


Effects of Uprooting and Impala Herbicide Control of Black Wattle on Soil Physicochemical Properties in Nyika National-Park


Abstract
Black wattle (Acacia mearnsii) threatens montane grasslands and soil functioning in Nyika National Park, Malawi, but comparative evidence on the soil effects of alternative control methods is limited. This four-year study evaluated the effects of mechanical uprooting and cutting followed by Impala herbicide application on selected soil physicochemical properties, using untreated invaded plots as controls in a randomised complete block design. Soil samples were collected at a depth of 0–15 cm before and after treatment and analysed for pH, soil organic carbon (SOC) stocks, total nitrogen (TN), available phosphorus (P), exchangeable sodium percentage (ESP), exchangeable calcium (Ca), exchangeable magnesium (Mg), and electrical conductivity (EC). One-way analysis of variance (ANOVA) was then performed in Minitab (version 21) to test for significant differences among treatments (α=0.05). Uprooting increased pH by 7.3% (4.1 to 4.4) and SOC stocks from 68.88 to 74.95 Mg C ha⁻¹, whereas cutting/Impala increased SOC by 43.8% (64.82 to 93.18 Mg C ha⁻¹). TN declined from 2.52% to 0.61% after uprooting and from 2.51% to 0.62% after cutting/Impala. Available P increased most under cutting/Impala, from 4.3 to 45.3 mg kg⁻¹, while EC declined by 59.4% (1.92 to 0.78 mmho cm⁻¹) after uprooting. Treatment effects were significant for TN (P = 0.014), exchangeable Ca (P = 0.045), exchangeable Mg (P = 0.028), and EC (P = 0.001). ESP declined by 60.5% (from 3.8% to 1.5%) following mechanical uprooting. Therefore, both methods altered soil properties, indicating that black-wattle control should integrate soil monitoring with vegetation restoration.
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1. INTRODUCTION
 Biological invasions are a major driver of biodiversity loss and ecosystem change, affecting ecological communities, ecosystem processes, and nature’s contributions to people (Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services [IPBES], 2023). Invasive alien plants can displace indigenous vegetation, modify nutrient and carbon cycling, alter soil physicochemical properties, and disrupt hydrological functioning, thereby undermining ecosystem resilience (Pyšek et al., 2012; Vilà et al., 2011; Gaertner et al., 2014). These impacts are particularly concerning in protected areas, where biodiversity conservation depends on maintaining ecological integrity and essential ecosystem functions. Consequently, invasive-plant management should extend beyond the elimination of target species to consider whether control interventions conserve soil resources and support native vegetation recovery (Richardson & Pyšek, 2012; IPBES, 2023).
Black wattle (Acacia mearnsii) is a fast-growing, nitrogen-fixing tree native to south-eastern Australia that has been widely introduced for tannin production, fuelwood, pulpwood, erosion control, and plantation forestry (Moyo et al., 2009; Nyoka, 2003). Despite its economic value, the species has become invasive across numerous regions outside its native range. Rapid growth, prolific seed production, persistent soil seed banks, environmental tolerance, and vigorous regeneration following disturbance contribute to its establishment and spread (Nyoka, 2003). Dense stands suppress indigenous vegetation through competition for light, water, nutrients, and growing space, transforming grasslands and other native habitats into wattle-dominated communities (Nyoka, 2003; Lusizi et al., 2024). Such changes can affect habitat structure, species interactions, and ecosystem functioning, consistent with broader concerns about invasive-species impacts on biodiversity (Gaertner et al., 2014). Black wattle is therefore recognised as a damaging invasive alien species, particularly in southern Africa, where it threatens biodiversity, water resources, and land productivity (Global Invasive Species Database, n.d.; Le Maitre et al., 2011).
Soil modification is an important pathway through which black wattle influences invaded ecosystems. Symbiotic nitrogen fixation, litter accumulation, and root turnover can alter organic-matter inputs, nutrient availability, and soil carbon dynamics (Lusizi et al., 2024). These changes may shift competitive relationships within native plant communities and influence their recovery after clearing (Slabbert et al., 2014). Nutrient enrichment should therefore not automatically be interpreted as ecological improvement, particularly in grasslands whose indigenous species are adapted to relatively low nutrient availability. Black-wattle invasion also affects water balance through rainfall interception and transpiration, with implications for soil moisture and catchment streamflow (Dye & Jarmain, 2004). Changes in vegetation cover and rooting patterns may further influence soil stability and erosion processes (Oelofse et al., 2016), while allelopathic effects may inhibit native-plant germination and establishment (Zhou et al., 2011). In an arid reserve, invasive Acacia tortilis was associated with higher soil organic carbon beneath tree canopies than in open areas (Joyea & Yadav, 2025).
The soil consequences of invasion may persist after tree removal, and control methods may influence subsequent recovery through different pathways. Mechanical uprooting removes trees and root systems but can disturb soil aggregates, expose mineral soil, redistribute organic matter, and increase susceptibility to erosion. Disturbance may also stimulate recruitment from persistent black-wattle seed banks (Nyoka, 2003). In contrast, cutting followed by herbicide application may limit direct physical disturbance while leaving roots, stumps, and other residues to decompose. The cessation of nitrogen fixation and nutrient uptake, together with decomposition of retained biomass, may alter soil carbon, nutrient availability, and soluble-ion concentrations. These contrasting processes highlight the importance of evaluating soil responses rather than assuming that successful tree control necessarily produces favourable restoration outcomes (Ndou & Ruwanza, 2016). Evidence from invasive-tree removal and restoration studies further indicates the need to interpret recovery within its environmental and management context (Moyo et al., 2009; Galatowitsch & Richardson, 2005; Le Maitre et al., 2011; Boudiaf et al., 2013). Removal of Acacia saligna was associated with persistent soil effects and slower recovery of soil bacteria than native vegetation (Yannelli et al., 2025). A review of another invasive plant also noted soil-mediated interactions and context-dependent effects of biomass use and removal (Vijapur et al., 2026).
This management challenge is particularly relevant to Nyika National Park, Malawi, where montane grasslands, woodlands, forest patches, wetlands, and headwater catchments support biodiversity conservation and water regulation. At Chelinda Camp, black-wattle invasion threatens native vegetation and the ecological character of the highland landscape. Its rapid growth and persistent seed bank complicate management because removal of established trees may be followed by renewed recruitment after disturbance (Nyoka, 2003). Competition for moisture, nutrients, and light also creates management concerns beyond protected areas, including agricultural landscapes (Le Maitre et al., 2011). Within Nyika, control interventions must therefore address established trees while conserving soil conditions that support indigenous vegetation and reduce opportunities for reinvasion. In South African grasslands, cleared sites still differed from uninvaded sites in their soil seed-bank communities after Acacia dealbata removal (Ruwanza, 2025).
Despite the importance of these considerations, comparative evidence on the effects of mechanical uprooting and cutting followed by Impala herbicide application on soil physicochemical properties in Nyika National Park remains limited. This knowledge gap constrains the selection of control methods that balance invasive-tree removal with soil conservation and ecological recovery. Moreover, untreated invaded plots are necessary to distinguish treatment-associated changes from temporal variation arising from rainfall, decomposition, and other environmental processes. Locally grounded comparisons can thus inform management decisions without assuming that outcomes observed elsewhere will apply directly to Nyika’s montane environment.
This study evaluated the effects of mechanical uprooting and cutting followed by Impala herbicide application on selected soil physicochemical properties in Acacia mearnsii-invaded sites in Nyika National Park, Malawi. Specifically, the study was designed to: (1) compare the effects of mechanical uprooting, cutting followed by Impala herbicide application, and an untreated invaded control on soil pH, soil organic carbon stocks, total nitrogen, available phosphorus, exchangeable sodium percentage, exchangeable calcium, exchangeable magnesium, and electrical conductivity; (2) quantify changes in these soil properties before and after treatment; and (3) assess the implications of each control method for soil health and nutrient availability in the context of post-treatment ecological restoration. The study tested the null hypothesis that mechanical uprooting and cutting followed by Impala herbicide application have no significant effects on the selected soil physicochemical properties of black-wattle-invaded sites. The findings are expected to provide site-specific evidence to guide protected-area managers, restoration practitioners, and policy-makers in selecting black-wattle control interventions that minimise adverse soil impacts while supporting the recovery of indigenous vegetation in Nyika National Park and comparable montane ecosystems.

2.0 MATERIALS AND METHODS
Study design and sites
Two adjacent experimental blocks (each 29 m × 23 m) were established within the park. Within each block, the area was subdivided into 5 m × 5 m subplots (experimental units) with 1 m buffer zones to minimise edge effects and spray drift. The treatments—mechanical uprooting, Impala herbicide application and an untreated control—were randomly assigned to subplots in a randomised complete block design with a minimum of five replicates per treatment. Baseline characterisation included systematic pre-treatment soil sampling using composites of five cores per subplot from 0–0.15 m, recorded bulk density cores for stock calculations, vegetation cover and species composition surveys, and mapping of topography and microhabitats; these baseline data informed a priori power analyses used to justify replication and detectable effect sizes. Treatments were applied under standardised conditions (documented applicator, equipment, nozzle, pressure, and weather windows).

Laboratory analysis methods
All soil analyses were conducted at the Forestry Research Institute of Malawi (FRIM) Soil Laboratory. Prior to analysis, samples were air-dried at approximately 30 °C, gently crushed, homogenised, and sieved. Material passing a 2-mm sieve was used for soil pH, available phosphorus, and exchangeable-cation analyses, whereas finely ground material passing a 0.2-mm sieve was used for soil organic carbon (SOC) and total nitrogen (TN) determination. Soil pH was measured potentiometrically in a 0.01 M CaCl2 suspension at a soil-to-solution ratio of 1:10 (w/v), following 30–60 min of equilibration, using a calibrated glass-electrode pH meter. Measurement of pH in CaCl2 was selected to provide a consistent measure of effective soil acidity in these strongly acidic, variable-charge tropical soils (Okalebo et al., 2002; Tan, 2005; Brady & Weil, 2016).

Soil organic carbon was determined using the Walkley–Black wet-oxidation procedure. Briefly, organic carbon was oxidised with potassium dichromate (K2Cr2O7K2​Cr2​O7​) in concentrated sulfuric acid (H2SO4H2​SO4​), after which the residual dichromate was back-titrated with standardised ferrous ammonium sulfate. Total nitrogen was determined using the Kjeldahl method, involving digestion of soil with concentrated sulfuric acid in the presence of selenium–copper sulfate catalyst, conversion of organic and ammonium nitrogen to ammonium sulfate, steam distillation of liberated ammonia into boric acid, and titration with standard acid (Okalebo et al., 2002; Brady & Weil, 2016; Tan, 2005).

Available phosphorus and exchangeable calcium and magnesium were extracted using Mehlich-3 solution at a soil-to-extractant ratio of 1:10 (w/v). Soil suspensions were shaken end-over-end for 5 min at 200 rpm and filtered before analysis. Phosphorus concentration in the extract was quantified colorimetrically using the Murphy and Riley (1962) molybdenum-blue method with ascorbic acid as the reducing agent and measurement on a UV–visible spectrophotometer. Exchangeable Ca and Mg were determined by inductively coupled plasma optical-emission spectrometry (ICP–OES), using matrix-matched calibration standards to reduce analytical interference. 

Analytical quality assurance and quality control procedures included reagent blanks, duplicate analysis of samples, spiked-sample recovery tests, and use of certified reference materials. Duplicate analyses were maintained at a coefficient of variation below 5%, while spike recoveries were maintained within 90–105%. A graphite furnace atomic absorption spectrophotometer (GFAA-7000 series) was used as an additional quality-control instrument for cation verification, and a UV–visible 1800 spectrophotometer was used for phosphorus determination. These standardised laboratory procedures were selected to ensure reliable, reproducible, and comparable measurements of soil physicochemical properties in the acidic montane soils of Nyika National Park (Okalebo et al., 2002; Brady & Weil, 2016; Tan, 2005).

Study site description
Table 1: Site description for the study area; Black wattle experimental plots at Chelinda Camp in Nyika National Park
	No.
	Location
	Site
	Latitude
(South)
	Longitude (East)
	Altitude
(m)
	Rainfall (mm)
	Temperature
(0C)

	1
	Chelinda-Camp
	Nyika Plateau
	10°33'42.192"
	33°31' 40.08" 
	2,494
	1,700-2,200
	11 - 26










Study area
The study was conducted at Nyika National Park (Chelinda Camp) located in northern Malawi at 10°33'42.192"N, 33°31' 40.08" E (Figure 1).
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Figure 1: Map of northern region of Malawi locating Nyika National Park (Chelinda camp) as a study area.
Data analysis
Prior to analysis, data normality was verified using Shapiro–Wilk tests. One-way analysis of variance (ANOVA) was then performed in Minitab (version 21) to test for significant differences among treatments (α=0.05), the standard threshold in ecological studies for discerning biologically relevant impacts of control methods on soil chemistry. The design employed a randomised complete block design (RCBD), treating Nyika site as a block, with three treatments randomised within 15 sub-plots per block (n ≥ 5 replicates per treatment). The ANOVA model is given by

Yijk​ = μ + ρi​ + τj​ + ϵij(k)​
Where:
· YijkYijk​: Soil parameter (e.g., pH) for k-th replicate in block i, treatment j
· μμ: Overall mean
· ρiρi​: Fixed effect of i-th block (i=1, Nyika)
· τjτj​: Fixed effect of j-th treatment (j=1…3j=1…3; Uprooting, Impala Chemical application, etc.), ∑τj=0∑τj​=0
· ϵij(k)∼N(0,σ2)ϵij(k)​∼N(0,σ2): Random error










3.0 RESULTS AND DISCUSSION
Table 2: ANOVA table summary for Black wattle soil parameters under uprooting and Impala herbicide application across the two experimental plots at Nyika National Park
	Soil Parameter
	SS
	df
	MS
	F
	P-value
	Pr (>F)

	Exchangeable Na %
	100.0417
	1
	100.0417
	0.662162
	0.461462
	> 0.05

	Available P
	543.4017
	1
	543.4017
	2.928863
	0.162176
	> 0.05

	Total N
	3.480817
	1
	3.480817
	17.39828
	0.014018
	< 0.05

	Calcium
	0.814017
	1
	0.814017
	8.292190
	0.045030
	< 0.05

	Soil pH
	0.001667
	1
	0.001667
	0.142857
	0.724659
	> 0.05

	Organic Carbon Stocks
	134.053
	1
	134.053
	1.351724
	0.309613
	> 0.05

	Magnesium
	3.360017
	1
	3.360017
	11.47285
	0.027602
	< 0.05

	Electric Conductivity
	1.460267
	1
	1.460267
	71.17465
	0.001081
	< 0.01



Table 3: Mean soil results for Soil pH, Soil Carbon stocks, Total Nitrogen (N) collected before and after the treatments experimental trial plots at Nyika National Park.
	Treatment
	Soil parameter

	
	Soil pH
(CaCl₂)
	Soil Carbon stocks
Mg C ha-1
	Total Nitrogen (TN)
(%)

	
	Before
	After
	Before
	After
	Before
	After

	Control
	3.9
	3.9
	72.93
	66.85
	2.48
	1.71

	Cutting/Impala
	4.0
	3.9
	64.82
	93.18
	2.51
	0.62

	Uprooting
	4.1
	4.4
	68.88
	74.95
	2.52
	0.61



Table 4: Mean soil results for Exchangeable Sodium Percentage (ESP), Available Phosphorus (P) and Electrical Conductivity (EC) collected before and after the treatments at Nyika National Park.
	Treatment
	Soil parameter

	
	Exchangeable Sodium
Percentage (ESP)
	Available P
(mg kg-1)
	Electrical Conductivity
(mmho cm-1)

	
	Before
	After
	Before
	After
	Before
	After

	Control
	3.8
	2.3
	4.2
	15.6
	1.8
	1.09

	Cutting/Impala
	3.7
	3.2
	4.3
	45.3
	2.06
	0.95

	Uprooting
	3.8
	1.5
	4.5
	9.2
	1.92
	0.78





Table 5: Formulae for estimating Exchangeable Sodium Percentage and Soil Organic Carbon stocks
	
	Soil Parameter calculated 
	Formula for calculation
	           Description of terms
	

	
	Exchangeable Sodium Percentage (ESP)
	
[image: ]



[image: ]% 
	
Where Na, Ca and Mg are milli equivalents/litre (meq/L) 


	

	
	Soil Organic Carbon (SOC%)
	



	
%OC = percentage organic carbon in the soil sample

Vb​ = volume of titrant used for the blank

Vs​ = volume of titrant used for the sample
M= molarity of standardized ferrous ammonium sulfate or ferrous sulfate

0.003 = carbon equivalent of 1 mL of 1 N dichromate, in grams of C
f = correction or recovery factor
mcf = moisture correction factor
W= weight of soil sample, in grams
	

	
	Soil Organic Carbon Stocks 
(Mg C ha⁻¹)
	   SOCstock​=SOC%​×BD×D×(1−CF)×10

	SOC% = Soil organic carbon concentration in the fine earth (< 2 mm).
BD = Bulk density of the fine earth, in g cm⁻³ (dry mass of fine soil per unit volume)
D = Thickness (depth) of the soil layer, in cm
CF = Coarse-fragment fraction (gravel/stones > 2 mm)
10 = Unit-conversion factor 

	





Figure 2: Mean soil results for Exchangeable Soil Magnesium and Soil Calcium collected before and after the treatments at Nyika National Park

Soil pH
Soil pH changed only slightly following black-wattle control. As summarised in Tables 2 and 3, the untreated control remained at pH 3.9, while Cutting/Impala declined marginally from pH 4.0 to 3.9, representing a 2.5% decrease. In contrast, mechanical uprooting increased pH from 4.1 to 4.4 (Table 3), equivalent to a 7.3% increase. This rise indicates a slight reduction in soil acidity, not increased acidity. Nevertheless, the treatment effect was not statistically significant (P=0.725), demonstrating that neither uprooting nor Cutting/Impala application produced a statistically significant change in soil pH relative to the untreated control during the study period. All plots remained strongly acidic at baseline and post-treatment assessment, indicating that soil acidity was primarily governed by the inherent properties of the Nyika Plateau soils rather than by the control treatments.
The persistence of strongly acidic soil conditions is plausible under the high-rainfall montane environment of Chelinda, Nyika National Park, where annual precipitation of approximately 1,700–2,200 mm may promote prolonged weathering and leaching of base cations, including calcium and magnesium. Such conditions can maintain low pH through the progressive loss of basic cations and the relative dominance of acidic cations in the exchange complex. The slight pH decline under Cutting/Impala may be associated with post-treatment decomposition of black-wattle roots and residues, mineralisation and nitrification of nitrogen-rich organic matter, and potential herbicide-related effects on soil biogeochemical processes. Previous work in South African riparian systems has shown that herbicide treatment can reduce soil pH under some conditions, although the response depends on herbicide chemistry, application concentration, soil buffering capacity, and local environmental conditions (Jacobs et al., 2013).
The slight increase in pH under uprooting may reflect soil disturbance, cessation of root-mediated acidification, or changes in the availability of base cations after removal of black-wattle roots; notably, exchangeable calcium increased in the uprooted plots from 0.29 to 0.73 (Figure 2) in the present study. However, this association does not establish causation, and the non-significant treatment effect indicates substantial plot-level variability. The result agrees with the broader literature showing that soil-pH responses to Acacia mearnsii invasion and clearing are inconsistent and strongly site dependent. A systematic review of South African studies concluded that clearing can cause only minor changes in soil physicochemical properties, with outcomes influenced by soil type, climate, invasion history, clearing approach, and time since treatment (Lusizi et al., 2024). Accordingly, the pH results suggest that, during the four-year study period, neither control method substantially modified the strong baseline acidity of Nyika soils. Longer-term monitoring, supported by measurements of exchangeable acidity, aluminium, base saturation, cation-exchange capacity, and native-vegetation recovery, is needed to determine whether treatment-related changes in soil acidity develop as the cleared sites recover.
Electrical Conductivity (EC)
Electrical conductivity (EC) decreased significantly among treatments following black-wattle control (P < 0.001). EC declined from 1.80 to 1.09 mmho cm−1 in the untreated control, from 2.06 to 0.95 mmho cm−1 under Cutting/Impala, and from 1.92 to 0.78 mmho cm−1 after uprooting. These changes represent reductions in EC of 39.4%, 53.9%, and 59.4%, respectively, indicating that uprooting produced the greatest decline, followed by Cutting/Impala. However, the substantial decline in the untreated control indicates that the overall reduction in EC cannot be attributed exclusively to black-wattle control. Electrical conductivity reflects the concentration of soluble ions in soil solution; consequently, variation in EC may result from changes in soluble salts, nutrient ions, soil moisture, mineralisation, plant uptake, and leaching processes rather than from treatment effects alone (Rhoades et al., 1999; Corwin & Lesch, 2005).
The general decline in EC is consistent with the high-rainfall montane conditions of Nyika National Park, where annual rainfall of approximately 1,700–2,200 mm (Table 1) may promote leaching of soluble salts and nutrient cations from the upper soil layer. Mechanical uprooting may have intensified this process by disturbing the soil, exposing the surface, disrupting roots, and increasing the susceptibility of soluble ions to redistribution and leaching. In contrast, the decline under Cutting/Impala may reflect reduced nutrient uptake by killed black-wattle trees, changes in root and litter decomposition, and altered soil microbial and mineralisation processes. Similar research in South African riparian systems has shown that invasive-plant removal and herbicide application can affect soil chemical properties, including EC, but the direction and magnitude of response depend on herbicide type and concentration, soil texture, rainfall, vegetation recovery, and the duration after treatment (Jacobs et al., 2013; Lusizi et al., 2024).
The post-treatment EC values of 0.78–1.09 mmho cm−1 (equivalent to 0.78–1.09 dS m−1) indicate non-saline conditions and are unlikely to constrain the establishment of most native plant species (United States Department of Agriculture, Natural Resources Conservation Service, 2022). The reduction in EC should therefore not automatically be interpreted as improved soil quality because it may also reflect leaching of essential nutrient cations. Future monitoring should assess EC together with soluble calcium, magnesium, potassium, sodium, nitrate, soil moisture, and vegetation recovery to distinguish beneficial salt reduction from nutrient depletion following black-wattle control (Food and Agriculture Organization of the United Nations, 2021).
Soil carbon stocks

Soil organic carbon (SOC) stocks increased numerically under both black-wattle control treatments but declined in the untreated control. Mechanical uprooting increased SOC from 68.88 to 74.95 Mg C ha−1, representing an 8.8% increase, whereas Cutting/Impala increased SOC from 64.82 to 93.18 Mg C ha−1, representing a 43.8% increase. In contrast, SOC in the control declined from 72.93 to 66.85 Mg C ha−1, an 8.3% reduction. Although the proportional SOC increase under Cutting/Impala was approximately five times larger than that observed under uprooting, the differences among treatments were not statistically significant (P=0.310). Therefore, the results indicate a numerical tendency toward greater short-term SOC accumulation under Cutting/Impala, but they do not provide conclusive statistical evidence that either treatment altered SOC stocks during the four-year study period.

The relatively large SOC increase under Cutting/Impala may be associated with reduced physical soil disturbance and the retention of cut biomass, stumps, roots, and litter within the treated plots. These residues can continue to supply organic carbon during decomposition while preserving soil aggregation and limiting exposure of protected organic matter to oxidation and erosion. In contrast, uprooting may disturb soil aggregates, redistribute organic matter, expose carbon-rich soil to aeration, and increase susceptibility to runoff and erosion. However, the modest SOC increase under uprooting suggests that residual root biomass, regenerated vegetation, and variation in bulk density may have partially offset potential carbon losses. Furthermore, the quantification of soil carbon stocks is largely influenced by SOC concentration, bulk density, sampling depth, and coarse-fragment content; variation in any of these factors can affect calculated SOC stocks (Ellert & Bettany, 1995; Poeplau et al., 2017).

The present results agree with studies showing that SOC responses to Acacia mearnsii invasion and removal are strongly site dependent. Black-wattle stands can increase carbon inputs through woody biomass, litter accumulation, and root turnover, but subsequent clearing can reduce, retain, or redistribute carbon depending on the clearing method, duration of invasion, rainfall, soil texture, erosion, residue management, and recovery of native vegetation. Lusizi et al. (2024) found that soils under invasive black wattle often have higher SOC than cleared sites, although responses after clearing vary substantially across South African landscapes. Similarly, Oelofse et al. (2016) reported contrasting soil-carbon responses to black-wattle encroachment across Eastern Cape grassland sites, confirming that invasion age and local environmental conditions influence carbon outcomes. Consequently, the higher SOC under Cutting/Impala may reflect temporary retention and decomposition of black-wattle residues rather than permanent carbon sequestration; longer-term monitoring of SOC, bulk density, litter, root biomass, soil respiration, erosion, and native-vegetation recovery is required to determine whether this apparent advantage persists.


Total Nitrogen
Total nitrogen (TN) declined under all treatments during the study period, although the reductions were substantially greater in plots subjected to black-wattle control. TN decreased from 2.52% to 0.61% (Table 3) under mechanical uprooting, equivalent to a 75.8% decline, and from 2.51% to 0.62% under Cutting/Impala, representing a 75.3% decline. In contrast, the untreated control declined from 2.48% to 1.71%, corresponding to a smaller reduction of approximately 31.0%. The ANOVA results indicated significant differences among treatments  (P < 0.05). The broadly similar post-treatment TN concentrations under uprooting and Cutting/Impala suggest that both methods were associated with substantial reductions in soil N relative to the untreated control.
The marked decline in TN following black-wattle control is ecologically plausible because Acacia mearnsii is a nitrogen-fixing leguminous tree. Through symbiotic associations with rhizobia, black wattle can convert atmospheric nitrogen into biologically available forms and enrich soils through root turnover, litterfall, and decomposition of nitrogen-rich biomass. Measurements from black-wattle plantation systems have demonstrated that biological nitrogen fixation can make substantial contributions to soil N inputs, although the magnitude varies considerably with stand age, environmental conditions, rhizobial effectiveness, and management practices (Forrester et al., 2007). Removal or killing of black-wattle trees stops this ongoing source of biological nitrogen fixation, while the removal of biomass through uprooting or the death of trees after herbicide treatment can modify the balance between N inputs, uptake, mineralisation, immobilisation, and loss.
The marked TN decline under uprooting may partly reflect physical disturbance of the soil. Uprooting can disrupt root systems and soil aggregates, expose nitrogen-rich organic matter to mineralisation, and increase the risk of nutrient loss through runoff and erosion. Research in South Africa has shown that removal of A. mearnsii from invaded slopes can increase soil movement and erosion, creating a plausible pathway for losses of nutrient-rich topsoil (Van der Waal et al., 2012). The comparable decline under Cutting/Impala, despite lower physical disturbance, indicates that other processes were also important, including reduced N fixation, microbial transformation of nitrogen released from dead roots and residues, nitrate leaching, and plant uptake during post-treatment recovery. The high rainfall at Nyika may further enhance downward movement of nitrate, particularly because nitrate is mobile in soil and may be leached below the 0–15 cm sampled layer.
The decline in TN in the untreated control confirms that temporal and site-level processes also contributed to the observed pattern. Seasonal fluctuations in moisture, microbial activity, decomposition, vegetation uptake, and leaching can change soil N pools independently of management intervention. This finding agrees with the broader literature, which shows that invasive Acacia species can alter soil N cycling, but that post-clearing responses differ across locations according to soil characteristics, climatic conditions, invasion history, elapsed time after removal, and vegetation recovery (Lorenzo et al., 2010; Lusizi et al., 2024). From a restoration perspective, declining TN may help reverse the nitrogen enrichment associated with black-wattle invasion and favour native grassland species adapted to low-fertility conditions; however, excessive N depletion could constrain native-plant establishment. Continued monitoring should therefore measure total N alongside ammonium, nitrate, potentially mineralisable N, microbial biomass N, vegetation N uptake, erosion indicators, and native vegetation recovery to determine whether the observed decline represents nutrient loss, redistribution, temporary immobilisation, or a desirable recovery toward the nutrient status of uninvaded Nyika grasslands.
Available P
As shown in Table 4, available phosphorus increased in all treatments during the study period, although the magnitude of change differed substantially. Available P increased from 4.2 to 15.6 mg kg−1 in the untreated control, from 4.3 to 45.3 mg kg−1 under Cutting/Impala, and from 4.5 to 9.2 mg kg−1 after mechanical uprooting. The Cutting/Impala treatment therefore recorded the largest numerical increase in available P, with a final concentration approximately three times higher than that of uprooting. However, the treatment effect was not statistically significant (P=0.162); consequently, the large numerical differences should be interpreted as trends rather than conclusive evidence that Cutting/Impala application increased P availability.
The increase in available P under Cutting/Impala may be associated with retention and decomposition of black-wattle roots, stumps, litter, and cut biomass within the treated plots. Phosphorus contained in dead plant tissues can be released through microbial decomposition and mineralisation, increasing the labile or extractable soil-P pool. Cutting followed by herbicide application may also cause less soil disturbance than uprooting, allowing organic residues to remain in place and reducing the potential loss of phosphorus-rich surface soil through runoff or erosion. In contrast, mechanical uprooting can disturb the soil, redistribute organic matter, and expose topsoil to erosive losses, which may partly explain the smaller increase in available P. Nevertheless, the substantial increase observed in the untreated control indicates that temporal processes, including seasonal moisture variation, litter decomposition, microbial activity, and mineralisation of existing organic matter, also contributed to the observed P dynamics.
The findings are consistent with the broader literature showing that black-wattle invasion and clearing can modify soil-P cycling, although outcomes differ substantially across sites. Acacia mearnsii can alter phosphorus availability through litter production, root turnover, nutrient redistribution, microbial interactions, and changes in soil organic matter. Lusizi et al. (2024) found that available P was frequently higher in invaded or cleared Acacia soils than in uninvaded reference soils, but they also reported contrasting results among studies, including lower available P under black wattle in some locations. This variation reflects the influence of soil texture, parent material, baseline fertility, rainfall, soil acidity, duration of invasion, treatment method, biomass handling, and time since clearing. Woody legumes may also possess root and rhizosphere adaptations that enhance P acquisition from nutrient-poor soils, contributing to their capacity to alter phosphorus cycling in invaded ecosystems (Lambers et al., 2008, 2010).
The increase in available P should be interpreted cautiously because study soils remained strongly acidic, with pH values of approximately 3.9–4.4. Under strongly acidic conditions, phosphorus can be retained through adsorption or precipitation reactions involving iron and aluminium oxides; consequently, a temporary increase in extractable P may not translate into sustained plant availability. The elevated P concentration under Cutting/Impala may nevertheless support early vegetation recovery where initial P concentrations were very low, but it could also favour fast-growing, nutrient-responsive species rather than indigenous grassland species adapted to low-fertility conditions. Studies in South African rangelands have shown that black-wattle invasion and clearing influence both soil chemical properties and grass production, with restoration outcomes depending strongly on site conditions and post-clearing management (Gwate et al., 2021). Longer-term monitoring of extractable and total P, P fractions, phosphatase activity, microbial biomass P, soil moisture, litter decomposition, and native-vegetation uptake is needed to establish whether the observed increase represents a short-lived post-treatment pulse or a persistent change in soil fertility.
Exchangeable Sodium Percentage (ESP)
Exchangeable sodium percentage (ESP), calculated as shown in Table 5, decreased under all treatments during the study period. ESP declined from 3.8% to 1.5% following mechanical uprooting, representing a 60.5% reduction; from 3.7% to 3.2% under Cutting/Impala, representing a 13.5% reduction; and from 3.8% to 2.3% in the untreated control, representing a 39.5% reduction. The largest decline occurred under uprooting, whereas Cutting/Impala produced the smallest reduction. As ESP represents the proportion of sodium occupying soil cation-exchange sites relative to total cation-exchange capacity, these reductions indicate a lower relative dominance of exchangeable sodium in the surface soil. However, the substantial reduction in the untreated control confirms that broader temporal and environmental processes, rather than treatment alone, also influenced sodium dynamics.
The ESP values recorded in this study were low before and after treatment. Baseline ESP ranged from 3.7% to 3.8%, while post-treatment values ranged from 1.5% to 3.2%. These levels are substantially below the conventional ESP threshold of 15% used to classify sodic soils (Richards, 1954; Abrol et al., 1988). The Nyika soils were therefore non-sodic throughout the study period, indicating that sodium-induced clay dispersion, structural degradation, reduced infiltration, and poor aeration were unlikely to be major soil constraints in the sampled 0–15 cm layer. Nevertheless, ESP should be interpreted together with soil electrical conductivity, calcium, magnesium, cation-exchange capacity, soil texture, and organic matter because the structural effects of sodium depend on both soil properties and the electrolyte concentration of the soil solution (Rengasamy, 2010).
The sharp ESP decline under uprooting may reflect greater redistribution and leaching of sodium after physical disturbance of the soil. Uprooting can expose the soil surface, disrupt aggregates and root channels, and modify infiltration pathways, potentially enhancing downward movement of soluble sodium under the high-rainfall conditions of Nyika National Park. The increase in exchangeable calcium under uprooting, from 0.29 before treatment to 0.73 after treatment, may also have contributed by displacing sodium from soil exchange sites, after which sodium could be leached from the upper soil layer. The smaller ESP decline under Cutting/Impala may reflect lower physical disturbance and slower cation redistribution. However, because ESP also declined markedly in the control, rainfall-driven leaching, seasonal variation in soil moisture, vegetation uptake, and natural cation-exchange processes probably contributed to the overall decrease.
Published research specifically comparing the effects of Acacia mearnsii uprooting and herbicide treatment on ESP is limited; most black-wattle studies have focused on soil carbon, nitrogen, pH, water use, vegetation recovery, and broader nutrient cycling. The ESP response should therefore not be interpreted as evidence that uprooting universally improves sodium status more effectively than Cutting/Impala. 
Exchangeable Calcium
Exchangeable calcium increased across all treatments during the experimental period, although the magnitude of increase varied among treatments. Exchangeable Ca increased from 0.29 to 0.73 under mechanical uprooting, from 0.28 to 1.53 under Cutting/Impala, and from 0.28 to 0.80 in the untreated control. The greatest numerical increase was therefore observed under Cutting/Impala, followed by the untreated control and uprooting. The ANOVA results indicated that exchangeable Ca differed significantly among treatments (P=0.045); however, the result is significant at P<0.05. The concurrent increase in the untreated control suggests that temporal and site-wide processes also contributed to the observed Ca dynamics and that the increase under Cutting/Impala should not be attributed solely to herbicide application.
The high exchangeable Ca concentration under Cutting/Impala may be associated with the retention and decomposition of black-wattle biomass after tree cutting and herbicide application. Calcium contained in leaves, bark, branches, stumps, roots, and litter can be returned to the soil as plant residues decompose, increasing the quantity of Ca available for adsorption on soil exchange sites. Because Cutting/Impala generally causes less direct physical disturbance than uprooting, organic residues may remain in contact with the soil surface, promoting local nutrient cycling and reducing losses of fine soil and associated base cations. By contrast, uprooting can disturb aggregates, redistribute soil, expose the surface to runoff, and promote leaching or erosion of calcium-containing particles. Nevertheless, this explanation remains tentative because residue mass, nutrient concentrations in biomass, soil losses, and soluble Ca leaching were not measured.
Exchangeable calcium is an important base cation that contributes to nutrient supply, soil aggregation, cation balance, and base saturation. A rise in exchangeable Ca may help counter soil acidity by occupying negatively charged exchange sites that would otherwise be occupied by hydrogen and aluminium ions. However, the increase in Ca recorded in this study did not result in statistically significant differences in soil pH, which remained strongly acidic across all treatments. This outcome was expected because soil pH is controlled by the balance among exchangeable bases, exchangeable acidity, aluminium activity, soil organic matter, mineralogy, and pH-dependent cation-exchange capacity, rather than by calcium alone (Brady & Weil, 2016; Havlin et al., 2014). In many acidic tropical soils, low pH limits the number of negative exchange sites available to retain base cations, while hydrogen and aluminium may continue to dominate the exchange complex despite increases in exchangeable Ca (Food and Agriculture Organization of the United Nations, n.d.).
The Nyika findings are consistent with broader evidence that the effects of invasive Acacia species and post-clearing management on exchangeable cations are highly variable. Boudiaf et al. (2013) found that black-wattle invasion did not consistently change exchangeable Ca in abandoned fields, while Lusizi et al. (2024) concluded that the effects of black wattle invasion and clearing on soil physicochemical properties depend on site conditions, soil type, climate, invasion history, treatment method, and the time elapsed since clearing. The observed increase in Ca may therefore reflect a combination of black-wattle residue decomposition, reduced uptake by living trees, seasonal changes in soil moisture, cation exchange, and environmental variation. 
Exchangeable Magnesium
Exchangeable magnesium declined in all treatments during the study period, although the magnitude of decline differed among treatments. Magnesium decreased from 2.34 to 1.05 under mechanical uprooting, from 3.21 to 0.56 under Cutting/Impala, and from 2.04 to 1.49 in the untreated control. These changes represent approximate reductions of 55.1%, 82.6%, and 27.0%, respectively. The largest decline was therefore recorded under Cutting/Impala, followed by uprooting, while the untreated control showed the smallest decrease. The ANOVA indicated significant differences among treatments (P<0.05) with a substantial decrease in exchangeable Mg under both control treatments. This indicates that black-wattle management was associated with changes in base-cation dynamics, although the decline in the control demonstrates that temporal and site-wide environmental processes also contributed.
The decline in exchangeable Mg under Cutting/Impala may be linked to changes in nutrient cycling after tree death. Cutting and herbicide application terminate active black-wattle uptake and nitrogen fixation, but dead roots, litter, and woody residues subsequently undergo decomposition and mineralisation. Magnesium released during decomposition may temporarily enter the soil solution and then be taken up by regenerating vegetation, adsorbed to exchange sites, displaced by competing cations, or leached below the sampled 0–15 cm layer. The high-rainfall conditions of Nyika National Park provide a plausible mechanism for Mg losses because magnesium is a relatively mobile divalent cation and is particularly susceptible to leaching in strongly acidic, highly weathered soils with low cation-exchange capacity (Brady & Weil, 2016; Gransee & Führs, 2013). Experimental evidence also indicates that Mg losses increase as soil acidity intensifies, because acidic conditions promote cation displacement and leaching (Jalali & Naderi Peikam, 2022).
The decrease following uprooting may additionally reflect physical disturbance of the soil. Uprooting can disrupt soil aggregates and root systems, expose soil to rainfall, alter infiltration and runoff pathways, and increase the risk of leaching or erosion of fine, nutrient-rich topsoil. The lower final exchangeable Mg concentration under Cutting/Impala relative to uprooting may suggest that residue decomposition and post-treatment cation exchange were more influential than physical soil disturbance alone. However, the present study did not measure soil moisture, cation-exchange capacity, soluble Mg, leachate chemistry, litter biomass, erosion, or plant Mg uptake; therefore, the mechanisms cannot be separated conclusively. The significant decline in the untreated control further suggests that rainfall, seasonal moisture differences, nutrient uptake by vegetation, and natural soil processes contributed to the overall trend.
Exchangeable Mg is an important component of soil fertility because it supplies Mg for chlorophyll formation, photosynthesis, enzyme activation, and plant growth, while also contributing to base saturation and buffering against soil acidity. Magnesium on exchange sites and in soil solution is particularly important for plant nutrition; when exchangeable Mg becomes depleted, plants may increasingly depend on slow replenishment from non-exchangeable mineral pools (Roy et al., 2006). The decline in exchangeable Mg is therefore potentially important for restoration of native vegetation, especially because the Nyika soils remained strongly acidic and may have limited capacity to retain base cations. Although direct studies comparing the effect of black-wattle uprooting and herbicide treatment on exchangeable Mg remain scarce, the broader literature shows that Acacia invasion and removal can produce variable soil chemical responses depending on climate, soil type, treatment intensity, biomass retention, duration since clearing, and vegetation recovery (Lusizi et al., 2024). 
The implications of each control method for soil health and nutrient availability
Mechanical uprooting and cutting followed by Impala herbicide application both altered soil conditions in black-wattle-invaded sites at Nyika National Park, but their implications for post-treatment ecological restoration differ. Mechanical uprooting increased soil pH from 4.1 to 4.4 and soil organic carbon stocks from 68.88 to 74.95 Mg C ha⁻¹, although neither change was statistically significant (P > 0.05). However, it was associated with substantial nutrient depletion: total nitrogen declined from 2.52% to 0.61% (P = 0.014), exchangeable magnesium declined from 2.34 to 1.05 (P = 0.028), and electrical conductivity decreased from 1.92 to 0.78 mmho cm⁻¹ (P = 0.001). These responses suggest that, although uprooting may reduce continued resource uptake and resprouting by black wattle, its physical disturbance may increase the risk of nutrient loss through leaching or erosion. Consequently, uprooting should be accompanied by erosion-control measures and monitoring of nitrogen, magnesium, and native-vegetation recovery to ensure that invasive-tree removal does not compromise soil fertility or restoration success.
Cutting followed by Impala herbicide application produced a more favourable short-term trend for soil carbon retention and phosphorus availability, despite causing no significant change in soil pH. Soil organic carbon stocks increased from 64.82 to 93.18 Mg C ha⁻¹, and available phosphorus increased from 4.3 to 45.3 mg kg⁻¹, although neither treatment effect was statistically significant (P > 0.05). The increase in carbon and phosphorus may be associated with reduced physical disturbance and the retention and decomposition of roots, stumps, litter, and cut biomass. Nevertheless, total nitrogen declined from 2.51% to 0.62% (P = 0.014) and exchangeable magnesium declined from 3.21 to 0.56 (P = 0.028), indicating that this method also has the potential to deplete key plant nutrients. Therefore, cutting/Impala may be preferable where conserving soil organic matter and minimising soil disturbance are priorities, but restoration planning should include follow-up assessment of plant-available nutrients, soil acidity, and indigenous vegetation establishment before its long-term suitability can be confirmed.
Conclusion
This study demonstrates that mechanical uprooting and cutting followed by Impala herbicide application produced measurable but treatment-specific changes in selected soil physicochemical properties of Acacia mearnsii-invaded sites in Nyika National Park. The null hypothesis was therefore partially rejected: significant treatment effects were observed for total nitrogen, exchangeable calcium (P = 0.045), exchangeable magnesium (P = 0.028), and electrical conductivity (P = 0.001), whereas soil pH, soil organic carbon stocks, available phosphorus, and exchangeable sodium percentage did not differ significantly among treatments. Both control methods were associated with substantial declines in total nitrogen and exchangeable magnesium relative to the untreated control, indicating that black-wattle removal may reduce invasion-associated nutrient enrichment but may also deplete nutrients required for early native-vegetation establishment.
Cutting followed by Impala herbicide application showed a stronger short-term tendency for soil organic carbon retention and available phosphorus release, increasing SOC stocks from 64.82 to 93.18 Mg C ha⁻¹ and available phosphorus from 4.3 to 45.3 mg kg⁻¹, although these changes were not statistically significant. This treatment may therefore be preferable where minimising soil disturbance and conserving organic matter are restoration priorities. Mechanical uprooting increased soil pH from 4.1 to 4.4 and produced the greatest decline in electrical conductivity, from 1.92 to 0.78 mmho cm⁻¹, but its association with substantial nitrogen and magnesium depletion suggests a greater risk of nutrient loss under Nyika’s high-rainfall montane conditions. Because the untreated control also showed declines in nitrogen, magnesium, and electrical conductivity, temporal environmental processes contributed to the observed soil changes and treatment effects should not be interpreted in isolation.
Overall, neither control method can yet be recommended as universally superior for soil health and nutrient availability. Cutting/Impala appears provisionally more compatible with carbon retention and reduced physical disturbance, while mechanical uprooting may be appropriate where complete removal of root systems and prevention of resprouting are essential. Future management should integrate black-wattle control with erosion protection, monitoring of plant-available nitrogen and phosphorus, exchangeable magnesium, soil moisture, and indigenous vegetation recovery. Longer-term assessment is required to determine whether the observed soil responses persist and whether either treatment supports sustained recovery of native montane grassland ecosystems in Nyika National Park.

Limitations 
The study examined selected soil physicochemical indicators in the upper 0–15 cm of black-wattle-invaded soil at Nyika National Park. It did not directly quantify erosion, nutrient leaching, soil microbial activity, changes in cation-exchange capacity or indigenous vegetation recovery. The untreated plots also changed over the study period, limiting the attribution of all observed differences to the control methods alone. Although some treatment differences were statistically significant, several numerical changes were not. Consequently, the findings should be interpreted as site-specific and should not be extrapolated to long-term restoration outcomes without further monitoring.
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