaegeriana and Y. brevifolia, even while targeting the same V3 portion of the fungal 18S 

rRNA and assigning taxonomy with the same MaarjAM database (Harrower and Gilbert, 
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2021). The nearest Y. brevifolia individuals are located 100-200 Km away from our site 

(Wilkening et al. 2022), and they lacked  Glomus VTX00294, which was the most 

abundant VT that we found on Y. jaegeriana. However, Glomus VTX00294 has also been 

detected associating with perennial grasses and herbs nearby in the Chihuahuan Desert in 

New Mexico (Porras-Alfaro et al. 2007), and as far as Australia (Davison et al. 2015). 

Expected genera that were detected in JTNP with Y. brevifolia such as Ambispora as well 

as Scutellospora were not present in the Cima Dome at their corresponding elevations 

from JTNP (Harrower and Gilbert 2021). This suggests that climatic or edaphic 

characteristics vary enough to support diverging AMF communities in closely related 

plants, potentially lending further support for host specificity of AMF (Kajihara et al. 

2022; d’Entremont and Kivlin 2023).   

2.6 Conclusion 

Although we focus narrowly on the AMF of a single desert tree, our 

comprehensive sampling across space, time, and roots versus soils provide valuable 

insight into the dynamics of host-associated microbiomes. We characterized for the first 

time the AMF the iconic Eastern Joshua tree and found that a single desert tree species 

associates with a diverse assemblage of 47 AMF taxa from 5 families within the 

Glomeromycotina. In addition, there is low overlap of AMF VTs shared between closely 

related sister genera of Yucca, indicating high levels of desert biodiversity are found 

belowground. Sampling soils is typically less effort than searching for roots especially in 

deep rooted desert plants, and our findings indicate that sampling from soils is preferred 
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since most AMF taxa were shared but soils had higher richness and more unique VTs 

than roots. Further, these similarities suggest that in instances where root collection can 

be prohibitively difficult, root samples are more informative for quantification of fungal 

structures when near-identical communities can be sequenced via soil. In our limited 

testing of fire, burning surrounding grasses did not alter AMF spore abundance or species 

richness when compared to unburned trees, suggesting that dynamics were tied to Y. 

jaegeriana or fine-scale soil properties. We also identified all seasons besides Summer as 

equally viable options for sampling, since we found high consistency in AMF spore 

abundance, richness, and composition across Fall, Winter, and Spring. Finally, our in-

depth examination of both root and soil from the same 20 trees across seasons gives 

insight into generalized principles of host-associated microbiome turnover across space 

and time, indicating that a diverse core AMF microbiome persists across seasons and 

sampling type. 
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2.7 Figures 

 

 
Figure 2.7.1 (A) Spring sampling of Y. jaegeriana soil and roots. (B) Y. jaegeriana 
habitat near the USA California-Nevada border (green). Location of the Dome Fire 

within California (red). Pins indicate general sampling sites for 20 trees. (C) AMF Spores 
at 65x magnification. (D) AMF arbuscules stained with Trypan Blue within Y. jaegeriana 

root. 
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Figure 2.7.2 (A) Spore abundance in 1g of soil from 20 trees per season. (B) Richness of 
AMF virtual taxa in all trees per season in roots versus soils as detected by 18S 

sequencing. The median of each boxplot is indicated by the middle horizontal line, the 
bottom of the box indicates the first quartile, the top indicates the third quartile, and 

whiskers above and below indicate minimum and maximum values not considered 
outliers. Points beyond whiskers are outliers. We have also visualized the model 
predicted means as the points within each boxplot ± standard error. Letters indicate 

statistically significant differences between least-squares means in our generalized mixed 
effects model. (C) Precipitation measured at the Mojave Mid Hills Station from April 

2021 to March 2022. Bars indicate daily precipitation listed in mm, and the line indicates 
the sum of the prior 3 months of precipitation. Stars indicate our four seasonal sampling 

timepoints. 
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Figure 2.7.3 Comparison of burned and unburned Eastern Joshua trees and their AMF A) 
virtual taxa (VT) richness and B) spore abundance per 1g of soil. Blue represents 
unburned (n=16) and red represents burned (n=4) trees. Box plots show medians with the 
middle horizontal line, the bottom of the box indicating the first quartile, the top 

indicating the third quartile, and whiskers above and below indicating minimum and 
maximum values not considered outliers. Points beyond whiskers are outliers. We have 

also visualized the model predicted means as the points within each boxplot ± standard 
error. No significant difference was found between either group. C) AMF Virtual taxa 
richness in root (n=71) and soil (n=72) samples combined across seasons. Stars indicate 

significantly greater richness in soil (p < 0.01). 
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Figure 2.7.4 (A) Venn Diagram comparing virtual taxa in root and soil samples. (B) Venn 
Diagram indicating overlap of 47 detected virtual taxa in all root and soil samples. (C) 
Venn Diagram of 41 AMF VTs from roots and D) 44 soil VTs from each season. 
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Figure 2.7.5 Prevalence of virtual taxa across 143 samples (gray). Heatmaps indicate 
AMF VT frequency across twenty trees in each season from roots (center-left) and soil 
(center-right). Root color scale in blue and soil color scale in red indicating frequency in 
up to 20 trees sampled per season. White cells are absences, and white rows indicate an 

absence of that VT from the sample type. A phylogenetic tree of 47 detected virtual taxa 
(with Endogone botryocarpus as an outgroup) was constructed based on forward reads. 

Numbers on the tree indicate bootstrap values. Tree-tip nodes indicate temporal core 
community members which are present in all 4 seasons in roots (green), in soils (purple), 

or in both (black). 
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Figure 2.7.6 Bray-Curtis dissimilarity of AMF VTs across root (green circles) and soil 
(purple triangles) samples per season visualized as non-metric multidimensional scaling 
plots (k=3, stress = 0.18). Ellipses around each group represent 95% confidence intervals 

around the centroid of each sample type. 
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2.8 Supplementary Materials 

Table S1. GPS Location of Joshua trees sampled for root and soil. 

Tree Number Latitude Longitude Height (cm) 

1 35.251275 -115.497708 325 

2 35.251261 -115.49756 302 

3 35.250905 -115.497428 420 

4 35.251377 -115.497459 335 

5 35.251398 -115.497396 249 

6 35.251412 -115.497392 230 

7 35.251411 -115.497686 422 

8 35.25169 -115.497233 567 

9 35.268193 -115.498134 577 

10 35.268291 -115.498224 308 

11 35.267998 -115.497597 434 

12 35.268044 -115.497910 506 

13 35.267713 -115.497311 281 

14 35.268048 -115.497525 588 

15 35.267264 -115.497235 356 

16 35.267647 -115.497137 272 

17 35.250607 -115.502029 402 

18 35.250872 -115.501821 343 

19 35.251253 -115.501689 173 

20 35.250872 -115.501821 294 
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Table S2. Sequence rarefaction levels of our sample-VT table of 150 samples and 47 

virtual taxa. Prior to rarefaction, each sample had a median 5,565 reads and median 10 
VTs. Low rarefaction levels were tested to maintain sample numbers and VTs. Increasing 

rarefaction to over 1,000 sequence reads per sample removed samples below that 
threshold which were low in species abundance, increasing the mean species richness. 

Thus 754 reads were selected for maintaining the total VT count and preserving the most 

sample numbers. 
 
 

 
 

Table S3. Spore morphotypes based on single spore photos measured for identification 
purposes. Potential identifications based on expert opinion from Dr. Michael Allen. 

Type Size Color Note Potential Taxon 

M1  500 µm Hyaline  Gigaspora 

M2 250 µm Orange-red  Acaulospora 

M3 24 µm Hyaline  Glomus mosseae 

M4 24 µm Yellow-orange  Glomus 

M5 10 µm Yellow to hyaline Clustered Glomus 

aggregatum  

M6 85 µm Yellow Clustered Glomus 

M7 200 µm Hyaline 1-2 spots 
within spore 

Scutellospora 

M8 10 µm Red to purple   

M9 250 µm Yellow Budding  

M10 20 µm Red to purple Clustered  

M11 50 µm Hyaline with red 
inside 

  

M12 300 µm Translucent brown   

 
 

 

 Mean 
Species 

Median  
Species 

Mean Seq Median 
Seq 

Total 
Taxa 

N 
(samples) 

Pre-

rarefaction 

10.1 10 7266 5565 47 150 

 418 Reads 9.6 9 418 418 45 146 

754 Reads 9.9 10 754 754 47 145 

889 Reads 9.9 10 899 899 47 143 

10% -  
1488 Reads 

10.3 10 1488 1488 47 135 
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Table S4. A comparison of generalized mixed effects models of spore abundance, 
comparing a model with Fall, Winter, and Spring to the Summer reference level (Model 

1), a model replacing seasons with a sum of the prior 3 months’ precipitation (Model 2), 
and a model with a sum of 1 years’ precipitation (Model 3). Precipitation values were 

scaled around zero. Bold p-values show significance.  Both models use root and Summer 
as the Sample type and Season reference value, respectively. 
 

         Spore Abundance ~ Season + (1|TreeNum) +family = Gamma(link = "log”) 

term estimate std.error z-value p.value 

(Intercept) 1.93172 0.00407 474.9005 <2e-16 

Fall 0.74866 0.00406 184.3275 <2e-16 

Winter 0.56444 0.00406 139.0090 <2e-16 

Spring 0.56735 0.00406 139.6720 <2e-16 

 
Spore Abundance ~Precipitation (3 months) + (1|TreeNum) +family = 

Gamma(link = "log”)  

term estimate std.error z-value 

p.
va

lu
e 

(Intercept) 2.41962 0.09068 26.68235 

<0
.0
00

1 

Precipitation (3-month’s 
sum) 

0.20924 0.05018 4.16949 

0.

00

00

3 

 

Spore Abundance ~Precipitation (1 year) + (1|TreeNum) +family = Gamma(link 
= "log”) 

term estimate std.error z-value 

p.
va

lu
e 
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term estimate std.error z-value p.value 

(Intercept) 2.405 0.004 568.620 
<2
e-
16 

Precipitation (1-

year’s sum) 
0.277 0.004 65.596 

<2

e-

16 
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Table S5. Models of seasonality on VT richness in soil and root samples. Seasons drove 
significant differences in soil but not root samples. Bold p-values show significance. 

Summer is used as the reference level for comparison. 
 

 Root Richness - S.obs ~ Timepoint+(1| TreeNum) , family = poisson(link = "log") 

term estimate std.error z-value p.value 

(Intercept) 2.145 0.094 22.757 0.000 

Fall 0.092 0.115 0.799 0.424 

Winter 0.030 0.119 0.253 0.800 

Spring 0.121 0.115 1.052 0.293 

 
Soil Richness - S.obs ~ Timepoint+(1| TreeNum) , family = poisson(link = "log") 

term estimate std.error z-value p.value 

(Intercept) 2.153 0.093 23.129 0.000 

Fall 0.279 0.109 2.560 0.010 

Winter 0.291 0.111 2.609 0.009 

Spring 0.180 0.111 1.618 0.106 
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Figure 2.8.1 A distinct red root emerging from below the base of Yucca jaegeriana, 
indicating the bottom of the Eastern Joshua tree trunk. Saturation modified to highlight 

the root. 
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Figure 2.8.2 A comparison of richness per sample type between two sequence libraries. 
Library 1 was primarily root samples and seasons Summer, Fall, and Winter, while 

Library 2 was primarily soil samples across all seasons. Points and bars within each box 
indicate model-predicted means ± standard error. Box plots show medians with the middle 
horizontal line, the bottom of the box indicating the first quartile, the top indicating the third 
quartile, and whiskers above and below indicating minimum and maximum values not considered 
outliers. 
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Figure 2.8.3 A) Species saturation curves based on 47 virtual taxa detected in all our 

samples across 1 year. Soil samples are depicted as purple and root samples are depicted 
in green. The curve indicates how many samples are sufficient for capturing most of the 
species present in the community. The dashed line at 10 samples shows approximately 

where taxa accumulation levels off.  B) Sequence depth compared to the amount of 
species detected. Each line is one sample. Our rarefaction level of 754 sequences (dashed 

line) allows most samples to saturate and importantly, preserves the total number of VT 

detected without removing any. 
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Figure 2.8.4 Mean spore morphotype count in twenty trees across each season. Circles 
indicate the season in which each morphotype was most abundant. 
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Figure 2.8.5 Richness comparisons of each season (from both root and soil combined per 
tree). Box plots show medians with the middle horizontal line, the bottom of the box 

indicating the first quartile, the top indicating the third quartile, and whiskers above and 
below indicating minimum and maximum values not considered outliers. 
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Figure 2.8.6 Bray-Curtis dissimilarity of samples based on VT sequences across seasons 
visualized as non-metric multidimensional scaling plots (k = 3, stress = 0.18). Triangles 
indicate soil samples and circles indicate root samples. Ellipses around each season 
represent 95% confidence intervals around the centroid of combined sample types per 

season. 
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3 Chapter III.  

Mojave Desert microbial communities show 

resilience over three years despite widespread 

plant mortality following the Dome Fire 

 

3.1 Abstract 

High severity desert fires are uncommon but typically chart a new successional trajectory 

altering plant communities for at least 65 years. These aboveground vegetation shifts can 

have large implications for belowground microbial communities that maintain soil 

structure and nutrient cycling. High severity wildfires in forests or shrublands can 

severely reduce microbial species richness and biomass and alter microbiomes for 

decades but impacts on desert soil microbiomes are virtually unknown. The 2020 Mojave 

Desert Dome Fire burned 43,000 acres of Eastern Joshua tree (Yucca jaegeriana) habitat, 

burning roughly 1 million trees. To track aboveground and belowground impacts of the 

Dome Fire, we established 9 plots (6 burned; 3 unburned) and sampled 4 subsamples per 

plot for 5 time points ranging from 2 weeks to 3 years post-fire. We measured initial ash 

depth as a proxy of soil burn severity and assessed plant mortality, plant richness, soil 

chemical characteristics, estimated soil microbial biomass with qPCR, and microbial 

richness and composition with Illumina MiSeq of 16S and ITS2 amplicons. Belowground 

communities were highly diverse, containing 25,444 bacterial, 269 archaeal, and 6,683 
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fungal ASVs amplicon sequence variants (ASVs) or microbial taxa. We identified at least 

65 plants across 3 years. Fire caused 80% Eastern Joshua tree mortality and reduced plant 

richness except during a bloom of annual herbs at 1-year post-fire, yet the fire did not 

significantly reduce microbial biomass or richness at any time point. Microbial 

communities for both bacteria and fungi showed small but significant changes, enriching 

for pyrophilous microbes in burned plots. We identified increases of pyrophilous 

microbes such as Nitrososphaera, Massilia, Noviherbaspirillum bacteria and Penicillium, 

Alternaria, Coniochaeata and Naganishia fungi. We present the first comprehensive 

above and belowground examination following a natural desert wildfire including 

Archaea, Bacteria, and Fungi. Despite the widespread mortality of Eastern Joshua trees 

across 3 years, microbial biomass, richness, and community composition were mostly 

resistant to change, like microbial responses to low-intensity fast-moving grassland fires. 

Despite high resistance overall, wildfire still increased several pyrophilous bacterial and 

fungal taxa common after high severity shrubland and forest wildfires. 
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3.2 Introduction 

Drylands make up 46% of the terrestrial biosphere and are expected to expand to 

56% by 2100 due to climate change (Cherlet et al. 2018). Increased mean temperatures, 

variability in precipitation, and invasive plants are increasing wildfire risks with long-

lasting impacts on soil resources (Ravi et al. 2022). Frequently burned environments such 

as California chaparral shrublands (Hanes 1971) and pine forests (Habeck and Mutch 

1973) have well understood vegetational responses to fire, but desert wildfires are 

infrequent and relatively understudied (Schussman et al. 2006; Klinger et al. 2021). 

Specifically, the Mojave Desert of Western North America has experienced increasingly 

large wildfires in recent decades (Brooks and Matchett 2006; Klinger et al. 2021) with 

slow regenerating plants exhibiting century-scale secondary successional patterns (Abella 

2010). Moreover, fire impacts on desert soil microbiomes are nearly unknown (Allen et 

al. 2011), but could have critical implications for desert biogeochemical cycling 

(Homyak et al. 2016) and plant regeneration, since above- and below-ground 

communities are intimately linked (Van Der Heijden et al. 2008). 

Desert plants like the iconic Joshua trees (Yucca brevifolia Engelm. and Yucca 

jaegeriana (McKelvey) L.W. Lenz) of the Mojave Desert are dependent on root-

associated fungal communities for survival (Allen 1989), yet these symbiotic associations 

are vulnerable to disturbances from fire (Dove and Hart 2017). Arbuscular mycorrhizal 

fungi (AMF) are obligate symbionts associated with 70-80% of plant species (Brundrett 

and Tedersoo 2018). AMF are critical partners for desert plants, especially Yucca (Titus 

et al. 2002b), since AMF increase plant access to water (Augé 2001; Kakouridis et al. 
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2020) and enhance drought tolerance (Augé et al. 2015). Both the Western Joshua tree 

Yucca brevifolia (Harrower and Gilbert 2021) and Eastern Joshua tree Y. jaegeriana 

(Joukhajian and Glassman 2025) host diverse AMF from 8 Glomeromycotina families. 

Fungi can be either resistant (insensitive) or resilient (recover quickly to original status) 

to fire (Shade et al. 2012). However, most long-term studies show that AMF have high 

post-fire resilience (Bellgard et al. 1994; Aguilar-Fernández et al. 2009; Espinosa et al. 

2023) although fires can select for changes in AMF spore traits both immediately post-

fire and 6-months later (Hopkins et al. 2024). Fires also damage biological soil crusts that 

house AMF and other root-associated fungi such as dark septate endophytes (DSEs) 

(Aanderud et al. 2018; Brianne et al. 2020), thus reducing sources of fungal spore 

dispersal (Warren et al. 2019). These indirect effects may lead to both short- and long-

term restructurings of plant-associated fungal communities.  

Although most fungal species are negatively impacted by fire, some pyrophilous 

“fire-loving” fungi that are rare or undetectable pre-fire massively increase in abundance 

post-fire (Fox et al. 2022). Several genera in Pyronemataceae are referred to as 

"phoenicoid fungi" for their abundant fruiting via ascocarps post-fire (Carpenter and 

Trappe 1985). Studies in pine forests (Jacobson et al. 2004; Glassman et al. 2016; Bruns 

et al. 2020; Caiafa et al. 2023), shrublands (Pérez-Valera et al. 2017; Pulido-Chavez et al. 

2023), boreal forests (Whitman et al. 2019), and eucalyptus forests (Warcup 1990; 

McMullan-Fisher et al. 2002) highlight pyrophilous ascomycete species in the genera 

Pyronema, Neurospora, Penicillium and Aspergillus. In contrast, little is known about 

how pyrophilous fungi might respond in desert ecosystems, where high temperatures 
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might pre-adapt common desert fungi like Naganishia (Wei et al. 2022; Lopez et al. 

2024) and Alternaria (Pombubpa et al. 2020; Malicka et al. 2022) to survive wildfire. 

Studies on microbial community responses to desert fires are limited to controlled fires 

(Liu et al. 2000; Aanderud et al. 2019; Vega-Cofre et al. 2023; Zhang et al. 2025), where 

Dothideomycetes like Preussia lignicola often increased in abundance, with one study 

after a natural desert wildfire in Mexico focusing only on AMF, which decreased in 

richness post-fire (Chimal-Sánchez et al. 2015). As desert wildfires burn more acreage, 

understanding how symbiotic fungi are affected and if pyrophilous fungi proliferate post-

fire is essential for identifying successional trajectories and predicting ecosystem 

recovery. 

Desert fires may also impact archaea and bacteria, which are overrepresented in 

desert chemical cycling pathways compared to other ecosystems (Makhalanyane et al. 

2015). Abundant bacterial phyla in deserts include Actinobacteriota, Chloroflexota, 

Proteobacteria, and Planctomycetota. Archaea, particularly the phylum Crenarchaeota, 

are more abundant in deserts than other ecosystems (Ramond and Cowan 2022). 

Wildfires in forested ecosystems broadly depress the phyla Acidobacteriota, 

Bacteriodota, and Verrucomicrobiota (Rodríguez et al. 2018; Nelson et al. 2024), but 

bacteria can also be pyrophilous. For example, members of Actinobacteriota like 

Conexibacter and Proteobacteria like Massilia and Noviherbaspirillum increased in 

abundance after a wildfire in chaparral shrublands (Pulido-Chavez et al. 2023) and forests 

(Soria et al. 2023). Firmicutes also grow in dominance post-fire (Pérez-Valera et al. 2017; 

Sáenz de Miera et al. 2020; Enright et al. 2022; Pulido-Chavez et al. 2023). Bacteria such 
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as Arthrobacter and Massilia persisted in post-fire forests for up to 9 years and may be 

considered biomarkers of altered communities post-fire (Fernández-González et al. 

2023). Rapid-responding prokaryotes are activated by rain pulses in the desert, allowing 

them to wait through periods of drought (Collins et al. 2014; Cowan et al. 2020). Yet, an 

increasingly variable precipitation regime may further hamper microbial communities, as 

decadal succession timelines in plants can disconnect nutrient cycling processes, leading 

to drainage of essential nutrients deep belowground (Wang et al. 2022a). Thus, long-term 

sampling is critical to link plant and microbial responses to fires in the desert, where lag 

effects are common due to delayed plant mortality, slow nutrient turnover, and rain-pulse 

nature of microbial activity (Vamstad and Rotenberry 2010; Muñoz-Rojas et al. 2016; 

Maestre et al. 2021).  

Fires can affect microbes directly via heat-induced mortality, or indirectly by 

changes in vegetation or soil chemical properties post-fire (Hart et al. 2005; Certini et al. 

2021). Fire intensity refers to heat transfer of fire whereas fire severity refers to either 

above or belowground mortality (Keeley 2009). Fires affecting areas with lower or less 

dense aboveground biomass like annual grasslands and deserts are typically fast moving 

and low intensity with low soil burn severity causing minimal impacts on associated soil 

microbes (Allen et al. 2011; Glassman et al. 2023). In contrast, fires affecting areas with 

dense aboveground vegetation like shrublands and forests are typically slower moving, 

higher intensity, with higher soil burn severity with large reductions in soil microbial 

biomass and richness (Dooley and Treseder 2012; Nelson et al. 2022a). Beyond heat-

induced mortality, a permanent shift in aboveground plants may result in loss of 
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important plant symbionts like AMF (Stinson et al. 2006; Mummey and Rillig 2006). In 

August 2020, the Dome Fire burned 175 km2 (43,273 acres) of the Mojave Desert, 

burning roughly 1 million Y. jaegeriana trees (NPS. 2020). Although this fire was fueled 

by grasses and spread rapidly at low intensity, it was unusual in that it had high severity 

impacts on aboveground vegetation killing large tracts of long-lived perennial Y. 

jaegeriana trees and surrounding shrubland, causing concern over the long-term 

persistence of the species (Smith et al. 2023). This leads to a large knowledge gap, i.e. 

will microbial impacts be minimal like other fast moving low intensity fires, or large due 

to the indirect effects of widespread plant mortality?  

Here, we investigate the short- and longer-term direct and indirect effects of the 

2020 Dome Fire on above and belowground communities across five timepoints at 17 

days, 1 and 8 months, and 1- and 3-years post-fire. We asked, 1) how did plant 

community composition and Y. jaegeriana survivorship change? 2) did archaeal, 

bacterial, and fungal richness and biomass decline? 3) were changes in bacterial and 

fungal community composition driven by direct or indirect effects? and 4) did 

pyrophilous microbes commonly seen in other fire-prone ecosystems proliferate? We 

hypothesized that the atypical severity of the fire on the long-lived perennial plant 

community would have a more deleterious impact on microbial communities despite 

being a fast-moving low-intensity fire, and that there would be lag effects in the response 

due to the delayed impacts of plant mortality and the rain-pulse driven nature of 

microbial responses in the desert. This would drive decreases in richness of bacteria, 

fungi, and AMF in particular, with minimal impact on the highly resistant archaeal taxa 
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but might lead to increases in pyrophilous microbes like fungal Dothideomycetes, which 

were common after prescribed burns in deserts, and bacterial phyla Firmicutes and 

Proteobacteria, which are common after fire in many ecosystems. 

 

3.3 Methods 

Site description: We sampled in Mojave National Preserve, California, USA, around the 

Cima Dome (35.264777°, -115.516038°), home to the densest Y. jaegeriana stand, where 

the Dome Fire burned 175km2 from August 15-24 2020 (Fig. 1a). Our study area had a 

mean elevation of 1361m, in a region with bimodal summer and winter rains for at least 

the last century (Tagestad et al. 2016). Vegetation in the nearby unburned area consisted 

of Y. jaegeriana shrublands, including Y. baccata, Y. schidigera and annual and perennial 

grasses like Bouteloua spp., Bromus spp., and Hilaria jamesii.  Shrubs included 

Ambrosia salsola, Coleogyne ramosissima, Ephedra nevadensis, and Lycium spp.  

 

Experimental design and soil collection: In September 2020, 17-days after the fire was 

extinguished, we established nine plots (6 burned and 3 unburned; Fig. 1a), each centered 

around a singular live or dead  Y. jaegeriana tree (Fig. 1b). Many trees were highly 

colonized by the fungus Neurospora discreta underneath exposed bark (Fig. 1c), which 

we identified by culturing and sequencing the genome (Sari et al. 2025). Within each 

plot, we established four 1m2 subplots 5m from the focal tree in each of the cardinal 

directions for a total of 36 subplots (Fig. 1d). During the first sampling timepoint, we 



58 

 

estimated soil burn severity by averaging three ash depth measurements from within each 

1m2 subplot and estimating percent char at each subplot as previously established 

(Glassman et al. 2023). We collected soil from the top 10 cm beneath the ash or organic 

layer with a releasable bulb planter cleaned between subplots with 70% ethanol to reduce 

contamination and homogenized 2 soil cores from each sub-plot. We collected soils at 

five time-points: September 10 and 24 2020, April 15 2021, September 9 2021, and 

September 19 2023 corresponding to 17-days, 1-month, 8-months, and 1 and 3-years 

post-fire. Our 3-year sampling occurred one month after Tropical Storm Hilary brought 

the largest 1-day precipitation event in our study period, registering at 61mm of rain on 

August 20, 2023 (Fig. 1E). We collected soils from all 9 plots at all time points except for 

the second timepoint at 1-month post-fire where we were only able to collect soils from 

7/9 plots including 1 unburned plot (plot #8). Soils were collected and stored on ice and 

transported to the University of California, Riverside (UCR), where we homogenized and 

sieved (2mm) within 24hrs of collection. We immediately analyzed soils for gravimetric 

soil moisture content and stored a portion at -80°C for molecular analysis for all time 

points. For 3 time points (17 days, 8 months and 3 years post-fire), we performed the KCl 

extraction method on fresh soil (Carter and Gregorich 2007) and assessed ammonium, 

phosphate, and NOₓ⁻ at the UCR Environmental Science Research Lab. We measured pH 

on air-dried soil by making a slurry of 10g of soil and 20mL of distilled water and 

measuring with a VisionPlus pH6175 meter (Jenco Instruments Inc., San Diego, CA) 

after one minute of shaking to mix.  
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Plant communities: We surveyed plant species and Y. jaegeriana mortality at 17-days, 

1-year, and 3-years post-fire at each plot. We used a point centered quarter survey 

method (PCQM), which is designed to capture density in a random sample of plants 

(Cottam et al. 1953). For each plot, we located the nearest Y. jaegeriana to the center 

point of the sampling area. At this sentinel tree we performed a Rapid Assessment 

(CNPS-CDFW) survey of the surrounding 20-meter radius, which included perennial 

plant richness and ocular estimates of cover, center point coordinates in UTMs center 

point coordinates in UTMs (Zone 11, WGS 84) and cardinal photos. From the sentinel, 

we identified each cardinal direction and found the nearest tree in each quadrant. Each 

site had a minimum of five trees (sentinel, NE, NW, SE, & SW). During the first 

sampling, we noted pre-fire mortality of trees by the sole presence of ash on the ground 

(biomass consumed), fire-related mortality via presence of char on the trees and absence 

of green leaves, and at subsequent samplings, noted resprouting or persisting green leaves 

as signs of survival. Then at each tree we took note of living and dead terminal ends of 

the tree, height of the tallest leaf blade, herbivory, and char. 

 

DNA Extraction and Sequencing: We extracted DNA from 0.25g of frozen soil with 

Qiagen DNeasy Power Soil Pro Kits, which were modified by replacing 100 μL of the 

initial C1 solution with 100 μL ATL and incubating overnight at 4°C to improve yields. 

We PCR amplified DNA with the primer pair 515F-806R targeting the V4 region of the 

16S rRNA gene of bacteria and archaea (Caporaso et al. 2011) and the 5.8S-ITS4 primer 

pair to amplify the ITS2 region (Taylor et al. 2016) of the Internal Transcribed Spacer, 
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which is the internationally recognized barcode for fungi (Schoch et al. 2012). We 

attached dual-index primers (DIP) with barcodes and adaptors onto amplicons with a 

second PCR step (Kozich et al. 2013). To amplify ITS2, we mixed 5µL DNA with 0.5 μL 

of the 5.8S and ITS4 primers (10 μM), to amplify 16S, we mixed 1 μL DNA with 0.5 μL 

of the 515F and 806R primers (10 μM), then added 12.5μL AccuStart II PCR Tough Mix 

(Quantabio, Beverly MA, USA), and added Ultra-Pure Sterile Molecular Biology Grade 

water (Genesee Scientific, San Diego, CA, USA) up to a 25 µL reaction. We cleaned 

PCR1 amplicons  with AMPure XP magnetic beads (Beckman Coulter Inc.) following 

manufacturer instructions then attached DIP-barcodes in PCR2 with the following mix: 

2.5 μL of 10 mM DIP PCR2 primers, 6.5 μL of ultrapure water, 12.5 μL of Accustart II 

PCR ToughMix and 1 μL PCR1 product. See Table S1 for PCR thermocycler settings. 

We pooled 16S and ITS2 PCR products separately based on band-strength then cleaned 

the pools with Ampure XP magnetic beads following established protocols (Pulido-

Chavez et al. 2023). We included negative controls for DNA extractions and PCRs and a 

Microbial Standard II (Zymobiotics, Orange, CA) mock community in 16S and ITS2 

pools. We then assessed amplicon pool size and intensity with the Bioanalyzer before 

pooling at a 2:3 ratio of 16S to ITS2 to account for the short amplicon preference of 

Illumina sequencing and the typically longer ITS2 amplicons. We sequenced with 

Illumina MiSeq 2x300bp at the UCR Institute for Integrative Genome Biology across two 

sequence libraries.  
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Biomass: We estimated sequence copy number as a proxy of microbial biomass with 

quantitative polymerase chain reaction (qPCR) for either the 16S for archaea and bacteria 

using the Eub338/Eub518 primer pair (Fierer et al. 2005) or the 18S FungiQuant primers 

for fungi (Liu et al. 2012) using standards as previously published (Pulido-Chavez et al. 

2023). Each 10 μL qPCR reaction contained 1 μL DNA, 5 μL 1X iTaq SYBR mix (Bio-

Rad, Hercules, CA), 0.4 μL (10 μM) of each primer, and 3.2 μL ultra-pure water with 

thermocycler settings in Table S1. We ran samples in triplicate on the CFX Opus 384 

Real-Time PCR System (Bio-Rad, Hercules, CA). We used standards with a known 

concentration in a dilution series to determine sample starting concentration and 

calculated gene copy numbers per gram of soil with the following equation: Copy 

number = (Starting concentration (ng/ μL) * (1 μL in reaction) * 6.022 * 10^23 

(Avogadro’s constant)) / (Length of standard (bp) * 660 ng (average weight of a base 

pair)* 10^9 (average number of cells per g of soil). 

 

Bioinformatics and statistical analysis: We analyzed Illumina Miseq data using 

QIIME2 (Bolyen et al. 2019) to produce tables of Amplicon Sequence Variants (ASVs). 

We removed forward and reverse adaptors using the QIIME2 cutadapt trim-paired plugin 

(Martin 2011), demultiplexed, and denoised using DADA2 (Callahan et al. 2016) with 

the denoise-paired plugin based on the quality of forward reads to ensure median quality 

scores over 30. We assigned taxonomy of ITS2 sequences using the dynamic database in 

UNITE v.9 (Abarenkov et al. 2010), and 16S sequences using the database SILVA v.138 

(Quast et al. 2013). We then exported the ASV table to R ver. 4.1 (R Core Team 2020), 
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where we normalized the sequencing depth per Kingdom (638 for archaea, 4,256 for 

bacteria, and 6,874 for fungi) to account for uneven sequencing depth (Schloss 2024), and 

estimated alpha diversity metrics with the BiodiversityR package (Kindt 2024). We used 

qiime2R (Bisanz 2018) to analyze QIIME2 outputs in R and phyloseq (McMurdie and 

Holmes 2013) to generate relative abundance barplots and line graphs from composition 

data, and "Probable" or "Highly Probable" guild data of fungi from FUNGuild (Nguyen 

et al. 2016) using FungalTraits (Põlme et al. 2020). We used generalized linear mixed 

(GLMM) effects models to test the impact of fire and time on microbial richness and 

biomass with plot as a random effect using lme4 (Bates et al. 2015), or a generalized least 

squares (gls) model with an exponential correlation structure based on geographic 

coordinates to test for spatial autocorrelation using nmle (Pinheiro et al. 2017). We 

checked the best fit distribution of each variable with the “fitdistr” function in the MASS 

package (Ripley et al. 2024).  

To identify shifts in plant communities, we used estimates of plant cover 

abundance to compare overall relative abundance of plant families between the burned 

and unburned plots at 17-days, 1-year, and 3-years post-fire. At the same timepoints, we 

summed total counts of living and dead Y. jaegeriana across burned and unburned plots, 

which included previously felled trees in unburned plots, and plotted the percentage of 

total surviving trees per treatment. At each individual timepoint where plants were 

measured, we used ANOVA to test fire effect on plant richness and used the mantel 

function within the vegan package (Oksanen et al. 2008) to correlate plant and microbial 

composition. 
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To identify drivers of microbial community compositional changes, we the vegan 

functions adonis2, and betadisper to identify when changes were due to increased 

heterogeneity across a group. To compare the impacts of soil properties or plant richness 

on microbial communities, we visualized beta diversity using non-metric multi-

dimensional scaling (NMDS) plots of Bray-Curtis dissimilarity with the vegan function 

metaDMS, overlaid continuous variables with the envfit function, and adjusted p-values 

with the Bonferroni method using p.adjust for repeated measurements across time. We 

limited comparisons of microbial composition to plant richness to 17-days, 1-year, and 3-

years post-fire for fungi while soil chemical composition was limited to 17-days, 8-

months, and 3-years post-fire for bacteria and archaea to match datasets of plant richness 

or soil chemical composition data. We combined samples across time after determining 

that days post-fire was not a significant driver of community dissimilarity for each subset 

of samples and timepoints. We separated the effect of spatial autocorrelation with the 

vegan function “varpart” using a distance matrix, a PCA of environmental variables, and 

each Bray-Curtis dissimilarity matrix. 

To identify pyrophilous microbes, we used the Deseq2 package (Love et al. 2014) 

to identify genera with significant log2fold changes (alpha of 0.01) in burned relative to 

unburned plots at each time point (excluding the 1-month timepoint due to the low 

number of unburned samples).  

Sequences are uploaded to the NCBI SRA under accession XYZ and 

bioinformatics scripts are found at github.com/arik-chou/DF. 
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3.4 Results 

Fire impact on plant mortality, richness, and diversity: At 17-days post-fire, burned 

subplots had a mean ± standard error ash depth of 0.37 ± 0.07 cm (Fig. 2A) and 43.33% ± 

4.37 char percentage (Fig. 2B) whereas unburned plots had none. In unburned plots, Y. 

jaegeriana survivorship was stable at roughly 83% across all time points (Fig. 2C). In 

contrast, in burned plots, Y. jaegeriana survivorship decreased across time with 

percentage of trees having some green leaves reducing from 86% at 17-days to 50% at 1-

year to only 20% at 3 years post-fire (Fig. 2C). Fire significantly reduced plant richness 

from 12.67 ± 0.33 in unburned to 2.32 ± 0.94 in burned plots at 17-days post-fire (Table 

S2; Fig. 2D). However, arrival of new plant species led to burned plots (8.6 ± 2.7) having 

similar richness to unburned plots (12 ± 1.5) at 1-year post-fire (Fig. S1). Yet this change 

was temporary as plant richness was significantly lower in burned (6 ± 0.6) than 

unburned plots (11.6 ± 2.3) at 3 years post-fire. Fire initially obliterated plant biomass 

reducing it from 50% ± 2.78 cover in unburned to nearly undetectable at 0.23% ± 0.09 in 

burned plots at 17 days post-fire (Table S2; Fig. 2E). Across three years, we observed 65 

plant species from 47 unique genera across 19 plant families in burned and unburned 

plots with large changes in composition at 1- and 3-years post-fire with a notable loss of 

Cactaceae in burned plots (Fig. 2F). Several plants were first detected in burned plots 1-

year post-fire, mainly comprised of native annual and perennial grasses and herbs with 

only one non-native plant Erodium cicutarium, which had minimal cover (Table S3).  
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Fire impact on soil: There were significant effects of fire, time, and fire by time 

interactions on pH such that fire significantly increased soil pH in burned plots overall 

and at each time point individually except 8 months (Table S4, Fig. S2A). Fire did not 

significantly affect phosphate but time did, such that overall mean phosphate decreased 

from 17-days to 8-months and increased from 8-months to 3-years post-fire across burned 

and unburned plots (Table S4, Fig. S2B). Fire did not have a significant direct effect on 

ammonium but time did such that ammonium decreased across time in burned and 

unburned plots (Table S4, Fig. S2C). There was also a significant fire by time interaction 

such that ammonium was greater in burned than unburned plots at 8-months and 3-years 

post-fire (Table S4). Both time and its interaction with fire had significant effects on 

nitrate and nitrite such that they increased over time but nitrate and nitrite were higher in 

burned than unburned plots at 3-years post-fire (Table S4, Fig. 2D). Because plots across 

our two treatments were spatially clustered, we tested models with an exponential spatial 

correlation for geography and found that phosphate showed spatial autocorrelation at 3 

years, but was instead significantly increased by fire at 8-months. Similarly, pH differed 

between models, with the 1-year comparison showing significant differences between 

burned and unburned plots when considering spatial distance instead of the nestedness of 

plot. 

 

Fire impacts on microbial richness and biomass: We generated 18,338,870 ITS2 and 

14,963,273 16S reads across two libraries. After quality filtering and assigning 

taxonomy, we had 269 archaeal, 25,444 bacterial, and 6,683 fungal ASVs across our 172 
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samples from 5 timepoints across 3 years. Fire did not have a direct effect on richness of 

bacteria, fungi, archaea or AMF (Table S6, Fig. 3). Furthermore, soil burn severity also 

did not significantly correlate with richness of fungi (Table S6, Fig. S3) or bacteria 

(Table S6, Fig. S4) any timepoint. However, there were significant time by fire 

interactions such that burned plots showed greater bacterial richness at 3-years (Table S6, 

Fig. 3A), and AMF richness at 8-months and 3-years (Table S6, Fig. 3D) relative to 

unburned plots (Table S6). Fire also did not have a significant direct effect on 16S or 18S 

copy number (Table S7). However, there was a significant fire by time interaction such 

that burned relative to unburned plots had higher copy numbers of 16S at 3 years (Table 

S6, Fig. 3E) and 18S at 1 year (Table S7, Fig. 3F), although the effect at 1 year may be 

due to spatial autocorrelation (Table S8). Finally, there was a significant effect of time on 

both 16S and 18S such that across burned and unburned plots, bacterial biomass 

decreased from 1 month to 1-year post-fire but increased at 3 years and fungal biomass 

decreased at 3 years (Table S7). Precipitation was not a better predictor of bacterial 

richness or biomass compared to time alone (Table S9), however precipitation in the last 

90 days was a better predictor of fungal biomass but not richness when compared to time 

and soil moisture (Table S10).  

 

Fire and time impacts on community composition: Fire had small but significant 

impacts on fungal and bacterial community composition at all 5 time points and on 

archaeal composition at 8 months and 3 years (Table S11). Community heterogeneity 

(beta-dispersion) temporarily increased for archaea, bacteria, and fungi for up to 1-month, 
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but homogenized afterwards, such that burned plots became alike while remaining 

distinct from unburned plots (Table S11).  

 

Drivers of microbial community composition over time and links to plants and soil 

properties:   Char percentage was a significant driver of bacterial (Fig. 4A), archaeal 

(Fig. 4B), and fungal composition (Fig. 4C). Bacterial community dissimilarity was 

driven primarily by pH, followed by soil moisture, char percentage, nitrate and nitrite, 

and ammonium (Fig. 4D). Archaeal community dissimilarity was driven primarily by soil 

moisture, followed by pH, char percentage, and nitrate and nitrite. Fungal community 

dissimilarity was driven primarily by char percentage, followed by pH, and plant 

richness. While plant richness was a significant driver of fungal community composition, 

plant community composition did not correlate to shifts in archaeal (r = 0.02, p = 0.42), 

bacterial (r = 0.03, p = 0.48), or fungal (r = 0.03, p = 0.33) communities. Although plots 

across our two treatments were spatially clustered, we note that environmental signals do 

not appear to be artefacts of spatial autocorrelation for any timepoints except for 17-days 

in bacteria and archaea but not fungi (Table S12). 

 

Impact of fire on specific prokaryotic taxa and emergence of pyrophilous microbes: 

Bacterial communities were dominated by the phyla Actinobacteriota, followed by 

Proteobacteria and Acidobacteriota (Fig. S5A). Actinobacteriota increased in burned 

plots at 1 month and 3 years, while Proteobacteria was consistently higher in burned 

plots, with a near 7% shift at 1-year (Fig. S5A). Bacteriodota and Firmicutes were more 
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abundant in unburned plots, whereas Acidobacteriota were more abundant in burned 

plots. Archaea (6-9% of 16S reads) were more abundant in burned plots (Fig. S5A) 

primarily represented by the Crenarchaeota genera Candidatus Nitrocosmicus and Can. 

Nitrososphaera (Fig. 5B). Cyanobacteria were more abundant in unburned plots during 

the first month post-fire with Tychonema dominating abundance (Fig. S5B). The most 

abundant genera in burned and unburned plots alike were Rubrobacter 

(Actinobacteriota), RB41 (Acidobacteriota), and Can. Nitrososphaera (Crenarchaeota) 

(Fig. S5B).  

There were 2 archaeal and 17 bacterial genera that responded positively to fire 

including known pyrophilous microbes like Massilia and Noviherbaspirillum, with 1 

ASV at 17-days, 2 at 8-months, 9 at 1-year, and 7 at 3-years post-fire (Fig. 5A; Table 

S13). The phyla with the most ASVs showing increased differential log2fold abundance 

in burned relative to unburned plots were Actinobacteriota with 12 ASVs, 

Proteobacteriota with 7 ASVs, and Firmicutes with 4 ASVs despite the overall lower 

relative abundance of the phylum Firmicutes in burned plots. Most bacterial ASVs 

showing positive differential log2fold abundance in burned plots were undetectable in 

unburned plots at that same timepoint (Fig. 5A). In contrast, only 7 ASVs from 5 genera 

negatively responded to fire (Table S14). 

Impact of fire on specific fungal taxa and emergence of pyrophilous 

microbes: Fungi were dominated by phylum Ascomycota, ranging from 81-88% of reads 

in burned plots and 84-94% of reads in unburned plots (Fig. S6A). Basidiomycota were 

slightly more abundant (9-16%) in burned than in unburned plots (5-14%; Fig. S6A). 
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Basidiomycota were dominated by the mushroom-forming genera Lepiota, Montagnea, 

Disciceda, and Geastrum, and the basidiomycete yeast Naganishia (Fig. S6B). The 

overall most abundant fungal genus in both burned and unburned plots was Alternaria 

(Fig. S6B). Glomeromycotina composed < 1% of the reads, except for 3-years post-fire 

where they in relative abundance in burned plots (Fig. S7). There were 88 fungal genera 

that responded positively to fire including established pyrophilous taxa Naganishia, 

Coniochaeta, and Aspergillus and 21 ASVs at 17-days, 12 ASVs at 1-month, 13 ASVs at 

8-months, 24 ASVs at 1-year, and 49 ASVs at 3-years (Fig. 5B; Table S15). The fungal 

classes with the most ASVs showing positive log2fold differential abundance in burned 

relative to unburned plots were Dothideomycetes (23 ASVs), Sordariomycetes (21 

ASVs) and Eurotiomycetes (13 ASVs) within Ascomycota and Tremellomycetes (7 

ASVs) and Agaricomycetes (4 ASVs) within Basidiomycota. In contrast, only 42 ASVs 

from 18 genera negatively responded to fire (Table S15).    

 

3.5 Discussion 

Here, we present the first comprehensive examination of direct and indirect 

effects of a large desert wildfire on above and belowground communities including the 

iconic Y. jaegeriana, surrounding desert plants, Archaea, Bacteria, and Fungi. Despite 

~80% Y. jaegeriana mortality, archaeal, bacterial and fungal biomass and richness were 

highly resistant to wildfire at all time points ranging from 2 weeks to 3 years post-fire. 

Interestingly, by 3 years post-fire, AMF and bacterial richness and 16S biomass were 
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elevated in burned relative to unburned plots. There were minor but significant impacts of 

fire on microbiome composition that persisted across the 3 years across the 3 domains, 

leading to the emergence of several pyrophilous microbes typically seen after high 

severity wildfires in shrublands and forests such as Massilia and Noviherbaspirillum for 

bacteria and Penicillium, Coniochaeta, and Naganishia for fungi. Microbial communities 

were explained by various environmental factors including char percentage, but only 

fungal composition could be linked to plant richness. Together, these findings reveal high 

resistance and resilience in microbial richness and biomass but small fire-induced shifts 

in community composition reflecting domain-specific environmental drivers and links 

between plant and fungal community dynamics. 

 

Dome Fire impacts on plants: The Dome Fire led to persistent and widespread mortality 

of Y. jaegeriana, which did not recover but rather became surrounded by herbs, forbs, 

and grasses. Similar patterns have been documented in the Mojave, with little recovery of 

some plant communities to unburned plant species composition after decades (Abella 

2009) and in some cases, turnover into new and persistent community types (Abella et al. 

2021). Yucca jaegeriana mortality was severe, increasing from 14% to 80% over the 

three-year span, similar to findings for Y. brevifolia (DeFalco et al. 2010). The delayed 

mortality of this species emphasizes the long-term vulnerability of Mojave plant 

communities to additional stressors such as post-fire drought (DeFalco et al. 2010). 

Annual plant community dynamics in deserts are influenced by the amount and timing of 

precipitation, including the abundance of exotic annual grasses that fluctuates year-to-
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year (Brooks and Berry 2006), and post-fire plant communities are no exception. At 1-

year post-fire, the rise in plant richness was driven by an abundance of annual grasses. 

While small patches of exotic grasses such as Bromus madritensis at 17-days post-fire 

and Erodium cicutarium at 1-year post-fire were present, native annual herbs and grasses 

led to increased plant richness in burned plots at 1-year. However, most annual herbs 

were ephemeral in their site occupancy, not persisting to 3-years post-fire, leading to the 

reestablishment of native perennial herbs, grasses, and shrubs and reduced plant richness 

in burned compared to unburned plots at 3 years post-fire. While deserts are vulnerable to 

exotic grasses increasing wildfire risks, Bromus madritensis was the only exotic annual 

grass present in unburned plots in 2020. Unburned plots saw an increase in perennial 

rather than annual grasses, and these similarly reduced in cover by 3-years. While shrubs 

are essential resource islands for water and nutrients in deserts (Titus et al. 2002a), it 

remains unclear whether the reemergence of shrubs as the dominant cover in burned plots 

will drive convergence between burned and unburned plant communities. 

 

Dome Fire impacts on plant associated fungi and AMF: While there were no direct 

effects of fire on AMF richness, changes in plant richness and composition were 

correlated with both AMF richness and overall fungal composition. In contrast to a 

different desert wildfire in Mexico, where AMF richness declined after fire (Chimal-

Sanchez 2015), here, AMF richness increased over time in burned relative to unburned 

plots, with increased pH as a result of the burn potentially driving AMF community 

changes as it does globally (Davison et al. 2021). The abundance of AMF spores are 
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heavily reduced in interspaces between Mojave plants (Titus et al. 2002a) so dominance 

of DSEs like Alternaria in these regions is expected, especially with the region’s history 

of cheatgrass invasion which increases colonization of DSEs (Gehring et al. 2016). Plant 

richness had a strong effect on overall fungal community composition, as one burned plot 

(#3), consistently ranked higher in plant species richness (Fig. S1) and showed much 

greater fungal community dissimilarity to other burned samples. This clustering effect 

was not present in bacterial or archaeal communities (Fig. 4).  

 

Dome Fire impacts on soil chemical properties: Fire led to increased soil pH and 

inorganic nitrogen, aligning with established post-fire trends (Agbeshie et al. 2022). Ash 

deposition drove soil pH to become more basic in burned plots at nearly all timepoints, 

despite an ash depth of only <1cm compared to much higher soil burn severity of 

chaparral shrublands consisting of ~12 cm ash (Pulido-Chavez et al. 2023). Similar to the 

chaparral shrublands that burned at higher soil burn severity (Pulido-Chavez 2023), 

ammonium was elevated in burned compared to unburned plots at both 8 months and 3 

years post-fire, whereas nitrate and nitrite levels were comparable in burned and 

unburned plots until year 3, when they became elevated in burned compared to unburned 

plots. Ammonium, which volatilizes in much greater amounts compared to nitrate and 

nitrite (Benedict et al. 2017), appears to have evenly deposited on burned and unburned 

plots, yet was depleted in unburned plots over the years, potentially through AMF more 

readily transferring it to plants (Meng et al. 2015). Meanwhile, heavy rainfall spurring 

microbial activity may have driven oxidization of this excess ammonium to nitrate in 
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burned plots at 3-years post-fire (Wang et al. 2020), resulting in several high readings of 

nitrate and nitrite in burned plots (Fig. S2D). While phosphate only ephemerally 

increases post-fire (Neary et al. 1999), it exhibited an ephemeral drop at 8 months and a 

rise at 3-years post-fire due to several outlier samples, potentially in line with nitrates and 

nitrites similarly showing “hotspots” of activity (Barnes et al. 2024). These trends were 

largely the same when accounting for spatial correlations between samples, with a 

stronger effect of burn increasing phosphate at 3 years and pH at 1 year, while the effect 

of burn on nitrate and nitrite was weaker at 3 years post-fire. 

 

Dome Fire impacts on microbial richness: Soil microbial richness was highly resistant 

to the Dome Fire for all three kingdoms. Low-intensity fires typically have subtle effects 

on microbes, impacting community connectivity and ecosystem services rather than 

richness (Aanderud et al. 2019; Soria et al. 2023; Vega-Cofre et al. 2023). Mojave 

National Preserve becomes primed for fire when high cool- and warm-season 

precipitation years are followed by a dry warm-season. These rainfall pulses and droughts 

also drive microbial dormancy and activation (Wang et al. 2014), consistent with our 

overall increase in biomass at year 3. However, an immediate post-fire dampening of 

species richness was not seen unlike high-intensity fires in shrublands and boreal systems 

(Holden et al. 2016; Pulido-Chavez et al. 2023). Frequent low-severity fires can increase 

soil C and N, and this abundant substrate correlates with slightly increased bacterial 

richness in grasslands 1-2 months post-fire (Glassman et al. 2023), prairies sampled 1-

month after fire (Mino et al. 2021) and pine forests sampled 1-2 years after fire (Fox et al. 
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2024). In our case, bacterial richness was resistant in burned plots while unburned plots 

continued to drop at 3-years post-fire. Studies applying controlled burns to deserts varied 

from a similarly resistant bacterial community (Vega-Cofre et al. 2023) to a poorly 

resistant but highly resilient biocrust community (Aanderud et al. 2019). Archaeal 

richness did not differ post-fire, consistent with their greater resistance to fire even when 

fungal and bacterial richness decrease (Pérez‐Valera et al. 2018). Fungal richness in 

drought-stricken grasslands showed greater resilience to fire than non-drought burned 

plots (Hacopian et al. 2024), suggesting that deserts, which have lower precipitation than 

grasslands, may also filter for highly resilient fungi. AMF richness was also greater in 

burned plots at 8-months and 3-years, decoupled from trends like plant richness and 

precipitation, perhaps due to fine-scale edaphic properties or plant dynamics not captured 

by our study. While no recent studies have comprehensively examined microbial richness 

after a desert wildfire, our results are aligned with low-intensity fires (Vega-Cofre et al. 

2023; Glassman et al. 2023; Zhang et al. 2025) in which bacterial and fungal richness 

rarely shifts post-fire. 

 

Dome Fire impacts on microbial biomass: Microbial biomass was resistant to fire, 

which is in line with biomass impacts of low intensity grassland and prescribed fires 

(Docherty et al. 2012; Pressler et al. 2019). Interestingly, archaeal and bacterial biomass 

increased in both plots by 3 years, after the influx of rain from tropical storm Hilary, but 

the abundant inorganic N may have contributed to the greater rise in burned compared to 

unburned plots. Prior to this rainfall, 16S copy numbers were in line with qPCR-based 
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biomass estimates in desert biocrusts (Aanderud et al. 2019). Fungal biomass did not 

follow this pulse trend, rather it saw an increase in burned plots at 1-year post-fire 

potentially reacting to the widespread invasion of native annual and perennial herbs, a 

trend seen in other grasslands (Hennecke et al. 2025). AMF also show increases in spore 

abundance following some wildfires (Moura et al. 2022), reflecting a need for dormancy 

until vegetation recovers. 

 

Direct versus indirect effects of Dome Fire on microbial composition: Fire had direct 

heat induced mortality effects on microbial community composition for all 3 kingdoms, 

and effects of fire were persistent with burned versus unburned microbial communities 

significantly differing for archaea for two and for bacteria and fungi at all timepoints. The 

limited archaeal response may be due to their lipid membrane structure and thick cell 

walls (Pérez-Valera et al. 2018). Archaeal and fungal communities appeared to trend 

towards divergence between burned and unburned rather than becoming more similar 

over the 3-year study, while the bacterial R2 did not seem to increase over time (Table 

S11). These divergences may be a result of fire increasing heterogeneity through 

pyrodiversity (Hopkins et al. 2025), which is reflected in differences in burned plot plant 

richness (Fig. S1). However, R2  values remained relatively small, consistent with 

grassland fires (Dove and Hart 2017; Semenova-Nelsen et al. 2019) and much smaller 

than high-severity wildfires in forests and shrublands (Enright et al. 2022; Pulido-Chavez 

et al. 2023).  
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Drivers of microbial community composition were largely consistent with 

established global trends across differing kingdoms. Bacterial community composition 

was driven primarily by pH (R² = 0.38) and soil moisture (R² = 0.29), consistent with 

their overall resiliency to disturbance in dryland communities (Steven et al. 2021), well-

known structuring by pH (Fierer and Jackson 2006) and rapid response to precipitation in 

drylands (Placella et al. 2012; Blazewicz et al. 2014). Bacteria and archaea often show 

distinct community structuring, with one study showing nitrate driving bacterial but not 

archaeal communities (Johnson et al. 2017), inverse to our trend of nitrate correlating 

with both bacterial and archaeal communities while ammonium only linked to bacterial 

communities. Archaeal communities are often shaped by ammonium availability due to 

their activity as nitrifiers, oxidizing ammonium into nitrite during nitrification (Angel et 

al. 2010).  

Fungal communities showed weaker correlations to environmental variables, 

driven by percent char (R² = 0.16) followed by pH (R² = 0.09) and plant richness (R² = 

0.09), which was a significant driver of fungal composition but not bacterial or archaeal. 

The significant influence of plant richness on fungal communities was consistent with 

studies in temperate grasslands (Prober et al. 2015; Chen et al. 2017) but contrary to 

studies in desert systems which show soil, climate, and geographic distance driving 

fungal community composition in the unburned context (Wang et al. 2018, 2021). 

Archaeal communities were more similar to bacteria, however the influence of soil 

moisture (R² = 0.30) was slightly stronger than pH (R² = 0.27). Studies of wetting desert 

soils show differential responses between domains, and although Archaea in general did 
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not strongly respond to water, Can. Nitrososphaera did increase in dominance within 

Archaea after wetting desert soil (Gao et al. 2021) and after a combined drying-wetting 

event (Wang et al. 2022b). However, precipitation (considered as total from prior 1-

month or 3-month) alone did not result in better models for prokaryotic richness or 

biomass, suggesting further temporal dynamics beyond precipitation influencing 

prokaryotic communities. Meanwhile, soil moisture did not drive fungal community 

composition and yet fungal richness was best modeled by the 3-month sum of prior 

precipitation, likely reflecting fungal associations with the plant community. As bacterial 

and archaeal communities responded more directly to environmental conditions, fungal 

communities appeared to be impacted by the disappearance of the plants (i.e. char) 

followed by the resulting rise in plant richness in later years.  

 

Impacts of Dome Fire on pyrophilous bacteria and archaea: Despite the relatively 

small changes in community composition, we identified a surprisingly high number of 

positive fire responding bacteria and archaea, including both known pyrophilous taxa and 

poorly described ASVs. More ASVs appeared to be selected for by the fire than 

suppressed (Table S11), potentially allowing drought-tolerant, metabolically versatile 

microbes to increase in abundance post-fire. This is consistent with trends in forests 

immediately post-fire, in which bacteria are predominantly responding positively to fire 

and gradually even out over the span of a decade (Caiafa et al. 2023). After severe fires in 

shrublands and forests, Firmicutes typically increase whereas Acidobacteriota decrease 

(Aponte et al. 2022). In contrast, here, Firmicutes decreased and Acidobacteriota 
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increased in overall relative abundance (Fig. S5A). The Firmicutes genus Bacillus had 

greater relative abundance in unburned plots at every timepoint (Fig. S5B), however 

other pyrophilous Firmicutes like Tumebacillus and Paenibacillus were more abundant in 

burned plots as they were after other fires (Chungopast et al. 2023; Pulido-Chavez et al. 

2023), potentially reflecting more post-fire specialization in relation to the globally 

abundant Bacillus (Earl et al. 2008). 

Other microbes responded according to their known metabolic activity. For 

example, nitrifier archaea like Can. Nitrososphaera and Can. Nitrocosmicus increased in 

burned plots, consistent with elevated ammonium (Tourna et al. 2011; Han et al. 2024), 

post-fire nitrogen pulses (Zhou et al. 2025), and their known drought tolerance (Stark and 

Firestone 1995). Can. Nitrososphaera oxidize ammonia into nitrite (Tourna et al. 2011), 

and are important keystone species in acidic soils for cycling N and aggregating soil 

(Jiang et al. 2015; Banerjee et al. 2018). We detected previously identified pyrophilous 

Proteobacteria including Massilia (Soria et al. 2023; Fernández-González et al. 2023; 

Caiafa et al. 2023) and Noviherbasperillium (Woolet and Whitman 2020; Pulido-Chavez 

et al. 2023). Their increase post-fire suggest conserved roles in post-fire soil recovery, 

even under the extreme drought and nutrient-limited conditions of the Mojave Desert. 

Bacteriodota members Adhaeribacter (Lucas-Borja et al. 2019) and Segetibacter, which 

we detected over 1-year post-fire, were positive fire responders associated with increased 

metabolic activity and total inorganic nitrogen in other burned soils as well (Adkins et al. 

2022). Pelobacter, the only Acidobacteriota that increased at 8-months and 1-year, is an 

anaerobic fermenter, potentially appearing in microsites created by pockets of 
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hydrophobic burn products and compacted soil (Jiménez-Morillo et al. 2022). Several 

Actinobacteriota genera such as Asanoa, Crossiella, Cellulomonas, Rubrobacter, and 

Solirubrobacter likely benefit from similar shared traits that allow Actinobacteriota to 

increase in dominance post-fire (Whitman et al. 2019), such as thicker cell walls, a 

preference to higher pH, and a general stress tolerant physiology (Norman et al. 2017; 

Jiang et al. 2023). While we describe many taxa found increasing in other wildfire 

settings, several taxa remain unknown, highlighting the need for both trait-based and 

genomic investigations to understand post-fire succession in the desert. 

 

Impact of Dome Fire on pyrophilous fungi: The desert mycobiome was dominated by 

Ascomycota, with a variety of genera from saprotrophic and endophytic classes such as 

Dothideomycetes, Eurotiomycetes, and Sordariomycetes showing positive responses to 

burn. However, unlike other wildfires, the Dome Fire caused an increase in the phylum 

Basidiomycota rather than a decrease (Fox et al. 2022; Pulido-Chavez et al. 2023), driven 

by mushroom-forming saprotrophic fungi such as Geastrum and Lepiota. Alternaria, a 

DSE saprobe and potential plant pathogen in the class Dothideomycetes (Thomma 2003), 

made up 5-19% of all fungal reads across our time series and was increased in burned 

plots at 8-months and 3-years (Fig. S8). Species in this genus may regulate their melanin 

content according to drought stress (Zuo et al. 2022), potentially increasing their fire 

resistance (Hopkins and Bennett 2024). Another Dothideomycete genus, Preussia, 

showed increased abundance in burned plots from 2-weeks to 3-years post-fire which has 
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been seen in controlled desert burns in China (Zhang et al. 2025). This genus forms hardy 

spores, which enhances their survival in drought conditions (Hacopian et al. 2024).  

Despite small overall changes in community composition, a large number (143 

ASVs) of fungal taxa showed positive log2fold increases in burned relative to unburned 

plots. Typically, negative responders match in magnitude (Revillini et al. 2022; Caiafa et 

al. 2023), however we only detected 33 fungal ASVs decreasing in burned plots, 

potentially due to adaptations for surviving in the arid desert pre-fire. Penicillium, a 

positive burn responder,  is often dominant in both burned and unburned soils post-fire, 

and its role as a saprotroph makes it a key post-fire fungus that remains dominant in 

burned soil long-term, from 1 to 5 years post-fire (Whitman et al. 2019, 2025). 

Penicillium harbor a variety of genes for degrading hydrocarbons (Sari et al. 2025), and 

some species exhibit thermotolerance (van der Spuy 1975). We identified four yeasts, one 

basidiomycete desert-dweller Naganishia (Prober et al. 2015; Wei et al. 2022; Canini et 

al. 2023; Lopez et al. 2024), and three ascomycetes Saitoella, Coniochaeta, and 

Aureobasidium, which showed positive differential abundance at 3-years in our study and 

in forest fires (Packard et al. 2023). Notably, Naganishia was more abundant in burned 

plots even 10 years after forest fires (Caiafa et al. 2023). Other yeast-like fungi were 

common extremophiles such as Neophaeococcomyces (Kurbessoian et al. 2024) and 

Knufia (Isola et al. 2022) potentially aided in post-fire survival by their thermotolerance. 

Through sequencing, we identified many fungi that are known to produce 

ascocarps post-fire. Consistent with our prediction, we saw an increase from members of 

Pyronemataceae such as Pseudotricharina, Scutellinia, and Spooneromyces, which are 
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commonly found fruiting after high severity wildfires (Fox et al. 2022). Neurospora 

discreta, known for its heat-activated spores (Goddard 1935), was observed growing 

abundantly on burned Y. jaegeriana bark but not Y. schidigera or Y. baccata. However, 

soil sequencing only identified aconidial species like N. terricola, highlighting different 

lifestyles in closely related species inhabiting the Mojave Desert. 

3.6 Conclusion 

 We performed the most comprehensive study of above and belowground direct 

and indirect effects of a desert wildfire to date and found that microbial biomass and 

richness were highly resistant in the face of roughly 80% mortality of Y. jaegeriana. 

Although Y. jaegeriana mortality increased over time, there did not appear to be 

significant lag effects of microbes and in fact certain groups like bacteria and AMF 

increased rather than decreased in burned plots over time. The impacts on microbial 

communities were largely in line with low intensity grassland or prescribed fires, which 

suggests that the Dome Fire was a unique case in which microbial richness and biomass 

were largely resistant despite widespread death of long-lived perennial trees and shrubs. 

Finally, surprisingly, despite subtle changes in the overall community composition, we 

identified a large number of taxa that positively responded to fire, and some of these were 

consistent with pyrophilous taxa that respond to high severity wildfires in shrublands and 

forests like Massilia and Noviherbasperillium for bacteria, Nitrososphaera and 

Nitrocosmicus for archaea, and Penicillium, Coniochaeta, Aureobasidium, Alternaria, 

Naganishia, for fungi, and Preussia, which responded in other desert fires. This study 
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thus provides critical new insights into desert wildfire ecology, filling the significant 

knowledge gap by illustrating the significant resilience of desert microbes in response to 

a low intensity but high severity wildfire. 

 

 

 

Acknowledgements: We thank Scott Heacox for assistance with plant measurements, and  

Dylan Enright, Elizah Stephens, Marcos Caiafa Sepulveda, and Esbeiry Cordova-Ortiz 

for field work assistance. We thank Debra Hughson and Drew Kaiser and the Mojave 

National Preserve for allowing us to sample. We thank Tasha La Doux and Jim Andre 

and Sweeney Granite Mountains Desert Research Center for allowing us to stay. Funding 

was provided by UC Riverside, The Shipley Skinner Conservation Science Award to AJ 

and SIG, and the United States Department of Agriculture (USDA)-NIFA Award #2022-

67014-36675 to SIG.  

 

 
 
 

 
 

 
 
 

 
 

 
 
 

 



83 

 

3.6.1.1 Table 1. 

 
Model-estimated mean and standard error of soil chemical properties. Values in bold are 

significantly greater between pairwise treatments per timepoint, based on generalized 
mixed effects models.  

 

pH Unburned Burned z-score p value 

Overall 7.05 ± 0.18 7.56 ± 0.14 3.13 0.001 

17 Days 6.92 ± 0.06  7.63 ± 0.1 -3.1 0.006 

8 Months 7.2 ± 0.12 7.58 ± 0.08 -1.89 0.09 

1 Year 6.68 ±0.05 7.46 ± 0.09 -3.5 0.012 

3 Years 7.04 ± 0.03 7.49 ± 0.06 -2.3 0.048 

       

Phosphate Unburned Burned z-score p value 

Overall 0.346 ± 0.1 0.46 ± 0.1 0.86 0.38 

17 Days 0.47 ± 0.39 0.36 ± 0.07 -1.2 0.24 

8 Months 0.09 ± 0.03 0.15 ± 0.04 -1.2 0.22 

3 Years 0.62 ± 0.24 0.51 ± 0.14 0.33 0.74 

       

Nitrite and 

Nitrate Unburned Burned z-score p value 

Overall 0.137 ± 0.04 0.324 ± 0.07 2.38 0.018 

17 Days 0.2 ± 0.09 0.32 ± 0.05 -1.4 0.16 

8 Months 0.2 ± 0.01 0.24 ± 0.03 -0.71 0.47 

3 Years 0.01 ± 0.01 0.41 ± 0.23 -2.1 0.04 

       

Ammonium Unburned Burned z-score p value 

Overall 0.3 ± 0.05 0.44 ± 0.05 1.6 0.11 

17 Days 0.6 ± 0.1 0.6 ± 0.08 -0.043 0.96 

8 Months 0.32 ± 0.06 0.51 ± 0.06 -2.15 0.03 

3 Years 0.13 ± 0.02 0.27 ± 0.03 -3.3 0.001 
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3.7 Figures 

 

 
Figure 3.7.1 Cima Dome sampling schematic and precipitation. a) A map of our 9 plots, 
with the Dome Fire perimeter in red. Unburned plots (7-9) are east of the boundary on 

Morning Star Mine Rd. b) Y. jaegeriana and burnt soil in the Dome Fire burn scar 17 
days after the end of the fire. c) Neurospora discreta growth on Y. jaegeriana bark at 8-
months post-fire. d) A schematic demonstrating the 4 1m2 subplots within the 9 plots. e) 

Precipitation at the Mojave Mid Hills station. Bars indicate recorded precipitation per 
month and the blue line indicates a rolling sum of the prior 4-months of precipitation. The 

red dash marks the Dome Fire, while orange diamonds indicate our 5 sampling dates 
from 17-days, 1-month, 8-months, 1-year and 3-years post-fire. 
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Figure 3.7.2 Plant responses to fire. Mean and standard error bars of: A) Soil burn 
severity via ash depth in cm. B) Char percentage on the soil surface measured for each 

subplot at 17-days post-fire.  C) Percentage of Y. jaegeriana assessed as “living” in 6 
burned plots and 3 unburned plots, including previously felled trees. Mean and standard 
error bars of: D) Plant species richness E) Percent cover of vegetation measured for 

burned versus unburned plots at 17-days post-fire. F) Plant family relative abundance 
across unburned (blue) and burned (red) plant families assessed post-fire at 17 days in 

September 2020, at 1 year in September 2021, and 3 years in September 2023.  
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Figure 3.7.3 Microbial ASV richness and copy number. Mean ± standard error of richness 
and copy number in burned and unburned plots (red and blue, respectively) at each 

timepoint. Richness of bacteria, fungi, archaea, and arbuscular mycorrhizal fungi are 
represented by A,B,C, and D respectively. Bacterial and archaeal 16S and fungal 18S are 

represented by E and F, respectively. Asterisks indicate significant differences between 
means of burned and unburned plots at a given timepoint.  Unburned plots at 1-month 

only have 4 total samples, causing high variance. 
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Figure 3.7.4 Microbial community composition shifts. Bray-Curtis dissimilarity plotted 
by non-metric multidimensional scaling with environmental variables overlaid. CharT1 is 

the percent char of each subplot as measured at 17-days post-fire. NH4 is Ammonium, 
and NO3_NO2 is Nitrate and Nitrite. Arrow-length corresponds to the strength of each 

correlation, independent of the other factors. Bacterial (A) and archaeal (B) communities 
include samples from 17-days, 8-months, and 3-years post-fire. Fungal (C) communities 
include samples from 17-days, 1-year, and 3-years post-fire. Each point is labeled with 

the Plot number it was sampled from (Plot 1-6 are burned, Plot 7-9 are unburned). D) 
Significant variables (p < 0.05) and their adjusted R2. 
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Figure 3.7.5 Pyrophilous microbes over 3 years. Microbial ASVs with increased 
differential abundance in burned plots at 4 timepoints, sorted by A) phylum for 

prokaryotes or B) class for fungi. Greater log2fold Change on the x-axis indicates more 
abundance in burned plots relative to unburned plots. A full list of archaeal, bacterial, and 

fungal ASVs, including ASVs responding negatively to fire, can be found in the 

supplemental materials. 
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3.8 Supplementary Materials 

 

Table S1. PCR thermocycler settings. PCR 1 (initial amplification), PCR 2 (attaching 
index and barcodes), 16S qPCR (archaeal and bacterial biomass estimation) and 

FungiQuant 18S qPCR (fungal biomass estimation) listed. 
 
 

Category 
Initial 

Denaturation 
Cycles 

Denatura

tion 
Annealing 

Extensio

n 

Final 

Extens

ion 

PCR1 (16S 

& ITS2) 

94°C for 2 

min 
30 

94°C for 

20 sec 

55°C for 

20 sec 

68°C for 

1 min 

68°C 

for 2 
min 

PCR2 (DIP 

Primers) 

94°C for 2 
min 

10 
94°C for 
30 sec 

60°C for 
30 sec 

72°C for 
1 min 

NA 

16S qPCR 
94°C for 5 

min 
40 

94°C for 

20 sec 

52°C for 

30 sec 

72°C for 

30 sec 
NA 

18S 

FungiQuant 

qPCR 

94°C for 5 
min 

40 
94°C for 
20 sec 

50°C for 
30 sec 

72°C for 
30 sec 

NA 

 

 
 
 

Table S2. Pairwise ANOVA between burned and unburned plots of plant 
richness and ash cover at each timepoint. 

 
 
 

 Plant Richness Ash Cover at 17 Days 

 Pairwise ANOVA Pairwise ANOVA 

 F1,7 t value p.value F1,34 t value p.value 

17 Days 49.2 11.1 0.001 144 -12 8.9e-14 

1 Year 0.66 -0.8 0.44    

3 Years 9.63 -3.1 0.02    
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Table S3. Plant species appearing in our 3 field surveys in September 2020, 2021, and 
2023. Strata is represented by S = “shrub”, T = “Tree”, AH = “annual herb”, PH = 

“perennial herb”, H = “herb”, AG = “annual grass”, PG = “perennial grass”. Status is 
either N = “native”, N_R = “native, rare” or E = “exotic”. First Appearance indicates the 

sampling year in which a plant species was first observed. The Burned Plot Only column 
indicates if a plant species was only detected in a burned plot, with orange cells labeled 
“YES” and green cells labeled “NO”. Taxa not identified to genus or species are due to 

lack of identifiable material in the field. 
 

 

Strata Family Scientific name Status 

First 

Found 

Burned 

Plot Only 

S Asteraceae Ambrosia salsola N 2020 NO 

AG Poaceae Bromus madritensis E 2020 NO 

S Rosaceae Coleogyne ramosissima N 2020 YES 

S Cactaceae Coryphantha alversonii N_R 2020 NO 

S Cactaceae 
Cylindropuntia 
acanthacarpa N 2020 NO 

S Cactaceae 

Cylindropuntia 

echinocarpa N 2020 NO 

S Cactaceae 
Cylindropuntia 
ramosisima N 2020 NO 

PG Poaceae Dasyochloa pulchella N 2020 NO 

S Ephedraceae Ephedra viridis N 2020 NO 

S Asteraceae Ericameria linearifolia N 2020 NO 

S Asteraceae Gutierrezia microcephala N 2020 YES 

PH Poaceae Hilaria rigida N 2020 NO 

S Solanaceae Lycium cooperi N 2020 NO 

S Lamiaceae Scutellaria mexicana N 2020 NO 

S Fabaceae Senna armata N 2020 NO 

PH Poaceae Stipa speciosa N 2020 NO 

PH Poaceae Stipa hymenoides N 2020 NO 

S Rutaceae Thamnosma montanta N 2020 NO 

T Agavaceae Yucca baccata N 2020 NO 

T Agavaceae Yucca jaegeriana N 2020 NO 

T Agavaceae Yucca schidigera N 2020 NO 

S Asteraceae 
Acamptopappus 
sphaerocephalus N 2021 NO 

AH Amaranthaceae Amaranthus fimbriatus N 2021 YES 

PH Fabaceae Astragalus sp. N 2021 YES 

H Nyctaginaceae Boerhavia sp. N 2021 YES 
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AG Poaceae Bouteloua sp. N 2021 YES 

AH Polygonaceae Calyptridium monandrum  N 2021 YES 

S Cactaceae 
Excobaria vivipara var. 
rosea N_R 2021 NO 

S Cactaceae 

Echinocereus 

engelmannii N 2021 NO 

S Cactaceae Echinocereus mojavensis N 2021 NO 

S Ephedraceae Ephedra nevadensis N 2021 NO 

AH Geraniaceae Erodium cicutarium E 2021 YES 

AH Euphorbiaceae Euphorbia albomarginata N 2021 YES 

AH Euphorbiaceae Euphorbia sp. N 2021 YES 

S Poaceae Hilaria jamesii N 2021 YES 

S Kramariaceae Krameria sp. N 2021 YES 

S Solanaceae Lycium andersonii N 2021 NO 

S Cactaceae Mammillaria tetrancistra N 2021 NO 

S Oleaceae Menodora spinescens N 2021 YES 

PH Nyctaginaceae Mirabilis laevis N 2021 YES 

H Asteraceae Pectis papposa N 2021 YES 

AH Poaceae Poaceae sp. (Annual) N 2021 YES 

H Malvaceae Sphaeralcea ambigua N 2021 YES 

PH Malvaceae Sphaeralcea sp. N 2021 YES 

PH Poaceae Stipa sp. N 2021 YES 

AH Unknown Annual herb/forb sp. N 2021 YES 

S Asteraceae Ambrosia dumosa N 2023 NO 

AG Poaceae Aristida purpurea N 2023 YES 

PG Poaceae Bouteloua eriopoda N 2023 YES 

S Asteraceae Ericameria cooperi N 2023 NO 

PH Nyctaginaceae Mirabilis multiflora N 2023 YES 

S Poaceae Muhlenbergia porteri N 2023 NO 

PH Malvaceae 

Sphaeralcea rusbyi var. 

eremicola N_R 2023 YES 

PH Poaceae Poaceae sp (Perennial) N 2023 NO 
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Table S4. Generalized mixed effect model statistics for soil chemical properties. 
Timepoints indicate comparisons across the unburned reference level. Time and fire 

interactions are listed below the overall treatment effect “Burned”. Marginal R2 reports 
model effect size after removing random effects. 

 pH PO4
3- 

 Marginal R2 =0.33 Marginal R2 =0.29 

 estimate z value p.value estimate z value p.value 

(Intercept) 1.93 87.30 <0.01 -1.91 -4.52 <0.01 

Burned  0.10 3.54 0.01 0.59 1.18 0.24 

8 Months 0.04 2.99 <0.01 -0.56 -1.20 0.23 

3 Years 0.02 1.32 0.19 1.44 3.07 <0.01 

8 Months:Burned  -0.04 -2.89 0.01 -0.01 -0.02 0.99 

3 Years:Burned  -0.03 -2.19 0.03 -0.75 -1.31 0.19 

 

 

 

 NH4
+ NO3

- and NO2
- 

 Marginal R2 =0.61 Marginal R2 =0.46 

 estimate z value p.value estimate z value p.value 

(Intercept) -0.51 -2.90 <0.01 -1.70 -2.33 0.0002 

Burned  0.01 0.04 0.97 1.29 1.40 0.36 

8 Months -0.63 -4.72 <0.01 0.47 0.85 0.99 

3 Years -1.51 -11.26 <0.01 -6.63 -10.89 <0.001 

8 Months:Burned  0.45 2.76 0.01 -0.64 -0.94 0.69 

3 Years:Burned  0.70 4.29 <0.01 1.20 0.97 <0.001 
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Table S5. Generalized least squares model statistics for edaphic soil properties when 
accounting for spatial autocorrelation through latitude and longitude instead of the 

random effect of Plot. Timepoints indicate comparisons to the unburned reference 
level. Rows are in bold when a significant difference is detected between the burned 

and unburned treatments. Timepoints where the significance of the effect varies 
between model types have an asterisk. 
 

pH           

TimePoint 

Treatment_E

st 

Treatment_S

E 

Treatment_

p 

Residual_S

E 

DF_residu

al 

17 DAYS 0.718 0.24 0.00514 0.389 34 

8 MONTHS 0.409 0.196 0.0447 0.373 34 

1 YEAR* 0.782 0.205 0.00056 0.386 34 

3 YEARS 0.458 0.128 0.00104 0.226 34 

Nitrate and 

Nitrite           

TimePoint 
Treatment_E
st 

Treatment_S
E 

Treatment_
p 

Residual_S
E 

DF_residu
al 

17 DAYS 0.123 0.0959 0.208 0.264 34 

8 MONTHS 0.0424 0.0439 0.341 0.107 34 

3 YEARS* 0.401 0.328 0.23 0.901 34 

Phosphate           

TimePoint 
Treatment_E
st 

Treatment_S
E 

Treatment_
p 

Residual_S
E 

DF_residu
al 

17 DAYS -0.114 0.291 0.697 0.799 34 

8 

MONTHS* 0.113 0.0535 0.0413 0.144 34 

3 YEARS 0.372 0.53 0.487 1.25 34 

Ammonium           

TimePoint 
Treatment_E
st 

Treatment_S
E 

Treatment_
p 

Residual_S
E 

DF_residu
al 

17 DAYS 0.00938 0.107 0.931 0.294 34 

8 MONTHS 0.189 0.0527 0.00106 0.134 34 

3 YEARS 0.155 0.0723 0.0392 0.135 34 
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Table S6. Generalized mixed effect model statistics for ASV richness. Timepoints 

indicate comparisons across the unburned reference level. Time and fire interactions 
are listed below the overall treatment effect “Burned”. Marginal R2 reports model 

effect size after removing random effects. 
 

  

 Bacteria Fungi 

ASV Richness  

Marginal R2 = 

0.176   Marginal R2 = 0.194  

 estimate z value p.value estimate z value p.value 

(Intercept) 6.37 54.83 <0.01 168.75 10.74 <0.01 

1 Month 0.11 0.55 0.59 -24.78 -1.01 0.32 

8 Months -0.41 -3.02 0.003 -33.56 -1.87 0.06 

1 Year -0.29 -2.12 0.036 -17.17 -1.04 0.30 

3 Years -0.54 -3.97 0.0001 24.21 1.43 0.16 

Burned -0.19 -1.34 0.19 2.50 0.13 0.90 

1 Month:Burned 0.11 0.51 0.61 -5.22 -0.19 0.85 

8 Months:Burned 0.29 1.77 0.08 18.62 0.86 0.39 

1 Year:Burned 0.20 1.20 0.23 6.33 0.31 0.76 

3 Years:Burned 0.51 3.07 0.0025 10.54 0.51 0.61 

       

 Archaea AMF 

ASV Richness Marginal R2 =0.11 Marginal R2 = 0.31 

 estimate z value p.value estimate z value p.value 

(Intercept) 2.92 28.38 <0.01 1.79 6.62 <0.01 

1 MONTH 0.06 0.41 0.69 0.38 0.80 0.43 

8 MONTHS -0.23 -2.10 0.04 -0.71 -2.32 0.02 

1 Year -0.17 -1.54 0.12 -0.34 -1.10 0.27 

3 Years -0.26 -2.27 0.02 0.16 0.56 0.58 

Burned -0.01 -0.04 0.96 0.45 1.33 0.18 

1 Month:Burned 0.01 0.03 0.98 -1.12 -2.15 0.03 

8 Months:Burned 0.14 1.04 0.30 0.26 0.69 0.49 

1 Year:Burned 0.01 0.07 0.94 -0.27 -0.72 0.47 

3 Years:Burned 0.17 1.23 0.22 0.44 1.22 0.22 
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Table S7. Generalized mixed effect model statistics for copy numbers of 16S and 18S. 

Timepoints indicate comparisons across the unburned reference level. Time and fire 
interactions are listed below the overall treatment effect “Burned”. Marginal R2 reports 

model effect size after removing random effects. 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 
 

 

 Bacteria (16S) Fungi (18S FungiQuant) 

Biomass  

(qPCR Copy Number)  Marginal R2: 0.924   Marginal R2: 0.353   

 estimate z value p value estimate z value p value 

(Intercept) 18.38 155.77 <0.01 14.86 94.59 <0.01 

1 Month -0.22 -1.09 0.28 0.18 0.36 0.72 

8 Months -0.64 -5.32 <0.01 -0.22 -1.19 0.23 

1 Year -0.94 -7.81 <0.01 -1.12 -3.06 <0.01 

3 Years 1.97 15.61 <0.01 -1.29 -3.05 <0.01 

Burned 0.15 1.06 0.30 -0.03 -0.15 0.88 

1 Month:Burned -0.14 -0.66 0.51 -0.39 -0.70 0.48 

8 Months:Burned -0.03 -0.21 0.83 0.16 0.73 0.46 

1 Year:Burned 0.08 0.51 0.61 0.86 2.18 0.03 

3 Years:Burned 0.34 2.17 0.03 0.14 0.28 0.78 
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Table S8. Generalized least squares model statistics for ASV richness and 16S or 18S 
copy number when accounting for spatial autocorrelation through latitude and longitude 

instead of the random effect of Plot. Timepoints indicate comparisons to the unburned 
reference level. Comparisons that differed from the GLMM are marked with an asterisk. 

 
 

Bacteria richness         

TimePoint 
Treatment_Es
t 

Treatment_S
E 

Treatment_
p 

Residual_S
E DF_residual 

17 Days -136 103 0.196 218 34 

1 Month -13 193 0.947 314 26 

8 Months 20.9 50.1 0.679 138 34 

1 Year 20.5 50.6 0.688 139 34 

3 Years 114 55.3 0.0469 93.8 34 

        
16S qPCR 

      

TimePoint 

Treatment_Es

t 

Treatment_S

E 

Treatment_

p 

Residual_S

E DF_residual 

17 Days 15236980 12730437 0.24 32204015 34 

1 Month 7649136 14557212 0.604 22174754 24 

8 Months 4882158 9367580 0.606 25539544 33 

1 Year 9372118 4668323 0.0532 11040886 32 

3 Years 480954063 181625044 0.0136 371735480 26 

        

Fungal richness      

TimePoint 
Treatment_Es
t 

Treatment_S
E 

Treatment_
p 

Residual_S
E DF_residual 

17 Days 3.35 13.2 0.802 34.1 34 

1 Month 24.3 24.7 0.333 40.3 26 

8 Months 25.2 25.8 0.338 53.6 28 

1 Year 9.42 18.8 0.62 46.6 33 

3 Years 11.4 13.8 0.414 35 33 

        

FungiQuant qPCR      

TimePoint 

Treatment_Es

t 

Treatment_S

E 

Treatment_

p 

Residual_S

E DF_residual 

17 Days -20376 642586 0.975 1766301 34 

1 Month -767152 1588947 0.633 1811192 26 

8 Months 224440 582982 0.703 1589612 33 

1 Year* 1450993 764630 0.0663 1954367 34 
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3 Years 177524 194898 0.369 535724 34 

Archaea Richness      

TimePoint 

Treatment_Es

t 

Treatment_S

E 

Treatment_

p 

Residual_S

E DF_residual 

17 Days -0.106 1.91 0.956 5.16 32 

1 Month 1.53 4.33 0.727 6.21 26 

8 Months 2.12 1.69 0.217 4.64 34 

1 Year 0.337 1.73 0.847 4.73 33 

3 Years 2.59 1.29 0.0529 2.97 30 

        
 

 
 
 

AMF Richness      

TimePoint 
Treatment_Es
t 

Treatment_S
E 

Treatment_
p 

Residual_S
E DF_residual 

17 Days 4.32 3.39 0.212 6.25 32 

1 Month -2.63 3.19 0.417 4.92 23 

8 Months* 3.69 2.32 0.121 5.23 30 

1 Year 1.76 2.66 0.513 5.91 30 

3 Years 8.45 2.64 0.00311 5.25 32 
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Table S9. Bacterial model comparisons of time as categorical (TimePoint), numerical 
(Days Post-fire), and precipitation as a sum of 3-months prior, 1 month-prior, and soil 

moisture. Limiting timepoints to include plant richness did not improve model fidelity. 
Bolded models are the best fit as determined by comparison of Chi squared and AIC. 

 
 

Model Comparison for Bacterial Biomass (qPCR) and Richness 

Model  
Biomass 

AIC  

Biomass 

DeltaAIC  

Biomass 

ChiSq  

Biomass 

p  

Richness 

AIC  

Richness 

DeltaAIC  

Richness 

ChiSq  

Richness 

p  

Null model  6450.5  0.0   NA  152.4  0.0   NA  

Precip (3mo)  6332.5  118.0  67.54  <2.2e-16  145.1  7.3  11.31  0.0035  

Precip (1mo)  6192.3  258.2  140.14  <2.2e-16  149.6  2.9  0  n.s.  

Soil Moisture  6400.0  50.5  56.51  3.28e-12  142.9  9.6  8.7  0.0032  

Days Post-fire 6227.6  222.9  0  1.00  144.1  8.3  0  n.s.  

TimePoint  5970.8  479.7  268.79  <2.2e-16  133.9  18.5  20.09  0.0027  

 
 

 
 

Table S10. Fungal model comparisons of time as categorical (TimePoint), numerical 
(Days Post-fire), and precipitation as a sum of 3-months prior, 1 month-prior, and soil 
moisture. Limiting timepoints to include plant richness did not improve model fidelity. 

Bolded models are the best fit out of the available model variables as determined by 
comparison of Chi squared and AIC. 

 
 

Model Comparison for Fungal Biomass (qPCR) and Richness  

Model  
Biomass 

AIC  

Biomass 

Delta AIC  

Biomass  

ChiSq  

Biomass  

p  

Richness  

AIC  

Richness 

Delta AIC  

Richness 

ChiSq  

Richness 

p  

Null model  5329.0  0.0   NA  1732.5  0.0   NA  

Precip (3mo)  5292.5  36.5  31.73  <2e-16  1723.1  9.4  0  n.s.  

Precip (1mo)  5289.6  39.4  2.85  <2e-16  1708.3  24.2  14.74  n.s.  

Soil Moisture  5324.2  4.8  10.75  0.013  1722.9  9.6  0  n.s.  

Days Post-fire 5290.1  38.9  0  1.00  1710.9  21.6  0  n.s.  

TimePoint  5290.9  38.1  11.14  0.084  1707.6  24.9  27.32  0.0001  
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Table S11. Community composition differences between burned and unburned plots in 
Archaea, Bacteria, and Fungi. PERMANOVA and Beta-dispersion are compared at each 

timepoint and shown in bold when significant. A significant PERMANOVA indicates 
differing centroid means and suggests differing community composition. A significant 

beta-dispersion indicates differing distance to centroid and suggests differing levels of 
heterogeneity. A combination of significant PERMANOVA and betadispersion suggests 
differing communities due to differences in both composition and heterogeneity. 

 
 

 
 
 

 

 
 
 

 
 

 
 
 

 
 

 

Domain 
Rarefaction 
Depth 

Time Burn R2 
PERM-
ANOVA F 

p-value 
Betadisper 
F 

p-value 

Archaea 638 17 Days 0.058 1.97 0.065 2.84 0.10 

    1 Month 0.062 1.74 0.101 9.51 0.004 

    8 Months 0.069 2.55 0.021 3.18 0.083 

    1-Year 0.05 1.78 0.072 4.05 0.052 

    3-Years 0.073 2.37 0.014 1.57 0.2185 

Bacteria 4256 17 Days 0.056 2.01 0.001 9.06 0.004 
   1 Month 0.052 1.42 0.032 11.95 0.0018 

    8 Months 0.045 1.6 0.007 0.49 0.48 

    1-Year 0.063 2.32 0.001 3.44 0.072 

    3-Years 0.047 1.69 0.001 2.51 0.12 

Fungi 6874 17 Days 0.068 2.48 0.001 12.09 0.0014 

   1 Month 0.059 1.65 0.003 18.76 0.00019 

    8 Months 0.071 2.32 0.001 0.89 0.35 

    1-Year 0.063 2.24 0.001 3.62 0.065 

    3-Years 0.085 3.07 0.001 0.41 0.52 
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Table S12. Community composition variation partitioning using the environmental 
variables. Data matches timepoints used in Figure 4, and a distance matrix of sample 

latitude and longitude, with values indicating the fractions of the effect attributed to 
environmental variables [a], space [c], overlapping effects [b], and the residual 

unexplained proportion [d].  
 
 

Bacteria   Fraction 17 Days 8 Months 3 Years 

[a] X1|X2 Pure Environment -0.024 0.133 0.077 

[c]   Pure Space 0.251 0.091 0.123 

[b] X2|X1 Shared (Env ∩ Space) 0.044 0.061 0.042 

[d] Residuals Unexplained 0.729 0.715 0.758 

            

            

Archaea   Fraction 17 Days 8 Months 3 Years 

[a] X1|X2 Pure Environment -0.061 0.068 0.081 

[c]   Pure Space 0.183 0.086 -0.024 

[b] X2|X1 Shared (Env ∩ Space) 0 0.04 -0.025 

[d] Residuals Unexplained 0.879 0.806 0.968 

            

            

Fungi   Fraction 17 Days 1 Year 3 Years 

[a] X1|X2 Pure Environment 0.031 0.1 0.065 

[c]   Pure Space 0.208 0.278 0.145 

[b] X2|X1 Shared (Env ∩ Space) 0.099 0.081 0.034 

[d] Residuals Unexplained 0.662 0.54 0.756 
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Table S13. Prokaryotic genera showing positive differential abundance in burned plots 
(increase). 

 
log2Fold 
Change padj Kingdom Phylum Genus Species Timepoint 

22.08 2E-11 Bacteria  Firmicutes  Tumebacillus NA 17 Days 

22.24 3E-11 Bacteria  Actinobacteriota  Crossiella 

 uncultured 

bacterium 8 Months 

22.10 1E-09 Bacteria  Acidobacteriota  Vicinamibacteraceae NA 8 Months 

22.45 2E-20 Bacteria  Actinobacteriota NA NA 1 Year 

22.00 1E-12 Bacteria  Proteobacteria NA NA 1 Year 

21.99 1E-12 Bacteria  Actinobacteriota  Asanoa NA 1 Year 

21.97 1E-12 Bacteria  Acidobacteriota  Vicinamibacteraceae NA 1 Year 

21.96 2E-10 Bacteria  Proteobacteria NA NA 1 Year 

21.76 1E-12 Bacteria 
 
Verrucomicrobiota  Candidatus Udaeobacter NA 1 Year 

21.61 4E-10 Bacteria  Myxococcota  bacteriap25 NA 1 Year 

21.58 4E-10 Bacteria  Acidobacteriota  uncultured 

 uncultured 

bacterium 1 Year 

21.38 5E-10 Bacteria  Proteobacteria NA NA 1 Year 

21.20 7E-10 Bacteria  Actinobacteriota  Rubrobacter 

 uncultured 

actinobacterium 1 Year 

20.84 2E-09 Bacteria  Proteobacteria NA NA 1 Year 

20.45 3E-09 Bacteria  Proteobacteria  Noviherbaspirillum NA 1 Year 

7.23 5E-05 Bacteria  Bacteroidota  Arcticibacter 
 uncultured 
bacterium 1 Year 

4.34 3E-05 Bacteria  Firmicutes NA NA 1 Year 

3.18 3E-03 Bacteria  Proteobacteria  Massilia NA 1 Year 

2.19 2E-08 Bacteria  Proteobacteria  Massilia NA 1 Year 

22.42 7E-15 Bacteria  Actinobacteriota  Rubrobacter 
 uncultured 
Rubrobacter 3 Years 

21.97 1E-09 Bacteria  Actinobacteriota  Solirubrobacter NA 3 Years 

21.88 2E-11 Archaea  Crenarchaeota 
 Candidatus 
Nitrocosmicus NA 3 Years 

21.34 3E-09 Bacteria  Firmicutes NA NA 3 Years 

21.29 3E-09 Bacteria  Bacteroidota  Segetibacter NA 3 Years 

21.09 5E-09 Archaea  Crenarchaeota 

 Candidatus 

Nitrososphaera NA 3 Years 

20.57 1E-08 Bacteria  Actinobacteriota  Solirubrobacter NA 3 Years 

7.15 2E-04 Bacteria  Actinobacteriota  Cellulomonas NA 3 Years 
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Table S14. Prokaryotic genera showing negative differential abundance in burned plots 
(decrease). 

 
log2Fold 
Change padj Kingdom Phylum Genus Species Timepoint 

-22.95 2E-10 Bacteria 
 
Actinobacteriota  Gaiella NA 17 Days 

-22.95 2E-10 Bacteria 
 
Actinobacteriota  uncultured  uncultured bacterium 17 Days 

-23.40 5E-11 Bacteria  Myxococcota  bacteriap25  metagenome 8 Months 

-23.54 5E-11 Bacteria 
 
Actinobacteriota NA NA 8 Months 

-24.24 1E-12 Bacteria  Cyanobacteria  uncultured  Scytonema hyalinum 1 Year 

-24.66 6E-13 Bacteria 
 
Actinobacteriota  Rubrobacter 

 uncultured 
Rubrobacter 1 Year 

-24.47 3E-12 Bacteria  Firmicutes 
 
Psychrobacillus NA 3 Years 

 

Table S15. Fungal genera showing positive differential abundance in burned plots 
(increase). 

log2Fold 
Change padj Kingdom Phylum Genus Species Timepoint 

24.12 4E-13 Fungi Ascomycota Pezizaceae inc. sed. Pezizaceae sp 17 Days 

24.09 4E-13 Fungi Basidiomycota Geastrum Geastrum sp 17 Days 

23.68 2E-25 Fungi Ascomycota NA NA 17 Days 

23.59 4E-13 Fungi Ascomycota Knufia NA 17 Days 

23.59 1E-12 Fungi Ascomycota Ascobolus NA 17 Days 

23.17 1E-23 Fungi Ascomycota Preussia Preussia fleischhakii 17 Days 

22.86 5E-12 Fungi Ascomycota Humicola NA 17 Days 

22.82 1E-16 Fungi Ascomycota Gibberella Gibberella avenacea 17 Days 

22.79 9E-21 Fungi Ascomycota Aureobasidium NA 17 Days 

22.63 8E-12 Fungi Ascomycota Preussia Preussia sp 17 Days 

22.58 8E-12 Fungi Ascomycota Talaromyces NA 17 Days 

22.38 1E-11 Fungi Ascomycota Acrophialophora Acrophialophora sp 17 Days 

22.33 3E-17 Fungi Ascomycota Articulospora NA 17 Days 

22.20 7E-12 Fungi Ascomycota Acrophialophora Acrophialophora sp 17 Days 

22.02 3E-11 Fungi Ascomycota NA NA 17 Days 

21.83 4E-11 Fungi Ascomycota Coniochaeta NA 17 Days 

21.71 5E-11 Fungi Ascomycota Chaetothyriales inc. sed. Chaetothyriales sp 17 Days 

21.67 5E-11 Fungi Ascomycota Aspergillus NA 17 Days 

21.65 5E-11 Fungi Ascomycota Pseudotricharina Pseudotricharina sp 17 Days 

21.60 6E-11 Fungi Ascomycota NA NA 17 Days 

21.29 1E-10 Fungi Ascomycota NA NA 17 Days 

20.91 2E-10 Fungi Ascomycota Chaetomium NA 17 Days 
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20.16 3E-11 Fungi Ascomycota Hazslinszkyomyces 
Hazslinszkyomyces 
lycii 17 Days 

8.91 1E-05 Fungi Ascomycota Fusarium NA 17 Days 

7.23 7E-03 Fungi Ascomycota Knufia Knufia sp 17 Days 

6.34 9E-03 Fungi Ascomycota NA NA 17 Days 

23.68 6E-11 Fungi Ascomycota NA NA 1 Month 

22.73 4E-08 Fungi Basidiomycota Geastrum Geastrum sp 1 Month 

22.45 4E-06 Fungi Ascomycota NA NA 1 Month 

22.27 2E-09 Fungi Ascomycota Neophaeococcomyces 
Neophaeococcomyces 
sp 1 Month 

21.90 4E-10 Fungi Ascomycota Neophaeococcomyces 

Neophaeococcomyces 

sp 1 Month 

21.86 9E-11 Fungi Ascomycota NA NA 1 Month 

21.68 4E-08 Fungi Ascomycota Knufia NA 1 Month 

21.63 1E-05 Fungi Ascomycota Acrophialophora Acrophialophora sp 1 Month 

21.15 2E-08 Fungi Ascomycota NA NA 1 Month 

21.01 1E-05 Fungi Ascomycota NA NA 1 Month 

20.85 2E-05 Fungi Ascomycota Knufia NA 1 Month 

20.77 1E-10 Fungi Ascomycota Sporormia Sporormia sp 1 Month 

20.70 2E-05 Fungi Ascomycota Gibberella NA 1 Month 

20.62 1E-05 Fungi Ascomycota Didymellaceae inc. sed. Didymellaceae sp 1 Month 

20.41 1E-05 Fungi Ascomycota NA NA 1 Month 

20.39 3E-05 Fungi Ascomycota Chaetosphaeronema 

Chaetosphaeronema 

sp 1 Month 

20.16 4E-05 Fungi Ascomycota Pyrenochaeta Pyrenochaeta sp 1 Month 

19.86 5E-05 Fungi Ascomycota NA NA 1 Month 

18.80 2E-04 Fungi Ascomycota NA NA 1 Month 

9.41 2E-04 Fungi Ascomycota Chaetosphaeronema 

Chaetosphaeronema 

sp 1 Month 

23.97 3E-28 Fungi Ascomycota Neophaeococcomyces 
Neophaeococcomyces 
sp 8 Months 

23.96 6E-13 Fungi Ascomycota NA NA 8 Months 

22.94 8E-13 Fungi Ascomycota Darksidea Darksidea alpha 8 Months 

22.61 3E-17 Fungi Ascomycota Trichoderma NA 8 Months 

22.52 2E-11 Fungi Ascomycota NA NA 8 Months 

22.45 5E-20 Fungi Ascomycota NA NA 8 Months 

22.25 6E-13 Fungi Ascomycota Podospora Podospora sp 8 Months 

22.16 3E-11 Fungi Ascomycota Acrophialophora Acrophialophora sp 8 Months 

21.94 5E-11 Fungi Ascomycota Podospora 
Podospora 
intestinacea 8 Months 

21.87 5E-11 Fungi Ascomycota NA NA 8 Months 

21.67 8E-11 Fungi Ascomycota Preussia Preussia terricola 8 Months 

21.59 1E-12 Fungi Ascomycota NA NA 8 Months 

21.50 1E-10 Fungi Ascomycota Chaetosphaeronema 
Chaetosphaeronema 
sp 8 Months 
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21.47 1E-10 Fungi Ascomycota Alternaria NA 8 Months 

21.45 1E-10 Fungi Ascomycota Clarireedia Clarireedia bennettii 8 Months 

21.40 1E-10 Fungi Ascomycota NA NA 8 Months 

21.24 2E-10 Fungi Ascomycota Pseudotricharina Pseudotricharina sp 8 Months 

21.22 2E-10 Fungi Ascomycota NA NA 8 Months 

20.88 3E-10 Fungi Ascomycota Preussia NA 8 Months 

8.71 4E-03 Fungi Ascomycota Preussia Preussia polymorpha 8 Months 

6.51 2E-11 Fungi Ascomycota NA NA 8 Months 

24.86 8E-14 Fungi Ascomycota NA NA 1 Year 

24.78 4E-20 Fungi Ascomycota Gibberella NA 1 Year 

24.26 2E-13 Fungi Ascomycota Pseudotricharina Pseudotricharina sp 1 Year 

23.77 4E-16 Fungi Ascomycota Ascobolus NA 1 Year 

23.46 3E-13 Fungi Ascomycota Saitoella Saitoella complicata 1 Year 

23.39 4E-24 Fungi Basidiomycota Naganishia Naganishia albida 1 Year 

23.28 2E-12 Fungi Ascomycota Pyrenochaeta Pyrenochaeta sp 1 Year 

23.13 2E-12 Fungi Ascomycota Spooneromyces 
Spooneromyces 
laeticolor 1 Year 

23.13 3E-13 Fungi Ascomycota Darksidea Darksidea alpha 1 Year 

22.91 4E-12 Fungi Ascomycota NA NA 1 Year 

22.78 5E-12 Fungi Ascomycota Knufia NA 1 Year 

22.66 1E-13 Fungi Ascomycota NA NA 1 Year 

22.58 7E-12 Fungi Ascomycota Preussia NA 1 Year 

22.44 1E-11 Fungi Basidiomycota Naganishia NA 1 Year 

22.38 1E-13 Fungi Ascomycota NA NA 1 Year 

22.37 1E-11 Fungi Ascomycota Didymellaceae inc. sed. Didymellaceae sp 1 Year 

22.35 1E-11 Fungi Ascomycota NA NA 1 Year 

22.22 1E-11 Fungi Ascomycota Mycocalicium 
Mycocalicium 
victoriae 1 Year 

21.88 3E-11 Fungi Ascomycota Knufia NA 1 Year 

21.73 4E-11 Fungi Ascomycota NA NA 1 Year 

21.61 5E-11 Fungi Ascomycota Iodophanus NA 1 Year 

21.56 5E-11 Fungi Ascomycota NA NA 1 Year 

21.34 8E-11 Fungi Basidiomycota Naganishia Naganishia albida 1 Year 

21.33 8E-11 Fungi Ascomycota Chaetomium NA 1 Year 

21.29 9E-11 Fungi Basidiomycota Naganishia NA 1 Year 

21.12 1E-10 Fungi Ascomycota NA NA 1 Year 

9.51 6E-04 Fungi Ascomycota Collariella Collariella anguipilia 1 Year 

8.81 4E-03 Fungi Ascomycota NA NA 1 Year 

8.55 1E-04 Fungi Ascomycota Fusarium NA 1 Year 

8.23 5E-03 Fungi Ascomycota Clarireedia Clarireedia bennettii 1 Year 

7.58 7E-03 Fungi Ascomycota Preussia Preussia polymorpha 1 Year 
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6.76 3E-04 Fungi Ascomycota Oedocephalum NA 1 Year 

5.43 3E-04 Fungi Ascomycota NA NA 1 Year 

4.93 2E-04 Fungi Basidiomycota Naganishia Naganishia albida 1 Year 

26.61 4E-16 Fungi Ascomycota NA NA 3 Years 

25.70 4E-15 Fungi Ascomycota Laburnicola Laburnicola sp 3 Years 

25.65 3E-15 Fungi Ascomycota Iodophanus Iodophanus sp 3 Years 

24.46 5E-19 Fungi Ascomycota Cladorrhinum Cladorrhinum sp 3 Years 

24.29 3E-19 Fungi Ascomycota NA NA 3 Years 

24.27 1E-13 Fungi Ascomycota Spooneromyces 

Spooneromyces 

laeticolor 3 Years 

24.24 1E-13 Fungi Ascomycota NA NA 3 Years 

24.15 1E-13 Fungi Ascomycota NA NA 3 Years 

23.94 2E-13 Fungi Ascomycota Macrophomina NA 3 Years 

23.77 3E-13 Fungi Ascomycota Capnodiales inc. sed. Capnodiales sp 3 Years 

23.73 3E-13 Fungi Basidiomycota Geastrum Geastrum sp 3 Years 

23.69 3E-13 Fungi Ascomycota Chaetosphaeronema 
Chaetosphaeronema 
sp 3 Years 

23.66 2E-18 Fungi Ascomycota Edenia Edenia gomezpompae 3 Years 

23.65 3E-16 Fungi Ascomycota NA NA 3 Years 

23.59 4E-13 Fungi Basidiomycota Naganishia NA 3 Years 

23.55 4E-13 Fungi Ascomycota NA NA 3 Years 

23.32 7E-13 Fungi Basidiomycota Coprinus 
Coprinus 
phaeopunctatus 3 Years 

23.30 7E-13 Fungi Ascomycota Preussia NA 3 Years 

22.92 3E-13 Fungi NA NA NA 3 Years 

22.82 1E-20 Fungi Ascomycota Pseudogymnoascus 

Pseudogymnoascus  

pannorum 3 Years 

22.79 4E-17 Fungi Ascomycota NA NA 3 Years 

22.52 3E-15 Fungi Ascomycota Sulcatistroma Sulcatistroma nolinae 3 Years 

22.51 4E-12 Fungi Chytridiomycota 
Lobulomycetales inc. 
sed. Lobulomycetales sp 3 Years 

22.44 1E-16 Fungi Ascomycota Paraphoma Paraphoma sp 3 Years 

22.44 5E-12 Fungi Ascomycota Knufia NA 3 Years 

22.23 4E-12 Fungi Ascomycota NA NA 3 Years 

22.09 1E-19 Fungi Ascomycota NA NA 3 Years 

21.97 3E-16 Fungi Ascomycota Gibberella Gibberella avenacea 3 Years 

21.97 6E-13 Fungi Ascomycota Aspergillus Aspergillus ruber 3 Years 

21.97 1E-11 Fungi Basidiomycota Naganishia Naganishia albida 3 Years 

21.95 1E-11 Fungi Ascomycota Gymnoascus Gymnoascus reessii 3 Years 

21.94 1E-11 Fungi Ascomycota Knufia NA 3 Years 

21.92 1E-11 Fungi Basidiomycota Panaeolus Panaeolus fimicola 3 Years 

21.89 2E-11 Fungi Ascomycota Darksidea Darksidea alpha 3 Years 

21.88 2E-11 Fungi Ascomycota Penicillium NA 3 Years 
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21.87 7E-13 Fungi Ascomycota Westerdykella Westerdykella sp 3 Years 

21.86 1E-14 Fungi Ascomycota Dactylonectria 
Dactylonectria 
macrodidyma 3 Years 

21.82 2E-11 Fungi Ascomycota Darksidea Darksidea alpha 3 Years 

21.73 2E-11 Fungi Ascomycota NA NA 3 Years 

21.67 2E-11 Fungi Ascomycota Coniosporium Coniosporium sp 3 Years 

21.66 2E-11 Fungi Ascomycota Microdochium Microdochium sp 3 Years 

21.62 2E-11 Fungi Ascomycota Coniochaeta NA 3 Years 

21.52 8E-13 Fungi Ascomycota Coniothyrium Coniothyrium sp 3 Years 

21.41 4E-11 Fungi Ascomycota Acrophialophora NA 3 Years 

21.41 1E-13 Fungi Ascomycota Podospora Podospora minicauda 3 Years 

21.39 5E-12 Fungi Ascomycota Schizothecium NA 3 Years 

20.91 8E-12 Fungi Ascomycota Ascobolus Ascobolus sp 3 Years 

20.60 2E-10 Fungi Ascomycota NA NA 3 Years 

20.28 2E-11 Fungi Ascomycota Scutellinia Scutellinia sp 3 Years 

11.22 2E-04 Fungi Ascomycota Collariella Collariella anguipilia 3 Years 

9.15 2E-03 Fungi Ascomycota NA NA 3 Years 

8.99 4E-04 Fungi Basidiomycota Geastrum Geastrum sp 3 Years 

8.21 2E-03 Fungi Mucoromycota Rhizopus Rhizopus arrhizus 3 Years 

8.06 3E-03 Fungi Ascomycota Preussia Preussia terricola 3 Years 

7.22 2E-05 Fungi Ascomycota Iodophanus Iodophanus sp 3 Years 

6.84 1E-02 Fungi Basidiomycota Naganishia 
Naganishia 
randhawae 3 Years 

6.20 1E-04 Fungi Ascomycota Aureobasidium NA 3 Years 

4.94 2E-08 Fungi Basidiomycota Naganishia Naganishia albida 3 Years 

4.85 3E-07 Fungi Ascomycota Sulcatistroma Sulcatistroma nolinae 3 Years 

4.28 1E-11 Fungi Ascomycota Alternaria NA 3 Years 

3.43 2E-03 Fungi Basidiomycota Naganishia NA 3 Years 

1.46 2E-03 Fungi Ascomycota Alternaria NA 3 Years 
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Table S16. Fungal genera showing negative differential abundance in burned plots 
(decrease). 

log2Fold 

Change padj Kingdom Phylum Genus Species Timepoint 

-7.58 1E-03 Fungi Ascomycota Pezizaceae inc. sed. Pezizaceae sp 17 Days 

-9.20 2E-06 Fungi Ascomycota NA NA 17 Days 

-9.78 5E-05 Fungi Ascomycota Didymella NA 17 Days 

-23.27 1E-12 Fungi Ascomycota Coniozyma 
Coniozyma 
leucospermi 17 Days 

-23.29 1E-12 Fungi Ascomycota Capnodiales inc. sed. Capnodiales sp 17 Days 

-23.80 4E-13 Fungi Basidiomycota NA NA 17 Days 

-24.82 4E-14 Fungi Ascomycota Pezizaceae inc. sed. Pezizaceae sp 17 Days 

-25.14 5E-19 Fungi Ascomycota Knufia NA 17 Days 

-25.67 3E-08 Fungi Ascomycota Arthoniomycetes inc. sed. 
Arthoniomycetes 
sp 1 Month 

-25.88 2E-08 Fungi Ascomycota Pezizaceae inc. sed. Pezizaceae sp 1 Month 

-6.57 3E-03 Fungi Ascomycota Pezizaceae inc. sed. Pezizaceae sp 8 Months 

-7.32 9E-03 Fungi Ascomycota Oedocephalum Oedocephalum sp 8 Months 

-7.51 6E-03 Fungi Ascomycota Arthoniomycetes inc. sed. 
Arthoniomycetes 
sp 8 Months 

-23.93 5E-13 Fungi Ascomycota Phaeococcomyces 
Phaeococcomyces 
sp 8 Months 

-24.12 3E-13 Fungi Ascomycota NA NA 8 Months 

-24.26 3E-13 Fungi Ascomycota Libertasomyces 

Libertasomyces 

myopori 8 Months 

-24.89 6E-14 Fungi Ascomycota Aureobasidium 

Aureobasidium 

iranianum 8 Months 

-25.80 2E-23 Fungi Ascomycota Arthoniomycetes inc. sed. 
Arthoniomycetes 
sp 8 Months 

-8.14 4E-03 Fungi Ascomycota Ramimonilia 
Ramimonilia 
apicalis 1 Year 

-21.88 2E-11 Fungi Basidiomycota NA NA 1 Year 

-24.18 1E-13 Fungi Ascomycota Ascobolus Ascobolus sp 1 Year 

-24.19 1E-13 Fungi Ascomycota NA NA 1 Year 

-24.46 1E-13 Fungi Ascomycota Pezizaceae inc. sed. Pezizaceae sp 1 Year 

-24.53 1E-13 Fungi Ascomycota Ascobolus Ascobolus sp 1 Year 

-24.81 6E-14 Fungi Ascomycota Kalmusia Kalmusia utahensis 1 Year 

-25.51 1E-14 Fungi Ascomycota NA NA 1 Year 

-8.35 1E-05 Fungi Ascomycota Dematiopleospora 
Dematiopleospora 
sp 3 Years 

-8.69 2E-04 Fungi Ascomycota Pyrenophora 

Pyrenophora 

sieglingiae 3 Years 

-23.33 5E-13 Fungi Ascomycota NA NA 3 Years 

-23.50 3E-13 Fungi Ascomycota Helicoma Helicoma sp 3 Years 

-23.85 2E-13 Fungi Ascomycota Pezizaceae inc. sed. Pezizaceae sp 3 Years 

-25.03 1E-14 Fungi Ascomycota Helicoma Helicoma sp 3 Years 

-25.41 4E-15 Fungi Ascomycota NA NA 3 Years 

-25.59 9E-19 Fungi Ascomycota Capnodiales inc. sed. Capnodiales sp 3 Years 

-25.94 1E-15 Fungi Ascomycota Chaetomiaceae inc. sed. Chaetomiaceae sp 3 Years 



108 

 

 
Figure 3.8.1 Plant species richness at each plot in September 2020, 2021, and 2023. Red 

points indicate burned plots and blue points indicate unburned plots. 
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Figure 3.8.2 Soil characteristics at available timepoints. The figure indicates means 

(center point) and standard error (bars) as well as data points (small points) for A) pH 
with a dashed line indicating pH 7, B) phosphate levels, C) ammonium levels, and D) 

nitrate and nitrite levels in unburned and burned plots (blue and red, respectively). 
Asterisks indicate significant differences between burned and unburned means based on 

generalized mixed effects models for each variable. 
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Figure 3.8.3 Fungal richness and ash depth as measured at 17-days post-fire. We tested 

richness and ash depth as a linear model with R2 and p-values listed per comparison. 
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Figure 3.8.4 Figure S3. Bacterial richness and ash depth as measured at 17-days post-fire. 
We tested richness and ash depth as a linear model with R2 and p-values listed per 

comparison. 
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Figure 3.8.5 Relative abundance of archaeal and bacterial A) phyla and B) genera. 
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Figure 3.8.6 Relative abundance of fungal A) phyla and B) genera. 
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Figure 3.8.7 Glomeromycotina relative abundance in burned and unburned plots. 
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Figure 3.8.8 Fungal guild relative abundance over time. Guilds represented primarily by 
one genus have the genus listed below the guild name. Darker lines indicate relative 

abundance in burned plots. Light lines indicate relative abundance in unburned plots. 
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4 Chapter IV.  

Microbial cross-kingdom association 

networks reveal diverging trends of 

complexity during recovery from low- and 

high-intensity fires 

 

4.1 Abstract 

 

Drylands, which cover nearly 40% of Earth’s surface, are increasingly vulnerable to 

wildfire, yet post-fire recovery processes in these ecosystems remain poorly understood. 

Soil microbes are critical to nutrient cycling and ecosystem stability, but their responses 

to wildfire vary with fire intensity and severity. Here, we used cross-kingdom microbial 

association networks to investigate post-fire succession in two California drylands which 

experienced differing levels of fire intensity. Using identical sampling and molecular 

sequencing techniques, we observed burned and unburned communities around the high-

intensity Holy Fire in a chaparral shrubland and the low-intensity Dome Fire in a desert 

Joshua tree grassland. We combined 16S and ITS2 sequencing across four timepoints (2 

weeks to 3 years post-fire) to evaluate changes in bacterial, fungal, and cross-kingdom 

interactions, focusing on network cohesion, modularity, and keystone taxa. 
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Chaparral networks exhibited low cohesion and reduced modularity, with partial recovery 

by 40 months, but remained sensitive to further disturbance. In contrast, desert networks 

showed higher connectivity and cohesion shortly after fire but revealed delayed 

reductions in stability after three years. Keystone taxa differed markedly across 

ecosystems and timepoints: chaparral networks featured low-abundance but highly 

connected fungi and bacteria, including pyrophilous taxa such as Massilia and 

Noviherbaspirillum, while desert networks were structured by generalist bacterial and 

fungal module hubs such as Crossiella and Pseudotricharina. No keystone genera were 

shared across sites, highlighting habitat-specific microbial trajectories across our study. 

Our results demonstrate that network-based analyses uncover post-fire microbial stress 

and successional dynamics not detected by traditional diversity metrics. Cross-kingdom 

network approaches revealed ecosystem-specific vulnerabilities and identified potential 

keystone taxa that may mediate long-term recovery. These findings highlight several 

potentially important post-fire microbes and their interactions which have not been 

explored in studies of pyrophilous microbes, and further support for the application of 

network metrics for assessing microbial community sensitivity alongside measures of 

species composition. 

 

 

 
 

 
 
 

 



118 

 

4.2 Introduction 

Drylands now cover approximately 40% of Earth’s surface (Huang et al. 2016), 

which is expected to rise due to climate change and desertification (Feng and Fu 2013). 

These landscapes are increasingly prone to wildfires, yet not all arid ecosystems 

experience fire in the same way (Pausas and Keeley 2021). Fire intensity, or the heat 

output of a fire, can increase in denser drylands, while fire severity, which reflects the 

extent of ecological change, can be extreme even without high intensity (Keeley 2009). 

These differences can alter post-fire recovery trajectories, especially in microbial 

communities (Nelson et al. 2022b). Soil microbes play critical roles in nutrient cycling 

(Jacoby et al. 2017), plant regeneration, and overall ecosystem stability , making it 

essential to understand how fire affects soil microbiomes under varying conditions. 

Drylands are susceptible to nutrient loss (Schlesinger et al. 1990), so microbial 

communities may be key to stabilizing nutrients as drylands continue to expand. 

The impact of fire on soil microbial communities is strongly influenced by fire 

intensity and severity. High-intensity fires often lead to substantial reductions in 

microbial biomass and richness (Dooley and Treseder 2012; Dove and Hart 2017; Pulido-

Chavez et al. 2023), while low-intensity fires may leave these metrics largely unchanged 

(Vega-Cofre et al. 2023; Glassman et al. 2023; Zhang et al. 2025). However, high- and 

low-intensity fires can still promote the emergence of pyrophilous or fire-loving taxa. 

Bacteria such as Noviherbaspirillum, Massilia, and fungi such as Aspergillus, 

Coniochaeta, Pyronema, and others have been isolated post-fire across the globe 

(Warcup 1990; Belmok et al. 2019; Enright et al. 2022; Soria et al. 2023; Li et al. 2024). 
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Pyrophilous microbes are largely defined by their increase in abundance from near-zero 

to highly dominant post-fire (Fox et al. 2022), and are best described by investigating 

their traits in post-fire conditions when cultured from burned soil. However, the vast 

majority of microbes are difficult to culture even with burn-specific media (Woolet and 

Whitman 2020; Enright et al. 2025), and differential abundance can often detect multiple 

strains of the same organism indicating greater abundance in both burned and unburned 

plots (Whitman et al. 2019; Caiafa et al. 2023). Our application of networks to samples 

from burned soils allows a more efficient exploration of potential interactions between 

pyrophilous taxa without the exponential cross-plating of microbes. Further, cross-

kingdom interactions can be lost when focusing on one microbe at a time, while samples 

often amplified for prokaryotes and fungi can be combined in cross-kingdom networks. 

While metrics like biomass, richness, and composition can inform single-kingdom 

compositional changes, network analysis identifies taxa-specific associations and broad 

patterns of sensitivity or resilience to disturbance (Herren and McMahon 2017; Matchado 

et al. 2021; Hernandez et al. 2021). Association networks allow inference of positive 

(potential facilitation or co-habitation) (Faust et al. 2015) and negative (potential 

competition or niche exclusion) interactions between taxa (Hirano and Takemoto 2019). 

Metrics such as cohesion, a measure of the relative strength of positive versus negative 

interactions, have been used to assess community stability across ecosystems (Herren and 

McMahon 2017; Hernandez et al. 2021; Birch et al. 2025). Similarly, modularity 

quantifies how tightly connected clusters of microbes are within a network, with high 

modularity often implying higher resilience, as perturbations to network structure remain 
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compartmentalized within a module, which can provide context to microbial 

communities across post-disturbance succession and initiate testing of interactions based 

on network edges (de Vries et al. 2018). 

Network analysis may also be useful to identify keystone species (Jordán 2009), 

which are taxa with a greater impact on the community than their abundance reflects 

(Power et al. 1996). Organisms essential to the overall community like shrimp in the food 

chain (Wu et al. 2019), pollinators (Traveset et al. 2017), or mycorrhizal fungi (Timóteo 

et al. 2023) can drive changes by their interactions. In microbial ecology, keystones are 

thought of as low-abundance species with a stabilizing effect on the community (Amit 

and Bashan 2023; Kajihara and Hynson 2024). While the phrase can indicate high 

importance, in-silico analyses alone cannot identify microbes that maintain the soil 

community across archaea, bacteria, and fungi. However, these keystone taxa, identified 

by metrics such as high node degree (connections) and betweenness centrality (shortest 

path between many nodes) (Kajihara and Hynson 2024) can serve as points for further 

analysis in post-fire community analysis. Early colonization by keystone taxa can 

promote more colonization of highly connected taxa, driving microbial succession and 

creating a more resilient community (Rawstern et al. 2025). While common abundant 

taxa post-fire can be used as burn indicators or biomarkers for fire history (Fernández-

González et al. 2023), keystone taxa could be signs of functioning microbial succession 

following validation of their associations in networks as interactions. In post-fire 

communities, previously identified microbes are likely keystone species, as not all taxa 

dominate the community post-fire but many have shown highly variable enzymatic 
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activity (Sari et al. 2025), and keystone taxa often exhibit traits of multifunctionality in 

network analyses (Banerjee et al. 2018; Wang et al. 2023; Luo et al. 2025).  

Microbial networks have been applied to studies of succession, disturbance, and 

soil functioning, often focusing on bacterial or fungal communities separately (Arunrat et 

al. 2024; Luo et al. 2025). For example, in one study, bacterial correlations were 

significantly reduced after controlled burns of biocrusts (Aanderud et al. 2019), while in 

others, bacterial network properties did not shift post-fire (Pérez-Valera et al. 2017; 

Whitman et al. 2022). However, fewer studies have examined cross-kingdom interactions 

following fire. One such study identified multiple modules composed of either 

pyrophilous or fire-suppressed microbes (Whitman et al. 2019), although samples were 

pooled across a broad severity gradient and geographic range. Another examined 

cohesion of a cross-kingdom network to show that at 9 years after a forest fire, heavily 

burned regions had lower cohesion, or an overabundance of positive associations, 

compared to fire refugia sites (Birch et al. 2025). Despite these insights, the impact of 

intensity and the long-term recovery of the cross-kingdom community after a high-

severity fire is not known. While low-intensity fires often produce little to no change in 

biomass or diversity metrics, shifts in network properties may reveal an ongoing 

sensitivity to further disturbance. By generating different networks from different 

conditions over time, networks can be used to identify opposing responses to stress (de 

Vries et al. 2018; Hernandez et al. 2021). Most work has yet to explore how network 

properties shift over time, across fire intensities, while considering cross-kingdom 

associations.  
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Time is a crucial variable in post-fire recovery. Microbial responses immediately 

following a fire can be dramatically different from those observed years later (Pulido-

Chavez et al. 2023), even if pyrophilous microbes still remain present long-term 

(Fernández-González et al. 2023; Caiafa et al. 2023). Closely analyzing wildfires over 

time therefore allows for a greater understanding of whether microbes have a similar 

consistent post-fire secondary successional pattern, and how these microbial patterns 

match the resilience of their respective plant communities. Trends over time can differ 

between bacteria and fungi in the same wildfire systems (Whitman et al. 2019, 2025; 

Yang et al. 2024), while other studies show that network complexity drops in both 

bacteria and fungi compared to decades-old fires (Su et al. 2022). Comparing how burned 

communities contrast unburned communities can help highlight how microbial secondary 

succession post-fire can impact taxa through their associations, even if a microbe’s 

overall abundance or dominance does not change. Our study aims to build on this gap by 

integrating both bacterial and fungal data across time and fire regimes using a network-

based approach. 

Here, we leverage two longitudinal datasets collected following the same 

experimental design and both sequencing 16S and ITS2 amplicons from separate high-

severity wildfires: the Holy Fire (chaparral; Pulido-Chavez et al. 2023) and the Dome 

Fire (desert Joshua tree grassland; Joukhajian et al. 2025), both sampled with high 

temporal resolution ranging from 2 weeks to 3 years post-fire. Previous work identified 

clear differences in response of microbial biomass, richness, and composition across 

these fires, while still finding similar responses from the same pyrophilous taxa such as 
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the bacteria Noviherbaspirillum, Tumebacillus, Paenibacillus, Massilia, RB41, 

Solirubrobacter,  and fungi Aspergillus, Coniochaeta, Penicillium, and Naganishia 

(Whitman et al. 2019; Hopkins et al. 2021; Enright et al. 2022; Pulido-Chavez et al. 

2023; Fernández-González et al. 2023; Caiafa et al. 2023). Comparing two California 

dryland wildfires of low (desert) versus high (chaparral) soil burn severity across 4 

timepoints ranging from 2 weeks to 3 years,  we ask: 1) how do bacterial, fungal, and 

bacterial-fungal associations and network metrics such as cohesion and modularity 

change? 2) can we identify keystone taxa and how do they relate to pyrophilous microbes 

identified in these systems? 

We predict that cohesion will not recover in the Holy Fire over 40 months, but will 

recover in the Dome Fire which showed overall resilience in the burned plots. However, 

both fires will result in long-term shifts in modularity, as compositional shifts alter 

associations. Further, keystone taxa in unburned plots will likely be disturbed in the Holy 

Fire with minimal associations with pyrophilous taxa, due to the dominance of a few taxa 

in early successional samplings of the Holy Fire. However, the minor shifts in Dome Fire 

composition post-fire will show keystone taxa associating with pyrophilous microbes. 

Using node degree, we will identify microbes important to nutrient cycling in post-fire 

environments based on their association with multiple cross-kingdom genera in burned 

networks. Finally, we suspect the combination of cross-kingdom association networks 

and two similarly sampled fires will reveal important post-fire microbes without any 

known pyrophilous tendencies identified through single kingdom analyses. 
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4.3 Methods 

Site descriptions: Our chaparral site was in the Cleveland National Forest in California, 

USA (33.678889, -117.516667). The Holy Fire burned 94 km2 from August 6 to 

September 13, 2018, primarily burning chaparral shrubland dominated by manzanita 

(Arctostaphylos glandulosa) and chamise (Adenostoma fasciculatum). The fire varied 

from regions of low to high severity based on rapid post-fire BAER soil burn severity 

assessments and resulted in several centimeters of ash (Pulido-Chavez et al. 2023) . Our 

desert site was in Mojave National Preserve in California, USA, centered around the 

Cima Dome (35.287598, -115.585376). The Dome Fire burned 175km2 around the Cima 

Dome from August 15 to 24, 2020, killing 1 million Eastern Joshua trees (Yucca 

jaegeriana), and other perennial shrubs and grasses (Kaiser and Hughson 2020). Burned 

Area Reflectance Classification (BARC) showed low to moderate severity, although 

these estimates do not account for arid system vegetation loss (Kaiser and Hughson 

2020). While pockets of unburned trees remained present within the burn perimeter, plant 

loss was 80% across our select burned plots.  

 

Sample collection: Soon after each fire was extinguished (~2 weeks), we established 9 

plots (6 burned, 3 unburned) with four 1m2 subplots each in the cardinal directions 5m 

away from the plot centers (Figure S1). We collected 300-500g of soil using releasable 

bulb planters cleaned with 70% ethanol from 1m2 subplots from the top 10cm of soil 

beneath organic or ash layer at 0.5 months, 8 months, 12 months, and 36 months in the 

desert, and matched 4 corresponding collections from the chaparral based on successful 
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sample collection and amplification, limiting analysis to 0.5 months, 6 months, 12 

months, and 40 months post-fire out of the total 20 timepoints in the chaparral dataset. 

We stored soil on ice, and returned samples to the University of California Riverside 

(UCR) within 24-48 hours. We homogenized samples with ethanol-cleaned sieves 

(2mm), measured soil gravimetric moisture, and performed the KCl extraction method on 

fresh soil (Carter and Gregorich 2007) and assessed ammonium, phosphate, and NOₓ⁻ at 

the UCR Environmental Science Research Lab. We stored a subset of soil at -80°C for 

future molecular analysis. We air-dried the remainer of soil for biogeochemical analysis, 

including pH, which we used a VisionPlus pH6175 meter (Jenco Instruments Inc., San 

Diego, CA) to measure pH after making a slurry of 10g of air-dried soil and 20mL of 

distilled water and shaking for one minute to mix.  

Molecular work: Methods for DNA extraction, PCR amplification, and Illumina Miseq 

library prep for Holy Fire chaparral samples can be found in (Pulido-Chavez et al. 2023) 

and for Dome Fire desert samples in  (Joukhajian et al.). For Dome Fire Samples, we 

used Qiagen DNeasy PowerSoil Pro kits, and for Holy Fire samples we used Qiagen 

DNeasy PowerSoil kits. We amplified DNA in a two-step PCR using the ITS4-fun and 

5.8S primer-pair to generate fungal ITS2 amplicons (Taylor et al. 2016), and the 515F 

and 806R primer-pair for archaeal and bacterial 16S amplicons (Caporaso et al. 2011). 

Amplicons from 16S and ITS2 pools were combined at a 2:3 ratio to account for 

preferential sequencing of shorter amplicons, and sequenced together in Illumina Miseq 

2x300 runs. We used QIIME2 (Bolyen et al. 2019) to demultiplex and denoise reads, and 

used de-novo clustering at 97% to create Operational Taxanomic Units (OTUs) for 

https://www.zotero.org/google-docs/?kUi3Oh
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genus-level comparisons, which are preferable for network analysis because 

environmental samples often lack species-level designations and intraspecific 

associations can inflate edge numbers. We performed taxonomic assignment using the 

Qiime2 Naïve Bayes classifier with the SILVA (v138; (Quast et al. 2013)) and UNITE 

(v10;(Kõljalg et al. 2005) ) databases.  

 

Network construction: We constructed cross-kingdom and individual microbial 

association networks for archaea, bacteria and fungi using the SpiecEasi R package 

(Kurtz et al. 2015). For each timepoint, we subset 16S and ITS2 phyloseq objects to 

matching samples and by treatment prior to constructing networks (burned vs unburned). 

Since we only had 3 unburned plots (12 samples) compared to 6 burned plots (24 

samples), to compare the effect of sample size on network properties, we created a 

second set of down-sampled burned networks (12 samples) to match the sample size of 

unburned networks (12 samples). For each kingdom, we collapsed ASVs to genus-level 

to avoid associations of ASVs matched to the same species, and then removed genera 

with fewer than 10 reads per treatment per timepoint (Jameson et al. 2023). Further, we 

only kept genera with a 16% prevalence per network by removing genera appearing in 

fewer than 2 samples in unburned networks or 4 samples in burned networks according to 

suggested best practices (Kajihara and Hynson 2024). After filtering, we used the 

“multi.spiec.easi” function with the Meinshausen–Bühlmann (MB) method (Meinshausen 

and Bühlmann 2006). We used 999 λ values (from a minimum λ ratio of 1e-3) selected 

via Stability Approach to Regularization Selection (StARS), with 300 repetitions and a 
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selection threshold of 0.01. Feature tables used with the SpiecEasi package undergo 

centered-log ratio transformations to account for uneven sequence depth across samples 

and primer sets, allowing for cross-kingdom association network construction. This 

allows for conditional independence while drawing associations between nodes, such that 

each pair of nodes is evaluated independently from the rest of the network of genera. 

 

Network metrics: We used functions from the igraph package (Csardi 2013) to identify 

network metrics at each timepoint. To quantify community stability, we calculated 

abundance weighted mean cohesion per sample in each network. We extracted the signed 

edge weights from SPIEC-EASI networks by retrieving the adjacency matrix with the 

SpiecEasi function “getRefit” and corresponding edge weight matrices with “symBeta”. 

We constructed undirected igraph objects from the adjacency matrix and assigned each 

edge its signed weight from the symmetrized beta matrix. We defined abundance-

weighted cohesion as the ratio of summed negative edge weights to summed positive 

edge weights based on taxa present in each sample (Herren and McMahon 2017). We 

subsetted all edges connected to each present node (taxon) and summed edge weights for 

negative and positive separately, which we then used to generate a ratio per sample. We 

plotted mean cohesion per sample and tested significance of means using a linear model 

and showed pairwise significance between burned and unburned networks at each 

timepoint. We calculated modularity using the igraph package “modularity” after finding 

community structure with the function “cluster_louvain”. Higher modularity indicates 
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that more edges connect nodes that are within the same module rather than across 

different modules (Csardi 2013).  

 

Keystones: We identified potential keystone taxa using two methods. First, we identified 

taxa with high betweenness centrality (Kajihara and Hynson 2024), indicative of nodes 

that frequently occur on the shortest path between other nodes. We labeled any node with 

>2 standard deviations of the mean betweenness per network, as well as those exhibiting 

>2 node degree, or connections to other nodes. Second, we calculated within-module 

connectivity (Zi) and among-module connectivity (Pi) adapted from (Deng et al. 2012) to 

classify genera into four categories: peripheral taxa with few connections (Zi < 2.5 and Pi 

< 0.62), module hubs with in-module connectivity or many edges (Zi > 2.5, Pi < 0.62), 

connector nodes with many edges across modules (Zi < 2.5, Pi > 0.62), and network hubs 

which are highly connected both within and across modules (Zi >2.5, Pi > 0.62). We used 

igraph to cluster modules from each network, which were subsets of treatment and 

timepoint, and used ggplot2 to combine results from all networks per site. We identified 

modules in which non-peripheral nodes appeared and plotted their positive and negative 

associations using the beta matrix based on weighted adjacency matrices per network. 

Although we use established methods in graph theory and microbial network analysis 

(Guimerà and Nunes Amaral 2005; Deng et al. 2012), we cannot confirm these taxa as 

true keystone species without further testing of their removal and the resulting 

consequences for the microbial community. However, we refer to these network-

identified potential keystones hereafter as “keystones” for brevity. 
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4.4  Results 

Chaparral and desert wildfires varied in soil burn severity with mean ± standard error 

(SE) ash depth of 4.63 ± 0.6 cm in chaparral and 0.4 cm ± 0.07 in desert (Fig. S1A), 

which resulted in significantly increased pH for both sites but with deserts being more 

basic than chaparral (Fig. S1B). Wildfires significantly affected ammonium and nitrate 

such that ammonium initially increased in chaparral but decreased to unburned levels 

over time whereas ammonium levels remained elevated in burned plots in desert (Fig. 

S1C), and nitrate/nitrite increased in burned plots over time in both sites (Fig. 1D). Desert 

microbial species richness was not reduced by fire while chaparral microbial species 

richness was heavily reduced in burned plots (Fig. S2).  

 

Desert cross-kingdom network metrics: Cross-kingdom microbial networks from the 

desert displayed marked divergences in early and late post-fire comparisons. At 17-days 

post-fire, burned networks had a higher number of total edges (170) and greater density 

(0.00193) than unburned networks (117 edges; density = 0.00127). Yet, modularity of 

burned networks (0.90) was lower than the modularity of unburned networks (0.97; Fig. 

1B). Unburned networks showed high modularity throughout our timepoints (0.96-0.97), 

compared to burned networks  despite a reduction in edge numbers by 36 months post-

fire (66). In contrast, burned plots still had more total edges at 36 months post-fire (166).  

 

Cross-kingdom cohesion after fire: Across 40 months of post-fire sampling, both the 

chaparral (Fig. 1C) and desert (Fig. 1D) burned plots displayed much lower cohesion, as 
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a result of having a high number of positive associations within burned samples. 

However, initial cohesion (0.5 - 8 months) in desert unburned plots was lower than 

burned plots, which correspond to periods of continued drought. 

Since unburned networks at each timepoint were only made with 12 samples, we sub-

sampled burned networks to 12 samples. Trends were identical in the chaparral, with 

burned networks still showing significantly lower cohesion at each time point (Fig. S3A). 

However, for desert samples, reduction of sample number made a larger difference and 

although trends were the same, ¾ of the time points were no longer significantly different 

(Fig. S3B). 

 

Chaparral cross kingdom network metrics: Cross-kingdom microbial networks 

following the Holy Fire displayed strong temporal divergence between burned and 

unburned plots during the 3-year post-fire successional period. In unburned plots, the 

total number of edges peaked at 576 by six-months, while modularity grew from 0.94 at 

25-days post-fire to 0.98 at 40 months post-fire, suggesting more compartmentalization 

of microbial associations. In contrast, burned networks were sparsely connected, with the 

total edge counts ranging from 76 to 146 across all timepoints. Burned networks had 

lower modularity, especially at 6-months and 1-year (0.82), though they partially 

recovered by 40 months (0.90; Fig. 1C). Network density of burned plots was slightly 

higher than in unburned plots after 6-months. 
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Comparison of cross-kingdom network metrics across sites: Unburned plots from the 

chaparral were much more interconnected than desert plots. The largest connected 

component (LCC) from the chaparral at 0.5 months was 178 nodes (Fig. 2), while in 

desert plots, there were only 9 nodes (Fig. 3). This trend continued, although the LCC 

from unburned chaparral networks shrank over time, from 274 nodes at 6 months, to 30 

at 12 months, and finally 18 nodes at 40 months post-fire. The LCC in unburned desert 

nodes did not grow, as there were 7 nodes at 8 months, 9 nodes at 12 months, and 5 nodes 

at 36 months post-fire. Burned networks showed more edges and bigger LCCs, 

fluctuating from 64 nodes at 0.5 months, 18 at 8 months, 52 at 12 months, and 20 at 36 

months. Conversely, burned chaparral samples resulted in smaller LCCs only relative to 

unburned chaparral, ranging from an LCC of 13 at 0.5 months, 52 at 6 months, 71 at 12 

months, and 62 at 40 months. 

 

Chaparral keystone taxa: No archaea were identified as keystones from the chaparral, 

and most keystone genera in unburned plots were fungi. This trend was present 

throughout 40 months of sampling unburned plots, while the reverse was true for burned 

plots with bacteria being the only keystones at 0.5 months and only 1 fungal genus in 

each of the later timepoints (Fig. 4A). For unburned plots, the genera with high 

betweenness and the highest node degree at each timepoint were  Pezizellaster at 0.5 

months (6 edges, <1% relative abundance), a tie between Blastococcus, Neoconiothrium, 

and Exophiala at 6 months (6, <2%), Dendrophoma at 12 months (6, <1%), and a tie 

between Reyranella, Rhodanobacter, Rhodopila, and Polyscytalum at 40 months (4, 



132 

 

<1%). The genera with high betweenness and the highest node degree at each timepoint 

in burned plots were Solirubrobacter (4, 2% relative abundance) at 0.5 months, the 

Acidobacteriota taxa in Subgroup 7 at 6 months (6, <1%), Candidatus Udaeobacter at 12 

months (12, <2%), and Candidatus Udaeobacter at 40 months (11, <2%).  

When comparing nodes across timepoints to the same standards of within-module 

connectivity (Zi) and among-module connectivity (Pi), 5 genera from burned plots 

emerged as keystones as either connectors with high among-module connectivity, or 

module hubs with high within-module connectivity (Fig. 4A). Massilia (connector), 

Candidatus Udaeobacter, and Inocybe (module hubs) were keystones at 6 months, 

Noviherbaspirillum, Candidatus Udaeobacter, and a bacterium from 67.14 were module 

hubs at 12 months, and Candidatus Udaeobacter (module hub) and Gelasinospora 

(connector) were keystones at 40 months post-fire (Fig. 5). Thirteen genera were 

keystones in unburned plots from 0.5 months to 12 months post-fire, including 

Roseiarcus, Mycobacterium, Jatrophihabitans, Novosphingobium, B12.WMSP1, 

Lacunisphaera, Myxococcus, Afipia, Bordetella, Exophiala, Ceriporia, 

Chaetosphaeronema, and Dendrophoma. 

 

Desert keystone taxa: Keystone taxa included archaea, fungi, and bacteria in burned 

plots while unburned plots had either bacteria and fungi or only fungi with high 

betweenness (Fig. 4B). The genera with high betweenness and the highest node degree at 

each timepoint in unburned plots was a genus from Pleosporaceae at 0.5 months (4 edges, 

<1% relative abundance), Baia at 8 months (4, <1%), Lepiota and Papiliotrema at 12 
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months (3, <1%), and Teunia at 36 months (3, <1%). The genera with high betweenness 

and the highest node degree at each timepoint in burned plots was an archaeon in 

Nitrososphaeraceae at 0.5 months (6, 5%), a tie between Rubrobacter, Candidatus 

Nitrososphaeraceae, and Pseudotricharina at 8 months (5, <6%), Gaiella at 12 months 

(5, <1%), and a genus from Nitrososphaeraceae at 36 months (5, 6%).  

When comparing nodes across timepoints to the same standards of within-module 

connectivity (Zi) and among-module connectivity (Pi), we only detected hub taxa from 

burned networks in the desert (Fig. 4B). These included a bacterium from wb1-P19 

(module hub) at 0.5 months, Pseudotricharina and a bacterium from CCD24 (module 

hubs) at 8 months, Rubrobacter (connector) at 12 months, and Crossiella (module hub) at 

36 months (Fig. 6). 

4.5 Discussion 

We used network analysis to highlight long-term impacts of disturbance on cross-

kingdom communities, identifying trends that were previously undetectable while 

focusing on diversity metrics. We classified several low- and high-abundance taxa as 

keystones which were highly interconnected in modules across time. Keystone taxa in 

chaparral post-fire networks reflected distinct ecological roles and patterns over time, 

with fungi dominating unburned plots and bacteria emerging in burned ones. While there 

was some congruence between keystones identified through ZiPi plots and those with 

high betweenness centrality, one notable distinction is that not all timepoints were 

represented with strong keystones in ZiPi plots, while comparing betweenness to mean 
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betweenness per network always resulted in some nodes having relatively higher 

betweenness centrality than the rest of the nodes. Since ZiPi plots standardize 

comparisons rather than guarantee a highest-betweenness node in every network, they 

provide a more conservative estimate of keystones. Notably, no keystones identified in 

ZiPi plots were re-occurring across treatments or sites. Identifying these early keystones 

may be important for understanding post-fire succession, since keystones tend to recruit 

other keystones moreso than generalist taxa during early successional periods, shaping 

the future of the community (Rawstern et al. 2025). 

 

Network cohesion across time: Post-fire network cohesion revealed a long-term rise in 

positive microbial associations, suggesting that microbes may be growing 

interdependently and thus be more vulnerable to a future disturbance. This trend occurred 

late in the desert plots, after rainfall spurred activity in unburned microbial communities. 

This differed from richness trends seen in the desert, as burned and unburned plots had 

similar microbial richness prior to 12 months post-fire. In the chaparral, bacterial richness 

was not immediately lower in burned plots at 0.5 months while fungal richness was, and 

a decrease in cohesion may reflect cross-kingdom associations revealing a whole-

community impact. This increase in positive associations potentially destabilizes 

communities. For example, should a second disturbance like another fire kill highly 

connected taxa this could lead to loss of associated taxa in the dependent module. In both 

sites, large wildfires occurred near our study sites, with the 2024 Airport Fire (95 km2) 

occurring in the chaparral and the 2023 York Fire (377 km2) in the desert. While there 
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was no overlap between the Dome and York fires, large areas burned by the Holy Fire 

were later reburned by the Airport Fire, potentially setting course for a different microbial 

successional trajectory following rapid return intervals in the chaparral. These trends 

have already been seen in boreal forests, in which community composition shifts in 

reburned areas compared to burned and unburned areas despite similarities in richness 

(Woolet et al. 2022). 

To test the robustness of our results to unequal sample sizes, we compared the 

cohesion metric with an equal sample size between treatments. We only had 12 unburned 

reference samples per timepoint, and reducing burned sample numbers to 12 resulted in 

different observable trends in cohesion within the desert system but not in the chaparral. 

While methods such as SPIEC EASI attempt to solve the issue which arises when 

networks are constructed with a much greater number of nodes than samples (as is the 

case in most microbial communities), network stability is still strengthened by high 

sample number. Researchers attempting to classify regions as sensitive or recovered 

following disturbance should be careful to collect a large amount of samples per 

timepoint. 

 

Network modules across sites: Wildfire altered microbial network structure differently 

across sites, with desert burns promoting increased connectivity and chaparral burns 

reducing modularity and stability. In our desert sites, burned networks had higher edge 

numbers and density than unburned networks across our 3-year study period. This 

increase in connectivity may reflect an increase in generalist or stress-tolerant taxa which 



136 

 

can facilitate broader associations. Burned plots also consistently had larger LCCs than 

unburned plots, regardless of initial drought at 0.5-8 months. In deserts, increasing aridity 

led to reductions in multifunctionality and network complexity of bacteria but not fungi, 

potentially driven by the deterministic soil properties that drove bacterial communities 

but not fungi (Dong et al. 2025). Few studies explore cross-kingdom associations, which 

were sparse in individual kingdom networks and much richer after combining (Fig. 3). 

The influx of nutrients after fire appeared to create more complex cross-kingdom 

associations in burned compared to unburned networks in the desert. However, 

modularity appeared to decrease initially at 0.5 months in burned desert plots, which is 

associated with environmental stress, as high modularity limits edges between nodes in 

the same module, preventing cascading effects during disturbance (Hernandez et al. 

2021). 

Chaparral networks showed the opposite pattern, in which unburned plots had 

large, complex modules with high numbers of edges and burned networks were more 

fragmented. Despite burning more plant mass, and causing more significant drops in 

richness and biomass compared to their local unburned communities, burned chaparral 

networks were still showing larger LCCs than desert burned plots, potentially reflecting a 

community more adapted to high-return intervals of fire. At 40 months in the chaparral, 

burned networks showed larger LCCs than unburned across sites, which suggests that 

desert wildfires select for transient microbial interactions between generalists, while 

chaparral wildfires result in richer microbial networks with long-term post-fire organic 

matter utilization. Burned chaparral networks also showed reduced modularity, to a 
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greater extent than the desert and for a longer period of time. This decrease in cohesion 

and modularity suggests more positive associations across modules as a result of shared 

niche preferences or sustained interdependence (Coyte et al. 2015) as microbes break 

down the abundant substrate post-fire.  

 

Chaparral keystones: Overall, pyrophilous microbes appeared to be connectors across 

various modules in the burned chaparral networks, potentially reflecting a common 

habitat preference among many pyrophilous taxa or associations with distinct functional 

modules of post-fire substrate degradation. At 6 months, Massilia appeared to be a 

connector across different modules, likely as a result of its dominance within the 

community at that timepoint. Inocybe and Candidatus Udaeobacter were not otherwise 

dominant at 6 months, yet appeared to be important connectors and module hubs 

respectively. As an ectomycorrhizal fungus following widespread loss of other EMF taxa, 

Inocybe likely connects mycorrhizal plant seedlings and the microbial community, thus 

bridging different modules across the network, consistent with trends of ectomycorrhizal 

fungi in particular enhancing connectivity across multi-kingdom networks in forests 

(Yang et al. 2022). Meanwhile, Candidatus Udaeobacter, a genus of highly abundant 

grassland bacteria from Verrucomicrobiota, may contain species with a shrunken genome 

which more efficiently focus on key enzymatic pathways in amino acid synthesis (Brewer 

et al. 2016), while also driving dependence on other microbes. Members of this genus 

may also use high antibiotic resistance to scavenge critical biomolecules after antibiotic 

release kills other microbes (Willms et al. 2020), making them highly adapted to high 
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post-fire mortality of microbes. Further, the genus appears to be highly connected across 

desert soil networks (Li et al. 2021). 

Certain taxa like Noviherbaspirillum highlight how dominant microbes can structure 

early successional networks by associating with low-abundance saprotrophs. While it 

initially grew in abundance at 3-months post-fire (Pulido-Chavez et al. 2023), 

Noviherbaspirillum emerged as a burn keystone at 12 months, positively associated with 

Arsenicitalea, Flavitalea, Microvirga, and a genus in Longimicrobiaceae (Fig. 5). 

Despite Noviherbaspirillum increasing in dominance, it mostly associated with low 

abundance bacteria. These taxa are known degraders, with Arsenicitalea reducing nitrate 

(Mu et al. 2016), Flavitalea (family Chitinophagaceae) showing high glycoside hydrolase 

activity (Kim et al. 2016), the type species in Longimicrobiaceae showing high 

phosphatase activity (Pascual et al. 2016), and Microvirga species displaying high heat 

and radiation tolerance and phosphatase (Li et al. 2020). 

 

Desert keystones: In contrast to the chaparral, desert microbial keystone taxa in burned 

plots suggest a shift towards substrate-specializing generalists able to thrive in post-fire 

environments. The influx of nutrients in the burned plots shifting pH and substrates 

resulted in one connector and four module hub genera in burned networks across time. A 

bacterium referred to as wb1-P19 (Fig. 6), also found as a keystone in a cave system with 

basic soil in China (Li et al. 2021) and in the nearby Lehman Caves in Great Basin 

Nevada, possesses methanotroph genes including enzymes used to degrade methanol and 

formaldehyde, as well as a membrane-bound dissimilatory nitrate reductase (NarGHJI) 
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useful for nitrate reduction (Jones et al. 2024). Formaldehyde is a fire byproduct making 

wb1-P19 well-suited in post-fire substrate utilization (Liao et al. 2021, p. 202). This 

bacterium, along with Crossiella, another desert burn keystone, was found to be 

important for yellow biofilm formation in caves across the world (Martin-Pozas et al. 

2024). Crossiella potentially forms syntrophic associations with nitrifying bacteria in 

cave systems (Martin-Pozas et al. 2022). Pseudotricharina, a member of 

Pyronemataceae, is poorly described but a likely post-fire saprotroph, or potentially 

related to orchid mycorrhizae (Healy et al. 2017). Unburned networks did not produce 

any connector or module hub genera, consistent with prokaryotic networks becoming less 

complex with increasing aridity (Dong et al. 2025). 

Despite the precedence for identified keystone taxa in our study appearing as 

highly connected in other environments, we found no overlap between keystones in 

burned networks from chaparral and desert systems. While some taxa such as Massilia 

respond positively to fire in both systems, their overall importance in association 

networks differ. Additionally, bacterial and fungal keystones differed in their roles. 

Bacteria were linked to carbon and nitrogen turnover, whereas fungal keystones appeared 

to drive nutrient exchange or modify soil structure, traits strongly linked to Ascomycota 

(Lehmann et al. 2020) and ectomycorrhizal fungi (Zheng et al. 2014). Further studies of 

post-fire microbes across varying habitats may reveal more consistent trends of common 

keystone taxa within the post-fire microbial succession, but network analysis is not yet a 

ubiquitous tool applied in studies of microbial ecology. While some taxa we highlight are 

not known to be pyrophilous, these findings may warrant further investigation into their 
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roles post-fire to better understand how the post-fire environment changes with their 

presence. Studies testing post-disturbance inoculation may find greater recruitment of 

multifunctional taxa by adding the high across-module connected keystones from the 

burned chaparral networks, or high facilitation following inoculation of the generalist 

within-module connected desert network keystones. 

4.6 Conclusion 

We showed that network analysis reveals signals of microbial stress not detected by 

traditional diversity metrics alone. While richness appeared stable in deserts, networks 

revealed a lagging decrease in cohesion suggesting microbial sensitivity to further 

disturbance in deserts. In contrast, chaparral networks were initially fragmented post-fire 

but became highly connected by 12 months, potentially showing signs of microbial 

adaptation to more frequent fire intervals. However, the chaparral networks still showed 

signs of sensitivity to further disturbance at 40 months, indicating that reburns like the 

2024 Airport Fire may be degrading association networks moreso than a single burn 

would. 

Keystone taxa, which are often low-abundance yet highly connected, were 

abundant in chaparral yet sparse in desert networks. Genera did not re-occur as keystones 

across timepoints, potentially matching successional patterns of post-fire plant 

communities with distinct stages, and were distinct across habitats corresponding to fire-

adapted microbes in the chaparral and more broadly found saprotrophs in the desert. 

These findings highlight that assessing ecosystem recovery after disturbance can be 
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enhanced by network-based metrics. However, these studies should include robust 

sampling regimes to ensure network stability and reproducibility. Further insights can be 

found in sampling specific microsites such as biocrusts and rhizosphere soil to better 

understand what interactions are occurring when microbes are in close proximity.  

Taken together, our results mostly aligned with our initial predictions, such that 

cohesion did not recover at 3-years following the high-intensity chaparral fire. However, 

we expected an initial reduction in post-fire cohesion in the low-intensity desert fire and 

instead saw high post-fire cohesion up to 8-months post-fire and a longer term reduction 

at 3-years rather than a recovery. Our analysis of two similarly sampled wildfires showed 

that cross-kingdom network approaches uncovered novel post-fire keystone taxa, either 

as known pyrophilous microbes or associated with a variety of pyrophilous taxa within 

modules, which can be used to explore both direct interactions as well as key post-fire 

successional shifts following wildfires. 
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4.7 Figures 

 

 
Figure 4.7.1 Network metrics from the chaparral and desert. Modularity is a measure of 
how often edges connect nodes within modules rather than across different modules. 

Cohesion is a measure of the ratio of negative to positive edges, weighted by abundance 
of the nodes between the edges. 
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Figure 4.7.2 Networks from chaparral 16S and ITS2 sequence data in purple respectively. 
Cross-kingdom networks displayed in blue. Blue edges are positive associations and red 

edges are negative. Node colors correspond to kingdoms, with red being archaea, blue 
being bacteria, and orange being fungi. 
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Figure 4.7.3 Networks from desert 16S and ITS2 sequence data in purple respectively. 
Cross-kingdom networks displayed in blue. Blue edges are positive associations and red 

edges are negative. Node colors correspond to kingdoms, with red being archaea, blue 
being bacteria, and orange being fungi. 
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Figure 4.7.4 Zi-Pi plots of cross-kingdom networks from A) chaparral and B) desert 
systems. Shapes indicate timepoints, and colors indicate treatment (red and blue are 

burned and unburned respectively). Peripheral taxa with few connections (Zi < 2.5 and Pi 
< 0.62), module hubs with in-module connectivity or many edges (Zi > 2.5, Pi < 0.62), 

connector nodes with many edges across modules (Zi < 2.5, Pi > 0.62), and network hubs 

which are highly connected both within and across modules (Zi >2.5, Pi > 0.62). 
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Figure 4.7.5 Modules of burned network hubs in the chaparral site. Blue edges are 

positive associations and red edges are negative. Node colors correspond to kingdoms, 
with red being archaea, blue being bacteria, and orange being fungi. 
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Figure 4.7.6 Modules of burned network hubs of all timepoints from the desert site. Blue 

edges are positive associations and red edges are negative. Node colors correspond to 
kingdoms, with red being archaea, blue being bacteria, and orange being fungi. 
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4.8 Supplemental Figures 

 

 
Figure 4.8.1 Fire impacts on soil in chaparral and desert. Red and blue points indicate 
means of burned and unburned plots with standard error bars. We measured ash depth at 

the first timepoint post-fire, pH at every timepoint, and measured ammonium, nitrate, and 
nitrite through KCl extractions at select timepoints.  
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Figure 4.8.2 ASV richness in bacteria as determined by 16S sequencing from A) the 
chaparral and B) desert. ASV richness in fungi as determined by ITS2 sequencing from 

C) the chaparral and D) desert. 
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Figure 4.8.3 Cross-kingdom cohesion results after subsampling burned networks to match 
the number of unburned samples. Networks constructed with n = 12 samples, randomly 

selected from a pool of 24 burned samples per timepoint. 
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5 Chapter V.  

Conclusion to the Dissertation 

 This dissertation provides the first broad-scale, long-term, and network-based 

assessment of desert microbial communities following seasonal changes and post-fire 

shifts, revealing a diverse community of AMF, resiliency in community composition, and 

network sensitivity. Notably, Yucca jaegeriana was dominated by the AMF Glomus 

VTX00294 year-round, a taxon not previously recorded in Y. brevifolia (Harrower and 

Gilbert 2021),  despite the presence of Glomus VTX00294 in other continents (Davison 

et al. 2015), suggesting greater host specificity than is commonly assumed. Microbial 

abundance and diversity remained stable following the Dome Fire, and the broader 

microbial community showed compositional shifts without losses in richness or biomass. 

Network analysis revealed hidden sensitivity in burned soils despite stable or even rising 

microbial diversity post-fire, with the rarely studied bacterium Crossiella emerging as a 

potential post-fire keystone microbe, consistent with its assignment as a keystone in other 

systems (Cheng et al. 2023). Together, these findings challenge assumptions about post-

fire trends of microbial communities in arid ecosystems, enhance methods of identifying 

important post-fire microbes and their associations, and lend further support to observing 

cohesion post-fire as an assessment of fire impacts on microbes, informing land 

management in an era of increasing wildfire frequency. 

 In my first research chapter, I showed that the AMF associated with Yucca 

jaegeriana are diverse, distinct from the closely related Y. brevifolia, more diverse when 
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sampled from soils than roots, stable across seasons but reduced in summer, and largely 

unaffected by fire. The AMF community was most rich in the Fall and Winter, consistent 

with the Yucca growth habits. Since Joshua tree seedlings are more likely to die when 

sprouting in the Spring and facing Summer heat (DeFalco et al. 2010), and also show 

preferential uptake of warmer Summer rains compared to cooler Winter rains (Ehleringer 

et al. 1991), there appears to be parity in the increasing abundance of AMF species 

associating with Y. jaegeriana in Fall and Winter months. Further, the AMF community 

was largely distinct from the AMF associating with Y. brevifolia some ~100km southwest 

in Joshua Tree National Park, despite similar edaphic properties. This may lend  further 

evidence that AMF are not as broadly generalist in their host associations as previously 

thought.  

 In my second research chapter, I showed that the Dome Fire had limited impacts 

on archaeal, bacterial, and fungal biomass and richness despite widespread mortality of Y. 

jaegeriana, but community composition was affected such that pyrophilous microbes 

were stimulated. Burned soil did not significantly decrease in microbial richness or 

biomass, and in fact grew in richness and biomass at certain timepoints because of excess 

nutrients available in the soil, or potentially due to pH which remained increased 3 years 

post-fire. While richness is a good estimate for functional diversity in an environment, it 

can easily be masked by increases and decreases in different groups of taxa, and beta-

diversity comparisons may miss shifts in critically important taxa if the overall 

communities still appear to be similar. However, there appeared to be overall resilience 

by the microbial community in response to a high-severity wildfire that had dramatic 
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impacts on the aboveground plant community. Several pyrophilous microbes emerged, 

with a large number of fungi increasing 3-years post-fire, and a select few archaea and 

bacteria. Many of the microbes found positively responding to fire overlapped with those 

increasing in forest fires (Whitman et al. 2019; Caiafa et al. 2023) and chaparral fires 

(Pulido-Chavez et al. 2023), prompting further inquiries into their importance in post-fire 

desert nutrient cycling and community recovery. 

 In my third research chapter, I further compared burned and unburned desert 

samples to a chaparral wildfire to determine differing network properties across fires of 

varying intensity. The low-intensity desert fire matched signs of sensitivity found in the 

high-intensity chaparral fire even at 3-years post-fire, suggesting greater impacts on the 

cross-kingdom microbial community than the diversity metrics would suggest. While 

pyrophilous microbes were important to network structure in the chaparral, they did not 

overlap with potential keystones identified in the desert burn networks, which instead 

overlapped with network-identified keystone taxa found in other low-nutrient 

environments like caves. In either case, keystone taxa from the unburned communities 

did not appear to be important to burned community networks, highlighting the broader 

shift in post-fire communities. 

While pyrophilous microbes emerged in the desert post-fire, these taxa did not 

appear as important to network architecture. Understanding their ecological roles may 

require inoculum manipulations, in which only a few microbes are placed in experimental 

burn systems shortly after burning soil to disentangle actual pyrophilous microbe 

interactions in situ. While trends of association in bulk soil mixes may reveal overall 
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community sensitivity, there may also be microsites in which specific interactions occur 

such as on root surfaces, in soil pores, or directly on degrading litter surfaces. As 

sequencing costs continue to decline, large-scale sampling of such sites may greatly 

increase our understanding of which microbes appear to associate under certain 

environments, allowing us to initially bypass the difficulties associated with culture-

based pairwise testing of direct microbial interactions. Our work showcases a diverse 

desert microbiome that reflects trends found in pyrophilous microbes globally, while 

highlighting an innate resilience to extreme heat. In the face of a shifting climate, these 

findings can initiate testing on mycorrhizal consortia which are already adapted to the 

conditions found in the ever-expanding drylands, and appear to show hubs of microbes 

with important post-fire activity occurring across environments. 
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