Research Article
B8 BIZ/iera59 80

vol, 13, vo, 25-79

doII05

Effect of restoration methods on natural regeneration in the Brazilian

Atlantic Forest

Heron Casati Fernandes ‘",
Adriana P Manhaes @,

Jorge M Alonso @,

Dulce Mantuano @,

Adriana MZ Martini @,
Mariana Machado Saavedra ®,
Moab T Andrade ?,

Jerdnimo BB Sansevero "

1 (1) Universidade Federal Rural do Rio de
Janeiro - UFRRJ, Programa de Pds-Graduagao
em Ciéncias Ambientais e Florestais - PPG-
CAF, Seropédica, RJ (Brazil); (2) Universidade
Federal do Rio de Janeiro - UFRJ, Departa-
mento de Botanica, Rio de Janeiro, RJ
(Brazil); (3) Empresa Brasileira de Pesquisa
Agropecuaria (EMBRAPA - Solos), Rio de
Janeiro (Brazil); (4) Universidade de Sao
Paulo - USP, Departamento de Ecologia, Sao
Paulo (Brazil)

@ Heron Casati Fernandes
(heroncasati@hotmail.com)

Received: Mar 06, 2024 - Accepted: Nov 05,
2024

Citation: Casati Fernandes H, Manhaes AP,
Alonso JM, Mantuano D, Martini AMZ,
Saavedra MM, Andrade MT, Sansevero JBB
(2025). Effect of restoration methods on
natural regeneration in the Brazilian Atlantic
Forest. iForest 18: 23-29. - doi:
10.3832/ifor4598-017 [online 2025-02-15]

Communicated by: Michele Carbognani

Climate change and ecosystem degradation have achieved unprecedented lev-
els nowadays. In this context, assessing restoration projects to recover native
vegetation and ecosystem services is fundamental to understanding the suc-
cess of these initiatives. This study evaluated the effects of different restora-
tion techniques on the basal area, diversity, and composition of regenerating
and planted species in a restoration area in the Atlantic Forest, Southeast
Brazil. The experiment consisted of three treatments: row planting (ROW, 2 x
2 m spacing); nucleation (NUC, 13 individuals/nucleus, 5 x 5 m spacing); and
control with passive restoration (PAS). The active restoration techniques had
different planting densities at project implementation (NUC: 5,200 seedlings
ha'; ROW: 2,177 seedlings ha™). A floristic survey was carried out within 8
sampling units (15 x 15 m) per treatment 10 years after implementation of the
project, including all planted and regenerating individuals with a diameter at
ground level > 2.5 cm. The abundance, basal area, and species richness of the
planted and regenerated communities were estimated. The active restoration
techniques (ROW and NUC) resulted in higher values of basal area, abundance
and species richness compared to passive restoration (PAS). A higher abun-
dance of natural regeneration was observed in ROW than in NUC. Additionally,
the rarefaction curves suggested a trend toward higher diversity indices in
ROW. Regarding the successional trajectory, greater variation in species com-
position was observed in ROW after 10 years of planting. The species composi-
tion was similar in ROW and NUC and differed from the composition in PAS.
The species identified as indicator species in each treatment were Annona
glabra L. in ROW, Trema micranthum (L.) Blume in NUC, and Vernonanthura
polyanthes (Sprengel) Vega & Dematteis in PAS. Our study revealed that active
restoration techniques, such as seedling planting in rows and nuclei, were
more effective in restoring ecological indicators than passive restoration.
These results emphasize the importance of restoration techniques in enhanc-
ing plant community diversity and structure in the Brazilian Atlantic Forest.

Keywords: Restoration Ecology, Tree Planting, Nucleation, Ecological Indica-
tors, Biodiversity
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Introduction

Ecological restoration has become a glob-
al strategy to cope with climate change,
ecosystem degradation, and biodiversity
loss (Chazdon et al. 2017, Brancalion et al.
2019a). It is, therefore, part of the interna-
tional agenda of nature-based solutions (Di
Sacco et al. 2021). In tropical regions, eco-
logical restoration is a tool that can pro-
mote the recovery of biodiversity and the
reestablishment of ecosystem services,
such as carbon sequestration (Gardon et al.
2020). In Brazil, there has been a significant
increase in ecological restoration initiatives
and research in the last 30 years, especially
concentrated in the Brazilian Atlantic For-
est (Joly et al. 2014, Guerra et al. 2020). The
history of environmental degradation, hab-
itat loss and fragmentation and the high
number of endemic species make the At-
lantic Forest a priority hotspot for biodiver-
sity conservation (Joly et al. 2014) and res-
toration (Zupo et al. 2022). Furthermore,
approximately 70% of the Brazilian popula-
tion is concentrated within the area of this
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biome, further stressing the need for eco-
logical restoration, because the mainte-
nance of human well-being depends on the
provision of ecosystem services (Cecilio et
al. 2021).

One of the major challenges for ecologi-
cal restoration projects is the assessment
of the restoration success (Ruiz-Jaen &
Aide 2005, Wortley et al. 2013, Oliveira et al.
2021). Forest structure, species diversity,
and species composition are fundamental
indicators for assessing success (Oliveira et
al. 2021) and the combination of different
indicators has been pointed out as an ef-
fective approach to evaluate the succes-
sional trajectories and restoration success
(Wortley et al. 2013, Manhées et al. 2022). It
is also important to evaluate the effect of
different restoration techniques on the
success of restoration, since studies have
demonstrated that different techniques
can lead to divergent results (Bechara et al.
2016, Meli et al. 2017, Chazdon et al. 2021,
Jakovac et al. 2024). This knowledge is cru-
cial for facilitating decision-making, en-

iForest 18: 23-29


http://www.sisef.it/iforest/contents/?id=ifor4598-017
http://www.sisef.it/iforest/contents/?id=ifor4598-017
mailto:heroncasati@hotmail.com

>
S
ey
wv
()
1)
o
L.
o)
c
(4]
wv
]
v
c
AL
194
wv
o
)
°0
2
0
I
)
w
)
S
)
=

Casati Fernandes H et al. - iForest 18: 23-29

Brazil

hancing project effectiveness, and guiding
the development of ecological restoration
strategies at various scales (Wortley et al.
2013).

The present study evaluated the effect of
different ecological restoration techniques
on the basal area, species diversity and
species composition of an area of Brazilian
Atlantic Forest 10 years after the imple-
mentation of the project, considering the
planted individuals and natural regenera-
tion. Two different methods of planting na-
tive tree seedlings (rows and nucleation)
were analyzed, along with passive restora-
tion. Active restoration strategies tend to
accelerate the recovery of vegetation
structure (Zahawi et al. 2013, Holl et al.
2020), while the good performance of pas-
sive restoration depends on favorable envi-
ronmental conditions and the landscape
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Fig. 1- Experimental area at the
Monteiro Lobato Gas Treatment
Unit (UTGCA/Petrobras) in
Caraguatatuba, S3o Paulo,
Brazil.

Projection: Transverse Mercator

Author: Angelo Mantovani
Date: 08/08/2024
Sources: IBGE (2022)

Plots Allocation Schematization - Caraguatatuba - SP
eographic Coordinate System: SIRGAS 2000 UTM Zone 23§

Organization: M.Sc. Heron Casati Fernandes

context (e.g., proximity to forest frag-
ments, low soil degradation, absence of
fires — Crouzeilles et al. 2017, Mata et al.
2022). Thus, the specific objectives of this
study were: (i) to test the effect of differ-
ent ecological restoration techniques on
the basal area, species diversity and spe-
cies composition 10 years after planting; (ii)
to test the effect of these different tech-
niques on natural regeneration (abun-
dance, richness and composition); (iii) to
evaluate the successional trajectory by the
comparison of the floristic composition at
the initial phase (project implementation)
and 10 years after planting. We believe that
our study makes relevant contributions to
understanding the role of restoration tech-
niques and the importance of monitoring
for assessing the success of ecological
restoration projects.

Row planting

-

Fig. 2 - Schematic representation of the subplots (15 x 15 m) within the plots where
the nucleation (NUG, left) and row planting (ROW, right) treatments were established
in an experimental area at the Monteiro Lobato Gas Treatment Unit (UTGCA/Petro-
bras), Caraguatatuba, S&o Paulo - Brazil. On the left, the NUC treatment with 9 nuclei
(5 x 5 m) in the subplot (N = 117 / 225 m?2). On the right, the ROW treatment (2 x 2 m)

with 49 pits in the subplot (N = 49 / 225 m?).
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Material and methods

Study area

The study was conducted in an experi-
mental planting area within a section of
the permanent preservation area of the
Monteiro Lobato Gas Treatment Unit (UT-
GCA/Petrobras). The site is located at coor-
dinates 23°39'27.70" S and 45°30' 17.49" W
on the southeastern coast of Brazil, be-
tween the Serra do Mar mountain range
and the ocean, in the municipality of
Caraguatatuba, Sdo Paulo (Fig. 1). The ex-
perimental area spans 6.5 ha in a strip of
land 50 m wide and 1.3 Km long, serving as
a restoration site for the riparian forest of
the Juqueriqueré River. According to the
Koppen classification (Alvares et al. 2013),
the region’s climate is classified as Af (Hu-
mid Tropical) with an average annual tem-
perature of 22.79 °C, characterized by the
absence of a defined dry season and heavy
rainfall during the summer. The soil compo-
sition varies, with some areas containing
slightly more clay due to past landslides,
though sandy soils typical of coastal plains
predominate. According to vegetation
maps from IBGE (Veloso et al. 1991), the
area is part of the Brazilian Atlantic Forest,
situated in a microregion that transitions
between restinga forest (sandy coastal
plains) and Lowland Tropical Forest.

Experimental design

The experiment was implemented in 2012
through a partnership between UTGCA/
Petrobras and the Laboratory of Tropical
Forest Ecology (Lab-Trop - IB/USP). The ex-
perimental design consisted of eight blocks
of three 20 x 50 m plots (Fig. 1 and Fig. 2),
each plot containing one treatment. The
three treatment types were systematically
arranged in the same order within each
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block. The treatments consisted of three
restoration methods: a control with pas-
sive restoration (PAS) and two active plant-
ing systems, namely, row planting (ROW)
and nucleus planting (NUC). Row planting
(ROW) was conducted with a 2 x 2 m spac-
ing, and nucleus planting (NUC) witha 5 x 5
m spacing between nuclei, using 13 species
per nucleus (five pioneer and eight non-pi-
oneer species), with a 30 cm spacing be-
tween seedlings (Fig. 1 and Fig. 2). The
restoration project implemented in the
permanent preservation area of the Mon-
teiro Lobato Gas Treatment Unit included
other plots established within each block
destined for fertilization experiments,
which are not the focus of our present
study. For collection of floristic data, we
systematically established one subplot
measuring 15 x 15 m (0.54 ha) in the center
of each plot, thus far from the edges of the
plot for minimizing the influence of the ad-
jacent treatments (Fig. 2). Data collection
was carried out in 2022, 10 years after the
project implementation. We collected data
on abundance, basal area, species richness,
and species composition based on all indi-
viduals with diameter at soil level (DSL) =
2.5 cm within each subplot and analyzed
them according to the origin of the plants
in each treatment: planted community or
natural regeneration. This analysis was pos-
sible through the identification of individu-
als planted in 2012. Thus, our study allowed
us to analyze the relationship between the
planted and the natural regeneration com-
munities. The subplots demarcated within
the plots included 49 planted individuals in
the ROW treatment and 117 planted individ-
uals in the NUC treatment (Fig. 2), which is
a reflection of the different planting densi-
ties employed in the active restoration
techniques at the moment of implementa-
tion of the project (NUC: 5,200 seedlings
ha'; ROW: 2,177 seedlings ha"). Control of
invasive exotic grasses, such as Urochloa
sp. and Melinis minutiflora P. Beauv., was
achieved through mechanical weeding be-
tween the rows of planted areas until 2018,
which was the sixth year of restoration. In
contrast, the control the growth of exotic
grasses in the PAS treatment involved only
selective mechanical weeding, avoiding the
cutting of woody plants, over a period of
10 years.

Data analysis

The data analysis initially included the en-
tire community observed in each plot, com-
prising both planted and regenerating indi-
viduals in active restoration treatments
(ROW and NUC) and only regenerating in-
dividuals in passive restoration (PAS), since
no planting was conducted in the later
treatment. Linear and negative binomial
generalized linear models were fitted with
and without blocks as a random effect to
evaluate abundance and species richness
data, and linear models with or without
blocks as a random effect were fitted to
evaluate basal area data. Models were
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compared using Akaike (AIC) and Bayesian
(BIC) information criteria. We also per-
formed a likelihood-ratio test to compare
the goodness of fit of models with and
without blocks as a random effect. When
no difference was observed, we chose the
simpler model. For all three variables, lin-
ear models without block as a random ef-
fect showed the best results. Thus, an
ANOVA was conducted and the residual
normality and homoscedasticity assump-
tions were checked graphically. When the
ANOVA F-test indicated a difference, the
Tukey’s multiple comparison test was used
to compare treatment means. All these
analyses considered a significance level of
5%.

For the active restoration treatments, we
conducted further analysis to evaluate the
interaction between restoration methods
(ROW and NUC) and the origin of the
plants (planted community or natural re-
generation). For abundance and species
richness, linear, Poisson, and negative bi-
nomial GLMs were fitted with or without
blocks as a random effect. For basal area,
linear models with or without blocks as a
random effect were fitted. Models were
compared using the AIC and BIC, and a like-
lihood-ratio test was conducted to com-
pare the goodness of fit of models with or
without blocks as a random effect. A Pois-
son GLM without blocks as a random effect
was used to assess abundance and rich-
ness, and a linear model without blocks as
a random effect was used for the basal
area. The models’ assumptions were evalu-
ated through graphical analysis. The signifi-
cance of the coefficients was tested using
the Wald test for the Poisson GLM and the
t-test for the linear model.

The analyses were performed using the R
statistical software version 4.4.1 (R Core
Team 2024), its base functions and pack-
ages, and functions of the “ExpDes.pt”
(version 1.2.2, 2021), “Ime4” (original ver-
sion, 2015), and “emmeans’ (version 1.10.1,
2014) packages. Boxplots were made with
the “ggplot2” (original version, 2016) pack-
age. Differences in species richness were
also evaluated through rarefaction curves
based on three Hill numbers, where the ar-
gument q refers to the Hill-number family:
0 = species richness, 1 = Shannon diversity,
and 2 = Simpson diversity. The analyses and
graphs were created using the “iNEXT”
and “ggplot2” packages in the R software.

A principal coordinate analysis (PCoA)
was used to visualize the differences in the
successional trajectory in terms of species
composition and abundance, using Bray-
Curtis distance matrices for ordination of
the composition (Da Silva et al. 2022) in the
R software, using the “ggplot2” package
to create the graphs. To evaluate the differ-
ences in the successional trajectory be-
tween ROW and NUC, we compared the
species composition in these treatments at
the beginning of planting (T,) and 10 years
after planting (T,). To represents the spe-
cies composition formed by the planted

seedlings. In contrast, T,, represents the
changes in species composition influenced
by the mortality of planted individuals and
the recruitment of individuals during natu-
ral regeneration. Species can serve as true
symmetric indicators, providing valuable in-
sights into the groups and characteristics
of a given area (Da Silva et al. 2022). We
employed the Indicator Value Index (Ind-
Val) to identify indicator species within
each restoration technique. This index
combines the relative frequency and rela-
tive abundance of the species to calculate
an Indicator Value, which is tested for sta-
tistical significance using Monte Carlo ran-
domization (Da Silva et al. 2022). IndVal cal-
culations were performed using the “indic-
species” package (De Caceres & Legendre
2009) in the R software, with the signifi-
cance threshold set at p < 0.10.

Results

Planted and naturally regenerating
communities

The analysis of the communities consider-
ing planted and regenerating individuals
showed significantly higher abundance in
NUC (51.25 # 12.27) followed by ROW (36.5
+ 7.63) and PAS (11.62 *+ 10.98) (Fig. 3A).
There were no significant differences in
basal area and species richness between
ROW and NUC, but both exhibited higher
values than PAS (Fig. 3C and Fig. 3E). In
NUC and ROW, we observed an interaction
between the treatment and plant origin
(planted or regenerated) for abundance
and basal area (see Fig. 3B and Fig. 3F), but
not for richness (see Fig. 3D). Abundance
and basal area of planted individuals were
greater in NUC than in ROW. A reversed
pattern was seen when only the natural re-
generation was evaluated: abundance and
basal area were higher in ROW than in
NUC. The rarefaction curves showed that
active restoration (ROW and NUC) resulted
in higher values of all diversity indices -
species richness, Shannon, and Simpson -
compared to passive restoration (Fig. 4A).
However, when considering only the natu-
ral regeneration, the rarefaction curve re-
vealed no significant difference among the
active (ROW and NUC) and passive (PAS)
restoration techniques. PAS and NUC had
similar Shannon and Simpson index values,
while PAS differed from ROW in these di-
versity measures (Fig. 4B).

Successional trajectory of the species
composition

A total of 795 individuals, including regen-
erating and planted individuals, were re-
corded, representing 51 species from 25
botanical families (see Tab. S1 in Supple-
mentary material). NUC had the highest
number of species (45 species), followed
by ROW (43 species), and PAS (14 species).
When considering only the natural regener-
ation, the differences in the number of
species among treatments were marginal
(ROW: 21; NUC: 17; PAS: 14 — Tab. S1in Sup-
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Fig. 3 - Abundance, richness, and basal
area of the community (A, G, and E) in
different restoration techniques, specifi-
cally for the active restoration (B, D, and
F) considering the interaction between
restoration techniques and the origin of
the plants in an area under forest
restoration for ten years in
Caraguatatuba, Sao Paulo,Brazil. For
community (A, C, and E), means fol-
lowed by different letters differ from
each other by the Tukey test (p < 0.05).
For abundance (B) and basal area (F) in
active restoration, means followed by a
different uppercase letter inside a panel
and by a different lowercase letter
between panels differ from each other
by the Wald and F test (p < 0.05),
respectively. For richness in active
restoration (D) the origin of the individ-
ual means followed by different letters
differ from each other by the Wald test

(p <o0.05).
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Fig. 4 - Individual-based rarefaction curves of the whole community (planted + natural regeneration) (A) and considering only the
natural regeneration (B), showing the three Hill numbers (q = o for species richness, g = 1 for Shannon diversity, and q = 2 for Simp -
son diversity) for the row planting (ROW), nucleation (NUC), and passive restoration (PAS) treatments in an experimental area at
the Monteiro Lobato Gas Treatment Unit (UTGCA/Petrobras), Caraguatatuba, S&o Paulo, Brazil.

26

iForest 18: 23-29



plementary material). The analysis of the
successional trajectory over 10 years after
establishment of the experiment revealed
a high floristic similarity between the two
active restoration treatments at the time
of planting (T,) and a trend of dispersion
over time (T,, - Fig. 5a). However, consider-
ing the differences in seedling density of
each technique (NUC: 5,200 seedlings ha*;
ROW: 2,177 seedlings ha"), higher mortality
in absolute numbers was observed in NUC
(NUC: 3,475 ha'; ROW: 1,372 ha' - Tab. S2/in
Supplementary material). The floristic com-
position analysis considering only the natu-
ral regeneration community showed a dif-
ference between active planting (ROW and
NUCQ) and passive restoration (PAS) after
10 years of implementation of the experi-
ment (Fig. 5b). The analysis of indicator
species assigned one species to each treat-
ment: Annona glabra L. in ROW, Trema mi-
cranthum (L.) Blume in NUC, and Vernonan-
thura polyanthes (Sprengel) Vega & Demat-
teis in PAS.

Discussion

We found that active restoration tech-
niques promoted an enhancement of vege-
tation structure and species richness com-
pared to passive restoration. These results
are in contrast with previous findings in
tropical forests, where similar (Bechara et
al. 2021) or better results (Crouzeilles et al.
2017, Meli et al. 2017) were obtained in pas-
sive regeneration compared to active res-
toration techniques. The higher values of
basal area and diversity indices for active
planting in the present study may be asso-
ciated with the legacy of the planted com-
munity and the positive effect on natural
regeneration (Sansevero et al. 2011, Man-
h&es et al. 2022). On the other hand, it is
known that the presence of invasive exotic
grasses in abandoned pastures poses barri-
ers to natural regeneration (Scervino &
Torezan 2015), and this may have contrib-
uted to the results we found in PAS. Fur-
thermore, there was a difference in the
abundance of regenerating individuals be-
tween the two active planting techniques.
This result suggests that planting density
(which was higher in nuclei) may hinder
natural regeneration. In fact, previous
studies describe the negative effect of high
planting density on seedling growth and
natural regeneration (Nascimento et al.
2012, Brancalion et al. 2016). Another expla-
nation for the lower abundance of regener-
ation in NUC may be associated with the
spacing between nuclei in this design (5 m
between nuclei). The open spaces be-
tween plant nuclei may have facilitated the
growth of invasive exotic grasses, leading
to competition with natural regeneration
(Jakovac et al. 2021). Additionally, the high
density of seedlings planted in the nuclei
(13 individuals with 0.3 m spacing between
them) may have created a significant bar-
rier to natural regeneration due to in-
creased competition for resources (Souza
& Batista 2004, Manh3es et al. 2022).
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The convergence observed between row
planting and nucleation in our study sug-
gests a strong influence of the legacy of
the initial species composition of the
planted seedlings, as described by other
authors (Jakovac et al. 2021, Manhées et al.
2022). This indicates that under certain en-
vironmental conditions and landscape con-
texts, different restoration techniques may
lead to convergent results during the early
stages. Although the general pattern indi-
cates a convergence between planting
techniques, the recruitment of new individ-
uals through natural regeneration ap-
peared to be favored in the ROW treat-
ment. It is important to note that several
studies have highlighted the role of differ-
ent ecological restoration techniques in
catalyzing ecological succession (Holl & Ai-
de 2011, Manhges et al. 2022) and recover-
ing ecological processes (Trindade & Coe-
Iho 2012, Casimiro et al. 2019).

Among regenerating individuals, greater
similarity in species composition was ob-
served between the active planting treat-
ments than between active and passive
restoration. This pattern may be explained
by the changes in environmental condi-
tions (soil and radiation) caused by plant-
ing (Mendes et al. 2019, Duarte et al. 2021),
as well as by biotic interactions (e.g., prior-
ity effect — Restrepo-Carvajal et al. 2024).
Some studies also highlight that succes-
sional trajectories are affected not only by
the restoration strategy and local condi-

0.50 Séo Paulo, Brazil.

tions (Holl et al. 2017, Suganuma et al.
2018), but also by the time elapsed after
planting and the proximity to forest rem-
nants (Holl et al. 2017, Beltran et al. 2022).
Thus, recovering species composition to a
level similar to that of tropical forest rem-
nants is a long process that may take more
than 50 years (Guariguata & Ostertag 2001,
Suganuma & Durigan 2015). This reinforces
how species composition can be an unpre-
dictable indicator (Suganuma & Durigan
2015) and points to the importance of mon-
itoring the early stages of restoration so
as to contribute to adaptive management
(Gatica-Saavedra et al. 2017). Therefore, it
may be premature to draw conclusions
from evaluating the species composition of
an ecosystem only ten years after project
implementation, and continuous studies
over longer periods are recommended.
Although the species composition was
similar among treatments, we identified
specific indicator species for each restora-
tion technique. The species V. polyanthes,
A. glabra, and T. micranthum have distinct
ecological characteristics, which may indi-
cate that the treatments had different envi-
ronmental conditions. V. polyanthes, the in-
dicator species found in PAS, is a pioneer-
ing shrub with anemochorous dispersion,
frequently associated with the early stages
of ecological succession (Castro et al.
2023). The predominance of V. polyanthes
in PAS confirms the characteristics ob-
served in the field: an open area with a

27

>
(S
)
wv
]
S
o
L.
e
c
(1]
wv
]
19}
c
AL
194
w
o
)
B0
2
0
I
)
w
)
S
)
=




>
S
ey
wv
]
1)
o
L.
o)
c
(1]
wv
o
v
c
AL
194
wv
o
)
°0
2
0
I
)
w
)
S
)
=

Casati Fernandes H et al. - iForest 18: 23-29

high presence of herbaceous and shrubby
species. On the other hand, A. glabra,
found in ROW, has zoochorous dispersion
(Sanchez-Garcia et al. 2023) and has been
associated with sites presenting high soil
moisture, such as swamps and riverbanks,
which were observed in some sections of
the study area with more persistent flood-
ing points (Sanchez-Garcia et al. 2023). As a
non-pioneer species, A. glabra tends to es-
tablish in more advanced stages of succes-
sion (Sdnchez-Garcia et al. 2023). Addition-
ally, the fact that A. glabra was among the
planted species suggests the possibility of
self-recruitment, reinforcing the already
discussed effects of the initial planting
composition. In turn, T. micranthum, an in-
dicator species found in NUC, is classified
as a pioneer, shade-intolerant species with
zoochorous dispersal and is frequently
found in degraded areas (Garcia-Orth &
Martinez-Ramos 2011). The occurrence of
T. micranthum in NUC may have been fa-
vored by the open areas between the nu-
clei, probably with a higher light incidence
promoting its establishment.

Practical implications for ecological
restoration

The choice of restoration techniques is an
essential factor directly influencing the as-
sociated costs and the desired ecological
metrics in restoration projects (Brancalion
et al. 2016, 2019b). The search for efficient
and economically viable strategies is vital
to ensure the long-term success of such
projects (Brancalion et al. 2019a). Despite
the lower costs of passive restoration
(Chazdon & Guariguata 2016, Brancalion et
al. 2019a, Bechara et al. 2021), the results in
terms of community basal area and species
richness of the control treatment in our
study were inferior compared to active
restoration. Despite the presence of forest
fragments in the region, the experimental
areas are situated 800 to 1000 meters
away from forest remnants. According to
the study by Crouzeilles et al. (2020) on the
potential for natural regeneration in the
Atlantic Forest, 90% of the areas undergo-
ing regeneration are found less than 200
meters from forest remnants. Their results
and our present findings indicate that even
when there are forest fragments in the
landscape, the distance between them and
the restoration area may hinder the natural
regeneration later. Therefore, it is impor-
tant to consider not only the immediate
costs, but also the landscape context and
the desired ecological results, especially in
the long term (Holl & Aide 2011). The re-
sults obtained in this study with the active
planting strategies, row planting and nucle-
ation, proved more promising. The nucle-
ation technique applied is generally associ-
ated with lower planting density about tra-
ditional row planting, and has intermediate
costs (Zahawi et al. 2013, Holl et al. 2020,
Bechara et al. 2021). However, in the pres-
ent study, the arrangement employed in
nucleation involved a high density of
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seedlings per nuclei, that increased the lo-
gistical challenges and the implementation
and maintenance costs (Brancalion et al.
20193, Bechara et al. 2021).

Conclusions

Active restoration techniques through
seedling planting in rows and nuclei proved
to be more effective to recover ecological
indicators compared to passive restora-
tion. Despite the significant differences in
planting density between the active tech-
niques at the implementation of the proj-
ect (NUC: 5,200 seedlings ha; ROW: 2,177
seedlings ha"), no difference was found in
basal area, species richness and composi-
tion between these treatments. However,
when the analysis focused only on natural
regeneration, higher abundance and rich-
ness values were observed in row planting.
Considering the relevance of natural regen-
eration in the restoration process, row
planting can be pointed out as the appro-
priate technique for the local context.
However, it is important to emphasize that
the findings we obtained are specific to our
study location and timeframe analyzed. Fi-
nally, we stress that ongoing monitoring is
fundamental to evaluate the results and
develop potential strategies for interven-
tion and management support in the re-
gion.
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