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Amazonian dark earths enhance
the establishment of tree species
in forest ecological restoration
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Solange dos Santos Silva1, Aleksander Westphal Muniz2,
Rogério Eiji Hanada3 and Siu Mui Tsai1

1Cell and Molecular Biology Lab, Center for Nuclear Energy in Agriculture, University of São Paulo,
Piracicaba, Brazil, 2Western Amazon Agroforestry Research Center, Brazilian Agricultural Research
Corporation, Manaus, Brazil, 3General Coordination of Research, Training and Extension, National
Institute for Amazonian Research, Manaus, Brazil
Introduction: Deforestation of areas for agriculture and cattle breeding is the

leading cause of ecological degradation and loss of biodiversity. The solution to

mitigate these damages relies on techniques that improve soil health and the

microbial quality of these degraded areas. Here, we demonstrate that the high

nutrient and microbiological contents of Amazonian Dark Earths (ADE) can

promote the development of trees used in ecological restoration projects.

Methods:We used degraded soil from crops as control and ADE from the Central

Amazon to conduct the experiment, using 20% of ADE as inoculum in degraded

agricultural soil. Our goal was to assess whether a small amount of ADE could

promote changes that improve plant development similar to its growth under a

100%ADE. We simulated conversion from pasture to forest restoration area by

planting U. brizantha in all pots. After 60 days, we removed it and planted

Cecropia pachystachya, Peltophorum dubium, and Cedrela fissilis.

Results: Our results demonstrated that both 20%ADE and 100%ADE treatments

increased pasture productivity and, consequently, soil carbon stock. Also, in

these treatments, P. dubium and C. fissilis had better growth and development,

with 20%ADE plants showing a performance similar to those planted in 100%

ADE. Both 20%ADE and 100%ADE showed similar numbers of taxa, being

significantly higher than in the control soil.

Discussion: The 20%ADE was sufficient to increase significantly the microbial

richness in the soil, providing several beneficial microorganisms to all tree

species such as Pedomicrobium, Candidatus Nitrososphaera, and members of

Paenebacillaceae. Nevertheless, C. pachystachya, a common pioneer tree in the

Amazonian Forest showed a small response even to 100%ADE with a

corresponding lower taxa number than the other two species. In conclusion,

we point out that microbial structure remains very similar among plants but

dissimilar among treatments, highlighting the role of ADE as an enhancer of plant
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development and beneficial microbiota enrichment in the rhizosphere. The use

of 20%ADE was sufficient to alter the microbial community. Therefore, we

believe our data could contribute to speeding up forest restoration programs

by adopting new biotechnological approaches for forest restoration ecology.
KEYWORDS

degraded soil restoration, forest restoration, land use change, microbiota biodiversity,
tropical native trees
1 Introduction

The rising loss of forest cover is one of the key drivers of global

climatic changes. It is urgent to find and apply suitable and cost-

effective solutions to mitigate this problem (1). In Brazil, more than

189 hectares of forest were lost per hour in 2021, mainly due to

pastures opening for cattle breeding (2). Over 8% of the Amazon

rainforest was lost only to this practice in the last 33 years,

equivalent to the loss of eighteen trees per minute (3, 4).

Projects for the recovery of natural forests have increased in the

past decades, but are still insufficient and need more effort to

become reliable and efficient in the long term (5). Passive

restoration is the main restoration approach used in Brazil,

mainly due to land-use history and reduction of costs, but new

techniques and products that raise the restoration power and speed

lead to better perspectives in the future (6). Some of these

improvements rely on the adoption of active restoration, once

this approach accelerates and improves the canopy cover, species

density, and the number of trees in the forest environment (7).

Additionally, one of the most promising fields of study in plant

technology, and consequently active restoration, is the introduction

of microorganisms for promoting better adaptations in plants.

Several studies have investigated microorganisms with the

potential to improve plant growth (8), drought resistance (9), and

availability of nutrients (10), and the microbes that may enhance

restoration could be in their forests. It’s also already known the

potential of some trees to recruit nitrogen-fixing bacteria, increasing

the general soil fertility, proving that the interaction between plants

and microbes is a key factor for soil health (11).

The crucial point to prospect for these beneficial

microorganisms is to study the soils of the forest as they harbor a

wide diversity of species and functions that help the forest maintain

itself (12). Some examples are the Amazonian Dark Earths (ADE),

which are small portions of soil located close to rivers and ancient

populations’ habitations in the Amazon rainforest. The formation

of these soils is correlated with the human action of pre-Columbian

natives due to the presence of pottery artifacts, bones, and biochar

in their superficial layers (13, 14). For this reason, they present high

organic matter content, huge availability of nutrients, and no toxic

compounds (15, 16). Studies have revealed their potential to build a

suppressive soil that enhances plant growth and production as well

as inhibits pathogens and diseases (17).
02
Based on this, we compared the soil microbial shifts in the

transition from pasture to trees in ADEs and agricultural control

soil. We also measured the effects of the addition of 20% of ADE on

the control, aiming to map whether ADE can enhance the growth of

forest species to restoration and provide microorganisms of interest

to restoration in an environment of warm temperatures, as the first

step for a biotechnological solution for ecological restoration. We

hypothesized that the introduction of a small portion of ADE could

provide positive feedback and improve soil microbial health and

plant growth.
2 Materials and methods

2.1 Soil sampling

This study was registered in the Brazilian National System for

Management of Genetic Patrimonial and Associated Traditional

Knowledge (SISGEN) under the access number AD13FB3. Control

agricultural soil was collected from an experimental field of the

“Luiz de Queiróz” Superior School of Agriculture (ESALQ-USP)

located in Piracicaba-SP, Brazil (22°71’52’’W, 47°63’20’’ S). The soil

was characterized as sandy loam by the USDA classification system

(18). Dark Earths were collected in a secondary forest from the

Caldeirão Experimental Research Station from Embrapa Amazônia

Ocidental, located in Iranduba-AM, Brazil (60°23’00’’W, 03°26’00’’

S) and transported to the Cell and Molecular Biology Laboratory,

located at Piracicaba-SP, Brazil.

Soil samples from control and ADE initial soils were collected at

three random points in each area, 15 meters apart from each other.

We collected soil only from the arable layer of the soil (0–20 cm)

and soils from each area were mixed to generate a composed

substrate for downstream analysis.
2.2 Experimental design

For the experiment, the purpose was to mimic the transition of

pasture to restoration in a controlled vase environment. Thirty-six

4L pots (20 cm diameter, 16 cm height) were filled with 3 kg of soil,

12 of them with agricultural soil (Control), 12 with 100% Dark

Earths (100% ADE), and 12 with a mixture of Control and ADE in a
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proportion of 4:1 (20% ADE), according to the literature

recommendations for feedback experiments (19).

All pots were distributed in a completely randomized assay in a

greenhouse and then irrigated. After 48 h of acclimatization, for the

first phase of the experiment, we sowedU. brizantha seeds, the main

pasture species used in Brazil, in all pots to simulate pasture seeding.

Two weeks later, we normalized the number of plants per pot and

conducted this phase for 60 days. Posteriorly, we cut the grasses,

leaving only its roots in pots. For the second phase of the

experiment, those 36 pots with conditioned soils were divided

into three groups per soil with four pots each. Each four pots

group was used for the plantation of a primary species (Cecropia

pachystachya), a secondary species (Peltophorum dubium), or a

climax species (Cedrela fissilis), forming an arrange of 3 plants x 3

soils with 4 replicates per treatment. This second phase was

conducted for 90 days. The greenhouse temperature was kept at

33.7 ± 4.6 °C during the whole experiment, considering a scenario

of Earth heating due to climatic changes (20).

At the end of the second phase, we measured plant height, and

root size, and collected the aerial part of the plants to measure dry

matter production, the most important characteristic of measuring

plant development (19). Plant tissues were dried in oven at 60 °C for

48 h and then weighed. For each pot, the chemical and physical

properties of the soil were assessed through analyses performed by

specialized laboratory (Agrilab. Botucatu, Brazil), following the

methodologies suggested by van Raij and colleagues (21). The

parameters evaluated were the amount of organic matter

(oxidation), pH (CaCl2), phosphorus (resin), potassium (resin),

calcium (resin), magnesium (resin), aluminum (KCl), sulfur

(calcium phosphate), boron (hot water), copper (DTPA), iron

(DTPA), manganese (DTPA) and zinc (DTPA), and the soil

texture. We also collected vase soil for DNA extraction and for

downstream molecular procedures.
2.3 Molecular procedures

We extracted the whole genomic DNA from the final 36

experimental pots, as well as 4 replicates of each initial soil

(Control and ADE separated before the experiment start), totaling

44 different samples. The extraction was carried out with the

DNeasy PowerLyzer PowerSoil KitTM (Qiagen, Hilden,

Germany) following the modifications proposed by Venturini and

colleagues for tropical soils (22). DNA quality and concentration

were measured using the NanoDrop 2000c spectrophotometer

(Thermo Fisher Scientific, Waltham, MA, United States).

The V4 region of the 16S rDNA was amplified to access the

abundance of prokaryotes (bacteria and archaea) from samples by

using the updated primers 515F (23) and 816R (24). The paired-end

sequencing with 2 x 250 bp reads was performed in Illumina HiSeq

2500 platform. Both amplification and sequencing were performed

by Novogene Bioinformatics Technology using standard

approaches as defined by the Earth Microbiome Project (25). The
Frontiers in Soil Science 03
raw reads from this sequencing were deposited in the SRA under

the Bioproject PRJNA932330.
2.4 Data analyses

All statistical analyses related to the second phase of the

experiment were performed using the following design: three soils

(Control, 100%ADE, and 20%ADE), three tree species (C.

pachystachya, P. dubium, and C. fissilis), and four replicates.

All bioinformatics and statistical analyses were carried out in

the R environment (version 4.2) using the RStudio program

(version 2022.2.3.492) (26). All figures were produced using the

package ggplot2 (27). The whole scripts could be publicly found at

GitHub (https://github.com/FreitasAndy/freitasetal2023_FSC). As

the Shapiro-Wilk test showed the data did not fit in normal

distribution and we had few samples in each group (n < 30), it

was not possible to treat the data as normally distributed. Data was

not transformed or normalized to avoid misinterpretations.

Differences in plant production (dry mass, roots size, and plant

height) among groups were analyzed by Kruskal-Wallis followed by

post hoc Dunn test (28). In a similar way, differences in soil texture

and chemical properties (OM, pH, P, K, Ca, Mg, H, Al3, S, Cu, Fe,

Mn, Zn, sand, clay, and silt) among groups were analyzed by

Kruskal-Wallis post hoc Dunn test (28).

For the microbial communities analysis, raw reads were analyzed

using the DADA2 pipeline (29), considering acceptable sequences

with a quality score greater than 30. Filtered reads were grouped into

amplicon sequence variants (ASVs) and matched to taxonomy using

the SILVA database v. 138.1 (30). The resulting ASV table was

imported into a phyloseq object (31) for downstream analysis. The

sequencing effort was measured by Good’s coverage (32).

We measured observed microbial diversity by calculating the

number of different taxa identified in each soil sample and

measured the dominance of samples by calculating the inverse

Simpson index (33), considering as different at confidence level of

95% by the Kruskal-Wallis test. For dissimilarity analysis, we

transform the dataset by a centered log-ratio, aiming to reflect the

compositional structure of the data (34). The data ordination

was made by the Euclidean distance and plotted the principal

coordinates on two axes. Significance was calculated by

permutational multivariate analysis of variance (PERMANOVA),

at the level of significance of 5%, using the adonis function from the

package vegan (35).

For taxonomic analysis, we plotted the phyla distribution for all

samples. We also performed the redundancy analysis (RDA) using

all chemical and sequencing data (at family level) as explanatory

variables for the dissimilarity (response variable) among samples,

aiming to find the key drivers for differentiation over the substrates

(Control, 20%ADE, and 100%ADE). Besides, we predicted the most

important genera for the classification of groups by using a random

forest analysis and estimated the functional abundance through the
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algorithm FAPROTAX (36). All these final analyses were carried

out in the microeco package (37).
3 Results

3.1 Control soil and ADEs have very
different chemical compositions

At the beginning of the experiment (before we planted the

plants), initial ADEs have shown higher amounts of nutrients than

the control soil. There was 3-fold more organic matter in ADE than

in control, besides higher amounts of magnesium, sulfur, and

potassium (Table 1). The levels of phosphorus in ADE were 30-

fold higher than in the control, followed by calcium (six-fold

higher), zinc, calcium (five-fold higher), iron, carbon, and copper
Frontiers in Soil Science 04
(four-fold higher). Additionally, the ADE’s mean pH was higher

and it has more sand and silt and less clay than the control. The only

nutrient which was depleted in ADE was manganese, for which the

control had a higher amount (9.6mg/dm³ vs. 2.0mg/dm³ from

ADEs). At the end of the experiment, after removing the plants,

these relations between the soil parameters and the treatments were

maintained with 100% ADE pots presenting higher levels of

nutrients than control as well as 20% ADE pots with intermediate

mean values for the same nutrients (Table 1).

3.2 Twenty percent of ADE improve
survival, growth, and mass production in
non-primary trees

The use of ADEs in vases was very successful in establishing and

growing plant trees. The initial U. brizantha produced more than
TABLE 1 Description of chemical variables for each treatment and initial soils.

Bulk (n=8) Cecropia pachystachya
(n=12)

Peltophorum dubium
(n=12)

Cedrela fissilis
(n=12)

Variable Ctrl 100%
ADE

Ctrl 20%
ADE

100%
ADE

Ctrl 20%
ADE

100%
ADE

Ctrl 20%
ADE

100%
ADE

Organic Matter
(g.dm-3)

13.6 ±
8.4

43.7 ± 2.9* 12.3 ±
2.4

24.3 ±
8.4

42.7 ±
8.7*

17.4 ±
2.6

20.5 ±
4.4

43.1 ±
12.6

14.4 ±
2.2

17.4 ±
2.3

42.6 ±
8.7*

pH (CaCl2) 5.5 ±
0.04

5.8 ± 0.03* 5.5 ±
0.06

5.7 ±
0.08

5.8 ±
0.09*

5.5 ±
0.09

5.8 ±
0.1*

5.6 ± 0.2 5.6 ±
0.04

5.7 ± 0.1 5.9 ±
0.02*

P (mg.dm-3) 10.9 ±
2.0

312 ± 8.7* 16.8 ±
2.6

125 ±
28.8

375 ±
101*

17.2 ±
3.0

149 ±
45.3

332 ±
95.9*

14.9 ±
1.4

125 ±
28.8

462 ±
52.1*

K (mmolc.dm-3) 1.26 ±
0.4

1.76 ± 0.0 1.41 ±
0.2

1.0 ±
0.04

0.6 ± 0.1* 1.3 ± 0.2 0.7 ± 0.2 0.7 ± 0.2* 1.3 ± 0.5 0.9 ± 0.1 0.7 ± 0.03

Ca (mmolc.dm-3) 19.1 ±
2.0

130 ± 1.7* 23.3 ±
2.72

43.6 ±
8.5

120 ±
41.3

23.4 ±
2.4

45.6 ±
9.0

105 ±
49.0*

22.8 ±
3.4

41.6 ±
6.7

130 ±
1.7*

Mg (mmolc.dm-3) 10.5 ±
1.3

12.1 ± 0.5 13.8 ±
3.0

12.0 ±
1.7

9.6 ± 1.3 14.2 ±
4.3

12.3 ±
1.2

10.1 ±
2.75

12.1 ±
2.6

11.6 ±
1.1

11.3 ± 1.0

S (mg.dm-3) 6.4 ± 1.6 9.3 ± 1.4 37.6 ±
7.6

60.8 ±
19.4

57.2 ±
15.8

51.2 ±
16.0

31.9 ±
2.0

50.6 ±
14.8

50.8 ±
6.9

52.3 ±
13.0

39.8 ±
20.0

B (mg.dm-3) 0.15 ±
0.05

0.17 ±
0.06*

0.12 ±
0.03

0.17 ±
0.6

0.16 ±
0.01*

0.5 ±
0.02

0.09 ±
0.02

0.17 ±
0.11

0.09 ±
0.03

0.18 ±
0.03

0.18 ±
0.06*

Cu (mg.dm-3) 0.5 ±
0.01

2.0 ± 0.3* 0.7 ± 0.1 1.1 ± 0.1 2.4 ± 0.7* 0.9 ± 0.4 1.2 ± 0.2 2.7 ± 0.6* 0.7 ± 0.1 1.1 ± 0.1 3.0 ± 0.2*

Fe (mg.dm-3) 8.4 ± 2.0 60.4 ± 6.8* 11 ± 2.2 20 ± 3.7 45.6 ±
19.1*

14.3 ±
2.8

19.3 ±
2.4

52 ± 9.7* 13.6 ±
2.5

17.8 ±±
5.0

66.2 ±
11.2*

Mn (mg.dm-3) 9.6 ± 0.2 2.0 ± 0.4* 18.8 ±
2.1

14.2 ±
1.3

5.9 ± 0.9* 20 ± 1.4 13.2 ±
2.6

6.6 ± 1.0* 20.2 ±
2.6

14.0 ±
2.4

7.2 ± 0.4*

Zn (mg.dm-3) 0.5 ±
0.09

5.2 ± 1.1* 1.7 ± 0.5 2.7 ± 1.1 5.5 ± 1.2* 2.5 ± 1.3 2.6 ± 0.7 6.0 ± 2.2 1.4 ± 0.4 3.0 ± 1.4 7.4 ± 0.9*

Sand (g.dm-3) 748 ± 6.1 786 ± 6.1* 750 ± 6.3 765 ±
12.7

782 ±
19.9*

757 ±
16.5

758 ±
3.37

768 ±
17.7

753 ± 5.6 760 ± 5.7 804 ±
27.2*

Clay (g.dm-3) 192 ± 0.4 132 ± 3.9 193 ± 6.4 182 ± 9.1 167 ±
34.0

192 ± 6.4 185 ± 7.4 176 ±
35.9

188 ±
11.4

207 ±
8.14

139 ±
10.9

Silt (g.dm-3) 59.8 ±
6.1

81.1 ± 8.5 56.1 ±
5.6

53.6 ±
11.6

50.4 ±
27.8

50.5 ±
14.2

56.5 ±
10.8

55.9 ±
20.9

58.1 ±
7.1

32.5 ±
11.0

57.0 ±
22.6
fro
Ctrl, Control. No amounts of aluminum were detected in the samples, being considered below the detection limit. *p-value ≤ 0.05 for the Kruskal Wallis test against the control. Significant values
are highlighted in italic.
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twice the dry matter cultivated with 20% of ADE and almost five

times more with 100% of ADE compared with the control

(Figure 1A). For the primary species C. pachystachya, no plant

has survived in control vases nor 20% of ADE vases, but all plants
Frontiers in Soil Science 05
have survived in only ADE pots. The secondary P. dubium survived

but had a minimum dry mass production in control pots. The

climax plant C. fissilis was the only one that survived well in the

control substrate (Figure 1B).
FIGURE 2

Frequencies of the ten most abundant phyla in each plant in each treatment. Bulk means the initial soils that were used to produce the studied
vases. The panels represent the average of phyla per sample.
D

A B

C

FIGURE 1

Evaluation of plant parameters for each Control, 20%ADE, and 100%ADE substrates in the experiment. (A) Dry mass production of U. brizantha cv.
Marandu after 60 days of seeding, at the end of phase I. (B) Dry mass production of C. fissilis, C. pachystachya, and P. dubium after 120 days of planting,
at the end of phase II. (C) Plant height of the same species in B after 120 days of planting. (D) Root length of species from B and C after 120 days. Boxes
span the first to third quartiles; the horizontal line inside the boxes represents the median. Whiskers extending vertically from the boxes indicate
variability outside the upper and lower quartiles, and the single black circles indicate outliers. All observations are significantly different from each other in
treatments, except root size (20%ADE x 100%ADE is not significant), by the Kruskal Wallis post hoc Dunn test at a significance level of 95%.
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All tested plants in phase 2 also had an increase in height and

dry matter production with the addition of ADE (Figure 1C). Even

in the 20%ADE treatment, the plants grew more and produced

more dry mass than plants in the control. However, the root size

was not significantly different among treatments for C. fissilis, and

although lower in control pots with P. dubium, there was no

difference between 20% and 100% of ADE (Figure 1D). In short,

all the additions of ADEs improved the growth and development of

trees under warm conditions.
3.3 The ADE inclusion increased microbial
diversity, and microbial distribution was
similar among treatments

The microbial communities differ in the initial soils (Control x

ADE before the experiment start), mainly driven by the lower levels

of Acidobacteria in ADE compensated by the higher levels of

Firmicutes. This pattern was maintained at the end of the

experiment, independently of the tree planted in the pot.

Generally, there were few differences in the phyla distribution

among treatments neither between the beginning and end of the

experiment (Figure 2).

The diversity level was similar between ADE and Control at the

experiment start, but decreased with the addition of plants on them,

mainly in the control at the end of the experiment. Besides, in all

pots with 20% or 100% of ADE, there were more microbial taxa

than in the control with the same plant (Figure 3B). The effect of

ADE is also seen in the beta diversity analysis when almost all

samples with 100% ADE group together and the 20%ADE group

formed a cluster between the two groups (Figure 3B). The effects of
Frontiers in Soil Science 06
substrate and trees were low, but significant to separate the groups

(R2 = 0.11, p-value = 0.001). Initial samples were the most distant

from the center of dispersion and among themselves, whereas

all plants tended to group but were separated by the

substrate (Figure 3B).
3.4 The ADE effect on plants is driven by
both nutrients and microbes

The redundancy analysis showed that 100%ADE microbial

communities were highly correlated with the nutrient amounts,

mainly Zn, Cu, Ca, and P, independently of the tree planted

(Figure 4). The grouping of these pots was also driven by the

families Paenibacillaceae, Planococcaceae, Micromonosporaceae,

and Hyphomicroblaceae. On the other hand, the control was

more driven by the amounts of K and Mg, as well as by the

abundance of the families Nitrososphaeraceae, Gaiellaceae,

Solirubrobactereaceae, 67-14, and Nocardioidaceae (Figure 4). As

shown in beta diversity analysis (Figure 3B) the 20% ADE group

grouped between Control and 100% ADE, representing the

intersection of the other two substrates.

The random forest analysis has found that members of these

families could be used as biomarkers of the substrate. The main

biomarkers of the control are archaea from the family

Nitrososphaeraceae: Candidatus Nitrocosmicus (Figure 5). Gaiella,

Labrys, Nocardioides, RB41, and Actinomycetospora are also

biomarkers for the control. For 100%ADE, the main biomarker

was Candidatus Nitrosphaera, also an archaeon from the family

Nitrososphaeraceae (Figure 5). Actinomadura, Luedemannella,

Microbispora, and Pedomicrobium were also important markers
A B

FIGURE 3

Diversity analysis of samples. (A) Alpha diversity. Observed diversity (represented by the total number of ASVs observed) of microbial communities in
each group. There are no significant differences among plants, but control communities have less diversity in all C. pachystachya, P. dubium, and
C. fissilis (p < 0.05 in Kruskal Wallis post hoc Dunn test. (B) Beta diversity. Overall comparisons of samples based on principal coordinate analysis
(PCoA) measured by the Euclidean distance. Points closer to each other represent similar microbial communities, while points farther from each
other represent dissimilar microbial communities. The statistical significance for the differences among both substrate and tree species was
calculated by perMANOVA and is shown in the figure.
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of ADE. Finally, only Aeromicrobium was a biomarker of the 20%

ADE treatment.

Looking at the functional profiles, the only process with a

difference among treatments is nitrogen fixation. The control soil

presented more nitrogen-fixing bacteria than ADE, and this pattern

was kept in P. dubium pots, which had fewer nitrogen fixers when

grown in 100%ADE than in the control. However, this pattern was

reverted by C. fissilis, which had higher abundance of nitrogen fixers

in 100% ADE pots than in control (Table 2). The other functions

(methanogenesis, methanotrophy, hydrocarbon degradation,
Frontiers in Soil Science 07
fermentation, nitrification, and denitrification) had no difference

either among treatments or compared with initial samples.
4 Discussion

The improvement in restoration ecology starts with works that

attempt to find insights into the environment to produce useful

knowledge. Here, we present the Amazonian Dark Earths as a

source of improvements to restoration by enhancing tree plant

growth over warm temperatures. Our results suggest that both

nutrient and microbial contents drive those improvements.

The reported huge amount of nutrients in ADEs (Table 1) is

coherent with recent works that attempted to map chemical

patterns in this type of soil. High levels of P, Ca, Mg, and Zn

were found in ADE forest soils all over the Amazon, highlighting

the homogeneity of this soil formation and its potential as a

restoration enhancer (15, 38, 39). First, the inclusion of at least

20% of ADE in the soil has improved U. brizantha production

(Figure 1), the most used forager in Amazonian pastures (40),

increasing the capacity of the system to produce biomass. Higher

production of U. brizantha could be positive either by the

increasing availability of animal food in future agroforestry

systems as well as by the benefits of this grass such as carbon

sequestration, soil coverage, and recruitment of mycorrhizas,

enhancing the general soil quality for downstream approaches

(41). Those benefits are still bigger considering a temperature

increase, as we conducted in the experiment and as the Earth is

going for (42).

The ADE addition followed by the growth of U. brizantha also

increased the development of the three tree species studied. The
A B

FIGURE 5

Random forests analysis for biomarkers of each substrate. (A) The 15 most important microbial genera for the classification of each group. (B) The
relative abundance of each one of these genera in each substrate. Data are shown in mean ± standard deviation.
FIGURE 4

The first two dimensions of the ordination space from redundancy
analysis ordination (RDA) for variables related to the vase’s chemistry
and microbial composition at the family level. Colors indicate the
substrate and shapes indicate the tree species.
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primary species C. pachystachya couldn’t even establish in control

or 20%ADE treatment. Cecropia species use to grow up in glades,

starting natural processes of recovery (43). However, as we saw

here, their potential to survive in warmer conditions could be

affected. Even though the annual temperature range in the

Amazon rainforest is between 22 and 28 °C, studies have shown

an increase of 0.18 °C per decade in the Earth’s average temperature

since 1981, leading to each year warmer scenarios as well as the

most extreme one we tested here (44). For the other species, both P.

dubium and C. fissilis were able to grow in control but produced

much more dry matter with the addition of ADE (Figure 1). In fact,

the use of non-primary species is recommended for restoration

since they can accelerate the process, by improving soil quality and

recruiting wildlife (45, 46).

The main reasons for the success of plants in ADE may rely on

both nutrient content and specific microorganisms. The huge

amount of Ca, OM, Zn, and Cu has already been shown to

improve the growth of many Amazon trees (47). Besides, native

people from the Amazon have used the ADE to plant food over

centuries, and don’t need fertilization for the plants (38). The ADE

is also known to present a stable microbial community all over the

sites in the forest, very often dominated by a few fungal taxa and

soil-borne bacteria (39, 48). In our data, it is clear the microbial

differentiation between control soil and ADEs soils. The increase in

Firmicutes in initial ADE was kept independent of the plant in the

pot, as well as the decrease of Actinobacteriota (Figure 2). Those

patterns may be due to the soil origin since Firmicutes are lactic acid

bacteria correlated to pathogen protection in forests (ADE used

came from a secondary forest) and Actinobacteriota is one of the

main phyla present in the rhizosphere of crop plants (control came

from an agricultural soil) (9, 49). We also reported a decrease in

diversity for all plants in the control (Figure 3A). However, for ADE

and 20%ADE there was no decrease in observed diversity when we

compared ADE plants with initial ADE, supporting the current

theory that plants shape the microbial community around the roots

by selecting those that are beneficial to them (50, 51).

The microbial community selected by each species was

similar, but different when considering each treatment
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(Figure 4). The family Paenibacillaceae, for example, was one of

the most influential taxa to identify and separate ADE samples

from other groups. This family includes microorganisms that

produce biopesticides and enhance plant growth, which may

help the plants in the restoration process (52). In fact, the

Paenbacillaceae genera Brevibacillus and Thermobacillus were

associated with ADE pots (Figure 4) and are known by their

potential as plant growth-promoting rhizobacteria, biocontrol

agent against plant diseases and the decomposition of biomass

(53, 54). Besides, archaea from the genus Candidatus

Nitrososphaera were the main taxa for classifying ADE pots.

This genus is an ammonia-oxidizing genus that could resist high

levels of heavy metals (55). Finally, many other beneficial genera

were found as increased in ADE pots, i.e. the manganese-oxidizing

Pedomicrobium, and the complex organic compounds degrading

Luedemannella (56, 57).

Alternatively, control samples are closest defined by the

phylogenetically related families Gaiellaceae, Nocardioidaceae,

Solirubrobactereaceae, and 67-14, all of them composed of Gram-

positive aerobic bacteria from the phylum Actinobacteriota (58, 59).

These differences were inherited from the initial soils when the

control presented more Actinobacteriota than ADE in response to a

decrease in Firmicutes and kept in all plants at the end of the

experiment (Figure 2).

In short, our data point to a mixture of soil nutrients and

adapted microorganisms to improve the establishment of plant

trees in restoration. ADEs provide a wide range of organic matter,

chemical compounds, and microorganisms that enhance plant

development and may be used as biotechnological solutions in

restoration ecology.
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TABLE 2 Differences in predicted microbial functions between groups.

Process p-value* Significant Differences**

Methanotrophy 0.44 –

Methanogenesis 0.10 –

Nitrification 0.11 –

Denitrification 0.50 –

Fermentation 0.08 –

Nitrogen Fixation 0.01 Initial ADE x Initial Control (0.20 ± 0.04 x 0.30 ± 0.04)
Cedrela 100%ADE x Cedrela Control (0.28 ± 0.05 x 0.33 ± 0.07)

Peltophorum 100%ADE x Peltophorum Control (0.24 ± 0.04 x 0.34 ± 0.05)

Hydrocarbon degradation 0.32 –
Microbial functions were predicted by the FAPROTAX algorithm. *p-value calculated by the Kruskal Wallis test. **Data shown as mean abundance ± standard deviation. We considered as
significant differences between two groups if the p-value for the Dunn Test post hoc was lower than 0.05.
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