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Abstract: In 2015, the failure of the Fundão dam in Mariana, Brazil released ~43 million m³ of iron mining tailings into the environment. Despite restoration initiatives in the following years, few studies – and most focused on revegetation – have evaluated the effectiveness of restoration process in areas impacted by the disaster. We aimed to evaluate the responses of arthropod community in areas impacted by iron mining tailings deposition from Fundão dam that are in restoration process. We defined sampling units in the riparian zone of the Gualaxo do Norte River, that is under restoration, and in a native not impacted riparian zone. We collected soil arthropods using pitfall traps and sampled environmental variables in the same sites. We used to generalize least squares models (GLS) to test if the restored areas already presented values of arthropod diversity and functional group abundance similar to the reference area and to test which environmental variables are influencing arthropod diversity. We also tested how large are the differences of arthropod community composition between the study areas and used the index of indicator species (IndVal) to verify which species could be used as indicator of reference or restoration areas. The diversity of arthropods and the functional groups of detritivores and omnivores were higher in the native riparian zone. Understory density, soil density, organic matter content and microbial biomass carbon were the environmental variables that significantly explained the diversity and species composition of arthropods. We show that restoration areas still have different soil arthropod diversity values and community composition when compared to reference areas. Evaluating the response of arthropod community to the restoration process and long-term monitoring are essential to achieve a satisfactory result in this process and achieve a self-sustaining ecosystem.
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1. Introduction
The failure of the Fundão dam, which occurred in November 2015 in the municipality of Mariana in southeastern Brazil, is considered the biggest tailings dam failure in the world in the last 100 years and the biggest environmental disaster in Brazil (Islam; Murakami, 2021). The Fundão dam released 43 million cubic meters of iron mining tailings into the environment, and most of this tailing was deposited along the riparian zone of the Gualaxo do Norte River that is located downstream of the Fundão dam (Carmo et al., 2017; Silva et al., 2021). The Gualaxo do Norte River is part of the Rio Doce Basin, which, in turn, has 98% of its territory inserted in the Atlantic Forest biome, a hotspot of global biodiversity that is highly threatened by human activities (Myers et al., 2000; Garcia et al., 2017).
The mud wave and tailings deposition in the riparian zones of affected rivers caused severe environmental damage, including the suppression of vegetation (Omachi et al., 2018), changes in chemical composition of water, and an increase in turbidity that led to high fish mortality (Fernandes et al., 2016; Gomes et al., 2018). In addition, the tailings deposition caused changes in soil physical, chemical, and biological attributes of soil, such as an increase in soil density and pH (Segura et al., 2016), a decrease in soil organic matter content and available nutrients (Silva et al., 2016) and a reduction in soil microbial biomass and activity (Batista et al., 2022). 
Following the environmental and socioeconomic damages caused by the Fundão dam failure, a Transaction and Conduct Adjustment Agreement (TTAC) was signed among the involved parties to restore and compensate for the consequent impacts in Rio Doce Basin (TTAC, 2016). The TTAC established an emergency and temporary revegetation program using grass and leguminous species for four years, followed by six years of maintenance. Additionally, as a compensatory measure, the TTAC demanded the restoration of 40,000 hectares of permanent preservation areas (APP) within ten years. Of these, 10,000 hectares were designated for the planting of native species, while the rest would be restored through facilitating natural regeneration. Despite over six years having passed since the restoration process began, the few studies designed to understand the effectiveness of this process focused on the revegetation of the areas (Campanharo et al., 2021; Martins et al., 2021; Cordeiro et al., 2022). Hence, there is still a gap in our understanding of how other ecosystem components, such as edaphic fauna, have responded to the restoration process.
Soil arthropods are useful bioindicators for assessing the progress of ecological succession in restoration areas (Borges et al., 2021). These organisms possess several morphological and ecological characteristics making them particularly effective as bioindicators. Their small size makes them sensitive to local conditions, and their short generation times and high morphological variability enable them to produce rapid and quantifiable responses in a short period of time (Kremem et al., 1993; Hoye et al., 2018). These organisms are also simple to sample in large numbers, making them ideal for studies that compare species richness and abundance in areas with different environmental conditions (Gonçalves et al., 2020). Arthropod communities tend to reflect the successional stage of vegetation, as vegetation provides resources and conditions for their survival and development (Kenyeres, 2020; Arenhardt et al., 2021). In addition, these organisms occupy different roles in the food web and can be classified into functional groups according to their feeding habits, such as herbivores, detritivores, omnivores, and predators (Wong et al., 2019). Arthropods also perform different functions in the ecosystem, such as decomposition and translocation of organic matter, soil structuring, biological control, and secondary seed dispersal (Menta and Remelli, 2020).
Evaluating the recolonization of the arthropod community can provide valuable insights into the effectiveness of restoration process (Nakamura et al., 2003; Pais and Varanda, 2010). Therefore, the present study aimed to assess the response of the arthropod community to restoration process in the riparian zone of the Gualaxo do Norte River. To measure arthropod community response, we examined four variables: composition (1), indicator species (2), diversity (3), and abundance of functional groups (4) in the riparian zone under restoration (RZUR) along the Gualaxo do Norte River, and for purposes of comparison we used a native riparian zone (NRZ) as reference. In addition, we assessed environmental variables such as soil attributes (physical, chemical, and microbiological), diversity and dry biomass of litter, and vegetation (understory density) to explain the richness and composition of arthropod communities. Given the environmental conditions imposed by tailings deposition and emergency vegetation implanted in the riparian zone of the Gualaxo do Norte River, we present the following hypotheses: (1) The composition of the arthropod community in zone under restoration will still differ from that of native zone due to the remaining differences in the vegetation of the two regions. These differences are promoted using grass and leguminous species during the revegetation process. Also, the iron mining tailings deposition changed the soil conditions, making it difficult to reestablish native vegetation. (2) Following the differences in the arthropod community composition, we expect distinct indicators species for each zone. Specifically, in zones under restoration, we expect that the indicator species are adapted to disturbance due to the tailings deposition on the soil or that they can be species associated with grass and leguminous plants. (3) We expect that arthropod diversity will be lower in zone under restoration due to the tailings deposition and early vegetation with grass and leguminous species. These plants can provide fewer resources and refuges than in a native forest environment. (4) Among all functional groups, we expect herbivores to be more abundant in the zone under restoration since the grass and leguminous species can present a more palatable and attractive composition for this functional group compared with a native forest in a more advanced stage of succession.

2. Material and methods 
2.1. Study area 
The study was conducted in the municipality of Mariana, in the state of Minas Gerais, southeastern Brazil. The region is part of Atlantic Forest biome, being originally characterized as Seasonal Semideciduous Forest (Figure 1) (IBAMA, 2015). The region has an average annual temperature of 19 C° and an average annual rainfall of 1375 mm (Alvares et al., 2023), with dry season occurring between April and September and rainy season between October and March, with more precipitation in December and January. The collections occur at the end of the dry season, in September 2021, almost six years after the Fundão dam collapsed (in November 2015). 

[image: ]Figure 1: Map with the location of the municipality of Mariana, Brazil, and the sample units in the riparian zone under restoration (RZUR) of the Gualaxo do Norte River and in the native riparian zone (NZR) of the Carmo River.

2.2 Sample design 
We defined twenty-seven sampling units in the riparian zone under restoration (RZUR) along the Gualaxo do Norte River (Figure 1). The sampling units' location was defined based on a previous field recognition, which considered the accessibility and access authorization of areas. The Gualaxo do Norte riparian zone has been in the process of restoration since January 2016 and was initially re-vegetated with exotic fast-growing species of grasses and legumes, such as crotalaria (Crotalaria ololeuca), perennial soybean (Neonotonia wightii) and pigeon pea (Cajanus cajan). In addition, these areas were fenced to facilitate the natural regeneration of vegetation and secure the growth of some spontaneous species, such as assa-peixe (Vernonia sp.) (TTAC, 2016; Cordeiro et al., 2022). During the period of the study, the vegetation was dominated by grasses and spontaneous species such as mimosa (Mimosa sp.) and “assa-peixe” (Vernonia sp.), and still presents characteristics of primary vegetation (Figure S3) (Cordeiro et al., 2022).
For comparison purposes, one area of Carmo River riparian zone (also a tributary of the Doce River), which was not impacted by the tailings, was used as a reference due to its proximity to the Gualaxo do Norte River and their similar original soil conditions (Figure 1). We established nine sampling units in the native riparian zone (NRZ) – reference area due to the short extension of the riparian zone covered with native vegetation and steep relief. At least 200 m of distance was adopted between each sampling unit in the riparian zone of the Gualaxo do Norte and Carmo rivers to ensure sampling independence.
2.2.1 Arthropods sampling 
We used pitfall traps composed of 750 ml plastic containers that were filled with 300 ml of a mixture composed of water, salt, and detergent to sample arthropods (Hohbein et al., 2018). In each sampling unit, three pitfalls were installed and disposed of in a triangle, with a distance of 1 m between each edge, forming a single sample that remained in the field for 48 hours. This sampling design increases the number of captures and minimizes the consequences of eventual trap losses (Braga et al., 2013). The collected arthropods presented in each sampling unit were stored in an identified Falcon tube with 70% alcohol for transportation to the laboratory for triage and identification.
2.2.2 Triage and identification of arthropods
[bookmark: _Hlk143851018] The collected arthropods underwent a sorting process, separating only arthropods with a 2-20 mm wide body size. Subsequently, they were separated into orders and identified at the family and genus levels when possible. Then, they were further separated into morphospecies based on the morphological differences between individuals of the same taxon. Araneae was identified according to the taxonomic key proposed by Brescovit et al. (2002). Acari was identified based on the taxonomic key elaborated by Krantz (1978), and only free-living individuals were considered VAGUE. Formicidae was identified according to the taxonomic key proposed by Baccaro et al. (2015). The rest of the arthropods were identified according to the taxonomic keys proposed by Rafael et al. (2012). Arthropods were classified according to the predominant feeding habit of each family or genus into predators, herbivores, detritivores, and omnivores classes (Keneyeres, 2020; Wong et al., 2019). The only exception was Formicidae, which have specific functional groups. 
2.2.3 Sampling of environmental variables
At each sampling unit, a simple soil sample was collected in the 0-10 cm depth layer with a straight shovel for physical, chemical, and microbiological analysis of the soil. Samples were stored in plastic bags and placed in a cooler. To measure soil density, an undisturbed soil sample was taken from each sampling unit and collected through a volumetric aluminum ring (2.5 cm high x 6.3 cm in diameter) with an Uhland sampler (Teixeira et al., 2007). Rings containing soil samples were stored wrapped in plastic film to ensure the integrity of samples. A wooden quadrant (25 x 25 cm) was used for collecting a litter sample in the middle of each sample unit (Scoriza et al., 2017). Litter samples were stored in brown paper bags to avoid material deterioration due to water loss. All samples were collected after the pitfalls traps were removed to avoid disturbances in soil that could compromise the collection of arthropods.
The understory density was used as a variable related to vegetation since the riparian zone of the Gualaxo do Norte River does not present a canopy formation. An adaptation of the methodology proposed by Marsden (2002) was made, which consists of photographing vegetation with a black background. A black fabric measuring 1x1 m supported by a wooden stick was used to compose the background, which was extended at ground level and 4.5 meters away from the photographer. At each sampling point, four photographs were taken corresponding to north, south, east, and west directions around a triplicate of pitfalls. The photos were recorded before installing pitfalls.
2.3. Analysis of environmental variables
[bookmark: _Hlk121904234]For the microbiological analysis of soil, carbon of microbial biomass was quantified using fumigation-extraction method (Vance et al., 1987) and microbial effort of the soil was determined using the CO2 capture method using NaOH (Alef, 1995). In the physical analysis of soil, the density was measured through the dry soil mass of each sample divided by the volume of cylinder used in the collection (Teixeira et al., 2007). For texture, the fraction of sand (2.0–0.02 mm), silt (0.02–0.002 mm), and clay (>0.002 mm) were determined (Bouyoucos, 1962). In chemical analysis pH was determined in deionized water (1:2,5 v/v) (Teixeira et al., 2017). Fe and Mn contents were determined with the Mehlich-1 extractor solution (Mehlich, 1953) and quantified by optical emission spectrometry with inductively coupled plasma. The organic matter content was determined by oxidation with potassium dichromate (Walkley and Black, 1934), and N content was determined by the Kjeldahl digestion method after extraction with KCl (Bremner, 1960). Litter was dried in a stoven with forced air circulation at a temperature between 50 and 75°C until reaching constant dry weight (Scoriza et al., 2017). After obtaining dry mass, litter was weighed and then separated into the following fractions: leaves, branches, bark, flowers, and fruits, and material in an advanced stage of decomposition was classified as “others”. Each litter fraction was weighed separately, making it possible to calculate the InvSimpson diversity index (InvD) (Queiroz et al., 2021). The photographs of understory were analyzed and processed using the free software Image J, which determines the percentage of area covered by vegetation through the analysis of white and black pixels (Rasband, 2006). For each sampling unit average of the four registered photographs was taken to obtain the mean percentage of understory coverage. The mean values obtained in the analysis of all above mentioned environmental variables can be found in Table S1 in the supplementary material.
2.4. Statistical analyzes
Statistical analyzes were performed using the R software (R Development Core Team, 2020). First, a Pearson correlation analysis was performed to verify collinearity between sampled environmental variables (Figure S1). Variables that showed a strong correlation (> 0.7) were disregarded in statistical analysis to avoid inducing a type II error, which reduces statistical significance of correlated variables (Benesty et al., 2009). After correlation analysis, sand and clay content were not used in statistical analyses.
To verify differences in overall arthropod community composition between riparian zone under restoration (RZUR) and native riparian zone (NRZ), a non-metric multidimensional scaling analysis (NMDS) was performed with the Vegan package. We used the Bray-Curtis distance metric, which considers each species abundance (Oksanen et al., 2019). To verify differences in ant community composition an NMDS was also carried out, but using Jaccard distance metric that considers presence and absence of each species (Real and Vargas, 1996). Subsequently, a PERMANOVA was performed to provide statistical rigor to the clusters formed in the NMDS for overall arthropods and ants. The envifit function was used to verify whether formed clusters in the NMDS showed a pattern associated with environmental variables and which of them significantly explained species composition.
To determine occurrence of possible indicator species of overall arthropods and ants in the zone under restoration and native zone, indicator species analysis (IndVal) (Dufrêne and Legendre, 1997) was used with the labdsv package (Roberts, 2019). IndVal combines measures of specificity degree species, that is, whether a given species is found in only one habitat, and fidelity, which is the frequency species occurrence in a given habitat.
To verify overall arthropod and Formicidae diversity and test the differences between zone under restoration and native zone, we used a rarefaction and extrapolation method with the iNext package (Hsieh et al., 2016), to estimate the species richness for each sampling unit using the Hill Numbers approach (Chao and Jost, 2012). We performed the rarefaction and extrapolation separately for overall arthropods without Formicidae and for Formicidae and estimated only species richness for Formicidae due to the difficulty of using individuals for social insects. To estimate species richness, we used the maximum number of individuals found in a sampling unit (42 for arthropods and 451 for Formicidae). Simply counting species in a sample may underestimate true species richness, which may not be detected in the sample. Hence, an asymptotic approach via estimation of species richness and a non-asymptotic approach via rarefaction and extrapolation can infer species richness and make fair comparisons between various assemblages based on unequal sampling efforts and incomplete samples that miss many species (Chao and Chiu, 2014). 
Models with generalized least squares (GLS) and ANOVA were used to verify if estimated diversity (species richness and diversity indices0 and the abundance within each functional group differed between zone under restoration and native zone through the lme4 package (Bates, 2014). The GLS is an extension of linear model and is used when there is heteroscedasticity in the data, that is, when standard error variance is not constant (Cleasby and Nakagawa, 2011). The GLS was also used to verify the response of estimated richness of overall arthropods and ants as a function of environmental variables (Mazerolle, 2020). The assumptions of each model were verified through visual inspection of the plot of residuals for normality and homogeneity of variance (Odum et al., 1962).

3. Results

3.2 Indicator species value (IndVal)
For overall arthropods (except Formicidae), 11 indicator species were detected in the native zone (p <0.05) (Table 1). They belong to the orders Isopoda, Orthoptera, Coleoptera, and Araneae. IndVal did not detect any indicator species for the zone under restoration. For the Formicidae, four indicator species were found for the zone under restoration and six indicator species for the native zone (Table 1).

Table 1: Indicator species (IndVal) of overall arthropods and of the Formicidae for the native riparian zone of the Carmo River and the riparian zone under restoration of the Gualaxo do Norte River.
	Species
	Habitat
	IndVal
	p-value

	Overall Arthropods
	 
	 
	 

	Paragryllidae sp.1 (Orthoptera)
	NRZ
	0.96
	0.001

	Sthaphylinidae sp.1 (Coleoptera)
	NRZ
	0.91
	0.001

	Phalangopsidade sp.1 (Orthoptera)
	NRZ
	0.76
	0.001

	Isopoda sp.1
	NRZ
	0.64
	0.001

	Agyneta sp.1 (Araneae)
	NRZ
	0.44
	0.002

	Theridiidae sp.1 (Araneae)
	NRZ
	0.39
	0.019

	Tenedos sp.1 (Araneae)
	NRZ
	0.33
	0.014

	Sthaphylinidae sp.2 (Coleoptera)
	NRZ
	0.33
	0.014

	Coleosoma floridana (Araneae)
	NRZ
	0.3
	0.023

	Ctenidae sp.3 (Araneae)
	NRZ
	0.22
	0.045

	Linyphiidae sp.1 (Araneae)
	NRZ
	0.22
	0.046

	Family Formicidae
	 
	 
	 

	Solenopsis
	RZUR
	0.78
	0.009

	Brachymyrmex sp.2
	RZUR
	0.69
	0.009

	Oxyepoecus sp.3
	RZUR
	0.55
	0.008

	Oxyepoecus sp.2
	RZUR
	0.51
	0.019

	Pheidole sp.1
	NRZ
	0.74
	0.001

	Brachymyrmex sp.1
	NRZ
	0.65
	0.001

	Diponera sp.1
	NRZ
	0.64
	0.001

	Gnamptogenys
	NRZ
	0.54
	0.001

	Oxyepoecus sp.1
	NRZ
	0.53
	0.002

	Simopelta sp.1
	NRZ
	0.33
	0.009


Native riparian zone of the Carmo River (NRZ); Riparian zone under restoration of the Gualaxo do Norte River (RZUR); Indicator value (IndVal). p-value means the probability as a result of the permutation test. The table only presents the significant values (p<0.05) according to the IndVal result.

3.3 Diversity of arthropods
The estimated species richness (q0) of arthropods (without Formicidae) were higher in the native zone when compared to the zone under restoration (Figure 3A and Figures S2). The estimated species richness of Formicidae presented similar values for the native zone and the zone under restoration (Figure 3B). 
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Figure 3: Estimated species richness (q0) of arthropods (except Formicidae) (A) and for Formicidae (B).
3.4 Functional groups of arthropods
The abundance of detritivores (Figure 4A) and omnivores (Figure 4C) was higher in the native zone when compared to the zone under restoration (p<0.05), while the abundance of predators (Figure 4D) and herbivores (Figure 4B) showed no significant difference between the zone under restoration and the native zone (all data shown in Table S3). 
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Figure 4: Abundance of functional groups of detritivores (A), herbivores (B), omnivores (C) and predators (D) present in the native riparian zone (NRZ) of the Carmo River and in the riparian zone under restoration (RZUR) in the Gualaxo do Norte River.
3.5 Effect of environmental variables on arthropod diversity
For the overall arthropod diversity, microbial biomass carbon, understory density, and soil organic matter content were the environmental variables that best explained the variation in estimated species richness of arthropod species (Table 2). None of the environmental variables explained the variation in the estimated species richness of ants (Formicidae), and the null model was selected as the best one (Table 2).
[bookmark: _Hlk109204707]
[bookmark: _Hlk132288793]Table 2: Model selection based on the lowest AICc for estimated richness.
	Response variables
	Explanatory variables
	K
	AICc
	DeltaAIC
	w

	Estimated richness of arthropods
	UV + MBC + OM
	5
	311.53
	0
	51

	Estimated richness of arthropods
	UV + MBC 
	4
	312.47
	0.93
	0.32

	Estimated richness of arthropods
	Global model
	14
	314.16
	2.63
	0.14

	Estimated richness of arthropods
	Null model 
	2
	316.7
	5.16
	0.04

	Estimated richness of ants
	Null model
	2
	198.11
	0
	1

	Estimated richness of ants
	Global model 
	14
	249.28
	51.17
	0



Microbial carbon biomass (MBC); Organic matter (OM); Understory vegetation (UV); Number of model parameters (K); Akaike Information Criterion for Small Samples (AICc); Difference in AIC score between the best model and the model being compared (DeltaAIC); Model weight (w).


3.4 Community composition analysis
[bookmark: _Hlk143008480]For overall arthropods, the NMDS presented a stress of 0.12 and showed a clear visual separation in the composition of the arthropod community between the native zone and the zone under restoration (Figure 4A), which was confirmed by the PERMANOVA (p<0.05 and R²=0.13). The environmental variables that significantly explained the composition of overall arthropod species were soil bulk density (p<0.05 and R²=0.22) and understory density (p<0.05 and R²=0.33) (Figure 4A and Table S3). The understory density was higher in the native zone, and the soil density was higher in the zone under restoration. The two vectors formed an obtuse angle indicating that these two variables are negatively correlated. For Formicidae NMDS presented stress of 0.21 and showed significantly different communities between NRZ and RZUR according to PERMANOVA (p<0.05 and R²=0.60) (Figure 4B). Soil density (p<0.05 and R²=0.56) and understory density were also the environmental variables that significantly explained the ant species composition (Figure 4B and Table S4).
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Figure 4: Non-metric multidimensional scaling (NMDS) representing the ordering of environmental variables with the structure of the overall arthropod community (A) and for Formicidae (B) in the native riparian zone (NRZ) of the Carmo River and in the riparian zone under restoration (RZUR) of the North Gualaxo River. Legend: The black arrows represent the ordering of environmental variables, the purple arrows with a triangle point represent the ordering of the arthropod community of the native riparian zone of the Carmo River and the orange arrows with a round tip refer to the riparian zone undergoing river restoration Gualaxo do Norte River. Microbial respiration (MR), Microbial biomass carbon (MBC), Organic matter (OM), Litter diversity measure by Inverse Simpson Index (Litter InvD).


4. Discussion
41 Community composition analysis 
The composition of overall arthropod community and ants was different between the native zone (NZR) and zone under restoration (RZUR). When secondary colonization occurs after a major disturbance, it is common to detect significant variations in the composition of the arthropod community (Frouz et al., 2008). Changes in habitat can cause native species to be replaced by species tolerant to disturbances or invasives, modifying species composition (Zettler et al., 2004; Ribeiro-Neto et al., 2016).
[bookmark: _Hlk143852079]Soil density and understory density were environmental variables that determined overall arthropods and ants composition between the native zone and the zone under restoration. Tailings deposition in the areas affected by Fundão dam promote an increase in soil density, a fact associated with mineralogical composition of tailings, which is rich in quartz and iron oxides, and size of its particles, which have a silty and sandy texture, disfavoring the formation and stabilization of wastes aggregates (Silva et al., 2021; Santos et al., 2019). Changes in soil density can, directly and indirectly, influence arthropod community. The pores present in the soil are a direct channel for the movement of edaphic arthropods, especially those with larger body sizes. Thus, reduction in soil porosity caused by increase in soil density can act as a limiting factor for movement and dispersion of these organisms in zone under restoration (Pressler et al., 2018). In addition, high soil density can hinder development of vegetation, which grows under stress conditions and presents morphological and physiological changes that can compromise the development of the plants (Table 1S) (Fernandes et al., 2015; Segura et al., 2016). In NMDS, our results demonstrated this negative relationship between higher soil density and understory vegetation since they are represented by contrary ordinations. The understory vegetation was higher in native zone, a common characteristic of the areas with native forests or in an advanced stage of ecological succession (Wali, 1999). Vegetation is considered one of the main factors that determine the structure and composition of arthropod community, as it is a physical habitat for most species, in addition to being a primary source of resources (Lewinsohn et al., 2005). So, in the zone under restoration, higher soil density can act as a limiting factor for arthropods movement and dispersion and also is a limiting factor for vegetation development, resulting in lower understory vegetation and consequently less available resources for the arthropod community.

4.2 Indicator species value
IndVal pointed out overall arthropod species that were indicative only in the native zone, belonging to Orthoptera, Araneae, Coleoptera, and Isopoda. This method combines the degree of specificity of a determined species for an ecological status and its fidelity within the status, which is measured through its percentage of occurrence (Dufrêne and Legendre, 1997). Therefore, absence of indicator species in the zone under restoration may be evidence of low specificity of species found in this region.
[bookmark: _Hlk143852500]We found that species with highest indicator value of the native zone belongs to Paragryllidae (Orthoptera). Orthoptera is a central element in food chain, as they represent first-order consumers and are a source of food for other taxa, such as birds (Odum et al., 1962 Kok and Louw, 2000). In general, aspects of environment that tend to interfere with Orthoptera occurrence are vegetation structure and climatic conditions, such as humidity (Weyer et al., 2012; Humbert et al., 2021). The second species with highest indicator value in the native zone belongs to Staphylinidae (Coleoptera). Staphylinids are predatory beetles and are common in natural and altered systems, but species composition tends to be determined by aspects such as vegetation, litter nutritional quality, and N content in the soil (Bohac, 1999; Stašiov et al., 2021). So, the presence of Orthoptera and Staphylinidae as indicator species of the native area can point out that the native area presents more available resources and ideal conditions for different groups of arthropods community. 
For Formicidae four indicator species were recorded for zone under restoration and six species for the native zone. A species of Solenopsis had the highest indicator value for riparian zone under restoration, and a species of Pheidole had the highest indicator value for native zone. The genera Solenopsis and Pheidole correspond to foraging ants that build nests in soil and are abundant and widely distributed (Grahan et al., 2004; Pacheco et al., 2013). In addition, both genera contribute to secondary seed dispersal and maintenance of soil structure through nest building (Sanabria et al., 2014). The occurrence of Solenopsis and Pheidole as indicator species in zone under restoration and native zone, respectively, may demonstrate a certain degree of similarity in terms of the ecological function performed by ants between the two regions.

4.3 Diversity of arthropods
The overall arthropod richness was higher in the native zone. Native areas or advanced stages of ecological succession tend to develop more diverse vegetation that supplies the formation of more complex habitats that can support different niches, contributing to higher species richness (Stein et al., 2014).  In contrast, the zone under restoration showed a greater dominance of species. This fact may be related to a more homogeneous vegetation of the zone under restoration, which is composed principally of grass and leguminous species, which may result in dominance of species adapted to this specific type of resource (Randlkofe et al., 2010). 
[bookmark: _Hlk143853528]Richness and diversity of Formicidae were higher in the zone under restoration. Areas in the initial stage of restoration may show an increase in ant species richness due to the initial input of resources, but over the years, richness tends to stabilize (Majer, 1996). In addition, areas in early stages of restoration may favor more generalist ant groups, such as genera Solenopsis and Atta (Myrmicinae), which were recorded in great abundance in the zone under restoration (Zettler et al., 2004). Ants can bring benefits and problems to restoration process in the zone under restoration. On one hand, ants can contribute to decreasing soil density and increasing water infiltration by building nests (Nkem et al., 2000). Furthermore, ants can incorporate organic matter and contribute to soil fertility through their foraging habit (Cammeraat et al., 2008). On other hand, leaf-cutting ants are potential causes of damage to development of seeds and plants in the early stages of development (Vasconcelos and Cherrett, et al., 1997; Montoya-Lerma et al., 2012). Leaf-cutting ants belong to genera Atta and Acromyrmex (Myrmicinae), and both were recorded in greater abundance in the zone under restoration (Table S1). Plants grown in soils with a higher concentration of iron mining tailings from the Fundão dam failure were more likely to be attacked by leaf-cutting ants of the Acromyrmex subterraneus species (Nascimento et al., 2021). The physiological response of plants to stress caused by the physical and chemical properties of tailings acts as an attraction for these ants. Given this, seedlings implanted in areas with a high concentration of tailings may have more difficulties in growing, reducing their chance of survival and effectiveness of restoration process.

4.4 Functional groups of arthropods
[bookmark: _Hlk143853832][bookmark: _Hlk143853677]Regarding functional groups of arthropods (except Formicidae), detritivores and omnivores were significantly more abundant in the native zone. Variations in resource availability can modify the structure of arthropod community so that absence of a resource can led to a decrease in abundance of respective functional group (Lessard et al., 2011). The lower abundance of omnivores may impair the resilience of the food chain in zone under restoration. Since omnivores can mitigate effects of declines in predators, herbivores, and detritivores populations, they can contribute to the stability of the food chain (Fagan, 1997). The lower abundance of detritivores may impair nutrient cycling in zone under restoration. They fragment organic matter into smaller pieces, facilitating colonization and decomposition by fungi and bacteria that carry out the mineralization process of nutrients (Barrios, 2007). So, lower abundance of detritivore arthropods can be implied in reducing the nutrient cycling process in the zone under restoration.
[bookmark: _Hlk143853879]Functional groups tend to reestablish faster than species composition (Cole et al., 2016). However, it is necessary to seek the re-establishment of all aspects of the biota since each species acts in a specific niche of the soil trophic chain and in environmental functions that result in a functional, self-sustaining, and resilient ecosystem. For example, ants dominance in the zone under restoration can be controlled through trophic relationships such as predation and competition, exerting a natural control of population (Dunn et al., 2007). 

4.5 Effect of environmental variables on arthropod diversity
[bookmark: _Hlk143856901]Understory vegetation density, microbial biomass carbon, and soil organic matter content were the explanatory environmental variables for estimated arthropod richness. Considering ecosystem functioning, these three variables are related to each other. Microbial community is responsible for carrying out decomposition and mineralization of soil organic matter, releasing nutrients in forms assimilable by plants and other organisms, and contributing to nutrition and development of community that lives in the soil (Prasad et al., 2021). Furthermore, in terms of energy flow through the soil trophic chain, microbial biomass is a source of food resources for certain microarthropods, such as springtails, which are prey to larger body-size arthropods (Moore et al., 1988). Therefore, microbial biomass, soil organic matter content, and vegetation had been negatively affected by the deposition of Fundão dam tailings and are environmental variables that are involved in providing resources and creating habitats for the arthropod community, enhancing its richness and diversity (Potapov et al., 2017; Batista et al., 2022; Cordeiro et al., 2022). So, the effects of the tailings deposition in these attributes can be reflected in the arthropods community.
4.6 The restoration process
As the ecological succession of vegetation occurs, an improvement in environmental conditions is expect, and composition of arthropods in zone under restoration tend to be more similar to the native areas used as reference (Meloni and Varanda, 2015). However, despite showing an improvement compared to the initially degraded areas, there is a tendency that areas in the restoration process do not return to the same biodiversity as the reference (Atkinson et al., 2022). This occurs because even with restoration process, these areas may still be influenced by the initial disturbance and other environmental factors. In view of this, it is possible that due to the presence of tailings in the environment, the ecosystem does not resemble original natural conditions, but that it starts to develop different attributes that support a distinct community (Fernandes et al., 2016; Hossner et al., 1992).
It is important emphasize that the final goal of restoration process in areas affected by Fundão dam mining tailings is not clear in TTAC (2016) and other available documents. What we know is that according to TTAC, the deadline for planting native vegetation ends in 2026. Emergency vegetation, composed of leguminous and grass species, still predominates in the region (Cordeiro et al., 2022). The use of exotic plant species contributes to promoting arthropod communities with distinct attributes between the zone under restoration versus the native zone. Therefore, planting of native species combined with other technics such as artificial shelters or perches to attract seed-dispersing fauna, the installation of vegetation islands by the transposition of topsoil, seeds, or branches, can favor the re-establishment of the arthropod community and mitigate these differences (Rodrigues et al., 2009; Vogel et al., 2015). According to Cordeiro et al. (2021), the planting of woody native species in the areas affected by Fundão tailings was unsuccessful due to the higher contents of amine and sodium in the soil that are produced during the mining process. The use of remediation strategies, such as organic matter amendment, sediment scraping, phytoremediation with tolerant woody species, and using herbaceous species with mycorrhizal inoculation, is already being tested in the soils affected by Fundão tailings and has demonstrated promising results (Gomes et al., 2021; Zanchi et al., 2021). These remediation strategies can promote soil health and facilitate future revegetation strategies with native species. Even in an initial phase of restoration, studies like this are important to understand how the components of the ecosystem behave in the face of the restoration process and to seek alternatives that can stimulate functional and taxonomic diversity to ensure the effectiveness of this process. In addition, monitoring of these areas is essential since it is an unprecedented environmental disaster, and little is known about long-term impacts on ecosystem (Carmo et al., 2017; Herrick et al., 2006).

5. Conclusion
[bookmark: _Hlk143867010]The arthropod community was a good bioindicator for pointing out that the riparian zone under restoration after the iron mining tailings deposition of the Fundão dam rupture presents large and significant differences of arthropod community composition than those found in a native riparian zone. The differences between the community composition of arthropods in the native zone and in the zone under restoration were related to soil bulk density and understory vegetation density. The indicator species for the zone under restoration was only individuals for Formicidae (Solenopsis) being evidence of the low specificity of ants species found in this zone. Also, the zone under restoration has a lower richness of arthropods and a lower abundance of functional groups of omnivores and detritivores. The environmental variables that explain arthropod richness were microbial biomass carbon, understory vegetation density, and soil organic matter. All these variables are impacted by the tailings deposition in the soil and can act to limit the re-establishment of soil arthropods community. The restoration process focusing on soil health can improve the environmental conditions related to soil and vegetation in the riparian zone of the Gualaxo do Norte River and, consequently, the return of the arthropod community. Therefore, assessing the response of the arthropod community and other organisms in the face of the restoration process and long-term monitoring is essential to achieve a satisfactory result and a self-sustaining ecosystem.
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Figure Captions

Figure 1: Map with the location of the municipality of Mariana, Brazil, and the sample units in the riparian zone under restoration (RZUR) of the Gualaxo do Norte River and in the native riparian zone (NZR) of the Carmo River.
Figure 2: Non-metric multidimensional scaling (NMDS) representing the ordering of environmental variables with the structure of the overall arthropod community (A) and of the Formicidae (B) in the native riparian zone (NRZ) of the Carmo River and in the riparian zone under restoration (RZUR) of the North Gualaxo River. Legend: The black arrows represent the ordering of environmental variables, the purple arrows with a triangle point represent the ordering of the arthropod community of the native riparian zone of the Carmo River and the orange arrows with a round tip refer to the riparian zone undergoing river restoration Gualaxo do Norte River. Microbial respiration (MR), Microbial biomass carbon (MBC), Organic matter (OM), Litter diversity measure by Inverse Simpson Index (Litter InvD).
Figure 3: Estimated species richness (q0) of arthropods (without Formicidae) and (A) for Formicidae (B).
Figure 4: Abundance of functional groups of detritivores (A), herbivores (B), omnivores (C) and predators (D) present in the native riparian zone (NRZ) of the Carmo River and in the riparian zone under restoration (RZUR) in the Gualaxo do Norte River.
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