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Phytostabilization is a more appropriate way for rehabilitation of metal-polluted environments in the Copperbelt region. A 1.5-hectare tree planting trial had been installed on the tailings dam (TD) with the help of organic matter (OM) mixed to topsoil. Then, 15 years later, this study aimed to evaluate the performance of the tree plantation, in regard to soils and spontaneous vegetation. The Cu and Co concentration was higher in the reclaimed soil compared with the unreclaimed. Acacia auriculiformis, Acacia polyacantha, Albizia lebbeck, Pinus sylvestris, Psidium guajava, Senna siamea, Senna spectabilis, and Syzygium guineense responded well to the criteria of phytostabilization, whereas Leucaena leucocephala was very invasive. Metal concentration was manifold higher in charcoals than in woods (Zn: 3.8–39.8 mg kg−1 in wood versus 272–523 mg kg−1 in charcoal) with no differences between charcoals regardless of the origin. The tree implantation aided with amendments can meet the criteria of phytostabilization through good survival and regeneration in the heavily contaminated TD.
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1 Introduction

Mining is one of the larger spreaders of trace metals in the environment (1). Once trace metals are introduced into the environment, they cannot be biodegraded; they persist indefinitely and cause pollution of air, water, and soils (2, 3). The contamination of soil with trace metals leads to the loss of species diversity, resulting in the replacement of the original flora with a metal-tolerant flora, sparse vegetation, or large areas of bare soil (4–7). When polluted lands remain bare and unreclaimed for a long time, they can spread trace metals to larger areas via eolian dispersion and water erosion contaminating agricultural lands, surface, and groundwater over many years (8). People may be exposed to trace metal hazards through food consumption, dust inhalation, dermal contact, and ingestion (for children) from polluted lands (9–13). In the Copperbelt region, for instance, a last epidemiological study in Katanga reported much higher trace metal concentrations (particularly As, Cd, Co, Pb, and U) in the urine of the neighboring human populations living close to mining areas and smelting plants representing a serious health hazard compared with those from a non-mining area (14). Three types of areas affected by mining and ore processing were identified in the Copperbelt region: mine deposits from quarries, and soils contaminated by metalliferous fallout from the copper smelter and tailings from hydrometallurgical process (15, 16). The tailings dam (TD) in Katanga Copperbelt can create more concerns given the larger and deeper soil volumes that they have (7, 17, 18), and then, their management to prevent health risks and environmental damage is as challenging in this region as it is in other mining regions throughout the world (18, 19), mostly due to the high cost, the unfeasibility in large areas, and creation of secondary pollution problems by the physicochemical soil remediation engineering techniques (19–22). For this reason, the use of phytoremediation becomes very crucial, because it is an efficient, low cost, and eco-friendly technology, based on plants that has been carried for land remediation in these recent years (22–25). Among the various phytoremediation techniques, phytostabilization is indicated as very suitable for large and elevated trace metal concentration areas (26), because it is a technique that uses plants to contain metals in the soil and prevent their leaching or lateral migration (20, 24). The successful phytostabilization will be observed when there is a long-term succession of the plant community in TD to promote soil development processes and microbial diversity and, finally, to restore soil ecosystem functions to a state of self-sustainability (8). Burges et al. (27) showed that phytoremediation should be based not only on the reduction of contaminants but also on the restoration/or regeneration of economic gain and other wider services, becoming then the phytomanagement. Tree species are suitable to respond to this purpose because wood of the mature tree is used in the manufacture of commercial products; if the metal uptake of the species in wood is low, then it is feasible to harvest the wood grown on heavy-affected soils for making paper and furniture (26, 28) or energy production (e.g., charcoal or firewood) (29). Since, the miombo woodland in the Copperbelt region is permanently regressing, mainly because of slash-and-burn agriculture, charcoal production, and timber harvesting (30, 31). Therefore, reforestation with native and exotic fast-growing species is a means of combating forest degradation and reducing pressure on forests. In this way, the installation of woody species in polluted areas is also a good option to contribute to the reduction of wood harvesting in natural forests by recovering polluted sites (32). However, knowing the trace metal concentration status of tree species prior to firewood or charcoal production would be very crucial in this kind of environment to prevent transfer of trace metals from polluted lands to residential plots (28, 33). The objectives of this study were to (i) compare the macro and metal-element content between the reclaimed soil and bare soil on TD, (ii) assess the performance of the tree plantation and the diversity of spontaneous species facilitated by tree species, and (iii) investigate metal content in tissues of tree species and their implications on charcoal production.



2 Material and Methods


2.1 Study Area

The study was conducted at Kipushi, 30 km west of the city of Lubumbashi in the Upper Katanga province, DR Congo (11° 46′ 27.1″ N and 27° 16′ 21.6″ E with an altitude ranging 1,300 m). The climate is the same as in Lubumbashi characterized by 6-month respective dry (May to October) and rainy (November to April) seasons, with 1,300 mm of annual rainfall. Temperatures range from 16° to 33°C, with the lowest values in the first half of the dry season (June to July). Three big TD are found in this mining town of Kipushi, created by the liquid discharges from the processing of copper–zinc suldide ores since 1960 (34). The TD was created in the lowland where miombo woodland vegetation was replaced by bare soil due to the change of physicochemical conditions of soils. Because of its proximity to the residential areas, the size, and the hazards to the public health, one of the three Kipushi TDs was selected for the trial of tree planting in 2005. This TD covers around 146 hectares, with the tree plantation covering 1.5 hectare. The circular planting holes had on average 2-m diameter and 1-m depth in which all the TD soil was removed and replaced by the amendments (organic amendments combined with topsoil from uncontaminated areas), and the seedlings composed of different tree species were planted in 2005.



2.2 Soil Sampling

The sampling of soil was stratified, with sampling points distant of 35 m × 30 m. The number of samples was 16, i.e., 12 samples were collected in the reclaimed area and four samples (controls) in the unreclaimed area (bare soil). At each point, a soil sample was taken at three different depth measurements (0 to 20, 20 to 40, and 40 to 60 cm) using the auger.



2.3 Vegetation Inventory

The vegetation inventory was conducted during the years 2019–2020 (whereas trees were planted in 2005). A total of 258 amended holes filled with amendments were counted, but only 191 were having living trees composed of 10 different species, namely, Acacia auriculiformis, Acacia polyacantha, Albizia lebbeck, Cupressus lusitanica, Leucaena leucocephala, Pinus sylvestris, Psidium guajava, Senna siamea, Senna spectabilis, and Syzygium guineense with an unequal number of individuals. The inventory of spontaneous species was carried out in rainy season (January 2020). Then, squares of 9 m² were established for the inventory of spontaneous species that established themselves around planted trees and squares of 12m² for the inventory of spontaneous species that established themselves in between tree lines. The species recovery was done according to the Braun-Blanquet’s phytosociological method, where the defined species are given an abundance–dominance coefficient.



2.4 Plant Sampling

Leaves, barks, and wood were collected from two trees of species that can provide good wood usable for energy or timber, namely, Acacia auriculiformis, Acacia polyacantha, Albizia lebbeck, Cupressus lusitanica, Leucaena leucocephala, and Syzygium guineense.



2.5 Charcoal Production and Sampling

Micromillstones were made to produce charcoals from the wood of A. auriculiformis and L. leucocephala, chosen for their high height and number of individuals on the TD plantation. The same was done with their wood in the non-polluted areas. Four micromillstones were made for each species in the polluted and the non-polluted area, and, lastly, four samples of charcoals were randomly taken from millstones made of miombo woodland trees (dominated by Brachystegia boehmii and Julbernadia paniculata).



2.6 Chemical Analysis of Soil, Plants, and Charcoals

Soil analyses were performed on air-dried samples (2 mm). The total organic carbon, pH KCl, available macronutrients (phosphorous, potassium, calcium, and magnesium), and trace metals (copper, cobalt, and zinc) were analyzed using the ammonium acetate-EDTA extraction at the Provincial Centre for Agriculture and Rurality (CPAR) of La Hulpe, Belgium. The average fractions of Cu, Co, and Zn total concentrations in this TD are 1,700, 45, and 14,000 mg kg−1, respectively [see also Pourret et al. (16)]. The plant samples consisted of wood (a tree branch of 15 cm long), leaves, and barks (barks were separated from the same wood after drying). Leaves samples were washed with tap water and then with distilled water, after all air-dried samples were put into paper envelopes and dried together in the proofer at the temperature of 95°C during 72 h for leaves and 120 h for woods and barks to obtain dry weight. Then, these were crushed into powder for mineralization attack and analyses in the laboratory of Gembloux Agro-Bio Tech, Axe Echanges Eau-Sol Plant, University of Liège. Two grams of homogenized samples were weighed into a 150-ml beaker and attacked with 30 ml of mixed 65% HNO3 and 70% HClO4 on a plate for a cold reaction during 16 h; then, the solution is heated until the solid residues remain; after cooling, 5 ml of 10% HCl was added unto the residues, poured into a 25-ml volumetric flask, and diluted to the mark. The concentrations of Cu, Co, and Zn in the digests were determined using a flame atomic absorption spectrometer. The results were obtained in milligrams per liter and then converted into milligrams per kilogram. Charcoals were crushed and sieved into a 2-mm mesh sieve and followed the same process of mineralization and analysis as plant organs.



2.7 Statistical Analysis

Data from chemical elements in soil, tree organs, and charcoals were analyzed using R software (version 4.0.3). The fitting of the data to a normal distribution for all parameters measured was checked with the Shapiro–Wilk test. When necessary, analytical data were transformed using logarithms to assure normal distribution. Two-way ANOVA was applied on soil, 2 soils (reclaimed and unreclaimed) and 3 depths (0-20, 20-40 and 40-60 cm) and as well as for charcoals, main samples (wood and charcoal) and subsamples (tree species and their origin); and one-way ANOVA was applied for comparing metal concentration according to organs and according to species. Means were compared using the Tukey’s (honestly significant difference) HSD test with an error of 5%. Species richness and Shannon’s diversity index were computed, concerning the influence of tree species on spontaneous vegetation diversity, and the relative abundance was calculated to assess the diversity in spontaneous vegetation around trees and in corridors. The computations were done after transformation of Braun-Blanquet coefficients into percentage with Shannon index (H′) and the evenness (EH); the square around tree species is considered in this case as specific habitats. The species richness and the recovery rate of the spontaneous vegetation were compared using a one-way ANOVA with tree species as factors.




3 Results


3.1 Chemical Characteristics of Soil According to Depth and Vegetation Cover

There was no reclaimed soil, depth, and interaction effect on the concentration of available macronutrients EDTA (phosphorous, potassium, calcium, and magnesium), pH KCl, and total organic carbon after the ANOVA test (p > 0.05). However, ranges between minimum and maximum of phosphorous and potassium were larger in the reclaimed soil compared with the unreclaimed soil; and the pH level was alkaline in both soil conditions (7.0 to 7.7). The available concentration of trace metals indicates that this TD is extremely contaminated in Zn and Cu both on reclaimed and bare soil compared with the pedo-geochemical background of this region, which is of Zn, Cu, and Co of 69, 187, and 20 mg kg−1, respectively (35). However, copper and cobalt concentration on the mobile fraction of metals was significantly high in the reclaimed soil (composed of woody and herbaceous plants) than in the bare soil (p < 0.05) with no significant difference for zinc; however, the two first depths tended to have a higher average, median, and maximum Zn concentration in the reclaimed soil than in the bare soil (Figures 1, 2).




Figure 1 | Extractible macronutrient concentration and pH in the reclaimed soil (RS) and on the bare soil (BS) at different depth (0–20cm, 20–40cm, and 40–60 cm). n = 12 for RS, and n = 4 for BS. TOC, total organic carbon. (A): P, (B): K, (C): Mg, (D): Ca, (E): pH,  (F): TOC.






Figure 2 | Available trace metal concentration (mg kg−1) in the reclaimed soil (RS) and on bare soil (BS) at different depth measurements (0–20cm, 20–40cm, and 40–60 cm). n = 12 for RS, and n = 4 for BS. (A): Cu, (B): Co, (C): Zn.





3.2 Dendrometric Characteristics and Performance of Tree Species in the TD Stand

A total of 126 trees with dbh ≥ 10 cm were numbered in the Kipushi TD (1.5 ha) in 2020 (planted in 2005). Ten trees species with an uneven number of tree individuals are listed in Table 1; L. lecocephala had the most abundant tree individuals. It is followed by S. siamea, A. polyacantha, and A. lebbeck. Then, C. lusitanica, A. auriculiformis, P. sylvestris, S. spectabilis, and P. guajava contributed with four to six individuals, whereas S. guineense was only represented by one individual. A. auriculiformis had the highest mean height (6.7 m) and dbh (21.9 cm), and the other species had the height ranging from 3.4 to 5.5 m and the dbh from 7.9 to 16.6 cm. An individual was counted as juveniles when it had a height from 15 to 150 cm; L. leucocephala had highest and increasing number of juveniles (716 to 1,032), followed by A. lebbeck (38 to 81), A. polyacantha (2 to 25), P. guajava (8 to 15), and S. spectabilis (4 to 15) between the 2 years. A. auriculiformis, C. lusitanica, P. sylvestris, S. siamea, and S. guineense had a decrease to nil juveniles between the 2 years.


Table 1 | Dendrometric characteristics and performance of tree species in the TD 15 years after planting (1.5 ha).





3.3 Diversity of Spontaneous Vegetation


3.3.1 Diversity of Spontaneous Vegetation Around Trees


3.3.1.1 Spontaneous Species Diversity According to Main Tree Species

Table 2 shows the diversity of vegetation that has been established naturally around the woody species planted on the TD with P. guajava having a high number of spontaneous species (11 species) in comparison with other tree species (six to seven species) and C. lusitanica having a lower number of spontaneous species (four species).


Table 2 | Diversity of spontaneous species around planted woody species (CL, C. lusitanica; SS, S. siamea; SSp, S. spectabilis; PS, P. sylvestris; LL, L. leucocephala; AP, A. polyacantha; PG, P. guajava; AA, A. auriculiformis; AL, A. lebbeck).



Eight tree species shared nearly the same recovery rate of spontaneous species, ranging from 70.8% to 166.3% (ANOVA, p = 0.000); C. lusitanica (32.0%) had the lowest recovery rate of species. Considering Shannon diversity (H′), C. lusitanica had the lowest diversity (1.97) and evenness of spontaneous species (0.60), and L. leucocephala showed lower evenness in its habitats (0.63), whereas the diversity was nearly the same around other tree species (Table 2).



3.3.1.2 Relative Abundance of Spontaneous Species and Their Biological and Ecological Characteristics

Thirty-four species in total were recorded on the 64 square around tree species, each species shown with its biological and ecological types—the ecological type being the relation of species to trace metals on TD. Tithonia diversifolia, Leucaena leucocephala, Imperata cylindrica, Celosia trigyna, Lantana camara, Cyperus sp., Michrochloa altera, and Hyparrhenia rufa are the species that were the most abundant in the square around trees with 22.3%, 21.7%, 18.5%, 9.6%, 4.2%, 2.5%, 2.3%, and 2.1% respectively; and the rest of the species had a lower abundance that ranged from 1.9% to 0.02% (Table 3).


Table 3 | Spontaneous vegetation around main tree species (64 quadrats of 9 m2 around trees in the plantation of 15,000 m2; RA, relative abundance).






3.3.2 Diversity of Spontaneous Species in the Corridor of Trees

A total of 28 species were recorded on 34 quadrats in the corridors of trees, each species with its biological and ecological characteristics. C. trigyna (33.2%), I. cylindrica (26.1%), M. altera (9.5%), B. pseudoperennis (6.9%), L. leucocephala (6.1%), T. diversifolia (5.9%), and A. hispidus (2.9%) were the most abundant and the rest of the species had a relative abundance lower than 2% (Table 4).


Table 4 | Spontaneous vegetation in tree corridors (34 quadrats of 12-m2 17 corridors in the plantation of 15,000 m2; RA, relative abundance).





3.3.3 Diversity of Spontaneous Species According to Biological and Ecological Type

Both soil around trees and on corridors are largely dominated by therophytes (44.1% and 42.9%, respectively), followed by phanerophytes (20.6%), hemicryptophytes (14.7%), and less than 9% for other types on soil conditions around trees; whereas, hemicryptophytes (21.4%), then phanerophytes (17.9%), and other types with less than 8% rate on soil conditions of corridors (Table 5). Weedy taxa were the most dominant spontaneous species in this TD; juveniles of trees, true metallophytes, and facultative metallophytes had the same proportion around trees, whereas facultative metallophytes, true metallophytes, and tree juveniles had different rates (25.0%, 21.4%, and 10.7% respectively) in corridors.


Table 5 | Proportion of ecological and biological types of spontaneous vegetation at Kipushi TD.






3.4 Trace Metal Concentration in Above-Ground Organs of Trees on TD

The ANOVA test showed no significant difference on concentration means of Cu and Co in leaves and of Cu and Zn in wood among tree species altogether (Table 6). However, the concentration of Zn trended to be high in leaves and barks of C. lusitanica 426.1 mg kg−1 and 528.9 mg kg−1, respectively, and in barks of L. leucocephala (710.2 mg kg−1), whereas S. guineense trended to have high Co concentration in wood and barks (3.3 and 26.4 mg kg−1, respectively). Compared with the toxicity limit range, barks were the organs that had Cu and Zn concentrations above the limits for C. lusitanica and S. guineense, and Zn alone for L. leucocephala and A. lebbeck; whereas only C. lusitanica had higher Zn concentration in leaves.


Table 6 | Trace metal concentration in organs according to the species and range of allowable concentration limits (mg kg−1 dry weight).




Table 7 | Comparison of trace metal concentration in leaves, wood, and barks of tree species (mg kg−1 dry weight; n = 2).





3.5 Assessment of Trace Metal Concentration in Wood Charcoals from TD Trees

Two way-ANOVA with samples (wood and charcoal) as the first factor and subsamples (wood and charcoals from different species and soils) as the second factor showed high significant differences between charcoal and wood samples and between subsamples and the interaction effect (p < 0.001 and p <0.01) (Table 8). The concentration of Cu, Co, and Zn was manifold higher in charcoals compared with wood for all species and soils. There was no any significant difference of metal concentration in charcoals of A. auriculiformis and L. leucocephala from TD soil and normal soil, but charcoals from these two species (A. auriculiformis and L. leucocephala) had a high Cu and Co concentration than in charcoal from miombo woodland species except the zinc concentration that was similar in charcoals altogether. Whereas, no clear tendency could be drawn concerning metal concentration in wood from the three groups, i.e., A. auriculiformis and L. leucocephala wood from TD, A. auriculiformis and L. leucocephala wood from normal soil, and miombo wood trees, with lower and closer metal concentrations.


Table 8 | Trace metal concentration in wood and charcoals from contaminated and normal sites (mg kg−1 dry weight; n = 4) . AA, A. auriculiformis; LL, L. leucocephala.






4 Discussion


4.1 Effect of Depth and Vegetation Cover on Chemical Properties of Soil

Fertility parameters (phosphorous, potassium, magnesium, calcium, total organic carbon, and pH) in TD did not differ horizontally (at the reclaimed soil and bare soil) and vertically (from 0 to 60 cm). The similarity of P, K, and TOC between these two parts of soil may be due to the fact that the vegetation installed has not yet provided enough organic matters to improve fertility in the corridors of trees where samples were collected. It is also worth noting that dense and closed vegetation was observed around trees than on the corridors because of the amendments made to the trees corroborating the result of Shutcha et al. (5), where the vegetation plots amended with compost and limestone had significantly high P, TOC, pH, and Ca than on the bare soil 5 years later. Moreover, the concentration ranges of P and K (P, 1–9 mg kg−1; K, 10–45 mg kg−1) of this TD were relatively low compared with non-disturbed metalliferous and non-metalliferous soils of this region (P, 5–772 mg kg−1; K, 10–163 mg kg−1) (15, 38). The high Ca, Mg, and alkaline pH (7.5) are due to the addition of lime by the mining companies (34, 39). The TOC on the bare soil of Kipushi TD (1.6%) was also found by Pourret et al. (16) (2%) and was largely higher than the TOC concentration on bare soil metalliferous fallout from copper smelter (0.3%) (5). The trace metal concentration was higher (mostly Co and Cu) in the reclaimed soil than in the bare soil; this result goes in the same line with that of Shutcha et al. (5) who justified it by the erosion effect, in which the bare soil is permanently undergoing through wind and rainwater carrying trace metals to other new areas, increasing the contamination risk to different compartments of the environment (40, 41). The concentration of trace metals did not differ from soil surface to 60-cm depth, showing that the contaminated layer of this TD was deeper in contrast to the metalliferous fallout soils from smelter that have a high concentration of metals on the surface that decreases with depth (4).



4.2 Performance of Tree Species and Spontaneous Vegetation on TD

The soil in this TD was bare, with no single plant species present at the time of tree implantation, except on the top of termite mounds (42). Fifteen years after tree planting, 10 tree species overall have been identified as thriving well, and the high growth rate and tolerance to high heavy metal concentrations have been indicated by Ali et al. (43) to be among the beneficial traits for qualified species for phytostabilization. L. leucocephala (73 stems) had the largest number of stems, seven times higher than S. siamea (11 stems) that was the second in number of stems. The high number of stems of L. leucocephala is also due to its high and fast capacity to regenerate, as L. leucocephala could regenerate on the amended pits of another species or of the same species in a very short period after planting (personal observation). Spontaneous regeneration on the polluted soil should be considered to select those who present good traits for phytostabilization (44, 45). However, the high and fast capacity to regenerate and the large number of juveniles recorded in this TD confirm the invasive character of L. leucocephala already reported in several regions of the world (46, 47). All species, except C. lusitanica, could have juveniles reaching up to 15 cm high, but L. leucocephala, A. lebbeck, A. polyacantha, P. guajava, and S. spectabilis showed an increasing number of juveniles within 2 years (2020 and 2021).

The seedlings from A. auriculiformis, P. sylvestris, S. siamea, S. guineense, and C. lusitanica reaching 15 cm of height were scarce, and the few that grew could not survive in the period of 1 year.

The phytoremediation potential of some species used in this trial was also reported by other researchers: A. lebbeck and A. auriculiformis on Cr-contaminated soil in India (48) and P. guajava on Cu- and Ni-contaminated soil as a high tolerance species to metal stress in Zambia, Brazil, and Italy (49–51); A. polyacantha and S. guineense on copper-rich TD with high tolerance in Zambia (39, 49) were the two native species meeting the phytostabilization criterion that the species should be native to the region that needs to be depolluted (52, 53).

The assessment of spontaneous vegetation on the 9 m2 around tree species indicated that the species richness ranged from 4 to 11, with C. lusitanica (4) and A. lebbeck (6) having a lower number of species and P. guajava (11) having a higher number of species. The species’ recovery rates ranged from 27.3% to 164.2% with C. lusitanica, S. siamea, P. sylvestris, and S. spectabilis having a lower recovery rate and L. leucocephala, P. guajava, and A. polyacantha having a higher recovery rate of spontaneous vegetation. However, the species richness, recovery rate, and diversity of spontaneous species depend not only on the main tree species to facilitate spontaneous colonization but also on the amendments used when planting the trees and the tree-shade density accompanied by thick litter. Cordova et al. (54) showed that the application of compost and lime on trace metal-polluted soil could lead to the same plant cover and biomass production between spontaneous and assisted revegetation, implying that the sole use of amendments on trace metal contaminated soil can induce spontaneous revegetation when the disturbance is reduced and a seed bank is sufficient (39, 55). However, active human intervention is necessary for efforts to accelerate and/or influence the successional trajectory and provide to the contaminated area with a reclamation pattern (8, 27, 56). In terms of relative abundance of spontaneous vegetation, facultative metallophytes (T. diversifolia, 22.3%; I. cylindrica, 18.5%; L. camara, 4.2%; H. rufa, 2.1%) were the most dominant around trees, whereas true metallophytes (C. trigyna, 33.2%; M. altera, 9.5%; B. pseudoperennis, 6.9%; A. micans, 2.9%) dominated on the corridors. Soil conditions around trees were more favorable due to amendments applied in the plantation hole to aid phytostabilization (44, 54), whereas in corridors, these were the tailings without any amendment influence. Weedy taxa, true metallophytes, and facultative metallophytes are also important groups of species that should be looked upon to select useful plants for phytostabilization (45); nevertheless, species already reported as invasive, such as T. diversifolia (57) and L. camara (58), should be avoided in the reclamation of degraded lands. M. altera has been proven as a good hemicryptophyte species to be used for phytostabilization of polluted lands in the Copperbelt region (59). It is also worth noting that facultative metallophytes are species that can have some populations in metal-rich soil (37) and non-metal-rich soil; while weedy taxa and tree juveniles are just non-metallophyte species.



4.3.Tree Species Behavior Toward Trace Metals and Implication on Charcoal Production

One of the criteria for plants suitable for phytostabilization is to keep root-to-shoot translocation as small as possible (excluder behavior; 60) to prevent the entry of contaminants into the food chain (8, 61).

The metal accumulation in plants may be tissue-specific (62, 63), metal-specific, or species-specific characteristics (64–66). This result suggests that more significant differences between these tree species were observed on barks concerning Cu, Zn, and Co concentration in organs than on leaves and wood, with C. lusitanica, S. guineense, and L. leucocephala tending to have higher concentrations than A. auriculiformis, A. polyacantha, and A. lebbeck. The concentration of these three trace metals in tree tissues (Cu, Co, and Zn) followed this pattern: bark > leaves > wood for C. lusitanica, S. guineense, L. leucocephala, and A. lebbeck and A. polyacantha likewise on copper, but the pattern for A. auriculiformis was bark = leaves > wood. These results are confirmed by other investigations (on Pinus pinea and Nerium oleander, and in poplar coppice culture) showing trace metal concentrations being lower in wood compared with bark and leaves; metals in bark could be lower, equal, or higher depending on the type of metals or species (62, 67). Metal contents in bark tissues were above the toxicity limit range concerning Cu (20–100 mg kg−1) or Zn (100–400 mg kg−1) for C. lusitanica, S. guineense, L. leucocephala, and A. lebbeck, but wood was far below the toxicity limit range. Oliva and Mingorance (62) suggested that wood can accumulate elements mainly from the soil and its metal concentration does not reflect the atmospheric pollution, whereas bark can accumulate atmospheric pollutants through wet and dry deposition and has been found to be a useful bioindicator and biomonitor for airborne pollution monitoring.

It is feasible to harvest the wood of the mature trees grown on heavy metal-affected soils for energy production, i.e., charcoal or firewood (26, 29). This study points out the trace metal concentration status of wood charcoal from A. auriculiformis and L. leucocephala from polluted and unpolluted land and with miombo woodland species; the findings show that metal concentrations in charcoal from all species were far higher in charcoal than in wood regardless of the origin (Cu: charcoal, 8.5–159.9 mg kg−1; wood, 0.4–3.4 mg kg−1; Co: charcoal, 18.5–38.4 mg kg−1; wood, 0.4 mg kg−1; Zn: charcoal, 272–523 mg kg−1; wood, 3.8–39.8 mg kg−1) with the exception of Co content in miombo woodland charcoal, which was the same in charcoals and in wood. The high metal content in charcoals than in wood of the same species may be due to the loss of all the fresh matters from the wood product that might lead to the increase of metal concentration as metals do not volatilize during the burning process or the contamination of charcoals from soil (62) during the manufacturing time, because the soil geochemical background of this region is characterized by metal-rich soil (35). The European Commission decision suggested the limits of trace metal concentration in soil improvers with Cu of 100 mg kg−1 and Zn of 300 mg kg−1 (68), which may lead to analyze metal concentration in the ash from these charcoals and know whether there is a risk of metal contamination to gardens or residential plots; however, Mollon et al. (69) suggested that ash amendment loaded with metals may increase metal concentration in soil and plants mostly when it is applied alone; however, when combined with manure or compost, the humic acid matrix of OM and the liming effect increasing pH reduce significantly the effect of metals on soil and their absorption by plants.




5 Conclusion

This study reports the results from the plantation trial of mixed exotic and native tree species for the phytostabilization of the Kipushi TD aided with organic matter and topsoil amendments. This TD is extremely rich in Zn and Cu, but Cu accompanied by Co concentration was clearly higher in the reclaimed soil than in the bare soil, which confirms the metal stabilization effect of plants in this phytoremediation strategy. However, there was no significant difference of K and P content between these two soils. Two native species (A. polyacantha and S. guineense) and eight exotic species (A. auriculiformis, A. lebbeck, C. lusitanica, L. leucocephala, P. sylvestris, P. guajava, S. siamea, and S. spectabilis) were recorded 15 years after planting. Beyond growth and survival, L. leucocephala, P. guajava, A. polyacantha, and A. lebbeck showed good performance in regeneration and the facilitation of spontaneous species. However, it would be better to avoid the use of L. leucocephala in the phytostabilization program as much as possible, because of its invasive nature. Spontaneous vegetation had 28 species in corridors and 34 species around trees with different biological and ecological types. Barks followed by leaves were likely showing high Zn, Cu, and Co concentrations in most of the six tree species, whereas wood had far lower content. This testifies that the metal concentrations in these organs might be airborne rather than soilborne; however, the Zn, Cu, and Co concentrations were manifold higher in charcoal than in wood with no significant differences between charcoals regardless of the origin. Knowing metal concentration in wood ashes would be necessary because the ash has always been used by people as a soil amendment for gardening.
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Organs Species Cu Co Zn
Leaves A. auriculiformis 18.1+3.6 31+04 225.5 + 27.6ab
A. lebbeck 209+ 14 1.6+03 135.6 + 14.4b
A. polyacantha 181156 24217 241.3 £ 132.3ab
C. lusitanica 222 +4.7 46+02 426.1 £ 56.1a
L. leucocephala 15.0 + 2.0 1.5+ 0.6 343.1 + 93.8ab
S. guineense 17.6+28 33+03 182.7 + 16.8ab
p (0.05) 0.312 0.105 0.047*
Wood A. auriculiformis 24+06 0.4+ 0.0b 35 +14.1
A. lebbeck 6.3+3.2 0.6+ 0.5b 471 £212
A. polyacantha 6.0+21 08+0.2b 38.1+£53
C. lusitanica 6.1+13 12+ 0.1b 446 +13.3
L. leucocephala 6.7 +3.8 1.0+ 0.2b 99.8 + 48.1
S. guineense 121 +1.6 26+02a 106.9 + 5.8
p (0.05) 0.252 0,003 0.062
Barks A. auriculiformis 16.9 +7.9b 4.27 + 2.5b 132 + 59.4¢c
A. lebbeck 41.9+29b 7.4+02b 517.8 + 10.2ab
A. polyacantha 28.2 +2.0b 3.6+ 0.5b 285.1 + 7.4bc
C. lusitanica 160.8 + 64.5a 18.3 + 9.6ab 528.9 + 56.4a
L. leucocephala 82.8 + 29.4ab 20.4 + 4.4ab 710.2 + 123.3a
S. guineense 104.2 + 5.7ab 26.4 + 0.5a 490.2 + 5.6ab
p (0.05) 0.017* 0.0085" 0.0007***
TR 20-100 - 100-400

TLR, toxicity limit range (8).

The concentration of these three trace metals (Cu, Co, and Zn) was significantly or tended to be high in barks > leaves >wood (Table 7). Wood was the organ with the lower concentration
of copper, cobalt, and zinc compared with bark and leaves for C. lusitanica, S. quineense, L. leucocephala A. lebbeck, and A. polyacantha (***p < 0,001, **p < 0,01, *p < 0,05, ns p > 0,05).
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OEBPS/Images/table2.jpg
CcL ss Ssp PS LL AP PG

Species richness 38+07c 62+09c 72+20bc 73x22b 7.25+1.2b 7.4 £1.5b 11.1+3.3a

S)

Recovery (%) 32.0 = 99.9 + 70.8 83.8 £ 166.3 = 1124 + 1420 +
28.9b 27.4a 19.3ab 38.0a 74.8a 23.9a 61.4a

Diversity (H') 1.97 2.66 2.64 2.65 279 2.60 2.98

Evenness (EH) 0.60 0.70 0.74 0.70 0.63 0.66 0.71

7 +2.6bc

1173+

121.8a
2.70
0.81

AL p(0.05)

58+20bc 0.000"*

121.6 = 0.000**
63.6a
2.62
0.71

Different letters indicate significant differences according to Tukey's HSD (error 5%). (***p < 0,001, **p < 0,01, *p < 0,05, ns p > 0,05).
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Spontaneous species RA % Biological Type Ecological Type*
Celosia trigyna 33.2 Therophytes Metallophytes

Imperata cylindrica 26.1 Geophytes Facultative metallophyte
Microchloa altera 9.5 Hemicryptophytes Metallophytes
Bulbostylis pseudoperennis 6.9 Therophytes Metallophytes
Leucaena leucocephala 6.0 Phanerophytes Tree juveniles

Tithonia diversifolia 59 Hemicryptophytes Facultative metallophyte
Arthraxon micans 29 Therophytes Metallophytes

Panicum maximum 1.7 Hemicryptophytes Facultative metallophyte
Bidens olygofiora &4 Therophytes Metallophytes

Quercus sp. 1.0 Mesophanerophytes Weedy taxa

Cynodon dactylon 0.7 Geo-hemicryptophytes Facultative metallophyte
Ipomoea cairica 0.6 Therophytes Weedy taxa

Albizia lebbeck 0.5 Phanerophytes Tree juveniles

Glycine wightii 0.5 Therophytes Weedy taxa
Hyparrhenia rufa 0.4 Hemicryptophytes Facultative metallophyte
Commelina sp. 0.4 Therophytes Weedy taxa

Phragmites australis 0.4 Hemicryptophytes Facultative metallophyte
Cyperus sp. 0.4 Therophytes Weedy taxa

Lantana camara 0.3 Nanophanerophytes Facultative metallophyte
Mirabilis jalapa 0.1 Therophytes Weedy taxa

Triumfetta sp. 0.1 Therophytes Weedy taxa

Calea urticifolia 0.08 Nanophanerophytes Weedy taxa

Crotalaria sp. 0.08 Therophytes Metallophytes

Digitaria sp. 0.08 Hemicryptophytes Weedy taxa

Phyllantus muellerianus 0.08 Phanerophytes Weedy taxa

Psidium guajava 0.08 Phanerophytes Tree juveniles

Annona senegalensis 0.03 Phanerophytes Weedy taxa

Oxalis semiloba 0.03 Therophytes Weedy taxa

%36, 37).
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Spontaneous Species RA % Biological Type Ecological Type*

Tithonia diversifolia 223 Hemicryptophytes Facultative metallophytes
Leucaena leucocephala 21.7 Phanerophytes Tree juveniles
Imperata cylindrica 18.5 Geophytes Facultative metallophytes
Celosia trigyna 9.5 Therophytes Metallophytes
Lantana camara 4.2 Nanophanerophytes Facultative metallophytes
Cyperus sp. 2.4 Therophytes Weedy taxa
Microchloa altera 2.3 Hemicryptophytes Metallophytes
Hyparrhenia rufa 2.1 Hemicryptophytes Facultative metallophytes
Panicum maximum 19 Hemicryptophytes Facultative metallophytes
Bidens olygoflora 1.9 Therophytes Metallophytes
Calea urticifolia 1.9 Nanophanerophytes Weedy taxa
Arthraxon micans 1.5 Therophytes Metallophytes
Albizia lebbeck 1.0 Phanerophytes Tree juveniles
Senna spectabilis 0.9 Phanerophytes Tree juveniles
Glycine wightii 0.9 Therophytes Weedy taxa
Triumfetta sp. 0.9 Therophytes Weedy taxa
Mirabilis jalapa 0.7 Therophytes Weedy taxa
Oxalis semiloba 0.6 Therophytes Weedy taxa
Bulbostylis pseudoperennis 0.5 Therophytes Metallophytes
Acacia polyacantha 0.6 Phanerophytes Tree juveniles
Mucuna poggei 0.6 Microphanerophytes Weedy taxa
Nicandra physaloides 0.5 Therophytes Weedy taxa
Cynodon dactylon 0.5 Geo-hemicryptophytes Facultative metallophytes
Psidium guajava 0.3 Phanerophytes Tree juveniles
Quercus sp. 0.2 Mesophanerophytes Weedy taxa
Crotalaria spp. 0.1 Therophytes Metallophytes
Ipomoea cairica 0.1 Therophytes Weedy taxa
Commelina sp. 0.1 Therophytes Weedy taxa
Phyllantus muellerianus 0.1 Phanerophytes Weedy taxa
Ricinus communus 0.06 Nanophanerophytes Weedy taxa
Bidens pilosa 0.05 Therophytes Weedy taxa
Cyperus alternifolius 0.05 Hemicryptophytes Weedy taxa
Senna siamea 0.05 Phanerophytes Tree juveniles
Abelmoschus esculentus 0.02 Therophytes Weedy taxa

*(36, 37).
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OEBPS/Images/table8.jpg
Samples Subsamples Cu Co Zn

Wood AA normal soil 2.8 (2.4-3.0) bc 040 b 3.8(2.0-6.0 e
AATD 25(0-28)d 04()b 39.8 (25.0-45.0) bed
LL normal soil 3.4 (2.8-4.1) bc 040 b 13 (2.0-30.0) de
LLTD 26(23-29d 04(9)b 35 (20.0-55.0) cd
Miombo trees 040 d 04(9)b 8.3(7.0-9.0) de

Charcoal AA normal soil 122.3 (58.8-219.5) a 319 (17.4-54.6) a 317.6 (162.8-578.2) a
AATD 159.9 (38.2-320.5) a 38.4(7.5-70.5) a 523 (169-1129) a
LL normal soil 117.6 (48-180.5) a 325 (13.3-49.6) a 272 (123.6-456.8) a
LLTD 84.6 (30.7-142.8) a 18.9 (1.9-40.1) a 249.4 (117.2-321.6) ab
Miombo trees 8.5 (5.9-11.6) b 00b 325 (29-651) abc

Samples

Subsamples wax oo o

Interaction " - *

(**p < 0.001, **p < 0.01, *p < 0.05, and ns p > 0.05). a-d, Means not sharing any letter are significantly different.
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Trace Metals Species Leaves Wood Barks p (0.05)
Copper A. auriculiformis 18.1 + 3.5a 2.4 £ 0.6b 16.9+7.9a 0.01*
A. lebbeck 20.9 + 1.4b 6.3 +3.2¢c 429+ 2.9a 0.002**
A. polyacantha 18.1 +1.5b 6.0 +2.2c 282+ 22a 0.003*
C. lusitanica 222 +4.7b 6.1+ 1.4c 160.8 + 64.5a 0.004*
L. leucocephala 156.1 + 2.0ab 6.7 + 3.8b 82.8 + 29.4a 0.01*
S. guineense 17.6 + 2.8b 12.1 £ 1.6b 1042+ 5.7a 0.000***
Cobalt A. auriculiformis 3.1 +04a 0.4 +0.0b 43 £ 2.5a 0.01*
A. lebbeck 1.6 £ 0.3b 0.6 + 0.5b 74 +02a 0.001*
A. polyacantha 24+£22 08+0.2 36+05 0.246
C. lusitanica 4.6+0.2a 1.2+1.1b 18.3 + 9.6a 0.009™
L. leucocephala 1.5+ 0.6b 1.0+ 0.2b 204 + 4.4a 0.008**
S. guineense 3.4 +0.3b 26+0.2b 26.4 + 0.5a 0.000"*
Zinc A. auriculiformis 225.5 + 27.6a 35.0 £ 14.1b 132.0 + 59.4ab 0.03*
A. lebbeck 135.6 + 14.4b 471 £21.2¢ 517.8 + 10.2a 0.000**
A. polyacantha 241.3 +132.3a 38.1 +5.3b 285.1 £ 7.4a 0.01*
C. lusitanica 426.1 £ 56.1a 44.6 + 13.3b 5289 + 56.4a 0.002*
L. leucocephala 343.1 + 93.8ab 99.8 + 48.1b 710.2 + 123.3a 0.01*
S. guineense 182.7 + 16.8b 106.9 + 5.8¢c 490.2 + 5.6a 0.000"*

The comparison is to be considered horizontally (***p < 0.001, **p < 0.01, *p < 0.05, and ns p > 0.05).
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Species Number of Individuals Mean Height (m) dbh (cm) No. of Juveniles in 2020 No. of Juveniles in 2021
A. auriculiformis 5 6.7 219 2 0
A. polyacantha 8 4.3 10.3 2 25
A. lebbeck 8 4.4 16.6 38 81
C. lusitanica 6 4.5 12.2 0 0
L. leucocephala 73 4.3 11.6 716 1,032
P. sylvestris 5 45 10.4 2 0
P. guajava 4 3.4 5.5 8 15
S. siamea 1" 5.4 14.8 3 1
S. spectabilis 5 4.2 13.9 4 10
S. guineense 1 5.5 79 1 0

dbh, diameter at breast height.
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Spontaneous Vegetation Around Trees

Spontaneous Vegetation in Tree Corridors

Biological Type Number Rate % Biological Type Number Rate %
Geo-hemicryptophytes 1 2.9 Geo-hemicryptophytes 1 3.6
Geophytes 1 2.9 Geophytes 1 3.6
Mesophanerophytes 1 29 Mesophanerophytes 1 3.6
Microphanerophytes 1 29 Nanophanerophytes 2 71
Nanophanerophytes 3 8.8 Phanerophytes 8 17.9
Hemicryptophytes 5 14.7 Hemicryptophytes 6 21.4
Phanerophytes 7 20.6 Therophytes 12 42.9
Therophytes 15 441 Total 28 100.0
Total 34 100.0

Ecological type Ecological type

Facultative metallophytes™ 6 17.6 Tree juveniles 3 10.7
Metallophytes* 6 17.6 Metallophytes* 6 21.4
Tree juveniles 6 176 Faculative metallophyte* 7 25.0
Weedy taxa 16 4741 Weedy taxa 12 429
Total 34 100.0 Total 28 100.0

*(36, 37).





