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Southern Appalachian forests have varied land-use history and are managed with 
different objectives, including maintenance of ecosystem services and harvesting 
timber. Concurrently, this region has experienced long-term wildfire suppression, 
causing shifts in dominant vegetation (i.e., mesophication) and is projected to 
have more frequent, severe drought and wildfire activity in the future. Regional 
wildland fire effects are not well understood in the context of the broader set of 
management activities, such as partial harvesting and prescribed burning, that 
influence soil microbial communities and the ecosystem processes they regulate. 
We use a taxonomic and multifunctional approach to compare soil across four 
watersheds with different management or disturbance histories: low-severity 
prescribed burning, high-severity wildfire, fire exclusion, or partial harvesting. Soil 
microbial community structure was influenced by historical disturbance effects, 
while ecosystem functions are constrained by resource availability following recent 
disturbance. Prescribed burns did not change microbial community composition 
relative to the fire excluded watershed; however, they did increase N availability 
and N acquisition enzyme activity. Microbial community structure of the post-
wildfire and partially harvested watersheds was influenced by environmental filters 
related to disturbance, although microbial multifunctionality in the post-wildfire 
watershed was not significantly different from fire excluded and prescribed burned 
watersheds. The partially harvested watershed exhibited elevated NO3

− and pH, 
increased C acquisition enzyme activity, and lowered C use efficiency relative 
to other watersheds. This study provides context to microbial influences on 
ecosystem dynamics following both anthropogenic and natural disturbances, 
helping managers understand the implications of management on forest soils 
and belowground processes.
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1 Introduction

The current state of the Southern Appalachian Mountain forests 
in the United States is influenced by changing environmental 
conditions, approximately 100 years of active wildfire suppression, and 
a variety of landowners (e.g., state, federal, or private) that prioritize 
different management strategies (Wear and Greis, 2013). This results 
in a forested mosaic landscape that has experienced disturbance and 
land-use of varying magnitudes and spatial extent. Consequently, 
land-use history has a strong effect on the structure and function of 
these forests at the watershed scale and is a key consideration for 
understanding how new management or disturbance affects these 
ecosystems (Osburn et al., 2021a). Common management goals 
within Southern Appalachia include meeting timber demand, 
mitigating severe wildfire risk, and maintaining ecosystem services, 
including carbon (C) sequestration, water quality, biodiversity, and 
recreation (Wear and Greis, 2013). The use of differing management 
practices in conjunction with natural disturbance contributes to the 
complexity of current and future ecosystem dynamics of this region. 
Therefore, it is beneficial to understand their influences relative to one 
another and other disturbances.

The southeastern United States is experiencing hydroclimate 
variability with more prolonged periods of drought (Burt et al., 2018) 
and warmer temperatures, which reduce soil and vegetation moisture, 
and increase risk for severe wildfires (Mitchell et al., 2014; Park 
Williams et al., 2017; Reilly et al., 2022). This region was historically 
dominated by fire tolerant tree species, i.e., oak-hickory (Quercus-
Carya spp.), American chestnut (Castanea dentata), due to 
management by indigenous communities for wildlife habitat and 
agriculture (Colenbaugh and Hagan, 2023; Lafon et al., 2017; Waldrop 
et al., 2016). Over a century of broad-scale fuel accumulation from fire 
exclusion reinforced by a wet climate has caused a shift in vegetation 
composition, from oak and pine (Pinus spp.) to less fire-adapted 
species, such as tulip-poplar (Liriodendron tulipifera), red maple (Acer 
rubrum), and black gum (Nyssa sylvatica) (Elliott et al., 1999; Nowacki 
and Abrams, 2008; Pederson et al., 2015). While it may be impossible 
to return these forests to a similar historic state following a century of 
fire exclusion (Robbins et al., 2022) and the loss or decline of key 
species, such as the American chestnut and eastern hemlock (Tsuga 
canadensis; Vandermast et al., 2002; Ford et al., 2012), some 
management efforts aim to promote fire tolerant species (Vose, 2000). 
The use of repeated prescribed burns is implemented to reduce fuel 
loading, alter fuel continuity, and shift vegetation back to more desired 
species (Elliott et al., 2004; Vose and Elliott, 2016). Often, these 
practices induce minimal long-term changes to soil properties and 
biota but are dependent on burn intensity and severity (Boerner et al., 
2008; Certini, 2005; Dukes et al., 2020).

Soil microbial communities are sensitive to disturbance events and 
serve as indicators of ecosystem change because they are essential 
drivers of biogeochemical cycling and ecosystem function. Considering 
soil ecosystem process rates in conjunction with microbial properties 
can help land managers understand nutrient cycling dynamics following 
management practices or disturbance (Hall et al., 2018; Osburn et al., 
2021a). Characterizing these responses is important for determining the 
future state of forests (Mitchell et al., 2014). While several studies have 
examined soil properties and biota following wildfires in Southern 
Appalachia (Brown et al., 2019; Carpenter et al., 2021; Schill et al., 
2024), few studies have characterized long-term soil biological, 

physicochemical, and functional properties following both prescribed 
burns and severe wildfires relative to other land-use disturbances.

Efforts to determine landscape-level soil responses following both 
prescribed burning treatments and wildfires have found variable results 
associated with differing location, fire severity, and vegetation (Certini, 
2005; Hahn et al., 2021; Knelman et al., 2015; Lafon et al., 2017). Fire 
severity directly influences vegetation, soil properties, and microbial 
communities through combustion, but indirectly affects microbes due 
to post-fire vegetation and soil property changes (nutrient content, pH, 
moisture, texture, forest floor mass) (Adkins et al., 2020). Prescribed 
fires can alter nutrient cycling dynamics, such as balancing loss and 
release of nutrients, and can increase forest resilience to disturbance 
concerns like pathogens and wildfires (Vose, 2000). Single prescribed 
fire treatments in Southern Appalachia have resulted in initially 
elevated nutrient levels that returned to pre-burned levels within the 
same year (Knoepp et al., 2009), whereas ericaceous shrub cut and Oi 
horizon burn resulted in higher soil inorganic N the following summer 
relative to unburned plots (Osburn et al., 2018). Osburn et al. (2018) 
and Rietl and Jackson (2012) have reported changes in extracellular 
enzyme activity following prescribed burns in mesic forests suggesting 
potential changes in functional diversity of soil communities.

As timber harvesting is a prevalent management goal in this 
region, understanding the effects of this practice relative to prescribed 
burn management and severe wildfire can provide insight for managers. 
Clearcutting has lasting watershed-level effects on soil, including 
altered microbial community structure, elevated nutrient cycling rates, 
lower C use efficiency, elevated pH, increased inorganic N mobilization, 
reduced organic C pools, and the promotion of shade tolerant species 
(Osburn et al., 2019, 2021a, 2022; Elliott et al., 2020). In contrast, 
current partial harvesting practices include removal of 60–80% of basal 
area and can promote the growth of shade tolerant species, but there is 
limited understanding of the impacts of this practice on biogeochemical 
processes (Keyser and Loftis, 2021; Elliott et al., 2020).

We sought to determine the potential impacts of wildfires and 
common management practices on soil microbial composition and 
function in the Southern Appalachian Mountains of western North 
Carolina. This was accomplished in the context of four different 
watershed histories relevant to this region: a managed watershed with 
repeated low-severity prescribed burns; an undisturbed, fire-excluded 
watershed; a watershed impacted by a severe wildfire in 2016; and a 
partially harvested (1986), fire-excluded watershed with evidence of 
historic skid roads. To accomplish this, we used (1) soil 
physicochemical properties; (2) 16S and ITS sequencing to determine 
microbial community composition and corresponding traits; and (3) 
an ecosystem multifunctional approach with EEA, qCO2, and qNH4 
to characterize watershed-level changes in microbial properties and 
nutrient pools. Our findings contribute to a growing understanding 
of management consequences and benefits on forest dynamics as fire 
may become more prevalent in Southern Appalachia.

2 Methods and materials

2.1 Site description and experimental 
design

This study was conducted within the Southern Appalachian 
Mountains of Macon County North Carolina, United States. Samples 
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were collected in a total of four watersheds to compare fire regime 
effects (Figure 1). This included a prescribed fire (PF) and fire-
excluded (FE) watershed pair located within the Coweeta Hydrological 
Laboratory in the Nantahala National Forest (35.052322 N, 
83.452694 W) and a wildfire-impacted (WF) and a fire-excluded, 
partially harvested in 1986 (PH) watershed pair described by Caldwell 
et al. (2020) also located in the Nantahala National Forest 
(35.180510  N, 83.541525  W). Mean annual temperature in these 
locations is 12.8 °C and mean annual precipitation is 240 cm yr.−1, 
however, both temperature and precipitation vary with elevation 
(Coweeta Basin Monthly Average Temperature and Precipitation, 
2023; Laseter et al., 2012). Vegetation is currently transitioning from 
xeric-hardwood forest to mesophytic species due to broad-scale fire 
exclusion and changes in precipitation patterns (Keiser et al., 2013; 
Laseter et al., 2012; McEwan et al., 2011), and includes hickories, oaks, 
red maple, tulip-poplar, great rhododendron, and mountain laurel 
(Kalmia latifolia L.) as the dominant species (Caldwell et al., 2020; 
Miniat et al., 2021).

2.1.1 Coweeta hydrologic laboratory: prescribed 
fire sites

Watershed 31 (PF) is approximately 34 ha, east-facing, and 
ranges in elevation from 869 to 1,146 m a.s.l (Miniat et al., 2021; 
Ulyshen et al., 2022). It has been treated with three prescribed 
burns since 2019 (2019, 2021, 2023). Prior to the first burn, 
Rhododendron maximum and Kalmia latifolia (when present with 

R. maximum) were cut and slashed. R. maximum stumps were 
treated with herbicide (50% triclopyr amine; Garlon 3A®, 
DOWAgroSciences, Indianapolis, IN) and were left in the burn 
area. Conditions for the first prescribed burn (2019) were western 
winds blowing at 8 kph, relative humidity of 19%, and an air 
temperature of 15 °C. The burn was administered via aerial ignition. 
Of the three prescribed fires administered in Watershed 31, this 
ignition yielded the highest intensity due to higher fuel loads that 
were introduced through the cutting of R. maximum and K. latifolia. 
The second prescribed fire (2021) was conducted via hand ignition 
during 6–8 mph winds, relative humidity of 25%, and an air 
temperature of 18 °C. This burn reduced leaf litter by approximately 
0.37 kg/m2 throughout the watershed. In 2023, the third burn was 
implemented in March by hand ignition with light and variable 
wind conditions, relative humidity of 23–31%, and ambient 
temperature ranging from 6.6–11.1 °C. Less fuels were observed in 
open or south-facing areas prior to the burn. Short bursts of head 
fire were used to ensure burn objectives were met. Watershed 32 
(FE) is an adjacent, undisturbed reference site (41 ha) that has had 
no known fires since at least 1927, is similarly east-facing, and 
ranges in elevation from 920 to 1,236 m a.s.l (Miniat et al., 2021). 
Soils in both watersheds are predominantly characterized by cobbly 
sandy clay loam to fine sandy loam, with soils of the Evard-Cowee 
complex, Tuckasegee-Whiteside complex, Edneyville-Chestut 
complex, Cullasaja-Tuckasegee complex, and Plott series (Soil 
Survey Staff, 2024; Supplementary Data).

FIGURE 1

Watersheds from this study were located in southwestern North Carolina, United States. Nantahala Sites and Coweeta Sites are indicated by black dots 
within sub watershed units (12 digit hydrological unit codes) designated by the Watershed Boundary Dataset (Jones et al., 2022). Sub watersheds 
containing sites are shaded dark brown. Camp Branch (WF) and Upper Arrowwood (PH) are “Nantahala Sites” located ~20 km northwest of “Coweeta 
Sites” Watershed 31 (PF) and Watershed 32 (FE) in the Coweeta Hydrologic Laboratory.
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2.1.2 Nantahala National Forest: wildfire study 
sites

The Camp Branch Fire was a wildfire that burned 1,310 ha within 
the Nantahala National Forest in October 2016. The wildfire was most 
severe in the upper northwestern corner of the Camp Branch 
watershed. This upper portion of Camp Branch watershed (WF) is 
southeast facing, has a mean slope of 64%, and ranges in elevation 
from 1,185 to 1,628 m a.s.l (Caldwell et al., 2020). The wildfire 
completely consumed the soil O horizon in this area. Upper 
Arrowwood (PH) is a watershed 5 km to the east, approximately 
976–1,230 m a.s.l in elevation, with a mean slope of 51%, and is 
southeast facing (Caldwell et al., 2020). It has evidence of skid roads 
and harvesting within the past century, a history of fire exclusion, and 
areas that were partially harvested in 1986. Ericaceous shrubs were 
noticeably absent from areas sampled in this study. Soils in both 
watersheds are classified as gravelly loam to gravelly fine sandy loam, 
with soils of the Cleveland-Chestnut-Rock outcrop complex, and 
Evard-Cowee complex (Soil Survey Staff, 2024; Supplementary Data).

2.1.3 Soil sampling
During the summer of 2023, 12 plots were established in PF and 

FE and 6 plots in WF and PH. Plots were 4 × 4 m and located in areas 
identified to have the highest burn severity in PF and WF (Caldwell 
et al., 2020). Corresponding plots were established to match aspects 
in the paired watershed. We collected five soil cores (3.8 cm diameter) 
from each plot, one from the plot center and one from each corner. 
Cores included up to 10 cm of the O horizon if present and 10 cm of 
the mineral soil below. Samples were composited by plot and horizon 
into sterile WhirlPak™ bags, transported to the lab on ice, and stored 
at 4 °C. All samples were homogenized and sieved to 4 mm. Soil 
subsamples for each plot and layer were taken and stored in sterile 
15 mL falcon tubes at −20 °C within 24 h of collection for enzyme 
assays and DNA extraction.

2.2 Soil chemical and physical properties

A subsample of soil was dried in an oven for 24 h at 105 °C to 
determine gravimetric water content. Soil pH was determined by 
Sension+ 5,014 T pH probe (Hach company, Loveland, CO, United 
States) by creating a 1:1 slurry of soil and DI H2O. Dissolved inorganic N 
(NO3

− and NH4
+) was determined by extracting soils in a 1:5 soil to 2 M 

KCl ratio for 1 h. Extracts were run on Lachat QuikChem flow injection 
analyzer (Hach Company, Loveland, CO, United States). A subsample of 
soil was dried at 60 °C for 24 h and milled into a fine powder for total C 
(TC), organic C (SOC), and N (TN). SOC samples were acid fumigated 
with concentrated HCl to remove inorganic C and dried at 60 °C. TC, 
SOC, and TN samples were measured at the University of Kansas Soil 
Analyses Services Center on a Thermo FlashSmart Elemental Analyzer 
(Thermo Fisher Scientific, Waltham, MA United States). Microbial 
biomass C (MBC) and N (MBN), dissolved organic C (DOC), dissolved 
organic N (DON), and total dissolved N (TDN) were measured by the 
chloroform fumigation extraction method (Vance et al., 1987) using 
0.5 M K2SO4 extracts (1:5 soil:solution) and run on an Elementar vario 
cube TOC/TN (Elementar Americas Inc., Mt. Laurel, NJ, United States). 
Briefly, each sample was run unfumigated (DOC, DON) and fumigated 
(MBC, MBN). Fumigated samples were placed in a vacuum desiccator 
lined with wet paper towels and a beaker containing ethanol-free 

chloroform and boiling chips. Samples were fumigated for 24 h in the 
dark. Microbial biomass calculations did not include a correction factor. 
All processes were performed on mineral soil samples; gravimetric water 
content, pH, TC, and TN were measured for organic layer samples and 
can be found in Supplementary Figure S1. Data is available through the 
Environmental Data Initiative (Snyder and Barrett, 2025).

2.3 Soil microbial community composition

DNA was extracted from ~0.25 g of soil with DNeasy PowerSoil 
kit (Qiagen, Valencia, CA, United States) and quantified with a Qubit 
2.0 (Thermo Fisher Inc., Waltham, MA, United States). We analyzed 
mineral and organic soil bacterial communities and mineral soil 
fungal communities. For bacterial communities, we targeted the V4 
region of 16S rRNA gene with primers 515F/806R for PCR 
amplification and sequencing (Caporaso et al., 2011; Parada et al., 
2016). 16S library preparation was performed at the Duke Microbiome 
Core Facility. The fungal community library was prepared targeting 
the ITS region with the ITS1F/ITS2 primer pair (Bellemain et al., 
2010) using the Earth Microbiome Project protocol (Smith et al., 
2018). Amplicon sequencing for both 16S and ITS was performed on 
the Illumina MiSeq platform using 251 bp paired-end reads at Duke 
Sequencing and Genomic Technologies facility and were returned 
demultiplexed. Raw sequences are deposited in NCBI’s BioProject 
database under project #PRJNA1213841. DADA2 was utilized for 
joining paired end reads, filtering, learning error rates, and removing 
chimeras (Callahan et al., 2016). Taxonomy was assigned to amplicon 
sequence variants (ASVs) with the SILVA (138.1) and UNITE (10.0) 
databases for bacteria and fungi, respectively. An average of 57,738 
reads were retained per sample for 16S and 94,669 for ITS. After 
filtering for mitochondrial and chloroplast sequences for 16S and 
phylum with low prevalence (<10), 28,494 taxa remained for 16S reads 
in mineral and organic soil and 6,967 for ITS in mineral soil.

Fungal trophic strategies and guilds were assigned to ITS ASVs 
using the FungalTraits (Põlme et al., 2020; Tanunchai et al., 2023) 
database. Percent abundance of each functional category per sample 
was calculated based on the relative abundance of ASVs. We compared 
the relative abundances of ectomycorrhiza, arbuscular mycorrhiza, 
and soil saprotrophic fungi across watersheds. Ectomycorrhiza can 
have slower C cycling rates and are known to dominate temperate 
forested ecosystems due to their association with oak and hickory 
vegetation (Averill and Hawkes, 2016; Phillips et al., 2013; Walker et 
al., 2005). They typically compete with free living soil fungi for N and 
are associated with lower abundances of saprotrophs (Eagar et al., 
2022). Growing evidence points to ectomycorrhiza dominated systems 
becoming less resilient to fire following fire exclusion (Carpenter et 
al., 2021). In contrast, arbuscular mycorrhizae dominated systems are 
associated with higher SOC turnover, a higher abundance of 
saprotrophs relative to ectomycorrhiza dominated soil communities, 
and trees with more labile litter (Eagar et al., 2022; Phillips et al., 2013).

2.4 Microbial ecosystem function

2.4.1 Microbial extracellular enzyme analysis
We estimated extracellular enzyme activity (EEA) for all mineral 

soil samples. Hydrolytic enzymes included β-1,4-glucosidase (BG), 
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β-1,4-xylosidase (XYL), and β-D-cellobiosidase (CHB) for C 
acquisition, and β1,4-N-acetylglucosaminidase (NAG) and leucine 
aminopeptidase (LAP) for N acquisition. Oxidative enzymes included 
phenol oxidase (POX) and peroxidase (PER) for lignin degradation. 
EEA was measured with modified fluorometric assays and 
colorimetric assays for hydrolytic and oxidative enzymes, respectively 
(Saiya-Cork et al., 2002). Approximately 0.5 g of sample was 
homogenized in 125 mL of a 50 mM sodium acetate buffer adjusted 
to a pH of 5. Incubation period varied based on enzyme: 2 h for NAG; 
3 h for BG, CHB, and LAP; and 18 h for oxidative enzymes. For 
hydrolytic enzymes, the slurry was pipetted into black 96-well 
microplate containing substrates fluorescently labeled with 7-amino-
4-methylcoumarin for LAP enzyme activity or 4-methylumbelliferone 
for all other enzymes. Fluorescence was measured using a Tecan 
Infinite M200 microplate reader (Tecan Group Ltd., Mannedorf, 
Switzerland) at 365 nm excitation and 450 nm emission wavelengths. 
Each well received 10 μL of 0.5 N NaOH 1 min before reading 
fluorescence for all hydrolytic enzymes except LAP. For oxidative 
enzymes, the soil slurry was loaded onto a clear 96-well microplate 
containing 25 mM 3,4-dihydroxy-L-phenylalanine and either DI H2O 
(POX) or 0.3% H2O2 (PER). Activity was measured at wavelength 
460 nm. Enzyme activities were calculated per g of dry soil and 
mg of MBC.

2.4.2 C and NH4-N mineralization rates
We followed procedures described in Osburn et al. (2021a) to 

measure C mineralization rates and net NH4 mineralization rates. We 
focused on NH4 mineralization rates over total N mineralization, as 
72.2% of KCl extractable NO3

− values were below the MDL. For C 
mineralization rates, we measured ~5–6 g of dry weight equivalent 
mineral soil into 50 mL falcon tubes fitted with rubber septa caps. 
Tubes were flushed of CO2 and incubated for 24 h at room temperature 
and measured for CO2 build-up with an infrared gas analyzer 
(Li-7000; Li-Cor Biosciences, Lincoln, Nebraska, United States). For 
NH4 mineralization rates, we extracted DIN with 100 mL of 2 M KCl 
on two replicates of 20 g of soil prior and post a 24 h incubation 
period at room temperature. NH4 mineralization replicates were 
averaged by plot. All rates were calculated per g of dry soil per h and 
qCO2 and qNH4 to account for MBC.

2.5 Statistical analyses

2.5.1 Soil biogeochemical and physical properties
All statistical analyses were performed using R programming 

language (v4.4.1) (R Core Team, 2024). Soil physicochemical 
properties, life strategies, and microbial functions were analyzed using 
linear models across watersheds and additive models accounting for 
watershed and elevation. Both models were used because fire activity 
in this region is known to be more severe on upper slopes and ridges 
(Reilly et al., 2022). Elevation can have direct effects on both soil 
biogeochemical characteristics and fire severity (Coates and Ford, 
2022; Garten, 2004; Garten et al., 1999; Knoepp et al., 2018; Reilly et 
al., 2022). Thus, it was difficult to examine the influence of fire on soil 
microbial communities and biogeochemistry without considering the 
interactions between fire and elevation. As our wildfire site was higher 
in elevation than all other watersheds, there was more uncertainty in 
model comparisons between WF and other watersheds when we 

accounted for elevation. For this reason, we included models that 
examined significant differences across watersheds with and without 
accounting for elevation. We determined model fit with QQ plots 
generated with the Dharma (v4.6) and performance (v12.6) packages 
(Hartig, 2022; Lüdecke et al., 2021). When models did not meet 
normality of residuals, we used generalized linear models with gamma 
distribution and log link function. We used Pearson correlation to 
determine soil properties that had a linear relationship with MBC and 
SOC (Supplementary Figure S2). To determine the best model to 
predict MBC and SOC in this environment, we used AICc (R package 
AICcomodavg) with additive linear models using correlated soil 
properties, including models that account for elevation and watershed 
(Mazerolle, 2023). Best fitting models were selected based on AICc and 
R2 values. We tested for significance of watershed with the R package 
emmeans (v1.10.4) using the Tukey method of multiple comparisons. 
Model predictions were visualized with original data points overlaid.

2.5.2 Soil microbial community structure
Microbial community analyses were performed utilizing the vegan 

(2.6–8), phyloseq (v1.48.0) and microeco (v1.9.1) packages in R (Liu et 
al., 2021; McMurdie and Holmes, 2013; Oksanen et al., 2024). Bray-
Curtis distances between ASV abundances normalized by total sum 
scaling in the watersheds were used for multivariate analyses. Bray-
Curtis distances of watershed communities were visualized with 
non-metric multidimensional scaling (NMDS) plots. PERMANOVA 
was utilized to calculate the magnitude of all watershed community 
differences by soil layer and kingdom and ANOVA to determine 
significant differences between relative abundance of taxa between 
watersheds. We used distance-based redundancy analysis (dbRDA) to 
visualize variation in mineral soil bacterial and fungal communities 
over the observed range in environmental variables. Environmental 
variables were standardized prior to analysis. To reduce collinearity 
among predictors, we chose to include pH, C: N, DOC, NH4

+, 
moisture, and elevation, and examined linear dependencies by 
calculating the variance inflation factor using the vif.cca function in 
R package vegan. Predictors were scaled to zero mean unit variance 
prior to analysis. The dbRDAs were tested using Monte Carlo 
permutation tests. Predictors were included as vectors via the envfit 
function of R package vegan to demonstrate the variables’ associated 
strength with ordination axes through multiple regression.

2.5.3 Microbial ecosystem multifunctionality
In addition to examining individual process rates, an ecosystem 

multifunctional approach can help elucidate how these processes work 
in combination (Delgado-Baquerizo et al., 2020). This is useful when 
representing rates per soil MBC to compare how efficiently resources 
are being utilized across ecosystem types or similar ecosystems with 
disturbances (Delgado-Baquerizo et al., 2020; Osburn et al., 2021a; 
Wu et al., 2023). Microbial ecosystem functions (qCO2, qNH4, MBC 
weighted EEA) were analyzed using principal components analysis 
(PCA) with the prcomp function and visualized using the ggfortify 
package (v4.17) to determine relationships in functionality across 
watersheds (Horikoshi and Tang, 2016). Prior to analysis, Z scores 
were calculated for each sample by function. Sample multifunctionality 
index was calculated following the methods of Maestre et al. (2012) by 
averaging scaled functional data across samples. PCA was visualized 
with the ellipse function in ggplot2 (v3.5.2), with a confidence interval 
set to 0.95. PC axes 1 and 2 were correlated with original functional 
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data and physicochemical properties to contextualize relationships. 
We used PERMANOVA on the Euclidean distance matrix calculated 
from ecosystem function data to determine the difference in soil 
microbial community functionality across watersheds.

3 Results

3.1 Soil chemical and physical properties

Nitrogen availability was highest in the partially harvested (PH) 
watershed, followed by the wildfire impacted (WF) site, and the 
prescribed burned site (PF). This is reflected by the lowest mean DOC 
(304.62 ± 25.13 μg g dry soil−1), and highest pH (5.52 ± 0.28) and 
NO3

− (1.83 ± 1.38 μg g dry soil−1) values. In addition, PH had the 
lowest ratio of C to N pools (17.31 ± 1.38). Differences in C: N were 
higher in FE relative to PF, and highest in CB when accounting for 
elevation (Supplementary Figure S1; Supplementary Data). While 
mean MBC was the highest in WF (339.50 ± 39.03 μg g dry soil−1), it 
was not significant when accounting for elevation in the model. PF 
(281.15 ± 19.99 μg g dry soil−1; p = 0.0277) and FE (278.37 ± 14.59 μg g 
dry soil−1; p = 0.0271) had higher MBC than PH (207.27 ± 17.03 μg g 
dry soil−1). Mean TC values were also highest in WF (80.37 ± 8.90 μg g 
dry soil−1), but only significant when not accounting for elevation 
(Table 1). The PF watershed had higher N availability compared to FE 
in the form of TDN (33.83 ± 1.89 μg g dry soil−1, 25.53 ± 1.96 μg g dry 
soil−1 respectively; p = 0.0137) and DON (31.76 ± 1.77 μg g dry soil−1, 
23.98 ± 1.81 μg g dry soil−1 respectively, p = 0.0085), which resulted in 
a lower ratio of DOC: TDN (12.63 ± 0.50, 15.24 ± 1.07 respectively; 
p = 0.0217). MBN was also significantly higher in PF (57.23 ± 3.68 μg g 
dry soil−1; p = 0.0407), and the MBC: MBN was significantly higher in 
FE (5.81 ± 0.35; p = 0.0072). Organic layer differences in TC and TN 
were not systematically different between or among watershed pairs.

The additive effects of NH4
+ and watershed created the best fitting 

model for MBC (AICc weight = 0.40, adj. R2 = 0.3683, p = 0.001; 
Figure 2A), followed by DOC (AICc weight = 0.22, adj. R2 = 0.2532, 
p = 0.001; Supplementary Table S1). Both NH4 (p = 0.00564) and 
watershed (p = 0.02552) were significant predictors of MBC using 
ANOVA. PH had significantly lower estimated means than FE 
(p = 0.0478) and WF (p = 0.0300). SOC was best explained by the 
additive effects of TN and watershed (AICc weight = 0.69, adj. 
R2 = 0.8285, p = 2.928e-12; Figure 2B), followed by moisture + 
watershed (AICc weight = 0.21, adj. R2 = 0.8166, p = 8.164e-12; 
Supplementary Table S2). Both TN (p = 3.561e-13) and watershed 
(p = 0.0001) were significant predictors of SOC using ANOVA. PH 
had significantly lower estimated mean SOC from all other watersheds 
(p < 0.003) using Tukey HSD test.

3.2 Soil microbial community composition

Watershed microbial communities were significantly different 
from one another, except for both PF and FE mineral soil bacterial and 
fungal communities (PERMANOVA p < 0.03; Figure 3; 
Supplementary Tables S3, S4; Supplementary Figure S4). 
Environmental variables used to construct a dbRDA explained 41.76% 
of the variation in bacterial communities and 19.23% of the variation 
in fungal communities (Figure 3). Moisture, pH, NH4

+, elevation, and 

C: N were significant for bacterial community structure (p < 0.04), 
with the strongest contributions determined by envfit vectors pH, 
elevation, and C: N (Supplementary Table S5). Significant predictors 
of fungal community structure included pH and moisture (p < 0.01) 
with the strongest vector contributions from pH, elevation, and C: N 
(Supplementary Tables S5, S6). We note that because this is a 
constrained ordination, variables were included in the creation of axes 
and, therefore, envfit vectors may have inflated significance values but 
are still useful for visualizing variables that influence community 
structure. Bacterial communities from PF and FE were influenced by 
C: N ratio, where WF communities were structured by NH4

+ and 
elevation, and PH by pH (Figure 3B). Similar to bacterial communities, 
fungal communities were influenced by C: N in PF and FE, elevation 
and moisture in WF, and pH in PH (Figure 3D).

When comparing the relative abundances of mineral soil bacteria 
phyla across watersheds, Planctomycetota were lowest in PH plots, 
while Actinobacteria and Methylomirabilota—denitrifying 
methanotrophs—were elevated compared to the other watersheds 
(Figure 4A). Soil communities in the organic layer supported higher 
relative abundance of Acidobacteria in FE and Actinobacteria in PF 
and PH (Supplementary Figure S3). The elevated abundance of 
Actinobacteria in PF organic soil was likely in response to the stress 
of the recent fire treatment. Regarding mineral soil fungal 
communities, Mortierellomycota was elevated in WF relative to other 
watersheds (Figure 4B). Soil saprotrophs were significantly higher in 
PF than FE when accounting for elevation (p = 0.0474). 
Ectomycorrhizal abundance was significantly lower in WF than PF 
and FE, but this was no longer true when accounting for elevation 
(Table 1). Arbuscular mycorrhizae sequences were highest in PH 
(Table 1).

3.3 Microbial ecosystem function

Microbial functions expressed as activity per g of dry soil and 
activity per mg of MBC responded to soil physical and chemical 
changes following land management or disturbance type 
(Supplementary Figures S5, S6). POX activity per mg of microbial 
biomass was significantly higher in PH soils (30.09 ± 5.10 μmol POX 
mg−1 MBC h−1) than all other watersheds. LAP activity was 
significantly higher in PH soils (103.20 ± 15.9 nmol LAP mg−1 MBC 
h−1) than WF (40.64 ± 6.02 nmol LAP mg−1 MBC h−1) and PF 
(58.97 ± 7.08 nmol LAP mg−1 MBC h−1) and significantly higher in PF 
soils relative to FE (34.40 ± 5.69 nmol LAP mg−1 MBC h−1). BG 
activity was significantly lower in PF (1018.10 ± 147.96 nmol BG mg−1 
MBC h−1) and FE (814.40 ± 170.16 nmol BG mg−1 MBC h−1) soils 
relative to PH (1901.80 ± 348.62 nmol BG mg−1 MBC h−1). WF 
(2.82 ± 0.31 μg CO2 g−1 dry soil h−1) had the highest mean C 
mineralization rate while FE (1.65 ± 0.13 μg CO2 g−1 dry soil h−1) had 
the lowest, although there was not a statistically significant difference 
between any of the watersheds. When comparing qCO2 across 
watersheds, PH had the highest mean (9.71 ± 0.83 μg CO2 mg−1 MBC 
h−1) and was significantly higher than FE (6.0842 ± 0.54 μg CO2 mg−1 
MBC h−1). Mean net NH4

+ mineralization and qNH4 values were 
negative for PH (−0.20 ± 0.15 μg NH4 g−1 dry soil h−1; −0.63 ± 0.50 μg 
NH4 mg−1 MBC h−1) and PF (−0.07 ± 0.13 μg NH4 g−1 dry soil h−1; 
−0.18 ± 0.38 μg NH4 mg−1 MBC h−1), indicating nitrification or net 
immobilization of NH4

+ (Supplementary Figures S5, S6). Direct 
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observation of ecosystem functions across watersheds supports 
increased C turnover in PH when expressed per unit of MBC.

PCA of ecosystem functions resulted in two axes collectively 
explaining 58.68% of the variation in the data (PC1-42.31% and 
PC2-16.37%) (Figure 5A). PC1 was positively correlated with BG, 
CHB, LAP, POX, and qCO2 activity. PC2 was negatively correlated 
with PER activity (Figure 5A; Supplementary Tables S9, S10). 
PERMANOVA results indicated that watersheds function differently 
from one another (p = 0.001), however, the multifunctional index 
demonstrates that PH multifunctionality was significantly greater than 
PF and FE when accounting for elevation (Figure 5B). PH 
multifunctionality index was greater than all three other watersheds 
when not accounting for elevation. This corresponds with PH 
separating from the other watersheds in ordination space within the 
PCA, in relation to higher C acquisition enzyme activity (BG, CHB, 
LAP, POX) and metabolic quotient. Correlation of PC axes with 
physicochemical data suggests that these functional differences are 

related to pH and N availability [DOC: TDN along PC1 (r = −0.68); 
and pH (r = 0.73), NO3

− (r = 0.65), and TN (r = 0.56)].

4 Discussion

4.1 Resource availability drives soil 
microbial multifunctionality

Examining ecosystem multifunctionality enables comparisons of 
microbial contribution to nutrient cycling dynamics across watersheds 
and landscapes (Delgado-Baquerizo et al., 2020). The use of the 
metabolic quotient (qCO2) and microbial biomass-specific NH4

+ 
mineralization rate (qNH4) can indicate microbial effort to cycle key 
nutrients (Lu et al., 2024; Wardle and Ghani, 1995). By examining 
these rates with MBC weighted EEA, we sought to describe microbial 

TABLE 1  Mean physicochemical and microbial properties measured for each watershed.

Property PF FE WF PH ~Watershed + 
Elevation

~Watershed

pH 4.74 (0.04) 4.84 (0.08) 5.03 (0.12) 5.52 (0.28) – (31/PH)*** (32/PH)**

Moisture g g dry soil−1 0.486 (0.02) 0.441 (0.02) 0.707 (0.05) 0.454 (0.06) – (31/WF)*** (32/WF)*** 

(WF/PH)***

NO3 μg g dry soil−1 0.02 (0.01) 0.02 (0.01) 0.04 (0.02) 1.83 (1.38) † †

NH4 μg g dry soil−1 2.04 (0.22) 1.53 (0.21) 2.48 (0.45) 1.75 (0.13) – –

DOC μg g dry soil−1 420.00 (14.98) 369.08 (12.77) 464.80 (44.69) 304.62 (25.13) – (31/PH)** (32/WF)* (WF/

PH)***

TDN μg g dry soil−1 33.83 (1.89) 25.53 (1.96) 39.53 (2.48) 38.38 (2.76) (31/32)* (31/32)* (32/WF)*** (32/

PH)**

DOC: TDN 12.63 (0.50) 15.24 (1.07) 11.63 (0.54) 8.10 (0.84) (31/32)* (32/PH)* (WF/

PH)*

(31/PH)** (32/WF)* (32/

PH)***

DON μg g dry soil−1 31.76 (1.77) 23.98 (1.81) 36.98 (2.25) 34.80 (1.84) (31/32)** (31/32)* (32/WF)*** (32/

PH)**

TN mg g dry soil−1 1.99 (0.11) 1.68 (0.15) 3.83 (0.53) 3.61 (0.66) (32/PH)* (31/WF)** (31/PH)** (32/

WF)*** (32/PH)***

TC mg g dry soil−1 53.77 (2.97) 43.60 (2.12) 80.37 (8.90) 58.88 (8.01) – (31/WF)** (32/WF)*** 

(WF/PH)*

OC mg g dry soil−1 45.05 (2.76) 38.38 (2.027) 63.13 (7.53) 46.57 (6.77) – (31/WF)* (32/WF)***

C: N 27.25 (1.08) 27.11 (1.80) 21.45 (0.87) 17.31 (1.38) (WF/PH)** (31/PH)*** (32/PH)***

MBC μg g dry soil−1 281.15 (19.99) 278.37 (14.59) 339.50 (39.03) 207.27 (17.03) (31/PH)* (32/PH)* (WF/PH)**

MBN μg g dry soil−1 57.23 (3.68) 49.78 (4.18) 59.47 (8.07) 48.38 (3.88) (31/32)* (31/WF)* (31/

PH)**

–

MBC: MBN 4.92 (0.14) 5.81 (0.35) 6.00 (0.51) 4.33 (0.30) (31/32)** (31/WF)** (32/

WF)* (WF/PH)**

(32/PH)* (WF/PH)*

Soil saprotroph 

abundance

18.21 (5.51) 11.03 (1.79) 23.69 (3.81) 25.51 (5.19) – –

Ectomycorrhiza 

abundance

65.99 (5.61) 63.14 (5.53) 38.47 (8.50) 42.11 (12.88) – –

Arbuscular mycorrhiza 

abundance

0.00 (0.00) 0.00 (0.00) 0.01 (0.00) 0.02 (0.01) † †

Values are listed with standard error in parenthesis. Significant differences between watersheds using Tukey method of comparing four estimates from linear model outputs are indicated: 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. †72% of NO3 values were below MDL (13 μg/L for WF and PH, 14.2 μg/L for PF and FE) per g of dry soil. NO3 and Arbuscular mycorrhiza data do not 
meet assumptions for glm.
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driven ecosystem processes across watersheds. This can potentially 
determine if processes are attributed to biomass effects or resource 
limitation (Allison et al., 2011; Osburn et al., 2018). While the 
prescribed fire watershed (PF) and the fire excluded watershed (FE) 
did not have distinct microbial communities from one another, PF 
had more available N as evidenced by lower DOC: TDN ratios and a 
higher proportion of N in microbial biomass, or MBN (Table 1). Rafie 
et al. (2024) determined that low intensity burns in Southern 
Appalachian mixed-hardwood forests also had increased soil organic 
N, supporting these findings, although sites were clearcut prior to 
burning. MBN is a biologically active pool of N (Deng et al., 2000), 
suggesting activation of microbial communities in response to 
nutrients released from prescribed burns (Osburn et al., 2018). LAP 
activity was also higher per MBC in PF than FE. LAP hydrolyzes 
leucine from peptides within the soil and higher LAP activity was 
consistent with increased organic N acquisition. A microbial response 
to greater availability of N was also supported by net negative mean 
NH4

+ mineralization in PF, potentially indicating immobilization of 
NH4

+, in contrast to the net positive mean rate in the unburned 
FE. NH4

+ was higher in PF compared to FE, which has been seen in 
long-term prescribed burn effects in the area (Knoepp et al., 2004). 
Together these results illustrate enhanced N cycling in PF soils, while 
FE soils exhibited the greatest N limitation.

Soils within the partially harvested watershed (PH) had the highest 
N availability and pH of all the watersheds (Table 1). High N availability 
in PH is consistent with C limitation. PH had the lowest DOC and 
MBC of all the watersheds and the highest rate of C acquisition enzyme 
activity. Mean microbial biomass was higher in the wildfire impacted 
watershed (WF) than PH and significantly higher in PF and FE than 
PH. In conjunction, qCO2 was lowest in FE and significantly higher in 
PH than FE. Our results indicate that microbes in PH could be 
scavenging for SOC with extracellular enzymes (Sinsabaugh et al., 
2009) and using it less efficiently than the other watersheds. This 
supports previous work that found that ecosystem function was driven 
by microbial properties, resource availability, and microbial community 
membership in watersheds affected by logging (Osburn et al., 2021a); 
and patterns found in disturbed watersheds in this region (Keiser et al., 
2016). This was also evidenced by linear model predictions of MBC 
and SOC—despite availability of N in PH, the constraint of C loss from 
disturbance may impact efficiency of C cycling. WF and FE had 
significantly higher MBC than PH, and all three watersheds exhibited 
significantly higher SOC than PH. MBC has been found to be 
constrained by N availability in previous studies (Hartman and 
Richardson, 2013). Our results support this but also indicate it is likely 
dependent on the ecosystem land-use history and the availability of 
other resources (Supplementary Table S1).

FIGURE 2

Linear model of soil MBC levels in response to NH4 with watershed treatment as an additive predictor (A), and SOC levels in response to TN with 
watershed as an additive predictor (B). Original sample data was overlayed on predictions as points.
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LAP activity was also elevated in watershed PH. LAP can be 
positively related to soil pH and negatively related to inorganic N 
availability (Uwituze et al., 2022). The increase in pH from 
disturbance was not only important for microbial community 
structure but potentially encouraged hydrolytic enzyme activity 
relative to the other watersheds. Severe wildfire effects have been 
documented to increase C acquisition activity due to combustion 
of SOC (Knelman et al., 2015). This did not seem to be the case for 
WF after 7 years, although variability in PH data made BG and CHB 
activity not significantly different when accounting for elevation. 
Other potential effects that caused higher qCO2 and enzyme 
acquisition activity include elevation (Feng et al., 2021). This 
limited our ability to parse fire effects from activity levels across 
watersheds, as elevation models increased uncertainty around 
WF values.

4.2 Soil microbial community structure is 
influenced by land use or disturbance 
history

This study supports the assertion that microbial community 
structure is strongly influenced by land-use legacy effects. Timescales 
are an important consideration when comparing these watersheds as 
they have experienced varying times since disturbance. As we did not 
have samples for the wildfire site on the same time scale following the 
prescribed burn, we were unable to compare the impacts of prescribed 
burning vs. wildfire on soil based on time since disturbance. Rather, 
we provided context of long-term effects of wildfire to the rest of the 
watersheds used in this study.

Despite increased organic N availability within PF in 
comparison to FE, mineral soil microbial communities—both 

FIGURE 3

Non-metric multidimensional scaling (NMDS) and distance-based redundancy analysis (dbRDA) using Bray-Curtis distances of both bacterial 
communities using 16S ASVs (A,B) and fungal communities using ITS ASVs (C,D) on watershed treatments (prescribed fire; PF, fire excluded; FE, wildfire; 
WF, partial harvested; PH). PERMANOVA on Bray-Curtis distances between watersheds determined that all watershed communities were significantly 
different from one another (p ≤ 0.003) except for PF and FE bacterial (p = 0.5350; A) and fungal (p = 0.7430; B) communities. 44.7% (C) and 22.2% 
(D) of community variance is constrained by environmental variables in dbRDA plots. Significant predictors of bacterial communities include moisture, 
pH, NO3

−, elevation, and C: N (C) and pH and moisture for fungal communities (D); see Supplementary Tables S5, S6 for statistical results. 
Environmental variables for analysis were selected to reduce collinearity.
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bacterial and fungal—did not significantly vary in response to 
repeated low severity prescribed fires. This was consistent with 
previous studies that examined the response of soil communities 
following low to moderate severity prescribed fire and wildfire 
(Brown et al., 2019; Kranz and Whitman, 2019; Osburn et al., 2018). 
Short-term biogeochemical changes in response to prescribed fires 
did not influence bacteria taxonomic diversity at time of sampling. 
Instead, both PF and FE communities were structured by soil C: N 
ratio (Figure 3C). The prescribed burning treatment did not affect 
bulk soil C: N ratios, consistent with previous findings (Knoepp  
et al., 2004).

Fire severity has been shown to impact microbial community 
composition in other regions and studies (Adkins et al., 2022; Dove et 
al., 2022; Nelson et al., 2022; Whitman et al., 2019). Wildfires in this 
region have exhibited variable effects on soils due to pre-existing soil 
conditions and fire severity (Brown et al., 2019; Dukes et al., 2020; 
Thompson et al., 2019). The Camp Branch wildfire of 2016 was 
classified as high severity in the area we sampled using tree mortality, 
soil organic layer loss, exposed mineral layer, bole char height, and 
basal area loss (Caldwell et al., 2020). Caldwell et al. (2020) described 

elevated export of nutrients in areas impacted by this severe wildfire, 
and while soil inorganic N levels were not significantly different 
between reference and burned watersheds, they increased with fire 
severity. Wildfire (WF) plots for this study were sampled 
approximately 7 years following the Camp Branch wildfire. Our results 
indicated that a combination of NH4

+ availability, moisture, and 
elevation influenced microbial community structure 7 years following 
wildfire. Dove et al. (2022) found microbial selection processes due to 
environmental filters following wildfire increase over time since fire 
occurrence in a Ponderosa pine (Pinus ponderosa) dominated forest, 
which may be applicable to this system. WF had the highest mean 
NH4

+ at the time of sampling (2.48 ± 0.45 μg g dry soil−1), which was 
shown in some studies to increase in soil following fire events 
(Agbeshie et al., 2022; Prieto-Fernández et al., 2004). When comparing 
watersheds with elevation excluded in the model, WF had significantly 
higher soil DOC concentration (464.80 ± 44.69 μg g dry soil−1) than 
unburned watersheds (FE = 369.08 ± 12.77 μg g dry soil−1; 
PH = 304.62 ± 25.13 μg g dry soil−1). While DOC was not a significant 
predictor of mineral soil community structure in this study, the 
availability of different fractions of C following fire (i.e., pyrogenic C) 

FIGURE 4

Mean relative abundance of the top ten bacterial phyla (A) and fungal phyla (B) in mineral soil samples across watershed treatments (prescribed fire; PF, 
fire excluded; FE, wildfire; WF, partial harvested; PH). Significant differences between phyla in across watersheds can be found in 
Supplementary Table S7.
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has been shown to influence microbial communities structure and 
function over time (Dove et al., 2022; Nelson et al., 2022). In the 
western United States, wildfire severity influenced the diversity and 
complexity of dissolved organic compounds in soil and microbial 
utilization decreased with complexity (Nelson et al., 2024; Roth et al., 
2023). Future studies in this region should consider the 
characterization of dissolved organic compounds in combination with 
microbial response and time since fire.

It has previously been shown that bacterial community 
composition can be more sensitive to wildfire effects in Southern 
Appalachian forests than fungal communities (Brown et al., 2019). 
Our study demonstrated an importance of landscape characteristics 
(i.e., moisture and elevation) over soil chemistry on fungal 
community structure. Moisture is an important variable in the 
wildfire site in this study and can be attributed to many factors, 

including loss of overstory vegetation and consequently lower 
evapotranspiration rates (Dooley and Treseder, 2012). While we 
did not include vegetation in our analysis, elevation and plant 
species distribution are documented drivers of fungi functional 
group composition in Southern Appalachia (Kivlin et al., 2021; 
Veach et al., 2018). Fungal community assembly has been shown to 
be influenced by neutral processes, such as drift and dispersion, 
over environmental filters from different disturbance regimes in 
this region (Osburn et al., 2021b). However, there is also evidence 
for fire severity increasing beta diversity of ectomycorhizal fungi, 
with moderately burned areas sharing taxa with burned and 
unburned areas within the Great Smoky Mountains (Hughes et 
al., 2025).

PH had similar bacterial relative abundance patterns to clearcut 
watersheds from this region, with elevated Actinobacteria and 

FIGURE 5

Principal components analysis of microbial ecosystem functions (extracellular enzyme activity (EEA) corrected for microbial biomass carbon, qCO2, 
qNH4) across watershed treatments accounting for 58.68% of the variation in multifunctionality. Ellipse shows 0.95 level of confidence. PERMANOVA 
on Euclidean distances between watershed functions are significant (p = 0.001). PC1 is correlated with BG(+), CHB(+), POX (+), qCO2 (+), LAP(+). PC2 is 
correlated with PER(−). (A) Multifunctionality index of each watershed with mean and significant differences from partially harvested watershed (PH) 
indicated *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, all other watershed multifunctionality indices were not significantly different from one another 
(Supplementary Data). Represented significant values account for elevation (B), however, PH multifunctionality is significantly different from all 
watersheds when elevation is not included in the model.
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Proteobacteria and lower Acidobacteria abundance (Figure 4A; 
Osburn et al., 2019). Land-use and pH are important for soil microbial 
metabolic efficiency in terrestrial and wetland soils, with a threshold 
of pH 5.5–6.2 toward less efficient C use and observed changes occur 
in community composition and diversity (Hartman and Richardson, 
2013; Lauber et al., 2009; Malik et al., 2018; Wan et al., 2020). This is 
consistent with our findings from PH. PF had higher saprotrophs than 
FE, which was also found in previous literature on rhododendron 
removal and prescribed burning in this region (Osburn et al., 2021c). 
Microbial community assembly within disturbed watersheds is 
influenced more by selection than in “undisturbed” areas, which is 
driven more so by dispersal processes (Osburn et al., 2021b). The 
partially harvested watershed (PH) exhibited biogeochemical 
characteristics in plots consistent with watersheds that have been 
clearcut (elevated pH and NO3

− export) (Osburn et al., 2019; Webster 
et al., 2016; Swank and Vose, 1997). This is reflected in the significant 
environmental influences on microbial community structure 
(Figure 3) and corresponds with observations of old skid roads during 
our time of sampling.

Ectomycorrhiza are typically more abundant in soil receiving low 
litter quality inputs, such as fire-adapted species like oaks and pines 
that produce higher C: N ratio litter. PF and FE mineral soils had the 
highest relative abundance of ectomycorrhiza and C: N ratios, and 
respective mean organic layer C: N ratios. WF had the lowest relative 
abundance of ectomycorrhiza. This site experienced complete canopy 
loss from the 2016 wildfire and was dominated by thick understory 
vegetation, including blackberries (Rhus spp.), fern spp., and 
R. maximum shrubs at the time of sampling. Previous work in this 
region determined that areas dominated by trees with ectomycorrhizal 
associations due to fire exclusion may result in higher tree mortality 
following a severe wildfire (Carpenter et al., 2021), and fungal load 
and mycorrhizal colonization can decline long-term without proper 
conditions to recover (Caiafa et al., 2023; Dove and Hart, 2017).

4.3 Implications for increased fire activity 
under global change

Wildfire activity is projected to increase in the southeastern US, 
stimulated by multiple and interacting environmental changes (e.g., 
drought, urbanization, and ongoing wildfire suppression) (Lafon et al., 
2010.; Mitchell et al., 2014; Vose and Elliott, 2016). Regular prescribed 
burning is a management strategy employed in response to these 
changes to limit hazardous accumulations of fuels, reduce vertical and 
horizontal continuity of fuels, and achieve other management goals 
(Hubbard et al., 2004; Vose, 2000). This study determined that mineral 
soil microbial communities (bacterial and fungal) were resistant to the 
effects of prescribed fire, demonstrating stable community structure 
following low severity fire disturbance in this ecosystem. However, 
prescribed burning did result in higher mean C mineralization rates 
by 34.1% and higher mean LAP activity per microbial biomass by 
71.4% relative to the fire excluded watershed. This indicated a 
functional response to fire due to more available organic N following 
low severity fire events. Pre-existing landscape history and 
heterogeneity complicates understanding the response of soil 
physicochemical properties to fire in this region (Dukes et al., 2020; 
Coates et al., 2010). The ongoing changes and interactions of these 
environmental drivers highlight the benefits of a localized and 

context-dependent understanding of forest soil communities, and the 
ecosystem functions they regulate for achieving management goals 
with prescribed fire.

High intensity fire has been linked to oak regeneration after 10 
years (Elliott et al., 2009)—a current management goal for this area. 
However, there is more recent evidence that prescribed fire in 
conjunction with soil microbial communities and heterogenous 
vegetation is key for oak regeneration objectives (Beals et al., 2022; 
Oakman et al., 2019; Waldrop et al., 2016). Management of 
oak-hickory dominated forests with prescribed fire is currently 
complicated by increasing pressure from mesophytic vegetative 
types (Nowacki and Abrams, 2008; Oakman et al., 2019; Waldrop 
et al., 2016). A. rubrum and L. tulipifera are currently abundant and 
widespread throughout Southern Appalachia. These species are 
associated with higher quality litter and increased nutrient cycling 
(Vose and Elliott, 2016), and regenerate rapidly in response to 
clearcutting (Elliott et al., 2020). Osburn et al. (2021a) determined 
that both fungal and bacterial community assembly are significantly 
impacted by vegetative regeneration after land-use disturbance. 
This study indicates that 7 years following a severe wildfire, soil 
microbial efficiency returns to levels observed in prescribed burn 
and fire excluded watersheds. Further studies could examine the 
interaction of vegetation, microbial communities, and nutrient 
cycling dynamics following wildfire succession in this region (Beals 
et al., 2022; Schill et al., 2024).

We determined that NH4
+ is the strongest predictor of microbial 

biomass and TN is the strongest predictor of SOC. This calls for 
further study on the long-term storage potential of soil C in response 
to fire-induced nutrient availability in the Southern Appalachian 
Mountains. This is supported by Huffman and Madritch (2018) that 
found soil C may increase over time since fire in wildfire-impacted 
areas of Linville Gorge, NC, United States. Relative to the other 
watersheds, the partially harvested watershed had higher pH, lower 
C availability, and higher C acquisition enzyme activity. This also 
corresponded with a higher C metabolic quotient—indicating lower 
microbial metabolic efficiency. This highlights the importance of 
natural and anthropogenic N availability on C storage potential in 
Southern Appalachian forests and is important to consider if soil C 
sequestration is a management goal.

To meet forest management goals, it is essential to understand 
the multifaceted response of ecosystems to more than a century of 
fire exclusion (Robbins et al., 2024), in conjunction with current 
environmental changes and disturbances. This requires 
understanding the response of soil microbial communities and their 
impact on nutrient cycling dynamics. Our study used an integrated 
taxonomic and multifunctional approach to compare watersheds 
impacted by fire exclusion, repeated prescribed burns, wildfire, and 
partial harvesting. Relative to the other watersheds, partial 
harvesting altered soil microbial community structure and 
decreased carbon use efficiency. Further study is needed on the 
effects of partial harvesting to elucidate the mechanisms behind 
these effects. Prescribed fire generally increased organic N 
availability and microbial biomass N, elevated LAP activity, and 
increased C mineralization compared to the fire-excluded 
watershed, despite no significant change in mineral soil bacterial or 
fungal community structure. Microbial community structure across 
all watersheds was influenced by land-use history, while ecosystem 
function corresponded with resource availability. This study 
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contributes to a growing knowledge base surrounding the impacts 
of fire, both naturally and as a management tool, in Southern 
Appalachia relative to other anthropogenic disturbance.
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