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Short-term impacts of wildfire on vegetation recovery, soil chemical properties and community-level physiological profiling in a savanna ecosystem of Botswana
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Introduction: Savanna ecosystems, an important contributor to Botswana’s economy and occupy up to 86 percent of the land mass of Botswana serving as habitat for wildlife and livestock that are being affected by frequent wildfire which are attributed in part to climate change. While the impact of wildfires on the environment has been extensively studied, there are some uncertainties as to their short-term effects on vegetation dynamics as well as the ability for vegetation to recover from fires. In addition, the impact on soil biogeochemical properties, soil microbial community dynamics, and their interaction within the savanna ecosystem in Botswana, needs to be understood to effectively manage the increasing occurrence of wildfires.

Methodology: A comparative study was conducted on a burned area and unburned adjacent area within a period after 6 months after wildfire occurrence.

Results and discussion: Our findings reveal that the ecological impacts of fire on vegetation, soil chemical properties, and microbial community dynamics were not uniform but were strongly mediated by site-specific conditions and the soil type of the associated plant species. Wildfire consistently reduced vegetation cover, plant biomass, and net primary productivity. In contrast, wildfire increased plant species diversity and evenness by disrupting competitive dominance. The impact of wildfire significant increases in soil pH and exchangeable cations (P, K, and Mg) only occurred at the nutrient-rich Mmashoro site and were further localized to the soils under Combretum apiculatum. Conversely, total organic matter increased post-fire at both sites, likely due to ash deposition. The effects of the wildfire on soil microbial community was also site-specific. In Palapye, fire significantly suppressed metabolic activity and functional evenness, leading to a less balanced community but was poorer in key mineral nutrients (K and Mg). Conversely, in Mmashoro, the microbial community associated with the fire-adapted tree C. apiculatum exhibited significant functional resilience, which retained high metabolic activity post-fire. We conclude that certain keystone plant species can mitigate the impacts of fire on belowground processes, creating resilient patches within the landscape. These findings underscore that effective fire management and conservation strategies in savanna ecosystems must be context-specific, accounting for the unique vegetation and soil characteristics of the area.
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1 Introduction

About 86 percent of the land mass of Botswana is covered by the savanna ecosystem which supports the subsistence livelihoods of 80 percent of the population (Woods and Sekhwela, 2003). Between 1820 and 1935, travelers to Botswana described the landscape as grass dominated savanna (Woods and Sekhwela, 2003). This ecosystem contributes substantially to Botswana’s gross domestic product (GDP) through agriculture and tourism, and it also provides forage for domestic and wild animals (de Torres Curth et al., 2012). Savanna ecosystem is highly impacted by various factors, with wildfires standing out as the most influential. Wildfire is a biogeochemical agent that has been an integral component of savanna ecosystems worldwide for over 300 million years, playing a vital role in their creation and maintenance (Bond and Keeley, 2005; Bowman et al., 2009; Ryan and Williams, 2011). Wildfires contribute significantly to soil degradation and the reduction of essential elements through soil erosion and vaporization (Gómez-Rey et al., 2013; Agbeshie et al., 2022). They can disrupt soil physicochemical properties (including texture, pH, electrical conductivity (EC), total organic matter, and nutrients) and biological properties (Jhariya and Raj, 2014; Ghazoul et al., 2015; Silvério et al., 2019; Agbeshie et al., 2022) while also increasing water repellency (Novara et al., 2013). Although wildfire reduces the total organic matter of the soil, some instances were identified in Sicilian grasslands where this has remained constant (Novara et al., 2013). Furthermore, burning organic matter produces a large amount of readily accessible nutrients that can be utilized for plant recuperation (Kauffman et al., 1992; Chungu et al., 2020; Arunrat et al., 2024; Johnson et al., 2024; Hu and Wan, 2024; Ji et al., 2025). Mineral ash produced by burning biomass can also affect soil pH, as well as microbial activities associated with the decomposition of organic matter and recycling of the nutrients (Kauffman et al., 1992; Chungu et al., 2020; Arunrat et al., 2024; Johnson et al., 2024; Hu and Wan, 2024; Ji et al., 2025). Soil microbial communities serve an important function in the breakdown of organic matter within the bulk soil and the rhizosphere through their metabolic processes. The microbes secrete degrading enzymes within the rhizosphere that regulate the decomposition and accumulation of organic matter (Nannipieri et al., 2003). The rhizosphere serves as the epicenter for microbial metabolism and activity which contribute a significant role in the maintenance of carbon and nutrient recycling within the terrestrial ecosystem (Turpault et al., 2007; Kuzyakov and Blagodatskaya, 2015; Zhao et al., 2022). The rhizosphere differs from bulk soil due to various biological, chemical, and physical processes driven by root growth, nutrients, water uptake, respiration, rhizo-deposition, and increased microbial growth (Yadav and Islam, 2023). Soil microorganisms form complex communities that drive 80–90% of soil processes and these includes decomposition, mineralization, and immobilization that are imperative for recycling nutrients and degrading pollutant in the environment (Nannipieri et al., 2003). Microorganisms respond rapidly to environmental changes, and shifts in their biomass, metabolic processes, or community composition can serve as early indicators of positive or negative changes in the entire ecosystem (Barreiro et al., 2015). Wildfires significantly alter the carbon source consumption profile of microbial communities within the rhizosphere, reducing the diversity and efficiency of carbon metabolism (Mubyana-John et al., 2007; Aponte et al., 2022).

Wildfire have the ability to alter the vegetation structure and composition through biomass destruction (Bond and Keeley, 2005; Jhariya and Raj, 2014), and replacement of grass species with shrubs, i.e., encroachment (Van Auken, 2000; Franzese et al., 2009; Ghermandi et al., 2010; Oddi et al., 2010), thus affecting the wildlife due to the damage of habitats and food sources (Ryan and Williams, 2011; Dube, 2015). Conversely, the absence of wildfires can turn shrub lands into forests (Ryan and Williams, 2011). Therefore, fire plays a significant role in controlling the balance of woody vegetation and grasses (Bond et al., 2005; Bond and Keeley, 2005; Franzese et al., 2009; Oddi et al., 2010; Ghermandi et al., 2010; de Torres Curth et al., 2012; Dudinszky and Ghermandi, 2013). Biomass combustion also emits substantial amounts of climate warming gases such as carbon dioxide (CO2) and methane (CH4), which contributes to global warming (Levine et al., 1995; Carter and Hulme, 1999; Kikstra et al., 2022; Muñoz et al., 2024; Hassan, 2024; Filonchyk et al., 2024; Reisinger, 2024; Riishojgaard and Tarasova, 2024; Su et al., 2024). In contrast, wildfires also have important functions in the ecosystem such as managing and controlling vegetation density structure (Nyamadzawo et al., 2013) and enhancing the seed germination in various plant species (Keeley and Fotheringham, 2000). They promote heat-induced germination, which is commonly observed in hard-seeded species characterized by a physical seed coat that acts as a barrier to water absorption (Bond and Keeley, 2005). The heat shock from the wildfires, together with elevated soil temperature on open sites, combine with smoke from charred wood to trigger germination by cracking the seed and inducing sprouting for tree species within the savanna ecosystem (Keeley and Fotheringham, 2000; Bond and Keeley, 2005). In this ecosystem, heat triggered germination is commonly associated with plant species from the Fabaceae and Sterculaceae families (Bond and Keeley, 2005).

In Botswana, wildfires frequently occur between April and June, but the most intense fires occur in the dry season, starting from August to October (Maabong and Mphale, 2021). The high intensity of the wildfires is due to the high fuel load that easily ignites during the dry season (Dube, 2013; Maabong and Mphale, 2021), and strong winds which can increase their spread (Dube, 2013; Maabong and Mphale, 2021). Between 2006 and 2017, about 2,582 fire incidences were reported in Botswana, burning a total area of approximately 70,944,239 ha (Maabong and Mphale, 2021). Recent studies related to wildfires were conducted in the Chobe enclave of northern Botswana by Cassidy et al. (2022), which focused on fire frequency and seasonality. Another study conducted in the Okavango Delta, looked at how fire influences the microbial community structure by using phospholipid ester-linked fatty acids (PLFA) (Mubyana-John et al., 2007). However, in Botswana, there are limited studies that assess the impacts of wildfire on vegetation recovery, soil biochemical properties, and community level physiological profiling in the savanna ecosystem.

Therefore, this study provides novel information on the short-term impacts of wildfire on microbial community level physiological profiling using Biolog EcoPlate™ in a savanna ecosystem. The information generated from this study will assist in monitoring the microbial community dynamics in the bulk and rhizosphere soils within the savanna ecosystem which will aid in the maintenance of the soil vitality, productivity, and these will inform policies aimed at climate change mitigation. We hypothesized that wildfire would function as a major disturbance whose effects are strongly influenced by site-specific conditions, inducing a divergent response between vegetation and soil microbial dynamics activity. Specifically, the short-term impacts of wildfires would result in the reduction of vegetation cover, plant biomass, net primary productivity (NPP), and carbon substrate utilization pattern and an increment in soil pH, and EC, in both sites. Moreover, we predict a rapid increase in total organic matter content, species evenness and species diversity, available P and exchangeable Ca whereas exchangeable cations (K, Mg, and Na) will decrease depending on the plant species in Palapye. However, we predict a slight increase in total organic matter content, available P, and exchangeable cations (K, Mg, Ca, and Na) in Mmashoro. Given the massive wildfire incidences in Botswana and their essential negative and positive roles on ecosystem functions, this study aims to assess: (i) the immediate short-term impacts of wildfire on vegetation recovery, and (ii) the subsequent impact of wildfire and vegetation on soil biochemical properties (including pH, EC, total organic matter content, available P, and exchangeable cations (K, Mg, Ca, and Na)), as well as community level physiological profiling of the microbial community in the bulk and rhizosphere soil of dominant vegetation in the savanna ecosystem of Botswana.



2 Materials and methods


2.1 Study site description

This study was conducted in 12 100 m2 quadrats. Three quadrats were demarcated in burned (Experimental) sites and three quadrats were marked in unburned (Control) sites both in Palapye and Mmashoro, Central Botswana (Figure 1). The coordinates of the study sites in Palapye and Mmashoro were marked with a Handheld GPS device (Garmin 62 s) and the captured points were loaded into the ArcGIS database to mark the sampling sites on the map. The wildfire incidents within Palapye and Mmashoro occurred September 4–6, 2022 and September 17–20, 2022 respectively, and sampling in both sites was done 6 months after the fires occurred. Palapye has a semi –arid tropical climate with an annual mean precipitation of 396 mm, varying between 129 mm and 988 mm (Akinyemi, 2017), while Mmashoro is characterized by a warm semi-arid climate with annual mean precipitation of 420 mm, varying between 250 mm and 650 mm (Batanani, 2020). The vegetation composition in Palapye is characterized by shrub and tree savanna dominated by Colophospermum mopane (Benth.) J. Léonard, Senegalia nigrescens (Oliv.) P. J. H. Hurter, Terminalia sericea Burch. ex DC, Combretum apiculatum Sond, and Vachellia tortilis (Forssk.) Gallaso & Banfi (Bekker and De Wit, 1991; Gajaje et al., 2024). The vegetation structure in Mmashoro is composed of shrub and tree savanna dominated by C. apiculatum, Combretum hereroense Schinz, T. sericea, Bauhinia petersiana Bolle subsp. macrantha (Oliv.) Brummitt & J. H. Ross, and Tylosema esculentum (Burch.) A. Schreib (Bekker and De Wit, 1991; Van Wyk, 2013). The soil types in the study area in Palapye are predominantly Ferralic/Luvic Arenosols, Ferric/Haplic Lixisols, and Lithic Leptosols (Akinyemi et al., 2021). The soil types in the Mmashoro study area is mainly comprised of Ferralic arenosols and Petric Calcisols (De Wit and Nachtergaele, 1990). Based on the findings from the Moderate Resolution Imaging Spectroradiometer (MODIS) and Visible Infrared Imaging Radiometer Suite (VIIRS), the Palapye and Mmashoro wildfires had fire power that ranged from 1 to 10.5 Mw (Megawatts) with a lower heat intensity (based on color temperature) that ranged from 306 to 368 K. The spatial resolution of the fire was 250 m, as provided by MODIS.

[image: Map showing sampling points in Botswana, focused on Palapye and Mmaphoro. Contains experimental and control sites marked with stars. Vegetation types are color-coded, with a legend indicating different plant species and wildfire areas. A scale is provided for reference.]

FIGURE 1
 Location of the study area, sampling points, fire scar [European Space Agency (ESA) Climate change Initiative (CCI) Progaramme], and vegetation types (Bekker and De Wit, 1991) within Palapye and Mmashoro (Map by: Morati Mpalo).




2.2 Assessment of the impacts of wildfire on vegetation diversity


2.2.1 Vegetation diversity

A vegetation diversity assessment of all plant species was conducted within three quadrats of the burned sites and three quadrats of the unburned sites following the protocol by Heard and Channon (1997), and Gajaje et al. (2024). Woody species (trees and shrubs) were studied using 100 m2 quadrats, while grasses and herbaceous species were studied using three 1 m2 mini quadrats randomly placed in the main quadrat (100 m2) to establish their density and population (Gajaje et al., 2024). Crown diameter and height were determined through visual observation and by using a tape measure. Crown cover area (Equation 1) and vegetation cover (%) (Equation 2) were determined following a method described by Elzinga et al. (2001), Bonham (2013), and Gülci (2019). Morphological identification of all plant species within the burned and unburned quadrats was conducted by examining plant anatomical parts (leaves, bark, flowers, and fruits) with the assistance of a botanist and verified with several field guidebooks (Oudtshoorn, 2002; Heath and Heath, 2009; Van Wyk, 2013; Roodt, 2015; Van Rooyen and Van Rooyen, 2019). The frequencies of all plants were recorded to determine species richness (Equation 3), diversity (Equation 4), and evenness (Equation 5) using Menhinick’s richness index, Shannon-Wiener index, and Shannon index evenness (Davari et al., 2011; Kanagaraj et al., 2017). The dominant vegetation (grasses, herbs, shrubs, and trees) were determined in three quadrats of burned and three quadrats of unburned sites using the Simpson dominance index (Equation 6) (Thukral et al., 2019; Ulfah et al., 2019; Firmaningrum et al., 2021).
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Crown cover area represents the overall area of land occupied by the vegetation, where r is the radius of the plant canopy, radius was derived from dividing the diameter by 2.
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Vegetation cover is expressed as a percentage, and it represents the portion of the ground area occupied by the flora (vegetation).
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Where d is Menhinick richness index, s is an overall quantity of plant species in the quadrat, and N is an overall number of individual species in the quadrat. The Shannon-Wiener diversity Index (H) given by Equation 2 represents the proportion of species to their importance within a community:
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Where i is the overall quantity of individuals of single species, Pi (a decimal fraction) is the quantity of individuals in one species divided by population, and ln is the natural logarithm. The species evenness was determined based on the following equation (Kanagaraj et al., 2017):
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Where EH represents evenness, H depicts Shannon-Wiener diversity Index, and s denotes an entire number of species.

Simpson’s dominance index is a statistical metric applied in the field of ecology to quantitatively assess the level of biodiversity within a given ecosystem (Thukral et al., 2019; Ulfah et al., 2019; Firmaningrum et al., 2021). It denotes the degree to which a species dominates within an ecological community (Thukral et al., 2019; Ulfah et al., 2019; Firmaningrum et al., 2021). The calculation of the index is derived from the assessed relative abundance of various species present within the community (Thukral et al., 2019; Ulfah et al., 2019; Firmaningrum et al., 2021).
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Where ni is the overall number of individual species and N represents the grand total of all species in an area.



2.2.2 Net primary productivity (NPP) and plant biomass of dominant vegetation

The net primary productivity of dominant vegetation (grasses, herbs, shrubs, and trees) from three quadrats (100 m2) in burned and unburned sites were measured in triplicate using a Handheld CI-340 Photosynthesis system (CID Bioscience, Inc). Dominant plant species were targeted because they are abundant and significantly impact community structure and ecological communities through several processes (Emery and Gross, 2006; Chen et al., 2023). The impact of the dominant plant species on important ecological functions includes litter biomass, pH, soil water content, net primary productivity within and between trophic levels (Emery and Gross, 2006; Chen et al., 2023). The photosynthesis meter’s operating principle is based on the notion of gas exchange on the leaf and typically monitors the concentrations of carbon dioxide (CO2) and water vapor (H2O) via the stomata. The time interval between the measurements was set to 30 s. Leaf area varied as per plant leaf size. The flow rate was set at +0.30 Ipm, and readings were determined using the open system mode. Plant biomass of the dominant vegetation was determined using Equation 7 (Field et al., 1998; Gwynn-Jones et al., 2002; Chapin et al., 2011);
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2.3 Assessment of chemical properties of soil impacted by wildfire


2.3.1 Bulk and rhizosphere soil sampling and processing

Soil samples from the bulk and rhizosphere soil from dominant vegetation (grasses, herbs, shrubs, and trees) were gathered from the 0–20 cm soil layer from three quadrats of the burned and three quadrats of unburned sites in Palapye and Mmashoro following the protocol by Singh and Dubey (2012). Soil adhering to the root surface was diligently brushed off with sterile brush and gathered as rhizosphere. Soil not adhering to the roots was collected as bulk soil. The analysis of the bulk and rhizosphere soil was done in triplicate to determine their biochemical properties, and microbial community functional structure by Biolog EcoPlate™. Before chemical analysis, soil samples were air dried at ambient temperature for 3 days and filtered using a 2 mm stainless steel sieve, while soil samples for Biolog EcoPlate™ were kept at 4°C in a refrigerator and analyzed within 7 days from the date of sampling.



2.3.2 Soil pH, electrical conductivity (EC), total organic matter, and available fractions of calcium (ca), potassium (K), magnesium (Mg), sodium (Na), and phosphorus (P) analysis

The analysis of soil chemical properties was done following the same protocol described in UltraJr (2020), Ultra (2020). In brief, a portable pH/EC meter was used to measure soil pH and EC in a water suspension (1:2, soil/water) after 1 h of shaking. The total organic matter of the bulk and rhizosphere soil of the dominant plant species was evaluated through loss of ignition (LOI) method (Ball, 1964) using a blast furnace at 550°C for 16 h. It was calculated based on Equation 7:
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Available Phosphorus (P) content of the bulk and rhizosphere soil samples was quantified using Bray P-2 method following the protocol described in Bray and Kurtz (1945). The exchangeable cations (Ca, K, Mg, and Na) were extracted with 0.01 M Calcium chloride solution (1:20 Soil; CaCl2) and then shaken for an hour and filtered with a Whatman filter paper No 42 based on the protocol described by Taupedi and Ultra (2022). The concentration of the exchangeable cations (Ca, K, Mg, and Na) was determined using ICP-OES (Thermo Scientific™ iCAP™ 7,000 Plus Series).




2.4 Community level physiological profiling (CLPP) of the bulk and rhizosphere soil (soil microbial community functional diversity) by biolog EcoPlate™ method

The microbial functional diversity of the bulk and rhizosphere soil samples was estimated using the Biolog EcoPlate™ (Biolog, Int). The experiment was conducted following the protocol by Ultra et al. (2013) and 31 carbon sources were used in this study. The Biolog EcoPlate™ method assesses functional diversity of microbial communities in soil, water, and sediments (Garland and Mills, 1991). This method offers insight into the metabolic capabilities of microbial communities by assessing their ability to use various carbon sources (Garland and Mills, 1991). Each carbon source is linked to a distinct metabolic pathway, allowing for the analysis of the microbial community function (Garland and Mills, 1991). Ten grams (g) of soil were weighed and put in a glass beaker containing 0.1 M NaH2PO4 (pH 6) solution, and the mixture was thoroughly shaken to obtain a 10−2 dilution. The soil slurry was further diluted to 10−3 with a 0.15 M NaCl solution. The diluted soil mixture was transferred in triplicate into the wells of Biolog EcoPlate™ microplates (31 carbon substrates) using a multichannel pipette. The microplates were incubated in darkness at room temperature (25°C) for 8 days. The rate of carbon substrate utilization absorbance or Optical Density (OD) was quantified at 595 nm using a Multiskan FC Microplate Photometer (ThermoFisher Scientific) every 24 h for 8 days. Furthermore, absorbance values of the microplate wells containing the substrate were subtracted from the control wells (water).

Average Well Color Development (AWCD) (Equation 8) was derived from the mean of the blanked values of 31 wells in a single reading time and it denoted the speed and magnitude of the development of microbial communities (microbial metabolic activity) through the usage of 31 carbon substrates (Garland and Mills, 1991). The Shannon index (Equation 9) was used to assess functional richness of the microbial community; and the McIntosh index (Equation 10) represented functional evenness of the microbial community (Zak et al., 1994; Buyer and Kaufman, 1997; Manjunath et al., 2018; Németh et al., 2021). The formulas used to calculate the AWCD, Shannon index (H′), Simpson index (D), and McIntosh index (U) were given by:
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Where n is the overall number of carbon sources in the category (Biolog ecoplates, n = 31), and C represents OD reading of the substrates in each well at 595 nm, and R is the optical density of the blank (water) (Németh et al., 2021). The Pi value represents the OD measurement of each well as a proportion to the total OD readings of all wells on the plate after 6 days of incubation (Németh et al., 2021). Pi = (C-R)/∑(C-R). Where Ni is the OD reading of a well and Ni = (C-R).



2.5 Data analysis

The data of the vegetation diversity and soil chemical properties of the bulk and rhizosphere soil of the dominant plant species from burned and unburned area from Palapye (C. virgata, D. cineria, and C. apiculatum) and Mmashoro (D. eriantha, T. esculentum, B. petersiana, and C. apiculatum) were analyzed using two–way analysis of variance (ANOVA) using Tukey multiple comparison to detect significant difference (p < 0.05). The data of the community level physiological profiling (AWCD), and soil microbial community functional diversity indices (Shannon-Weiner index, Simpson index, and McIntosh Index) of the bulk and rhizosphere soil of C. virgata, D. cineria, and C. apiculatum from Palapye burned and unburned area and D. eriantha, T. esculentum, B. petersiana, and C. apiculatum from Mmashoro burned and unburned area were evaluated using three-way analysis of variance (ANOVA) with Tukey multiple comparison to detect any significant difference (p < 0.05) using SPSS 12. The data was presented as Mean ± standard deviation. The normality of the variances of the data was tested using Shapiro–Wilk test and the p > 0.05 indicating that the data were normally distributed. The carbon substrate utilization pattern was analyzed by Principal Component (PC) and bi-plots of the PCs generated were prepared to elucidate segregation and similarities between samples.




3 Results


3.1 Short-term impacts of wildfire on vegetation diversity in savanna in Botswana


3.1.1 Plant species composition

The vegetation diversity assessment conducted at burned and unburned area in Palapye, and Mmashoro shows that the vegetation type belongs to shrub and tree savanna (Figure 2). Based on the results, about 39 plant species were recorded in Palapye, and 59 plant species in Mmashoro (Supplementary Table 1). A total of 7 plant species were classified as grass (Poaceae family); 12 plant species from 8 families were classified as herbs; and 6 plant species from 4 families were classified as shrubs within Palapye (Supplementary Table 1). Additionally, 14 plant species from 8 families were classified as trees. According to the results in Mmashoro, 20 plant species were classified as grass; 3 plant species as sedges; and 19 plant species from 10 families were categorized as herbs (Supplementary Table 1). Furthermore, 7 plant species from 5 families were classified as shrubs, and 7 plant species from 4 families were categorized as trees (Supplementary Table 1). The dominant grass species identified in Palapye’s burned and unburned area (Table 1) include Chloris virgata Sw, Urochloa mosambicensis (Hack.), and Melinis repens (Wild.) Zizka. Dominant herbaceous species (Supplementary Table 1) were Crotalaria podocarpa DC, Chamaecrista biensis (Steyaert) Lock, Heliotropium ciliatum Kaplan, Gisekia africana (Lour.) Kuntze, and Orthanthera jasminiflora (Decne.) N. E. Br. ex Schinz. Dominant shrub species (Supplementary Table 1) include Dichrostachys cinerea (L.) Wight & Arn, Grewia retinervis Burret, Mundulea sericea (Willd.) A. Chev, Senegalia nigrescens (Oliv.) P. J. H. Hurter, and Strychnos spinosa Lam. The dominant tree species (Supplementary Table 1) are Colophospermum mopane (Benth.) J. Léonard, Combretum apiculatum Sond, Sclerocarya birrea (Oliv.) P. J. H. Hurter, and Strychnos madagascariensis Poir. The dominant plant species in Mmashoro’s burned and unburned area were D. eriantha, T. esculentum, B. petersiana, and C. apiculatum. The new plants species that emerged after burning in Palapye and Mmashoro are U. mocambicensis, M. repens, Tragia okanyua Pax, Verbena officinalis L, Dipcadi glaucum (Ker Gawl.) Baker, Euphorbia prostrata Aiton, G. africana, and H. ciliatum. The following plant species emerged in Mmashoro: Pomaria burchellii (DC.) B. B. Simpson & G. P. Lewis, Dactylotenium giganteum B. S. Fisher & Schweick., Dichanthium annulatum (Forssk.) Stapf, Centropodia glauca (Nees) Cope, and Brachiaria nigropedata (Ficalho & Hiern) Stapf.

[image: Image a shows a burned area with dry vegetation with sparse leafless three under a clear sky in Palapye. Image b features shrubs and trees, some with green foliage in a dry terrain in unburned area in Palapye site. Image c presents a burned barren area with sparse vegetation and dry leafless bushes in Mmashoro site. Image d includes green and shrubs under a blue sky with clouds from unburned area in Mmashoro site.]

FIGURE 2
 Palapye burned (a) and unburned (b) sites, and Mmashoro burned (c), and unburned (d) sites, and the picture was photographed on the 27 April 2023 (7 months after burning).



TABLE 1 Plant species diversity, evenness, richness, and vegetation cover in burned and unburned area in Palapye, and Mmashoro in a savanna ecosystem of Botswana.


	Site
	Treatment
	Shannon–Weiner index
	Shannon index evenness
	Menhinick richness
	Vegetation cover

 

 	Palapye 	Burned area 	1.79 ± 0.03 	0.68 ± 0.05 	0.94 ± 0.20 	27.12 ± 6.76


 	Unburned area 	1.39 ± 0.13 	0.52 ± 0.01 	1.54 ± 0.71 	76.24 ± 6.31


 	Mmashoro 	Burned area 	1.62 ± 0.25 	0.46 ± 0.08 	0.72 ± 0.21 	33.81 ± 1.15


 	Unburned area 	1.16 ± 0.36 	0.35 ± 0.11 	0.71 ± 0.26 	90.07 ± 2.00


 	Main effects


 	Palapye 	 	1.59 ± 0.20 	0.60 ± 0.08a 	1.24 ± 0.30 	51.68 ± 24.56


 	Mmashoro 	 	1.39 ± 0.23 	0.41 ± 0.06b 	0.72 ± 0.01 	61.94 ± 28.13


 	Burned 	1.71 ± 0.09a 	0.57 ± 0.11a 	0.83 ± 0.11a 	30.47 ± 3.35b


 	Unburned 	1.28 ± 0.12b 	0.44 ± 0.09b 	1.13 ± 0.42a 	83.16 ± 6.92a


 	p-values 	Site
 Wildfire
 Site × wildfire 	0.093 ns
 0.006**
 0.294 ns 	0.007**
 0.050*
 0.241 ns 	0.149 ns
 0.708 ns
 0.166 ns 	0.257 ns
 <0.001***
 0.628 ns





Means in the same parameter (burned and unburned area) with different letter (s) represent a significant difference (p < 0.05) based on Tukey test. ns, not significant; * = significant, ** = highly significant, *** = very highly significant.
 



3.1.2 Plant diversity, richness, evenness, and vegetation cover

Analysis of plant community metrics revealed that wildfire had a significant impact on vegetation diversity and structure across the two savanna sites (Table 1). The Shannon–Weiner diversity index was significantly higher (p = 0.006), in burned area (1.71) compared to unburned area (1.28) indicating that wildfire can enhance species diversity by suppressing the prevalence of dominant species and aiding the colonization of less dominant species. Similarly, species evenness was significantly greater (p = 0.050) in burned area (0.57) than in unburned ones (0.44), indicating a greater evenness in species abundance after a fire. Although species richness (as determined by the Menhinick index) was not significantly affected by fire (p = 0.708), burned area tended to have slightly lower richness values than unburned area. The findings suggest that fire alters community structure by reallocating species abundances, thereby increasing diversity without necessarily adding new species. In contrast, vegetation cover was significantly reduced in burned areas (p < 0.001), with mean cover decreasing from 83.16% in unburned area to 30.47% in burned area. This reduction is attributable to the immediate loss of aboveground biomass due to combustion and the early stages of post-fire recovery. Site comparisons revealed that Palapye (0.60) exhibited significantly higher (p = 0.007) species evenness than Mmashoro (0.41), potentially attributable to local environmental variables, including soil characteristics, the existing plant community before the fire, and herbivory levels. However, no significant site differences were detected for the Shannon index (p = 0.093), species richness (p = 0.149), or vegetation cover (p = 0.257). The results revealed that there was no significant site × wildfire interaction for any of the variables, indicating that the effects of wildfire on plant diversity and cover were relatively uniform across both study sites.



3.1.3 Net primary productivity and plant biomass of dominant vegetation from burned and unburned areas

The significant three-way interaction (site, plant species, and wildfire; p = 0.016 for NPP and p = 0.046 for biomass) highlights the complex interplay between local environmental conditions, vegetation type, and disturbance (fire) regime in shaping ecosystem productivity (Table 2). This suggest that plant species respond differently to wildfire depending on growth form and inherent physiological traits. The results shows that C. apiculatum from unburned area exhibited the highest NPP and biomass at both sites. Among the two, C. apiculatum from unburned area in Mmashoro site had the highest NPP (832.59 kg C ha−1 yr.−1), and biomass (2081.48 kg ha−1). In contrast, D. cinerea and C. virgata recorded the lowest values in burned area in Palapye, suggesting limited post-fire productivity.


TABLE 2 Net primary productivity, and plant biomass of dominant vegetation in burned and unburned area in Palapye and Mmashoro in a savanna ecosystem.


	Site
	Species
	Net primary productivity (kg C ha−1 year−1)
	Plant biomass (kg ha−1)



	Burned area
	Unburned area
	Burned area
	Unburned area

 

 	Palapye 	C. virgata 	8.63 ± 2.90e 	145.63 ± 31.39c 	21.58 ± 7.37d 	364.08 ± 78.47c


 	D. cinerea 	6.10 ± 3.29e 	156.77 ± 47.11c 	15.25 ± 8.23d 	391.92 ± 17.77c


 	C. apiculatum 	82.84 ± 9.86d 	264.06 ± 20.73c 	207.10 ± 24.64c 	660.15 ± 51.83b


 	Mmashoro 	D. eriantha 	233.45 ± 15.66c 	194.04 ± 20.81c 	583.63 ± 39.15bc 	485.10 ± 52.03bc


 	T. esculentum 	23.72 ± 3.27e 	171.27 ± 5.28c 	59.33 ± 8.17d 	428.18 ± 13.20bc


 	B. petersiana 	263.14 ± 15.35c 	403.13 ± 13.13bc 	657.84 ± 38.38b 	1007.83 ± 32.81ab


 	C. apiculatum 	509.96 ± 15.03b 	832.59 ± 12.33a 	1274.90 ± 37.57ab 	2081.48 ± 30.83a


 	p-values 	Sites 	<0.001*** 	<0.001***


 	Wildfire 	<0.001*** 	<0.001***


 	Species 	<0.001*** 	<0.001***


 	Site × wildfire 	0.001** 	0.001**


 	Site × species 	0.010* 	0.001***


 	Species × wildfire 	<0.001*** 	<0.001***


 	Site × species × wildfire 	0.016* 	0.046*





Means in the same parameter (burned and unburned area) with different letter (s) represent a significant difference (P < 0.05) based on Tukey test. ns, not significant, * = significant, ** = highly significant, *** = very highly significant.
 




3.2 Impacts of wildfire on soil chemical properties of the bulk soil and rhizosphere in savanna of Botswana

The three-way interactions (site, wildfire, and soil type) were significant (p = 0.031) and these shows that the effects of wildfire on soil pH is mainly dependent on the site, and soil type. The results shows general increase in pH values on the bulk and rhizosphere soil of the various plant species from burned areas, particularly in Mmashoro site (Table 3). Moreover, Mmashoro site (7–7.67) has a significantly higher pH than Palapye site (5–5.82). These may indicate that the two sites might have distinct soil pH profiles. Wildfire may directly influence soil pH through ash deposition that induces the rhizosphere effect in both Palapye and Mmashoro sites. The three-way interactions (site, wildfire, and soil type) were significant (p = 0.017) and these shows that their impacts of wildfire on soil EC depend on site and soil type. The results revealed that Mmashoro site have a highly significant soil EC than Palapye site. Furthermore, the results shows that the rhizosphere soil of B. petersiana and C. apiculatum have higher EC than other plant species. Based on the results, three-way interactions (site, wildfire, and soil type) were significant (p = 0.023) and these shows that the impacts of wildfire on OM levels are mainly dependent on site and soil type and these shows that their impacts are consistent across combinations. The TOM levels in Palapye were significantly higher as compared than Mmashoro. Moreover, the TOM levels of the burned areas were significantly higher than unburned areas. The results shows that C. apiculatum and C. virgata from burned area in Palapye had highest TOM levels (2.94%) than other plant species. Based on the results, the three-way interactions (site, wildfire, and soil type) were highly significant (p = 0.022) on available P, and these show that the impacts of the wildfire were not consistent and may differ based on site and soil type (plant species). Therefore, the levels of available P increased by wildfire, can also vary per site due to distinct available P profiles, and soil type can differ because of inherent characteristics of the plant species. The available P levels in Palapye was significantly greater than Mmashoro. Moreover, the available P levels of the burned areas were significantly higher than unburned areas. The results shows that C. virgata from burned area in Palapye had highest available P (217.10 mg kg−1) than other plant species. The results shows that the three-way interactions (site, wildfire, and soil type) were significant (p = 0.047), and this indicate that their impact of wildfire on exchangeable Ca (Exch Ca) is mainly dependent on site and soil type (Table 4). Therefore, the wildfire occurrence might increase Exch Ca levels, this can vary per site due to unique Exch Ca profiles. The Exch Ca levels in Palapye was significantly larger than Mmashoro. Moreover, the Exch Ca of the burned areas were significantly higher than unburned areas. The results shows that C. apiculatum and C. virgata from burned area in Palapye had highest Exch Ca levels (10408.5 and 11,412 mg kg−1). The results indicate that the three-way interactions (site, wildfire, and soil type) were significant (p = 0.031) and these shows that the impacts of wildfire on Exch K levels are mainly dependent on site and soil type. The Exch K levels Mmashoro was significantly higher than Palapye. Additionally, the Exch K levels of the burned areas were significantly higher than unburned areas. The results shows that C. apiculatum from burned area in Mmashoro had highest Exch K levels (136.56 mg kg−1). Based on the results, three-way interactions (site, wildfire, and soil type) were significant (p = 0.011) on exchangeable Mg (Exch Mg) and these shows that the impacts of wildfire on Exch Mg levels are mainly dependent on site and soil type. The Exch Mg levels in Mmashoro was significantly higher as compared than Palapye. Additionally, the Exch Mg levels of the burned areas were significantly higher than unburned areas. The results indicate that C. apiculatum from burned area in Mmashoro had highest Exch Mg levels (158.34 mg kg−1). The significant three-way interactions among site, wildfire, and soil type (p = 0.021) shows that the impacts of wildfire on exchangeable Na (Exch Na) levels are not uniform on the site and soil type. The Exch Na levels in Mmashoro was marginally greater than Palapye. Moreover, the Exch Na levels of the burned areas were slightly higher than unburned areas. The results indicate that C. apiculatum and B. petersiana from burned area in Mmashoro had highest Exch Na levels (8.07 and 8.64 mg kg−1). Therefore, the wildfire does not exert the same effect on the soil chemistry and the impact is mediated by the vegetation and inherent properties of the site.


TABLE 3 Soil biochemical properties (pH, EC, TOM and available P) of the bulk and rhizosphere soil of dominant plant species in burned and unburned area in Palapye, and Mmashoro in a savanna ecosystem of Botswana.


	Site
	Soil type
	pH
	EC (μScm−1)
	OM (%)
	Available P (mg kg−1)



	Burned area
	Unburned area
	Burned area
	Unburned area
	Burned area
	Unburned area
	Burned area
	Unburned area

 

 	Palapye 	Bulk soil 	5.55 ± 0.81ab 	5.48 ± 0.17b 	11.33 ± 0.82c 	13.56 ± 0.63bc 	2.38 ± 0.20ab 	0.95 ± 0.31c 	70.32 ± 6.42c 	103.35 ± 19.59bc


 	C. virgata 	5.82 ± 0.08ab 	5.09 ± 0.24b 	14.67 ± 0.47bc 	17.33 ± 0.94bc 	2.23 ± 0.35ab 	0.87 ± 0.28c 	217.10 ± 3.29a 	132.20 ± 5.57b


 	D. cinerea 	6.03 ± 0.03ab 	5.06 ± 0.03b 	16.33 ± 0.47bc 	14.33 ± 0.47bc 	1.85 ± 0.03b 	1.02 ± 0.05c 	135.97 ± 0.40b 	190.79 ± 1.05a


 	C. apiculatum 	5.65 ± 0.04ab 	5.16 ± 0.03b 	18.33 ± 0.47bc 	11.01 ± 0.83c 	2.94 ± 0.05a 	1.07 ± 0.25c 	152.44 ± 1.37b 	101.05 ± 2.93bc


 	Mmashoro burned site 	Bulk soil 	7.44 ± 0.19a 	6.49 ± 0.08ab 	6.84 ± 3.41c 	13.0 ± 3.54c 	0.94 ± 0.08c 	0.84 ± 0.03c 	24.34 ± 2.09d 	19.48 ± 8.35d


 	D. eriantha 	7.29 ± 0.16a 	6.55 ± 0.03ab 	7.50 ± 3.94c 	13.0 ± 1.36bc 	0.93 ± 0.01c 	0.88 ± 0.07c 	35.98 ± 5.06d 	23.85 ± 4.30d


 	T. esculentum 	7.45 ± 0.13a 	6.73 ± 0.04ab 	10.84 ± 5.85c 	15.17 ± 4.49bc 	1.09 ± 0.18c 	0.77 ± 0.09c 	39.22 ± 3.65d 	25.29 ± 14.60d


 	B. petersiana 	7.67 ± 0.03a 	6.68 ± 0.08ab 	37.84 ± 13.75a 	13.67 ± 2.18bc 	1.04 ± 0.12c 	0.94 ± 0.01c 	39.83 ± 17.73d 	36.07 ± 10.27d


 	C. apiculatum 	7.61 ± 0.08a 	7.18 ± 0.02a 	37.50 ± 6.67a 	28.67 ± 6.53a 	1.11 ± 0.08c 	1.16 ± 0.11c 	41.63 ± 12.06d 	31.57 ± 9.39d


 	p-value 	Site 	<0.001*** 	0.002** 	<0.001*** 	<0.001***


 	Wildfire 	0.0001** 	0.704 ns 	<0.001*** 	0.001**


 	Soil type 	<0.0001*** 	<0.001*** 	<0.046* 	<0.001***


 	Site × wildfire 	0.038* 	0.273 ns 	0.002** 	0.038*


 	Site × soil type 	<0.001*** 	<0.001*** 	0.241 ns 	<0.001***


 	Soil type × wildfire 	0.046* 	0.810 ns 	0.284 ns 	0.310 ns


 	Site × wildfire × species 	0.031* 	0.017* 	0.023* 	0.022*





Means in the same parameter (burned and unburned area) with different letter (s) represent a significant difference (P < 0.05) based on Tukey test. ns, not significant, * = significant, ** = highly significant, *** = very highly significant.
 


TABLE 4 Soil biochemical properties (Exchangeable Ca, K, Mg, and Na levels) of the bulk and rhizosphere soil of dominant plant species in burned and unburned area in Palapye, and Mmashoro in a savanna ecosystem of Botswana.


	Site
	Soil type
	Exch Ca (mg kg−1)
	Exch K (mg kg−1)
	Exch Mg (mg kg−1)
	Exch Na (mg kg−1)



	Burned area
	Unburned area
	Burned area
	Unburned area
	Burned area
	Unburned area
	Burned area
	Unburned area

 

 	Palapye 	Bulk soil 	11,253 ± 186.70a 	8,618 ± 814.25c 	27.52 ± 0.92c 	30.03 ± 9.33c 	24.59 ± 4.50c 	26.38 ± 8.74c 	4.82 ± 1.38c 	3.97 ± 0.31c


 	C. virgata 	11,412 ± 557.10a 	8,721 ± 449.67c 	35.64 ± 3.52c 	45.81 ± 13.11c 	15.60 ± 0.25c 	21.36 ± 2.68c 	1.85 ± 0.57d 	4.19 ± 0.56c


 	D. cinerea 	9,582 ± 684.30bc 	9,390 ± 701.40bc 	16.81 ± 1.86c 	18.52 ± 2.92c 	11.24 ± 0.72d 	29.36 ± 0.68c 	1.15 ± 0.11d 	0.65 ± 0.15d


 	C. apiculatum 	10408.5 ± 235.50ab 	8,259 ± 252.0c 	23.70 ± 1.56c 	32.13 ± 5.28c 	36.27 ± 0.35c 	18.49 ± 0.66c 	1.17 ± 0.21d 	3.45 ± 0.29c


 	Mmashoro 	Bulk soil 	9458.3 ± 49.96bc 	8770.76 ± 23.70c 	92.70 ± 0.94a 	86.47 ± 0.58b 	113.61 ± 0.37a 	86.47 ± 0.58b 	1.69 ± 0.32d 	5.17 ± 0.13bc


 	D. eriantha 	9,210 ± 39.60bc 	8619.08 ± 63.75c 	124.93 ± 1.98a 	46.04 ± 6.77c 	100.97 ± 9.25a 	59.92 ± 1.01c 	7.54 ± 0.22ab 	5.20 ± 0.12bc


 	T. esculentum 	9,824 ± 80.61b 	8643.54 ± 21.98c 	93.93 ± 0.76a 	59.92 ± 1.01b 	153.01 ± 1.39a 	64.16 ± 2.19bc 	5.63 ± 0.09bc 	6.37 ± 0.22b


 	B. petersiana 	9402.5 ± 21.89bc 	8496.69 ± 68.86c 	62.28 ± 0.52b 	72.99 ± 1.14b 	121.86 ± 0.39a 	73.80 ± 1.32bc 	7.12 ± 0.07ab 	8.64 ± 0.10a


 	C. apiculatum 	9267.9 ± 86.19bc 	8435.74 ± 12.36c 	136.56 ± 0.98a 	70.65 ± 0.13b 	158.34 ± 0.20a 	69.32 ± 1.61bc 	8.07 ± 0.25a 	8.02 ± 0.20a


 	p-value 	Site 	<0.001*** 	<0.001*** 	<0.001*** 	<0.001***


 	Wildfire 	0.014* 	0.281 ns 	0.235 ns 	0.921 ns


 	Soil type 	<0.039* 	<0.002** 	0.003** 	0.039*


 	Site × wildfire 	0.273 ns 	0.557 ns 	0.921 ns 	0.273 ns


 	Site × soil type 	0.055 ns 	0.231 ns 	0.041* 	0.119 ns


 	Soil type × wildfire 	0.522 ns 	0.002** 	0.635 ns 	0.057 ns


 	Site × wildfire × soil type 	0.047* 	0.031* 	0.011* 	0.021 ns





Means in the same parameter (burned and unburned area) with different letter (s) represent a significant difference (p < 0.05) based on Tukey test. ns, not significant, * = significant, ** = highly significant, *** = very highly significant.
 



3.3 Impacts of wildfire on community level physiological profiling (CLPP) (soil microbial community functional structures) in savanna of Botswana


3.3.1 Metabolic activity of microbial community in the bulk and rhizosphere soil as affected by wildfires based on the average well color development (AWCD)

The results show that the optical density measured at 595 nm (OD595) increased for all wells analyzed after 6 days of incubation. This indicates that the carbon substrates were oxidized by microbial communities in soils from both burned and unburned areas (Table 2) in Palapye and Mmashoro. Based on the results, the significant three-way interaction among site, wildfire, and soil type (p = 0.046) and suggests that the effects of wildfire varies depending on site and soil type. Metabolic activity of microbial communities from Palapye was significantly higher (p = 0.006) than Mmashoro. Moreover, the metabolic activity from unburned area were significantly higher (p < 0.001) than burned area in both sites.



3.3.2 Microbial functional diversity indices of the bulk soil and rhizosphere of dominant vegetation affected by wildfires

The results shows that the three-way interaction between site, wildfire, and soil type on microbial communities richness was very significant (p = 0.038) and these indicate that the impacts of wildfire are mainly driven by site and soil type (Table 5). The microbial community richness of Palapye was slightly higher than Mmashoro. Burned areas have a higher microbial community richness than unburned areas in both sites. Based on the results on McIntosh index, the three-way interaction between site, wildfire, and soil type on microbial communities evenness was very significant (p = 0.017) and these indicate that the impacts of wildfire are mainly influenced by site and soil type. The microbial community richness of Palapye was marginally higher than Mmashoro. Unburned areas have a higher microbial community evenness than burned areas in both sites.


TABLE 5 Microbial metabolic activity and diversity indices of soil microbial communities in Palapye, and Mmashoro burned and unburned area based on the average well color development (AWCD) after 6 days of incubation.


	Site
	Soil samples
	AWCD
	Shannon index
	McIntosh index



	Burned area
	Unburned area
	Burned area
	Unburned area
	Burned area
	Unburned area

 

 	Palapye 	Bulk soil 	0.57 ± 0.09c 	0.92 ± 0.08a 	3.35 ± 0.03ab 	2.98 ± 0.21bc 	0.41 ± 0.084e 	4.76 ± 2.58b


 	C. virgata 	0.49 ± 0.07c 	0.73 ± 0.13ab 	2.94 ± 0.32bc 	3.15 ± 0.04abc 	3.89 ± 1.20b 	6.12 ± 0.59a


 	D. cineria 	0.95 ± 0.07a 	1.04 ± 0.17a 	3.34 ± 0.03ab 	3.06 ± 0.02abc 	0.41 ± 0.07e 	6.46 ± 1.58a


 	C. apiculatum 	0.32 ± 0.05c 	0.77 ± 0.14ab 	2.95 ± 0.08bc 	2.96 ± 0.06bc 	3.33 ± 1.13b 	4.73 ± 0.22b


 	Mmashoro 	Bulk soil 	0.25 ± 0.12c 	0.17 ± 0.08 cd 	1.13 ± 0.36d 	1.70 ± 1.01 cd 	2.65 ± 0.67bc 	1.27 ± 0.86d


 	D. eriantha 	0.34 ± 0.12c 	0.13 ± 0.05 cd 	2.11 ± 0.79bcd 	1.27 ± 0.66d 	3.59 ± 0.39b 	3.07 ± 2.65b


 	T. esculentum 	0.16 ± 0.03 cd 	0.68 ± 0.20ab 	4.99 ± 0.26a 	3.12 ± 0.54abc 	1.50 ± 0.46c 	5.92 ± 0.88ab


 	B. petersiana 	0.29 ± 0.15c 	0.50 ± 0.12b 	6.09 ± 0.99a 	1.94 ± 0.17 cd 	2.36 ± 0.99c 	4.20 ± 1.15b


 	C. apiculatum 	0.56 ± 0.22b 	1.05 ± 0.05a 	3.85 ± 1.37ab 	2.81 ± 0.09abc 	5.37 ± 3.12ab 	2.81 ± 0.09bc


 	 	Site 	0.006** 	0.042* 	0.048*


 	Wildfire 	0.116 ns 	0.061 ns 	0.281 ns


 	Soil type 	<0.001*** 	<0.001*** 	<0.001***


 	Site × wildfire 	0.557 ns 	0.921 ns 	0.921 ns


 	Site × soil type 	0.015* 	0.015* 	0.041*


 	Soil type × wildfire 	0.522 ns 	0.635 ns 	0.522 ns


 	Site × wildfire × soil type 	0.046* 	0.038* 	0.017*





Means in the same parameter (burned and unburned area) with different letter (s) represent a significant difference (P < 0.05) based on Tukey test. ns, not significant, * = significant, ** = highly significant, *** = very highly significant.
 



3.3.3 Community level physiological profiling of the microbial community of bulk and rhizosphere soil of dominant plants species as affected by wildfires based on carbon substrate utilization pattern using principal component analysis

Principal Component Analysis (PCA) of carbon substrate utilization patterns revealed distinct functional capability among microbial communities from two different sites (Palapye and Mmashoro) were associated with different plant species, and between burned and unburned area. PC1 separated the samples based on the most powerful factor being wildfire and PC2 reveals the second most important factor namely; species-specific differences. The first two principal components, PC1 and PC2, accounted for a combined 51.80% of the total variance in carbon substrate utilization (PC1: 37.68%, PC2: 14.12%), indicating moderate discrimination power of the PCA, which is common in complex ecological datasets. Our results concurred with various studies by McCune and Grace (2002), and Gotelli and Ellison (2013) who reported that moderate degree of discrimination is the most common and meaningful result in complex community datasets. The striking pattern in bi-plot is the clear segregation of the bulk and rhizosphere soil samples (C. virgata, T. esculentum, B. petersiana, and C. apiculatum) from unburned area (C) from both sites (Palapye and Mmashoro) on the right side of PC1 axis (37.68% of the total variance). This indicates that these microbial communities, regardless of their specific location or associated plant species, share a similar functional profile and also possess more diverse substrate utilization profiles. These samples from unburned area were strongly associated with a wide array of carbon sources, particularly carbohydrates, amino acids, and complex polymers, as shown by the vectors pointing in their direction (e.g., L-glutamic acid, α-ketobutyric acid, methyl esters, and Tween compounds). This suggests high metabolic versatility within microbial communities in the unburned area. Therefore, these microbes utilize a wide-array of distinct carbon sources, which symbolizes a healthy and functionally diverse ecosystem. In contrast, microbial communities associated with the bulk and rhizosphere soil samples of the same plant species under burned area (E) clustered distinctly on the negative side of PC1, indicating reduced or altered substrate utilization. Based on the results, very few vectors point (D-Galacturonic acid) to the left, and these prove that samples from burned area have weak associations with most carbon substrates, especially those strongly correlated with PC1, implying a potential functional shift or suppression in microbial activity following fire disturbance. For instance, D. cinerea and bulk soil (E) samples from burned area were separated farthest from the origin, highlighting their divergence in microbial function relative to unburned counterparts. The distinct separation suggests that wildfire reduced microbial functional diversity and shifted substrate preferences. The results shows that PC2 accounted for 14.12% of the overall variance and these provide secondary level of distinction based on specific plant species and site conditions, which revealed a pronounced difference between samples from burned and unburned area. Moreover, C. apiculatum from burned area and T. esculentum from unburned area in Mmashoro site are higher on PC2, associated with carbon substrates such as Itanconic acid whereas D. cinerea and C. virgata from unburned area from Palapye were low on PC2 and they were associated with distinct carbon substrates such as L-phenylalanine that belong to amino acid group. The results also demonstrated that C. apiculatum and C. virgata from burned area in Mmashoro and Palapye clustered on the positive side of PC2 and PC1 with samples from unburned area of both sites and this suggests that C. apiculatum and C. virgata are resilient or adapted to fire-prone ecosystem. However, samples from burned area are more clustered tightly but still some little separation and this indicates that regardless of homogenization effect of fire, there are some minor species–specific variation that lingers in the microbial function.




3.4 Relationship between soil microbial functional structures and soil chemical properties

Based on results, the correlation analysis showed strong connection between soil chemical properties and microbial functional traits (Table 6). Average Well Color Development (AWCD), that serves an indicator for overall microbial metabolic activity, was positively correlated with total organic matter (r = 0.546), available phosphorus (r = 0.611), and electrical conductivity (r = 0.369) and this indicate that microbial activity in the soil of the savanna ecosystem is mainly influenced by the availability of labile carbon sources and nutrients. Notably, AWCD exhibited a significantly inverse correlation relationship with soil pH (r = −0.506), demonstrating that mildly acidic conditions stimulates microbial communities and enhances their metabolism possibly due to improved nutrient solubility or favorable conditions for acidophilic microbial taxa. Similarly, negative correlations were observed with exchangeable cations such as potassium, magnesium, and sodium (all r < −0.5), which could reflect osmotic stress or ion toxicity effects under higher cation concentrations. The McIntosh index, a representative metric for functional evenness within microbial communities, revealed the strongest and only statistically significant positive correlation with available phosphorus (r = 0.729, p < 0.05). This indicates that phosphorus enrichment facilitates equitable carbon substrate utilization across microbial taxa. Additionally, McIntosh index had positive associations with TOM (r = 0.484) and calcium (r = 0.544) support the contribution of organic inputs and nutrient availability in sustaining microbial communities. Conversely, McIntosh values were inversely correlated with pH and cations such as K, Mg, and Na, and this imply that alkaline or cation-rich environments may suppress microbial functional balance. The Shannon diversity index showed only weak correlations, the strongest being with EC (r = 0.622).


TABLE 6 The correlation analysis of microbial metabolic activity (AWCD), diversity indices of soil microbial communities, soil chemical properties (pH, EC, and TOM), and concentration of available P and exchangeable essential micronutrients (P, Ca, K, Mg, and Na) of burned area.


	Items
	pH
	EC
	TOM
	P
	Ca
	K
	Mg
	Na

 

 	AWCD 	−0.506 	0.369 	0.546 	0.611 	0.419 	−0.549 	−0.516 	−0.401


 	Shannon index 	−0.017 	0.622 	0.156 	0.177 	0.069 	−0.256 	−0.025 	0.231


 	McIntosh index 	−0.535 	0.072 	0.484 	0.729* 	0.544 	−0.596 	−0.542 	−0.339





*Represents significant difference level (P < 0.05).
 




4 Discussion


4.1 Short-term impacts of wildfire on vegetation diversity in savanna in Botswana

The findings indicate that wildfire was a major driver of change in the plant community structure at both savanna sites, characterized by an enhancement of species diversity and evenness alongside a significant decrease in vegetation cover. The elevated Shannon-Weiner diversity index and evenness in burned area demonstrated that fire disturbance fosters a plant community with greater functional balance and diversity compared to unburned areas. These result are harmonious with previous studies in other savanna ecosystems, which suggests that fire can reduce the prevalence of dominant competitors, thus facilitating the colonization of early-successional or pioneer species (Higgins et al., 2000; Bond and Keeley, 2005). Pioneer species such as U. mosambicensis, C. virgata, and M. repens were identified in both sites and these species are normally found in disturbed soils and roadsides (Kgosikoma et al., 2012; Roodt, 2015). Increased species evenness observed in burned areas provide support to the theory that fire promotes co-existence by destabilizing competitive dominance and expanding available ecological niches (Abades et al., 2014). Our results are harmonious with the recent understanding that wildfire performs a critical role for the succession of grasses globally (Simpson et al., 2016), and has been directly connected with increased herbaceous population (Wienk et al., 2004). Increased growth of grasses and herbs in burned areas was induced by fire that broke down their dormant seeds which enhanced germination, and permitted more light for understory vegetation (Jhariya and Raj, 2014). The species evenness in Palapye was marginally higher than Mmashoro and this might be attributable to unique soil type and elevated total organic matter and nutrient availability (Silva et al., 2013; Sebata, 2017). This may also be explained by the high recovery rate of the shrubs and trees following the wildfires, as evidenced by resprouting (Souchie et al., 2017; Machida et al., 2021) of species such as M. sericea, D. cinerea, and S. madagascariensis. Dichrostachys cinerea is widely recognized as a strong encroacher species, particularly in savanna and semi-arid ecosystems, where it aggressively expands into grasslands and alters ecosystem structure and function (Moleele et al., 2002; Smit, 2004). The fire’s impact was limited to increasing diversity and evenness; species richness, by contrast, was statistically unaffected. This implies that the fire’s main effect was not the colonization of new species, but rather a shift in the population dynamics of the pre-existing community. Our findings are consistent with previous research in fire-prone ecosystems, which indicates that species richness often stays constant post-disturbance, particularly when the local flora is already fire-adapted (Govender et al., 2006). Nevertheless, a significant reshuffling of dominant species can still occur, especially in the initial stages of post-fire recovery. The significant main effect of wildfire resulted in a reduction of vegetation cover was observed in burned area, a direct consequence of the combustion of plant biomass. Conversely, the main effect of site and two-way interaction between site and wildfire did not have a significant impact on vegetation cover. The outcomes of this study are comparable to studies by Sheuyange et al. (2005) and Memoli et al. (2022), who reported that wildfires temporarily decreased the coverage of shrubs, trees and encouraged the cover of herbaceous species especially in savanna ecosystems with limited rainfall. Fire may change vegetation composition, structure, and variety (Jhariya and Oraon, 2012; Jhariya et al., 2013; Kittur et al., 2014), but vegetation cover is a critical determinant in altering soil nutrient levels following a fire event (Caon et al., 2014). This phenomenon represents a classic short-term impact in the savanna ecosystems (prone to fire), in which surface vegetation is combusted and the rate of recovery is determined by factors including rainfall, species-specific life cycles, and vegetative regrowth capabilities (Trollope et al., 2002; Sankaran et al., 2008). A cross-site comparison indicated that species evenness was significantly greater in Palapye than Mmashoro. However, the sites did not differ significantly in terms of overall diversity, species richness, or vegetation cover. The greater species evenness observed at Palapye might be explained by local environmental variables, including soil characteristics (edaphic conditions), the existing plant community, or historical land-use patterns, all of which are known to mediate a community’s response to fire (Moleele et al., 2002). The fire-induced changes in diversity and cover were consistent across both sites, as evidenced by the non-significant site and fire interaction, which suggests a broadly uniform reaction of these savanna ecosystems to fire.



4.2 Short-term impacts of wildfire on net primary productivity and plant biomass

The findings reveal that NPP and plant biomass are significantly influenced by wildfire, type of plant species, and site-specific conditions (Table 2). Across all species and site, both NPP and aboveground biomass were substantially lower in burned area compared to their unburned counterparts, and these highlight the profound effect of fire on plant growth and carbon sequestration. This reduction in NPP and biomass is attributable to immediate loss of vegetation, the destruction of photosynthetic tissues, and post-fire environmental stressors, including diminished soil moisture and nutrient depletion (Bond and van Wilgen, 1996; Sankaran et al., 2004; Moore et al., 2021). The impact of the fire was most significant at the Palapye site, where burned conditions led to substantial decreases in both NPP and biomass for all species. C. virgata provides a clear example of this trend, showing a dramatic 16-fold drop in NPP (from 145.63 to 8.63 kg C ha−1 yr.−1) and a 17-fold fall in biomass (from 364.08 to 21.58 kg ha−1) after the fire. This study demonstrated that D. cinerea, a known encroacher species, performed poorly post-fire in Palapye, and both NPP and biomass remained below 16 kg C ha−1 yr.−1 and 20 kg ha−1, respectively. These results suggest that although D. cinerea is a successful encroacher under undisturbed conditions, it may be temporarily suppressed by fire, especially in more arid or nutrient-poor sites. In contrasts, Mmashoro site demonstrated a more robust post-fire recovery, a trend that was most significant among the D. eriantha and C. apiculatum. Specifically, D. eriantha and C. apiculatum exhibited a robust level of NPP (233.45 and 509.96 kg C ha−1 yr.−1, respectively) and biomass (583.63 and 1274.90 kg ha−1, respectively) even in the burned area. C. apiculatum exhibited the greatest productivity under both burned and unburned area, which suggests a high degree of fire tolerance and a capacity for rapid post-disturbance regeneration. These observations could be explained by a combination of more favorable local conditions, like soil quality and rainfall, and inherent species characteristics that promote resilience, such as the ability to resprout from the base and store carbon underground (Trollope, 1984; Scholes and Archer, 1997).



4.3 Short-term impacts of wildfire on soil chemical properties of the bulk soil and rhizosphere in a savanna ecosystem of Botswana

The significant three-way interaction (site, wildfire, and soil type) suggest that species-specific root-soil interactions modulate pH shifts, with fire intensifying or mitigating these effects depending on the site’s baseline conditions (Table 3). Plant species (C. apiculatum and B. petersiana) from burned area in Mmashoro site recorded pH values exceeding 7.6, while the corresponding unburned area had values around 6.5–7.2. This increase is consistent with the known liming effect of fire, where the combustion of organic matter results in the accumulation of basic cations (e.g., Ca2+, Mg2+, K+) in ash, which temporarily raises pH (Certini, 2005). In contrast, Palapye soils remained acidic, even under burned conditions (pH 5.5–6.0), suggesting buffering by underlying soil properties such as higher iron and aluminum oxides, or variation in soil texture and mineralogy. The slight increase in soil pH can be attributed to the liming effect of fire, which results in burned and charred biomass that lead to the accumulations of basic cations such as Ca2+, Mg2+, and K+ in ash (DeBano and Conrad, 1978; Certini, 2005; Molina et al., 2007; Boerner et al., 2009; Schafer and Mack, 2010; Tüfekçioğlu et al., 2010; Aref et al., 2011; Verma and Jayakumar, 2012; Badía et al., 2014; Bodí et al., 2014; Francos et al., 2019; Fernández-García et al., 2019; Agbeshie et al., 2022). The results demonstrate that the main drivers of soil electrical conductivity (EC) in the studied savanna ecosystems are the intrinsic properties of the location (site) and the vegetation (soil type), rather than the direct, uniform effect of fire (Table 3). The lack of a significant main effect for wildfire is a critical finding that indicate the influence of wildfire on soil chemical properties is not direct, but rather exhibits considerable variation depending on contextual factors. This aligns with other studies that showing that the ecological effects of fire are mediated by local environmental and biotic factors (Neary et al., 1999). The significant impact of soil type on EC highlights the function of vegetation as “ecosystem engineers,” which actively alter the chemical properties of their local soil environment (Jones et al., 1994). Various plant species influence soil properties in unique ways through mechanisms like nutrient uptake patterns, litter breakdown processes, and the cultivation of specific microbial communities within the rhizosphere. The most significant observation was the substantial and highly specific increase in EC, which occurred only in the burned soils associated with B. petersiana and C. apiculatum at the Mmashoro location. This specific and significant interaction explains why a generalized fire effect was not detected; the impact of fire was intense but restricted to a particular combination of site and vegetation. This phenomenon is likely attributable to the combustion of plant biomass and the subsequent leaching of soluble inorganic salts from the deposited ash layer after wildfire occurrence (Certini, 2005; Bodí et al., 2014). The exceptionally high EC values suggest that these two plant species may accumulate higher concentrations of base cations (K+, Ca2+, Mg2+) in their rhizosphere than other species at the site. Upon combustion, these cations are converted into soluble oxides and carbonates, which, when leached by rainfall, cause a sharp, localized increase in soil solution conductivity (Raison, 1979). These ashes which contain various minerals that exist as oxides and carbonates, also stimulate plant growth (Certini, 2005; Bodí et al., 2014). This leads to vegetation recovery of plant species such as grasses and herbs within the ecosystem. The rainfall received in December and January might have dissolved these minerals through the process of leaching, which allows basic cations (calcium and magnesium) to infiltrate the soil and rhizosphere (Romero-Matos et al., 2023).

The results reveal that Total Organic Matter (TOM) in the soil is mainly regulated by a complex hierarchy of factors, and with site and immediate impact of wildfire emerging as the most significant (Table 3). Although soil type (as defined by vegetation) is a contributing factor, its impact is overshadowed by the dominant, interactive influence of site and wildfire. Contrary to the common assumption that fire diminishes organic matter, the study revealed that burned areas contained significantly greater TOM levels than their unburned counterparts. The increment of total organic matter levels within burned sites can be attributed to ash and char deposition that are rich in organic and inorganic compounds, and rapid vegetation recovery (Campos et al., 2016; Liu et al., 2018; Alcañiz et al., 2018; Alexakis et al., 2021). Wildfire can temporarily improve soil porosity and infiltration, which enables microbial access to substrates and these enhance organic matter accumulation. Moreover, early-successional plants (grass, herbs, and shrubs) rapidly colonize burned area and these contribute to elevated organic matter through litter input and increased root turnover. The findings of this study shows that plant species differ in their contributions to soil organic matter, possibly due to variation in litter input and root dynamics. However, the lack of significant interactions with soil type indicates that this influence represents a background process rather than a key factor driving post-fire changes. Organic matter plays an important function in ecosystem dynamics by facilitating ion exchange, interacting with minerals from clay, forming soil aggregates, and aiding in the absorption and dispersion of nutrients and water from plants (Caon et al., 2014). The results indicate that the effects of wildfire on available Phosphorus levels significantly varied per site and plant species. Wildfire significantly increased available phosphorus levels on the rhizosphere soil of C. virgata (Table 3). Our findings were consistent with Guidi et al. (1988), and Cade-Menun et al. (2000), who reported that combustion convert organic P from plant residues and microbial biomass into orthophosphate, which is accessible to plants. Wildfires can create a flush of nutrients when preceded by the rainy season that might temporarily boost microbial metabolic activity, aiding in the breaking down of the organic matter, nutrient cycling and nutrient uptake, which supports plant growth, and boosts the recovery of vegetation after the rainy season (Xu et al., 2012; Pellegrini et al., 2015). This can stimulate early stages of vegetation recovery by promoting the growth of pioneer species such as C. virgata, M. repens, U. mosambicensis, and H. ciliatum (Kgosikoma et al., 2012; Gajaje et al., 2024). The variation of available nutrients including P within the rhizosphere of the various dominant plant species can be attributed to unique individual plant traits and physiology. Different plant species have unique root structures that affect their ability to access and absorb nutrients from the soil. Some plant species such as Strychnos species (S. madagascariensis and S. spinosa), form a symbiotic relationship with mycorrhizal fungus, which stimulates the uptake of P through the increased surface area for absorption (Mwamba, 2006).

The results shows that the effects of wildfire Exchangeable K (Exch K) levels was mainly driven by site and soil type (plant species) and their impacts were not consistent (Table 4). The results shows that Palapye and Mmashoro have unique Exch K levels and these shows the two sites have different Exch K sources (soil parent material). The variation in geology between the sites can result in unique inherent potassium levels. Differences in geology between the sites would lead to different inherent K concentrations. This phenomenon is supported by our results, showing that Mmashoro soils (136.56 mg kg−1) were generally higher in K levels and these suggest a more K rich environment compared to Palapye soils (<46 mg kg−1). The results revealed that the impact of wildfire on Exch K levels was mainly dependent on the affected plant species and this reinforces the concept that vegetation is a key driver of nutrient cycling and concentration processes. This trend is well reflected in the Mmashoro dataset from burned area; C. apiculatum, D. eriantha, and T. esculentum showed significantly higher K levels, while other species did not. Some plant species are efficient in accumulating and storing potassium in their biomass. During combustion, organic K is rapidly converted into simple, water-soluble inorganic forms (like K₂O and K₂CO₃) and deposited in the ash (Certini, 2005; Caon et al., 2014). Subsequent rainfall leaches these compounds into the soil, causing a sharp, immediate increase in exchangeable K, which is the form available to plants. Different plant species exhibit distinct efficiencies in soil potassium uptake and possess varying levels of potassium in their biomass, which affects litter composition. Plant species exhibit distinct efficiencies in soil potassium uptake and potassium content of their tissues, and these reflect some variation in litter quality. The results shows that C. apiculatum from burned area in Mmashoro site have higher Exch K levels than other plant species. Our findings are harmonious with studies by Ludwig et al. (2004), and Prieto et al. (2012), who reported that deep-rooted species like Combretum enrich surface soils through the creation of localized hotspots of fertility. This process occurs through two ways; (1) deposition of nutrient-rich litter into the soil (Ludwig et al., 2004), and (2) deep roots transport water to shallow soil layers through a process called hydraulic lift (Ludwig et al., 2004; Cardon and Whitbeck, 2011; Prieto et al., 2012). This moisture sustains microbial activity and nutrient mineralization, making nutrients available for uptake by shallow roots, thus functioning as an efficient nutrient cycling system (Ludwig et al., 2004; Prieto et al., 2012).

Based on the results, the impact of fire on exchangeable magnesium (Exch Mg) was highly influenced by site and soil type of the specific plant species it burns (Table 4). The study shows that Mg was significantly higher in Mmashoro (158 mg kg−1) as compared to lower levels at Palapye (<36 mg kg−1) might be attributed to differences in soil parent material. Magnesium is a mineral element derived from the weathering of rocks. The significant site variation indicates that Mmashoro is underpinned by magnesium rich geological formations (e.g., dolomite, biotite, serpentine) as compared to Palapye (Brady and Weil, 2016). The study shows that different plant species have varying capacities for Mg uptake, storage in their tissues, and release through litter fall. The study demonstrated that T. esculentum and C. apiculatum from burned area had higher concentrations of Exch Mg levels. Plant species that grows in an environment rich in Mg accumulates higher Mg concentration in their tissues. During wildfire occurrence, their biomass are consumed by fire, which mineralizes the organically-bound Mg, and convert it into soluble forms that are deposited in the ash (Kauffman et al., 1992; Caon et al., 2014; de Sousa Ferreira et al., 2023). Consequently, fire generates a localized surge in magnesium availability within the soil. The results revealed that the impacts of wildfire on exchangeable Na (Exch Na) was not consistent and significantly different per site and soil type This study shows that some plant species in Mmashoro (C. apiculatum and B. petersiana) had higher Exch Na levels (8.64 mg kg−1) regardless of fire treatment. In contrast, Palapye soils had lower Exch Na (5 mg kg−1) concentration. This spatial (site) variation in Exch Na levels may stem from differences in parent material composition and evapotranspiration levels. In semi-arid environments, elevated evapotranspiration can concentrate salts levels in the upper soil horizon through a process known as salinization (Munns and Tester, 2008; Sposito, 2008). The study revealed higher Na levels under species like C. apiculatum and B. petersiana at the Na-richer Mmashoro site and these suggest these above mentioned species might be adapted to Na than others.



4.4 Impacts of wildfire on microbial metabolic activity, soil microbial community functional diversity, and carbon substrate utilization pattern in savanna of Botswana

The results revealed that the impacts of wildfire on microbial metabolic community was not uniform and mainly driven by site and soil type associated by the plant species (Table 5). This trend can be explained by the microbial community under C. apiculatum at Palapye demonstrated a sharp decline in metabolic activity after a fire, whereas in Mmashoro, the microbial community under the same species indicated a slight reduction. This slight decline could be attributable to the microbial community adaptation to harsher conditions and lower-activity conditions in Mmashoro. Our findings are congruent with Allison and Martiny (2008) and Fierer (2017) who reported that microbial communities can adapt to environmental stress through functional resilience and stress tolerance, and this often results in lower metabolic activity. Soil microbial communities are necessary for maintaining the fertility of the soil and plant yield by decomposing the organic matter to release plant accessible elements (Chen et al., 2024). The findings show that unburned area of Palapye have higher AWCD values than Mmashoro, and these suggests that the two sites exhibit inherently distinct baseline microbial activity levels. This outcome is anticipated, since microbial communities are mainly influenced by the characteristics of their habitat. The higher AWCD observed at Palapye could be attributed to increased organic matter content (key energy source), improved moisture retention capacity, or a lightly acidic (5–6.03) but near-neutral pH, all of which are known to foster robust microbial growth and metabolic activity (Fierer, 2017). The variation in AWCD values under various plant species suggest that their associated microbial communities possess unique metabolic capabilities (Grayston et al., 1998). The most direct impact of the fire disturbance was the reduction of AWCD in burned area that was severe in the Palapye site (e.g., reduction from 0.92 to 0.57 in bulk soil). Our findings are also congruent with previous studies by de Miera et al. (2020) who revealed a decrease in total soil microbial metabolic activity and microbial functional diversity after wildfire occurrence which can be attributed to heat induced microbial mortality (Dooley and Treseder, 2012; Xu et al., 2012), and toxic compounds like polycyclic aromatic hydrocarbons (PAHs) that are produced by burning of plant debris (Haritash and Kaushik, 2009; de Miera et al., 2020). Hazardous compounds can remain in the soil even after the fire has been extinguished, adversely reducing microbial biomass, hence lowering AWCD levels (de Miera et al., 2020). The Shannon index diversity analysis proved that the effect of wildfire on the balance and richness of microbial community is not consistent and mainly dependent of site and soil type that is associated with unique plant species (Table 2). The results indicate that Palapye have a higher Shannon diversity than Mmashoro, which suggests that the two locations support microbial communities with inherently different functional diversity. This demonstrates that different plant species possess functionally distinct microbial communities in their distinctive habitat. This is consistent with the understanding that plants release a unique cocktail of root exudates and produce chemically distinct litter, which selectively promotes certain microbial groups with specific metabolic pathways (Grayston et al., 1998). Increased microbial metabolic activity within the rhizosphere can be attributed to the exudation of organic carbon by the roots of the plants (Hartmann et al., 2009). There is a more conducive environment at Palapye that possess higher biodiversity, organic carbon availability, and soil moisture stability, could support a greater diversity of microbial functions through expanded niche availability (Fierer, 2017). A diverse and rich soil microbial community have direct effects on nutrient availability by improving carbon storage and nutrient cycling, chelation, climate regulation, mineralization, and solubilization, and eventually enhancing the physical condition, expansion, and maturation of the plant species (Delgado-Baquerizo et al., 2017; Peng et al., 2022a; Peng et al., 2022b; Dai et al., 2023; Chen et al., 2024; Jayaramaiah et al., 2025). Soil microbial community impacts plant growth and yield through a wide range of processes, such as increasing nutrient absorption, stimulating root development, regulating plant hormones, and boosting the capability of plant to combat environmental stresses, and diseases (Chen et al., 2024). Based on the McIntosh index results, the effect of wildfire is not consistent and mainly influenced by site and soil type (Table 6). The finding revealed that rhizosphere soil of plant species such as D. cinerea (6.46) and C. virgata (6.12) from unburned area in Palapye had higher microbial evenness and these suggest the presence of a balanced microbial communities in unburned (undisturbed) area. However, rhizosphere soil of D. cinerea (McIntosh; 0.41) and C. virgata (McIntosh; 3.89) from burned area had a great reduction in evenness, and these indicate dominance by a few functional groups post-fire. Fire-induced disturbances create a filtering effect, which only allows microorganisms that can adapt in a new environment (Fierer, 2017). The heat from the fire denatures the specialized and less resilient microbes that resulted to the high evenness of the original community. Wildfires can disrupt the number, structure, and function of microbial communities by denaturing microbial cells by heat or altering soil conditions (Agbeshie et al., 2022). The combustion of the fresh litter and biomass results in a pyrogenic carbon (charcoal), which is difficult to be degraded by microbes (Campos et al., 2016; Liu et al., 2018; Alcañiz et al., 2018; Alexakis et al., 2021). The post-fire new environment favors a small number of organisms; fast-growing opportunists (r-strategists) fire-adapted microbes that can rapidly utilize simple and available substrates and soluble nutrients released in the ash, and highly specialized microbes that are specialized to degrade the intricate aromatic molecular structure of charcoal (Deacon et al., 2006).

The Principal Component Analysis (PCA) of the carbon substrate utilization patterns (Figure 3) offers a robust visualization of the functional dynamics within the soil microbial communities, reinforcing and expanding the insights gained from the univariate diversity indices (Table 5). The PCA was highly effective in the discrimination of the microbial communities from burned and unburned area from both sites (Palapye and Mmashoro) and these demonstrates that wildfire serves as a dominant contributor of functional divergence, substantially modifying the metabolic capabilities of the soil microbiome, while the microbial communities from unburned area exhibit comparable functional traits and a high level of adaptability. The microbial communities from unburned area are strongly correlated with a wide range of carbon sources such as carbohydrates (D, L-a-Glycerol phosphate), carboxylic acids (α-ketobutyric acid), amino acids (L-glutamic acid), and complex polymers (Tween compounds), and these indicate high metabolic versatility (Garland and Mills, 1991). The undisturbed and unburned ecosystem possess a steady influx of different organic materials such as litter fall, root exudates, and microbial byproducts that sustain a diverse microbial community characterized by functional redundancy and complexity (Bardgett and Van Der Putten, 2014). This community possesses a diverse enzymatic activity capable of decomposing grading various types of carbon substrates, which is a key indicator of a healthy and resilient soil ecosystem (Zak et al., 1994). The tight-clustering indicates that this functional trait is consistent across undisturbed savanna soils, irrespective of vegetation type.
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FIGURE 3
 Bi-plot of the PC1 and PC2 extracted using Principal component analysis of the carbon substrate utilization of soil microbial communities of the bulk and rhizosphere soil of plant species (C. virgata, D. cinerea, and C. apiculatum) from Palapye site (P) and Mmashoro (D. eriantha, T. esculentum, B. petersiana, and C. apiculatum) in burned (E) and unburned (C) area in in the savanna biome in Botswana. C-Control, E-Experimental, M- Mmashoro, and P-Palapye.


In contrast, the most striking outcome of the microbial communities from burned area in both sites (Palapye and Mmashoro) reveal that post-fire communities are functionally impaired and this can be attributed to the wildfire that denature the microbes and deplete the labile carbon sources (fresh litter) that the adapted microbial community relies on (Certini, 2005; Dooley and Treseder, 2012). Although fire is the main driver of the functional shift, microbial communities’ exhibit greater heterogeneity and evidence of resilience are linked to specific plant species (vegetation) and site. The unique position of samples (D. cinerea and D eriantha) from unburned area demonstrate that each plant species possess unique functional microbial community in its rhizosphere. This is congruent with the principle that plant species-specific releases root exudates and produce litter with unique chemical composition that leads to the selection of different microbial communities (Grayston et al., 1998; Garbeva et al., 2008; Nannipieri et al., 2008; Prescott and Grayston, 2013) (Figure 4).
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FIGURE 4
 Bi-plot of the PC1 and PC2 extracted using Principal component analysis of the carbon utilization of soil microbial communities of the bulk and rhizosphere soil of C. virgata, D. cineria, and C. apiculatum from Palapye site, and D. eriantha, T. esculentum, B. petersiana, and C. apiculatum from Mmashoro site under burned and unburned area in the savanna biome in Botswana.


The most striking outcome is that C. apiculatum (E) from burned area clustered on the positive side of PC1, alongside the samples of [D. eriantha (C), T. esculentum (C), B. petersiana (C), and C. apiculatum (C)] from unburned area. Additionally, C. apiculatum from burned area in Palapye is positioned closer to the origin and this suggest that it might have retained slightly more functional diversity. This suggest that microbial community linked to C. apiculatum is not only resilient but also functionally adapted to post-fire conditions, and also retains higher level of metabolic capabilities. This could be attributed to several factors; woody species like C. apiculatum may change fire regime on their base by creating localized refugia that modify the soil temperature during combustion and this allow the survival of the larger microbial population (Neary et al., 1999; Keeley and Zedler, 2009); the charcoal and ash derived from the combustion of C. apiculatum may exhibit unique chemical properties richer in labile compounds or possess a structure more conducive to microbial colonization and activity than the pyrogenic residues of other species (Lehmann et al., 2011); the plant species like C. apiculatum may be adapted to fire-prone ecosystem with fast post-fire root recovery and exudation that promptly restores and support a functional microbial community (Higgins et al., 2000) (Figure 5).
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FIGURE 5
 Average polymer (a) and Carbohydrates (b) carbon substrate group’s utilization by soil microbial communities in the bulk and rhizosphere soil of C. virgata, D. cineria, and C. apiculatum from Palapye site, and D. eriantha, T. esculentum, B. petersiana, and C. apiculatum from Mmashoro site under burned and unburned area in the savanna biome in Botswana. Means with similar letters are not significantly different at (P < 0.05).




4.5 Short-term impacts of wildfire on the relationship between soil microbial functional structures and soil chemical properties

The correlation analysis showed vital associations between soil chemical properties and microbial functional traits (Table 6). Average Well Color Development (AWCD), was directly proportional to the total organic matter, available phosphorus, and electrical conductivity and this indicate that microbial metabolic activity in the soil of the savanna ecosystem is mainly influenced by the availability of labile carbon sources and nutrients. Our finding concurred with Delgado-Baquerizo et al. (2013), and Weil et al. (2017) who reported that microbial metabolic activity is strongly impacted by the presence of labile carbon substrates and nutrients in semi-arid environments such as the savanna ecosystem. The observed negative correlation between AWCD and pH show the stimulatory effect of mildly acidic environments on microbial function, and this is might be linked to better nutrient accessibility and the ecological preferences of acid-adapted microbes. This is consistent with proven principle that specify pH as one of the main variable in controlling microbial structures (Fierer and Jackson, 2006). Similarly, ACWD was negatively correlated with exchangeable cations such as potassium, magnesium, and sodium, and these suggests that higher concentrations of cations cause osmotic stress or ion toxicity effects (Munns and Tester, 2008; Kumar et al., 2020; Gupta et al., 2024). The McIntosh index revealed the most robust positive correlation with available phosphorus. This demonstrate that an increase in phosphorus availability promotes a more even distribution of metabolic functions among microbial taxa, which supports the hypothesis that phosphorus is a primary limiting nutrient in these savanna ecosystems (Lambers et al., 2008) (Figures 6, 7). Additionally, McIntosh index had positive correlation with TOM and calcium, and these findings highlights the significance of organic inputs and nutrient availability for the sustenance of microbial communities (Delgado-Baquerizo et al., 2013; Weil et al., 2017). The negative correlation between McIntosh values and soil pH, as well as cations like K, Mg, and Na, indicates that environments with high alkalinity or cation concentrations may reduce microbial functional equilibrium (Munns and Tester, 2008; Kumar et al., 2020; Gupta et al., 2024). The Shannon diversity index was not strongly correlated with most variables, but its strongest link was with electrical conductivity (EC). These findings align with broader ecological theory that enhanced resource supply can mitigate competition and promote functional redundancy in the ecosystem (Tilman, 1999; Banning and Murphy, 2008) (Table 7).

[image: Two bar graphs compare phenolic compound and carboxylic acid utilization across soil samples from burned and unburned sites. Graph (a) for phenolic compounds shows higher utilization in unburned sites. Graph (b) for carboxylic acids also indicates greater utilization in unburned sites. Each graph includes significance markers and error bars.]

FIGURE 6
 Average Phenolic compounds (a), and Carboxylic acids (b) carbon substrate group’s utilization by soil microbial communities in the bulk and rhizosphere soil of C. virgata, D. cineria, and C. apiculatum from Palapye site, and D. eriantha, T. esculentum, B. petersiana, and C. apiculatum from Mmashoro site under burned and unburned area in the savanna biome in Botswana. Means with similar letters are not significantly different at (P < 0.05).


[image: Bar graphs show amino acids and amines substrate utilization in various soil samples labeled Palapye and Mmashoro. The burned and unburned sites are compared, with unburned sites generally showing higher utilization. Various letters indicate statistical significance differences.]

FIGURE 7
 Average amino acids (a), and amines (b) carbon substrate group’s utilization by soil microbial communities in the bulk and rhizosphere soil of C. virgata, D. cineria, and C. apiculatum from Palapye site, and D. eriantha, T. esculentum, B. petersiana, and C. apiculatum from Mmashoro site under burned and unburned area in the savanna biome in Botswana. Means with similar letters are not significantly different at (P < 0.05).



TABLE 7 Principal carbon substrates utilization pattern of the microbial communities from burned and unburned area with high loading plots for PC1 and PC2 (loading values fall in the range between −0.500 and 0.500).


	Carbon substrates
	Palapye
	Mmashoro



	PC1
	PC2
	PC1
	PC2

 

 	Polymers


 	Tween 40 	0.21893 	0.10659 	0.1189 	0.01677


 	Tween 80 	0.19611 	0.1152 	0.29049 	0.24168


 	Cyclodextrin 	0.18035 	−0.15848 	0.00897 	0.25785


 	Glycogen 	0.06875 	0.40619 	−0.03577 	0.1908


 	Carbohydrates


 	D-cellobiose 	0.13362 	0.14462 	0.04315 	−0.04181


 	a-D-Lactose 	0.20141 	−0.06051 	0.2622 	−0.08115


 	B-methyl-D-Glucoside 	0.15429 	−0.27122 	0.16072 	0.1779


 	D-xylose 	0.11428 	0.02169 	−0.0062 	0.24593


 	I-erythritol 	0.17744 	−0.17188 	0.10461 	0.12213


 	D-mannitol 	0.20319 	−0.09652 	0.28266 	−0.03901


 	N-Acetyl-D-Glucosamine 	0.21668 	−0.14939 	0.25366 	−0.19864


 	Glucose-1-phosphate 	0.14102 	0.0675 	−0.0871 	0.33696


 	D, L-a-Glycerol phosphate 	0.22529 	−0.06247 	−0.22381 	0.07657


 	D-Gala tonic Acid-y-Lactone 	0.20272 	−0.03755 	0.1218 	−0.11114


 	Phenolic compounds


 	2-Hydroxybenzoic Acid 	0.15026 	0.16065 	0.12512 	0.28585


 	Carboxylic acids


 	Pyruvic Acid Methyl esters 	0.21491 	0.04706 	0.1189 	0.24238


 	4-HydroxyBenzoic acid 	0.13392 	−0.00094 	0.29048 	0.04465


 	D-Glucosamine acid 	0.1936 	−0.11423 	0.01795 	0.02126


 	D-Galacturonic acid 	0.036 	0.23082 	0.11874 	0.27537


 	y-hydroxybutyric acid 	0.21088 	−0.12768 	0.26926 	−0.08212


 	Itaconic Acid 	0.10105 	0.37181 	0.27605 	−0.11081


 	a-Keto butyric Acid 	0.2134 	−0.15366 	−0.14479 	0.11033


 	D-malic acid 	0.21239 	0.06255 	0.20342 	−0.01135


 	Amino acids


 	L-Arginine 	0.17851 	0.25133 	0.28091 	0.05493


 	L-Asparagine 	0.17843 	0.23993 	0.22931 	0.18947


 	L-Phenylalanine 	0.20106 	0.15815 	−0.00965 	0.37734


 	L-Serine 	0.21044 	−0.1103 	0.16785 	0.10727


 	L-Threonine 	0.21267 	−0.08899 	0.11599 	−0.13356


 	Glycyl-L-Glutamic acid 	0.21812 	−0.11187 	0.00469 	0.14714


 	Amines


 	Phenylethyl-amine 	0.03687 	0.40085 	0.21302 	−0.16915


 	Putrescine 	0.19032 	0.01275 	0.17699 	−0.19835




 




5 Conclusion

This study offers a comprehensive analysis of the short-term impacts of wildfire on the savanna ecosystems and revealed that fire effects are not uniform but highly dependent on site-specific factors like soil type and plant species. The study proves that it is crucial to understand the role of pre-fire nutrient reserves in the vegetation for post-fire nutrient pulses that have the potential to contribute to stable carbon pools. The findings of this study reveal that wildfire increase total organic matter levels, and these offers a critical insight into carbon sequestration and soil health. Even though, wildfire reduces the vegetation cover, net primary productivity and plant biomass, carbon substrate utilization pattern, microbial functional diversity, and metabolic activity, the natural recovery of the vegetation is induced by fire induced soil changes. Crucially, this study shows that certain keystone species are resilient and can mitigate the impact of fire-disturbance on microbial communities, highlighting the ecological significance of biodiversity. Thus, it is important to continuously monitor the persisting impacts of wildfires on the soil ecosystem and health in the savanna ecosystem. The broader implication is that holistic approach to fire management strategies is essential and must be tailored to the specific environmental context and vegetation composition of the landscape. The continuous monitoring of the post-fire impacts is vital to refine strategies on the sustainable management of savanna ecosystem in a changing climate.
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