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A B S T R A C T

The collapse of a mining tailings dam in 2015 drastically affected a large area of an already threatened Atlantic 
Forest along the Rio Doce in Brazil. We evaluated the interactions between edaphic and floristic factors in 
impacted and reference sites to understand how the impact of the tailings affected the riparian plant communities 
along the river. The species richness of the adult and sapling strata was, respectively, 46.4 % and 61.5 % lower in 
the impacted sites relative to the reference sites. A similar pattern was observed for both species and phyloge-
netic diversity. We also recorded large changes in species composition in the adult and sapling strata in impacted 
sites relative to the reference sites along the river. These negative changes in the plant community were 
correlated with drastic increases in soil iron and phosphorus concentration, and fine sand proportion, and de-
creases in the proportion of carbon and coarse sand in the sites impacted by the mining tailings. We observed a 
close relationship between plant composition in both the adult and sapling strata with edaphic factors. The al-
terations in species composition triggered by the deposition of mining tailings may induce significant shifts in 
ecosystems, potentially prompting numerous tipping points throughout the river basin, as indicated by the 
different sapling species, some of which are invasive species of highly difficult eradication. These altered forests 
might suffer from impoverishment, dominated by a limited species set, some of which could expand its distri-
bution upon neighboring, already threatened, regions. Such expansion could exacerbate the degradation of the 
Rio Doce watershed to a point of no return to the previous condition.

1. Introduction

Nine years have passed since Brazil’s worst ecological disaster, the 
collapse of the Samarco mine tailings dam, where dozens of millions 

cubic meters of iron tailings were released into the Rio Doce basin 
(Fernandes et al., 2016a; Segura et al., 2016). The tsunami of tailings 
caused the immediate loss of approximately 1469 ha of rain forest 
vegetation, deeply affecting the riverine ecosystems and their ecological 
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interactions, besides directly killing 19 people (Fernandes et al., 2016a).
Mining tailings in the Iron Quadrangle contain high levels of iron 

(primarily hematite) and manganese (Schaefer et al., 2015; Guerra et al., 
2017). The deposition of these metals compacted the soil along the Rio 
Doce, creating a physical barrier that waterproofs the surface, hinders 
root growth, and disrupts both agricultural use and natural regeneration 
(Schaefer et al., 2015; Guerra et al., 2017; Hatje et al., 2017). This 
degradation hinders seed and propagule penetration, directly impacting 
the system’s regenerative capacity and ecological functions (Mesquita 
et al., 2001; Fernandes et al., 2016a). Consequently, bold ecological 
restoration measures are urgently required for the watershed.

Ecological restoration aims to recover ecosystem functionality by 
restoring biodiversity, habitat connectivity, and ecosystem services 
(Rodrigues et al., 2009; Fernandes et al., 2016b; Rosenfield et al., 2022). 
To achieve this, it is essential that restoration be based on the selection 
and use of reference areas, from which information is obtained from the 
best available native ecosystems in the region (Gann et al., 2019; 
Rosenfield et al., 2022; Toma et al. 2023, 2024). Thus, a set of reference 
ecosystems is necessary to guide restoration efforts in environments 
such as the Rio Doce basin (Ramos et al., 2024).

Tropical forests are among the richest and most complex terrestrial 
ecosystems, supporting a vast array of life forms and possessing a 
remarkable intrinsic capacity for self-maintenance (Wilson, 1988; Baboo 
et al., 2017). However, this capacity has been increasingly compromised 
by excessive pressures caused by climate change and anthropogenic 
disturbances linked to pollution, deforestation, species invasion, among 
others (Htun et al., 2011; Bargali et al., 2019; Negi et al., 2024). The 
success of restoration projects in these forests depends largely on the 
recovery and reestablishment of soil properties, which create micro-
habitats that shape the composition and structure of the forest, influ-
encing the establishment of species (van der Sande et al., 2023;
Fernandes et al., 2016a; Coelho et al., 2018; Ramos et al., 2024). The 
loss of plant diversity is a major challenge faced by ecosystems in 
maintaining the stability and functional sustainability (Hua et al., 2022; 
Bisht et al., 2023). Understanding the synergistic interactions between 
soil factors and reference vegetation is essential for comparing com-
munities, assessing functional attributes, and measuring the progress 
and effectiveness of restoration efforts.

Assessing the relationships between soil properties and vegetation 
composition is the first step towards understanding the factors and 
conditions that promote the recovery of biodiversity in degraded eco-
systems. This study provides a solid baseline of the plant community 
along the Rio Doce, comparing the plant community in the adult and 
sapling layers of the best-preserved remnants of riparian forests avail-
able in the region and the impacted riparian forests to guide restoration 
and aid in the mitigation of the effects of the collapse of Samarco’s 
Fundão dam. This knowledge should result in better restoration plan-
ning leading to greater ecosystem connectivity and in positive net gain 
in biodiversity. Our main objective is to assess the state of natural 
regeneration of the impacted sites along the Rio Doce seven years after 
the dam collapse through comparisons with reference sites, thus 
providing a sound scientific basis for ecological restoration. We evalu-
ated the relationship between the floristic composition of adult and 
sapling strata and soil quality in both impacted and reference sites. 
Additionally, we analyzed how landscape properties influenced vege-
tation composition. We hypothesized that i) Sites affected by the 
deposition of tailings have different soil characteristics from the refer-
ence sites. We expect to find higher concentration of heavy metals and 
lower concentration of organic matter in the sites impacted by tailings; 
ii) Tailings deposition severely decreased the richness and diversity of 
species and phylogenetic diversity of the adult and sapling species strata 
in relation to reference sites; iii) The deposition of tailings will benefit 
some species while harming others, directly influencing species 
composition in the affected sites; iv) There is a strong turnover of plant 
species in the adult and sapling strata along the river in both the 
impacted and reference sites; v) Floristic diversity in the impacted sites 

are more affected by edaphic parameters than by the land use conver-
sion of the surrounding landscape (i.e. forest cover).

2. Material and methods

2.1. Study area

The study was carried out in five riparian forest regions located along 
the Rio Doce watershed, Minas Gerais, southeastern Brazil (Fig. 1). The 
five regions were selected in this study because of the availability of 
preserved riparian forests along the river basin. The dominant vegeta-
tion type in the study regions is Atlantic Rain Forest. Mariana (dam 
breached region), Rio Casca, and Ipatinga regions are located in the 
upper sector of the basin, while Conselheiro Pena, and Aimorés regions 
are located in the middle sector of the basin (Table S1). In each region, 
three unaffected sites and three impacted sites were selected for the 
study; hence totaling six studied sites per region (Fig. 1; Table S1). The 
riparian forests in good state of conservation (i.e., late secondary, and 
old growth forests) were separated at least 2 km from each other, and 
these forest patches were heretofore called Reference sites (see Ramos 
et al., 2024). The three impacted sites selected in each region suffered 
the deposition of tailings from the Samarco dam collapse (see Fernandes 
et al., 2016a) (Fig. S1).

In this study, regions were defined as spatially proximate sets 
comprising three impacted sites and three reference sites. These regions 
were selected exclusively within the state of Minas Gerais, extending 
from the site of the dam collapse to the towns near Aimorés, the last 
municipality of Rio Doce watershed in the state. In spite the fact that the 
mining sludge impacted the entire Rio Doce basin (e.g., Fernandes et al., 
2016a), extending all the way to its mouth in the state of Espírito Santo, 
our evaluation of the impact of the mining tailings deposition on plant 
communities was done until the municipality of Aimorés at the border of 
the states of Minas Gerais and Espirito Santo. To select the impacted and 
reference sites, the most preserved stretches of riparian forest were 
chosen, ensuring that the forest composition was as similar as possible, 
with the primary distinction being the deposition of tailings. Further-
more, the selection of impacted sites was done based on visible depo-
sition of mining tailings on the soils of the site. These sites also had to 
meet other attributes such the maximum proximity to the reference 
sites, and similar forest structure before the tailings deposition. A total of 
20 field campaigns, each lasting more than 15 days, were conducted 
over two years.

The data on the reference sites used in this study came from a series 
of studies carried out by our research group. For details on the Mariana 
region consult Figueiredo et al. (2022, 2024); for Rio Casca see Justino 
et al., (unpublished manuscript); for Ipatinga see Ramos et al. (2023); 
for Conselheiro Pena see Souza et al. (2024), and for Aimorés see Sousa 
et al. (2024). A summary for the trends in the vegetation structure of the 
reference sites along the entire Rio Doce watershed can be found in 
Ramos et al. (2024).

2.2. Vegetation and soil sampling

We used the sampling method of fixed area plots (Mueller-Dombois 
and Ellenberg, 1974) for the phytosociological surveys carried out in 
2021–2022, seven years after the disaster. For the phytosociological 
surveys of the adult stratum in each region, we deployed 90 plots of 
10 × 10 m (100 m2), 45 plots in the reference sites (distributed over 3 
sites with 15 plots each) and 45 plots in impacted sites, totaling 9000 m2 

per region. This totaled 450 plots (45,000 m2) for the study. For sam-
pling the sapling stratum, we allocated one 5 × 5 m (25 m2) sub-plot in 
the lower left corner (watercourse direction) of each 10 × 10 m plot (for 
details on each sampled site see the references mentioned above).

The parameters analyzed for the plant community included absolute 
and relative values of density (the number of individuals per species), 
dominance (based on the sum of basal area per species), frequency (the 
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number of occurrence plots per species), and the importance value (IV) 
(Mueller-Dombois and Ellenberg, 1974). These parameters were 
compared to data obtained from phytosociological studies conducted in 
reference sites during field studies (see Figueiredo et al., 2022, 2024;
Ramos et al., 2023; Justino et al., unpublished manuscript; Sousa et al., 
2024; Sousa et al., 2024). In each of the 450 sampled plots, we also 
collected five soil samples of approximately 100 g each (one at each 
point and one in the middle) from 0 to 20 cm deep; then these five 
samples were homogenized in situ and transformed into a composite 
sample per plot.

2.3. Land conversion

To classify forest cover at each sampling site, we mapped land cover 
using Landsat8 satellite images from the entire base year 2022. We 
created 300 m and 1 km buffers around the sampling sites and overlaid 
them with 30 × 30 m resolution vegetation maps developed by Map-
Biomas (https://mapbiomas.org/). The selection of 300 m and 1 km 
buffers aimed to assess the influence of the surrounding landscape at two 
distinct spatial scales: a local scale (300 m) to capture immediate envi-
ronmental characteristics, and a broader scale (1 km) to evaluate larger 
landscape-level effects on studied sites.

2.4. Statistical analysis

We made all analyses in the R environment (R Core Team, 2023). We 
conducted all analyses separately for communities of the adult and 
sapling strata (in both impacted and reference sites). To test hypothesis 

(i), that tailings deposition alters soil characteristics, and hypothesis (ii), 
which posits a decrease in species richness, diversity and phylogenetic 
diversity in impacted sites, Generalised Linear Mixed Models (GLMM) 
were built to explore the differences between reference and impacted 
sites in terms of plant richness, plant diversity, forest cover and soil 
attributes. In these models, we treated sites and regions as random ef-
fects, with sites nested within regions in each model. We determined the 
significance of the models by means of analysis of variance (ANOVA) 
using the ‘lme4’ package (Bates et al., (2015). To highlight the distinc-
tion between plant species richness between impacted and reference 
sites, we also used rarefaction curves made using the ‘iNEXT’ package 
(Hsieh et al., (2016). To compare phylogenetic diversity between 
impacted and reference sites, we generated phylogenies for both plant 
strata using the ‘V.PhyloMaker2’ package (Jin and Qian, 2022).

To address hypothesis (iii), that tailings deposition favors certain 
species and disadvantages others, affecting species composition, we 
constructed Euler diagrams for the adult and seedling strata using the 
‘eulerr’ package (Larsson, 2022). To explore the similarity of the floristic 
composition between the impacted and reference sites (N = 15 sites per 
condition), we converted the floristic surveys into matrices with species 
incidence (presence/absence) per site. Subsequently, to order the 
sampled communities, we calculated the Sorensen distance using the 
‘vegdist’ function from the ‘vegan’ package (Oksanen and others, 2022), 
which operates with presence/absence values. We then carried out a 
principal coordinates analysis (PCoA) to determine the two main axes of 
variation in the floristic composition matrix. To visualize the impacted 
and reference groups, we created a factor map using the ‘s.class’ func-
tion of the ‘ade4’ package (Dray and Dufour, 2007). To test for 

Fig. 1. Map showing the location of the 5 sampling regions (green circles = Reference; orange circles = Impacted) along the Doce River basin, southeastern Brazil.
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significant differences between the impacted and reference sites in terms 
of floristic composition, we used a similarity analysis (ANOSIM) using 
Sorensen’s distance, following the approach described by Quinn and 
Keough (2002), with the ‘with’ function from the ‘base’ package.

For hypothesis (iv), which suggests a significant turnover of species 
along the river in both strata, we calculated the partitioning of diversity 
between sites, species composition using total beta diversity by means of 
Sorensen’s dissimilarity index (Baselga, 2010). In addition to total beta 
diversity (βSor), we calculated turnover using Simpson’s dissimilarity 
index (βSim) to assess species change and calculated nesting as the 
difference between βSor and βSim. Furthermore, to examine variation in 
composition between sites, we calculated beta diversity in pairs using 
the ‘betapart’ package (Baselga and Orme, 2012).

Finally, to test hypothesis (v) that floristic diversity at impacted sites 
is more influenced by soil parameters than by the characteristics of the 
surrounding landscape (e.g. forest cover) we performed a co-inertia 
analysis (COIA). This analysis measures the agreement between two 
sets of multivariate datasets, also known as co-structure (Dray et al., 
2003). Furthermore, we used Pearson’s correlation to assess the asso-
ciation between each soil parameter and COIA axis 1, while we used 
species coordinates on axis 1 to determine the association between 
species and COIA axis 1. We made the COIA using the ’ade4’ package 
(Dray and Dufour, 2007).

3. Results

3.1. Soil differences between impacted and reference sites

The physicochemical parameters of the soils in the impacted and 
reference sites differed significantly. The concentration of iron found in 
the impacted sites (average concentration = 144.9 mg dm− 3) was 
twofold higher compared to the reference sites (average concentration =
77.7 mg dm− 3) (F = 6.52; p = 0.010; Fig. S2A). Phosphorus levels in the 
soil of impacted sites (average concentration= 6.6 mg dm− 3) were also 
twice higher in reference sites (average concentration = 3.3 mg dm− 3) 
(F = 8.36; p < 0.001; Fig S2B). Potential acidity (H+Al) in the impacted 
sites was significantly lower (average concentration = 2.2 cmolc dm− 3) 
than in the reference sites (average concentration = 3.9 cmolc dm− 3) (F 
= 6.26; p = 0.010; Fig. S3A). Organic carbon concentration in the soil 
was also lower in the impacted sites (average proportion = 1.2 %) than 
in reference ones (average proportion = 1.7 %) (F = 4.43; p = 0.040; 
Fig. S3B). Regarding soil texture, we found that the proportion of fine 
sand was 52 % higher in the impacted sites (average proportion =
38.5 %) compared to the reference sites (average proportion = 25.4 %) 
(F = 5.77; p = 0.020; Fig. S4A). Finally, the concentration of coarse sand 
was almost 59 % lower in impacted sites (average proportion = 17.7 %) 
than in reference sites (average proportion = 30.2 %) (F = 6.22; 
p = 0.010; Fig. S4B). For a complete data on average soil parameters for 
each studied site, see Table S2.

3.2. General plant community in impacted sites

We recorded 1225 individuals from the adult stratum and 723 in-
dividuals from the sapling stratum, totaling 1948 individuals sampled in 
the impacted sites. These specimens belonged to 242 plant species of 45 
different plant families. These included 143 species from the adult 
stratum (Table S3) and 117 species from the sapling stratum (Table S4). 
In all impacted sites, 36 plant families in the adult stratum were 
sampled, with the most well represented ones being Fabaceae, with 34 
species, followed by Lauraceae and Myrtaceae, both with 9 species each. 
In the adult stratum, the species with the highest average importance 
value (IV) was Guarea macrophylla (IV: 18.6 %), followed by Astronium 
urundeuva (IV: 5.4 %), and Plathymenia reticulata (IV: 3.6 %). For the 
sapling stratum, 35 families were recorded, with the Fabaceae family 
accounting for 28 species, followed by Myrtaceae with 12 species, and 
Sapindaceae with 6 species. In this stratum, the species with the highest 

average IV was E. florida (IV: 10.6 %), followed by A. urundeuva (IV: 
8.1 %), and Cupania vernalis (IV: 4.5 %).

3.3. Community richness, species and phylogenetic diversity trends

We recorded a sharp difference between plant species richness in 
impacted and reference sites in both adult (Fig. 2A) and sapling (Fig. 2B) 
strata. Overall, the species richness of the adult stratum was 46.4 % 
lower in the impacted site (average per plot = 3.2 species) relative to the 
reference sites (average per plot = 6.1 species) (χ2 = 13.92; p < 0.0001; 
Fig. 3A). Similarly, the species richness of the sapling stratum was 
61.5 % lower in the impacted sites (average per plot = 2.2 species) 
relative to the reference sites (average per plot = 5.8 species) (χ2 =

24.85; p < 0.0001; Fig. 3B). In general, we recorded greater species 
diversity in the reference sites along the watershed. In the Mariana re-
gion the species richness of the adult stratum in the impacted sites was 
42.4 % lower than that in the reference sites (Impacted average = 1.9 
species; Reference average = 3.3 species; Fig. 3A). The sapling stratum 
also varied in a similar way, with the impacted sites being 86.4 % lower 
in relation to reference sites (Impacted: 1.4; Reference: 10.3; Fig. 3B). In 
the Rio Casca region, the species richness of the adult stratum of the 
impacted sites was 4.4 % lower than that of the reference sites 
(Impacted: 4.3; Reference: 4.5; Fig. 3A). The sapling stratum also varied 
in a similar way, with the impacted sites being 10.9 % lower (Impacted: 
4.1; Reference: 4.6; Fig. 3B). In the Ipatinga region, the species richness 
of the adult stratum of the impacted sites was 27.6 % lower than the 
reference sites (Impacted: 4.2; Reference: 5.8; Fig. 3A). For the sapling 
stratum we observed a richness 73.4 % lower in the impacted sites 
compared to reference sites (Impacted: 1.7; Reference: 6.4; Fig. 3B). In 
the Conselheiro Pena region, in contrast to the other evaluated sites, the 
species richness of the adult stratum was 90.9 % higher in the impacted 
sites compared to reference sites (Impacted: 4.2; Reference: 2.2; 
Fig. 3A). For the sapling stratum we observed a richness 40.0 % lower in 
the impacted sites compared to reference sites (Impacted: 1.2; Refer-
ence: 2.0; Fig. 3B). In the Aimorés region the species richness of the adult 
stratum of the impacted sites was 51.6 % lower compared to reference 
sites (Impacted: 3.1; Reference: 6.4; Fig. 3A). For the sapling stratum we 
also observed a richness 61.1 % lower in the impacted sites compared to 
reference sites (Impacted: 2.1; Reference: 5.4; Fig. 3B).

The Shannon diversity index also highlighted statistical differences 
between the impacted and reference sites, with the adult stratum di-
versity 45.5 % lower in the impacted sites (average per plot = 0.58) 
relative to the reference sites (average per plot = 1.07) (F = 14.53; 
p < 0.0001; Fig. 4A). Similarly, the Shannon diversity index of the 
sapling stratum was 63.9 % lower in the impacted sites (average per plot 
= 0.42) relative to the reference sites (average per plot = 1.18) (F =
24.15; p < 0.0001; Fig. 4B).

Trends in taxonomic diversity were also observed when we analyzed 
the phylogenetic diversity. In the adult stratum the phylogenetic di-
versity was 6.2 % lower in impacted sites (average per plot = 1.10) 
compared to reference sites (average per plot = 1.18) (F = 17.31; 
p < 0.0001; Fig. S5A). In the sapling stratum phylogenetic diversity 
followed the same trend, being 33.5 % lower in impacted sites (average 
per plot = 1.45) compared to reference sites (average per plot = 2.18) (F 
= 16.08; p < 0.0001; Fig. S5B).

3.4. Beta diversity and composition along the river

The variation in adult species composition through total beta di-
versity was very high in both the impacted (Fig. 5A) and reference sites 
(Fig. 5B). In the adult stratum, the beta diversity observed for the 
impacted sites was 89 %, while in the reference sites it was 93 %. This 
high variation observed in species composition was mainly due to 
turnover both at impacted sites (89 %) and at references (90 %), while 
the nesting component accounted only to 3 % in both impacted and 
reference sites (Fig. 5). On the other hand, we found a similar pattern of 
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very high beta diversity in the sapling stratum, where the impacted sites 
showed 93 % (Fig. 6A) while reference sites showed a beta diversity of 
93 % (Fig. 6B). Similar to the adult stratum, the high variation in species 
composition observed in the sapling communities was mainly due to 
turnover in both impacted (88 %) and reference sites (89 %), while the 
nesting component was negligible in both impacted (4 %) and reference 
sites (3 %; Fig. 6).

Regarding the distance based in species composition, we found a 
clear distinction between impacted and reference sites (Fig. 7). The first 
two axes of the PCoA analysis of the adult stratum explained, respec-
tively, 12.5 % and 9 % of the total variation in floristic composition of 
all studied sites (Fig. 7A), while in the sapling stratum these axes 
explained respectively 12.6 % and 9.2 % of total compositional varia-
tion (Fig. 7B). The floristic composition differed significantly between 
the impacted and reference sites in both the adult stratum (ANOSIM: 
r = 0.174; p = 0.003; Fig. 7A) and the sapling stratum (ANOSIM: 
r = 0.206; p < 0.001; Fig. 7B). There was a low overlap between 
impacted and reference sites, and the directional change in species 
composition can be inferred by the distance between the centroids of the 
impacted and the reference sites, caused by the mining tailings that may 
have favored some species and impaired others. Since the occurrence of 
species determines the position of each site in the multivariate space, 
such low overlap between groups indicates a clear effect of mine tailing 
deposition on the floristic composition of the studied riparian forests 
(Fig. 7).

3.5. Species sharing between impacted and reference sites

In the adult stratum, species richness in impacted sites varied widely 
across regions (Fig. 8). In Mariana, only 25 adult species were recorded 
in impacted sites, representing 14.6 % of the species found in reference 
sites. In Rio Casca, 50 adult species were identified, equivalent to 61.7 % 
of the richness recorded in reference sites, while in Ipatinga, 52 species 
were found, corresponding to 65.8 % of the richness recorded in refer-
ence sites. Conselheiro Pena showed a contrasting pattern, with 37 
species recorded in impacted sites, exceeding the richness recorded in 
reference sites by 132.1 %. In Aimorés, 32 adult species were sampled, 
equivalent to 31.4 % of the species richness recorded in reference sites.

For the sapling stratum, a total of 59 species were recorded across 
both conditions, representing 50.4 % of the richness in impacted sites 
and 17.5 % in reference sites (Fig. 8). Regionally, in Mariana, only 19 
sapling species were recorded in impacted sites, corresponding to 
10.3 % of the richness recorded in reference sites. In Rio Casca, 52 

sapling species were identified, representing 65.8 % of the richness 
recorded in reference sites. Ipatinga showed 28 sapling species in 
impacted sites, corresponding to 32.2 % of the richness recorded in 
reference sites, while in Conselheiro Pena, 15 sapling species were 
sampled, equivalent to 55.6 % of the richness recorded in reference 
sites. Finally, in Aimorés, 31 sapling species were recorded, corre-
sponding to 36.5 % of the richness recorded in reference sites.

3.6. Relationships between soil variables and plant species

The co-inertia analysis (COIA) showed a clear edaphic-floristic 
gradient in both the adult and sapling strata considering impacted and 
reference sites. The overall association between adult stratum and 
edaphic factors was highly significant (RV = 0.291; p < 0.001) ac-
cording to the COIA. We found an association of 29.1 % between the 
edaphic and adult stratum matrices. The percentage of covariance 
explained by axis 1 was 45.4 % and axis 2 explained 34.2 %, and for this 
reason we only explore axis 1 in the adult-COIA. The positive side of 
adult-COIA axis 1 showed plots with less acidic and more fertile soils, 
with higher base saturation, manganese, fine sand, calcium, zinc, and 
phosphorus (Fig. 9A). The adult species most strongly associated with 
the positive side of this axis were G. macrophylla, E. florida, G. guidonia, 
Tabernaemontana hystrix, and G. integrifolia (Fig. 9A). On the other hand, 
the negative side of the adult-COIA axis 1 showed plots with less fertile 
and more acidic soils, with higher aluminum saturation, potential 
acidity, suphur, and organic carbon (Fig. 9A). The adult species most 
strongly associated with the negative side of this axis were Dalbergia 
villosa, A. colubrina, S. guianensis, A. floribunda, and E. pelleterianum 
(Fig. 9A).

The overall association between sapling stratum and edaphic factors 
was highly significant (RV = 0.257; p < 0.001) according to the sapling- 
COIA. We found a relevant association of 25.7 % between edaphic and 
sapling stratum matrices. The percentage of covariance explained by 
axis 1 was 52.0 % and axis 2 explained 24.9 %, and for this reason we 
will only explore axis 1 in the sapling-COIA. In a similar way to the adult 
COIA, the positive side of the sapling-COIA axis 1 showed plots with less 
acidic and more fertile soils, with higher base saturation, calcium, 
magnesium, zinc, manganese, and phosphorus (Fig. 9B). The sapling 
stratum species most strongly associated with the positive side of this 
axis were G. marginata, E. florida, A. urundeuva, Pterocarpus zehntneri, 
and S. dictyocarpa (Fig. 9B). On the other hand, the negative side of the 
sapling-COIA axis 1 showed plots with less fertile, acidic soils, with 
higher aluminum saturation, potential acidity, suphur, and organic 

Fig. 2. Rarefaction curves showing estimated species richness for impacted (orange) and reference (green) sites at the adult (A) and sapling (B) strata along the Rio 
Doce watershed in Minas Gerais, Brazil. Dashed line denotes the extrapolation of the curve that represents the double of sampled number of individuals. It is shown 
the confidence intervals in light color.
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Fig. 3. Richness of species sampled in the impacted and reference sites in adult (A) and sapling (B) strata. Bars represent the mean value and vertical line denote the 
standard error (N = 15 sites per treatment). Lower pannel shows the mean value (filled circle) and standard error (horizontal line) for each site (N = 15 plots 
per site).
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Fig. 4. Shannon diversity index of the species sampled in the impacted and reference sites in adult (A) and sapling (B) strata. Bars represent the mean value and 
vertical line denote the standard error (N = 15 sites per treatment). Lower pannel shows the mean value (filled circle) and standard error (horizontal line) for each 
site (N = 15 plots per site).
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Fig. 5. Pairwise variation in composition of reference (A) and impacted (B) adult stratum according to total diversity (total), change (turnover), and loss (nestedness) 
of species between sites along the Rio Doce watershed, southeast Brazil.
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Fig. 6. Pairwise variation in composition of reference (A) and impacted (B) sapling stratum according to total diversity (total), change (turnover), and loss (nest-
edness) of species between sites along the Rio Doce watershed, southeast Brazil.
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carbon (Fig. 9B). The sapling species most strongly associated with the 
negative side of this axis were S. reginae, E. citrifolium, P. vellosiana, 
C. emarginata, and Amaioua intermedia (Fig. 9B).

3.7. Land-use change affecting species diversity

Although landscape changes associated with land use can directly 
affect floristic composition and species diversity, we found no difference 
in native forest cover between the impacted and reference sites. Both 
impacted and reference sites were immersed in landscapes with the 
same levels of conversion. Thus, we did not observe any significant in-
fluence at the larger scale, using a 1 km radius buffer around each site (F 
= 3.67; p = 0.060; Fig. S6A), or at the more localized scale of 300 m (F 
= 0.15; p = 0.700; Fig. S6B).

4. Discussion

We recorded a distinct and clear impact of the mine tailings of the 
Samarco’s dam breach on both the soil and plant community throughout 
the affected Rio Doce watershed. These findings reveal a significant 
reduction in plant richness and diversity of plant species, accompanied 
by drastic alterations in floristic composition. Additionally, we identi-
fied deep changes in edaphic parameters attributed to the deposition of 
the mine tailings following the dam breach. Our study aligns with pre-
vious research demonstrating the adverse effects of the mine tailings on 
various other organisms, including invertebrates (Ribeiro et al., 2023; 
Soares et al., 2024), vertebrates (Merçon et al., 2021), and marine 
communities (Oliveira-Filho et al., 2023). Moreover, this study repre-
sents the first to directly assess the impact of the mine tailings on the 
diversity of plant communities in riparian forests along the Rio Doce, in 
spite of the disaster taking place nine years ago.

4.1. Edaphic variation in impacted sites

The direct effects of the Samarco dam collapse on the plant com-
munity are linked to the drastic changes in the soil properties. The 
collapse of the dam led to the release of ca. dozens of millions cubic 
meters of a substrate poor in organic matter, rich in iron, high pH values 
and some heavy metals, such as As, Cr, Cd, Hg and Pb (Fernandes et al., 
2016a; Gomes et al., 2017). Throughout the studied regions of the Rio 
Doce basin (Mariana, Rio Casca, Ipatinga, Conselheiro Pena, and 
Aimorés), the impacted sites stood out for having soil chemically 
composed of higher concentration of iron, phosphorus, but lower con-
centration of carbon and potential acidity. The textures of the impacted 
soils in these locations showed higher proportion of fine sand and lower 
proportion of coarse sand than in the reference sites. Similar results were 
reported by Silva et al. (2021) and da Silva et al. (2022) working on 15 
sampling points in the stretch of the Gualaxo do Norte river, Mariana, 
and by Guerra et al. (2017) that studied 17 sampling points in the sites 
before the Risoleta Neves Power Station, near Mariana. Due to the 
magnitude of the disaster, most published studies have been concen-
trated closer to the source of the accident (e.g., Vieira et al., 2020;
Ribeiro et al., 2023; Alves et al., 2024). Therefore, our study highlights 
that mining sludge equally impacted the entire soil of the riverbanks 
along the Rio Doce. Changes in texture, nutrient and heavy metal con-
centration act as strong selection filters for many locally adapted plant 
species while may favor opportunistic and often invasive species (Smith 
et al., 2012; van der Putten et al., 2016; Araújo et al., 2024). These 
changes often have strong and potentially irreversible consequences to 
the diversity and functioning of riparian ecosystems.

Physico-chemical properties of forest soils vary in space and time 
because of variation in topography, climate, weathering processes, 
vegetation cover and microbial activities (Paudel and Sah, 2003) and 
several other biotic and abiotic factors (Pandey et al., 2024). Soil 
properties therefore vary within short distances according to parent 
rocks, vegetation cover and land use. In the highly dissected landscapes, 
bioclimatic conditions change rapidly with the altitude and may vary 
within short distances resulting in a pronounced heterogeneity of soil 
types (Awasthi et al., 2022) hence influence the distribution of vegeta-
tion (Manral et al., 2022).

4.2. Variation in plant communities

The Atlantic Forest is known for its high species diversity 
(Lins-e-Silva et al., 2021) and this study also highlights high species 
diversity in both the tree and sapling strata in the reference sites. 
However, in the sites impacted by the mining tailings, there was a clear 
decline in richness and diversity, as well as significant changes in the 
composition of species in both the tree and sapling strata, corroborating 
our first hypothesis. In the two strata studied in the impacted sites, the 
Fabaceae family showed the highest species richness, followed by the 

Fig. 7. Factorial plot showing the two main axes of a principal coordinates 
analysis (PCoA) applied to the matrix of presence and absence of adult (A) and 
sapling (B) strata along the Rio Doce watershed, southeast Brazil. The vertical 
and horizontal grid lines are separated by 0.2 units (d) on the scale of each axis.
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Myrtaceae. These findings are in line with other studies carried out in 
the Rio Doce watershed (Figueiredo et al., 2022, 2024; Ramos et al., 
2023; Justino et al., unpublished manuscript; Sousa et al., 2024; Souza 
et al., 2024). Fabaceae is one of the most abundant and richest families 
in tropical forests (Carvalho et al., 2006; Gei et al., 2018). In addition to 
its high diversity, this family is of major relevance in early succession 
processes (Gei et al., 2018; Balestrin et al., 2019). The Fabaceae have 
many fast-growing species adapted to poor soils, providing rapid soil 
cover and preventing erosion and the development of invasive plants, 
which are one of the main problems in the restoration processes of 
Atlantic rain forests (Rodrigues et al., 2009; Brancalion et al., 2014). In 
addition to high richness of species, the Myrtaceae is known to attract 
pollinators and dispersers, acting to restore the structure and function of 
forests (Rodrigues et al., 2009; United Nations, 2019).

4.3. Variation in plant communities between impacted and reference sites

The plant communities in the impacted sites presented lower plant 
diversity compared to reference sites. Edaphic characteristics modulate 
the diversity and composition of plant communities (Hulshof and Spa-
sojevic, 2020) and in this work we show that the profound soil changes 
were accompanied by a significant divergence of impacted and reference 
sites according to plant species composition (Coelho et al., 2018; Fig-
ueiredo et al., 2022, 2024; Ramos et al., 2023). These changes are of 
enormous concern for conservation of the already threatened Atlantic 
riparian forests, with a clear and worrying effect on biodiversity and the 
provision of ecosystem services. In addition, these deep changes in soil 
properties may represent new potential sites for the establishment of a 
new ecosystem composed of different species.

4.4. Species composition along the Rio Doce

The knowledge on forest community structure and composition of 

each region is essential for achieving the highest possible gains in 
ecological restoration. In general, Guarea macrophylla was the most 
abundant species in the tree stratum, while Eugenia florida the most 
abundant in the sapling stratum. Guarea macrophylla has been 
commonly recommended for riparian restoration in the Atlantic Forest 
(e.g., Carvalho et al., 2006). This species is reported as being pollinated 
by insects and its seeds dispersed by birds (Prado, 2013), what might 
increase the functional diversity of the environment. Similarly, Eugenia 
florida plays an important role in restoring ecosystem functions; its 
flowers are an important resource for bees while its fruit are dispersed by 
bats, birds, and monkeys (Gressler et al., 2006). We also recorded a high 
importance value for Astronium urundeuva. Otherwise, this should be 
viewed with extreme caution, as this species is hyperdominant and 
widespread in the middle Rio Doce (Souza et al., 2024). Hence, in spite 
of the high frequency, this species is not recommended in any restora-
tion project. Despite being a native species, it shows strong invasive 
behavior in this basin, that deep alters colonization by other native 
species (Fernandes and Negreiros, 2006).

4.5. Sharing species between impacted and reference sites

The impacted sites were floristically and ecologically distant from 
the reference sites, as they had lower diversity for both strata. In addi-
tion, within region impacted and reference sites showed marked changes 
in community composition with many abundant species not found in the 
impacted sites. This implies that a marked change in the plant com-
munity occurred after the dam collapse. These changes often include the 
loss of key species and increase in opportunistic species, which tend to 
dominate in disturbed sites (Smith et al., 2012; van der Putten et al., 
2016). These changes can alter ecological interactions, cause biotic 
homogenization, reduce functional diversity and ecosystem services 
such as nutrient cycling, seed dispersal and carbon storage (Daru et al., 
2021). This indicates that riverine forests may evolve into significantly 

Fig. 8. Euler diagram illustrating the number of exclusive and shared species between impacted and reference sites from five regions of the Rio Doce watershed.
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different forests from current ones, with potential long-term conse-
quences for biodiversity and ecological functions.

According to the total beta diversity, the variation in paired beta 
diversity shows that the changes in species composition were due to the 
turnover of species at each site in both strata. In other words, we 
recorded a targeted substitution of species between the impacted and 
reference sites, i.e. some species were favored by the deposition of 
tailings while others were harmed. In this new environment created by 
the deposition of mining tailings from the collapse of the Samarco dam, 
the vegetation, soil, biodiversity and ecosystem functions were 

drastically impacted, reduced and/or even eliminated, as proposed by 
Fernandes et al. (2016a) (see also Knopff et al., 2020; Ribeiro et al., 
2023). The study presented here shows that even nine years after the 
disaster that led to the loss of 1469 ha of the natural vegetation 
(Fernandes et al., 2016a) the impacted sites still present low richness, 
abundance and diversity of plant species. In addition, we noticed 
different species composition between the impacted and reference sites 
in all regions sampled, i.e., from Mariana (epicenter of the dam breach) 
to Aimorés, at the way of river delta. These unprecedented results pro-
vide further information showing that the impact of the mine tailings 

Fig. 9. Co-structure between edaphic factors and community of adult (A) and sapling (B) strata sampled along the Rio Doce watershed, southeast Brazil. The upper 
dotcharts show the Pearson correlation between edaphic factors and the coordinates of the sites in axis 1 of the co-inertia analysis (COIA). The bottom dotcharts show 
the coordinates of the species with the highest association with the positive and negative sides of COIA axis 1. The light brown and dark brown circles represent, 
respectively, the negative and positive correlation values with COIA axis 1 (upper graphs) or coordinates of COIA axis 1 (bottom graphs).
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along the Rio Doce was extensive. This happened in spite the fact that a 
large part of the mining tailings (10 million cubic meters) was retained 
by the Candonga dam of the Risoleta Neves hydroelectric power plant, 
near Mariana, between the municipalities of Rio Doce and Santa Cruz do 
Escalvado (Amaral et al., 2021). Urgent studies must investigate the 
impact of river proximity to the disaster site on community composition 
by integrating hydrological and geomorphological variables. This 
approach could facilitate a more nuanced understanding of the spatial 
distribution of impacts and inform the development of ecological 
restoration strategies tailored to specific river sections. Indeed, Ramos 
and others (2024) reported multiple riparian forests along the river, so 
that assisted restoration would be mandatory for proper biodiversity 
gain and habitat connectivity.

4.6. Edaphic-floristic gradient and variation in land use

The COIA analysis also indicated a strong connection between soil 
and floristic composition, where the soil conditions the vegetation. The 
mining tailings altered the properties of the soil, which had a direct 
impact on the vegetation of the tree and sapling strata. Soil conditions 
play a crucial role in Atlantic rainforest species composition (Coelho 
et al., 2018). In the reference sites there is a gradient of increasing 
fertility from Mariana to near the estuary, in Linhares, shaping the 
multiple forests in this ecosystem (Ramos et al., 2024). As observed in 
the COIA analysis, we observed soils of impacted sites with higher base 
saturation, higher concentrations of Ca, Mg, and P, that differed from 
less fertile sites with more acidic soils and higher aluminum saturation. 
More importantly, there are several species in the tree and sapling strata 
that are strongly associated with these edaphic extremes. For example, 
the species A. urundeuva is strongly associated with more fertile soils in 
the sapling stratum. However, A. urundeuva is a hyperdominant gener-
alist species in several stretches of the middle Rio Doce watershed, as 
well as having invasive behavior and competing with the native flora 
(Fernandes and Negreiros, 2006). At the other edaphic extreme, with 
more acidic and poorer soils, species of the genus Siparuna in both strata, 
which have animal dispersal and rapid growth in the early stages of 
succession (Nunes et al., 2023), could help to restore the functions of this 
degraded environment. On the other hand, we did not observe any effect 
of the land use pattern and conservation of the forests around the 
sampled sites, i.e. the landscape parameters were not correlated with the 
changes in floristic composition observed in this study.

4.7. Could the impacted riparian forest remnants become future tipping 
points?

For more than 500 years the Atlantic rain forests of Brazil have been 
under intense land conversion, with stronger deforestation and frag-
mentation taking place along the coast and rivers. But despite increasing 
awareness and policies (see, Metzger et al., 2019), forest fragments 
continue to shrink due to continuous land-use conversion, and conse-
quently in diminished resilience and capacity to natural recover in this 
speciose biome (Romanelli et al., 2022; Vancine et al., 2024). 
Notwithstanding the continuous reports of other tropical rain forests 
areas reaching tipping points (e.g., Flores et al., 2024), we are unaware 
of studies indicating the incapacity of the complex systems that comprise 
the Atlantic Rain Forests reaching critical thresholds to points of irre-
versible consequences. Thus, there is increasing concern that the 
Samarco mining company’s dam breach may have further isolated 
already fragmented and deforested areas, potentially triggering multiple 
tipping points along the Rio Doce.

The strong degradation along the Rio Doce is leading the riparian 
forest remnants to tipping points, where the current forest community is 
giving way to narrower and poorer forest ecosystems. The waves of 
resuspension of mining tailings in the Rio Doce river channel after heavy 
rains represents a relentless source of stress for the river and its riparian 
forests, from the epicenter of the dam breach all the way to the Atlantic 

Ocean. This wave of stresses may now constitute a continuous phe-
nomenon. This rewinding will force the surviving organisms to either 
adapt and tolerate the conditions, face local extinction, or even disap-
pear entirely. To the best of our knowledge, the environmental recovery 
from this disaster is expected to take hundreds to thousands of years. As 
a result, the resilience of many native species and the full restoration of 
the original vegetation and associated communities are highly unlikely 
to succeed, hence calling for adaptive and assisted ecological restora-
tion. This is strongly supported by the data gathered on the sapling 
stratum, which largely differs from that recorded in the reference sites.

Misleading policies that favor the use of inappropriate species for 
ecological restoration would exacerbate the problem rather than solving 
it. Therefore, the combination of lack of proper governance and the 
magnitude of the disaster could deliver a final blow to the riparian sites 
along the Rio Doce, facilitating biotic homogenization throughout the 
basin. Urgent studies on species ecophysiology, on propagation of the 
most adequate species for ecological restoration of the rehabilitated 
sites, and sound long term monitoring of habitat recovery, biodiversity 
and ecosystem functioning must be implemented to increase habitat 
resilience and effectively restore the riparian sites of the Rio Doce.

4.8. Conclusion

Restoration projects for the sites impacted by the Samarco’s dam 
breach along the Rio Doce watershed should be guided by lists of species 
from optimal reference sites closest to the sites to be restored. The de-
cision to restore with a unique selected set of species, based on the ur-
gency to cover the impacted area, on the prompt availability of seeds 
and saplings and easiness to find them in the market may result in 
additional damage to the environment, promote biological invasions as 
well as biotic homogenization and creation of new ecosystems along the 
Rio Doce watershed. To effectively promote biodiversity and ecosystem 
connectivity, ecological restoration must adopt reference sites (see 
Fernandes et al., 2016b; Toma et al., 2023). However, the restoration of 
Atlantic Forest environments has been done mostly with a small and 
similar set of species, with serious ecosystem consequences (Almeida 
et al., 2024; Toma et al., 2024). Examples of misguided restoration 
leading to biotic homogenization are now being recorded around the 
planet (Holl et al., 2022). Our results underline that using a single set of 
species throughout the Rio Doce watershed is a flawed restoration de-
cision, since there are many species that occurred exclusively in each 
region (see also Ramos et al., 2024). The restoration of riparian forests in 
the Doce River watershed is urgent, as these forests act in water regu-
lation and guarantee water and food security for millions of people. In 
addition, the restoration actions are in line with Sustainable Develop-
ment Goals 3 (health and well-being), 6 (drinking water and sanitation), 
13 (action on global climate change), 14 (life in water) and 15 (life on 
land). This situation is more worrying when it comes to restoration 
resulting from legal obligations following a disaster such as the collapse 
of the Samarco dam, so that its mitigation cannot, under any circum-
stances, generate new negative consequences over time.
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Técnica de Conservação e Biodiversidade (CTBio), and Instituto Estad-
ual de Florestas (IEF) is also appreciated. This research was supported by 
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Bates, D., Mächler, M., Bolker, B.M., Walker, S.C., 2015. Fitting linear mixed-effects 
models using lme4. J. Stat. Softw. 67, 1–48. https://doi.org/10.18637/JSS.V067. 
I01.

Bisht, S., Bargali, S.S., Bargali, K., Rawat, Y.S., Rawat, G.S., 2023. Dry matter dynamics 
and carbon flux along riverine forests of Gori valley, Western Himalaya. Front. For. 
Glob. Change 6, 1206677. https://doi.org/10.3389/ffgc.2023.1206677.

Brancalion, P.H.S., Cardozo, I.V., Camatta, A., Aronson, J., Rodrigues, R.R., 2014. 
Cultural ecosystem services and popular perceptions of the benefits of an ecological 
restoration project in the Brazilian Atlantic Forest. Restor. Ecol. 22, 65–71. https:// 
doi.org/10.1111/rec.12025.

Carvalho, F.A., Nascimento, M.T., Braga, J.M.A., 2006. Composição e riqueza florística 
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barragem do Fundão, Mariana, MG. Arq. Mus. Hist. Nat. Jard. Bot. UFMG 24, 
104–135.

Segura, F.R., Nunes, E.A., Paniz, F.P., Paulelli, A.C.C., Rodrigues, G.B., Braga, G.Ú.L., 
Pedreira Filho, W.R., Barbosa, F., Cerchiaro, G., Silva, F.F., Batista, B.L., 2016. 
Potential risks of the residue from Samarco’s mine dam burst (Bento Rodrigues, 
Brazil). Environ. Pollut. 218, 813–825. https://doi.org/10.1016/j. 
envpol.2016.08.005.
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