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Abstract  Mining activities significantly contrib-
ute to environmental pollution by releasing chemical 
contaminants into ecosystems, making natural recov-
ery challenging. In this study, we amended the min-
ing tailings from the Fundão dam with reference soil 
to simulate the heterogeneity of tailings concentra-
tions to which native species are exposed. We aimed 
to identify the tailings concentration that best sup-
ports the development of two native species, Degue-
lia costata and Peltophorum dubium. Our results 
showed that substrates with lower concentration of 
tailings had an increase in organic matter content and 
higher acidity. In contrast, substrates with higher tail-
ings concentration showed increased levels of toxic 
metals; yet these metals seemed not to be readily 

available to plants, as evidenced by the enhanced 
biomass accumulation and improved seedling qual-
ity in these subtracts. Conversely, the reference soil, 
being nutritionally deficient and acidic, may have led 
to increased absorption of toxic metals by the plants. 
This resulted in reduced growth and increased activity 
of antioxidant enzymes and synthesis of flavonoids. 
Both species selectively accumulated iron in the roots 
and manganese in the leaves, without reaching phyto-
toxic levels. The findings unequivocally demonstrate 
that D. costata and P. dubium exhibited remarkable 
resilience by successfully thriving and growing in 
highly contaminated substrates (up to 100% mining 
tailings). Hence, both D. costata and P. dubium prove 
to be highly suitable candidates for the restoration of 
areas devastated by iron mining activities.
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1  Introduction

Mining activities significantly contribute to environmen-
tal pollution by releasing chemical contaminants into the 
air, water, and soil. The process of extracting and pro-
cessing minerals produces tailings that are laden with 
toxic metal ions (Adiansyah et al., 2015; Andrade et al., 
2018). These activities not only contribute to environ-
mental pollution but also hinder plant growth and devel-
opment, along with negatively affecting soil microbiota 
health (Santolin et al., 2015). The resultant degraded soils 
demonstrate low resilience, struggling to support the nat-
ural colonization of native plant species. Such a backdrop 
highlights the extensive and often catastrophic impacts of 
mining, underscored by numerous dam failures world-
wide, illustrating the pressing need for comprehensive 
understanding and action (Fernandes & Ribeiro, 2017).

Over 100  years (1915 to 2019), there have been 
356 cases of mining dam’s failures worldwide, with at 
least 38 mining-related disasters considered extremely 
severe in the last 50  years (Freitas & Silva, 2019; 
World Mine Tailings Failures, 2019). In Brazil, over 
80 mining-related disasters have been reported (Cruz 
et al., 2022), and it is estimated that 126 mining dams 
are at imminent risk of failure in the coming years 
(Garcia et al., 2017). The dam failure at Fundão was 
the largest in terms of the volume of material released 
into the environment and affected area. Over 50 mil-
lion cubic meters of tailings were dumped into the 
Doce River basin, covering 663.2 km until it reached 
the Atlantic Ocean, causing negative impacts on 41 
municipalities along the way and affecting millions of 
human lives (Fernandes et al., 2016a; Marta-Almeida 
et  al., 2016). The area flooded by the contaminated 
tailings was 1,176.6 ha, destroying 457.6 ha of native 
vegetation in the Atlantic Forest (Omachi et al., 2018).

Soils contaminated with mining tailings, such as 
those from the Fundão Dam, are characterized by their 
high density, compactness, and low porosity (Caetano 
et  al., 2022; Silva Júnior et  al., 2018). These physical 
properties negatively affect water retention and nutri-
ent mobility, severely inhibiting plant germination and 
growth (Caetano et al., 2022; Silva Júnior et al., 2018). 
Furthermore, these tailings significantly lack organic 
matter and essential macronutrients (N, P, K, Mg), and 
exhibit a low effective cation exchange capacity (CEC), 
compounding the challenge by also containing high 
concentrations of toxic metals like Cr, Fe oxides, Mn, 
and Si (Araújo et al., 2022; Hatje et al., 2017; Schaefer 

et  al., 2016; Segura et  al., 2016). This nutrient deple-
tion, combined with metal accumulation, creates an 
adverse environment that significantly impairs plant 
health by disrupting essential physiological processes, 
including chlorophyll synthesis, thereby undermining 
plant metabolism (Andrade et  al., 2018; Matos et  al., 
2020; Lana-Costa et at., 2021). Such conditions lead 
to diminished growth, flowering, and fruiting (Grotz 
& Guerinot, 2006). The high concentrations of metals 
such as Fe and Mn in the soil can cause plant toxicity, 
resulting in severe physiological damage (Andrade et al., 
2018; Araújo et  al., 2022). The resultant physiological 
stress, further exacerbated by nutrient scarcity, induces 
oxidative stress marked by an overproduction of reactive 
oxygen species (ROS; Mittler, 2002; Rodriguez & Red-
man, 2005). However, plants have evolved sophisticated 
antioxidant defence systems, including enzymes such as 
ascorbate peroxidase (APX), catalase (CAT), and super-
oxide dismutase (SOD) which confer stress tolerance 
and aid in the detoxification of ROS within cells (Gill & 
Tuteja, 2010; Mehes-Smith et al., 2013).

The natural regeneration of local vegetation can be 
significantly impaired by limitations imposed by physi-
cal and chemical characteristics of the mining tailings, 
which often interfere with plant development (Cruz 
et al., 2020). Therefore, it is essential to select appropri-
ate species for the success of the restoration of degraded 
sites (Balestrin et  al., 2019; Figueiredo et  al., 2022, 
2024; Ramos et al., 2023). The most suitable approach 
to achieving effective biodiversity, ecosystem function-
ality, and structure comparable to natural or near-natu-
ral reference ecosystems is the use of native species that 
can thrive under conditions of multiple stresses (Fer-
nandes et al., 2016b; Toma et al., 2023). Even though 
ecological restoration, by definition, requires the use 
of native species from the local area, this approach 
has been inadequately explored and studied in numer-
ous restoration initiatives within the Doce River basin 
(Cordeiro et  al., 2022). The native vegetation has not 
yet recovered due to several issues related to the direct 
impact of the mining tailings. The changes in soil con-
ditions are leading to the spread of various allochtho-
nous (invasive) and pioneer species, such as Urochloa 
spp. and Ricinus communis in the affected and adjacent 
areas (Cordeiro et al., 2022; Figueiredo et al., 2022).

This reality underscores the need for a more effec-
tive and targeted approach in the selection of spe-
cies for ecological restoration, prioritizing those with 
better performance and adaptability to the specific 
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conditions created by mining tailings (e.g., Cam-
panharo et  al., 2021; Pires et  al., 2017; Prado et  al., 
2019). In this context, the Fabaceae family emerges 
as the most prominent and influential plant family in 
the affected region (Figueiredo et  al., 2022; Ramos 
et al., 2023). It plays a crucial role in soil protection 
and ecosystem health, thanks to its unique ability to 
enhance water retention capacity and soil fertility 
through symbiotic interactions with nitrogen-fixing 
bacteria (Gei et al., 2018; Temperton et al., 2007).

In this context, the study utilizes a method involv-
ing the dilution of tailings from the Fundão dam with 
uncontaminated soil to accurately simulate the range 
of contamination levels that native species encoun-
ter in natural environments. This methodology offers 
insights into the viability of employing native species 
for the ecological restoration of areas contaminated 
by mining tailings. For this purpose, we selected two 
native tree species from the Fabaceae family, Degue-
lia costata and Peltophorum dubium, both of which 
are pioneer species with low requirements for soil 
fertility and moisture. Furthermore, these species are 
characterized by their rapid growth rates and exten-
sive distribution across the Rio Doce basin (Lorenzi, 
2016). Specifically, we determine how different tail-
ings concentrations influence: i) the physicochemical 
quality of the soil; ii) the seed germination rate; iii) 
the physiological  traits; iv) the quality of the seed-
lings; and v) the translocation of nutrients from the 
soil to the roots and leaves. The hypothesis was that 
substrates with higher concentrations of tailings pose 
more significant challenges to the development of 
these tree species. The aim was to identify the lev-
els of tailings dilution that allows effective ecologi-
cal restoration with D. costata and P. dubium in areas 
affected by mining activity.

2 � Material and Methods

2.1 � Plant Species

Deguelia costata (Benth.) AMG Azevedo & RA 
Camargo (Fabaceae, Faboideae) is a native, endemic 
tree of the Atlantic Forest, exhibiting characteristics 
of a semi-deciduous, heliophytic, selective xerophyte, 
and pioneer species (Lorenzi, 2016). Peltophorum 
dubium (Spreng.) Taub. (Fabaceae, Caesalpinioideae) 
is classified as a heliophyte with initial secondary 

attributes, yet it displays pioneering traits. Notable 
for its extensive geographic range, this tree species 
is encountered frequently, both in Brazil and beyond 
its borders. It thrives in diverse phytophysiognomies 
and is especially prevalent in secondary ecosystems 
within the entirety of the semi-deciduous seasonal 
forest domain (Donadio & Demattê, 2000). These 
species are not very demanding regarding soil fertil-
ity and moisture and are associated with atmospheric 
nitrogen-fixing bacteria (Helene et  al., 2019). The 
seeds of D. costata and P. dubium species were ran-
domly collected from five to ten individuals of each 
species from non-contaminated soils located adjacent 
to the regions affected by the Fundão dam in June 
2021 in Aimorés, state of Minas Gerais, Brazil.

2.2 � Experimental Design

To prepare the growth substrates for the selected plant 
species, soil samples were collected from two distinct 
areas in the district of Barra Longa (Mariana, MG), 
which was the epicenter of the accident. The first set 
of soil samples was obtained from an area directly 
affected by tailings deposition. The second set of soil 
samples was collected from a nearby forest area that 
was unaffected by the contamination and thus served 
as the reference soil. To conduct the experiment, we 
prepared five treatments with varying percentages of 
contaminated material (hereafter referred to as "tail-
ings") mixed with the reference soil: T100 (100% 
tailings), T75 (75% tailings), T50 (50% tailings), T25 
(25% tailings), T0 (tailings-free reference soil). Each 
treatment consisted of 30 seven-litter pots, resulting 
in a total of 150 pots for each plant species used. The 
pots were transported to a greenhouse fitted with a 
30% light reduction screen (Nortene®) located at 
the Federal University of Minas Gerais, Brazil. The 
microclimatic conditions of the greenhouse during 
the experiment are shown in Table S1. The pots were 
randomly placed in the greenhouse and were rotated 
monthly to avoid bias due to any microenvironmen-
tal influence on the development of the species. The 
pots were irrigated by a micro-sprinkler twice a day 
(at 6 a.m. and 6 p.m.) for five min. The approach of 
amending a reference soil with increasing amounts 
of mining tailings aimed to replicate the conditions 
resulting from the Mariana accident, both in the short 
and long term, considering that the soil microbiota 
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metabolizes the mining tailings with time the dimin-
ishing the availability of some of its constituents to 
plants.

2.3 � Physical–chemical Analysis of Soils

The physico-chemical attributes of the reference soils 
were analyzed before planting the seedlings to evalu-
ate whether the presence of mining tailings improved 
the soil quality (n = 5 composite samples per treat-
ment). The content of coarse and fine sand (kg/kg) 
was analyzed using the sieving method, while the 
particle density (g cm−3) was analyzed using the vol-
umetric flask method. Additionally, the content of silt 
(kg/kg) and clay (kg/kg) were analysed using the slow 
agitation pipette method (Teixeira et  al., 2017). The 
physical characteristics of the soils were classified 
according to the United States Department of Agri-
culture (USDA) (Soil Survey Staff, 1993).

The chemical attributes analyzed were the con-
centrations of P, K, Na, Fe, Zn, Mn, Cu, Cd, Pb, Ni, 
and Cr using the Mehlich-1 method; Ca2+, Mg2+, 
and Al3+ using 1 mol/L KCl; B in hot water; S with 
monocalcium phosphate in acetic acid. In addition, 
pH in H2O, H+Al with 0.5 mol/L calcium acetate at 
pH 7.0, CEC, and OM (organic carbon × 1.724) were 
also analyzed using the Walkley–Black method (Teix-
eira et al., 2017).

2.4 � Seed Germination

The percentage of germination was quantified to 
assess whether presence of mining tailings improved 
the seed germination. To break dormancy, the seeds 
were immersed in 98% sulfuric acid (H2SO4) for 
15 min followed by a five-minute wash with running 
water (Seneme et al., 2012). Subsequently, five seeds 
were placed in each of 30 pots per treatment per spe-
cies (n = 30). The number of germinated seeds was 
recorded daily for 30 days. After this period, the uni-
formly grown seedlings were selected, leaving only 
one healthy plant in each pot.

2.5 � Physiological Parameters

To evaluate whether the presence of mining tailings 
improves the physiological parameters of plants and 
consequently promotes development, measurements 
of nitrogen balance index (NBI, proxy for foliar 

nitrogen content), chlorophyll (µg cm−2), flavonoids 
(µg cm−2), and gas exchange—stomatal conduct-
ance (gs, μmol CO2 m−2 s−1), photosynthetic rate (A, 
μmol CO2 m−2  s−1), and transpiration rate (E, mmol 
m−2 s−1) were performed. These measurements were 
taken in the 10th, 19th, and 29th weeks of plant 
development (in December 2021, February, and April 
2022, respectively). Additionally, it was evaluated the 
level of oxidative stress in leaves by quantifying H2O2 
and the activity of the antioxidant enzymes APX, 
CAT, and SOD. These parameters were analyzed in 
the 29th week of species development.

The non-destructive analysis of NBI and the 
amounts of chlorophyll and flavonoid were carried 
out using the Dualex® instrument (Fernandes et  al., 
2022; Goulas et  al., 2004). The measurements were 
recorded on the adaxial part of three expanded leaves 
free from pathogen attack in the middle portion of the 
stem of each individual (n = 15 individuals per treat-
ment per species). Three leaflets were measured on 
each leaf. Dualex® uses the ratio of chlorophyll to 
flavonoid content to obtain the NBI.

Gas exchange measurements were analyzed using 
a portable photosynthesis system, LCpro + (LCpro®, 
ADC Bioscientific Ltd. UK), coupled to a wide leaf 
chamber. For each individual, analysis was per-
formed on one of the three selected leaves used for 
previous measurements (n = 15 individuals per treat-
ment per species). The apparatus was calibrated to 
maintain a temperature of 30  °C, a vapour pressure 
deficit of approximately 1.5  kPa, and a flow rate of 
300 μmol of air min−1. The ambient CO2 concentra-
tion of ~ 410  μmol  mol−1 and photosynthetic photon 
flux density of 1500 μmol m−2 s−1 were used. Meas-
urements were taken when a steady state was reached 
and conducted between 7:00 and 11:00 a.m.

The amount of lipid peroxides and the activity of 
antioxidant enzymes were evaluated in a healthy and 
expanded leaf located between the third and fifth 
node of the stem (n = 4 individuals per treatment 
per species). Samples were collected from the same 
individuals selected for gas exchange measurements. 
The production of ROS was determined by quantify-
ing H2O2 using the method of DeLong et al. (2002). 
Lipid hydroperoxide content was determined based 
on H2O2 equivalents, utilizing a standard curve for 
calibration. The activity of APX was measured fol-
lowing the protocol of Nakano and Asada (1981), 
while CAT activity was determined according to 
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da-Silva et  al. (2017). Superoxide dismutase (SOD) 
activity was evaluated using the method outlined by 
Giannopolitis and Ries (1977). All assays were con-
ducted in triplicate on a Multiskan Spectrum© micro-
plate reader (Thermo Fisher Scientific Oy, Vantaa, 
Finland) to ensure accuracy and reproducibility of the 
results (For more detailed information, please refer to 
the supplementary material).

2.6 � Seedling Quality

The total dry mass production and seedling qual-
ity were assessed using the Dickson Quality Index 
to evaluate whether the presence of mining tailings 
improved plant development (DQI; Dickson et  al., 
1960). This index reduces the incidence of errors 
associated with interpreting only one or two devel-
opmental traits, as it provides a comprehensive and 
accurate assessment of the seedling development 
potential. The DQI was calculated using the follow-
ing equation:

where DQI = Dickson Quality Index, H = height, 
D = stem diameter, SDM = shoot dry mass shoot, 
RDM = root dry mass, TDM = total dry mass.

To calculate the DQI, measurements were taken of 
stem diameter at soil level (digital caliper; 0.01 mm), 
seedling height (tape measure; cm), shoot dry mass, 
root dry mass, and total dry mass. All measurements 
were determined in the 37th week of development on 
the same individuals selected for physiological anal-
yses (n = 15 individuals per treatment per species). 
Firstly, the diameter and height of the aboveground 
portion of the plants were measured. Subsequently, 
the roots were removed from the soil and underwent a 
thorough wash with running water. All plant material 
was left in a forced-air oven at 60 °C until it reached 
constant weight. Finally, the dry mass of both shoots 
and roots was quantified using an analytical scale 
with a precision of 0.001 g.

2.7 � Nutritional Analysis of Plant Material

To assess the potential impact of mining tailings dilu-
tion on nutrient allocation within plant tissues, chemi-
cal attributes of leaves and roots were analyzed in a 
sample set of five composite specimens per treatment 

DQI = TDM∕(H∕D) + (SDM∕RDM)

per species. For iron plaque removal, roots were 
washed with a solution of dithionite-citrate-bicar-
bonate, containing 0.03  M sodium citrate, 0.125  M 
sodium bicarbonate, and 1.0  g of sodium dithionite 
(Huang et al., 2017), then dried in a circulating oven 
at 60 °C to reach constant. Subsequently, dried sam-
ples of roots and leaves were ground (MA048® mill, 
Moinho Marconi, SP, Brazil). Concentrations of P, K, 
Ca, Mg, Zn, Fe, Mn, Cu, and B were determined by 
perchloric acid digestion. Concentrations of N by sul-
furic digestion by Kjeldahl distillation method (Sáez-
Plaza et al., 2013). The mineral content of substrates 
and plant material was determined by inductively 
coupled plasma-optical emission spectroscopy (ICP-
OES, Optima 3300 DV, Perkin Elmer®, Norwalk, 
CT, USA).

2.8 � Statistical Analyses

For each plant species, linear mixed-effects models 
(LMMs) were fitted for each of the parameters: NBI, 
chlorophyll, flavonoids, gs, A, E, H2O2, APX, CAT 
and SOD. The lme4 package was used to fit the mod-
els (Bates et al., 2015). In maximal models, the treat-
ment was included as a fixed effect, time (in weeks) 
as a covariate with interaction, and the individual 
as a random effect. For the parameters H2O2, APX, 
CAT and SOD, the treatment was included as a fixed 
effect and the technical replicates were included as a 
random effect. Generalized linear model (GLM) with 
a binomial distribution was fitted for the parameter 
germination percentage. Additionally, simple linear 
models (LMs) were used to evaluate the parameters: 
coarse sand, fine sand, silt, clay, particle density, 
pH, N, P, K, Na, Ca, Mg, H+Al, Al, CEC, OM, S, B, 
Cu, Mn, Fe, Zn, Cr, Ni, Cd, Pb, total dry mass and 
DQI. For all these variables, treatment was included 
as the predictor variable in the models. The residu-
als of all models were graphically analyzed with the 
DHARMa package, and when necessary for LMMs 
and LMs, data were lo or square root transformed to 
improve the homoscedasticity of residuals (Hartig, 
2022). Simplifications of the complete models were 
performed by removing non-significant fixed effects 
to obtain minimal adequate models (Crawley, 2013). 
The p-values of fixed effects were generated by likeli-
hood ratio tests of the complete model with and with-
out the explanatory variables (Crawley, 2013). The 
evaluation of the proportion of variance explained by 
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the model was conducted using the MuMIn package. 
Specifically, the marginal R2, which quantifies the 
variance explained by the fixed effects, and the con-
ditional R2, which includes both fixed and random 
effects, were calculated to provide a comprehensive 
understanding of the model’s fit to the data. Post-hoc 
tests were conducted using the emmeans package 
(Lenth, 2022). Principal Component Analysis (PCA) 
was performed using the stats package. The analysis 
involved examining the variables associated with soil 
chemical attributes before the experiment, as well as 
the chemical attributes of the leaves and roots for each 
treatment. All statistical analyses were performed in 
the R software (R Core Team, 2022), and the graphs 
were constructed in GraphPad Prism, version 9.5.0.

3 � Results

3.1 � Physical–chemical Analysis of Substrates

The analysis of the physical properties of the sub-
strates indicates that the proportions of coarse 
sand, fine sand, silt, and particle density decreased 
with a decrease of the mining tailings propor-
tion (T100 > T75 > T50 > T25 > T0) (Table  S2, 
S7). Coarse sand was 40% higher in T100 and 

T75 compared to T25 and T0 (F treatment = 60.47, 
p < 0.001). Fine sand was 36.8% higher in T100 than 
in T75 and T50, which did not differ from each other, 
and was even higher compared to T25 and T0 (F 
treatment = 98.71, p < 0.001). Silt did not differ among 
T100, T75, and T50 but was on average 48.2% higher 
in these treatments than in T25, and 74% higher than 
T0 (F treatment = 36.92, p < 0.001). In contrast, the 
clay proportion increased with mining tailings dilu-
tion. The clay content was 73.7% higher in T0 com-
pared to T100. Particle density was higher in T100 
compared to T0, showing an increase of 14.6% (F 
treatment = 396.22, p < 0.001).

The textural classification we found was: T100 
(loam), T75 (sandy loam), and T50, T25, and T0 
(clay) (Fig.  S1). The PCA substrate accounted for 
88.4% of the data variability, with 81.2% of this total 
explained by the PC1 and 7.2% by the PC2 (Fig. 1). 
It was observed that the main axis separated the five 
treatments. Substrates with higher mining tailings 
concentration, T100, and T75, positioned on the posi-
tive side of axis 1 (right side), exhibited higher lev-
els of micronutrients (e.g., Fe, Mn, Ni, Zn, and Cu), 
macronutrients (e.g., P, K, Mg, and Ca), higher pH, 
and Na. Consequently, these same substrates had 
lower concentrations of parameters pointing towards 
the opposite end (negative side of axis 1). Substrates 

Fig. 1   Relationship 
between chemical param-
eters of the reference soils 
amended by increasing 
amounts of mining tailings 
such as T100 (100% mining 
tailings), T75 (75% mining 
tailings), T50 (50% mining 
tailings), T25 (25% min-
ing tailings), T0 (mining 
tailings-free reference soils) 
(n = 5)
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with lower mining tailings concentration, T25, and 
T0, positioned on the negative side of axis 1 (left 
side), had higher organic matter content but were also 
rich in aluminium and more acidic. These substrates 
had lower concentrations of parameters pointing 
towards the right side (Fig. 1).

3.2 � Seed Germination

The germination percentage of D. costata was 68, 62, 
71, 71 and 81% for treatments T100, T75, T50, T25 
and T0, respectively. In contrast, the germination per-
centage of P. dubium was 27, 34, 36, 37, and 34% for 
treatments T100, T75, T50, T25 and T0, respectively. 
No significant differences were observed for the ger-
mination rate among the treatments for either species 
(p > 0.05).

3.3 � Physiological Parameters

In the 10th week, the NBI of D. costata was 29.3% 
higher under T75 compared to T100 and T0 and 
did not differ from T50 and T25. In the 19th week, 
the NBI of D. costata under T25 was 25.7% higher 
compared to T100 or T0 and did not differ from T75 
and T50 treatments. In the 29th week, the NBI of D. 
costata under T50 differed from all other treatments. 
During the same period, the highest NBI values 
were found for plants under the treatments T100 and 
T75, and these were 46% higher than in T25 and T0 
(χ2

treatment*week = 264.74, p < 0.001; Fig. 2a; Table S7). 
In the 10th week, the NBI of P. dubium was 12.35% 
higher under T25 and T0 compared to T100, T75, and 
T50. In the 19th week, the NBI of P. dubium in T0 
was 18.8% higher compared to other treatments that 
did not differ from each other. Moreover, at the 29th 
week, the highest NBI values were found for plants 
under T100, and these were 12% higher than those 
of plants under other treatments, which did not differ 
from each other (χ2

treatment*week = 57.92, p < 0.0001; 
Fig. 2b).

The chlorophyll content in D. costata was 22.4% 
higher in T75 compared to T100 and did not dif-
fer from T0 in the 10th week. However, in the 19th 
week, the chlorophyll of D. costata in T25 and T0 
did not differ from T75 and was 18% higher com-
pared to T50 and T100, which also did not differ from 
T75. In the 29th week, the chlorophyll of D. costata 
in T75 and T50 differed from T25, while T100 did 

not differ. Additionally, the highest values of chlo-
rophyll were found for T100, T75, and T50 treat-
ments, and these were 18% higher than those for 
plants under T0 (χ2

treatment*week = 169.96, p < 0.001; 
Fig.  2c; Table  S7). In P. dubium, the chlorophyll 
content was 18.6% higher in T25 and T0 compared 
to T100, T75, and T50 in the 10th week. In the 19th 
week, the NBI of P. dubium was 27.5% higher in T0 
compared to the other treatments, which did not differ 
from each other. In the 29th week, the chlorophyll of 
P. dubium in T0 was 18.5% higher compared to the 
other treatments, which did not differ from each other 
(χ2

treatment*week = 59.68, p < 0.001; Fig. 2d).
The flavonoid content in D. costata were around 

22% higher under T0 compared to the other treat-
ments, which did not differ from each other in the 
10th and 19th weeks. In the 29th week, the fla-
vonoid amounts of D. costata under T25 and T0 
were 34.8% higher compared to T100 and T75 
(χ2

treatment*week = 199.07, p < 0.001; Fig. 2e; Table S7). 
However, the flavonoid content in P. dubium 
increased by 17.5% after the 10th week and decreased 
by 4.9% after the 19th week of development in all 
treatments (χ2

week = 757.18, p < 0.001, Fig.  2f). In 
the 29th week, the flavonoid content was higher in 
T0 compared to the T100 and T75 treatments in P. 
dubium (χ2

treatment*week = 34.94, p < 0.001).
No interaction was detected between treatment and 

week for the parameters gs, A, and E for either species 
(p > 0.05, Fig.  3a-f). The gs in D. costata increased 
by 16% after the 10th week of development and 
decreased by 56% after the 19th week, across all treat-
ments (χ2

week = 51.25, p < 0.001, Fig.  3a; Table  S7). 
Similarly, the gs in P. dubium increased by 3.3% 
after the 10th week and decreased by 58.5% after the 
19th week, across all treatments (χ2

week = 158.64, 
p < 0.001, Fig. 3b). The A in D. costata increased by 
8% after the 10th week of development but decreased 
by 30.2% after the 19th week for all treatments 
(χ2

week = 41.05, p < 0.001, Fig.  3c). On the other 
hand, the A in P. dubium decreased by 10.3% after 
the 10th week and by 44.9% after the 19th week for 
all treatments (χ2

week = 300.06, p < 0.001, Fig.  3d). 
The E in D. costata decreased by 14.5% after the 
10th week and 8.9% after the 19th week for all treat-
ments (χ2

week = 16.42, p < 0.001, Fig.  3e). Similarly, 
the E in P. dubium decreased by 6.9% after the 10th 
week and 27.4% after the 19th week for all treatments 
(χ2

week = 103.70, p < 0.001, Fig. 3f).
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The amount of lipid peroxides was not affected 
by the treatments regardless of the plant species 
(p > 0.05, Fig.  4a-b). However, for D. costata, the 
activity of APX, CAT, and SOD enzymes under 
T100 and T75 treatments was approximately 50% 
higher compared to T0 and T25 (χ2 = 36.772, 
p < 0.001; χ2 = 26.377, p < 0.001; χ2 = 54.942, 
p < 0.001, Fig. 4c, e, g; Table S7). In the case of P. 

dubium, no significant differences were found for 
the APX activity among the treatments (p > 0.05, 
Fig. 4d). However, CAT activity was 10% higher in 
the T0, T100, and T75 treatments compared to T25 
and T50 (χ2 = 62.993, p < 0.014, Fig. 4e). Addition-
ally, it was observed that SOD activity was lower in 
the T50 treatment compared to T25 and T0, while 

Fig. 2   Effect of increasing amounts of mining tailings on the 
physiological parameters in Deguelia costata and Peltophorum 
dubium grown in amended reference soils T100 (100% mining 
tailings), T75 (75% mining tailings), T50 (50% mining tail-

ings), T25 (25% mining tailings); T0 (mining tailings-free ref-
erence soils). (a-b) Nitrogen balance index (NBI); (b-c) Chlo-
rophyll; (d-e) Flavonoids. Data are the means ± SE (n = 15)
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the latter did not differ from the T75 and T100 treat-
ments (χ2 = 17.005, p = 0.001, Fig. 4f).

3.4 � Seedling Development and Quality

The total dry mass for D. costata was higher in the 
T100 and T75 treatments compared to T50 and 
T25, with increases of 57.2% and 89.8%, respec-
tively, compared to T0 (F treatment = 51.900, p < 0.001, 

Fig. 5a; Table S7). As for the species P. dubium, the 
total dry mass was 31.2% higher in the T75 treat-
ment compared to the T100, T50, and T25 treatments, 
and 55% higher compared to T0 (F Treatment = 24.332, 
p < 0.001, Fig.  5b). In D. costata, the DQI in T100 
was 57.7% higher than that of plants under T25 and 
87.2% higher than in T0 and did not differ from T75 

Fig. 3   Effect of increasing amounts of mining tailings on the 
physiological parameters in Deguelia costata and Peltopho-
rum dubium grown in amended reference soils T100 (100% 
mining tailings), T75 (75% mining tailings), T50 (50% mining 

tailings), T25 (25% mining tailings); T0 (mining tailings-free 
reference soils). (a-b) Stomatal conductance (gs); (c-d) Pho-
tosynthetic rate (A); (e–f) Transpiration rate (E). Data are the 
means ± SE (n = 15)
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(F treatment = 77.99, p < 0.001, Fig. 5c). The DQI of P. dubium in T75 was 30.7% higher than that of plants 
in T25 and 49.2% higher than in T0 and did not differ 
from T100 (F treatment = 27.848, p < 0.001, Fig. 5d).

Fig. 4   Effect of increas-
ing amounts of mining 
tailings on the physiologi-
cal parameters in Deguelia 
costata and Peltophorum 
dubium grown in amended 
reference soils T100 (100% 
mining tailings), T75 (75% 
mining tailings), T50 (50% 
mining tailings), T25 
(25% mining tailings); 
T0 (mining tailings-free 
reference soils). (a-b) 
hydrogen peroxide; (H2O2) 
(c-d) ascorbate peroxidase 
(APX); (e–f) catalase 
(CAT); (g-h) superoxide 
dismutase (SOD). Data are 
the means ± SE (n = 4)
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3.5 � Nutritional Analysis of Plant Material

The PCA for the leaf nutritional composition of 
D. costata explained 70.5% of the variability, with 
the first two principal components (PC1 and PC2) 
explaining 49.2% and 21.3%, respectively (Fig.  6a, 
Table  S3 and S7). Concerning axis 1, D. costata 
plants under T100, T75, and T50 treatments, exhib-
ited higher amounts of P, Ca, and K in the leaves. 
Conversely, D. costata plants in T0 treatment showed 
higher amounts of Na, S, and micronutrients (e.g., 
Mn, Fe, Zn, Cu, B) in the leaves, and lower amounts 

of nutrients pointing towards the opposite side (on 
the positive side of axis 1). Regarding axis 2, plants 
under T100 treatment had higher amounts of Cu, 
P, and Ca, and lower amounts of Mn and K, while 
plants cultivated under T50 and T25 treatments 
showed the opposite trend (Fig.  6a). The PCA for 
nutrients of D. costata roots explained 76.1% of the 
data variability, with the first two principal compo-
nents (PC1 and PC2) explaining 58.5% and 17.6%, 
respectively (Fig.  6b, Table  S4 and S7). Regarding 
axis 1, D. costata plants under in T100, T50, and 
T25 treatments exhibited higher amounts of P, Mg, 

Fig. 5   Effect of increasing amounts of mining tailings on the 
seedling growth and quality in Deguelia costata and Peltopho-
rum dubium grown in amended reference soils. T100 (100% 
mining tailings), T75 (75% mining tailings), T50 (50% mining 

tailings), T25 (25% mining tailings); T0 (mining tailings-free 
reference soils). (a-b) total dry mass and (c-d) Dickson Quality 
Index (DQI). Data are the means ± SE (n = 15)
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S, B, Na,—micronutrients (e.g., Cu, Fe, Zn, and Mn) 
and the metal Pb in the roots. In contrast, D. costata 
plants in T0 treatment showed a higher amount of K 
in the roots. Regarding axis 2, plants under T100 and 
T75 treatments had higher amounts of Ca, P, and Mg, 
while plants under T25 treatment had higher amounts 
of Pb and Mn (Fig. 6b).

The PCA for nutrients of P. dubium leaves 
explained 74% of the data variability, with the first 
two principal components (PC1 and PC2) explaining 
46.2% and 25.8%, respectively (Fig. 7a, Table S5 and 
S7). Regarding axis 1, P. dubium plants under T50 
treatment had higher amounts of Mg, S, B, Ca, and 
Na, as well as the micronutrients Cu and Zn in the 
leaves. In contrast, P. dubium plants in T0 treatment 
had higher amounts of Ni in the leaves. As for axis 
2, plants under T100 and T75 treatments had higher 
amounts of K and P in the leaves. Conversely, plants 
under T25 and T0 treatments had higher amounts of 
Fe and Mn in the leaves (Fig. 7a). The PCA for nutri-
ents in P. dubium roots explained 75.2% of the data 
variability, with the first two principal components 
(PC1 and PC2) explaining 57.1% and 18.1%, respec-
tively (Fig. 7b, Table S6 and S7). Regarding axis 1, 
P. dubium plants under T75 and T0 treatments had 

higher amounts of Na, macronutrients P, Mg, and S, 
and the micronutrients Fe, B, Mn, Zn, and Cu in the 
roots. As for axis 2, plants under T75 and T0 treat-
ments had higher amounts of Ni and Cr in the roots. 
In contrast, plants under T100 and T50 treatments had 
higher amounts of Ca and Mg in the roots (Fig. 7b).

4 � Discussion

4.1 � Changes in Mining Tailings Quality Due to the 
Addition of Soil

In this study, mixing reference soil with mining tail-
ings resulted in a composition that was less sandy and 
richer in clay. The physical characteristics of mining 
tailings, such as high density, particles packing, and 
elevated content of fine sand and silt, are detrimental 
to the establishment and development of plants (Cruz 
et al., 2020; de Pádua et al., 2021; Matos et al., 2020). 
The significant compaction of the mining tailings hin-
ders root penetration, and the sandy texture reduces 
the water retention capacity of the soil (Schaefer 
et al., 2016). Additionally, plants grown at relatively 
lower amounts of mining tailings showed decreased 

Fig. 6   Relationship between leaf and root nutrient concen-
trations of Deguelia costata grown in soils with increasing 
amounts of mining tailings (T100, 100% mining tailings; T75, 
75% mining tailings; T50, 50% mining tailings; T25, 25% min-

ing tailings; T0, mining tailings-free reference soils). (a) nutri-
ent concentrations in the leaf, and (b) nutrient concentrations 
in the root (n = 5)
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amounts of Cu, Mn, Fe, and Zn, which at high lev-
els can be toxic to plants. Such a condition increased 
the OM and CEC in the substrates. However, the 
OM content in amended soil or reference soil solely 
(T0 = 32.5  g  kg−1) was still considered below the 
satisfactory reference value (40 g  kg−1) (Silva et al., 
2022a). Although potentially toxic elements such as 
Pb, and Cr were detected at relatively high amounts 
in the mining tailings, such metals remained below 
the toxicity limit for plants according to the Brazilian 
environmental legislation (CONAMA, 2009). Con-
trary to our expectations, the amounts of the macro-
nutrients P, K, Ca, and Mg decreased gradually with 
the addition of the reference soil. In other words, 
these nutrients were found at higher concentrations 
in the mining tailings compared to the reference soil 
used in this study. It is important to note that the soil 
underwent modification, which could lead to changes 
in the composition of vegetative species at the site 
(e.g., Figueredo et al., 2022). In addition, the mining 
tailings have distinct chemical properties compared to 
the reference soils, and when mixed, it can result in a 
complex matrix that can affect nutrients’ bioavailabil-
ity and heavy metals’ mobility (Almeida et al., 2018; 
Ferreira et  al., 2021; Queiroz et  al., 2018). Finally, 

the addition of reference soil in the mining tailings, 
made the substrates more acidic. The decrease in the 
soil pH is well-known to improve the bioavailability 
of certain metals to plants, such as Mn and Fe, while 
potentially impairing the absorption of Ca, Mg, and K 
(Scarpa et al., 2022; Silva et al., 2022b).

4.2 � The Amendment of Reference Soil With 
Increasing Amounts of Mining Tailings Does 
Not Affect Seed Germination

The presence of mining tailings in the reference soil 
did not affect the germination percentage of the native 
species D. costata and P. dubium. Seeds germinated 
both under higher and lower amounts of mining tail-
ings regardless of the species studied. These findings 
are consistent with previous studies carried out with 
other tree species (Cruz et  al., 2020; Scarpa et  al., 
2022) and native forage plants (Esteves et al., 2020). 
The lack of significant impact of mining tailings on 
seed germination may be attributed to the controlled 
environment of the greenhouse, in which essential 
factors like water, light, and temperature were care-
fully regulated. These ideal conditions ensured that 
the amounts of mining tailings used did not hinder the 

Fig. 7   Relationship between leaf and root nutrient concentra-
tions of Peltophorum dubium grown in soils with increasing 
amounts of mining tailings (T100, 100% mining tailings; T75, 
75% mining tailings; T50, 50% mining tailings; T25, 25% min-

ing tailings; T0, mining tailings-free reference soils). (a) nutri-
ent concentrations in the leaf, and (b) nutrient concentrations 
in the root (n = 5)
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germination process. It is important to note that the 
conditions imposed by the tailings in the field may 
differ from those encountered by the plants in our 
greenhouse study. Additional challenges exist in the 
field, including water scarcity, herbivory, and other 
abiotic and biotic stresses. For instance, Schaefer 
et al. (2016) observed in the field that the formation 
of a surface seal called "hard-setting" can take place 
due to the characteristics of the tailings, which would 
hinder germination and root penetration.

4.3 � The Addition of Reference Soil Into Mining 
Tailings Did Not Improve Plant Growth

The higher NBI and chlorophyll values observed in 
the T100 and T75 treatments may have contributed to 
a greater biomass gain and improved seedling qual-
ity at the end of the experiment. However, there were 
no significant changes observed in the values of gs, 
A, and E. Regarding P. dubium, the increase in OM 
content in the T0 and T25 treatments seemed to have 
contributed to higher NBI and chlorophyll values 
during the 10th and 19th weeks. Nevertheless, these 
changes did not have a positive impact on the values 
of gs, A, and E and the subsequent biomass gain and 
seedling quality. Conversely, individuals of P. dubium 
thrived under optimal development conditions in the 
T75 treatment. The enhanced growth of D. costata 
(under T100 and T75) and P. dubium (under T75), 
treatments with higher amounts of mining tailings, 
can be attributed to the higher uptake of macronutri-
ents, such as P, K, Ca, Mg, and S, present in the min-
ing tailings utilized in this investigation. Moreover, 
the pH of the mining tailings initially 6.89) and later 
4.94 upon mixture with reference soil likely facili-
tated the establishment of a substrate with pH ranges 
that were more favourable for optimal plant growth, 
particularly for P. dubium. According to Msimbira 
and Smith (2020), the optimal soil pH range for plant 
growth typically falls between 5.5 to 6.5. In sub-
strates with higher amounts of mining tailings, the 
pH may have favoured the reduction of bioavailability 
of potentially toxic metals, thereby benefiting plant 
development (Guerinot & Yi, 1994; Sharma & Nag-
pal, 2018). Deguelia costata exhibited higher levels 
of P, Ca, Mg, and S in the leaves grown under sub-
strates with higher amounts of mining tailings, which 
inherently contained elevated levels of these macro-
nutrients. In contrast, P. dubium was able to maintain 

higher amounts of K and Ca in the T75 treatment. 
These macronutrients are responsible for activating 
enzymes, maintaining osmotic balance in cells dur-
ing photosynthesis, regulating stomatal movement, 
and influencing the transport of water, nutrients, and 
sugars (Hawkesford et  al., 2022; Prajapati & Modi, 
2012). Although nutrient content in plant tissues 
is contingent upon species-specific characteristics 
and requirements, it is closely associated with nutri-
ent availability in the soil (Fritioff & Greger, 2003; 
Shtangeeva et al., 2009).

The limited growth observed in the T0 treatments 
may be attributed to increased metal uptake by plants 
due to soil acidity and poor soil quality. In acidic 
soils, metals tend to become more soluble in water, 
making them more available for root absorption with 
potentially toxic effects on plants (Esteves et  al., 
2020). In our study, we observed higher amounts of 
Ni and Cr in the leaves and roots of individuals in 
the T0 treatment, for both species. The higher reten-
tion of Ni in these substrates is likely due to the 
clayed nature of the soils, which possess a high cation 
exchange capacity and tend to retain more nickel on 
their surfaces (Galdos et al., 2004). Furthermore, the 
amount of bioavailable Ni and Cr tends to increase as 
pH decreases, as observed in the T0 treatment (Gal-
dos et al., 2004; Kim et al., 2017). Elevated amounts 
of Cr can cause severe damage to plant develop-
ment by interfering with chloroplast synthesis and 
the photosynthetic process (Shahid et al., 2017; Zor-
noza et al., 1999). There is a lack of literature estab-
lishing appropriate reference values for macro and 
micronutrients in leaves and roots of D. costata and 
P. dubium, which would allow for the assessment of 
the nutritional status of these species. Furthermore, 
the presence of Al was detected in the T0 and T25 
treatments, which could be responsible for the poor 
development of the species, particularly in the T0 
treatment. Aluminum (Al) tends to form less avail-
able and insoluble complexes with phosphorus (P) 
in soils and plant roots, resulting in a deficiency of 
P that hinders plant growth (Eekhout et  al., 2017). 
Additionally, Al exerts inhibitory effects on root res-
piration, interferes with enzymes involved in polysac-
charide deposition in cell walls, reduces cytokinin 
biosynthesis and transport, and modifies the structure 
and function of plasma membranes. These alterations 
significantly impact the absorption, transport, and uti-
lization of various elements such as Ca, Mg, P, and 
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K, as well as the uptake of water by plants (Foy et al., 
1978; Kochian et al., 2004).

Deguelia costata and P. dubium accumulated 
relatively high amounts of Fe in the roots compared 
to the leaves. This is a typical characteristic of toler-
ant plants, which tend to restrict the translocation of 
metals to the shoot and primarily accumulate them 
in the roots (Esringü et  al., 2014; Gilberti et  al., 
2014). This selective accumulation strategy in the 
roots helps to avoid damage caused by excess met-
als in the shoot, which is more sensitive and performs 
critical functions such as photosynthesis. However, 
the amounts of Fe in the leaves of both species cul-
tivated under T0, T25, and T50 treatments remained 
below the phytotoxic threshold considered for most 
plants (> 500 mg Fe kg−1; Pugh et al., 2002; Broad-
ley et  al., 2012). In contrast, higher amounts of Mn 
were detected in leaves compared to the roots, indi-
cating that these plant species are capable of coping 
with higher levels of Mn. Notably, clear reference 
values for Mn in many plant species are currently 
unavailable.

It was anticipated that higher amounts of min-
ing tailings would induce oxidative stress in plants. 
However, no changes in the amounts of lipid perox-
ides (quantified as H2O2 equivalents) were detected 
for both species. A study conducted by Caetano et al. 
(2022) revealed similar results, showing that mining 
residues from the Fundão dam rupture did not induce 
toxicity in Cenostigma pluviosum plants. Conversely, 
the increase in the activity of antioxidant enzymes 
such as APX, CAT, and SOD in the T0, T25 treat-
ments may indicate a compensatory mechanism to 
maintain the levels of H2O2 in plant cells (Foyer & 
Noctor, 2005). The variations in antioxidant enzyme 
activity can be attributed to the specific characteris-
tics of each species. It is possible that D. costata pos-
sesses a more efficient antioxidant system, leading to 
a more pronounced response regarding the activity of 
APX, CAT, and SOD compared to P. dubium. These 
differences may be influenced by the differential 
expression of genes related to antioxidant activity or 
by post-translational regulation of the enzymes (Sha-
habivand et  al., 2016). Additionally, both D. costata 
and P. dubium in the T0 and T25 treatments main-
tained elevated levels of flavonoids in their leaves 
throughout the experiment, indicating that this could 
be a mechanism of alleviating stress and achieve a 
trade-off between defense and growth, particularly 

under T0 treatment. The biosynthesis of flavonoids 
can be triggered by stressing conditions as such sec-
ondary metabolites are powerful antioxidants (Kumar 
& Pandey, 2013). Overall, the results suggest that 
the amendment of a reference soil with mining tail-
ings did not induce oxidative stress in D. costata and 
P. dubium during the initial stage of development and 
growth.

5 � Conclusions

The findings unequivocally demonstrate that D. cos-
tata and P. dubium exhibited remarkable resilience 
by successfully thriving and growing even in highly 
contaminated environments (up to 100% mining 
tailings). As a result, both D. costata and P. dubium 
prove to be highly suitable candidates for the resto-
ration of areas devastated by iron mining activities. 
Given their promising attributes, it is imperative to 
prioritize the utilization of these native species, along 
with other native plants, over exotic species that may 
compete with and disrupt the natural succession pro-
cess. However, to ensure successful restoration, it is 
crucial to conduct further research encompassing var-
ious aspects, including monitoring the developmental 
stages of these plants, assessing seed viability and 
production, evaluating their ability to establish within 
the ecological community, and assessing their resil-
ience to environmental stresses.
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