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Can the dynamics of forest restoration reduce landscape fragmentation 
in the Atlantic forest?

Diogo José Oliveira Pimentel (1), 
Ana Lícia Patriota Feliciano (1), 
Luiz Carlos Marangon (1), 
Mayara Maria de Lima Pessoa (2), 
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Arliston Pereira Leite (2), 
Emanuel Araújo Silva (1)

This study examines the landscape changes in two forest restoration areas: 
one adjacent to remaining forest fragments (AA) and the other non-adjacent 
(ANA), located in the municipality of Cabo de Santo Agostinho, Pernambuco, 
Brazil. The areas have been previously used for sugarcane cultivation and have 
undergone restoration interventions involving planting over 30 native species. 
The satellite images used were from 2011, 2015, and 2019, allowing for the 
analysis of changes in vegetation cover and landscape fragmentation. The re-
sults  indicate that  both areas experienced an increase in vegetation cover 
over time, as evidenced by the normalized difference vegetation index (NDVI). 
However, adjacent to forest fragments, the AA area exhibited greater ecologi-
cal connectivity and less fragmentation, resulting in a large forest fragment 
from 2015 onwards. On the other hand, the non-adjacent ANA area showed 
slower progress but managed to form a large fragment by 2019, thanks to the 
presence of planted species such as  Mimosa caesalpiniifolia. Moreover, the 
analysis of fragmentation metrics revealed a reduction in the division index in 
both areas, which was more pronounced in AA. The supervised classification of 
the images indicated changes in the restoration areas and their surroundings, 
with the expansion of classes such as Forest and Exposed. The results highlight 
the  importance of  functional  connectivity  between forest  fragments,  espe-
cially  in  areas  adjacent  to  remaining  fragments,  which  can  accelerate  the 
restoration  process  and  reduce  fragmentation.  Active  restoration,  through 
planting high-density native species, proved effective in rehabilitating forest 
cover. This study suggests that forest restoration in anthropized areas can mit-
igate fragmentation, with effects observable in less than a decade, particularly 
when connecting  existing  fragments.  These  findings  underscore  the  impor-
tance of implementing restoration strategies that foster connectivity between 
forest  fragments  and  of  continuously  monitoring  fragmentation  metrics  to 
evaluate the efficacy of restoration actions.
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Introduction
Forest  fragmentation  is  primarily  driven 

by urbanization and agricultural expansion. 
In most landscapes, the sustainable thresh-
old  for  forest  fragmentation  has  already 
been exceeded,  resulting in reduced con-
nectivity  (Pinheiro  et  al.  2021).  Conserva-
tion areas are increasingly  surrounded by 
intensively modified environments and,  in 
the long term, appear condemned to func-
tion as  isolated natural  ecosystems (Mar-
tins et al. 2018).

In fragmented landscapes, human activi-
ties most impact the edges of natural vege-
tation fragments (Seganfredo et al. 2019). 
Paula et al.  (2015) claim that there is less 
biomass and higher mortality in fragment-
ed regions where forest edges are near ur-
ban areas.  Bergès et al. (2013) studied the 
influence of roads and surfacing materials 
on forests and found that surfacing materi-
als  significantly affected the diversity  and 
composition of plants, with greater dissimi-
larity  in  plant  composition  near  roads 
paved with gravel compared to those with 
exposed soil.

Landscape  connectivity  is  crucial  for 
many  ecological  processes,  including  dis-
persal, gene flow, and demographic rescue 
(McRae et al.  2012).  Forest succession of-
ten  begins  at  the  edges  of  patches  adja-
cent to established forests (Tavernia et al. 
2016). In general, seed dispersal decreases 
with distance (Muñiz-Castro et al. 2006).

Spontaneous regeneration in the Atlantic 
Forest has been observed to occur up to 
180  meters  from  the  oldest  fragments 
(Rezende et al. 2015). In a study on the re-
lationship  between  species  composition, 
richness, and abundance of native trees in 
both the understory and the stand,  Ritter 
et al. (2018) found that only a small portion 
of seeds are dispersed beyond 300 meters 
from  remnants  of  native  Atlantic  Forest. 
These results suggest that most  regenera-
tion of  fragmented  forests  occurs in  the 
immediate surroundings.

Increasing  functional  connectivity  be-
tween  remnants  can  favor  forest-depen-
dent species by enhancing the mobility of 
individuals  in dynamic landscapes (Barzan 
et al. 2015). For these reasons, restoration 
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efforts should prioritize connecting forest 
fragments (Hooftman et al. 2004).

However,  restoration  strategies  are  still 
being  tested  (Meli  et  al.  2017,  Trujillo-Mi-
randa et al. 2018). Mixed plantations are a 
promising  option  for  ecological  restora-
tion. According to  Lortie et al.  (2019), hu-
man  development  and  restoration  often 
proceed  simultaneously  and  are  spatially 

adjacent. As a consequence, restoring for-
ests should focus on active rather than pas-
sive restoration strategies.  This  active ap-
proach  facilitates  species  recruitment  by 
rapidly  reestablishing  canopy  cover 
through high-density plantations of native 
tree species (Sangsupan et al. 2018).

Restoration  can  help  establish  connec-
tions  among  forest  remnants,  and  there-
fore  it  is  essential  to  understand  the 
changes in the surrounding landscape de-
termined by restoration activities.  Indeed, 
it  is  clear that the surroundings influence 
and  are  influenced  by  mixed  plantations. 
This underscores the importance of contin-
uously  quantifying  fragmentation  beyond 
the area of interest to assess the condition 
of  the  forest  and  adopt  measures  to  re-
duce fragmentation (Vorovencii 2018).

Landscape  metrics  are  valuable  criteria 
for assessing forest structure and its suit-
ability  to provide various forest  functions 
(Zengin et al. 2018). The landscape surface 
can  be  parameterized  to  reflect  how  its 
characteristics  could  influence  organism 
movement (Perkl 2016). Additionally, vege-
tation  indices  can  assist  in  interpreting 
landscape changes. For example, the NDVI, 
which correlates with vegetation cover and 
biomass, can be used to monitor the effec-
tiveness  and spatial  trends  of  restoration 
processes (Purre et al. 2019).

By analyzing the structural parameters of 
the  landscape,  crucial  ecological  informa-
tion can be inferred regarding the relation-
ship between the local landscape and eco-
logical  restoration  plantations.  This  study 
aimed to analyze changes in the local land-
scape  caused  by  two  areas  undergoing 
restoration that differ primarily in their sur-
roundings.  One restoration area connects 
the  remaining forest  fragments,  while  an 

anthropized environment characterizes the 
surroundings of the other area. This study 
hypothesizes  that  restoration  plantations 
connecting  forest  remnants  may  reduce 
fragmentation within less than a decade.

Material and methods

Study area
The study  was  conducted in  two forest 

restoration  areas  (ANA:  non-adjacent  to 
any forest fragment; AA: adjacent to forest 
fragments), both previously used for sugar-
cane cultivation, located in the municipality 
of Cabo de Santo Agostinho, Pernambuco, 
Brazil (Fig. 1).

According to the  Köppen-Geiger  classifi-
cation, the climate was classified as A, with 
an average annual temperature of 25.5 °C 
and an average annual rainfall of 1726 mm 
(Alvares  et  al.  2013).  The  original  vegeta-
tion was classified as Dense Ombrophilous 
Forest (IBGE 2019a). The soil in the AA and 
ANA areas  was  classified as  yellow oxide 
(IBGE 2019b).

Restoration in both areas (ANA and AA) 
involved  planting  over  30  native  species, 
using  pioneer,  early,  and  late  secondary 
species.  The  planting  was  carried  out  in 
January 2012, with a spacing of 3 × 2 m. All 
access roads were fenced,  and firebreaks 
surrounded the areas.  Irrigation was pro-
vided as needed, along with adequate fer-
tilization, regular cleaning, and ant control 
until January 2017.

These  areas  were  selected  due  to  their 
similar history of land use (both had been 
cultivated with sugarcane for decades) and 
similar  climate.  Moreover,  restoration  ac-
tivities  were  implemented  simultaneously 
and with the same maintenance practices. 
However, while both areas were used for 
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Fig. 1 - Location of the two 
restoration areas (ANA: 
non-adjacent to forest 
fragments, and AA: adja-
cent to forest fragments) 
in Cabo de Santo 
Agostinho, Pernambuco, 
Brazil.

Tab. 1 - RapidEye system mission charac-
teristics.

Characteristic Information

Number of 
Satellites

5

Orbit Altitude 630 km in Sun-
synchronous orbit

Sensor Type Multi-spectral push 
broom imager

Spectral Bands Capable of 
capturing all the 
following spectral 
bands

Band Name Spectral Range 
(nm)

Blue 440 - 510

Green 520 - 590

Red 630 - 685

Red Edge 690 - 730

NIR 760 - 850

Ground Sampling 
Distance (nadir)

6.5 m

Pixel size 
(orthrectified)

5 m

Camera Dynamic 
Range

12 bit
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sugarcane cultivation, no information was 
available on  the intensity of land exploita-
tion  in  the  two  areas.  Different  manage-
ment practices may have been applied be-
tween AA and ANA, potentially altering soil 
properties. According to Van Der Putten et 
al.  (2013),  soil  properties  are  critical  to 
plant growth. Additionally,  increased agri-
cultural  mechanization  can  lead  to  soil 
compaction  issues  (Arruda  et  al.  2021). 
Therefore, as soil was considered a limiting 
factor  in  this  study,  no  soil  parameters 
were  analyzed  to  support  the  interpreta-
tion.

Data collection and analysis
We used satellite images from the Rapid-

Eye orbital platform, scene 2535205, dated 
March 12, 2011 and August 9, 2015, acquired 
from the GeoCatalog of the Brazilian Min-
istry  of  the  Environment.  Additionally,  an 
image dated October 9, 2019 was also con-
sidered.  Thus,  one  image  was  taken  one 
month  before  planting  (2011),  another  al-
most four years after (2015), and another 
nearly  eight  years  after  planting  (2019). 
Some information about the RapidEye Sys-
tem Mission Characteristics is presented in 
Tab. 1 (Planet 2016).

The formula used to convert digital num-
bers  (DN)  to  top-of-atmosphere  reflec-
tance  (TOA)  radiance  was  (Planet  2016 – 
eqn. 1):

(1)

where i is the number of the spectral band, 
REF is the reflectance value,  DN is the digi-
tal  number,  0.01  is  the  radiometric  scale 
factor, Dsun is the Earth-Sun distance on the 
day of acquisition in astronomical units, EAI 
is the exo-atmospheric irradiance, SZ is the 
solar zenith angle in degrees (i.e., 90° mi-
nus sun elevation).

The  atmospheric  correction  to  convert 
TOA to bottom-of-atmosphere reflectance 
(BOA) was achieved using the 6S (Second 
Simulation of  Satellite  Signal  in  the Solar 
Spectrum) algorithm (Vermote et al. 1997). 
The 6S algorithm generates lookup tables 
for the MODIS (Moderate Resolution Imag-
ing  Spectroradiometer)  atmospheric  cor-
rection algorithm (Kotchenova et al. 2006). 

The 6S code was tested against a Monte 
Carlo code, Coulson’s tabulated values, and 
in  scalar  mode  against  the  scalar  code 
SHARM. All test cases demonstrated good 
agreement  between  6S  and  the  other 
codes,  with  the  overall  relative  error  not 
exceeding  0.8%  (Kotchenova  &  Vermote 
2007). The parameters used are presented 
in Tab. 2, employing the package “i.atcorr” 
in QGIS with GRASS ver. 3.10 (QGIS Devel-
opment Core Team 2020).

It is worth noting that the 2011 image was 
captured in December, while the 2015 and 
2019 images were taken in September. This 
reduces  the reliability  of  comparisons be-
tween the most recent images and the 2011 
image.  Regarding  landscape  classification 
and analysis,  a  buffer of  1  km was estab-
lished  to  avoid  overlapping,  as  the  areas 
are about 2 km apart. Using this buffer, the 
ANA landscape covers 682.02 ha, and the 
AA landscape covers 571.77 ha.

The NDVI was calculated using the QGIS 

3.10  raster  calculator  (QGIS  Development 
Core Team 2020). Additionally,  10,000 pix-
els were randomly selected in each area to 
test for differences by analysis of variance 
and Tukey’s test (α = 0.05). The argument 
“paired = TRUE” was used in the TukeyHSD 
function (R Development Core Team 2020), 
which  is  appropriate  for  dependent  sam-
ples.

The surroundings of the restoration areas 
were  classified  by  land  use/cover  as  fol-
lows: (i) Forest – tree formations; (ii) Farm-
ing  – areas  with  annual  crops  at  various 
stages  of  development,  land  being  pre-
pared for  planting,  early-stage crops,  and 
pastures; (iii) Exposed Soil  – areas without 
vegetation  cover;  (iv)  Water  – rivers, 
streams, ponds, and dams; (v) Urban Area 
– rural  constructions  and urban areas,  as 
described in the Technical Manual on Land 
Use (IBGE 2012).

Pixel-based classification approaches are 
widely used in land use/land cover (LULC) 
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Tab. 2 - 6S parameters used for atmospheric correction of the RapidEye images.

Parameters 2011 2015 2019

Geometrical Conditions 13 13 13

Month/Day, hh.ddd 12/3, 11.547222 9/8, 10.250556 9/10, 12.115278

Longitude 35.18445 35.07037 35.025095

Latitude -8.35371 -8.35371 -8.322015

Atmospheric model Tropical Tropical Tropical

Aerosols model Continental Continental Continental

Visibility 0 0 0

Mean Target Elevation -0.07 -0.07 -0.07

Sensor Height -1000 -1000 -1000

Band 88-92 88-92 88-92

Tab. 3 - The number of training samples, the overall accuracy and the Kappa hat classi -
fication of AA and ANA in 2011, 2015 and 2019.

Parameter
AA ANA

2011 2015 2019 2011 2015 2019

No. training samples 18 18 20 26 23 23

Overall accuracy (%) 80.58 78.16 78.18 69.35 70.74 67.07

Kappa hat classification 0.72 0.69 0.68 0.63 0.64 0.59
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REF (i)=(DN (i)⋅0.01)
(π⋅Dsun

2)
EIA (i)⋅cos(SZ )

Fig. 2 - The NDVI of two ecological restoration plantations on March 12, 2011 (one month before planting, left panel), August 9, 2015  
(almost four years after planting, middle panel), and October 9, 2019 (nearly eight years after planting, right panel). ANA is non-
adjacent to native fragments, and AA is adjacent to native fragments in Cabo de Santo Agostinho, PE, Brazil.
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mapping  to  generate  LULC  maps  from 
medium spatial resolution satellite images 
using only the spectral information from in-
dividual pixels (Tonyaloglu et al. 2021). The 
images were submitted to Maximum Likeli-
hood  supervised  classification  using 
R5G4B3  for  digital  image  processing  and 
spectral recognition of the classes. Overall 
accuracy and reliability were estimated us-
ing the Kappa coefficient,  with assistance 
from  QGIS  ver.  3.10  and  the  Semi-Auto-
matic  Classification Plugin  (QGIS Develop-

ment Core Team 2020). The Kappa coeffi-
cient reflects the accuracy and reliability of 
the classification by comparing the results 
to reference data (Cohen 1960). The num-
ber  of  training  samples,  overall  accuracy, 
and Kappa values are presented in Tab. 3.

Using  QGIS  ver.  3.10  software  and  the 
Landscape Ecology Statistics-LecoS add-on, 
we calculated metrics for the Forest, Farm-
ing, Exposed Soil, Urban Areas, and Water 
classes  (QGIS  Development  Core  Team 
2020). The Forest class was further subdi-

vided into size categories according to  Ju-
vanhol et al. (2011), as follows: “very small” 
fragments  (<5  ha),  “small”  (5-10  ha), 
“medium” (10-100  ha),  and  “large” (>100 
ha). For each size category, the following 
metrics  were  analyzed:  area  (total  area, 
proportion,  and  mean  patch  area),  core 
area (-10 m),  edge (edge length),  hetero-
geneity (number of patches), shape (frac-
tal dimension index and mean patch shape 
ratio),  proximity  (adjacencies),  and  frag-
mentation (splitting index).

Results
The NDVI showed a high variation in color 

intensity  across  the  intervals,  indicating 
that  both  landscapes  experienced  in-
creased vegetation coverage (Fig. 2).

In  Fig. 3, significant differences between 
areas  and  years  support  the  interpreta-
tions of  Fig.  2.  It  is also noted that AA in 
2019  presented values  closer  to 1,  with  a 
smaller amplitude and a higher median, in-
dicating healthier vegetation.

Regarding classification, the classes pres-
ent in both landscapes are Forest, Farming, 
and  Exposed  Soil,  while  Urban  Area  and 
Water are only found in ANA (Fig. 4). The 
development  of  tree  species  in  both  AA 
and ANA over time is remarkable, and it is 
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Fig. 3 - Comparison of 
averages of 10,000 
randomly selected 

pixels for each 
restoration area 

across three time 
points (2011, 2015, and 

2019) between ANA 
(non-adjacent to for-

est fragments) and 
AA (adjacent to forest 

fragments).
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Tab. 4 - Kappa and landscape metrics for the classes in the surrounding landscape of two ecological restoration plantations on  
12/03/2011 (one month before planting), 09/08/2015 (almost four years after planting), and 09/10/2019 (nearly eight years after plant -
ing). ANA is non-adjacent to native fragments, and AA is adjacent to native fragments in Cabo de Santo Agostinho, PE, Brazil. (EL):  
edge length; (NP): number of patches; (ADJ): like adjacencies; (SI): splitting index; (FDI): fractal dimension index; (MPSR): mean  
patch shape ratio.

Area-Year Class Kappa Area (ha) Perc(%) EL (km) NP ADJ SI FDI MPSR

ANA-2011 Forest 1.00 258.2 37.8 231.7 871 0.798 34 1.070 2.74

Farming 0.88 265.9 39.0 305.6 1332 0.749 49 1.083 1.38

ExposedSoil 0.97 113.0 16.6 147.8 751 0.719 417 1.075 0.91

UrbanArea 1.00 45.1 6.6 61.7 484 0.708 1,156 1.066 0.72

Water 1.00 0.1 0.9 0.2 3 0.352 1,970,526 1.117 0.57

ANA-2015 Forest 0.99 285.4 41.8 293.4 1435 0.772 48 1.076 2.78

Farming 0.98 294.4 43.1 353.4 1372 0.739 17 1.079 1.46

ExposedSoil 0.83 54.5 8.0 144.8 1211 0.501 6,463 1.086 1.01

UrbanArea 0.99 46.6 6.8 95.6 1054 0.592 1,773 1.069 0.80

Water 1.00 1.5 0.2 1.1 1 0.830 209,021 1.171 0.07

ANA-2019 Forest 1.00 298.5 43.7 271.7 1413 0.796 23 1.068 3.01

Farming 0.79 299.3 43.9 351.3 1045 0.744 45 1.085 1.36

ExposedSoil 0.90 35.2 5.2 107.0 1201 0.450 12,295 1.079 1.05

UrbanArea 0.99 48.0 7.0 69.6 528 0.693 1,049 1.073 0.69

Water 1.00 1.3 0.2 1.0 2 0.830 285,253 1.076 0.44

AA-2011 Forest 1.00 186.7 32.6 117.9 518 0.854 105 1.079 2.27

Farming 1.00 346.8 60.7 176.6 190 0.880 3 1.068 1.36

ExposedSoil 0.99 38.3 6.7 65.4 479 0.648 3,624 1.091 0.85

AA-2015 Forest 0.99 224.1 39.2 187.0 875 0.811 23 1.077 2.67

Farming 0.91 312.6 54.7 257.8 485 0.813 7 1.071 1.49

ExposedSoil 1.00 35.3 6.2 76.8 799 0.572 6,424 1.072 0.93

AA-2019 Forest 1.00 277.8 48.6 199.5 849 0.835 6 1.068 2.82

Farming 0.91 285.8 50.0 218.8 597 0.825 11 1.068 1.46

ExposedSoil 0.92 8.2 1.4 18.2 219 0.565 63,044 1.067 0.88
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evident that not only the restoration areas 
but also their surroundings have changed.

Despite  the  quality  of  the  Kappa  index 
shown in Tab. 4, it is important to consider 
that both landscapes contain sites planted 
with exotic tree species, such as Mangifera 
indica L., Syzygium cumini L., Elaeis guianen-
sis Jacq.,  Artocarpus  heterophyllus  Lam., 
and  Syzygium  jambos (L.)  Auston,  among 
others.

It is noteworthy that the M. caesalpiniifo-
lia  forest  present in ANA was included in 
the Forest class, considering that it is aban-
doned  and  currently  hosts  early  succes-
sional species such as Cecropia sp., Tapirira 
guianenses Aubl., and Miconia sp., function-
ing as an ecological corridor and improving 
the classification accuracy. Despite this, its 
core was not considered in the metric cal-
culations as it does not contribute signifi-

cantly to this parameter.
Overall, the AA landscape showed an in-

crease of 91.1 ha in forest cover, with the 
planting area of 21.2 ha only. On the other 
hand, ANA showed an increase of 40.37 ha, 
but when accounting for other restoration 
areas  in  the  surroundings,  there  was  ap-
proximately  95  ha  of  forest  cover.  These 
areas  experienced  a  slower  restoration; 
however,  there  was  apparent  fragmenta-
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Fig. 4 - Maximum likelihood supervised classification of the sur-
rounding landscape of  two ecological  restoration plantations 
on  March  12,  2011  (one  month  before  planting,  top  panel), 
August 9, 2015 (almost four years after planting, middle), and 
October  9,  2019  (nearly  eight  years  after  planting,  bottom). 
ANA is non-adjacent to native fragments, and AA is adjacent to 
native fragments in Cabo de Santo Agostinho, PE, Brazil.
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Fig. 5 - Forest size classes of two ecological restoration planta-
tions on March 12, 2011 (one month before planting, top panel), 
on  August  9,  2015  (almost  four  years  after  planting:  middle 
panel), and October 9, 2019 (nearly eight years after planting, 
bottom panel).  ANA is non-adjacent to any native fragments, 
and  AA is  adjacent  to  native  fragments,  located  in  Cabo  de 
Santo Agostinho, PE (Brazil).



Pimentel DJO et al. - iForest 18: 61-68

tion to the north of ANA between 2011 and 
2015  and  to  the  east  between  2015  and 
2019, reducing part of the forest cover in 
the  surrounding  areas.  Nevertheless,  the 
splitting  index shows a  general  reduction 
in fragmentation in both landscapes, with 
AA  experiencing  a  more  pronounced  re-
duction.

In  Fig.  5a,  both  landscapes  initially  con-
tained  “very  small”,  “small”,  and  “med-
ium” fragments. However,  Fig. 5b and Fig.
5c show that since 2015, AA has formed a 
“large”  fragment.  In  contrast,  with  the 
only contribution of the  M. caesalpiniifolia 
forestry, ANA managed to aggregate frag-
ments  and  form  a  “large”  fragment  by 
2019.

Fig.  5 also  highlights  the  importance  of 
adjacent  fragments,  as  AA  was  able  to 
merge  the  four  adjacent  fragments  and 
others nearby. It is worth noting that after 
silvicultural  maintenance  in  these  areas 
ceased,  some  of  the  exposed  soil  roads 
providing  access  to  AA  have  not  been 
maintained, which could potentially reduce 
vehicle flow.

Comparing 2011 to 2019 (Tab. 5), it is evi-
dent  that  both  areas  are  progressing  to-
ward  forming  a  more  ecologically  stable 
landscape.  However,  AA  displays  higher 
growth  rates  and  uniformity  indicators, 
with a larger area and less fragmentation, 
particularly in the larger forest size classes 
(medium and large).

Discussion
Although the use of NDVI has limitations, 

such as its inability to differentiate succes-
sional  stages  or  specific  types  of  vegeta-
tion (Huang et al. 2020), this study demon-
strated that it is an effective tool for moni-
toring vegetation development  over  time 
in restoration areas and in the landscape as 
a whole.  This  result is  in line with  similar 
studies in tropical biomes, such as that con-
ducted  by  Chazdon  &  Guariguata  (2016), 
which  proved  the  usefulness  of  NDVI  in 
tracking  vegetation  cover  growth  in  re-
stored  areas.  In  the  Atlantic  Forest  con-
text,  vegetation indices have been widely 
applied to assess the success of ecological 
restoration  initiatives,  especially  in  frag-
mented landscapes.

A more detailed analysis of the NDVI data 
also reveals essential patterns in the effec-
tiveness  of  the  applied  restoration  tech-
niques. By correlating variations in vegeta-
tion  indices  over  the  years  with  specific 
landscape  fragmentation  metrics,  it  was 
possible to identify a continuous improve-
ment  in  the  ecosystem’s  health  in  the 
restoration areas. Similar studies in the At-
lantic  Forest  (Diniz  et  al.  2023,  Luz  et  al. 
2024) suggest that the increase in NDVI is 
directly related to biomass growth and the 
establishment  of  secondary  forests,  rein-
forcing  the  applicability  of  this  index  for 
long-term  monitoring  in  restored  land-
scapes.

The forest classification showed the frag-

ments are becoming more connected, with 
an apparent link between AA and ANA in 
2019. This indicates a trend toward gap clo-
sure,  which  favors  forest-dependent  spe-
cies by increasing the mobility of individu-
als between fragments (Duarte et al. 2018), 
improving  parameters  of  richness,  diver-
sity,  and  structure  (Majumdar  &  Datta 
2016),  supporting  ecological  processes 
such as dispersal and gene flow (McRae et 
al.  2012),  and  enhancing  functionality  by 
forming larger systems rather than isolated 
units (Perkl 2016).

The original restoration plantations seem 
to have reached a stage where they signifi-
cantly  affect  changes  in  the  landscape. 
Therefore,  it  would  be  highly  relevant  to 
study  floristic,  diversity,  and  structural 
changes in the ecological restoration areas 
and  the  surrounding  regions.  Cai  et  al. 
(2015) highlighted  that  although  restora-
tion  efforts  are  often  localized,  their  im-
pact on the surrounding community can be 
profound.

Analyzing the spatial distribution of all At-
lantic Forest remnants in Brazil,  Ribeiro et 
al.  (2009) observed  that  83.4%  of  the  re-
maining fragments are smaller than 50 ha 
(204,469  fragments).  Given  the  average 
size of these fragments, it is possible to an-
ticipate  that  strategic  ecological  res-
toration  plantations  can  significantly  in-
crease forest areas in less than a decade. 
Since  fragmentation  reduces  core  areas 
(Vorovencii 2018), it is evident that AA had 
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Tab.  5 -  Landscape  metrics  for  forest  size  classes  in  the  surrounding  landscape of  two ecological  restoration  plantations  on  
12/03/2011 (one month before planting), 09/08/2015 (almost four years after planting), and 09/10/2019 (almost eight years after  
planting). ANA is non-adjacent to any native fragments, and AA is adjacent to native fragments in Cabo de Santo Agostinho, PE  
(Brazil). (EL): edge length; (NP): number of patches; (MPA): mean patch area; (Core): -10 m; (ADJ): like adjacencies; (SI): splitting  
index; (FDI): fractal dimension index.

Area/Year Class Area (ha) Perc (%) EL (km) NP MPA (ha) Core (ha) ADJ SI FDI

ANA2011 VerySmall 48.5 18.8 95.7 863 0.06 7.54 0.604 43 1.068

Small 16.3 6.3 14.6 2 8.15 5.30 0.799 2 1.327

Medium 193.4 74.9 121.4 6 32.24 83.37 0.855 5 1.346

ANA2015 VerySmall 93.6 32.8 177.6 1427 0.07 13.88 0.617 60 1.075

Small 22.8 8.0 17.8 3 7.61 10.80 0.822 3 1.301

Medium 168.9 59.2 98.0 5 33.79 74.88 0.865 3 1.347

ANA2019 VerySmall 58.6 15.9 131.2 1407 0.04 7.48 0.563 63 1.065

Small 19.0 5.3 12.4 3 6.32 9.65 0.849 3 1.256

Medium 118.1 45.0 68.3 2 59.03 64.38 0.865 2 1.363

Large 102.9 33.8 59.8 1 102.87 41.69 0.865 1 1.389

AA2011 VerySmall 61.0 32.7 79.8 509 0.12 16.05 0.719 38 1.075

Small 41.9 22.4 19.2 6 6.98 26.07 0.892 6 1.192

Medium 83.8 44.9 18.9 3 27.94 68.49 0.945 3 1.180

AA2015 VerySmall 58.8 26.3 107.9 867 0.07 9.61 0.627 49 1.075

Small 47.9 21.4 30.4 6 7.99 24.89 0.853 6 1.257

Medium 16.7 7.4 5.4 1 16.68 12.29 0.922 1 1.200

Large 100.7 44.9 43.3 1 100.65 66.94 0.898 1 1.344

AA2019 VerySmall 47.3 17.0 91.9 847 0.06 7.99 0.609 42 1.066

Medium 10.8 3.9 6.1 1 10.81 6.15 0.868 1 1.265

Large 219.8 79.1 101.5 1 219.76 140.45 0.891 1 1.389
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a more efficient development, with a 44-ha 
increase in the core area over eight years, 
compared to ANA (only 27 ha).

The comparison between AA and ANA ar-
eas  shows  significant  differences  in  frag-
mentation  and  connectivity,  directly  im-
pacting  the  success  of  restoration  initia-
tives.  Despite its smaller restoration area, 
AA  showed  a  proportionally  more  signifi-
cant  increase  in  its  core  area.  This  more 
efficient development can be attributed to 
AA’s  strategic  location,  which  facilitates 
the  reconnection  between  nearby  forest 
fragments,  creating  ecological  corridors 
that  enhance  biological  diversity  and  the 
resilience of the restored landscape (Busta-
mante et al. 2019). On the other hand, ANA 
still faces challenges due to its greater ini-
tial  fragmentation,  requiring  a  longer  pe-
riod for connectivity between fragments to 
be restored.

The fragmentation metrics used, such as 
the fractal shape index and the number of 
fragments,  provide important information 
about the dynamics of landscape connec-
tivity.  The  high  fractal  shape index  in  re-
stored areas  indicates  greater  complexity 
in the shape of the fragments, which can 
influence  the  landscape’s  functional  con-
nectivity.  According to  Diniz et  al.  (2023), 
the  complexity  in  the  shape of  the  frag-
ments may favor species colonization and 
improve ecological resilience. Additionally, 
the reduction in the number of fragments 
reflects a  trend toward the unification of 
previously isolated areas, which may favor 
species’  mobility  and  optimize  essential 
ecological processes such as seed dispersal 
and gene flow.

Moreover,  the  impact  of  ecological  res-
toration  plantations  on  the  surrounding 
landscape  must  be  considered.  Cai  et  al. 
(2015) emphasized that,  although restora-
tion efforts are often localized, their effect 
on the surrounding community can be sig-
nificant, influencing fragmentation dynam-
ics and vegetation structure.

According to  Luz et al. (2024), prior land 
uses and covers and the landscape configu-
ration are crucial in restoration projects, as 
these significantly impact the entire proc-
ess,  especially  seed  dispersal  (Luz  et  al. 
2024) and site natural regeneration (Bran-
calion et al. 2019). In this sense, the floristic 
and structural  analysis  should not  be lim-
ited  to  the  restoration  areas  but  should 
also  include  the  surrounding  regions, 
which can be positively impacted by the ex-
pansion of restored forest fragments.

It is important to contextualize the study 
in light of recent studies on ecological res-
toration and habitat fragmentation in the 
Atlantic Forest and other tropical biomes. 
Ribeiro et al. (2009) observed that most of 
the  remaining  fragments  in  the  Atlantic 
Forest  are  smaller  than  50  ha.  This  high-
lights the importance of ecological restora-
tion strategies to increase the size and con-
nectivity of these areas. In a more recent 
study,  Luz  et  al.  (2024) showed  how  in-
creased  connectivity  in  fragmented  land-

scapes can promote the recovery of essen-
tial ecosystem services, such as climate re-
gulation and biodiversity maintenance.

Finally, the results of this study also have 
practical  implications  for  public  policies 
and  conservation  strategies.  The  connec-
tivity observed between forest fragments 
in the AA and ANA areas, evidenced by the 
reduction  in  fragmentation  and  the  in-
crease in the core area, suggests that eco-
logical  restoration  can  play  a  key  role  in 
biodiversity  maintenance  and  improving 
ecosystem  services.  Policies  such  as  the 
National Plan for Native Vegetation Recov-
ery (PLANAVEG) and initiatives like the At-
lantic  Forest  Restoration  Pact  have  fo-
cused on increasing connectivity between 
fragments,  and the findings  of  this  study 
corroborate  the  feasibility  of  such  initia-
tives. The formation of ecological corridors 
can facilitate gene flow between isolated 
populations  (Diniz  et  al.  2023),  favoring 
species  dependent  on  continuous  forest 
habitats (McRae et al. 2012).

Conclusions
From an ecological perspective, the work-

ing hypothesis of this study has been con-
firmed. After eight years since restoration 
plantation,  local  fragmentation  has  been 
reduced by aggregating patches and form-
ing larger fragments.

The key findings include: (i) the local land-
scape both influences and is influenced by 
restoration plantations; (ii) smaller, strate-
gically located restoration plantations can 
contribute more than larger, isolated ones; 
(iii) the area adjacent to fragments exhib-
ited  more  uniform  development  and  a 
denser canopy; (iv) the “Farming” and “Ex-
posed  Soil”  classes  showed  potential  for 
conversion to forest areas.
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