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Highlights

Heavy metals reduce biodiversity under dominant tree canopy species.

Tailing dam shows low variability in soil properties.

Random Forest analysis reveals how soil variables influence biodiversity.

Calcium and Magnesium positively influence herbaceous richness and grass abundance,
respectively.

e Dominant species have a greater influence on biodiversity than soils.

Abstract

Mine wastelands can affect soil’s properties, leading to stunted plant growth. However, little is known
about the effect of different categories of soil parameters on plant recruitment under harsh conditions
such as mine wastelands. The study aimed to determine how various soil properties contribute to
vegetation recruitment around dominant tree canopy species within a Cu mine wasteland of the
Zambian Copperbelt province. Soil and understory tree vegetation were sampled from 8 m radius
circular plots beneath the canopies of dominant tree species. Grass and herb samples were collected
from smaller, nested plots with a 1 m radius. Soil properties were analysed and biodiversity metrics
(i.e. species richness, abundance, Shannon-Wiener and Simpson indices) were calculated. Data
analysis included Kruskal-Wallis tests to assess soil properties variations among canopy species, a
Weighted Linear Mixed Model (W-LMM) to evaluate the fixed effects of dominant tree canopy species
on the biodiversity metrics and Random Forest models to identify key soil variables influencing
biodiversity metrics. Results showed minimal variation in soil properties among canopy species.
Dominant tree canopy species significantly influenced biodiversity, with Ficus capensis and Ficus
craterostoma enhancing richness and diversity in tree and herb layers, while grass layers showed
minimal responses. Heavy metals (e.g. Zr, Sn, Pb) reduced diversity, whereas nutrients like Fe, Ca, and
Mg positively affected recruitment, explaining up to 40.5 % of variance in tree richness. These results
emphasize the importance of soil nutrient management and species selection in improving plant



recruitment, offering key considerations for enhancing ecological restoration efforts in mine tailings
dams.

Keywords: Biodiversity dynamics; Ecological restoration; Heavy metal toxicity; Phytoremediation;
Soil-Plant interaction; Soil contamination; Species recruitment

1. Introduction

The Zambian Copperbelt region, endowed with abundant copper deposits, has historically
experienced extensive extraction and processing activities, thus resulting in substantial amounts of
copper and other metals in the environment (Sillitoe et al., 2017). This has contributed to water, soil,
and air contamination, thus posing serious threats to biodiversity and human health in the region
(Kosgei and Mukuwa, 2020, Muimba-Kankolongo et al., 2022). Such risk of pollution is exacerbated by
the presence of minerals containing sulfurs, which, when exposed to air and water, bring about the
phenomenon known as acid mine drainage (AMD), resulting from chemical reactions that produce
sulfuric acid (Park et al., 2019). The acidic runoff and the metal release into the nearby ecosystems
harm water, soil and air quality (Franks et al., 2011, Lébre et al., 2017).

Various approaches address pollution from mine wastelands, including physical and chemical
techniques like soil capping, washing, and chemical precipitation, depending on the contaminant of
interest (Dermont et al., 2008, Dhaliwal et al., 2020, Koul and Taak, 2018). However, these methods
come with high costs, potential secondary pollution (Anawar and Chowdhury, 2020), and limited
sustainability, as they do not restore the ecosystem to its natural state. Addressing environmental
pollution requires a holistic and multifaceted approach considering the type of mining activity,
contaminants, and environmental aspects such as soil conditions. Phytoremediation has been
observed to be a sustainable and cost-effective approach to mitigating pollution and promoting
ecological restoration by utilizing native plant species to naturally clean the environment of
contaminants (Peco et al., 2021). It can enhance biodiversity, improve soil quality, and provide long-
term environmental benefits, thus making it a compelling choice for addressing pollution associated
with mine wastelands.

Several studies have been conducted in various regions to identify plant species suitable for
phytostabilization purposes (e.g., Asia, North Africa, North America) precisely from e.g., China, Egypt,
and Mexico, respectively (Galal and Shehata, 2015, Li et al., 2007, Santos et al., 2017). For instance,
Santos et al. (2017) identified five native perennial plant species with potential for phytostabilization
of the Nacozari mine tailings (Mexico). In the Democratic Republic of Congo, llunga et al. (2015)
studied plant functional traits that are desirable for plants for ecological restoration of the Katanga
copper mining area and recommended that their choice be based on desirable annual life cycle,
growth phenology in the wet season, root depth of 0—-10 cm underground system, bud bank by seeds,
and dispersal size of < 2 mm x 2 mm. In addition, Festin et al. (2019) compared tree species suitable
for phytoremediation between copper-contaminated soils and the neighboring natural soils in the
Copperbelt Province of Zambia and found that the biological traits that favour colonization of tailings
dams include ability to control erosion, fast growth in high light level, moderate tolerance to copper
as well as nitrogen fixing ability, mycorrhizal symbiosis and ability to regulate copper uptake through
accumulation or exclusion. In a follow-up study, Matakala et al. (2023) evaluated the
phytostabilization potential of indigenous tree species in the tailings dams of the Zambian Copperbelt
province for restoration purposes. While these studies provided insightful information, identifying at
least 10 tree species suitable for the phytoremediation of heavy metals, the precise impact of soil
properties on species recruitment in such harsh conditions remains unclear. Understanding the



intricate relationship between soil properties and native tree species recruitment is vital for restoring
ecosystems and making them capable of thriving in mine wastelands (Wang et al., 2021a). Similarly,
there is a particular need to gain insights into the influence of soil properties on understory plant
species recruitment, which has received little attention to date. Moreover, the partitioning influence
of soil properties such as texture, organic matter content, and mineral composition can influence the
behavior of contaminants in soil and vice versa, which in turn significantly impacts understory plant
species recruitment and the success of ecological restoration on mine wastelands (Fu et al., 2020).

Soil conditions play a critical role in the successful establishment and growth of these plant species in
mine wastelands. In areas where mining activities have caused severe soil degradation, such as the
Copperbelt province of Zambia, recruitment of plant species can be extremely challenging due to
elevated levels of metals. These high concentrations of metals can be toxic to many plant species
because they can disrupt nutrient uptake, impair physiological processes, and induce plant toxicity
symptoms (Singh et al., 2016). When present at elevated levels, heavy metals can limit the availability
of essential soil nutrients (Perkovic et al., 2022, Qaswar et al., 2020), nutrient acquisition, and the
general performance of plants (Goyal et al., 2020). Likewise, the acidic nature of the soil resulting from
acid mine drainage can directly impact the availability of essential nutrients. It can alter soil pH, which
creates unfavourable conditions for native tree species (Venkateswarlu et al., 2016). The presence of
elevated copper and other metal levels in the soil negatively affects the germination, survival, and
health of trees, thus impeding the restoration process (Skousen et al., 2019). A comprehensive mine
reclamation such as soil management practices and site management e.g., soil amendment, fertiliser
and organic matter, can be applied to improve mine wastelands conditions.

Understanding the relationship between vegetation recruitment and soil properties is crucial for
restoring mine wastelands. Therefore, our study focused on understanding this relationship by
answering the following questions: i) How do soil properties vary within and among the dominant tree
canopy species within the mine wasteland? It was hypothesised that soil properties, including textural,
chemical, and heavy metal concentrations, vary significantly among different dominant tree canopy
species within the mine wasteland, reflecting the influence of each species on soil composition and
nutrient availability; ii) How do species richness, abundance and diversity metrics vary between
dominant tree canopy species within the tailing dam? It was hypothesised that species richness,
abundance, and diversity metrics differ significantly between dominant tree canopy species within the
tailings dam, with certain canopy species exerting more substantial effects on these metrics in the tree
and herb layers than in the grass layer (iii) How do soil variables shape species richness, abundance,
and diversity metrics? It was hypothesised that soil properties influence varies in species richness,
abundance, and diversity metrics.

2. Materials and methods

2.1. Study area

The study was conducted on Tailings dam (TD 10) (12°32'08.0"-12°31'22" S and 28°14'31.0"-
28°14'10" E), in Mufulira District, Copperbelt Province of Zambia (Fig. 1) between February and April
2022. TD10 was decommissioned in 1988 and is currently under the management of Mopani Copper
Mine. It is the most recently decommissioned tailings dam in the Copperbelt Province and appears to
be at the early stages of vegetation succession, making it a suitable area for this study. The tailings
dam is predominantly contaminated with copper, and at some point, cobalt, barium, nickel, arsenic,
zinc, lead, chromium, vanadium and cadmium (in order of decreasing concentration) are also present
(Chileshe et al., 2019). Mufulira is located approximately 19 Kilometers Southwest of Mokambo
boarder with the Democratic Republic of Congo at an average elevation of 1274 m above sea level. It
lies within the medium rainfall belt of Zambia and receives an average of 1000 mm of rainfall annually



(Festin et al., 2019). The mean monthly temperature is between 16 °C in June and July and 26 °C in
October. It comprises three seasons: a wet season between October and April, a cool and dry season
between May and July, and a hot and dry season between August and October (Sracek et al., 2018).

Location Map of the Tailing Dam 10 in Mufulira
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Fig. 1. Map of the Tailings dam (TD 10) and the location of sampling plots in different blocks.

2.2. Sampling plot design and plot selection

The selection of dominant tree canopy species in this study was informed by earlier studies conducted
in the same area (Festin et al., 2019, Matakala et al., 2023), which provided essential insights into the
biological traits of a broad range of mine wastelands-native tree species. Festin at al. (2019) examined
growth patterns, root structures, and nutrient uptake capacity and identified species with the
potential to adapt to the harsh conditions of mine wastelands., while Matakala et al. (2023) singled
out tree species’ ability to stabilize soil and tolerate heavy metals, underscoring their interest in the
prospect of ecological restoration of mine wastelands. Results from these studies provided for
categorising the inventoried tree species in terms of dominance on mine wastelands across a large
area of the Zambia Copperbelt Province. Based on this, the ten most dominant tree canopy species
were identified as the target tree species for this study i.e., Acacia sieberiana, Acacia polyacantha,
Bauhinia petersiana, Dichrostachys cinerea, Ficus capensis, Ficus craterostoma, Gmelina arborea, Rhus
longipes, Syzygium guineense, and Terminalia mollis. The dominance of these tree species plausibly
implies their better resilience to environmental disturbances and potentially a greater likelihood to
effectively contribute to ecological restoration of the mine wastelands by allowing recruitment,
diversity and growth of understory vegetation in mine wastelands. In plots with more than one
dominant tree canopy species, mixed plots were considered, with the most significant species by basal
area highlighted in the designation of the plot, such as (i) Mixed species plots with Acacia polyacantha,
hereafter MsAp; (ii) Mixed species plots with Bauhinia petersiana, hereafter MsBp (Table 1).
Considering these mixed plots in our experimental design allows us to ensure that our data are
generated in a scenario that captures the natural complexity of the investigated ecosystem.



Table 1. Distribution of plots belonging to the dominant tree canopy species inventoried within the TD 10.

Blocks
Dominant tree canopy species B1 B2 B3 B4
Mixed plots with Acacia polyacantha (MsAp) 3 3 3
Acacia polyacantha 3 9 4 2
Acacia sieberiana 2 1
Mixed plots Bauhinia petersiana (MsBp) 1 1 2
Bauhinia petersiana 2
Dichrostachys cinerea 2 1 1
Ficus capensis 1 1 1
Ficus craterostoma 5 1 4 4
Gmelina arborea 3 1 2
Rhus longipes 1 2 2
Syzygium guineense 1 1 1
Terminalia mollis 1 4 5

The stratification and map of the TD 10 were done using a normalized difference vegetation index
(NDVI) color, permitting the exclusion of the area without vegetation (Fig. 1). Based on the topography
map, the remaining vegetated area was divided into four blocks (B) according to slope orientation:
Northward (B1; plots 1-23), Westward (B2; plots 24—-47), Southward (B3; plots 48—77) and Eastward
(B4; plots 78-100) slopes. In each block, a transect line of 1 km was established, and along the transect
line, each selected dominant tree canopy species identified was used as the center of the circular
sample plot. Each circular plot had a radium of 8-meter and was located at least 50-100 m from any
other plot centroid (Robertson et al., 2007). The botanical inventory and measurement of tree species
>5 cm dbh and soil sample collection were done within the 201.062 m? area covered by the dominant
tree canopy species. In addition, four 1 m radius subplots were nested within the 8 m radius plots
(Place in the North, West, South, and East directions of the dominant tree canopy species) to inventory
the grass and herbs layers.

2.2.1. Soil parameters

At the same sampling points (plots) of grass and herbs, soil samples were collected from a depth of
(0-20 cm) using a 7 cm diameter soil auger (Bufebo and Elias, 2020). Soil samples were collected at
the same time as the botanical inventory. In each plot, four soil samples (approx. 450 g) were collected
from the North, West, South, and East directions and then a composite sample was made for each
plot. Samples were stored in polythene bags and taken to the laboratory, where the soil samples were
sieved through a 2-mm screen to remove stone particles and roots (Wang et al., 2021b). Samples were
air-dried to halt biological transformation before soil textural analysis. Soil properties analyzed were
grouped into three categories: (i) soil textural properties (i.e., sand, clay, silt); (ii) chemical parameters
herein as chemical parameters (i.e., pH, Soil organic carbon, K, Na, Ca, Mg); and (iii) heavy metals (i.e.,
Ba, Cr, Cu, Fe, Pb, Mn, Rb, Sb, Sn, Sr, Ti, Zr and Zn) chosen among known toxic metals, were selected



based on their significance in assessing the ecological impact on biodiversity, persistence, and trends
of heavy metal contamination.

The soil pH was determined using a pH meter, while soil organic carbon (SOC) was analyzed using the
Walkley-Black method (Nelson and Sommers, 1982). The exchangeable cations (Ca%*, Mg?*, K*, and
Na*) were analyzed using an atomic absorption spectrophotometer (AAS). Exchangeable cations were
extracted by heating 5 g of soil sample with HNOs at pH 7.0 (Vadivel, 2020).

The soil texture was determined by estimating the percentage of sand (particle size 0.05-2.0 mm), silt
(0.002-0.05 mm), and clay (<0.002 mm) obtained by using the hydrometer methods (Miller and
Schaetzl, 2011). This study analyzed heavy metal concentrations (Ba, Cr, Cu, Fe, Pb, Mn, Rb, Sb, Sn, Sr,
Ti, Zr and Zn) from soil samples with XRF, X-MET7000 eXpress Mining package (Tavares et al., 2019).
Samples were subjected to further grinding using a Rock-lab milling machine and passed into a sieve
of particle diameter of < 73um to maintain sample homogeneity (Desroches et al., 2018, Hokura, 2021,
Ravansari et al., 2020, Tavares et al.,, 2020a, Tavares et al., 2020b, Tavares et al., 2020c)
(Supplementary materials 1).

2.3. Plant surveys

2.3.1. Tree species layer

All tree species were identified for each plot, and their diameter was measured and recorded.
Dominant tree canopy species with (dbh > 5 cm) were considered as the center point for each plot
(i.e., sampling plot). For each plot, all trees with (dbh > 5 cm) were measured at 1.3 m aboveground
level, while all individual species with diameter <5 cm were measured at the root cap. Tree species
encountered were primarily identified in the field by observing the (leaves, flowers, habit and other
diagnostic characters) but in a few cases, specimens were collected and identified at the Kitwe-
Zambian Forestry Herbarium. All the tree species were identified at the species level.

2.3.2. Undergrowth herbaceous and grass layer

The abundance of undergrowth herbs and grass species was recorded using four circular plots of 1 m
radius according to the modified coefficient of Blaun-Blanquet (Wikum and Shanholtzer, 1978,
Bonham et al., 2004). The abundance of herb and grass was recorded as follows: + =<1 %, 1 = (1-5 %),
2a=(6-12 %), 2b=(13-25%), 3 =(26-50%), 4 =(51-75%), 5=(76—-100 %). Similarly, specimens of
unidentified herb and grass species were collected for further identification at the Kitwe-Zambian
Forestry Herbarium. All herbs and grass species except one were identified at the species level.

2.4. Taxonomic diversity

This study calculated diversity and dominance indices and species richness of trees, grass and herbs
to characterize the vegetation. Species richness refers to the number of species present without
particular regard for the exact area or number of individuals examined (Magurran, 2004). However, it
is helpful to distinguish between numerical species richness and the number of species present in a
collection containing a specified number of individuals (Hurlbert, 1971). The Shannon-Wiener index
assumes that individuals are randomly sampled or distributed from an indefinitely large population
and that all species are represented in the sample. The Shannon-Wiener (Shannon and Weaver, 1949)
and Simpson indices (Simpson, 1949) were computed for diversity indices. The Shannon-Wiener index
is computed from the following equation:

H'=-3 pin p;;

where p; is the proportion of individuals belonging to the ith species found in a sample.



The Simpson index (Simpson, 1949) measures the number of species present and considers the
relative abundance of each species. It represents the probability that two randomly selected
individuals in the area belong to the same species (Maurer and McGill, 2011). Simpson index measures
how individuals are distributed among species of a population, and it is given by:

y =3iP%

where P; is the proportion of individuals belonging to the ith species found in a sample. Due to its
reciprocal character, it starts with the value of 1 and raises up to the total number of species.

2.5. Statistical analysis

To mitigate issues associated with the unbalanced design of the plots across the four blocks, due to
the lower number of plots in B2 and more for Acacia polyacantha, the Kruskall-Wallis test was used
to determine how soil properties vary between the dominant tree canopy species, following the
Shapiro-Wilk test, which indicated non-normality (p < 0.05). As a non-parametric method, the Kruskal-
Wallis test is less sensitive to imbalances, reducing the likelihood of skewed results. When a difference
between the mean of soil variables was significant, a turkey HSD post-hoc test was used to separate
the dominant tree canopy species.

The Weighted Linear Mixed Model (W-LMM) was used to determine the fixed effects of dominant tree
canopy species on the species richness, abundance, diversity and dominance metrics of various layers
while accounting for random effects at the bloc level. The Bloc and dominant tree canopy species were
weighted to mitigate their imbalance. Marginal and conditional determination coefficients assessed
the variance explained by fixed and random effects. To ascertain the specific influences of dominating
species, 95 % confidence intervals and significance tests (p) have been used (Littell et al., 2006,
Nakagawa and Schielzeth, 2013).

The Random Forest (RF) was used to determine how each soil variable shapes species richness,
abundance and diversity metrics of various layers. RF is an ensemble learning technique that generates
multiple decision trees using random data subsets and features (Breiman, 2001). Each tree was trained
on a bootstrap sample, and then a random subset of traits was evaluated for splitting at each node
(Liaw and Wiener, 2001). Various indicators, such as Mean Decrease Accuracy (MDA) and Mean
Decrease Gini (MDG), were used to assess the model's performance. These measures assess each
feature's importance based on its effect on accuracy and Gini impurity, respectively (Archer and Kimes,
2008). The variable relevance scores show how much each predictor contributes to the overall
prediction accuracy. Furthermore, we assessed statistical significance using the p-values for each
feature's influence on the model's predictions (Altmann et al., 2010). Accuracy for classification tasks
was quantified for model performance evaluation, and the importance of each feature in splitting
nodes was assessed using p-values for Gini. These measures offer a thorough assessment of the RF
model's performance. All analyses were performed in R.3.5.1 (R Development Core Team, 2022).

3. Results
3.1. Soil variation between and among the dominant tree canopy species

3.1.1. Soil textural parameters

The soil analyses revealed that the tailings dam has a sand texture in most areas and does not vary
within the tailings dam. Of the 100 plots, 45 % have a loamy sand texture, 36 % have a sandy sand
texture, and 19 % have a sandy loam texture. Regarding the texture analyses around each plot, the
granulometric composition (% of clay, silt, and sand) does not vary significantly (p > 0.05; Fig. 2 and
Table S1). The granulometric textural composition across the tailings dam had an average and
standard deviation of sand (82.89 + 7.19), clay (6.58 + 1.94), and silt (10.15 + 6.33).
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Fig. 2. Boxplot of variation of soil texture parameters between the dominant tree canopy species stands: a) Clay;
b) Silt; and c) Sand. Dominant tree canopy species stands: 1. Acacia polyacantha, 2. Acacia sieberiana, 3.Bauhinia
petersiana, 4.Dichrostachys cinerea, 5.Ficus capensis, 6.Ficus craterostoma, 7.Gmelina arborea, 8.Rhus longipes,
9.Syzygium guineense, 10.Terminalia mollis; 11.Mixed species with Acacia polyacantha; 12.Mixed species with
Bauhinia petersiana.

3.1.2. Soil chemical properties

The chemical properties of the soil samples under the ten dominant tree canopy species are presented
in Fig. 3 and Table S1. The results indicated that there is no significant variation (Kruskall-Wallis x?=
14.82; p =0.19) for soil organic carbon (SOC) under the dominant tree canopy species (Fig. 3a). For
SOC, Dichrostachys cinerea dominant tree canopy species recorded the high average concentration
(2.23+1.39 %), while Ficus capensis dominant tree canopy species recorded the lower average
concentrations (0.92 +0.38 %). Ficus capensis dominant tree canopy species recorded lower
concentrations for SOC (Fig. 3). Soil pH around the 10 dominant tree canopy species was basic
(8.55 £ 0.4). In particular, the soil pH value around Acacia polyacantha dominant tree canopy species
(08.34 £ 0.47) was significantly lower than the value around Terminalia mollis dominant tree canopy
species (08.92 +0.28) (Kruskall-Wallis x?= 21.26; p = 0.03) but similar to the values found around the
other dominant tree canopy species (Fig. 3b; Table S1). Regarding the soil macroelements (i.e., Na, K,
Ca and Mg), a significant difference was only observed in Ca (Kruskall-Wallis x?= 22.48; p = 0.02) and
specifically around Ficus craterostoma dominant tree canopy species (27.432,50+ 4.23 mg/g) and
Mixed species plots with Acacia polyacantha (18.46 +5.83 mg/g) which showed high and lower
concentrations, respectively. However, there were also variations for the other macroelements,
although they were insignificant under the different dominant tree canopy species (Fig. 3c—f; Table
S1).
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3.1.3. Soil heavy metal concentrations

The heavy metal concentrations of the soil samples from the dominant tree canopy species within the
tailings dam are displayed in Fig. 4. The results showed that only Sr (Fig. 4i) varied significantly under
dominant tree canopy species (Kruskall-Wallis x2= 26.48; p = 0.005). The significant difference was
between Mixed species plots with Acacia polyacantha dominant tree canopy species and Ficus
craterostoma dominant tree canopy species, which exhibited high content (0.066 + 0.015 mg/g) and
low content (0.042 + 0.011 mg/g) of Sr, respectively. There was no significant difference between the
other heavy metals studied, however, different concentrations were observed depending on the
dominant tree canopy species and the heavy metal in consideration (Fig. 4a—h, j—-m; Table S1; p < 0.05).
Only Fe concentrations significantly varied under the Ficus capensis dominant tree canopy species.
High concentrations of Cu and Mn were observed only for Dichrostachys cinerea and Gmelina arborea
dominant tree canopy species, respectively (Fig. 4c—d; Table S1).
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Fig. 4. Boxplot of heavy metal parameters variation between the dominant tree canopy species stands: a) Fe; b)
Ti; ¢) Copper; d) Mn; e) Ba; f) Zr; g) Rb; h) Cr; i) Sr; j) Zn; k) Sn; 1) Sb; m) Pb. Dominant tree canopy species: 1.
Acacia polyacantha, 2. Acacia sieberiana, 3. Bauhinia petersiana, 4. Dichrostachys cinerea, 5. Ficus capensis, 6.
Ficus craterostoma, 7. Gmelina arborea, 8. Rhus longipes, 9. Syzygium guineense, 10. Terminalia mollis; 11.
Mixed species with Acacia polyacantha; 12. Mixed species with Bauhinia petersiana.
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3.2. Species richness, diversity and dominance metrics variations and influence of the dominant tree
canopy species on their recruitment

Across layers, the weighted Linear Mixed Models indicated that canopy species significantly affect
recruitment patterns in the tree and herb layers but have a limited impact on the grass layer (Table 2,
Table 3, Table 4). The results of the weighted linear mixed models revealed that across layers, the
models demonstrated the ability to explain variation in richness, abundance, diversity and dominance
indices (Table 2, Table 3, Table 4). The performance of the weighted Linear Mixed Models varied across
the tree, herb, and grass layers in terms of species richness, abundance, diversity and dominance
metrics.

For the tree layer, the models showed that all metrics were shaped by both Marginal R? (fixed effects)
with values varying between 15.5 and 28.8 and the Conditional R?> (random effects representing block-
level differences) with values between 24.8 and 38.5 (Table 1). The random effects, remarkably the
block-level variability, played a more prominent role in the tree layer (ICC = 26 %), reflecting spatial
heterogeneity in recruitment. The models performed moderately well, especially in explaining species
richness. Among the fixed effects, Ficus capensis (Estimate = 2.59, 95 % Cl: 0.71-4.48, p = 0.008) and
Ficus craterostoma (Estimate = 1.13, 95 % Cl: 0.11-2.16, p = 0.030) significantly increased richness.
Gmelina arborea (Estimate = 31.23, 95% Cl: 18.32-44.14, p<0.001) and Bauhinia petersiana
(Estimate = 14.07, 95% Cl: 1.04-27.10, p <0.035) had a strong effect on tree abundance. Ficus
craterostoma significantly increased Shannon-Wiener diversity (Estimate = 0.39, 95 % Cl: 0.09-0.70,
p =0.012) and Simpson diversity (Estimate = 0.18, 95 % Cl: 0.02-0.34, p = 0.030), indicating its role in
supporting diverse and dominance tree communities.

For the herb layer, the weighted Linear Mixed Models indicated that marginal R? (fixed effects)
explained 7.1-9.9 % of the variance, while conditional R? (random effects) added little to the models,
with values between 1.6—12.2 (Table 3). This suggests that fixed impacts, particularly the dominant
tree canopy species, played a more critical role in explaining variation in herbaceous recruitment.
However, the random effect of the block was negligible (ICC = 0), indicating minimal spatial
heterogeneity at this scale. However, specific canopy species still showed notable fixed effects. Ficus
capensis significantly increased species richness (Estimate = 2.12, 95 % Cl: 0.94-3.31, p = 0.003), while
Gmelina arborea enhanced herb abundance (Estimate = 19.67, 95 % Cl: 11.02—-28.32, p < 0.001). For
herbaceous diversity, Ficus craterostoma exhibited positive effects on Shannon-Wiener diversity
(Estimate = 0.42, 95 % Cl: 0.12—0.72, p = 0.005) and Simpson diversity (Estimate = 0.21, 95 % Cl: 0.03—
0.38, p = 0.022), implying that it promotes a more even and varied herb layer.

The models showed very low explanatory power for the grass layer, with marginal R? values around
1.0-1.1 % across all metrics (Table 4). Conditional R? and random effects were nearly negligible, with
ICC values approximating 0, reflecting little spatial variability across blocks. None of the fixed effects
were statistically significant for richness, abundance, or diversity metrics. No canopy species had
significant fixed impacts on species richness or abundance in the grass layer (Table 3). However, Rhus
longipes exhibited a marginal impact on the Shannon-Wiener index (Estimate = 0.57, 95 % Cl: -0.09—
1.23, p=0.088).

3.3. Influence of soil variable on species richness, abundance and diversity metrics across vegetation
layers growing under the dominant tree canopy species

3.3.1. Random forest models performance

The Random Forest analysis revealed that soil variables influenced the species metrics across different
layers (Table 5). The table summarises the performance metrics—RMSE, R?, and MAE—achieved for
each combination of vegetation layer (Tree, Grass, Herbs) and response variable (Richness,
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Table 2. Influence of dominant tree on the tree species composition within the tailing dam 10 in the Copperbelt province of Zambia.

Predictors Species richness Abundance Shannon-Wiener index Simpson index
Estimates = ClI P Post- = Estimates CI P Post- = Estimates CI P Estimates = CI P_values
hoc hoc
Intercept 2.84 1.75 - <0.001 10.54 3.70 - 0.003 0.7 0.41 - <0.001 0.39 0.25 - <0.001
3.93 17.39 0.99 0.53
Fixed effects
Acacia 1.13 0.10 - 0.201 ab 2.38 -08.18 0.578 abcd | 0.40 0.09 - 0.112 0.25 0.06 — 0.08
polyacantha 2.16 —8.50 0.80 0.38
Acacia 0.05 -1.86 - 0.961 ab -3.59 -21.13  0.685 abcd | -0.05 -0.61 0.873 -0.07 -0.37 0.649
sieberiana 1.96 -13.95 -0.52 -0.23
Bauhinia -0.18 -1.60- 0.806 ab 14.07 1.04 - 0.035 abcd | -0.22 -0.64 0.312 -0.14 -0.36  0.207
petersiana 1.24 27.10 -0.21 —-0.08
Dichrostachys 1.65 -0.02- 0.053 ab 11.96 -3.41 - 0.126 abcd | 0.43 -0.07 0.089 0.19 -0.07  0.155
cinerea 3.32 27.34 -0.93 —-0.45
Ficus capensis 2.59 0.71 - 0.008 b 15.63 -1.74 — 0.077 abcd | 0.34 -0.22  0.225 0.13 -0.16 | 0.373
4.48 33.00 -0.90 -0.43
Ficus 1.13 0.11 - 0.03 ab -0.75 -10.18 0.874 cd 0.39 0.09 - 0.012 0.18 0.02 - 0.03
craterostoma 2.16 —-8.67 0.70 0.34
Gmelina arborea 1.4 -0.00- 0.050 ab 31.23 18.32 - <0.001 ab 0.25 -0.16  0.229 0.13 -0.09 0.254
2.80 44.14 -0.67 -0.35
Mixed species 0.96 -0.26 - 0.122 ab 3.18 -8.05 - 0.574 ac 0.33 -0.03 0.072 0.17 -0.02 0.087
with A. 2.19 14.41 -0.70 -0.36
polyacantha
Mixed species 1.28 -0.42 - 0.137 ab 18.25 272 - 0.22 abcd | 0.12 -0.38 | 0.625 0.04 -0.22 | 0.743
with B. 2.97 33.79 -0.63 -0.31
petersiana
Rhus longipes 1.33 -0.19 - 0.085 ab 10.58 -3.40 - 0.136 abcd | 0.11 -0.35 0.642 0 -0.23  0.979
2.85 24.56 —0.56 -0.24
Syzygium 1.25 -0.64 - 0.193 ab 11.98 -5.43 — 0.175 abcd | 0.18 -0.38 | 0.522 0.08 -0.21 | 0.579
guineense 3.14 29.38 -0.74 -0.38
Terminalia -0.63 -1.81- 0.294 a -3.82 -14.62  0.483 ac -0.24 -0.59 0.182 -0.14 - 0.32 0.138
mollis 0,55 -6.98 -011 -0.05
Random Effects
o? 2.39 203.96 0.21 0.06
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Table 3. Influence of dominant tree on the herbs species composition within the tailing dam 10 in the Copperbelt province of Zambia.
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Intercept
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Table 4. Influence of dominant tree on grass species within the tailing dam 10 in the Copperbelt province of Zambia.

Richness Abundance Shannon Simpson

Predictors Estimates ClI p Estimates Cl p Estimates Cl P Estimates CI P

Fixed Effects

(Intercept) 1.84 0.33 - 0.018 0.43 -0.49 - 0.355 0.32 -0.26 - 0.276 0.21 -0.11 - 0.202
3.34 1.34 0.89 0.53

Bauhinia petersiana 0.96 -1.71 - 0.474 0.73 -0.88 - | 0.368 0.31 -0.71 - 0.541 0.17 -0.40 - 0.557
3.64 2.34 1.33 0.73

Dichrostachys cinerea -0.09 -2.61 - 0.945 -0.28 -1.80 - 0.708 0.19 -0.77 - 0.693 0.15 -0.38 - 0.563
2.43 1.23 1.15 0.69

Ficus capensis 0.16 -5.00 - 0.95 -0.14 -3.24 - 0.93 0.37 -1.60 - 0.706 0.29 -0.81 - 0.598
5.33 2.97 2.34 1.39

Ficus craterostoma 0.42 -1.28 - 0.623 0.04 -0.99 - 0.943 0.11 -0.54 - 0.743 0.04 -0.32 - 0.834
2.12 1.06 0.76 0.40

Gmelina arborea 0.88 -1.27 - 0.416 0.16 -1.12 - 0.801 0.35 -0.47 - 0.401 0.18 -0.28 - 0.441
3.02 1.45 1.16 0.63

Mixedspecies with Acacia 0.4 -1.31 - 0.641 -0.03 -1.06 - 0.957 0.2 -0.46 - 0.549 0.1 -0.26 - 0.576

polyacantha 2.11 1.00 0.85 0.47

Mixedspecies with Bauhinia -0.12 -2.13 - 0.903 -0.26 -1.46 -  0.674 -0.08 -0.85 - 0.825 -0.09 -0.52 - 0.658
1.88 0.95 0.68 0.33

Rhus longipes 1.56 -0.17 - 0.076 -0.14 -1.18 - 0.789 0.57 -0.09 - 0.088 0.29 -0.07 - 0.114
3.29 0.90 1.23 0.66

Syzygium guineense 0.94 -0.89 - 0.308 0.91 -0.19 - 0.104 0.23 -047 - 0.52 0.06 -0.33 - 0.747
2.77 2.01 0.92 0.45

Terminalia mollis 1.24 -0.38 - 0.13 0.47 -0.50 - 0.337 0.5 -0.12 - 0.11 0.26 -0.08 - 0.127
2.85 1.45 1.11 0.61

Random Effects

o2 24.37 8.75 3.54 1.1

00 0.00 Bloc 0.02 Bloc 0.00 Bloc 0.00 Bloc

ICC 0

N 4 Bloc 4 Bloc 4 Bloc 4 Bloc

Observations 71 71 71 71

Marginal R2 / Conditional R2 0.011/NA 0.010/0.012 0.011 /NA 0.011/NA

AIC 281.345 220.801 165.644 95.226

ANOVA Mixed Models Chisq Df Pr(>Chisq) = Chisq Df Pr(>Chisq) | Chisq Df Pr(>Chisq) | Chisq Df Pr(>Chisq)

11.43309 10 0.324786 = 12.82244 10 0.23377 11.8508 10 0.295166 | 12.85384 10 0.231959
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Abundance, Shannon, and Simpson). For the tree layer, richness had an RMSE of 1.486, a variance
explained R? of 40.5 %, and an MAE of 1.264. The tree abundance response showed a higher RMSE
(14.594) but explained 21.7 % of the variance. Shannon and Simpson metrics for this layer revealed
lower RMSE and MAE values, with R? values of 32.9 % and 21.3 %, respectively. Species richness was
shown to have an RMSE of 1.342 for grass layers, accounting for 13.9 % of the variance. The RMSE
values for the abundance and Shannon-Wiener index were 0.645 and 0.491, respectively, and they
explained 18.7 % and 16.0 % of the variations. On the contrary, in this layer, the Simpson index showed
the highest variation, with a variance of 22.9 %. Species richness in the herbs layer had an RMSE of
1.431, meaning that 6.7 % of its variance could be explained. The Shannon-Wiener and Simpson
indices exhibited R? values of 11.8 % and 9.0 %, respectively, whereas abundance had an RMSE of
0.571 and explained 6.8 % of its variance.

Table 5. Performance metrics statistics for species response variables across vegetation layers.

Layers Response RMSE R? MAE
Tree Richness 1.486 0.405 1.264
Abundance 14.594 0.217 @ 11.335
Shannon 0.482  0.329 0.405
Simpson 0.257 | 0.213 0.223
Grass | Richness 1.342 0.139 1.152
Abundance 0.645 @ 0.187 0.516
Shannon 0.491 0.160 0.418
Simpson 0.282 | 0.229 0.251
Herbs  Richness 1.431  0.067 1.208
Abundance 0.571 | 0.068 0.390
Shannon 0.437  0.118 0.380
Simpson 0.245  0.090 0.224

3.3.2. Influence of soil variable on species richness across tree, grass and herb Layers

The results of the Random Forest analysis showed that soil properties influence species richness across
tree, grass, and herb layers. This influence varies from one soil variable to another and across
vegetation layers (Table 6; Appendices $2-54).

Concerning the influence of soil properties on species richness, the relative importance of the impact
of soil variables differs across tree, grass and herb layers (Table 6; Appendices S2-54). Indeed, heavy
metal iron (Fe) was the only soil variable that significantly influenced the specific richness of the tree
layer (MDA = 10.44 & p accuracy = 0.01; MDG = 14.94 & p Gini = 0.04; Importance value = 16.86). Tree
species richness increases significantly with Fe content up to a certain threshold (0.15), where it begins
to decrease (Appendix S2). The soil textural variable sand content also showed a meaningful influence,
even if not significantly (Importance value = 15.45). It was found that tree species richness increased
rapidly when sand content was higher than 90 % (Appendix S2). The heavy metal Zinc (Zn), nutrient
Calcium (Ca) and the heavy metal Manganese (Mn) are the third, fourth and fifth soil variables with a
high influence on tree species richness, respectively (Tian et al., 2015) (Table 6). The heavy metals Zn
and Mn were found to increase tree species richness at lower concentrations, while tree species
richness increased with soil concentration of Ca (Appendix S2).
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Table 6. Relative importance and performance tests statistics for random forest analysis of the soil variable influence on species richness of the different layers (tree, grass
and herb).

Variables = Trees layer Grass layer Herbs layer

MDA MDG Importance P.Accuracy p.Gini MDA MDG Importance P.Accuracy p.Gini MDA MDG @ Importance P.Accuracy @ p.Gini
Fe 10.44 14.94 16.86 0.01 0.04 -0.16 3.90 3.92 0.54 0.57 -150 8.88 8.04 0.96 0.19
Sand 0.62 = 14.45 15.45 0.46 0.16 | -2.93 2.25 2.37 0.89 1.00 0.78  10.38 9.92 0.44 0.12
Zn 3.07 15.65 15.19 0.17 0.20 1.85 5.28 5.90 0.19 0.20 2.04 5.81 5.95 0.36 0.77
Ca -1.32  13.35 14.67 0.72 0.50 -0.97 4.33 4.09 0.59 0.57 8.37 11.36 11.65 0.01 0.04
Mn 3.92  15.29 14.56 0.06 0.25 | -0.92 4.29 3.98 0.70 0.58 3.23 8.32 8.43 0.13 0.43
Na 4.08  13.00 12.76 0.09 0.50 -1.29 6.86 7.56 0.66 0.19 -0.47 9.42 9.28 0.54 0.24
Cu 246  11.12 10.53 0.21 0.64  -0.33 5.10 4.92 0.51 0.43 | -0.46 8.49 8.85 0.61 0.38
Zr 1.11 9.55 10.20 0.41 0.92 -0.34 5.07 5.25 0.55 031  -1.03 4.22 4.67 0.76 1.00
K -3.75  11.12 10.18 1.00 0.67 0.21 5.01 5.17 0.47 0.38  -0.25 7.39 8.45 0.60 0.50
Sr -2.40 9.46 9.83 0.96 0.72 | -4.68 3.09 3.14 0.99 0.77 1.99 5.45 5.42 0.24 0.79
Rb 2.43 8.76 9.69 0.27 0.72 | -0.16 3.60 3.35 0.50 0.55  -2.81 4.66 4.49 0.99 0.92
SoC -0.80  9.84 9.66 0.70 0.81  -1.91 4.07 4.27 0.76 0.64 299 6.66 6.59 0.12 0.62
Ba 0.40 10.17 9.53 0.42 0.91 0.67 4.36 4.25 0.35 0.52 | -1.04 5.48 6.14 0.69 0.94
Ti 2.54 931 9.24 0.29 0.87 | -2.04 4.55 4.41 0.85 0.43 130 9.24 8.43 0.43 0.22
Mg 3.46 9.09 8.42 0.07 0.74 -1.25 4.05 4.15 0.61 0.36 1.02 9.16 10.28 0.25 0.13
Clay -0.02  7.16 7.69 0.45 0.69 | -2.29 2.63 2.62 0.80 0.59  -196 4.30 4.49 0.84 0.63
Sb -1.65 6.79 7.68 0.67 1.00 0.62 5.76 5.33 0.26 0.13 | -1.87 5.61 5.07 0.83 0.79
pH 2.80 7.52 7.14 0.21 0.80 -1.40 2.90 3.26 0.73 0.68 0.56 4.92 4.49 0.37 0.52
Silt 0.84  6.82 6.65 0.47 0.99  -2.46 3.13 2.55 0.88 0.79 2.68  9.60 9.20 0.20 0.16
Sn -0.66 = 5.55 5.19 0.56 0.45 0.75  2.58 2.60 0.29 0.27 -166 247 2.31 0.78 0.78
Cr -1.81 4.82 4.73 0.90 0.86 0.05 2.10 2.34 0.35 0.68  -139 2.82 2.73 0.82 0.85
Pb 1.03  4.69 4.11 0.25 0.68 | -0.50 3.40 3.37 0.66 0.26  -3.46 211 1.91 0.95 0.96
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Contrary to tree and herb layers, no significant influence of soil on tree species richness was found for
grass (Table 6). For grass, the five soil variables with relative importance higher than 5.00 where Na
(Importance value = 7.56), Zn (Importance value = 5.90), Zr (Importance value = 5.25), Sb (Importance
value = 5.33) and K (Importance value = 5.01). Grass species richness decreases with higher
concentrations of heavy metals Zn and Sb, as well as soil nutrient K. However, grass species richness
increased with soil Na Concentrations while it fluctuated with the increase of Zr concentrations
(Appendix S3).

Regarding the herb layer, it was found that soil nutrients variables Ca (MDA = 8.37 & p accuracy = 0.01;
MDG =11.36 & p Gini=0.04; Importance value = 11.65), Na (Importance value = 9.42), Mg (Importance
value = 9.16), and soil texture variables sand (Importance value = 9.92), and silt (Importance value =
9.60) were the five variables influencing the most herb richness with the Ca influence being significant
(Table 6). Herb species richness negatively responded to the increasing proportion of sand, suggesting
a decline in diversity in sandier soils. Conversely, soil nutrients Na and Ca positively influenced herb
richness, with notable increases as their concentrations rose. Silt and Mg have mixed effects, with
slight variations in herb richness at different concentration levels, indicating a less consistent influence
(Appendix S4).

3.3.3. Influence of soil variables on species abundance across tree, grass, and herb layers

Like metric species richness, it was found that soil variables influence species abundance across
vegetation layers even though the soil variables influencing it were not the same (Table 7). That
influence varies from one variable to another across the vegetation layers (Table 7; Appendices S5-
S7).

The abundance of the tree layer was found to be influenced mainly by soil variables K (Importance
value = 1837.08), Sb (Importance value =1698.84), pH (Importance value = 1389.62), Cu (Importance
value = 938.84) and Cr (Importance value = 818.23). Specifically, the random forest analyses showed
that K has a non-linear positive influence on the abundance of tree species, with a noticeable increase
when K levels reach a particular threshold. The Sb on its side showed a complex relationship with tree
species abundance. The abundance of trees is strongly positively influenced by the soil pH, increasing
gradually as the pH becomes less acidic. However, there are trends in heavy metals Cu and Cr where
the abundance of trees decreases initially as their concentrations rise before stabilising (Appendix S5).

Regarding the abundance of grass layer, it was found that Mg (MDA = 8.42 & p accuracy = 0.04; MDG
=3.92 & p Gini = 0.04; Importance value = 3.77) and Fe (MDA = 5.88 & p accuracy = 0.04; MDG =3.01
& p Gini = 0.02; Importance value = 3.36) were the most significant influencing soil variables (Table 7).
These soil variables were followed by Ti (Importance value = 2.51), Ca (Importance value = 2.31), and
Mn (Importance value = 2.09), respectively. After the random forest analysis, the specific analysis of
each soil variable showed that Mg appears to have a positive marked effect, with the abundance of
grass increasing significantly as Mg concentrations above a particular threshold. Conversely, heavy
metals Fe and Ti showed an inverse trend, with the abundance of grass decreasing significantly as their
concentrations rose. While Mn exhibits a negative trend with a sharp decline in the abundance of
grass at high levels, Ca has a complex relationship with graminoids abundance (Zhang et al., 2023)
(Appendix S6).

Furthermore, the soil variables influencing the abundance of the herb layer were Ba (Importance value
= 2.44), Cu (Importance value = 2.07), Na (Importance value = 1.51), Ca (Importance value = 1.44), Ti
(Importance value = 1.36) and Mg (Importance value = 1.27). The analyses of how various soil factors
affect the abundance of herbs showed that Ba and Cu were negative, showing that when these latter
two increase, the presence of herbs decreases. Conversely, Ca and Na were beneficial, indicating an
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Table 7. Relative importance and performance tests statistics for random forest analysis of the soil variable influence on species abundance of the different layers (Tree,
grass and herbs).

Variables = Trees layer Grass layer Herbs layer
MDA MDG Importance = P.Accuracy p.Gini MDA MDG | Importance P.Accuracy p.Gini MDA MDG Importance p.Accuracy p.Gini

K 4.10 2039.41 | 1837.08 0.14 0.06 0.31 095 1.12 0.62 0.67 249 0.69 | 0.75 0.51 0.74
Sb 0.48 1600.91 | 1698.84 0.41 0.10 2.73 1.48 1.38 0.14 0.22 2.50 0.83 0.88 0.20 0.47
pH 4.30 1316.19 | 1389.62 0.08 0.15 0.10 045 0.47 0.59 0.97 -0.87 0.52  0.50 0.93 0.74
Cu 2.57  860.86 938.84 0.30 0.51 -0.89 1.19 1.15 0.76 0.46 3.98 216 2.07 0.12 0.06
Cr 246  926.85 818.23 0.16 0.12 145 0.37 0.36 0.29 0.94 238 054 | 0.79 0.19 0.36
Sr -0.85 758.61 798.10 0.77 0.50 -1.60 129 1.16 0.84 0.28 155 0.58 @ 0.63 0.37 0.67
Ti 1.00 @ 747.78 757.45 0.72 0.72 2.22 247 251 0.22 0.06 1.22 1.06 1.36 0.70 0.41
Ca -1.49 757.64 | 741.29 0.87 0.62 1.62 216 231 0.26 0.20 3.65 1.44  1.21 0.13 0.26
Zr 2.39 | 707.22 694.43 0.19 0.68 0.39 1.04 1.06 0.46 0.64 2.93 1.04  0.95 0.21 0.31
Ba -1.51 584.51 686.04 0.81 0.85 029 097 1.10 0.54 0.70 470 215 243 0.09 0.19
Zn 2.50 667.21 685.72 0.36 0.72 0.44 1.29 1.18 0.56 0.35 345 061 0.52 0.21 0.74
clay 0.73 728.62 683.34 0.37 0.37 -1.74 030 0.34 0.84 1.00 -1.10 0.59 @ 0.50 0.68 0.53
Mn -0.77 656.53 673.53 0.87 0.69 6.59 2.33 | 2.09 0.07 0.19 -1.75 0.58 @ 0.57 0.89 0.76
Rb 2.88 | 870.08 669.32 0.30 0.34 1.88  0.98 @ 0.87 0.37 0.48 2.14 051 | 0.53 0.59 0.80
sand 0.87 | 564.02 602.08 0.50 0.76 -0.75 1.03 1.05 0.70 0.54 -2.60 035 0.37 0.94 0.96
silt 0.90  595.37 578.31 0.43 0.66 -1.90 0.84 0.86 0.78 0.69 -0.19 030 0.35 0.69 0.98
Fe 2.17  527.59 577.00 0.60 0.96 5.88 3.01 3.36 0.04 0.02 348 077 0.72 0.37 0.55
Mg 0.93 463.46 | 498.04 0.48 0.84 842 392 3.77 0.04 0.04 2.58 138  1.27 0.18 0.11
SoC 1.56 = 432.97 | 420.89 0.48 0.97 2.40 1.28  0.99 0.18 0.50 1.58 0.89 0.76 0.46 0.54
Na 2.34 437.12 394.32 0.13 0.98 -2.19 ' 0.75 0.76 0.84 0.85 -1.59  1.94 1.51 0.82 0.17
Pb -2.92  305.57 344.42 0.96 0.54 -1.95 0.20 0.17 0.90 0.97 0.77 042 0.64 0.49 0.36
Sn 0.10 183.22 185.59 0.36 0.85 -0.47 039 0.40 0.56 0.51 0.35 0.13 0.16 0.37 0.87
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increase in the herb's wealth with more significant concentrations of these elements. On the other
hand, Mg has a generally positive effect that increases herbaceous wealth as concentration increases,
but Ti has the opposite effect, causing a significant decline in herb abundance (Appendix S7).

3.3.4. Influence of soil variable on diversity metrics across tree, grass, and herb layers

Random forest analysis reveals that Na was the soil property influencing diversity indices for all
vegetation layers, significantly affecting tree and grass layers (Table 8, Table 9). However, the
importance of soil properties varied from layer to diversity metrics. For the Shannon-Wiener index,
the most influential variables were Zn (Importance value = 1.06), Mn (Importance value = 1.05), sand
(Importance value = 1.04) and Zr (Importance value = 0.98). In contrast, the Simpson index was mainly
influenced by Sr (Importance value = 0.30), Zr (Importance value = 0.29), Ti (Importance value = 0.28)
and Mn (Importance value = 0.24). Na showed a decreasing relationship with the Shannon-Wiener
index, indicating that increasing its concentration reduces diversity. Zn and Mn, on the other hand,
showed a more complex relationship, with fluctuations that could reflect variable effects depending
on their levels. Sand and Zr also influenced tree diversity (Appendix S8). Higher Na concentrations
were also associated with lower tree diversity for the tree Simpson index, while Sr and Ti contribute
to an increase in this index at certain levels. Mn and Zr, on the other hand, show more complex
relationships with the Simpson index (Appendix S11).

Similar trends were observed for herbs layers, both for the Shannon-Wiener index (Table 8) and the
Simpson index (Table 9). The Shannon-Wiener index for grasses was influenced by Ca (Importance
value = 0.88), Cu (Importance value = 0.84), Zr (Importance value = 0.75), Zn (Importance value = 0.71)
and Fe (Importance value = 0.63). The Simpson index for grasses is affected by Ca (Importance value
=0.33), Cu (Importance value = 0.29), silt (Importance value = 0.23), Zn (Importance value = 0.23), Fe
(Importance value = 0.21), Zr (Importance value = 0.21) and Ti (Importance value = 0.21). Na has a
marked decreasing effect on the Shannon-Wiener index of grasses. Ca showed significant fluctuations.
Cu and Zn have an inverse relationship with the Shannon-Wiener index, their increase being
associated with a decrease in the index. At the same time, Fe and Zr showed more stable trends
(Appendix S9). Regarding the Simpson index of grasses, high Na concentrations were also associated
with decreased diversity. Zn and Cu also showed decreasing trends, while Ti and Zr showed more
complex variations, with peaks and fluctuations that could reflect specific effects on the Simpson
index. Silt and Fe exert a more stable effect, with moderate variations in the Simpson index (Appendix
$12).

Unlike the tree and grass layers, grass species diversity was strongly influenced by Ba (Table 8, Table
9). In addition to Ba, soil properties such as Na (Importance value = 1.12), Mn (Importance value =
0.95), Ca (Importance value = 0.85), K (Importance value = 0.68) and SOC, 0.61) also influence the
Shannon-Wiener index of grasses (Table 8). For the Simpson index, the most influential properties
were Na (Importance value = 0.34), Mn (Importance value = 0.30), Ca (Importance value = 0.27), SOC
(Importance value = 0.21), Sr (Importance value = 0.21) and Rb (Importance value = 0.21). Ba and Na
favor increased diversity for grasses at higher concentrations, while Mn and Ca showed a downward
trend, which could limit certain species. K and SOC showed variable effects, marked by peaks and
troughs (Appendix S10). Finally, high concentrations of Ca were associated with a decrease in the
Simpson index of grasses, while SOC was positively correlated with this index. In contrast, heavy
metals such as Sr and Rb showed opposite trends, potentially reducing herbaceous diversity around
dominant trees in tailings dam zones where these elements are present (Appendix S13).
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Table 8. Relative importance and performance tests statistics for random forest analysis of the soil variable influence on Shannon-Wiener index of the different layers (Tree,
grass and herbs).

Variable | Trees layer Grass layer Herbs layer
s MDA MD Importanc P.Accurac | p.Gin MDA MD Importanc p.Accurac  p.Gin MDA MD Importanc p.Accurac | p.Gin
G e y i G e y i G e y i
Na 8.67 1.77 1.77 0.02 0.10 5.68 1.37 1.37 0.04 0.04 -0.2 044 112 0.58 0.98
5
Zn 3.00 108 1.06 0.16 0.29 -12 064 0.71 0.73 0.37 -33 049 0.57 0.96 0.86
8 5
Mn -1.2 1 096 1.05 0.66 0.73 -1.7 | 051 0.52 0.74 0.79 -0.2 | 0.56 | 0.95 0.50 0.57
0 0 1
sand 0.81 1.00 1.04 0.37 0.35 -0.2 | 047 0.49 0.49 0.63 -1.7 042 0.60 0.85 0.99
3 2
Zr 0.24 | 1.06 0.98 0.47 0.40 0.30 | 0.67 0.75 0.50 0.47 -34 046 | 0.58 0.95 0.20
2
Ba -0.9 086 0.93 0.55 0.85 -1.2 | 0.50 @ 0.45 0.66 0.81 447 0.66 1.11 0.04 0.06
4 3
Cu 0.35 | 0.87 0.92 0.32 0.70 403 | 083 0.84 0.08 0.19 0.54 110 | 0.61 0.33 0.09
Sr 0.79 1 0.88 0.91 0.32 0.49 -2.3 | 042 0.48 0.85 0.81 -2.8 051 | 0.60 0.96 0.78
8 8
Ti 141 088 0.88 0.33 0.68 -25 059 0.56 0.90 0.50 -2.8 049 0.48 0.94 0.71
0 9
SoC 146 094 0.85 0.26 0.66 -3.8 044 041 0.96 0.89 -25 1 0.66 | 0.61 0.89 0.38
3 8
Fe 439 | 0.76 0.80 0.15 0.88 -0.5 | 0.56 0.63 0.58 0.50 0.11 | 0.55 | 0.48 0.59 0.57
8
K 0.86 | 0.77 0.77 0.47 0.92 126 | 0.57 @ 0.59 0.26 0.61 -0.1 039 0.68 0.50 0.74
0
Ca -1.8 1 0.69 0.70 0.78 1.00 1.15 | 0.86 @ 0.88 0.31 0.22 3.47 099 | 0.85 0.16 0.12
5
Sb -0.7 | 0.64 0.67 0.46 0.97 0.33 | 0.51 0.56 0.37 0.63 -1.8 034 | 0.48 0.78 0.52
3 1
clay 1.65 0.60 0.66 0.17 0.62 -2.6 | 033 035 0.92 0.79 3.21 | 254 035 0.16 0.13
2
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Pb 147 061 0.64 0.18 0.18 -00 036 0.32 0.34 0.26 -04 0.63 | 0.30 0.59 0.36

2 8

Mg -16 058 0.64 0.63 0.98 -0.6 047 0.44 0.51 0.64 -0.1 0.30 | 0.47 0.46 0.71
9 3 4

Sn 0.40 | 0.66 0.64 0.33 0.15 041 | 025 0.23 0.26 0.44 -2.5 1 0.60 | 0.47 0.88 0.77
1

silt 036 0.63 0.60 0.47 0.98 212 | 063 0.62 0.26 0.38 -19 0.62 | 0.56 0.88 0.65
7

Rb -0.0 059 0.59 0.59 0.97 -3.1 040 0.38 0.96 0.82 -1.2 0.62 | 0.59 0.73 0.74
2 7 8

Cr -2.5 | 058 0.59 0.90 0.58 -0.5 1034 032 0.50 0.59 148 054 | 033 0.23 0.82

7 0

pH -0.6 | 0.56 0.50 0.58 0.97 -1.4 | 045 043 0.78 0.59 -0.7 055 | 0.54 0.59 0.33

7 4 0

Table 9. Relative importance and performance tests statistics for random forest analysis of the variable soil influence on Simpson index of the different layers (Tree, grass
and herbs).

Variable | Trees layer Grass layer Herbs layer
s MDA MD Importanc P.Accurac  p.Gin MDA | MD Importanc p.Accurac  p.Gin MDA MD Importanc p.Accurac = p.Gin
G e y i G e y i G e y i
Na 5.74 036 0.37 0.02 0.21 6.45 | 0.43 0.40 0.01 0.01 255 035 0.34 0.16 0.11
Sr 159 0.26 0.30 0.18 0.36 -15 /014 0.14 0.59 0.83 0.55 019 | 0.21 0.34 0.52
9
Zr 0.85 | 0.29 0.29 0.25 0.35 -0.0 | 020 0.21 0.43 0.55 -1.1 | 0.21 | 0.19 0.61 0.66
8 3
Ti 0.82 0.28 0.28 0.40 0.38 -25 018 0.21 0.79 0.58 -3.1 0.14 0.15 0.94 1.00
3 0
Mn -0.2 024 0.24 0.43 0.69 -2.3 | 0.19 0.18 0.76 0.72 192 0.29 | 0.30 0.17 0.17
6 1
Ba -0.0  0.23 0.23 0.40 0.77 -1.1 | 016 0.17 0.55 0.88 232 036 0.37 0.18 0.10
2 5
clay 3.00 0.22 0.23 0.10 0.24 -1.3 |/ 0.10 0.10 0.63 0.79 -2.6 012 | 0.13 0.88 0.76
8 0
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4, Discussion

4.1. Soil variables within the mine wastelands

The soil texture across the tailings dam was predominantly sandy and homogeneous, with no
significant variation in granulometric composition between plots. This uniform texture throughout the
tailings dam aligns with previous studies that highlighted the homogeneous nature of soil in mining
and waste disposal areas (Festin et al., 2019, Lal, 2009, Chileshe et al., 2019). The relative consistency
in soil texture is likely a result of the mining and ore processing methods employed, which might
contribute to specific depositional or erosional characteristic across the dam. Although the study by
Chileshe et al. (2020) showed different textural properties in the tailing dams of Chingola in the
Copperbelt Province of Zambia, the present study found similar general trends in soil texture, abeit
with a higher percentage of sand.

Afforestation is one of the important measures for ecological restoration of mining generated
landscape. One of the ecosystem services expected from such an approach is the effects of tree
species in maximizing soil function. Tree species can influence soil properties through a wide array of
mechanisms (Yang et al., 2018). Driven by their taxonomic diversity and potentially their diversified
functional traits, trees species can greatly differ in their influence on soil properties. Results of the
present study revealed that the concentrations of soil organic carbon (SOC) did not exhibit significant
variations across different dominant tree canopy species in general, implying that this carbon-related
parameter is relatively consistent under the canopies of the various tree species studied. Normally,
due to their taxonomic diversity, the studied dominant species are expected to present contrasting
functional attributes of leaf, which are likely to affect litter decomposition rate and the soil carbon
input such as leaf longevity, leaf mass per area, and leaf nitrogen content (Rawat et al., 2021,
Takahashi and Miyajima, 2008). In the context of this study however, it is apparent that specific tree
species could not influence carbon dynamics in soil.

Furthermore, the study indicates that the soil pH within the investigated area, encompassing the
dominant tree canopy species exhibited an overall basic trend (8.55 +0.4). Notably, a significant
variation was observed around Acacia polyacantha dominant tree canopy species (with a lower pH) in
comparison with Terminalia mollis dominant tree canopy species, which displayed a higher pH.
Plausibly, the balance between production and consumption of soil hydrogen ions significantly varied
in the two mentioned canopies comparatively to other dominant canopies. Several processes are
involved in shaping the dynamic of soil hydrogen ions, including nutrient cycles, quantity and types of
litter inputs, exudation of ions and organic compounds and other rhizospheric transformations such
as nitrogen fixation and nutrient uptake by plant (Hong et al., 2018, Kooch et al., 2017), which may
also have contributed to the observed differential effects. It is possible that A. polyacantha has created
soil conditions favorable production of relatively higher amount of hydrogen ions, while T. mollis
exhibit the opposite. There is however little quantitative information available on the comparative
effects of trees on soils properties, which warrants further investigations.

The differential influence between tree species was also apparent on soil mineral composition,
particularly for Ca, as Ficus craterostoma exhibited a higher Ca concentration (27.43 £ 4.23 mg/g)
while the Mixed species plots with Acacia polyacantha showed a lower concentration
(18.46 £5.83 mg/g) compared to other studied tree canopees. This could imply species-specific
influences on soil calcium levels, likely associated with distinct tree characteristics, notably the
influence on nutrient cycling processes (Noble and Randall, 1999), thereby influencing soil Ca
dynamics. Since Ca is essential for plant growth and soil structure stability, this variation can have
considerable impact on plant recruitment and growth patterns under the canopy. Calcium is indeed a
macronutrient that is essential for plant growth, as it plays a role in cell wall formation, membrane
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stability, enzyme activation, and signal transduction (White and Broadley, 2003). The effect of tree
species on soil macroelements was however isolated, as Ca was the only macroelement affected by
the effects of tree canopies.

Similarly, among soil heavy metals, only Sr was significantly influenced by tree canopy species,
showing that the biogeochemistry of Sr was more sensitive to the plant-induced changes in the soil
environment than other heavy metals. Intriguingly, like the case with Ca, the significant effect of tree
canopy species is evident only under Ficus craterostoma and under Mixed species with Acacia
polyacantha, highlighting the particularity of this species in modulating the biogeochemistry of
mineral in the conditions of the investigated tailing dams. Converse to the trend with Ca, higher Sr
content are recorded under Mixed species with Acacia polyacantha whereas Ficus craterostoma
canopy presents lower levels of Sr. The observed contrasting behavior of Ficus craterostoma canopy
and Mixed species with Acacia polyacantha towards Ca and Sr highlighting the complex interactions
between the canopy tree species and the soil properties in the mine wastelands. Likewise, a
contrasting pattern of Ca and Sr can be noticed, which is line with their expected antagonistic in the
biogeochemical system. The two elements present similar chemical structure (Kanter et al., 2010;
Gupta and Clemens, 2017) to the degree they can antagonize each other’s mobility in the plant-soil
system. Calcium is indeed the analogue of strontium, and their biological discrimination is somewhat
difficult for their uptake by living organisms (Kobayashi et al., 1991). El-Shazly et al. (2016) also noted
an antagonistic effect between Ca and Sr, as Ca application was found to decrease Sr translocation.
The relationship between calcium and strontium was also established in a soil from Eastern
Transbaikalia as calcium deficiency was correlated with excess of strontium to account for the
occurrence of the endemic Kashin—Beck disease (Ermakov et al., 2019).

4.2. Species richness, abundance and diversity across vegetation layers recruitment under the
dominant tree canopy species

The results of this study showed that dominant tree species differently influence recruitment patterns
and diversity, richness and abundance metrics in the different vegetative layers, with marked impact
noted for tree and grass notably (Table 6). These observations are particularly relevant in tailings
dams, where plant colonization dynamics are essential for stabilizing soils.

In the tree layer, the models revealed that fixed effects (Marginal R?) and random effects (Conditional
R?) jointly explained the variations observed, with a significant contribution from spatial variability
(ICC = 26 %). The results are consistent with those of Festin et al. (2019), who found that the floristic
composition and diversity of tree species naturally colonising tailings dams in Zambia varied among
different canopy tree species. Current results revealed that species such as Ficus capensis and Ficus
craterostoma increased tree richness and diversity of understory trees. A few studies have pointed to
the place of Ficus trees as critically important components of tropical ecosystems. These tree species
produce large and nutritive fruits, which is believed to attract frugivorous birds and mammals, thereby
facilitating seed dispersal by accelerating seed deposition and increasing species diversity in the
understory (Omeja et al., 2011). In an experiment evaluating the effectiveness of remnant trees in
inducing forest recovery, Ficus trees were found to induce more sapling species around them
comparatively non-Ficus trees (Cottee-Jones et al., 2016). Besides, being fast-growing, we cannot rule
out the possibility of Ficus to increase species richness due to the higher canopy areas, which offering
amicroenvironment favorable to accommodate a diversity of trees through processes such as shading,
soil cooling, or organic matter inputs, etc. These traits are cardinal in disturbed landscapes such tailings
dams, where these ficus tree species could act as ecosystem engineers (Jones et al., 1996). For
example, their nutrient-rich litter and extensive root systems can reduce erosion and improve water
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retention (Cottee-Jones et al., 2016), creating resilient ecosystems on these artificial sites, often
exposed to abiotic stresses.

Likewise, the pronounced effects of Gmelina arborea and Bauhinia petersiana on tree abundance also
underline their ability to rapidly dominate disturbed environments, a trait particularly advantageous
in the early stages of ecological succession on tailings dams (). These results demonstrate the
possibility of certain canopy species to directly or indirectly create more favorable conditions or niches
for the establishment of both Ficus or non-Ficus seedlings. This suggests the interest to prioritizing
large trees, and fruit-bearing trees, particularly Ficus trees, in prospect of effective ecological
restoration of tailing dams in the region. The ecological relevance of Ficus trees is substantiated by
further observation that ficus species (F. capensis and F. craterostoma) stimulated herb richness. Like
the Ficus species, G. arborea canopy was also found to play a non negligeable role in herb recruitment
by stimulating their abundance. In tailings dams, the herbaceous layer is crucial in early soil
stabilisation and erosion prevention, notably by establishing a rapid vegetation cover (Duncan et al.,
2015). Interactions between the canopy of dominant trees and herbs may be due to the facilitating
effect of the dominant tree canopy, which modifies light, reduces water competition or enriches the
soil with nutrients via organic debris (Callaway, 1995). Tree canopy species with higher water-use
efficiency and hydraulic architecture may also promote microhabitats with favorable moisture
conditions, allowing certain herbaceous species to thrive (Ruthrof et al., 2015). It is clear that
environmental drivers of species recruitment under dominant tree canopy species operated at
different scales or pathways, for which Ficus species i.e/ F. capensis and F. craterostoma and G.
arborea notably, are expected to play a key role.

In contrast to the tree and herb layers, the results indicate that neither fixed nor random effects
significantly explain variations in richness, abundance or diversity metrics in the grass layer. This lack
of effect could reflect the low dependence of grasses on microenvironmental conditions modified by
dominant trees or their ability to tolerate poor edaphic environments. Nonetheless, Rhus longipes
seems to have a marginal effect on grass diversity, warranting further research to identify subtle but
significant interactions.

4.3. The relationship between soil properties and floristic species recruitment under dominant tree
canopy species

The study demonstrated that edaphic properties have a differentiated influence on species richness,
depending on the vegetative layer. In the tree layer, Fe played a key role, promoting richness at
moderate concentrations before becoming toxic (Kabata-Pendias, 2010). High sand content (>90 %)
also enhances richness by facilitating drainage and aeration, two essential conditions for growth trees
in tailings dams (Wang et al., 2021). In contrast, herb and grasses layers showed high sensitivity to
nutrients such as Ca and Na, which promote richness, while heavy metals such as Zn and Sb reduce it
at high concentrations (Mensah et al., 2018). These results confirm that the extreme soil conditions
of tailings dams strongly modulate plant composition as a function of plant-soil interactions (Skousen
et al., 2019).

Species abundance is mainly influenced by nutrients and heavy metals, with variations depending on
the vegetative layer. In the tree layer, K and soil pH increase abundance by improving physiological
functions and nutrient availability (Wang et al., 2021). However, heavy metals such as Cu and Cr
reduce abundance at high concentrations, limiting root growth (Festin et al., 2019). For grasses and
herbs, nutrients such as Mg promoted abundance, while heavy metals such as Fe and Ti showed
negative effects. These observations underline the need for targeted management of heavy metals to
improve plant abundance, particularly in degraded environments (Skousen et al., 2019).
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Species diversity, measured by the Shannon-Wiener and Simpson indices, was influenced by nutrients
and heavy metals to varying degrees depending on the layer. Na significantly reduces tree diversity,
probably by limiting the ecological niches available, while Zn, Mn and sand promote it to moderate
levels (Kabata-Pendias, 2010). In herbaceous and grassy layers, Ca and Cu negatively influence
diversity at high concentrations, while Na and Ba increase it, reflecting differential tolerance to
edaphic constraints (Festin et al., 2019; Lugo, 1997). These results demonstrated the importance of
edaphic properties in structuring plant communities on tailings dams and guide ecological restoration
strategies by integrating adapted soil and species management.

Soil texture does not significantly affect plant diversity in grass, herbs and tree species layers. These
findings suggest that while soil properties like texture influence vegetation recruitment, their overall
contribution is relatively minor within mine wastelands. This emphasizes the resilience or adaptability
of certain species to suboptimal soil conditions and highlights the potential importance of other
ecological, biotic, or historical factors in shaping plant communities in these disturbed areas.
Mechanistically, species adapted to disturbed environments may possess traits that allow them to
thrive regardless of soil texture variations, such as efficient water use, tolerance to low nutrient
availability, and the ability to survive in contaminated soils. These findings align with earlier research
that found no relationship between soil texture and plant species richness or diversity in different
ecosystems, such as grasslands, forests, and wetlands (Rodrigues et al., 2018). However, when
variation in texture occurs, it can influence plant diversity by affecting keys soil properties like
moisture retention, nutrient availability, and water holding capacity (Xie et al., 2016), which directly
impact plant physiological processes.

A noteworthy study finding is the negative and significant correlation between soil pH and species
richness and abundance among understory tree layers. This implies that as soil pH decreases, there is
a concurrent decline in diversity, species richness and the number of individual trees under the
dominant tree canopy species. Such a correlation suggests that soil acidity may inhibit nutrient
availability and disrupt root growth, ultimately limiting the establishment and growth of understory
tree species. Acidic conditions can also alter the microbial communities essential for nutrient cycling,
further restricting plant recruitment. These results align with Alsherif et al. (2022), who identified soil
pH as a major determinant of plant diversity in various ecosystems, such as grasslands, forests, and
wetlands. Moreover, soil pH has significant applications in nutrient cycling, plant nutrition, and soil
remediation, encompassing bioremediation and physicochemical remediation efforts (Neina, 2019).
The lower soil pH value observed around Acacia polyacantha compared to Terminalia mollis suggests
species-specific effects on the soil chemistry, possibly through the release organic acids or alterations
in microbial activity (Zou et al., 2023, Barrow and Alfred, 2023). This mechanistic insight underlines
how certain tree species can modify their microenvironments, impacting soil acidity and,
consequently, the diversity and structure of understory vegetation. The intricate relationship between
soil characteristics and the ecological dynamics of understory vegetation, may be more pronounced
under specific conditions or in combination with other soil factors, suggesting a complex interaction
that warrants further investigation.

For grass and herbs layers, the study found that heavy metal contents, particularly Zr, Sn, and Pb, were
negatively correlated with species richness and the Shannon-Wiener index. This indicates that
increased concentrations of these heavy metals correspond with decreased species richness and
diversity, suggesting that heavy metal pollution might be a critical factor limiting for species variety
and abundance in these layers. Heavy metals stress cause oxidative stress that can disrupt the
functioning of key metabolic processes in for plants growth and development (Isermann, 2005). These
toxic effects reduce the overall fitness of plants, especially those not adapted to high heavy metal
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concentrations, ultimately leading to lower diversity in contaminated areas (Fischer et al., 2014).
Understanding the specific physiological responses of different plant species to heavy metals could
help identify species with higher tolerance and accumulation potential, which is essential for
ecological restoration efforts.

In the tree species layer, only Ba significantly affected tree species richness highlighting the potential
role of specific heavy metals in influencing tree recruitment and survival. Some tree species, such as
Robinia pseudoacacia, Populus spp., and Ginkgo biloba, have been observed to tolerate and
accumulate heavy metals, including Cd, Zn, Cu, and Pb (Capuana, 2020; Kim and Lee, 2005).
Mechanistic insights into how these species manage heavy metal stress are warranted, which could
provide valuable information to develop proxies to unveil other tree species suitable for
phytostabilization and restoration of mine wastelands.

4.4. Implications for ecological restoration and sustainable management of tailings dams

The results of this study highlight that soil properties, such as texture, nutrients and heavy metal
concentrations, directly influence the diversity and composition of plant communities in tailings dams.
Sandy soils, while offering good drainage, limit water and nutrient retention, thus hindering plant
growth (Wang et al., 2021). Proactive texture management, through the addition of organic
amendments, could improve these soils and promote ecosystem stabilization. Furthermore, based on
the observed association of F. craterostoma with Ca enrichment in the soil under the canopy, we
cannot rule out the contribution of Ca in the recruitment of both tree and herbs species under the F.
craterostoma canopy. Hence, Ca enrichment in soil can be considerable as an option to accelerate
plant species recruitment under different canopies. These observations altogether showed that
dominant trees act as founder species, influencing the long-term ecological trajectories and resilience
of plant communities ( Cottee-Jones et al., 2016).

Finally, the differences in species richness and diversity observed under different tree canopies
underline the importance of selecting species that favor varied ecological niches and high ecosystem
resilience. Ficus species such as Ficus capensis and F. craterostoma, and to a lesser extent G. arborea,
which increase diversity in several strata, should be prioritised in reforestation programs. In parallel
complementary strategies, such as the introduction of adapted grass mixtures, could also maximize
vegetation cover in the early restoration phase (Mensah et al., 2018). These approaches, combined
with continuous monitoring of soil and plant communities, would enable strategies to be adjusted
according to evolving conditions, thus optimising the sustainability and functionality of restored
ecosystems.

5. Conclusions and recommendations

This study highlights the complex interactions between soil properties and vegetation recruitment in
mine wastelands, emphasizing the critical role of dominant tree canopy species in shaping understory
communities. Soil texture, chemical properties, and heavy metal concentrations varied across blocks
within the tailings dam. Notable findings include the positive influence of soil pH, Magnesium (Mg),
and Rubidium (Rb) content on tree species richness under dominant canopy species. Calcium (Ca) also
emerged as a significant factor influencing vegetation dynamics. However, the overall recovery of
species richness and diversity was minimally dependent on soil parameters, with heavy metals
explaining only 1.7-2 % of species recruitment variability. The Shannon-Wiener and Simpson diversity
indices revealed significant variations among canopy species, with species richness declining in
response to elevated concentrations of Zirconium (Zr), Tin (Sn), and Lead (Pb). These findings
emphasize the importance of targeted strategies to leverage the ecological potential of dominant tree
species while addressing soil and environmental challenges.
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To maximize the ecological restoration of mine wastelands, restoration strategies should prioritize the
selection and management of canopy species such as Ficus craterostoma and Ficus capensis, which
significantly enhance diversity and richness. These species can be propagated in nurseries and
incorporated into phased planting programs. Their ability to foster diverse and stable understory
communities makes them valuable in rehabilitation efforts. Additionally, understanding and
harnessing soil-plant interactions are critical for tailoring restoration approaches. For example, site-
specific soil amendments such as calcium-based supplements can enhance species richness in areas
with deficient nutrient levels. Detailed soil mapping should precede restoration to ensure
interventions are matched to local soil conditions.

While soil properties play a role in the phytostabilization potential of trees, other factors such as biotic
interactions, microclimatic conditions, and disturbance regimes are equally crucial. Future efforts
should incorporate research into the roles of mycorrhizal fungi, pollinators, and soil biota, which could
support plant recruitment and diversity. Collaborative studies involving ecologists and microbiologists
can uncover how these factors interact with soil and vegetation. Experimental inoculation with
beneficial fungi and monitoring pollinator networks could further enhance restoration outcomes.

Given the context-dependent nature of phytostabilization, species-specific evaluations are necessary
to assess tree tolerance to heavy metals, their growth characteristics, and their ability to stabilize
contaminated soils. Pilot studies can test the performance of species such as Acacia polyacantha and
Gmelina arborea under varying environmental conditions, providing insights into their suitability for
large-scale restoration. Furthermore, long-term monitoring programs using remote sensing and
ground surveys are essential to track ecological changes, refine strategies, and adapt to evolving
environmental conditions.

Finally, the specific mechanisms by which canopy trees influence understory plant communities, such
as altering microclimates or soil chemistry, warrant detailed investigation. Controlled experiments can
isolate these effects, providing a deeper understanding of the pathways through which canopy trees
enhance recruitment and diversity. By integrating these findings into restoration strategies, mine
wastelands can be transformed into resilient ecosystems, fostering biodiversity and offering long-term
environmental and socioeconomic benefits.
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