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Abstract: To connect the protection of natural resources to economic development, 
environmental rehabilitation is a promising way to repair and compensate for impacts 
on biodiversity and ecosystem services. Here, we aimed to compare and select potential 
indicators for the success of different rehabilitating ecosystems to quantify gains in 
biodiversity and ecosystem services within the Impact Mitigation Hierarchy. We sampled 
nine environmental variables along rehabilitation chronosequences from rehabilitating 
(i) iron mining waste piles, (ii) sand quarries, and (iii) compensation areas in the Carajás 
National Forest. From that, we computed the rehabilitation status, i.e., the proportion 
of environmental enhancements compared to the overall rehabilitation trajectory, 
and statistically validated the indicators that best described the status. With a mean 
rehabilitation status for the oldest rehabilitation stages from waste piles, sand quarries, 
and compensation areas of 52, 71, and 74%, respectively, we confirmed that rehabilitation 
activities were able to generate considerable gains in biodiversity. In all the cases, the 
Shannon diversity, phylogenetic diversity and Leaf Area Index performed better than did 
the other indices, encouraging the increased use of these indices for upscale monitoring 
activities. Consistent indicators across distinct projects highlight the importance of 
maximizing tree diversity and canopy closure in rehabilitation projects to increase 
biodiversity gains within Impact Mitigation Hierarchy.

Key words: Biodiversity, Carajás National Forest, corporate traceability, Impact Mitigation 
Hierarchy, environmental monitoring, rehabilitation status.

INTRODUCTION
Economic activities such as mining exert 
significant pressure on natural ecosystems, 
impacting biodiversity and ecosystem services 
(e.g., Biney et al. (2022)). The Impact Mitigation 
Hierarchy connects the protection of natural 
resources to economic development through 
the avoidance, minimization, reparation and 
compensation of environmental degradation 
(Maron et al. 2018, Gelot & Bigard 2021). Its 
implementation is expected to result in zero net 
impact (No Net Loss) and may even promote 
positive impacts (Net Gain, (Rainey et al. 2015)). 

Therefore, environmental rehabilitation, i.e., 
the restitution of biodiversity and ecosystem 
services as close as possible to predisturbance 
levels (Gastauer et al. 2018), aims to repair 
degraded ecosystems or compensate for residual 
degradation by human activities (Ahmad et 
al. 2022, Gann et al. 2019, Guerra et al. 2020). 
The project-specific success of rehabilitation 
activities depends on the type and degree of 
disturbance, rehabilitation strategy and time 
and environmental conditions, which may 
differ temporarily or permanently from those of 
mature, old-growth ecosystems (Crouzeilles et 
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al. 2016). Thus, the monitoring and evaluation of 
biodiversity gains are necessary to quantify the 
resulting biodiversity gains within the Impact 
Mitigation Hierarchy (Lamb et al. 2015, Lechner 
et al. 2018, Mazón et al. 2019).

Good environmental monitoring practices 
compare environmental conditions with 
desired rehabilitation outcomes, and additional 
comparisons with degraded areas are necessary 
to quantify the current performance of 
rehabilitating areas and the way ahead (Gastauer 
et al. 2018). To understand the full complexity of 
rehabilitating ecosystems, multidisciplinary and 
multivariate approaches have been proposed 
(Mukhopadhyay et al. 2014, Kollmann et al. 2016, 
Gastauer et al. 2019a, Bandyopadhyay et al. 2020). 
This approach increases the number of variables 
that may be evaluated for such assessments 
(Prach et al. 2019), although the identification 
and validation of easily measurable, effective 
indicators may reduce the costs and labor 
costs of environmental monitoring programs in 
practice (Gastauer et al. 2020, 2021).

Derived from primers for ecological 
restoration (SER 2004), indicators of the key 
ecological attributes of vegetation structure, 
community composition, and ecological 
processes are considered mandatory (Wortley 
et al. 2013, Gann et al. 2019). From such field-
surveyed indicators, the definition of biodiversity 
values of rehabilitating sites, e.g., the proportion 
of achieved environmental enhancements 
compared to the overall trajectory from 
nonrehabilitated to reference sites, is possible 
using statistically sound and unbiased 
multivariate methods (Gastauer et al. 2020) and 
allows the quantification of biodiversity gains 
within the mitigation hierarchy (Oliver et al. 2021). 
Furthermore, the unambiguous definition of the 
rehabilitation status permits the validation of 
potential environmental indicators to simplify 
monitoring procedures (Gastauer et al. 2020). 

From a set of 27 environmental variables, the 
Shannon index of tree diversity was identified 
as the most promising indicator for upscaling 
mineland monitoring activities (Gastauer et 
al. 2021), but the generality of such validated 
indicators across projects remains a vital gap in 
our understanding of the rehabilitation process.

The objective of this study was to compare 
and select potential indicators for the success 
of different rehabilitating ecosystems in 
the eastern Amazon to quantify gains in 
biodiversity and ecosystem services within the 
mitigation hierarchy. Therefore, we integrated 
nine environmental variables collected across 
different rehabilitation chronosequences 
into a single estimation of rehabilitation 
status using a multivariate approach. The 
analyzed chronosequences cover rehabilitating 
iron mining waste piles, sand quarries and 
compensation areas from the Carajás National 
Forest and its adjacent areas and include 
nonrevegetated, degraded minelands and 
farmlands; different rehabilitation stages; 
and undisturbed evergreen Amazonian forest 
as the target ecosystem in all three cases. We 
derived the indicators that best described the 
overall rehabilitation status among all the field-
surveyed environmental variables via statistical 
modeling.

MATERIALS AND METHODS
Study sites
This study was carried out in the Carajás National 
Forest, eastern Amazon, Brazil (Figure 1). The 
region is characterized by a tropical seasonal 
climate, Aw in the Koeppen classification, with 
a total precipitation of approximately 2,000 
mm and daily mean temperatures above 
24°C throughout the year (Alvares et al. 2013). 
Precipitation is concentrated between October 
and April, and monthly rain does not surpass 60 
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mm in the dry season from May to September. 
Semidecidual, evergreen dense or open 
submontane forests dominate the vegetation 
of the conservation unit, but patches of canga 
vegetation, i.e., ferruginous savanna formations 
characterized by rare and endangered diversity 
(Giulietti et al. 2019), can be found above 
ironstone outcrops on mountaintops (Viana et 
al. 2016).

The region harbors important mineral 
reserves, including gold, manganese, nickel, 
copper, and iron (Rosière & Chemale 2000). 
Ores are extracted by open-cast mining; for 

that purpose, the original vegetation cover 
and eventual overburden are removed. The 
overburden is deposited next to the mining pits, 
forming large waste piles (Gastauer et al. 2022). 
The extraction of some minerals, such as gold, 
manganese or copper, results in the production 
of large amounts of tailings, which are generally 
deposited in tailing ponds (Gastauer et al. 2022). 

Rehabilitation activities in the Carajás 
National Forest aim to restitute biodiversity and 
ecosystem services as close as possible to the 
natural reference values and are carried out to 
repair and/or compensate for the impacts of 

Figure 1. Location of the Carajás National Forest and permanent plots from compensation areas in the 
neighborhood of the protected area (a), waste piles within the N4-N5 iron mining complex (b), and sand quarries 
(c). Plots are grouped within age classes. NRs are nonrehabilitated areas, and Refs are reference sites covered by 
undisturbed evergreen dense forests.
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mining on ecosystems. Adopted rehabilitation 
strategies are context specific and include 
topsoil application, seedling planting, and 
hydroseeding (Ribeiro et al. 2018, Guedes et al. 
2021). Here, we compile data from three different 
cases, (i) iron mining waste piles (Gastauer et al. 
2021), (ii) sand quarries filled with mining waste 
and topsoil (Gastauer et al. 2019b), and (iii) 
seedling plantations in abandoned pastures, to 
offset mining impacts and increase forest cover 
and connectivity in adjacent conservation units 
(Gastauer et al. 2024). The declared rehabilitation 
targets in all cases were evergreen dense 
rainforests.

Due to the division of steep benches (up to 
30°), waste piles from the N4-N5 mining complex 
are generally hydroseeded using a standardized 
mixture of fertilizers, organic compost and 
seeds of mainly nonnative, noninvasive, fast-
growing grasses (e.g., Avena strigosa Schreb., 
Pennisetum glaucum (L.) R. Br., both Poaceae), 
sunflower (Helianthus annuus L., Asteraceae), 
and nitrogen-fixing legumes (Crotalaria 
spectabilis Roth., Stylosanthes macrocephala 
M.B. Ferreira & S. Costa, Canavalia ensiformis 
(L.) DC. and Cajanus cajan (L.) Huth., Fabaceae). 
To encourage the long-term self-sustainability 
of these areas, seeds from native species are 
added (approximately 15% of the overall seed 
mixture). Native seeds are collected from natural 
ecosystems in the region by a seed-collecting 
cooperative.

Prior to rehabilitation, the sand quarries 
were filled with mining waste from a nearby 
granite quarry, which was covered by a 30 cm 
topsoil layer originating from a logging area 
in a nearby manganese mine (for details, see 
Gastauer et al. 2019). After topsoil spread, native 
tree seedlings were planted at high densities. 
Seedlings are produced in local tree nurseries 
using native seeds from the region.

To offset mining impacts, the responsible 
mining company purchased cattle ranching 
farms in the neighborhood of the Carajás 
National Forest and launched forest restoration 
by seedling plantation. The planting density was 
1,667 seedlings/ha. Until canopy closure two 
or three years after planting, invasive African 
grasses are removed manually. All the seedlings 
were produced in local tree nurseries.

Sampling
In all three cases, we sampled vegetation and 
soils along rehabilitation chronosequences to 
measure the success of rehabilitation using 
nine environmental indicators. For that, we 
installed permanent plots of 10x20 m. The 
minimum distance among plots was 50 m. 
The waste pile spans five distinct waste piles, 
each harboring different rehabilitation stages 
ranging from nonrehabilitated areas to nine-
year-old rehabilitation stages. With three plots 
per rehabilitation stage from each waste pile, 
we sampled a total of 54 rehabilitating and 
six nonrehabilitated plots. In the three Arenito 
sand quarries, 21 rehabilitation and three 
nonrehabilitating plots (again, three per stage 
from each quarry) were installed in stages of 
zero to twelve years of age. For the compensation 
dataset, we sampled 36 plots distributed among 
three nonrehabilitated pastures, and each 
of the three areas rehabilitated in the rainy 
seasons of 2015/16, 2016/17, and 2017/18. As the 
rehabilitating plots in this study were sampled 
twice—in 2018 and 2021—surveys resulted in 
a chronosequence ranging from 0 to 6 years. 
Nine nonrehabilitated plots in this study were 
placed in neighboring pastures used for cattle 
ranching. To compare rehabilitating sites with 
rehabilitation targets, we installed 18 plots in 
undisturbed natural forests in the region (Figure 
1).
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Within plots, we tagged and identified all 
trees with diameters at breast height (dbh) 
greater than 3 cm until the species level. From 
this inventory, we derived the environmental 
indicators of tree density (number of trees), 
species richness and Shannon diversity for each 
plot. Given the difficulties in identifying small 
trees and treelets from vegetative stages, we used 
the number of trees with dbh between 3 and 5 
cm as a surrogate for the number of recruits. We 
pruned the family phylogeny R20160415.new to 
all species found in this study (Gastauer & Meira-
Neto 2017) and dated it using age estimates 
from Magallón et al. (2015) before we computed 
phylogenetic diversity using the picante package 
(Kembel et al. 2010) in the R environment (R 
Development Core Team 2020). For each species 
found in this survey, we gathered wood density 
(Chave et al. 2009), ecological strategy, and 
dispersal and pollination syndrome information 
from the literature and computed functional 
diversity using the FD package (Laliberté & 
Legendre 2010). Additionally, we measured tree 
height with a digital hypsometer and computed 
aboveground biomass from wood density, dbh 
and height (Chave et al. 2014).

In each plot, we measured the Leaf Area 
Index (LAI, i.e., the one-sided green leaf area 
per unit ground surface area) as a measure 
of canopy closure, primary productivity and 
evapotranspiration. Field measurements were 
carried out using LAI-2200C sensors (LI-COR Inc., 
Lincoln, NE, USA) following the manufacturer’s 
instructions. For that, sky conditions were 
continuously monitored by a sensor at a site 
free of vegetation (above-canopy readings), and 
a second sensor was used to capture two below-
canopy readings at each corner and at the center 
of each plot, totaling 10 below-canopy readings 
for each plot.

We collected a composite soil sample from 
each plot and determined the soil organic 

carbon content using the Walkley-Black method 
(Teixeira et al. 2017). Soil organic carbon exerts 
positive effects on soil physical and chemical 
properties and the soil’s capacity to provide 
regulatory ecosystem services (Lal 2009). The 
nine indicators were grouped into key ecological 
attributes (i) vegetation structure (tree density, 
number of recruits, LAI), (ii) community diversity 
(Shannon diversity, similarity to reference sites, 
phylogenetic diversity), and (iii) ecological 
processes (functional diversity, AGB, soil organic 
carbon), as proposed by Wortley et al. (2013).

Data analysis
All analyses were carried out in the R environment. 
To compare species diversity among cases, we 
used the ‘iNEXT’ function from the homonymous 
package to rarefy and extrapolated the 95% 
confidence intervals of the species-sampling 
curves from the species abundance distribution 
(Hsieh et al. 2016). To check for differences in the 
performance of single environmental indicators 
between rehabilitation stages from distinct 
sites, we used one-way analysis of variance 
(ANOVA), assuming sample independence of our 
observations, and tested for homoscedasticity 
and a normal distribution of residuals in each 
group. To identify significance levels between 
stages and sites, we carried out post hoc Tukey 
tests.

To compute rehabilitation status, we 
integrated all nine environmental indicators 
using a multivariate approach (Gastauer et al. 
2021). In brief, this method uses a principal 
coordinate analysis to ordinate plots based on 
the performance of environmental indicators in 
Euclidean space. The rehabilitation status then 
measures the degree to which the rehabilitating 
plots became closer to the reference sites, 
weighted by the overall rehabilitation trajectory, 
i.e., the distance from the degraded areas to 
the rehabilitation targets/reference ecosystems 
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(Figure 2). By definition, the rehabilitation 
status of degraded areas is 0, and the value 
is 1 for reference ecosystems. The status of 
rehabilitating areas is thus the proportion of 
environmental advances already achieved in 
relation to the overall trajectory.

To determine the best indicator for 
rehabilitation status, we modeled rehabilitation 
status as a function of all nine indicators using 
linear models. We ranked indicators based on 
the root mean square error (RMSE) and Akaike’s 
information criterion (AIC). While the AIC, 
commonly used for model selection, validates 
which indicator explains the greatest amount 
of variance (Burnham & Anderson 2002), the 
RMSE returns the average distance between 
the observed and the predicted data values 

and is thus a measure for forecasting quality 
(Montgomery et al. 2021). In both cases, the 
lower the statistic is, the better the model.

The Chapman-Richards model (Zeide 1993) 
was used to extrapolate the development of 
rehabilitation status for a period of 50 years.

RESULTS
Species richness and sampling effort
Overall, we sampled a total of 3,452 trees 
belonging to 282 species from 168 genera and 49 
families. A total of 156 species were inventoried 
in the reference sites, 75 in waste piles, 97 in 
sand quarries and 49 in compensation areas 
(Figure 3). Weighted by sampling effort, the 
highest species diversity was detected at the 

Figure 2. The principle of rehabilitation status. After ordinating degraded, nonrehabilitating, reference and 
rehabilitating sites in multivariate space using environmental variables (e.g., ecological processes, community 
diversity and ecological processes), the rehabilitation status describes the proportion of environmental 
enhancements compared to the overall trajectory from nonrehabilitated to reference sites (rehabilitation targets).
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reference sites, while the sand quarries showed 
intermediate diversity. The lowest values, which 
did not differ significantly from each other, were 
found for compensation areas and waste piles.

Environmental indicators
The performance of most indicators in all three 
cases increased with rehabilitation time. Some 
of them, i.e., tree density, LAI (sand quarries 
only), tree recruitment (except compensation 
areas), soil organic matter and functional 
diversity, reach predisturbance levels in the 
oldest analyzed stages (Figure 4). Similarity 
to reference sites and above ground biomass 
show lowest performance when compared 
to reference surveys. Tree recruitment from 
compensation areas is highest in 3- to 4-year-old 
stands and tends to decline when rehabilitation 

advances. Soil organic matter showed no 
significant variation along the rehabilitation 
chronosequence in the compensation areas. 
Notably, the SOM contents in the sand quarries 
at the start of the rehabilitation chronosequence 
were similar to those in the waste piles and 
lower than those in the compensation areas, 
although these quarries received large amounts 
of topsoil.

Rehabilitation status and indicator selection
The computation of the rehabilitation status 
was straightforward, and the mean values for 
the oldest rehabilitation stages from waste 
piles, sand quarries, and compensation areas 
were 52, 71, and 74%, respectively (Figure 5). The 
maximum values reached 68% in 9-year-old 
waste piles, 81% in 12-year-old sand quarries 

Figure 3. Number of exclusive and shared species of rehabilitating waste piles, sand queries and compensation 
areas as well as reference areas covered by natural forests free of disturbance from the Carajás National Forest, 
Pará, Brazil. Embedded figure: Interpolation (continuous lines) and extrapolation (dashed, shaded areas are 95% 
confidence intervals) for species diversity of the four habitats.
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and 95% in 6-year-old compensation areas (data 
not shown). The indicator rank depends on the 
applied statistic and differs slightly among the 
analyzed cases, but in all cases, the indicators 
Shannon diversity, phylogenetic diversity and 
LAI performed better than did the others (Figure 
6).

DISCUSSION
Here, we confirmed previous findings that 
rehabilitation activities were able to restitute high 
proportions of the original diversity, vegetation 
structure and ecological processes. Although 
chronosequences rather than true time series, 
i.e., space-for-time substitutions, were analyzed 
here, our data show that the performance of 

most environmental indicators increased with 
rehabilitation time in different rehabilitation 
projects. The differences in the individual 
performances of the indicators analyzed 
here make the development of integrated 
environmental monitoring fundamental for 
tracking impact mitigation contributions at the 
project level. Therefore, we used an unbiased, 
reliable multivariate approach (Gastauer et al. 
2020, 2021) and estimated overall rehabilitation 
success from a set of variables following 
international recommendations regarding the 
evaluation of regrowing ecosystems (Gann et 
al. 2019). A rehabilitation status greater than 
50% in all cases indicates that environmental 
rehabilitation of mine and farmland is 
an effective instrument for repairing and 

Figure 4. Nine environmental indicators were derived from vegetation and soils along chronosequences situated 
on iron mining waste piles, sand quarries and compensation areas in the Carajás National Forest and its 
neighborhood. Different letters indicate significant differences according to a post hoc Tukey test at p < 0.05.
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compensating for environmental impacts such 
as those caused by mining within the principles 
of the mitigation hierarchy, especially when 
we assume that positive trends will continue 
in the future and that areas will continue to 
converge toward reference sites. For efficient 
future assessments, we propose a small set of 
environmental indicators that can be used to 
forecast rehabilitation quality across different 
projects.

The degree to which single field-surveyed 
environmental indicators recover varies 
among indicators and analyzed cases. First, 
low performance was detected for community 
composition (floristic similarity to reference 
sites) and aboveground biomass. This indicates 
the need to establish carbon-dominant 
secondary tree species to fully restitute 

predisturbance levels of biodiversity and 
ecosystem services. Second, functional diversity 
achieves (and exceeds) reference levels even 
in mid-aged rehabilitation stages according 
to the chronosequences analyzed here. This 
highlights the rapid establishment of principal 
plant functional types during rehabilitation, 
so increases in taxonomic and phylogenetic 
diversity with rehabilitation time contribute 
principally to functional redundancy and not 
the amplitude of ecological functions.

Finally, the high soil organic matter content 
along the entire rehabilitation chronosequence 
and the decline in recruitment rates after five 
years in rehabilitating compensation areas 
are noteworthy. High soil organic matter 
contents that did not differ from those at the 
reference sites demonstrated the maintenance 

Figure 5. The observed and projected rehabilitation status as a function of rehabilitation time were derived from 
vegetation and soil indicators along chronosequences situated on iron mining waste piles, sand quarries and 
compensation areas in Carajás National Forest and its neighborhood.
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of soil carbon stocks during logging and 
cattle ranching. In contrast, low soil organic 
matter contents at the beginning of mineland 
chronosequences indicate a greater degree of 
degradation compared to farmlands and need 
to be rebuilt, a process that took up to six years 
in the analyzed cases even when topsoil was 
applied, as in the sand quarries. Decreases 
in tree recruitment can result from a lack of 
connectivity between rehabilitated sites and 
native forest areas (Cerqueira et al. 2021) and 
delays in the maturity and seed production of 
planted trees, leading to pauperization of the 
soil seed bank and tree regrowth. To overcome 
such declines, enrichment planting or seeding 
of carbon-dominant, secondary forest species 
may be indicated.

Differences in the performance of single 
field-surveyed environmental indicators make 
indicator integration necessary to quantify 
biodiversity gains across projects, and the 
chosen multivariate method was straightforward 
for this purpose. The mean environmental status 
after 12 or fewer years of rehabilitation varied 
between 50% and 75%, demonstrating that 
rehabilitation activities set the trajectories of all 

areas on a desired course (Ahirwal & Maiti 2021). 
Although full ecosystem rehabilitation requires 
longer periods than those actually observed 
and further interventions such as enrichment 
plantings may be necessary, these figures 
indicate that considerable gains in biodiversity 
can be achieved by environmental rehabilitation 
within a mitigation hierarchy.

Greater biodiversity gains at shorter time 
intervals were detected for rehabilitation 
activities on abandoned farmland than for 
similar activities on minelands. This finding 
may be related to the degree of degradation 
that areas experienced prior to rehabilitation 
(Crouzeilles et al. 2016, Atkinson et al. 2022). 
Open-pit mining causes profound alterations 
at the landscape level due to intense earth 
movement, which leads to the formation of 
mine pits and waste deposits. Once, this brings 
substrates with high bulk densities to the surface, 
while disaggregated substrates without distinct 
soil layers arise from the filling of mine pits or 
the deposition of mining wastes and require the 
consolidation of organic matter contents and 
soil fauna communities. In contrast, farmlands 
(and especially pastures, as analyzed here) 

Figure 6. Relationships 
between environmental 
variables and 
rehabilitation status from 
chronosequences situated 
on iron mining waste 
piles, sand quarries and 
compensation areas in the 
Carajás National Forest 
and its neighborhood. 
Lines represent significant 
correlations, given the 
root mean square errors 
(RMSEs) and the Akaike 
information criterion (AIC).
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suffer less intense degradation, maintaining 
the sequence of soil horizons, soil carbon 
stocks, microorganism communities and parts 
of the original seed bank. Interestingly, topsoil 
application, although showing benefits for the 
return of soil quality (Trindade et al. 2021), shows 
no significant benefit for rehabilitation success 
compared to waste pile hydroseeding, although 
studies on this topic are not conclusive.

In the analyzed cases, taxonomic and 
phylogenetic diversity as well as the leaf area index 
were the best indicators of overall rehabilitation 
status across all three cases analyzed here. They 
outperformed species richness and soil organic 
matter content, which were recommended as 
indicators for rehabilitation success in previous 
studies (Londe et al. 2017, Bandyopadhyay & 
Maiti 2019). The suitability of the Shannon index 
of tree diversity confirms previous findings from 
a smaller and shorter waste pile rehabilitation 
chronosequence (Gastauer et al. 2021), where 
its greater potential to forecast rehabilitation 
success was attributed to its lower sensitivity 
toward rare species populations. Phylogenetic 
diversity, a measure of feature diversity (Forest 
et al. 2007) with conservation value (Faith 2016), 
links an organism’s taxonomic identity with 
ecosystem functionality, which highlights its 
importance as an indicator of rehabilitation 
success (Castro et al. 2022). Finally, the importance 
of canopy closure, e.g., measured as the leaf area 
index, for rehabilitation success and, although 
not analyzed here, the return of the fauna has 
been previously highlighted (Domínguez-Haydar 
et al. 2019, Serra et al. 2021). Differences in 
rehabilitation strategies, degree of degradation 
and environmental success among the cases did 
not affect indicator validation across different 
rehabilitation projects. This encourages the 
increased use of the three indicators leaf area 
index and taxonomic (Shannon) or phylogenetic 
diversity to quantify biodiversity gains across 

rehabilitation sites to simplify and reduce the 
costs of such environmental assessments.

On average, we detected the restitution 
of more than 50% of the original biodiversity 
in different mine and farmland rehabilitation 
projects from the Eastern Amazon a decade after 
implementation, which should be accounted for 
within the company’s No Net Loss strategies. 
As no barriers for further convergence of the 
analyzed ecosystems toward reference forests 
were detected in this study, one might expect 
further biodiversity gains and increases in the 
environmental quality of these areas in the 
future. Specifically, our results highlight the 
importance of the taxonomic and phylogenetic 
diversity of the tree layer and canopy closure 
for rehabilitation success. This is because more 
diverse tree communities and denser canopies 
are associated with better environmental quality 
and better performance of ecological processes 
and structural parameters. Thus, maximizing 
tree diversity and canopy closure should 
increase biodiversity gains within rehabilitation 
projects. Canopy closure requires the planting of 
fast-growing species, and diversity may benefit 
from enrichment plantings, e.g., with carbon-
dominant, secondary species.

CONCLUSIONS
Here, we test a framework to quantify the 
case-specific contribution of rehabilitation 
projects to the Impact Mitigation Hierarchy. The 
monitoring of nine environmental indicators 
along three rehabilitating chronosequences 
from the eastern Amazon reveals the changes 
in community diversity, vegetation structure, 
and ecological processes during the reparation 
and offset strategies of the mining industry. In 
all cases, considerable gains (> 50% in 12 or 
fewer years) in biodiversity within the Impact 
Mitigation Hierarchy were achieved, although 
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the magnitude of the generated benefits differed 
among projects and depended on the degree of 
degradation, making project-level assessments 
necessary.

In three independent cases, the taxonomic 
and phylogenetic diversity and leaf area index 
were the best indicators for predicting the 
rehabilitation status, suggesting that these 
indices could be used to simplify future 
monitoring protocols. Their independent ability 
to upscale environmental monitoring across 
projects highlights the importance of maximizing 
tree diversity and canopy closure to increase 
and optimize biodiversity gains.
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