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Abstract

The soil seed bank is one of the most important ecological indicators to evaluate and monitor the ecological restoration process
of plant communities. We aimed to evaluate the influence of ecological restoration techniques on the plant community diversity
and composition and functional group composition of the soil seed bank in two bauxite mining areas under compensatory
restoration, Southeast Brazil. 30 soil samples were collected in each area (Area-A — Forest restoration by planting seedlings
and nucleation techniques and Area_B — just restoration by planting seedlings). The samples were transported to a shade
house and evaluated for six months, where germinated individuals were counted and identified weekly. The results indicated
that the soil seed banks of the two areas are floristically similar (with a predominance of pioneer, herbaceous and native origin
species), which show a higher natural regeneration potential. However, the higher species richness and abundance of zoochoric
individuals in Area_A demonstrate that nucleation techniques, such as topsoil transposition and direct seeding were efficient to
increase the recovery potential re-establishment. In the early successional stages, restoration techniques are more determinant

in the functional group composition than in the floristic composition of the soil seed bank.
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Abstract: The soil seed bank is one of the most important ecological indicators to evaluate and monitor
the ecological restoration process of plant communities. We aimed to evaluate the influence of ecological
restoration techniques on the plant community diversity and composition and functional group composition
of the soil seed bank in two bauxite mining areas under compensatory restoration, Southeast Brazil. 30
soil samples were collected in each area (Area_A — Forest restoration by planting seedlings and nucleation
techniques and Area B — just restoration by planting seedlings). The samples were transported to a shade
house and evaluated for six months, where germinated individuals were counted and identified weekly. The
results indicated that the soil seed banks of the two areas are floristically similar (with a predominance of
pioneer, herbaceous and native origin species), which show a higher natural regeneration potential. However,
the higher species richness and abundance of zoochoric individuals in Area_A demonstrate that nucleation
techniques, such as topsoil transposition and direct seeding were efficient to increase the recovery potential re-
establishment. In the early successional stages, restoration techniques are more determinant in the functional
group composition than in the floristic composition of the soil seed bank.
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INTRODUCTION

Mining has great relevance to the Brazilian economy, estimates by the National Mining Agency indicate that
mineral production in 2020 contributed US$ 43.7 billion, representing 2.4% of Brazil’s GDP (USGS 2022). In



this sense, the Southeast of Brazil, more specifically the state of Minas Gerais, concentrates approximately
200 thousand direct jobs related to mining sector, in addition to having one of the highest revenues in
the country in the Financial Compensation for the Exploration of Resources (CFEM), with a percentage
of 44.7% (IBRAM 2022). In addition to socio-economic contributions, mining companies are aligned with
the commitments of the UN Decade on Ecosystem Restoration and The Sustainable Development Goals
(SDGS) (UN, 2022). In order for mining to be sustainable, companies carry out forest conservation and
forest restoration actions, a great example of this initiative is the mining of bauxite in the “Zona da Mata”
region of Minas Gerais State, Brazil (Martins et al., 2020; Fonseca 2021).

Numerous bioindicators have demonstrated the positive effects of bauxite mining in Minas Gerais State,
such as the increase in regional forest cover compared to before mining activities, due to compensatory
plantings, and the reduction of soil loss through erosive processes (Balestrin et al., 2018). In addition, some
authors highlighted the recovery of the diversity of tree species native to the Atlantic Forest (Martins et al.,
2020), the restoration of functional relationships between fauna and flora (Volpato et al., 2018; Fonseca &
Martins 2021), the efficiency of nucleation and rapid soil cover by green manures (Fonseca 2021; Fonseca
et al., 2023), the recovery of soil fertility (Silva et al., 2018) and the potential for natural regeneration of
areas (Miranda-Neto et al., 2014a; Silva et al., 2016; Silva et al., 2020; Martins et al., 2021). In this sense,
forest restoration projects in the bauxite mining environment in the state of Minas Gerais are contributing to
the formation of secondary forests with high diversity (Fonseca 2021, Martins et al., 2022). Recent studies
highlight the importance of secondary forests recovery (i.e., biodiversity and ecosystem services) and as
important strategies for mitigating climate change (Lewis et al., 2015; Rezende et al., 2018; Vilas Boas et
al., 2018; Rozendaal et al., 2019; Poorter et al., 2019; Lima et al., 2020; Sarmento et al., 2021; Romanelli
et al., 2022; Bizuti et al., 2022; Martins et al., 2022; Jakovac et al., 2022). Thus, the passive restoration
method promotes vegetation spontaneously recovery by natural regeneration, and is a cost-effective method
to the ecological restoration of tropical ecosystems (Crouzeilles et al., 2017; Holl 2017; Tonetti et al., 2022).
In this context, monitoring ecological indicators of the Atlantic Forest after disturbances contributes to a
better understanding of restoration practices (Balestrin et al., 2019; Borges et al., 2019; Martins et al., 2020;
Campanharo et al., 2021; Bizuti et al., 2022).

The soil seed bank is one of the most important ecological indicators for the evaluation and monitoring of
the plant communities’ recovery (Balestrin et al., 2019; Martins et al., 2021). The soil seed bank represents
a stock of seeds on the surface layer of the soil and/or litter, which persist dormant until environmental
conditions are favorable for germination (Sarmento et al., 2021; Martins et al., 2021). The soil seed banks
composition is defined by local environmental conditions (i.e., luminosity, temperature, water availability)
and by seed dispersal from aboveground vegetation (Martins et al., 2015; Shi et al., 2022). Therefore, the
soil seed bank is essential for the maintenance of species diversity (i.e., species richness, species composition,
dominance and evenness) during natural forest regeneration after disturbances (Balestrin et al., 2019; Silva
et al., 2021b; Martins et al., 2021). Most of these studies on soil seed bank have focused mainly on the
processes influencing the changes in community composition and species richness in disturbed areas compared
to reference ecosystems (Miranda-Neto et al., 2016; Silva et al., 2019; Adjalla et al., 2022). Nevertheless,
this classical approach can limit disentangling processes on plant communities during ecological restoration.
For example, two plant communities can display equal species richness but with considerable differences in
their dominance and evenness, which is a fundamental premise for conservation biology and plant community
assembly (Jost, 2006, 2007; Chao et al., 2014, Mori et al., 2018; Larson & Suding., 2022).

In this context, understanding the soil seed bank based on different functional groups (i.e., dispersal syn-
dromes, regeneration strategies) that can directly influence the pattern of species richness is possible to define
restoration techniques (Martins 2018; Shi et al., 2022). Thus, beyond these restoration techniques (seedling
planting, direct seeding, topsoil transposition, green manure, artificial perches), the variation in the relative
importance of functional groups (i.e., seed dispersal syndrome, regeneration strategies) on species richness
its essential to ecosystem recovery (Carlucci et al., 2020; Villa et al., 2021). For example, the selection
of zoochoric species can stimulate fauna-flora relationships and, consequently, favor seed dispersal (Coelho
et al., 2022). The nucleation techniques such as direct seeding and topsoil transposition can help in the



arrival of new propagules in the area under restoration and contribute to increasing species richness (Fon-
seca 2021). During early successional stages of secondary forest after disturbances exhibits fast-growth and
light-demanding pioneer species with short life cycles along with dominance of anemochoric and autochoric
(non-zoochoric) pioneer species (Chazdon 2014; Santo-Silva et al., 2016). Then, shade-tolerant and long-
lived species gradually dominate the forest canopy, along late-successional stages (Chazdon, 2014; Poorter
et al., 2019). The non-zoochoric species occurrence also decreases during late-successional stages, while the
dominance of zoochoric species increases (e.g. Santo-Silva et al., 2016).

Studies on soil seed banks in mining areas are concentrated in places where there was direct mineral explo-
ration, through floristic approaches and phytosociological surveys (Silva et al., 2019; Onésimo et al., 2021).
However, there are many areas around the mining that suffer impacts, mainly related to the suppression of
vegetation and changes in soil layers (Martins et al., 2020; Spletozer et al., 2021). Usually, the areas destined
for the administrative sectors, the parking lots and other structures of the mining company have compac-
ted soil and absence of the organic layer (O horizon) and the topsoil layer (A horizon) (Fonseca 2021). To
ensure sustainability companies commonly include these areas in the environmental compensation program;
however, studies in areas surrounding mining and carried out through functional group approaches are still
limited. In this context, functional approaches to the soil seed bank are essential to better understand the

ecological mechanisms that guide aboveground successional processes in tropical secondary forests (Villa et
al., 2020; Sarmento et al., 2021; Villa et al., 2021).

Thus, we aimed to evaluate the influence of ecological restoration techniques on the plant community diversity
and composition and functional groups composition of the soil seed bank on two bauxite mining areas under
compensatory restoration in Southeast Brazil.

MATERIAL AND METHODS
Study area

The study was carried out in the municipality of Mirai, in the Southeast of the state of Minas Gerais, Brazil
(Figure 1), in two adjacent areas: Area_A — Forest restoration by planting seedlings and nucleation techniques
(21° 4’ 5.40” S and 42° 33’ 27.83” W) and Area_B — just forest restoration by planting seedlings (21° 4’ 5”
S and 42° 33’ 317 W).

FSI600 TSRO0 753900
Legend
[ Brazil N
Bl Minas Gerais *
I Mirai
Area_A
D Arca B

Tailings dam

7668400
7668400

0 50 100 m
I —

7668300
7668300

Geographic Coordinate System
Datum: SIRGAS 2000
UTM ZONA 238
Imagem: Google Earth
Data: 18/01/2023

733600 753700 753800 753900



Figure 1 — Location of the study areas in Mirai, Minas Gerais, Brazil

The characteristic vegetation of this region is classified as Seasonal Semideciduous Forest, inserted in the
Atlantic Forest Domain (IBGE 2012). According to Koppen'’s classification, the climate in the region is Cwa
type, characterized as humid temperate with dry winter and hot summer, with an annual precipitation of
1,564 mm and an annual mean temperature of 23.5 °C. According to the Brazilian Soil Classification System,
the predominant soil in the region is the typical dystrophic Yellow-Red Latosol and relief is characterized as
wavy solid and mountainous (Santos et al., 2018).

This study was conducted in adjacent areas, which until the end of 2016 was used for the administrative
office sector of Companhia Brasileira de Aluminio (CBA) (Figure 1). With the change in the location of
the company’s administrative office sector, all buildings were removed and, consequently, the layer of soil
exposed to the surface (subsoil) was highly compacted and had low levels of organic matter and nutrients.
That is, it is worth noting that both areas did not have the surface horizon of the soil, considered the fertile
layer. Thus, these areas were included in the company’s environmental compensation program for bauxite
mining (Fonseca 2021).

As restoration measures, soil preparation was carried out in both areas with a ripper subsoiler at a depth of 60
cm, and acidity correction and fertilization were carried out in the total area. In sequence, the sowing of three
species of green manures was carried out: Cajanus cajan L. Millsp; Crotalaria juncea L. and Stylosanthes
guianensis Aubl. Sw and seedlings of 18 native tree species with different successional characteristics were
planted (Table 1). In addition to planting seedlings, in Area_A, nucleation techniques were also implemented
between the lines, such as: transposition of topsoil, direct sowing of native tree species and implantation of
artificial perches.

Table 1. Floristic list of species planted in the study area.

Botanical family Species SC DS
Bignoniaceae Handroanthus heptaphyllus (Vell.) Mattos LS Ane
Handroanthus impetiginosus (Mart. Ex DC.) Mattos LS  Ane
Tabebuia roseoalba (Ridl.) Sandwith ES Ane
Jacaranda micrantha Cham ES Ane
Cannabaceae Trema micrantha (L.) Blume P Zoo
Euphorbiaceae Alchornea glandulosa Poepp. P 700
Sapium glandulosum (L.) Morong P 700
Fabaceae Bauhinia forficata Link P Aut
Caesalpinia pluviosa DC. ES Aut
Clitoria fairchildiana R.A.Howard ES Aut
Senegalia polyphylla (DC.) Britton & Killip P Aut
Malvaceae Pseudobombaz grandiflorum (Cav.) A.Robyns P Ane
Melastomataceae Tibouchina granulosa (Desr.) Cogn. P Ane
Myrtaceae Psidium guajava L. P Zoo
Solanaceae Solanum pseudoquina A. St.-Hil. ES Zoo
Urticaceae Cecropia glaziovii Snethl. P Z00
Cecropia hololeuca Miq. P Z00
Verbenaceae Citharexylum myrianthum Cham. ES Zoo

SC: Successional category (P: Pioneer, ES: Early secondary, LS: Late secondary); DS: Dispersal syndrome
(Ane: anemochory, Aut: autochory, Zoo: zoochory).

For the edaphic characterization of the areas (before and after the implementation of forest restoration
techniques), chemical analyzes of the soil were carried out at different times (2016 and 2021), as shown in
Table 2. The composite samples obtained in Area_A and Area_B were sent to the Soil Laboratory of the



Federal University of Vigosa for the analyses. The results were interpreted according to the Minas Gerais
Corrective and Fertilizer Recommendation Guide (Ribeiro et al., 1999). In Area_A and Area B after the
removal of administrative structures (end of 2016), it is possible to verify low soil fertility and, mainly, low
levels of organic matter (OM). After 4 years of implementation of restoration techniques, an increase in pH,
P, K, Ca?"'Mg?", SB and P-Rem properties and a reduction in acidity were observed in both areas. Also
noteworthy is the considerable increase in soil organic matter, total-N and base saturation (V%), which show
an improvement in soil fertility.

Table 2. Variation of soil chemical parameters in Area_A and Area_B between the years 2016 (grey) and
2021 (white).

35,3
82,4
47,2

91,7

Sample pH Total- OM P K Ca2+ Mg2?+ H+Al SB CEC \%
N

(0-20 H,0 dag/kg dag/kg mg/dm3 mg/dm3 cmol./dmsmol./dmsmol./dmsmol./dmsmol./dm%%s
cm)

Area A 539 0,022 025 44 21 0,59 0,18 1.5 0,82 2,32
(2016)

Area A 6,86 0213 545 3350 90 4,43 1,90 1.4 6,56 7.96
(2021)

Area B 547 0,022 051 3.4 2 1,19 0,17 1,6 1,43 3.03

(2016)

Area B 7,40 0,154 4,39 328,8 76 4,96 1,45 0,6 6,60 7,20
(2021)

N

N

OM (Organic Matter); Total-N (Total Nitrogen); P (Phosphorus); K (Potassium); Ca?t (Calcium);
Mg?* (Magnesium); H + Al (Potential acidity); SB = (Sum of bases); CEC — (Cation Exchange Capac-
ity at pH 7.0); V (Base Saturation Index); P-rem (Remaining Phosphorus).

Field Procedures

30 soil samples were collected in each area (Area_A and Area_B), in the most representative way possible,
totaling 60 samples. At each point, a 40 x 40 cm PVC template was used to collect surface soil samples at
a depth of 5.0 cm, disregarding the litter. The soil samples were packed in plastic bags, properly identified
and transported to the shade house of the Research Nursery at the Federal University of Vigosa, in Minas
Gerais (coverage with 50% shading). The samples were placed in plastic trays measuring 0.25 x 0.30 x
0.05 m, with holes for drainage of excess water. Four trays with sterilized sand were placed on the bench in
order to control external contamination. Soil samples were under programmed sprinkler irrigation (four daily
irrigations lasting three minutes each) for a period of six months. All emerged individuals were identified,
counted and removed weekly.

Classification of species

The taxonomic identification of the species was performed according to the Angiosperm Phylogeny Group
(APG IV) and the species nomenclatures were verified using the database of The Plant List website. The
species were classified in successional category as: pioneer (P), early secondary (ES), late secondary (LS) and
not classified (Nc). As for the syndrome of dispersion of propagules in: anemochoric (Ane), autochoric (Aut)
and zoochoric (Zoo). In addition, the species were also classified according to their way of life as herbaceous
(H), shrub (S), tree (T) and vine (V) and according to their origin as: native (N) and exotic (E).

Data processing and analysis

Phytosociological parameters such as relative density (RelDe) and relative frequency (RelFr) were calculated
according to the criteria proposed by Mueller-Dombois and Ellenberg. The Shannon-Wiener diversity index
(H’) and the Pielou equability index (J’) were calculated using the FITOPAC 2.1 software (Shepherd 2010).



One-way ANOVA analysis of variance was used to compare mean species richness and mean individual
abundance, followed by a subsequent Tukey test for independent samples (p < 0.05) (Crawley 2013). To
perform the analysis and statistical evaluation, the R software version 4.1.3 and the Vegan package (R Core
Team, 2022) were used.

The rarefaction approach was used to estimate species richness and compare areas under restoration. In
addition, the comparison of the functional composition of soil seed bank species between areas, based on the
dispersion syndrome, was estimated using rarefaction and extrapolation curves. The curves were constructed
with Hill numbers: species richness (q = 0), exponential of Shannon entropy (Shannon’s diversity, q = 1),
and inverse Simpson concentration (Simpson diversity, q = 2), for both individual-based rarefaction and
extrapolation curves (Diniz & Villa 2020). Extrapolations were made from a presence/absence data matrix
(Colwell et al., 2012). These estimates were obtained using the "iNEXT” package (Hsieh et al., 2016). All
three Hill numbers were estimated as the mean of 100 replicate bootstrapping runs to estimate 95% confidence
intervals. When the 95% confidence intervals did not overlap, species number differed significantly at p <
0.05 (Colwell et al., 2012; Diniz & Villa 2020).

Non-metric multidimensional scaling (NMDS) was used to analyze the variation in floristic composition
between areas, using the “metaMDS” function and the Jaccard similarity based on presence and absence
data (Oksanen et al., 2018). Then, multivariate permutational analysis of variance (PERMANOVA, 9999
permutations) was used to test differences in species composition, using the “adonis” function, available in
the “vegan” package (Oksanen et al., 2018; Diniz & Villa 2020).

The plots were also grouped based on the abundance data of each species, using a Bray-Curtis matrix (floristic
dissimilarity) and UPGMA method (Unweighted Pair Group Method with Arithmetic Mean). The Sgrensen
index was used to estimate the degree of floristic similarity between plots. All analyzes were performed using
R (R Core Team, 2022), except the UPGMA Two-Way analysis for Cluster, which used the PC-Ord 5.14
program (Villa et al., 2019).

RESULTS

In the soil seed bank of Area_A (forest being restored by planting seedlings and nucleation techniques) 1,178
individuals (523.5 individuals m™2) were recorded, belonging to 43 species and 18 botanical families, with (H)
= 2.970 and (J’) = 0.790. In the soil seed bank of Area_B (forest being restored only by planting seedlings),
1,623 individuals (721.3 individuals m™2), belonging to 42 species and 18 botanical families, were recorded,
with (H’) = 2.768 and (J’) = 0.741 (Table 3).

Table 3 - Floristics and phytosociology of the soil seed bank species of the forests undergoing restoration
(Area_A = planting of native tree species and nucleation techniques and Area_ B = planting of native tree
species).

BotanicalArea NI RelDe RelFr Area NI RelDe RelFr DS SC
fam- A (%) (%) B (%) (%)

ily/

Species

Amaranthaceae

Alternanthera 9 0,76 1,63 Zoo P
tenella

Colla

Amaranthus 45 3,82 0,65 . 13 0,8 0,97 7,00 P
de-

flexus

L.

Amaranthus 1 0,08 0,33 Zoo P
SPINoOsus

L.

LF



Asteraceae

Acanthospermum 116 9,85
aus-

trale

(Loefl.)

Kuntze

Ageratum . 19 1,61
cony-

zoides

L.

Baccharis . 17 1,44
dra-

cun-

culi-

folia

DC.

Baccharis . 1 0,08
trimera (Less.)

DC.

Bidens . 8 0,68
pi-

losa

L.

Conyza . 183 15,53
bonar-

ien-

518

(L)

Cronquist

Eclipta . 13 1,1
alba

(L)

Hassk

FErechtites

hi-

eraci-

ifolius

(L)

Raf.

Ex

DC.

Erechtites . 1 0,08
vale-

rian-

i-

folius

(Wolf)

DC.

8,5

2,61

3,27

0,33

1,63

8,17

1,63

0,33

125

33

60

113

44

7.7

2,03

3,7

0,06

0,25

6,96

2,71

0,25

0,43

8,41

3,24

4,53

0,32

0,65

7,12

2,91

0,97

0,97

700

7,00

Ane

Ane

700

Ane

Ane

Ane

Ane

ES



FEupatorium
lae-

viga-

tum

Lam.
Gnaphalium
pen-

syl-

van-

wcum

Wild.
Gnaphalium
pUT-

pureum,

L.
Gnaphalium
Spi-

ca-

tum

Lam.
Mikania

hir-

sutis-

sima

DC.

Pluchea
sagit-

talis

Lam.
Porophyllum
rud-

erale

(Jacq.)
Cass.
Sonchus
oler-

aceus

L.

Vernonanthura

phos-
phor-
ica
(Vell.)
H.Rob.
Begoniaceae
Begonia
cu-

cul-

lata
Willd.

18

27

42

63

1,53

2,29

0,25

0,08

0,76

3,57

5,35

0,08

2,29

4,58

0,65

0,33

1,96

5,23

6,21

0,33

16

95

11

58

39

0,25

0,99

3,39

0,18

0,18

0,68

3,57

2,4

0,06

0,32

1,62

4,85

0,97

0,97

2,27

5,18

4,21

)

0,32

Ane

Ane

Ane

Ane

Ane

Ane

Ane

Ane

Ane

Ane

ES

ES

ES



Begonia

Sp.
Brassicaceae
Lepidium .
V-
ginicum

L.
Cannabaceae
Trema

mi-

cran-

tha (L.)
Blume
Convolvulaceae
Ipomoea
triloba

L.
Euphorbiaceae
Chamaesyce
hirta

(L)

Millsp.
Chamaesyce
hys-

sopi-

folia

(L)

Small
Croton
glan-

dulo-

sus

L.
Fabaceae
Cajanus
cajan

(L)

Millsp.
Crotalaria.
Jjuncea

L.
Desmodium
bar-

ba-

tum

L.

Benth
Glycine
wightii
Verdc.

24

31

(0]

41

2,04

0,59

0,08

2,63

6,37

0,42

0,34

0,34

3,48

0,08

4,58

0,65

0,33

4,9

4,9

0,65

1,31

0,98

3,92

0,33

16

16

25

85

101

0,06

0,99

0,99

0,12

1,54

5,24

0,06

0,18

0,18

6,22

0,18

0,32

2,91

1,29

0,32

3,56

4,21

0,32

0,97

0,97

6,15

0,65

Ane

Aut

Z.00

Aut

Aut

Aut

Z.00

Aut

Aut

700

Nc



Senegalia .
poly-

phylla
(DC.)

Brit-

ton

&

Rose.
Lamiaceae
Hyptis
suave-

olens

(L.)

Point
Lythraceae
Cuphea
ellip-

tica Koehne
Malvaceae
Sida

rhomb-
ifolia

L.

Melastomaceae

Clidemia .
hirta

(L)
Tibouchina
gran-

ulosa

(Desr.)

Cogn
Onagraceae
Ludwigia .
to-

men-

tosa
(Cambess.)
Oxalidaceae
Ozalis

cur-

nicu-

lata

L

Phyllantaceae

Phyllanthus
tenel-

lus

Roxb.

Plantaginaceae

97

122

10

60

0,08

8,23

10,36

0,85

0,68

0,42

5,09

0,68

0,76

0,33

3,27

3,59

1,96

1,96

0,65

3,27

2,61

1,31

128

11

430

45

7,89

0,49

0,06

0,68

26,49

2,77

0,43

3,24

1,62

0,32

2,59

6,8

4,53

0,65

Aut

700

Aut

7,00

Z.00

700

Ane

Aut

Aut

ES

ES

ES

ES



Scoparia . 1 0,08 0,33 Aut P
dul-

cis

L.

Stemodia . 1 0,08 0,33 . 22 1,36 1,29 Aut P
verti-

cil-

lata

Mill.

Rosaceae

Rubus . 9 0,76 0,65 Zoo LS
roSi-

folius

Sm.

Rubiaceae

Spermacoce . 1 0,06 0,32 Aut ES
capi-

tata

Ruiz

&

Pav.

Spermacoce . 1 0,06 0,32 Aut ES
lati-

folia

Aubl.

Solanaceae

Physalis . 1 0,08 0,33 Zoo P
an-

gu-

lata

L.

Solanum . 76 6,45 6,21 . 115 7,09 5,5 Z00 P
amer-

i-

canum

Mill.

Solanum . 4 0,25 0,32 Zoo P
pan-

cu-

la-

tum

L.

TOTAL 1178 100 100 1623 100 100

NI: Number of individuals; RelDel: Relative density; RelFr: Relative frequency; DS: Dispersal syndrome
(Ane= anemochory; Zoo= zoochory; Aut= autochory); SC: Successional category (P= Pioneer, ES= Early
secondary, LS= Late secondary); LF: Life Form; (T= Tree, S= Shrub, H= Herb, V= Vine); OR: Origin
(N= Native, E= Exotic); Nc: Not Classified; *: Indicates de presence of the species in the soil seed bank

Species diversity: the three Hill numbers

The pattern of species diversity showed marked differences between numbers Hill s, presenting the following
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order q2 < ql < 0. However, analyzing between the areas no differences were observed according to the
species richness index (q=0), Shannon diversity (q=1) and Simpson diversity (q = 2). For both the rarefac-
tion and extrapolation curves the overlapping of confidence intervals indicates that there are no differences
between areas (Figure 2).
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Figure 2. Rarefaction (solid line) and extrapolation (dashed lines) curves of species richness in Hill numbers
(q =0,1,2), based on the number of individuals from two areas under restoration (Area_A and Area_B). The
rarefaction and extrapolation curves show the lines representing the mean values and the standard deviation
bands with 95% confidence intervals.

There were no significant differences when comparing the mean species richness (p-value 0.9025) between the
studied areas (Area_A: 10.2 and Area_B: 10.3). The same behavior was observed in relation to the abundance
of individuals (p-value 0.08099) with Area_A with an average of 39.27 individuals per plot and Area B with
an average of 54.10 individuals (Figure 3).
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Figure 3. Boxplot of a) species richness and b) individual abundance. Numbers followed by equal letters
are statistically equal p [?] 0.05 (Tukey’s t test). st. dev = standard deviation).

Floristic composition
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Considering both areas, 2,801 seedlings germinated in the soil seed banks, 50 species and 19 botanical
families were recorded. Of this set, 8 species were exclusive to Area_A, 7 species found only in Area_ B
and 35 species were common in both areas. In the NMDS analysis, the two areas overlapped, with small
statistical differences (Permanova: Fi 57 = 1,68; P = 0.0255), indicating similarity in species composition
between the areas (Figure 4).
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Figure 4. Non-Metric Multidimensional Scaling (NMDS) for the floristic composition of soil seed banks
from two adjacent areas (Area_A and Area_B), submitted to different ecological restoration techniques.

In Area_A, the families Asteraceae (44.23%), Lythraceae (10.36%), Euphorbiaceae (9.42%), Lamiaceae
(8.23%) and Solanaceae (6.54%) had the highest relative densities, making a total of 78.78% of germi-
nated individuals. The families with the highest species richness were Asteraceae (15 species), Fabaceae
(5), Euphorbiaceae (3) and Amaranthaceae (3). In Area B, the families Asteraceae (35.74%), Onagraceae
(26.49%), Lamiaceae (7.89%), Solanaceae (7.33%) and Euphorbiaceae (6.84%) were predominant in terms
of relative density, representing together 84.29% of germinated individuals. Regarding species richness, the
families Asteraceae (17 species) and Euphorbiaceae (3) stood out.

Functional groups

As for the functional attributes, in both seed banks there was a predominance of species and individuals
with the herbaceous life form and native origin. In addition, 76 tree species were found in Area_A, being
Vernonanthura phosphorica (Vell.) H.Rob. (63 individuals), Trema micrantha (L.) Blume (7), Tibouchina
granulosa(Desr.) Cogn (5), Senegalia polyphylla (DC.) Britton & Rose. (1). In Area_B, 59 tree species were
recorded, being Vernonanthura phosphorica (39), Trema micrantha (16) andSolanum paniculatum L. (4).

The classification in successional categories showed the predominance of the pioneer category (P), both at
the species level (Area A = 74.42%; Area_B= 76.19%), and at the level of individuals (Area-A = 81.24%;
Area B = 90.94%), in both areas. In Area_A, the presence of Rubus rosifolius Sm., a late secondary species
that presents zoochoric dispersion, stands out.
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Regarding the dispersion syndrome, in Area_A there was a predominance of the zoochorous category, in
relation to the number of species: zoochorous (37.21%), followed by anemochoric (32.56%) and autochoric
(27.91%) species. The same behavior was observed in relation to the number of individuals, zoochoric
(38.79%), anemochoric (37.27%) and autochoric (23.85%). In Area B, it was observed that 40.48% of the
species were classified as anemochoric, 28.57% autochoric and 28.57% zoochoric. As for the number of
individuals, anemochoric (52.37%), zoochoric (34.01%) and autochoric (13.43%).

The rarefaction and extrapolation curves based on the species composition of different dispersion syndromes
show small differences in species richness. Although their confidence intervals overlapped, it is possible to
notice that in Area_A there is a predominance of zoochoric species/individuals, while in Area B there is a
predominance of anemochoric species/individuals (Figure 5).
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Figure 5. Sample-based rarefaction curves and individual-based rarefaction curves based on species com-
position from different dispersal syndrome. (Ane = anemochoric; Aut = autochoric; Zoo = zoochoric).

Although their confidence intervals overlap slightly, sample-based rarefaction curves and individual-based
rarefaction curves demonstrate that zoochorous species are prominent in Area_A (Figure 6).
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Figure 6. Sample-based rarefaction curves and individual-based rarefaction curves based on species com-
position with zoochoric dispersal syndrome.

Floristic similarity patterns

The results demonstrate high floristic similarity between the plots of the two areas (Figure 7). For example,
adopting a cut-off point of 80% floristic similarity, there is a tendency to group plots located in the same
area as 4, 19, 21 and 23 belonging to Area_A and in plots 31, 33, 34 and 38 belonging to Area_B. The
analysis of the bidirectional dendrogram indicated that the vegetation of the study areas could be divided
into five groups, with arrangements and groupings influenced by the functional attributes of the species and
the restoration techniques implemented in each area.
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Figure 7. Bidirectional cluster dendrogram generated based on the Bray-Curtis dissimilarity index, showing
the distribution of 50 species in two areas in the bauxite mining environment and 60 plots in Mirai-MG,
Brazil. level 1: Area_A; level 2: Area_B

DISCUSSION

The results of this study showed that the soil seed banks, from both areas, presented viable seeds and are
composed mostly of pioneer and native seeds, that is, it is an important indicator of the recovery potential
of plant communities through the natural regeneration. This pattern is common in early successional stage
forests (Miranda-Neto et al., 2016; Balestrin et al., 2019; Martins et al., 2021). For example, the soil seed
bank in tropical regions is mainly composed of pioneer species, light-demanding and has a higher density of
seeds in the surface layers of the soil (Martins et al., 2015; Silva et al., 2021a; Martins et al., 2021). Several
studies report the importance of seeds of pioneer species stored in the soil and their role in the formation of
a persistent bank, due to high seed production, efficient dispersal mechanisms, long seed viability and rapid
growth (Kunz & Martins 2016; Balestrin et al., 2019; Silva et al., 2019; Miranda-Neto et al., 2021; Martins et
al., 2021; Silva et al., 2021a; Adjalla et al., 2022). However, for the results show that the floristic composition,
the Shannon diversity indices (Area_A: H’ = 2.970 and Area B: H’ = 2.768) indicating higher diversity and
the Pielou equabilities (Area_A: J’ = 0.790 and Area_B: J” = 0.741) indicate floristic heterogeneity in both
areas. These results corroborate those observed by Balestrin et al. (2019) and Martins et al. (2021) in the
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same region and in areas in the bauxite mining environment. The superiority of the diversity values (H’ and
J’) observed in Area_A, in relation to Area_B, is probably related to the nucleation techniques complementary
to the planting of seedlings, which promotes a higher species richness and composition.

The soil seed bank of both areas under restoration showed higher density of herbaceous individuals and
richness of herbaceous species. This result corroborates studies carried out in areas undergoing secondary
succession in the tropical forest (Miranda-Neto 2014b;2016; Silva et al., 2019; Balestrin et al., 2019; Silva
et al., 2021a; Martins et al., 2021; Silva et al., 2021b; Adjalla et al., 2022). These results suppose that the
dominance of the herbaceous life form is related to the short life cycle of these species, high seed production
and environmental conditions after disturbance, such as higher luminosity due to the lower plant coverage.
Thus, herbaceous plants are essential for the fast colonization a plant coverage recovery, which can stabilize
soil aggregates and improve water retention and attenuate erosion processes during early successional stages
(Martins et al., 2021). Furthermore, the absence of invasive exotic grasses can be a suitable indicator of the
soil seed banks quality, since as the successional process advances, there will be an increase in shrub and
tree species, and consequently higher canopy cover which can reduce the herbaceous species density in the
soil seed bank (Balestrin et al., 2019; Silva et al., 2021b; Martins et al., 2021).

The novelty of this investigation was to observe how different restoration techniques influence the functional
composition of the soil seed bank. Considering the initial situation of the soil in both areas (exposed and
compacted subsoil) it is possible to suppose that most of the seeds from the soil seed bank were lost in the
soil stabilization process (earthwork) for the construction of the mining company’s administrative structures.
Furthermore, the similarities in edaphic conditions (relief, fertility, soil preparation) between the study areas
(Area_A and Area_B) may explain the few differences found in terms of floristic composition. The floristic
results of this research reflect the contributions of the implemented restoration techniques, such as: Seeds
from soil transposition, direct sowing and green manuring; Propagules dispersed by planted trees and the
attraction of seed-dispersing fauna by zoochoric species (Viani et al., 2015; Silva et al., 2015; Corlett 2017;
Aslan et al., 2019; Fonseca & Martins, 2021). Seeds can be deposited at different depths in the soil, depending
on the quantity, weight and size of the seeds, however, several studies indicate a higher density of seeds in the
surface layers of the soil (Martins 2015; Miranda-Neto et al 2016; Menezes et al 2019; Balestrin et al., 2019;
Silva et al., 2021a; Martins et al., 2021). In this sense, understanding the relationship between the soil seed
bank and seed dispersal is critical to understanding the establishment of plant populations and community
dynamics (Aslan et al., 2019).

In Area_A (restoration by planting seedlings and nucleation techniques) there was a predominance of zoocho-
ric species and individuals. On the other hand, in Area_B (restoration by planting seedlings only), anemocho-
ric species and individuals were predominant. The differences observed regarding the functional composition
of the species between the areas showed that the nucleation techniques (soil transposition and direct seeding)
contributed to the increase in the diversity of zoochoric species in the area and can be used as complemen-
tary techniques for enrichment in projects of forest compensatory restoration in pasture areas and areas in
the bauxite mining environment (Martins 2018; Martins et al., 2020; Onésimo et al., 2021; Fonseca 2021).
Zoochoric species in the soil seed bank are essential for attracting and maintaining propagule-dispersing
fauna, and thus can contribute to increasing ecological interactions in the area under restoration (Silva et
al., 2016; Corlett 2017; Martins et al., 2021; Fonseca 2021) and for increased regeneration in early stages, as
indicated by studies conducted in the Atlantic Forest (Viani et al., 2015; Camargo et al., 2020). Thus, seed
dispersal is key to maintaining biodiversity (Corlett 2017), especially in tropical regions, where 50-90% of
tree species are dispersed by animals (Sarmento et al., 2021).

The restoration techniques used were also efficient to improve soil chemical parameters, mainly in terms of
total-N, soil organic matter and base saturation. In Area_A, there was an increase of 2080% in MO levels,
868% in total-N and 133% in base saturation (V%), while in Area_B there was an increase of 760% in MO,
600% in total-N contents and 94% in base saturation. The superiority of the values observed in Area_A is
probably related to the transposition of topsoil, since the litter is the main route of transfer in the flow of
nutrients, provides improvement in soil fertility and contributes to the sustainability of the forest (Silva et
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al., 2015).

Although the two plant communities analyzed in this study (Area_A and Area_B) show similar species
richness pattern, differences in species dominance and uniformity were observed, which can directly influence
the plant assembly community, natural succession and ecological restoration (Chao et al. 2014, Mori et al.,
2018; Adjalla et al., 2022). The dendrogram analysis is a key information for the biodiversity conservation
that highlights the relative importance of groups (dispersion syndrome and successional category) and their
ecosystem services and ecological functionality (Aslan et al., 2019; Akcakaya et al., 2020; Larson & Suding,
2022). These clusters occur because many zoochorous species may be dispersed under nests or along routes
used by birds and frugivorous animals (Corlett 2017; Martins et al., 2021). In addition, the early successional
groups (pioneers and early secondaries) corroborates that remain dormant in the seed bank, (Balestrin et
al., 2019). Thus, evaluating functional identity and trait composition should be a premise to select species
during tropical forest restoration (Campanharo et al., 2021). For example, specifically, autochoric dispersal
and nitrogen-fixing trees species as biomass dominant groups have an important role during forest restoration
on mining tailings (Campanharo et al., 2021). These groups can be an indicator to the context-dependent
conditions of each study area (i.e., edaphic conditions, luminosity, soil fertility) and mainly to the restoration
techniques implemented in each area.

Thus, the evaluation and monitoring of the soil seed bank is essential to understand the changes that
occur along the secondary succession in tropical forests. In this context, trait-based approaches allow a
better understanding of the forest biodiversity and ecosystem biodiversity recovery (Sarmento et al., 2021;
Campanharo et al., 2021). Thus, knowledge the patterns of biodiversity in the soil seed bank is essential for
land use planning, for defining conservation and restoration policies and for choosing the most appropriate
techniques in different mining sceneries (Martins 2018; Martins et al., 2020; Martins et al., 2021; Fonseca
2021; Larson & Suding, 2022). Thus, it is observed that in early stages, restoration techniques positively
influence the functional composition of the seed bank species. In addition, nucleation as a complementary
technique contributed to increasing the species richness dispersed by animals, which can accelerate the
forest recovery. Thus, the functional characterization of soil seed banks and their relationship with different
restoration techniques can provide essential information on the ecological mechanisms that guide successional
dynamics.

CONCLUSIONS

The soil seed banks of the two studied areas are floristically relatively similar (pioneer species and individuals,
herbaceous and of native origin were the dominant groups), showing higher potential for natural regeneration.
However, the greater species richness and abundance of zoochoric individuals in Area_A demonstrates that
nucleation techniques, such as topsoil transposition and direct seeding are suitable and fast to biodiversity
recovery.

In early successional stages, restoration techniques are more determinant in the functional composition than
in the floristic composition of the soil seed bank. The knowledge of the diversity pattern and the functional
groups (successional category and dispersion syndrome) of the soil seed bank provides information on the
mechanisms that guide the successional dynamics and is fundamental for the evaluation and monitoring of
areas in the environment of bauxite mining. The forest restoration techniques applied in both areas have
promoted rapid forest cover.
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