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Abstract


Vegetation restoration is critical for ecosystem recovery in abandoned mining areas, yet how restoration age affects soil multifunctionality (SMF) and the underlying microbial regulatory mechanisms remains poorly understood. The space-for-time substitution method was employed in this study. Along a revegetation chronosequence (Restoration 1 year (R1), Restoration 10 year (R10), Restoration 30 year (R30), Restoration 45 year (R45)) in copper mine wasteland in Tongling, China, the dynamics of soil functions, SMF, and microbial communities were quantified, with the key factors influencing soil functions and the most important predictors of SMF subsequently identified. The results showed that the soil moisture regulation function recovered relatively slowly, whereas nutrient cycling functions and SMF were generally enhanced with advancing revegetation. Specifically, these functions all reached their maximum values at R30 (0.39, 0.45, and 0.28, respectively), followed by declines at R45 (−0.74, −0.09, and −0.20, respectively). Furthermore, the soil microbial communities exhibited successional characteristics of increased diversity but reduced dominance. Redundancy analysis indicated that aboveground biomass (AGB), belowground biomass (UGB), and soil total copper were key environmental variables associated with variations in multiple soil functions. Linear regression analysis showed that fungal diversity indices, plant biomass (AGB and UGB), soil total cadmium, and soil total zinc exhibited significant linear relationships with SMF. Random forest analysis further identified UGB, bacterial Simpson index, and fungal Shannon–Wiener index as key predictors of SMF. Importantly, bacterial communities played a more important role in influencing SMF than fungal communities. These results advance the understanding of key drivers of ecosystem functional recovery in mine lands and provide a theoretical basis for optimizing soil function restoration strategies. Ultimately, these findings provide new insights for advancing efforts aimed at halting land degradation and safeguarding biodiversity in degraded mining ecosystems.
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1. Introduction


Mining activities cause significant ecological damage via vegetation removal and soil destruction, resulting in the deterioration of soil structure, nutrient depletion, and severe pollution of heavy metals [1,2]. These harsh conditions significantly inhibit the colonization and development of organisms, and hinder the restoration of ecosystem structure and function [3,4]. Numerous studies have been conducted on the ecological restoration of different types of abandoned mines, generally focusing on the improvement of soil physicochemical properties, the succession of microbial community structure, and the evolution of soil quality [2,5,6]. However, such studies mostly emphasize changes in structural attributes or individual indicators, making it difficult to comprehensively reflect the responses of multiple key ecosystem functions during the restoration process. Soil functions such as nutrient cycling, productivity provision, and water retention are essential for ecosystem stability and service functions. Restoring these functions not only directly determines the effectiveness of ecological remediation in abandoned mining areas, but also significantly affects regional ecological security [7,8]. Therefore, under the specific context of heavy metal stress, systematically elucidating the recovery trajectories of soil functions in abandoned mines has become a critical scientific issue that urgently warrants attention in current ecological restoration research.



In recent years, soil multifunctionality (SMF) has gained increasing recognition as a crucial composite indicator for evaluating the quality and health status of ecosystems [6,9]. Unlike individual soil indicators (such as soil organic matter content and urease activity), SMF can holistically characterize the soil’s overall capacity to sustain multiple ecological functions and is therefore recognized as a vital link bridging ecosystem structure and function [10,11]. Notably, numerous studies in typical ecosystems (such as grasslands, forests and farmlands) have highlighted that SMF responses to ecosystem succession processes or anthropogenic disturbance intensity exhibit distinct stage-specific and nonlinear characteristics [12,13]. This phased response is attributed to shifts in the relative importance of the key biotic and abiotic drivers across different stages, among which plant communities play a pivotal role in regulating soil microorganisms [10,11,13]. To elaborate, changes in plant community composition, diversity, productivity, and functional traits can directly influence carbon inputs, nutrient acquisition, and microenvironmental conditions, and indirectly regulate soil physicochemical properties and microbial activity [10,11,13]. A growing body of research from croplands, grasslands, and forest ecosystems demonstrates that increases in plant diversity and functional complementarity enhance SMF by improving resource use efficiency and strengthening aboveground–belowground linkages [14,15,16]. Specifically, changes in plant functional traits (such as root length density and litter C/N ratio) during succession modify soil carbon inputs, which further affects soil microbial activity and functional potential, thereby regulating SMF dynamics [13]. However, in mine wasteland ecosystems, the superimposition of long-term pollution stress and vegetation restoration processes renders soil biological processes and their functional restoration highly uncertain and complex. Consequently, a systematic and clear understanding of the successional characteristics of SMF and the dominant influencing factors during vegetation restoration in copper mine wasteland ecosystems remains lacking.



Soil microorganisms, as a vital bridge linking plants and soil, play a central role in nutrient cycling, organic matter decomposition, and pollutant transformation [17,18,19]. High concentrations of heavy metal ions can disrupt the integrity of microbial cell walls, interfere with DNA and RNA synthesis, and inhibit the binding of cofactors to biomolecules, ultimately leading to cell death [20]. These effects impair microbial metabolic activity and diversity, constrain microbial proliferation, and reduce microbially mediated ecosystem functions, particularly those involved in carbon, nitrogen, and sulfur cycling [21]. Among soil microbial communities, bacteria and fungi are the most abundant and functionally critical components, exerting profound impacts on soil nutrient cycling, carbon transformation, and the maintenance of SMF [22,23,24]. Previous studies have demonstrated that the assembly of fungal communities is more strongly affected by the priority effects of vegetation restoration than that of bacterial communities [25]. In contrast, Yang et al. reported that bacterial communities exhibit better adaptability to the restoration process than fungi [26]. Further, Pan et al. and Sun et al. have indicated that soil bacterial and fungal communities display divergent restoration patterns during ecosystem recovery [27,28]. These findings suggest that bacteria and fungi may follow distinct successional trajectories during vegetation restoration and exhibit significantly heterogeneous responses to the restoration chronosequence. Therefore, revealing the response patterns of bacteria and fungi throughout the vegetation restoration process can provide a critical scientific basis for the precise optimization of vegetation restoration measures and the enhancement of ecosystem remediation efficiency in mining areas, owing to the substantial differences between bacteria and fungi in terms of life history strategies, resource utilization patterns, and environmental stress tolerance [29]. Accordingly, their relative contributions and dominant roles in the maintenance of soil functions may change during vegetation recovery in mining areas. For example, Jin et al. demonstrated that fungal communities determined SMF during vegetation restoration in mine tailings ponds [30], while Gong et al. found that soil bacterial diversity regulated SMF [31]. Furthermore, most existing studies have focused on individual microbial communities or discrete static time points [6,22], while overlooking microbial community associations with soil functions during ecosystem restoration.



To clarify the relationships between bacterial and fungal communities and SMF, this study selected the abandoned copper mines in Tongling, China (with a restoration chronosequence spanning 1 to 45 years), as the research area. The wastelands examined in this study were created through open-pit mining and waste deposition, followed by secondary succession after mining activities ceased. This legacy of prolonged industrial activity has resulted in distinct soil conditions with significant heavy metal concentrations and altered soil structure, providing a valuable chronosequence for studying ecological restoration processes in metal-contaminated environments. According to the space-for-time substitution method, soil individual functions, SMF, the successional characteristics of microbial communities, and key edaphic factors influencing soil functions were systematically evaluated. This study proposes the following three hypotheses: (1) During vegetation restoration in abandoned mining areas, individual soil functions and SMF exhibit nonlinear responses along the restoration chronosequence. (2) With the progression of vegetation restoration, the structure and diversity of soil bacterial and fungal communities undergo distinct stage-specific succession patterns. (3) Microbial communities differ in their relative contributions to SMF. This study aimed (1) to examine the response of soil functions and the diversity of soil microbial communities to copper mine wasteland restoration; (2) to analyze the factors influencing soil functions; (3) to elucidate the differential contributions of bacterial and fungal communities to SMF during natural restoration of copper mine wastelands. The results may help to reveal a synergistic evolution between belowground and aboveground systems during vegetation restoration in abandoned copper mines. This study may provide insights into the key factors limiting the enhancement of SMF and clarify the relationships between soil microbial communities and SMF, thereby informing efforts to halt land degradation and safeguard biodiversity.




2. Materials and Methods


2.1. Study Area


The research site is situated within the copper mining wastelands of Tongling City, Anhui Province, China (30°54′ N, 117°53′ E). This site exhibits a subtropical humid climate, characterized by distinct monsoonal features. The yearly average temperature is around 16.2 °C, and the yearly rainfall is about 1346 mm. There are 237–258 frost-free days with sufficient sunshine. Average monthly humidity is 75–81% year-round. Tongling has a long history of copper extraction dating back centuries, with intensive industrial-scale mining during much of the 20th century. This research adopted the “space-for-time substitution” approach [32]. To meet this assumption, all sites were located within the Tongling mining area, ensuring consistent climate and regional settings. Site selection further controlled for: (i) formation history—all sites originated from open-pit mining waste dumps with identical deposition processes; (ii) topography—minimal variation in elevation (<141 m) and slope (<36°) among sites; (iii) soil parent material—uniform mining waste substrate; (iv) contamination history—similar heavy metal profiles dominated by Cd, Pb, As, Cu, and Zn (Tables S1 and S2). All sites were naturally recovered without human intervention, eliminating management-related confounding. Four representative vegetation chronosequences were chosen to exemplify the successional processes in copper mining wastelands: 1 year (R1), 10 years (R10), 30 years (R30) and 45 years (R45) (Figure 1). The restoration chronosequences were determined using historical remote sensing imagery and documented mining restoration records. The specific information for each sampling plot is shown in Table S1.




2.2. Field Sampling Design and Collection


Methods for vegetation investigation were carried out as detailed in a previous study [33]. Briefly, five large plots (10 m × 10 m) were established for every restoration stage, with a 20 m separation zone separating neighboring plots to avoid edge effects. In every large plot, three 1 m × 1 m herbaceous subplots were systematically positioned for vegetation characterization, resulting in 60 herbaceous subplots for the study. Systematic investigations and recordings were conducted for the core vegetation indicators within the survey quadrats, including plant species, species richness, species coverage, and species height. The detailed calculation formulas and parameter definitions for the plant community indices are provided in Supplementary Materials S1. Upon completion of the vegetation survey, the aboveground biomass (AGB) and belowground biomass (UGB) of herbaceous plants were sampled using the harvesting method and the root auger method (diameter: 7.5 cm; soil layer: 0–10 cm), respectively. All collected plant samples were transported back to the laboratory and oven-dried to a constant weight for subsequent measurements. Soil samples were collected from the 1 m × 1 m herbaceous subplots after vegetation surveys. Three soil samples were procured diagonally from the upper 10 cm soil layer of every subplot and fully homogenized to form a composite soil sample. Thus, 15 composite soil samples were collected for every restoration stage, and 60 such samples were yielded across the four restoration stages. After sieving via a 2 mm sieve, all samples were split into two subsamples, one air-dried to assess soil characteristics, while the other was employed to determine microbial biomass and enzymatic activity. Within each large plot, one undisturbed soil aggregate sample was collected, yielding a total of five replicate samples per restoration stage. To minimize mechanical disturbance during transportation, the soil samples were carefully placed in rigid square containers to preserve their original aggregate structure. All samples were then transported to the laboratory and air-dried naturally at room temperature to a constant weight prior to subsequent analysis.




2.3. Soil and Microbial Analysis


To determine the responses of soil factors to vegetation restoration, the cutting ring method and drying constant weight method were used to evaluate soil bulk density (SBD) and soil water content (SWC), respectively. Specifically, one ring core was collected from each 10 m × 10 m plot, with a total of five ring cores per restoration stage. A pH meter (PB-10, Sartorius, Göttingen, Germany) was employed to determine soil pH at a soil-to-water ratio of 1:2.5. Soil available nitrogen (AN) was determined by the alkaline diffusion method. Available phosphorus (AP) and total phosphorus (TP) were determined using the molybdenum-antimony colorimetric method after extraction in NaHCO3 solution and acid digestion, respectively. Soil total carbon (TC) and soil organic carbon (SOC) were determined using an automatic C/N analyzer (multi C/N 2100S, Analytik Jena, Jena, Germany). Soil total nitrogen (TN) was determined by a fully automated Kjeldahl nitrogen analyzer after digestion with concentrated sulfuric acid [1]. Soil aggregate stability was assessed via the wet sieving method following standard protocols. Aggregates were separated into four size fractions, namely >2 mm, 2–0.25 mm, 0.25–0.053 mm, and <0.053 mm, based on the aggregate size distribution derived from wet sieving. The soil aggregate stability indices including mean weight diameter (MWD) and geometric mean diameter (GMD) were calculated to quantify soil structural stability. Detailed calculation formulas and parameter definitions are provided in Supplementary Materials S2. The total HMs in soil were quantified via inductively coupled plasma mass spectrometry (ICP-MS) following acid digestion with nitric and hydrofluoric acids, and available heavy metals (HMs) were quantified via inductively coupled plasma optical emission spectroscopy (ICP-OES) after extraction with diethylenetriamine pentaacetic acid (DTPA). Soil microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), and microbial biomass phosphorus (MBP) were determined as indicators using the chloroform fumigation-extraction method [1]. The activities of soil enzymes including acid phosphatase (ACP), urease (UE), and sucrase (SC) were determined by the microtiter plate colorimetric method [34].



The structure and diversity of soil bacterial and fungal communities were analyzed by metagenomic shotgun sequencing on the Illumina HiSeq X-Ten platform (Majorbio Bio-pharm, Shanghai, China). Total microbial community DNA was extracted from 0.5 g of soil samples using the FastDNA® Spin Kit for Soil (MP Biomedicals, Solon, OH, USA) following the manufacturer’s instructions. After assessing DNA purity, high-quality DNA samples were selected and fragmented to approximately 300 bp using an ultrasonic disruptor (Majorbio, Shanghai, China). Subsequently, metagenomic sequencing was performed on the Illumina HiSeq X-Ten platform. Raw sequencing data were subjected to quality control and assembly using Fastp (https://github.com/OpenGene/fastp, accessed from 8 October 2025 to 30 January 2026) and MEGAHIT (https://github.com/voutcn/megahit, accessed from 8 October 2025 to 30 January 2026), respectively, with contig assembly conducted by MEGAHIT. Open reading frames (ORFs) in the assembled contig sequences were predicted using Prodigal (https://github.com/hyattpd/Prodigal, accessed from 8 October 2025 to 30 January 2026), and a non-redundant gene catalog was constructed using CD-HIT. For taxonomic annotation, the non-redundant gene sequences were aligned against the non-redundant protein (NR) database of the National Center for Biotechnology Information (NCBI, Bethesda, MD, USA) using DIAMOND (https://github.com/bbuchfink/diamond, accessed from 8 October 2025 to 30 January 2026) to obtain corresponding taxonomic information. Diversity indices, including the Chao1 index, Shannon–Wiener index, Simpson index, and Pielou index, were calculated to denote soil fungal and bacterial diversity [8].




2.4. Calculation of Individual Soil Functions and Multifunctionality


In this study, SMF was employed as an integrative metric to quantify the restoration of soil ecosystem functions in rehabilitated abandoned mining areas. Eighteen indicators were selected to quantify SMF, including SBD, SWC, soil aggregate indices (MWD and GMD), AN, TN, SOC, TC, TP, AP, enzyme activities (SC, UE, and ACP), microbial biomass parameters (MBC, MBN, and MBP), AGB, and UGB. These indicators were categorized into three functional groups based on their ecological roles. Specifically, AN, TN, SOC, TC, TP, AP, SC, UE, ACP, MBC, MBN, and MBP represent nutrient cycling functions, SBD, SWC, MWD, and GMD represent water regulation functions, and AGB and UGB represent production functions. SMF was calculated using the averaging method proposed by Hooper and Vitousek [35], which is an equal-weighted approach without additional weighting assigned to individual functions. First, the directionality of each soil functional indicator was evaluated prior to SMF calculation. Soil bulk density (BD) was identified as a negative indicator, where higher values represent poorer soil structure and function. Therefore, BD was inversely transformed prior to standardization to ensure that all functions were oriented in the same positive direction. Subsequently, the Z-score method was applied to standardize each single-function indicator across all quadrats. The normalization formula is as follows:


Zij = (Xij − uj)/σj,








where Zij denotes the Z-score of the j-th soil functional indicator in the i-th quadrat; Xij is the measured value of the j-th soil functional indicator in the i-th quadrat; uj represents the mean value of the j-th soil functional indicator across all quadrats; σj is the standard deviation of the j-th soil functional indicator across all quadrats. Finally, the arithmetic mean of the standardized Z-scores for all single-function indicators within each quadrat was computed, which was defined as the SMF value for that quadrat.




2.5. Statistical Analyses


All statistical analyses were performed using R version 4.5.0. To account for the hierarchical structure of the experimental design (subplots nested within plots), linear mixed-effects models (LMMs) were fitted using the “lme4” package in R (version 4.5.0) to assess the effects of vegetation restoration on soil individual functions, SMF, and soil microbial diversity. Restoration stage was treated as a fixed effect, and plot was included as a random effect to account for the non-independence of subplots within plots. Post hoc pairwise comparisons were conducted using Tukey’s HSD test with the “emmeans” package in R (version 4.5.0), with degrees of freedom adjusted using the Kenward-Roger method to account for the mixed model structure. Significance was determined at p < 0.05.



To avoid pseudoreplication, values from the three subplots within each plot were averaged, and each plot was treated as the independent experimental unit (n = 5 per restoration stage) in redundancy analysis (RDA), the Mantel test, and the random forest model. RDA was used to explore the relationships between environmental variables and individual soil ecosystem functions, as well as SMF. Prior to RDA, all variables were standardized using Z-score transformation to eliminate the effects of different measurement scales. To reduce multicollinearity among predictors, variance inflation factor (VIF) values were calculated, and variables with high collinearity (VIF > 10) were excluded. Additionally, Pearson correlation analysis was conducted, and highly correlated variables (|r| > 0.6) were identified. Based on these criteria, a subset of environmental variables was selected for the final RDA model. Furthermore, the relative importance of environmental variables was evaluated using forward permutation tests (“anova.cca”) and vector lengths in the RDA ordination space.



Linear regression analysis was performed to assess the relationships between SMF and environmental factors. Variables with significant relationships (p < 0.05) were selected for further analysis and visualization using scatter plots with fitted regression lines. A random forest model was used to identify key environmental predictors of SMF. Prior to analysis, all variables were converted to a numeric format and samples with missing values were removed. To reduce overfitting and evaluate model performance, the dataset was randomly divided into a training set (70%) and a testing set (30%). The model was constructed using the “random Forest” package in R (version 4.5.0) with 500 trees (tree = 500). Model performance was assessed on the testing dataset using mean squared error (MSE) and the coefficient of determination (R2). To further evaluate the statistical significance of variable importance, a permutation-based random forest approach was implemented using the “rfPermute” package in R (version 4.5.0) with 1000 permutations. Variable importance was quantified as the percentage increase in mean squared error (%IncMSE), and corresponding p-values were used to identify significant predictors.



The partial least squares path modeling (PLS-PM) model was applied to explore the interactions among vegetation characteristics, heavy metal contamination, soil microbial diversity, and SMF [36]. Latent variables were constructed based on predefined indicator blocks, including plant community characteristics, soil heavy metal pollution, bacterial community characteristics, fungi community characteristics, and SMF. To reduce dimensionality and avoid multicollinearity, principal component analysis (PCA) was performed for each indicator block, with the first principal component (PC1) extracted as the representative variable. Prior to model construction, variables with near-zero variance were excluded, and simultaneously, all indicators were standardized to eliminate scale differences. Model estimation was conducted using the “plspm” package in R (version 4.5.0) with the path weighting scheme. Model performance was evaluated using path coefficients, coefficients of determination (R2) of endogenous latent variables, and total effects. The significance of path coefficients was assessed using a bootstrap procedure with 1000 resamples, and t-values were calculated as the ratio of original estimates to standard errors. Statistical significance thresholds were defined as |t| > 1.65, |t| > 1.96, and |t| > 2.58.





3. Results


3.1. Changes in Plant Communities, Soil Properties, and Soil Functions Under Different Restoration Stages


During restoration, plant community α-diversity indices (Shannon–Wiener, Simpson, and Pielou evenness) and biomass first increased (R1 and R10) then decreased (R30 and R45), while the Whittaker β index increased continuously (Table S3). Moreover, soil physical conditions improved, with increasing soil water content and decreasing pH. In terms of nutrient dynamics, TC and SOC declined, whereas TN, TP, and AP increased along the restoration gradient. Microbial activity exhibited divergent responses, with increases in MBC, SC, and ACP, but decreases in MBP and UE. Total contents of Cd, Cu, Pb, and Zn peaked at mid-restoration stages (R10/R30), and available Zn and Cu rose continuously and maximized at R45 (Table S2).



This study explored variations in overall SMF and single soil ecological functions during different restoration periods (R1, R10, R30, R45; Figure 2). Specifically, there was an insignificant change in the soil moisture regulation function (Figure 2a). The soil moisture regulation function remained relatively stable across all stages (Figure 2a), whereas the individual functions and SMF exhibited an initial increase followed by a decline across the restoration chronosequences in abandoned mining areas (Figure 2b–d). Specifically, land production, soil nutrient functions, and SMF all reached their maximum values at R30 (0.39, 0.45, and 0.28, respectively), followed by marked declines at R45 (−0.74, −0.09, and −0.20, respectively).




3.2. Soil Microbial Community Composition and Diversity


During vegetation restoration in abandoned mining areas, the richness and evenness of microbial communities were significantly enhanced. Specifically, except for the non-significant change in the Chao1 index of the fungal community, the Chao1 index of the bacterial community, as well as the Shannon–Wiener index and Pielou evenness index of both bacteria and fungi, showed an increasing trend, while the Simpson index of both fungal and bacterial communities exhibited a decreasing trend (Figure 3). At the phylum level, both bacterial and fungal communities exhibited pronounced stage-dependent succession patterns (Figure S1). In bacterial communities, Actinomycetota, Proteobacteria (Pseudomonadota), and Acidobacteriota dominated across all restoration stages. Notably, the relative abundance of Actinomycetota, Bacteroidota, Verrucomicrobiota, and Cyanophyta gradually declined, whereas Acidobacteriota and Chloroflexota increased progressively with restoration age (Figure S1). In fungal communities, Ascomycota and Mucoromycota were consistently dominant. The relative abundance of Ascomycota declined over time, while Mucoromycota and Cryptomycota showed a gradual increase during later restoration stages (Figure S1).




3.3. The Interplay Between Environmental Factors and SMF


The RDA of environmental variables and multiple soil functions showed that the first and second axes accounted for 46.54% and 20.16% of the variation in multiple soil functions, respectively (Figure 4). Notably, UGB (R2 = 25.20), AGB (R2 = 17.09), and TCu (R2 = 18.41) are the key drivers influencing multiple soil functions (p < 0.01; Table S4).



Linear regression analysis further indicates that the fungi Shannon–Wiener index and Pielou index showed significant negative correlations with SMF (Figure 5a, p < 0.05), while the fungal Simpson index, plant community Simpson index, AGB, UGB, TCd, and TZn all exhibited significant positive correlations with SMF (Figure 5a, p < 0.05). Other environmental factors showed no significant correlations with SMF (p > 0.05). The significant predictors of SMF included the UGB, bacterial Simpson index, and the fungal Shannon–Wiener index (p < 0.05; Figure 5b).



The partial least squares path model deciphered the pathways through which plant communities, soil heavy metal content, bacterial diversity, and fungal diversity influence SMF during vegetation restoration in copper mine wastelands (Figure 6). The results showed that plant communities exerted a significant positive effect on bacterial communities (p < 0.05), whereas their effect on fungal communities was not significant (p > 0.05). Heavy metals did not have significant direct effects on either bacterial or fungal communities (p > 0.05), but they showed a significant positive effect on SMF (p < 0.05). Although fungal diversity was closely associated with SMF (Figure 5a, p < 0.05), fungal communities did not exhibit a significant direct effect on SMF (Figure 6, p > 0.05). Instead, they influenced SMF indirectly by significantly affecting bacterial communities (p < 0.05).





4. Discussion


4.1. Differential Responses of Individual Soil Functions and SMF During the Restoration of Abandoned Copper Mines


Vegetation restoration exerted a significant impact on multiple soil functions and SMF in abandoned mining areas (Figure 2). This may be attributed to the combined action of multiple processes promoted by vegetation restoration, including litter accumulation, root exudate inputs, and the physical protection of soil aggregates, which jointly facilitate carbon source accumulation and microbial activity [37,38], consistent with the findings of previous studies [2,39]. Notably, the soil moisture regulation function did not exhibit a significant change with increasing restoration time (Figure 2a). A similar phenomenon has also been reported in previous studies on vegetation restoration in mining areas, which might be ascribed to incomplete root coverage, a loose soil aggregate structure, and lagged recovery of water retention capacity during the vegetation restoration process [40]. Production functions, nutrient cycling functions, and SMF exhibited distinct response patterns during the restoration process, which are the combined result of multiple processes such as plant community succession, improvement of soil physicochemical properties, microbial functional synergy and antagonism, and the accumulation of stress factors. In the early stages of succession, communities were dominated by fast-growing, resource-acquisitive species which typically exhibit high aboveground net primary productivity [41,42], which contributed to the restoration of various ecosystem functions in the initial phase. With the extension of restoration time, community structure gradually became simplified or dominated by a few dominant species, and plant functional traits shifted from a resource-acquisitive strategy to a resource-conservative strategy, thereby reducing biomass production [43]. Furthermore, long-term heavy metal stress may restrict belowground biomass and microbial functional expression [44]. It acts by impairing root growth, nutrient absorption efficiency, and microbial interactions [45,46], thereby inducing negative feedback on nutrient cycling and SMF. Soil water content is considered a key factor regulating SMF [7,47]. However, this study found no significant improvement in the soil moisture regulation function, which may explain the SMF decline in the late succession stage. The enhancement of the soil moisture regulation function in future restorations of mining areas should be emphasized.




4.2. Influences of Environmental Factors on Soil Functions


The results showed that UGB, AGB, and TCu were key factors influencing multiple soil functions (Figure 4 and Table S4). This finding is consistent with the mass ratio hypothesis, which emphasizes that plant community biomass plays a major role in regulating ecosystem processes [48]. Plant community biomass (AGB and UGB), as the primary source of soil carbon and nutrients, strongly influences soil organic matter accumulation, nutrient cycling, and microbial activity through litter decomposition and root turnover [49]. Specifically, aboveground litter provides carbon and energy inputs to surface soils, whereas belowground roots influence soil physicochemical properties by releasing organic compounds, improving soil pore structure, and interacting with microbial communities [50,51]. Therefore, plant community biomass represents an important source of material and energy input to soil ecosystems and is closely associated with multiple soil functions. As the dominant heavy metal contaminant in copper mine tailings, excessive copper accumulation can disrupt microbial cell membrane integrity, inhibit enzyme activity, and interfere with cellular metabolism [52]. These effects may reduce microbial diversity and activity, and may weaken microbial-mediated processes such as organic matter decomposition and nutrient transformation [45,46]. Consequently, copper contamination represents an important abiotic stress factor associated with soil health and multifunctionality.



Linear regression analyses revealed significant differences in the relationships between microbial communities and SMF. Specifically, fungal diversity indices were significantly associated with SMF, whereas no significant relationships were observed between bacterial diversity indices and SMF (Figure 5b). This discrepancy is likely attributable to fundamental differences in ecological strategies between bacteria and fungi [53]. Bacteria are characterized by rapid reproduction, a high dispersal capacity, and strong metabolic plasticity, enabling them to respond quickly to environmental changes [54,55]. Accordingly, their influence on SMF may depend more on the functional specialization of a limited number of key taxa rather than on overall community diversity. In contrast, fungi typically exhibit slower growth rates, more specific resource requirements, and stable symbiotic relationships with plants [54], making them more likely to maintain ecosystem functioning through community diversity, particularly under nutrient-poor and heavy metal stress conditions. Furthermore, random forest analysis identified the bacterial Simpson index and the fungal Shannon–Wiener index as important predictors of SMF (Figure 5b), further supporting the patterns revealed by the regression analyses. Therefore, during vegetation restoration of copper mine wastelands, the influence of bacterial communities on SMF appears to be primarily driven by dominant taxa, whereas fungal communities rely more on community diversity.




4.3. Bacterial Communities Play a More Important Role in Influencing Soil Multifunctionality than Fungal Communities


A growing body of evidence indicates that microbial communities play a critical role in regulating SMF [55,56], which is also supported by the present study. Notably, this study found that bacterial communities played a more important role in influencing SMF than fungal communities (Figure 6). This pattern may be explained by the ability of bacteria to survive under nutrient-poor conditions and their relatively complex species composition and interaction networks [32]. In contrast, under heavy metal stress, fungi may prioritize survival-related processes, potentially altering their interactions with bacterial communities and thereby weakening their contributions to SMF [57]. In addition, the contribution of bacterial communities to SMF appears to be closely linked to their associations with specific soil functions. This study found that multiple bacterial taxa were significantly correlated with soil water conservation and production functions, whereas no significant relationships were observed for fungal taxa (Figure S2). This finding is consistent with previous studies [12,56], highlighting the greater involvement of bacterial communities in regulating soil functions. However, the present study also found a significant negative relationship between bacterial communities and SMF (Figure 6), which may be associated with the nutrient-poor conditions and strong heavy metal stress in copper mine wastelands. Under such conditions, although certain bacterial taxa can tolerate heavy metals, their metabolic activities may require substantial energy investment for stress resistance, thereby limiting their contribution to key ecosystem processes. For example, Li et al. reported that rare bacterial taxa such as WPS-2 and Dependentiae were negatively correlated with SMF [56]. Thus, the presence of heavy metal-tolerant bacterial taxa may interfere with the stabilization of heavy metals in soils and hinder the recovery of soil ecological functions.



Heavy metals are generally considered to exert negative effects on soil ecosystem functioning due to their toxicity to microorganisms [55]. However, in the present study, heavy metals showed a direct positive association with SMF (Figure 6), which may be related to their environmental filtering effects on both plant and microbial communities [58,59]. Specifically, heavy metal stress can selectively exclude sensitive species while enriching metal-tolerant taxa, thereby reshaping community composition toward functionally adapted groups [60]. In plant communities, this filtering process favors metal-tolerant species that are better adapted to harsh conditions [59], potentially enhancing resource use efficiency and stabilizing ecosystem processes. Similarly, in microbial communities, heavy metals may promote the dominance of resistant taxa with specialized metabolic capabilities, including nutrient cycling and stress tolerance functions [28,61]. These shifts in community composition may enhance specific ecosystem functions, ultimately contributing to higher SMF. For instance, in abandoned rare earth mining areas, hyperaccumulator plants such as Dicranopteris dichotoma and Blechnum orientale can recruit copiotrophic bacteria (e.g., Actinomycetota and Bacteroidota) in their rhizosphere, which support soil functional recovery by enhancing nutrient cycling [62]. Therefore, future ecological restoration in mining areas should consider the distinct ecological characteristics of bacterial and fungal communities and adopt differentiated microbial management strategies to enhance SMF.





5. Conclusions


This study systematically revealed the successional patterns of individual soil functions, SMF, and microbial communities during vegetation restoration in abandoned mining areas. With the advancement of vegetation restoration, soil nutrient cycling functions and SMF generally improved, whereas the recovery of the soil moisture regulation function was relatively delayed, which may become a key bottleneck restricting the optimization of ecosystem functions in the later restoration stage. Meanwhile, soil microbial communities exhibited successional characteristics of increased diversity and decreased dominance. Plant community biomass and TCu were identified as key environmental variables related to multiple soil functions. Linear regression revealed that fungal diversity indices, plant community biomass, and certain heavy metals were significantly correlated with SMF. Random forest analysis further identified UGB, the bacterial Simpson index, and the fungal Shannon–Wiener index as key predictors of SMF. Compared to fungi, bacterial communities were more sensitive to copper mine restoration and contributed more to SMF. The research findings provide important theoretical support for a more in-depth understanding of ecosystem restoration in mining areas, as well as practical guidance for microbial regulation and soil function management in these areas and other similarly degraded ecosystems.
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Abbreviations


The following abbreviations are used in this manuscript:



	SMF
	Soil Multifunctionality



	SBD
	Soil Bulk Density



	SWC
	Soil Water Content



	AN
	Soil Available Nitrogen



	AP
	Soil Available Phosphorus



	TP
	Soil Total Phosphorus



	TC
	Soil Total Carbon



	SOC
	Soil Organic Carbon



	TN
	Soil Total Nitrogen



	MWD
	Soil Mean Weight Diameter



	GMD
	Soil Geometric Mean Diameter



	D
	Soil Fractal Dimension



	R
	Soil Aggregate Destruction Rate



	HMs
	Soil Heavy Metals



	MBC
	Soil Microbial Biomass Carbon



	MBN
	Soil Microbial Biomass Nitrogen



	MBP
	Soil Microbial Biomass Phosphorus



	SC
	Soil Sucrase



	UE
	Soil Urease



	ACP
	Soil Acid Phosphatase



	AGB
	Aboveground Biomass



	UGB
	Belowground Biomass
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Figure 1. Location of the study areas in Tongling City. 
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Figure 2. Changes in soil moisture regulation function (a), land production function (b), soil nutrient cycling (c), and soil multifunctionality (SMF) (d) with different recovery years. Note: Distinct lowercase letters signify significant differences among treatments (p < 0.05). 
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Figure 3. Differences in community composition of soil bacteria (a–d) and fungi. Note: Distinct lowercase letters signify significant differences among treatments (p < 0.05). 
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Figure 4. Redundancy analysis illustrating the explanatory power of environmental variables for multiple soil functions. Note: Red arrows and fonts represent soil functions, black arrows and fonts represent environmental factors. 
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Figure 5. Linear regression of SMF against significant environmental factors (a). Random forest model for evaluating the relative importance of environmental factors in soil multifunctionality (b). Note: * and ** indicate p < 0.05 and p < 0.01, respectively. 
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Figure 6. Links between plant community characteristics, soil heavy metal pollution, bacteria diversity, fungi diversity, and SMF. Note: * and *** indicate p < 0.05 and p < 0.001, respectively. 
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