Ecological Effects of Fire Frequency on Soil, Microclimate, and Vegetation Dynamics in Secondary Forests at Nnamdi Azikiwe University Awka, Nigeria


ABSTRACT
Anthropogenic fire is a pervasive agent of disturbance in tropical secondary forests, yet its specific impacts on ecosystem structure and function in West Africa remain inadequately quantified. This study assessed the effects of varying fire frequencies on soil physicochemical properties, microclimatic conditions, and vegetation composition in three secondary forest types within Nnamdi Azikiwe University Awka, Nigeria: frequently burned, periodically burned, and unburned (control). A completely randomized design was employed with three replicate plots (20 m × 20 m) per forest type. Standard analytical techniques were used to evaluate soil physicochemical properties. Vegetation was assessed via systematic sampling to determine species richness and Shannon diversity (H′). Data were analyzed using ANOVA and post-hoc Least Significant Difference (LSD) tests at p<0.05.The results demonstrated significant gradients of degradation with increasing fire frequency. Frequently burned sites exhibited severe depletion of SOM (1.04 ± 0.11%), N (0.062 ± 0.004%), and P (8.50 ± 1.40 mg/kg) compared to unburned (2.04 ± 0.11%, 0.154 ± 0.005%, 14.80 ± 1.30 mg/kg, respectively). Fire also induced soil acidification (pH: 5.26 in frequently burned vs. 6.08 in unburned). Microclimatic conditions were markedly altered, with frequently burned plots showing elevated soil temperature (33.5 ± 0.7 °C), reduced soil water potential (–1.2 ± 0.1 MPa), and diminished rainfall retention (45 ± 5%). Consequently, vegetation composition shifted dramatically, with species richness and diversity declining sharply from unburned plots (36.8 ± 2.15 species; H′=2.21) to frequently burned plots (8.4 ± 1.81 species; H′=0.92), indicating a successional arrest dominated by ruderal, fire-tolerant weed species. This study showed that frequent anthropogenic fire acts as a primary driver of ecosystem degradation in these tropical secondary forests, triggering a negative feedback loop of nutrient loss, microclimatic harshness, and biotic homogenization. A notable finding was the significant soil acidification under frequent burning, contrasting with the short-term alkalization often reported in other ecosystems. The findings underscore the critical need for implemented fire management strategies and targeted restoration interventions to mitigate biodiversity loss and promote ecological recovery in tropical forests globally.
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1. INTRODUCTION
Fire is a crucial natural disturbance that significantly influences the structure, composition, and function of forest ecosystems around the globe, especially in tropical areas [1]. Although natural fire patterns can help maintain ecological stability, human-induced fires, often employed for purposes such as land clearing, hunting, and pasture management, have increased in frequency and intensity, resulting in extensive ecosystem degradation [2]. The ecological effects of fire are not uniform; they differ considerably based on factors like fire frequency, intensity, timing, and ecosystem resilience [3]. Fire is vital ecologically, as it shapes vegetation structure, affects soil properties, and alters microclimatic conditions within forest ecosystems. In numerous tropical regions, including Nigeria, anthropogenic burning is commonly practiced for agriculture and land management, frequently with little regard for its long-term environmental impacts. 
Secondary forests, which regenerate after prior clearance, are particularly susceptible to modified fire regimes. Their ecological development, reliant on intricate interactions among soil recovery, seed banks, and biotic relationships, can be significantly disrupted by repeated burning [4]. Regular fires can hinder succession, exhaust soil nutrient reserves, change microclimate conditions, and instigate a transition in plant communities towards dominance by fire-adapted and invasive species [5, 6]. In West African secondary forests, ongoing burning has been connected to the spread of aggressive invasive species such as Chromolaena odorata, Imperata cylindrica, and Panicum maximum [7, 8]. These species often create dense stands that suppress the native understory flora and lower overall biodiversity [9]. Moreover, systems dominated by weeds can alter nutrient cycling, change soil characteristics, and obstruct forest regeneration [10]. Certain fire-adapted weeds, particularly Imperata cylindrica, produce highly flammable biomass that raises the risk of future fires, fostering a feedback loop of fire and invasion [11].
In Nigeria, the ecological impacts of fire in secondary forests are still largely unexamined, despite their commonality. The secondary forests located on the grounds of Nnamdi Azikiwe University (NAU), Awka, serve as an excellent model system for studying these effects, as they experience a variety of fire histories. This study specifically examines how plant communities, defined here as native or exotic pioneering species that quickly populate disturbed areas, respond to different fire frequencies. Plant communities or ruderal species; possess characteristics such as rapid growth rates, high reproductive potential, effective dispersal, and resilience to environmental stress [12, 13]. In landscapes affected by fire, these species can outcompete slower-growing native plants, potentially resulting in diminished biodiversity, altered ecosystem services, and impeded forest recovery [14]. While often viewed negatively due to their effects on agriculture and native ecosystems, ruderal species can also fulfill important ecological roles. Some may aid in erosion control, contribute to soil organic matter, or provide medicinal benefits [15, 16]. Consequently, understanding the relationship between fire frequency and vegetation dynamics is crucial for creating effective land management and restoration strategies for Nigeria’s at-risk secondary forests.
Frequent fires lead to the depletion of soil nutrients through the burning of organic matter and disruption of microbial communities. Research conducted in Nigerian forests has revealed significant declines in nitrogen, phosphorus, and organic carbon levels in soils subjected to regular burning [17]. Continuous exposure to fire also deteriorates soil structure, raises erodibility, and can result in acidification due to the leaching of base cations [18]. Conversely, forests that are not burned accumulate organic matter, support vibrant microbial communities, and retain greater soil fertility [19].
Fire influences significant microclimatic factors, including temperature and soil moisture levels. The presence of vegetation greatly affects evaporation rates, the capacity for infiltration, and the retention of moisture. Areas that experience frequent burning tend to have lower soil water potential and dry out more quickly because of the loss of organic matter and shading plants [20]. The removal of canopy cover leads to increased exposure to solar radiation, which raises soil temperatures and impacts both plant health and biological activity in the soil [19]. While fire does not decrease rainfall levels, it disrupts hydrological functions by diminishing litter cover and enhancing soil hydrophobicity, which results in increased runoff and decreased water infiltration [21]. 
The frequency of fire plays a crucial role in determining the composition and diversity of plant species. Regular burning tends to eliminate species that are sensitive to fire, favoring the growth of fire-adapted grasses and ruderal plants, which can lead to a transition from diverse forest ecosystems to less diverse grasslands or shrublands [22, 23]. In contrast, forests that are not burned maintain a richer variety of native herbs, shrubs, and trees because of stable soil conditions, the accumulation of organic matter, and moderated microclimates. 
In Nigeria, most fires are caused by human activities such as farming, hunting, and clearing land. Even in university settings like Nnamdi Azikiwe University, fire is often used for ease without proper consideration of its ecological effects. Although community surveys reflect awareness of the dangers associated with fire [24, 25], traditional habits, a lack of alternatives, and ineffective enforcement of environmental regulations continue to encourage burning practices. These disconnect between knowledge and action highlights the necessity for improved environmental education and outreach both within academic settings and local communities. The purpose of this study was to evaluate the ecological effects of fire on weed population dynamics in three secondary forests at Nnamdi Azikiwe University, Awka, which have different histories of fire exposure.
2. MATERIALS AND METHODS
2.1 Study Area
The research was carried out in the forested areas of Nnamdi Azikiwe University (NAU), located in Awka, Anambra State, Southeastern Nigeria. Awka is within the lowland tropical rainforest ecological zone, positioned at latitude 6.245°N and longitude 7.119°E. This area experiences a tropical wet-and-dry climate, with two peaks of rainfall distribution occurring in June–July and September–October, followed by a significant dry season from November to March. The annual rainfall varies between 1,800 and 2,200 mm, while the mean annual temperature hovers around 27°C [21]. 
The local vegetation predominantly features secondary tropical rainforest and savanna mosaics, which have been influenced by human activities such as agriculture, logging, and bush burning. Earlier research has highlighted a rich diversity of plant species, including trees, shrubs, and climbers [26].
For the study, three different forest types were selected:
•	Frequently burned forest – N°6.2451 / E°7.1194
•	Periodically burned forest – N°6.2460 / E°7.1201
•	Unburned forest (control) – N°6.2473 / E°7.1210
The selection of each site was based on (i) visible signs of past fires, such as charcoal remnants, (ii) closeness to human activities, and (iii) validation from long-term residents and university personnel.
2.2 Rainfall Data Collection 
Rainfall was recorded using three standard manual rain gauges (Climemet CM1016), with one gauge placed at each forest type. The gauges were set up in cleared and open areas, elevated at least 30 cm above the ground, in accordance with World Meteorological Organization [27] guidelines to prevent obstruction from vegetation or slope.
Measurements were taken weekly between 9:00–11:00 AM using a Borosil 500 mL plastic measuring cylinder, and data were documented in field notebooks. Data collection was carried out consistently over one month (from May 1 to June 3), during the height of the rainy season. Once the sampling period concluded, rainfall data were analyzed using simple averages and Analysis of Variance (ANOVA) to determine significant differences across the studied forest types.
2.3 Experimental Design 
A Completely Randomized Design (CRD) was utilized. In each of the three forest types, three replicate plots (20 m × 20 m) were established, culminating in a total of nine plots.
2.4 Vegetation Assessment 
The forest’s vegetation illustrates different stages of secondary succession shaped by both fire and human activities. Three distinct vegetation conditions were noted:
1.	Frequently burned forest
   o	This area is dominated by fire-resistant grasses such as Spilanthes philicaulis and Oldenlandia corymbosa.
   o	Woody regeneration is minimal due to the frequent fires.
2.	Periodically burned forest
   o	This area exhibits a combination of grasses, shrubs, and young trees.
   o	Common species include Chromolaena odorata, Alchornea cordifolia, and scattered young trees like Ficus exasperata.
   o	Less frequent fires permit some woody regrowth.
3.	Unburned forest (control)
   o	Represents a more established secondary forest with a closed canopy and multiple layers of vegetation.
   o	The dominant species in this area include Tectona grandis and Delonix regia.
   o	The understory is diverse, featuring minimal grass cover and substantial leaf litter.
Vegetation surveys were performed using Random Quadrat Sampling combined with a Grid System, supplemented by visual observations. Species identification was confirmed with the assistance of the departmental taxonomist, Dr. C. F. Iroka.
2.5 Soil Sampling Design 
Soil sampling adhered to the Random Quadrat Method with a grid system to ensure an unbiased representation.
2.6 Materials used:
· GPS device
· Soil auger (0–15 cm depth)
· Ziplock sampling bags
· Permanent marker
· Compass and measuring tape
· Data sheet and clipboard
Procedure:
Each 20 × 20 m plot was divided into grids. Random coordinates were generated using a standard 52-card deck method, following Mitchell and Sheehy Skeffington [28]. The intersection points of the chosen coordinates determined the sampling locations.At each point, topsoil samples (0–15 cm depth) were collected using a hand auger. Samples from different plots in each of the three forests were bulked accordingly, properly labeled, stored in Ziplock bags, and transported to the laboratory for analysis of organic matter, pH, nitrogen, phosphorus, and water potential. This approach aligns with the random coordinate sampling technique described by Gómez and Gómez [29], which minimizes selection bias and ensures representative ecological data.
2.7 Soil Sampling and Analysis
Soil samples were collected from the topsoil layer (0–15 cm depth) from five random points within each plot using a soil auger. Samples from the five random points within a single plot were composited to form one representative sample per plot. This was repeated for each of the three replicate plots per forest type, ensuring the plot remained the statistical unit of replication. The samples from each plot were air-dried, ground, and passed through a 2 mm sieve for homogenization before laboratory analysis.
2.8 Soil Organic Matter (SOM): 
SOM was determined using the Walkley-Black wet oxidation method [30]. Briefly, a known weight of soil was digested with a mixture of potassium dichromate (K₂Cr₂O₇) and sulfuric acid (H₂SO₄), and the excess dichromate was titrated with ferrous ammonium sulfate to calculate the organic carbon content, which was then converted to SOM by multiplying by a factor of 1.724.
Soil pH: Soil pH was measured potentiometrically in a 1:2.5 (w/v) soil-to-water suspension using a calibrated glass electrode pH meter [31].
Soil Nitrogen (N): Total nitrogen content was determined by the micro-Kjeldahl digestion, distillation, and titration method [32]. This involved digesting the soil in concentrated sulfuric acid with a catalyst to convert organic nitrogen to ammonium sulfate, which was then distilled and titrated.
Available Phosphorus (P): Available phosphorus was extracted using the Bray-1 method [33] for acidic soils. The extractant (0.03N NH₄F + 0.025N HCl) was mixed with the soil, filtered, and the phosphorus concentration in the filtrate was determined colorimetrically by the ascorbic acid method [34].
2.9 Microclimatic Data Collection
Soil Water Potential: Soil water potential (matric potential) was measured in situ using a tensiometer or psychrometer at a depth of 15 cm. Readings were taken between 7:00 – 9:00 AM on the same day for all plots to minimize diurnal variation [35].
Temperature: Ambient temperature was recorded at 1 m above ground level in the center of each plot using a digital hygro-thermometer. Daily readings were taken at 12:00 noon for one week, and the average for each plot was used for analysis [36].
Rainfall and Rainfall Retention: A standard manual rain gauge (with a funnel diameter of 127 mm) was installed in an open area near each forest type. Rainfall was measured daily at 9:00 – 11:00 AM. To calculate rainfall retention, throughfall was measured using three randomly placed collection gauges under the canopy in each plot. Rainfall retention was calculated according to method by Zimmermann et al. [37] as:
    Retention (%) = (Rainfall - Throughfall) x 100.
Rainfall
2.10 Vegetation Survey
Within each 20 m x 20 m plot, flora was surveyed using a systematic sampling approach. All vascular plant species were identified and counted. Species identification was confirmed using standard floras (e.g., Flora of West Tropical Africa) and with the assistance of a taxonomist.
Species Richness: The total number of species present in each plot was recorded as species richness [38].
Shannon Diversity Index (H'): This index was calculated to determine species diversity, incorporating both richness and evenness. It was computed using the formula:
    *H' = -Σ (p_i x ln p_i)
    where ‘pi’ is the proportion of individuals found of the ‘I’th species [39].
2.11 Statistical Analysis
All data were analyzed using One-Way Analysis of Variance (ANOVA) in SPSS Statistics version 25.0 (IBM Corp., Armonk, NY, USA). The assumptions of normality (Shapiro–Wilk test) and homogeneity of variances (Levene’s test) were verified before performing ANOVA. Where significant differences were detected (p < 0.05), means were separated using the Least Significant Difference (LSD) post-hoc test at the 5% probability level. Data are presented as Mean ± Standard Error (SE), and means followed by different letters indicate significant differences at p < 0.05.
3. RESULTS
Table 1: Mean separation of Soil Organic Matter(SOM)
	Forest Type
	Mean SOM (%) ± SE
	Significance Group*

	Unburned
	2.04 ± 0.11
	a

	Periodically Burned
	1.54 ± 0.11
	b

	Frequently Burned
	1.04 ± 0.11
	c


Table 1 indicates that the levels of soil organic matter (SOM) vary considerably across the three types of forest. The unburned location exhibits the highest amount of soil organic matter, while the periodically burned area comes next, and the frequently burned site has the least. The LSD test validated that these differences are statistically significant, demonstrating that the frequency of fire has a significant impact on soil organic matter content.
Table 2: Mean Separation of Soil pH
	Site
	Mean pH
	Grouping (LSD)

	Unburned
	6.08
	a

	Periodically Burned
	5.64
	b

	Frequently Burned
	5.26
	c


The frequency of fires as shown in table 2 above has a significant impact on soil acidity, revealing that sites that are burned frequently exhibit more acidic soil (lower pH) in comparison to sites that are burned periodically and those that are not burned at all. The soils in unburned forests tend to have a pH that is nearer to neutral, indicating a lower level of disturbance and increased soil stability.
Table 3: Soil Nitrogen Content (%) and Mean Separation among Forest Types
	Forest Type
	Mean Nitrogen (%) ± SE
	Mean Separation (LSD = 0.0139)

	Frequently Burned
	0.062 ± 0.004
	c

	Periodically Burned
	0.106 ± 0.005
	b

	Unburned
	0.154 ± 0.005
	a


The nitrogen content of soil shown in table 3 differs considerably among the three types of forests. Plots that are frequently burned exhibit the lowest levels of nitrogen, while those that are periodically burned show moderate amounts, and unburned plots contain the highest levels. This trend demonstrates nitrogen depletion due to frequent fires and greater nutrient retention in undisturbed soil.
Table 4: Soil Phosphorus Content (mg/kg) and Mean Separation among Forest Types
	Forest Type
	Phosphorus (mg/kg) ± SE
	LSD (0.05)
	Significance

	Frequently Burned
	8.50 ± 1.40 c
	1.25
	Significant

	Periodically Burned
	11.20 ± 1.10 b
	
	

	Unburned
	14.80 ± 1.30 a
	
	


According to table 4, the level of soil phosphorus was greatest in the unburned forest (14.80 ± 1.30 mg/kg), moderate in the periodically burned forest (11.20 ± 1.10 mg/kg), and least in the frequently burned forest (8.50 ± 1.40 mg/kg). The LSD value of 1.25 verified that these differences were statistically significant. The reduction in phosphorus in frequently burned areas was attributed to nutrient loss resulting from volatilization and erosion, whereas unburned locations retained higher phosphorus levels due to the decomposition of organic matter and minimal disruption.
Table 5: Mean Separation of Average Temperature.
	Forest Type
	Average Temperature (°C) Mean ± SE
	LSD (0.05)
	Significance

	Frequently Burned
	33.5 ± 0.7 a
	0.63
	Significant

	Periodically Burned
	31.1 ± 0.6 b
	
	

	Unburned
	28.9 ± 0.5 c
	
	


Table 5 indicated that there were notable variations in average temperatures across the three types of forests. The plots that were frequently burned exhibited the highest average temperature (33.5 ± 0.7 °C), followed by those that were periodically burned (31.1 ± 0.6 °C), while the unburned plots had the lowest temperature (28.9 ± 0.5 °C). These differences were statistically significant as verified by LSD at the 5% level (LSD = 0.63 °C).
Table 6: Weekly rainfall (9:00–11:00 AM) and corresponding retained water (mm) across forest types
	Week
	Dates
	Rainfall(mm)
	Unburned
	Periodically
Burn
	Frequently
Burn

	1
	1–7 May
	31.1
	26.5
	24.4
	21.9

	2
	8–14 May
	35.5
	30.3
	27.9
	25.0

	3
	15–21 May
	23.9
	20.4
	18.8
	16.8

	4
	22–28 May
	34.7
	29.6
	27.3
	24.4

	5
	29May–3June
	34.3
	29.3
	27.0
	24.2


The weekly rainfall data presented in table 6 indicates that from 1 May to 3 June, the weekly rainfall (9:00–11:00 AM) varied between 23.9 mm (Week 3) and 35.5 mm (Week 2). When adjusted for measured rainfall retention capacities, the unburned forest showed the highest retention each week (20.4–30.3 mm), while the periodically burned forest retained moderate amounts (18.8–27.9 mm), and the frequently burned forest retained the least (16.8–25.0 mm). These variations correlate with the recorded soil water potential values, where the unburned forest exhibited the least negative mean (-0.65 MPa), contrasting with the frequently burned forest, which had the most negative mean (-1.25 MPa).
Table 7:Mean Separation of Soil Water Potential
	Forest Type
	Water Potential (MPa) Mean ± SE
	LSD (0.05)
	Significance

	Frequently Burned
	-1.2 ± 0.1 a
	0.15
	Significant

	Periodically Burned
	-0.8 ± 0.1 b
	
	

	Unburned
	-0.4 ± 0.1 c
	
	


Table 7 indicated that the soil water potential is at its lowest (most negative) in areas that are burned frequently, suggesting drier soil conditions. The variations among all forest types are statistically significant, demonstrating that the frequency of fire has a substantial impact on the status of soil moisture.
Table 8: Mean Separation of Rainfall Retention
	Comparison
	Mean Difference (%)
	LSD Value (%)
	Significant?
	Comparison

	Unburned vs Periodically Burned
	6.70
	3.40
	Yes
	Unburned vs Periodically Burned

	Unburned vs Frequently Burned
	14.87
	3.40
	Yes
	Unburned vs Frequently Burned

	Periodically Burned vs Frequently Burned
	8.17
	3.40
	Yes
	Periodically Burned vs Frequently Burned


Table 8 illustrates notable differences in rainfall retention across various forest types. The unburned forest demonstrated the highest rainfall retention, followed by the periodically burned forest, while the frequently burned forest showed the least retention. Each pairwise comparison yielded statistically significant results as determined by the LSD test.
Table 9: Mean Separation and Species Diversity
	Forest Type
	Mean Species Richness ± SE
	H’ (Shannon Diversity)
	LSD (0.05)
	Significant?

	Frequently Burned
	8.4 ± 1.81
	0.92
	2.0
	Yes

	Periodically Burned
	22.0 ± 0.71
	1.74
	2.0
	Yes

	Unburned
	36.8 ± 2.15
	2.21
	2.0
	Yes


The data in table 9 above indicates that the frequency of fires has a notable impact on both species richness and diversity. LSD analysis verifies that all variations among the different forest types are statistically significant (p < 0.05). Plots that experience frequent burns show the lowest levels of richness (8.4 ± 1.81) and diversity (0.92), being dominated by species that can tolerate disturbances. In contrast, plots that are burned periodically display intermediate levels of richness (22.0 ± 0.71) and diversity (1.74), supporting a mix of pioneer and tolerant species. Meanwhile, unburned plots exhibit the highest richness (36.8 ± 2.15) and diversity (2.21), characterized by a complex and well-balanced plant community.





Fig 1: Comparison of Ecological Parameters across Forest Types
The figure above showed that there is a clear positive correlation between forest preservation and improved rainfall retention, with unburned forest areas exhibiting significantly greater water retention than frequently burned regions. Burned sites suffer from reduced ground cover due to fire, leading to increased surface runoff, soil erosion, and diminished water retention that exacerbates drought stress and limits water availability for plants and groundwater recharge. Furthermore, increased fire frequency correlates with a notable decline in species richness, where unburned forests support a floristically diverse community over four times greater than that of burned sites. The recurrent fires function as a strong ecological filter, removing fire-intolerant species and favoring fire-adapted ruderal weeds, resulting in biotic homogenization and reduced ecological resilience. Additionally, soil organic matter (SOM) is significantly lower in frequently burned areas due to combustion of litter and loss of canopy cover, which hampers nutrient cycling, reduces soil fertility, and alters soil aggregation. The pH levels of these soils typically trend more acidic over time despite short-term alkalization from ash, primarily due to the leaching of base cations following vegetation loss. Essential macronutrients such as nitrogen and phosphorus also see sharp declines with increasing fire frequency due to volatilization and erosion. Lastly, microclimatic conditions are adversely affected by fire, with higher soil temperatures and lower water potential indicating a more pronounced moisture deficit in frequently burned plots.
4. DISCUSSION
The significant reduction in SOM, Nitrogen (N), and Phosphorus (P) in frequently burned plots is a well-documented consequence of fire [41]. The combustion of litter and organic horizon directly mineralizes and volatilizes carbon and nutrients. However, the long-term depletion highlighted here (SOM in frequently burned is less than half of that in unburned) speaks to a fundamental disruption of the nutrient cycle. This aligns with global meta-analyses, such as that by Pellegrini et al. [42], which found that frequent fires in tropical ecosystems can lead to long-term, potentially permanent, reductions in soil carbon and nitrogen pools. The loss of SOM is particularly critical as it is the cornerstone of soil health, influencing structure, water retention, and nutrient availability.
The finding of a lower pH (more acidic) in frequently burned sites (Table 2) is notable and somewhat counterintuitive to the common observation that ash deposition temporarily increases soil pH (alkalinity). This presents a crucial point for further studies. While initial ash deposition can raise pH, the subsequent loss of base cations (like Ca²⁺, Mg²⁺, K⁺) through leaching (due to reduced vegetation cover and increased runoff) and erosion can lead to acidification over time. Furthermore, the combustion of organic matter can release acidic compounds. This finding contrasts with studies in some savanna systems where fire maintains a higher pH but aligns with work in degraded tropical forests. For instance, Nave et al. [43] demonstrated that fire in temperate forests can lead to soil acidification due to cation leaching. This suggests that in these secondary forests studied, the fire regime has moved beyond a maintaining force to a degrading one, triggering acidification processes.
The alterations in microclimate (Tables 5, 7, 8) are not merely effects but are also drivers of the observed ecological changes, creating a positive feedback loop that hinders recovery. The significantly higher soil temperatures and drastically reduced soil water potential (more negative, indicating drier soil) in frequently burned areas are direct results of canopy and litter loss. This exposes the soil surface to intense solar radiation and wind, increasing evaporation. The reduced rainfall retention capacity is a critical finding. It demonstrates a loss of ecosystem service; the forest's ability to capture and store precipitation. This aligns with research by Jipp et al. [44] who showed that deforestation and disturbance in Amazonia severely reduce soil water storage. More recently, Stoof et al. [45] reviewed how fire can induce soil water repellency (hydrophobicity), further reducing infiltration and increasing runoff and erosion risk, which was likely a factor here. These microclimatic changes create a feedback loop that favors fire-tolerant species (e.g., grasses) over forest regenerants. The hotter, drier conditions stress seedlings of native trees, while the grasses, which may die back in the dry season, provide ample fine fuel for the next fire, perpetuating the cycle. This grass-fire cycle is a well-established driver of ecosystem conversion in the tropics [5].
The vegetation data (Table 9) clearly demonstrates the consequences of these altered abiotic conditions: a dramatic decline in species richness and diversity. The transition from a diverse, multi-layered unburned forest to a species-poor, grass-dominated frequently burned community represents a shift from a late-successional system to an early-successional one. This is a classic response to disturbance. This study correctly identifies the proliferation of ruderal, fire-adapted species like Imperata cylindrica. The pattern supports, in a negative sense, the Intermediate Disturbance Hypothesis. The unburned forest has high diversity, the frequently burned has very low diversity, and the periodically burned shows intermediate diversity. However, the "intermediate" state here is still highly degraded compared to the potential climax community. This contrasts with studies in fire-adapted ecosystems (e.g., Mediterranean forests or savannas) where intermediate fire frequencies can maximize diversity by preventing competitive exclusion. The key difference is that these Nigerian forests are not inherently fire-adapted; the fires are anthropogenic and novel in their frequency and intensity, exceeding the ecosystem's resilience.
This research showed that the frequency of fires significantly affects forest hydrology; less frequent burning improves litter accumulation, increases canopy cover, and enhances soil structure, resulting in better water retention. These findings are consistent with the work of Oguntunde et al. [46] and Bond and Keeley [47], who noted that frequent fires lead to reduced infiltration and heightened evaporation because of exposed soil surfaces. Moreover, fire frequency plays a crucial role in shaping the vegetation composition of secondary forests. Plots that experienced frequent burning exhibited lower species richness and diversity, mainly dominated by disturbance-tolerant pioneer species, which aligns with patterns observed in other similar tropical ecosystems. In contrast, plots that were burned periodically showcased intermediate levels of diversity, suggesting that moderate fire conditions allow certain species to persist. Unburned areas demonstrated the highest levels of diversity and evenness, indicating that the absence of fire fosters complex and resilient plant communities. LSD analysis affirmed that these differences were statistically significant, supporting existing literature that highlights how frequent fires simplify plant communities and lead to decreased biodiversity. The notable variations underscore the ecological influence of fire: regular burning tends to favor pioneer or disturbance-tolerant species such as Imperata cylindrica, Cenchrus purpureus, and Tridax procumbens, whereas unburned forests tend to accommodate a broader spectrum of species, including shrubs and stable-condition-adapted grasses like Vernonia amygdalina and Panicum maximum, as well as trees that visual inspections suggested [48, 49]. Nonetheless, the random quadrat sampling method did not fully capture regions where trees were densely located.
The findings are reinforced by more recent global assessments. For example, He et al. [50] found that biodiversity responses to fire are consistently negative in tropical rainforests. Furthermore, the loss of diversity isn't just taxonomic but also functional. Fire filters out species with specific traits (e.g., thin bark, large seeds, shade tolerance) and selects for a narrow set of traits (e.g., resprouting ability, small wind-dispersed seeds), leading to biotic homogenization [51]. The true value of this study lies in the integration of these three components (soil, microclimate, vegetation). It shows that fire doesn't just affect plants; it alters the entire abiotic foundation that supports the ecosystem. The data from this study overwhelmingly supports strict fire exclusion as the most effective strategy for recovery in these already highly degraded systems. Moreso, in frequently burned areas dominated by grasses like Imperatacylindrica, passive recovery (simply excluding fire) may be extremely slow or impossible due to the established feedback loops. While this study demonstrates clear gradients associated with fire history, it is important to note its limitations. The treatment sites were selected based on observed fire frequency, making this an observational study. Although efforts were made to select sites in close proximity, pre-existing differences in soil type, topography, or proximity to human activity could potentially confound the results. Future experimental studies with controlled burning would be valuable to confirm these causal relationships Active restoration, including mechanical clearing of grasses, planting of native pioneer trees to rapidly restore canopy cover, and soil amendments to address acidity and nutrient depletion, may be required. This approach is supported by work in similar tropical systems [52]. The recommendation for community engagement is critical. Effective fire management must address the root causes of ignition. Understanding the motivations for burning (e.g., hunting, pasture management, land clearing) and working with local communities to develop alternative, sustainable livelihoods is essential for long-term success, as highlighted by Carmenta et al. [53].
5. CONCLUSION
This study presents compelling quantitative evidence of the significant ecological degradation caused by regular human-induced fires in the secondary forests of Nnamdi Azikiwe University. The value of this research is notably increased by its comprehensive approach, which assesses changes in soil, microclimates, and vegetation cohesively. The results extend beyond basic correlations to demonstrate the underlying mechanisms by which fire contributes to ecosystem deterioration: nutrient loss via volatilization and leaching, increased microclimatic severity, and biotic homogenization. Although the trends observed are consistent with global patterns, the specific observation of soil acidification resulting from frequent fires highlights a critical difference from findings in other ecosystems and emphasizes the drastic effects of the current fire regime. This research establishes a solid scientific basis for promoting the urgent need for informed and proactive management and restoration efforts aimed at safeguarding these essential ecosystems.
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