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One goal of ecological restoration is species conservation, so selecting tree species from local floras in restoration
plantings is important to restore native species populations and avoid biotic homogenization. We evaluated if
species planted to restore the Brazilian Atlantic Forest adequately represent the tree flora from local reference

EDéf)Slzlgilczrlltr};storation forests, comparing the tree seedlings selected for 1,073 restoration plantings with inventory data from 268 forest

Reforestation remnants, for three different Atlantic Forest types. We compared the floristic composition between plantings and

Trees remnants and calculated the Jaccard dissimilarity index to assess beta diversity among plantings, among rem-
nants, and between plantings and remnants. Overall, plantings have lower beta diversity and higher nestedness
than remnants. Furthermore, plantings form a single floristic group while remnants are split into three forest
types. Plantings are more floristically similar to one another than to regional remnant forest types. Tree species
selected for Atlantic Forest restoration poorly represent local floras, which could favor biotic homogenization.
Incentivizing greater representation of local floras and threatened and endemic species is needed for forest
restoration to facilitate biodiversity recovery at large spatial scales.

Introduction species are vulnerable in remaining forest fragments and not able to

The reference ecosystem concept in ecological restoration is often
defined based on one or a few reference sites (Gann et al., 2019), but
ecosystems vary continuously over space, leading to natural differences
in species composition across regions, i.e. beta diversity (Condit et al.,
2002; Rosindell et al., 2012). Thus, a relevant question is how well
restoration recreates beta diversity patterns at subcontinental scales.
This question is timely as ecological restoration because ecological
restoration is applied at increasingly large spatial scales (Aronson et al.,
2020).

The representativeness of native species in ecological restoration
initiatives is an issue that has been concerning the scientific community.
Studies have identified that rare, endangered, and other groups of
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colonize areas undergoing restoration (Engert et al., 2020). In degraded
and fragmented forest landscapes, planting native tree seedlings is a
common and sometimes necessary restoration strategy (Rodrigues et al.,
2009; Chazdon et al., 2021). These plantings introduce tree species with
the objective of restoring basic ecological processes, such as the
re-creation of a forest structure, elimination of invasive species, attrac-
tion of seed dispersers, and thus the promotion of natural regeneration
processes (Holl, 1999). Studies have identified, however, that the arrival
of new species in restoration plantings can take a long time or fail to
occur (Reid et al., 2015; Shoo et al., 2015), so some species must be
actively introduced. If they are not, their populations will be confined to
dwindling and often degraded forest remnants (Suganuma and Durigan,
2021). However, current restoration practices are characterized by poor
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representation of the full set of regional species in the pool of species
planted (Jalonen et al., 2018; Ladouceur et al., 2018; Almeida et al.,
2024). Most planted species are abundant in forest remnants and are
dispersed by wind rather than by animals (Brancalion et al., 2018;
Engert et al., 2020). In addition, most planted species are pioneers with
small seeds and rapid growth (Holl et al., 2017; Brancalion et al., 2018).

Biotic homogenization is the process of gradual replacement of
endemic species by widespread ones over time (Olden and Rooney,
2006), and it can occur either through the increase in the abundance of
invasive or generalist species (Beauvais et al., 2016). Thus, if restoration
initiatives promote planting a small set of species throughout a region,
and colonization by species from the surrounding native sites is limited,
the landscape can become dominated by a restricted set of species,
leading to biotic homogenization (McKinney and Lockwood, 1999;
Olden and Rooney, 2006). Although the process of biotic homogeniza-
tion is known for some regions, such as the Atlantic Forest (Zwiener
et al., 2018; de Lima et al., 2020), we lack a comprehensive under-
standing on how restoration efforts may affect this process. This evalu-
ation is important to define strategies and public policies to make
restoration initiatives more effective in promoting regional biodiversity
conservation.

The Atlantic Forest is a highly diverse but highly fragmented biome,
with less than 16% of the original forest cover remaining, which is
concentrated in small and isolated remnants (Ribeiro et al., 2009). To
reverse this scenario, the Atlantic Forest has been undergoing large-scale
restoration in recent decades (Rodrigues et al., 2009; Brancalion et al.,
2013). We evaluated whether lists of species planted for restoration in
the Brazilian Atlantic Forest represent the natural variation in tree
species composition found in nearby forest remnants. We hypothesized
that plantings are more floristically similar to each other than to forest
remnants due to limitations imposed by the species pool currently
available for planting (i.e., trees in nurseries; Ladouceur et al., 2018) and
because some species are widely used in restoration plantings across the
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Atlantic Forest. Thus, we expected a lower beta diversity among and
within restoration plantings compared to native forest remnants.

Material and methods
Study region and database

We used a database containing lists of seedling species from 29
nurseries selected for restoration plantings in 1,073 Atlantic Forest sites
planted in 2002-2018 (Fig. 1, Table S1). Plantings were done through
the “Click Arvore” and “Florestas do Futuro” restoration programs, co-
ordinated by the Brazilian NGO SOS Mata Atlantica (https://www.sos
ma.org.br). Each list in the database contained the number of seed-
lings per species destined for planting in each site. As such, the database
did not describe species performance in the field or species that suc-
cessfully established or colonized sites naturally. Although we investi-
gated planting lists and not the complete tree composition (including
natural regeneration) some years after planting, our approach is relevant
because planted trees may impact future composition in fragmented and
long-disturbed regions, such as the Atlantic Forest, where seed dispersal,
and consequently natural regeneration, may be limited in space and
time (Holl, 1999).

We used data from remnant Atlantic Forest fragments in the
Neotropical Tree Communities database (TreeCo) as reference ecosys-
tems for species composition. This database compiles observations of
individual tree species’ abundances in inventories of eastern South
American vegetation (de Lima et al., 2015, 2020). From TreeCo, we
selected 268 forest surveys (total of 286,660 trees measured), which (1)
included trees with diameter at breast height >5 cm, (2) were conducted
in fragments without strong disturbances, and (3) had clear information
on the forest type surveyed. Remnants had from 0.1 to 5.04 ha of sam-
pling area (Table S2). We included surveys in three Atlantic Forest types:
rainforest, seasonal forest, and Araucaria forest. These three forest types,
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Fig. 1. Location of Atlantic Forest plantings and remnant forests included in this study. Plantings and remnants lying outside of the Atlantic Forest official limits in
the map are small enclaves of Atlantic Forest in other floristic regions. Adapted from Almeida et al. (2024).
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which are the major ones in the Atlantic Forest biome, differ in tem-
perature, rainfall regime, latitude, altitude and, therefore, also in their
tree species composition (Oliveira-Filho and Fontes, 2000). Based on the
TreeCo vegetation type classification, our dataset contained 85 rain-
forest, 27 Araucaria forest, and 156 seasonal forest fragments. We
classified restoration plantings as one of the three forest types by placing
their geographical location into the official delimitation map of the
Atlantic Forest regions in Brazil, produced in accordance with the Bra-
zilian Atlantic Forest Law (11428/2006). This resulted in 81 restoration
plantings in rainforest, 958 in seasonal forest, and 34 in Araucaria forest.

Data analysis

To assess if forest restoration plantings are floristically more similar
to themselves than to remnant forest, we analyzed their beta diversity, i.
e., the dissimilarities among species composition in restoration plantings
and forest remnants across space. Beta-diversity analyses were per-
formed by comparing species composition between all pairs of sites,
totaling 898,470 pairwise values. In this analysis, individual sites rep-
resented replicates of alpha diversity. Additionally, for an overview of
beta diversity at a larger scale, we also calculated beta diversity at the
level of forest type, using the compiled list of species in each of the six
combinations of forest type (rainforest, seasonal forest, or Araucaria
Forest) and land use (planting or remnant) as a replicate of alpha
diversity.

To estimate beta diversity, we used the Jaccard dissimilarity index,
which is based on the presence or absence of a given species in a site. The
Jaccard dissimilarity index ranges from O when two samples have
identical species lists to 1 when no species are shared. We also tested the
abundance-based Bray Curtis index; however, we decided to use the
Jaccard dissimilarly index because (1) both returned similar overall
results, (2) partitioning of beta diversity into species replacement or
subsets of species from richer sites is more common and easier to un-
derstand in presence-absence indexes; and (3) the use of a presence-
absence index may better represent the species composition of tree
plantings where survival was <100%. To further understand how spe-
cies composition varied among groups, we split the values of beta di-
versity obtained from the Jaccard dissimilarity index into turnover,
which represents the replacement of some species by others, and nest-
edness, that is, difference due to subsets of species composition from
sites with greater richness (Baselga, 2010). We used the function “beta.
pair” in the betapart R package to run the beta diversity analysis
(Baselga and Orme, 2012).

To assess the ordination of plantings and remnants according to their
floristic composition, we used non-metric multidimensional scaling
(NMDS). We used the Jaccard dissimilarity matrixes as inputs for plot-
ting an NMDS using the three forest types (rainforest, seasonal forest,
and Araucaria forest) for plantings and remnants. NMDS is an ordination
method that plots dissimilar objects far apart in the ordination space and
similar objects close to one another, thus it preserves the ordering re-
lationships among objects (Legendre and Legendre, 2012). Ordinations
were plotted using the vegan package’s “metaMDS’’ procedure with the
maximum number of runs set to 100 (Oksanen et al., 2022).

We compared between-group dissimilarities using the non-
parametric permutational test PERMANOVA, implemented using the
“adonis’’ procedure in the vegan package in R (Anderson, 2001). We set
maximum number of runs to 999 and used Bonferroni corrections to
adjust p-values in multiple comparisons. All analyses were performed in
R version 4.3.0. (R Development Core Team, 2023) and interpreted
following language of evidence (Muff et al., 2021), where p values <
0.001 represent very strong evidence, 0.001-0.01 strong evidence,
0.01-0.05 moderate evidence, 0.05-0.1 weak evidence, and 0.1-1 no
evidence.
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Results

We found 423 species in the plantings and 1,891 in the remnants,
totaling 1,954 species, with 81% of the species found in remnants absent
in plantings (Table S3). In the site-to-site comparison for the whole
Atlantic Forest (without splitting into forest types), the mean Jaccard
dissimilarity index for remnants is 0.91 while for plantings it is 0.70
(Fig. 2A). In addition, beta-diversity is higher for planting-remnants and
remnants-remnants comparisons than it is for planting-planting com-
parisons (Table S4). These results indicate that overall remnants are
more floristically diverse than plantings.

In site-to-site comparison within forest types, the mean Jaccard
dissimilarity index is higher for remnants than for plantings in the three
forest types (Fig. 2, Table S5), indicating that remnants are more
floristically diverse than plantings across the Atlantic Forest biome.
Turnover values are higher than nestedness (Fig. 2, Table S5), which
indicates that at the scale of individual sites, dissimilarities in tree
species composition are more related to species replacement from one
site to another than to representation of species subsets.

At the higher level comparing the entire flora of different forest
types, again remnants have higher beta diversity and turnover than
plantings (Figure S1). However, at this scale, turnover is the main
component of beta diversity only for remnants while for plantings it is
nestedness (Figure S1). Turnover is also higher than nestedness when
plantings are compared to remnants of the same forest type, except for
the seasonal forest (Table S6). In addition, when we compare seasonal
forest remnants to Araucaria forest and rainforest plantings, we unex-
pectedly also have a higher nestedness than turnover (Table S6), sug-
gesting that a subset of the seasonal forest flora is predominating in the
restoration of all forest types.

Our NMDS analysis split remnants into the three forest types: rain-
forest, seasonal forest, and Araucaria forest, but grouped all plantings
together (Stress = 0.165, Fig. 3). In addition, we found strong evidence
that forest type, land use (planting or remnant), and their interaction
influence the floristic dissimilarities between groups (Table 1). Thus,
plantings form a single group that was not differentiated by the regional
forest type associated with their geographic location. In other words,
plantings in one forest type are more floristically similar to plantings in
other forest types than they are to forest remnants within their own
forest type.

Discussion

Our results support the hypothesis that, in the Brazilian Atlantic
Forest, plantings for forest restoration are floristically more similar to
one another than to forest remnants of the same forest types. This trend
could be even more pronounced if we had the complete list of species
from remnants. Remnant species composition data come from samples
and not from complete censuses, thus we likely underestimate remnant
species richness and rare species presence; and rare species are
frequently absent in restoration plantings (Almeida et al., 2024).
Plantings are more frequently dominated by the same species than forest
remannts, so there is a lower beta diversity among plantings, and they
form a single floristic group across the Atlantic Forest. In other words,
remnant forest communities shift strongly across geographic and envi-
ronmental gradients, but the same tree species are often planted in
restoration sites regardless of their geographic location. As such, tree
planting-based restoration is failing to reproduce regional beta diversity
patterns that characterize the Atlantic Forest biome.

Most of the difference in beta-diversity between restoration plantings
and remnants was represented by turnover, indicating that the
replacement of species plays a greater role than nestedness in their
dissimilarity. However, when we consider only plantings, nestedness
plays a greater role in their difference, which means that the less diverse
groups are impoverished subgroups of the larger groups of species.
Nestedness indicates that restoration plantings may be contributing to
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Fig. 2. Boxplot of beta diversity expressed by the Jaccard dissimilarity index and its turnover and nestedness values for plantings (orange) and remnants (green) for
the whole Atlantic Forest (A-C) and for its three different forest types: Araucaria forest (AR, D-F), rainforest (RF, G-I), and seasonal forest (SF, J-L). In the analysis,
each site (planting or remnant) was compared for beta diversity with each other site.

Stress=0.165

NMDS2
o

-2 0 2 4
NMDS1

Fig. 3. Nonmetric multidimensional scaling (NMDS) ordination of tree species in forest remnants (filled green symbols) and restoration plantings (hollow orange
symbols) in rainforest (squares), seasonal forest (circles) and Araucaria forest (triangles) within the Brazilian Atlantic Forest.
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Table 1

Results of the permutational multivariate analysis of variance (PERMANOVA)
using Jaccard dissimilarity index. The PERMANOVA test used 1,000 simulations
based on species data sets to detect differences in groups of rainforest, seasonal
forest and Araucaria forest restoration plantings and remnants in the Atlantic
Forest in Brazil. The p-value corresponds to the PERMANOVA testing for sig-
nificant difference between groups: ***very strong evidence (p < 0.001); *
moderate evidence (0.01 > p < 0.05). Bonferroni correction was used for
adjusting p-values in multiple comparisons.

Comparison d. F R? p-value
f

Type of forest (Araucaria forest, rainforest, 2 18.11 0.02 0.001 ***

or seasonal)

Land use (planting, remnant) 1 119.94  0.09 0.001***

Type of forest vs. land use 2 9.91 0.01

Araucaria forest planting vs. Araucaria forest 20.24 0.26 0.015*

remnant

Araucaria forest planting vs. rainforest 1.78 0.02 0.465

planting

Araucaria forest planting vs. rainforest 22.04 0.16 0.015*

remnant

Araucaria forest planting vs. seasonal forest 16.30 0.08 0.015*

remnant

Araucaria forest planting vs. seasonal forest 1.48 0.001 1.000

planting

Araucaria forest remnant vs. rainforest 22.14 0.17 0.015*

planting

Araucaria forest remnant vs. rainforest 9.64 0.08 0.015*

remnant

Araucaria forest remnant vs. seasonal forest 32.36 0.03 0.015*

planting

Araucaria forest remnant vs. seasonal forest 10.14 0.05 0.015*

remnant

Rainforest planting vs. rainforest remnant 32.14 0.16 0.015*

Rainforest planting vs. seasonal forest 1.50 0.001  0.660

planting

Rainforest planting vs. seasonal forest 25.15 0.10 0.015*

remnant

Rainforest remnant vs. seasonal forest 79.78 0.07 0.015*

planting

Rainforest remnant vs. seasonal forest 14.12 0.06 0.015*

remnant

Seasonal forest planting vs. seasonal forest 84.35 0.07 0.015*

remnant

biotic homogenization, although this pattern is likely counterbalanced
at some sites by natural regeneration inside the plantings, which was not
accounted for in our analysis of tree planting lists.

Planting the same set of species across diverse regions could be an
artifact of a framework species restoration strategy, in which a relatively
small set of species with selected traits (e.g., rapid growth, fruit pro-
duction) are planted to quickly recreate forest structure and the basic
conditions to facilitate recolonization of restoration sites by plants and
animals (Viani et al., 2015a; Elliott et al., 2022). If this recolonization
process occurs, with natural regeneration of the more distinctive
regional species from different forest types, planting the same set of
species across diverse landscapes might not lead to biotic homogeniza-
tion. However, restoration plantings are usually done in fragmented
landscapes with low natural regeneration capacity, where the time
needed for plantings to reach species compositions similar to reference
forests is long and uncertain (Suganuma and Durigan, 2015; Beltran
et al., 2022). In such landscapes, the recolonization of restoration
plantings by species from some functional profiles, such as slow-growing
species and species dispersed by gravity or large mammals, will rarely
fully happen (Pohlman et al., 2021; Suganuma and Durigan, 2021). In
other words, some species will only reach restoration sites if they are
introduced by plantings, which our analysis finds, is not occurring.

Biotic homogenization is not limited to tree plantings; it is also
predicted to occur in native forest remnants due to climate change and
human actions, including seed disperser decline (Nielsen et al., 2019;
Fricke and Svenning, 2020). In the Atlantic Forest, biotic
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homogenization is driven by the expansion of small-seeded pioneer
species that proliferate in forest edges and small fragments (de Lima
et al., 2020), a process that can lead many species to become locally
extinct (Zwiener et al., 2018). Small-seeded pioneers are also predomi-
nant in forest restoration plantings, a result of natural regeneration and
the ease of collecting large quantities of small seeds for nursery propa-
gation (Holl et al., 2017; Brancalion et al., 2018; Engert et al., 2020,
Almeida et al., 2024). These observations from disturbed, regenerating,
and restored forests further aggravate our concern that planted forests
will remain floristically distinct from remnants.

Many tropical fragmented landscapes, including the Atlantic Forest,
have experienced an erosion of biodiversity, particularly for late-
successional, large-seeded, and endemic tree species in forest rem-
nants. This pattern is exacerbated in the more fragmented regions where
active restoration efforts are concentrated (de Lima et al., 2020).
Regional declines of select tree types suggest that even if tree plantings
and natural regeneration adequately represented the flora of local
remnants, there would still be low representation in the long-term of
some groups that are already missing or poorly represented in degraded
landscapes. There is no easy solution to countering biotic homogeniza-
tion in restoration, but improving the representation of local floras in
plantings would help, as would promote landscape restoration ap-
proaches that aid the recovery of degraded fragments (Viani et al.,
2015b) and the increase of forest cover to levels that can increase the
probability that rare and endemic species arrive and survive in remnant
and restored forests (de Lima et al., 2020; Hansen et al., 2020).

Our results indicate that forest restoration plantings require
improvement to effectively contribute to biodiversity conservation in
the United Nations Decade on Ecosystem Restoration and the 30 x 30
Biodiversity Target. In the world of large-scale restoration initiatives,
the reference ecosystem concept needs to consider macroecological
patterns, like species turnover through space (Condit et al., 2002).
Failing to address this concern means that restoration is at risk of
exacerbating biotic homogenization (Holl et al., 2022), and failing to
contribute to the conservation of endemic, threatened and specialist
species. Information on species with limited capacity to colonize
plantings (Suganuma and Durigan, 2021) and lists of species with high
conservation values for restoration (de Lima et al., 2020) are important,
but they are only the first part of the plan to solve this issue. Addition-
ally, it is important to increase the regional, endemic and/or threatened
species in the pool of species available in nurseries and used for active
restoration practices. This inevitably involves raising awareness, but
also public policies and economic incentives that can help nurseries and
practitioners to diversify their production and uptake in large-scale
restoration initiatives.

CRediT authorship contribution statement

Crislaine de Almeida: Conceptualization, Methodology, Formal
analysis, Data Curation, Writing - Original Draft. J. Leighton Reid:
Methodology, Writing — Reviewing and Editing. Renato A. Ferreira de
Lima: Data Curation, Writing - Review & Editing. Luis Fernando Guedes
Pinto: Resources, Writing- Reviewing and Editing. Ricardo Augusto
Gorne Viani: Conceptualization, Methodology, Formal analysis, Writing-
Reviewing and Editing, Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This study was partly financed the Coordenacao de Aperfeicoamento
de Pessoal de Nivel Superior - Brasil (Capes) - Finance Code 001. We are



C. de Almeida et al.

thankful to the SOS Mata Atlantica nongovernmental organization for
aiding this research and to Virginia Tech for hosting Crislaine de
Almeida. Ricardo A.G. Viani is thankful to the grant #2022/13398-1
and grant #2018/18416-2, Sao Paulo Research Foundation (FAPESP),
and to the National Council for Scientific and Technological Develop-
ment (CNPq; grant #308777/2023-9). The compilation of the species
abundances and traits stored in TreeCo database was funded by the
grant #2013/08722-5, Sao Paulo Research Foundation (FAPESP), but
many other agencies (e.g., Capes, CNPq, FAPEMIG, FAPERJ, FAPESC,
etc.) funded the hundreds of researchers that produced the forest rem-
nants data used in this study. We thank Jordan Coscia for the help in
data analysis.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.pecon.2024.12.001.

References

Almeida, C., Reid, J.L., de Lima, R.A.F., Pinto, L.F.G., Viani, R.A.G., 2024. Forest
restoration plantings in the Atlantic Forest use a small, biased, and homogeneous set
of tree species. Forest Ecol. Manag. 553, 121628. https://doi.org/10.1016/j.
foreco.2023.121628.

Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of
variance. Austral. Ecol. 26 (1), 32-46. https://doi.org/10.1111/j.1442-
9993.2001.01070.pp.x.

Aronson, J., Goodwin, N., Orlando, L., Eisenberg, C., Cross, A.T., 2020. A world of
possibilities: six Restoration strategies to support the United Nation’s Decade on
Ecosystem Restoration. Restor. Ecol. 28 (4), 730-736. https://doi.org/10.1111/
rec.13170.

Baselga, A., 2010. Partitioning the turnover and nestedness components of beta diversity.
Global Ecol. Biogeogr. 19, 134-143. https://doi.org/10.1111/j.1466-
8238.2009.00490.x.

Baselga, A., Orme, C.D.L., 2012. Betapart: an r package for the study of beta diversity.
Methods Ecol. Evol. 3 (5), 808-812. https://doi.org/10.1111/j.2041-
210X.2012.00224.x.

Beauvais, M.P., Pellerin, S., Lavoie, C., 2016. Beta diversity declines while native plant
species richness triples over 35 years in a suburban protected area. Biol. Conserv.
195, 73-81. https://doi.org/10.1016/j.biocon.2015.12.040.

Beltran, L.C., Martinez-Garza, C., Howe, H.F., 2022. Return of forest structure and
diversity in tropical restoration plantings. Ecosphere 13, e4099. https://doi.org/
10.1002/ecs2.4099.

Brancalion, P.H.S., Viani, R.A.G., Calmon, M., Carrascosa, H., Rodrigues, R.R., 2013.
How to organize a large-scale ecological restoration program? The framework
developed by the Atlantic Forest Restoration Pact in Brazil. J. Sustain. For 32,
728-744. https://doi.org/10.1080/10549811.2013.817339.

Brancalion, P.H.S., Bello, C., Chazdon, R.L., Galetti, M., Jordano, P., de Lima, R.A.F.,
Medina, A., Pizo, M.A., Reid, J.L., 2018. Maximizing biodiversity conservation and
carbon stocking in restored tropical forests. Conserv. Lett. 11, e12454. https://doi.
org/10.1111/conl.12454.

Chazdon, R.L., Falk, D.A., Banin, L.F., Wagner, M., Wilson, S.J., Grabowski, R.C.,
Suding, K.N., 2021. The intervention continuum in restoration ecology: rethinking
the active—passive dichotomy. Restor. Ecol., e13535 https://doi.org/10.1111/
rec.13535.

Condit, R., Pitman, N., Leigh Jr, E.G., Chave, J., Terborgh, J., Foster, R.B., Ntinez, P.,
Aguilar, S., Valencia, R., Villa, G., Muller-Landau, H.C., Losos, E., Hubbell, S.T.,
2002. Beta-diversity in tropical forest trees. Science 295 (5555), 666-669. https://
doi.org/10.1126/science.1066854.

de Lima, R.A., Mori, D.P., Pitta, G., Melito, M.O., Bello, C., Magnago, L.F., Zwiener, V.P.,
Saraiva, D.D., Marques, M.C.M., Oliveira, A.A., Prado, P.I., 2015. How much do we
know about the endangered Atlantic Forest? Reviewing nearly 70 years of
information on tree community surveys. Biodivers. Conserv. 24, 2135-2148. https://
doi.org/10.1007/510531-015-0953-1.

de Lima, R.A., Oliveira, A.A., Pitta, G.R., de Gasper, A.L., Vibrans, A.C., Chave, J., ter
Steege, H., Prado, P.I., 2020. The erosion of biodiversity and biomass in the Atlantic
Forest biodiversity hotspot. Nat. Commun 11 (1), 1-16. https://doi.org/10.1038/
s41467-020-20217-w.

Elliott, S., Tucker, N.LJ., Shannon, D.P., Tiansawat, P., 2022. The framework species
method: harnessing natural regeneration to restore tropical forest ecosystems. Phil.
Trans. R. Soc. B 378, 20210073. https://doi.org/10.1098/1stb.2021.0073.

Engert, J.E., Vogado, N.O., Freebody, K., Byrne, B., Murphy, J., Sheather, G.,
Snodgrass, P., Nugent, L., Lloydg, D., Laurance, S.G., 2020. Functional trait
representation differs between restoration plantings and mature tropical rainforest.
Forest. Ecol. Manag. 473, 118304. https://doi.org/10.1016/j.foreco.2020.118304.

Fricke, E.C., Svenning, J.C., 2020. Accelerating homogenization of the global
plant-frugivore meta-network. Nature. 585 (7823), 74-78. https://doi.org/
10.1038/541586-020-2640-y.

Gann, G.D., McDonald, T., Walder, B., Aronson, J., Nelson, C.R., Jonson, J., Hallett, J.G.,
Eisenberg, C., Guariguata, M.R., Liu, J., Echeverria, C., Gonzalez, E., Shaw, N.,

Perspectives in Ecology and Conservation xxx (xxxx) xxx

Decleer, K., Dixon, K.W., 2019. International principles and standards for the
practice of ecological restoration. Restor. Ecol. 27 (S1), S1-S46. https://doi.org/
10.1111/rec.13035.

Hansen, M.C., Wang, L., Song, X., Tyukavina, A., Turubanova, S., Potapov, P.V.,
Stehman, S.V., 2020. The fate of tropical forest fragments. Sci. Adv. 6, eaax8574.
https://doi.org/10.1126/sciadv.aax8574.

Holl, K.D., 1999. Factors limiting tropical rain forest regeneration in abandoned pasture:
seed rain, seed germination, microclimate, and soil. Biotropica 31, 229-242. https://
doi.org/10.1111/j.1744-7429.1999.tb00135.x.

Holl, K.D., Reid, J.L., Chaves-Fallas, J.M., Oviedo-Brenes, F., Zahawi, R.A., 2017. Local
tropical forest restoration strategies affect tree recruitment more strongly than does
landscape forest cover. J Appl. Ecol. 54, 1091-1099. https://doi.org/10.1111/1365-
2664.12814.

Holl, K.D., Luong, J.C., Brancalion, P.H.S., 2022. Overcoming biotic homogenization in
ecological restoration. Trends Ecol. Evol. 37, 777-788. https://doi.org/10.1016/j.
tree.2022.05.002.

Jalonen, R., Valette, M., Boshier, D., Duminil, J., Thomas, E., 2018. Forest and landscape
restoration severely constrained by a lack of attention to the quantity and quality of
tree seed: insights from a global survey. Conserv. Lett. 11, e12424. https://doi.org/
10.1111/conl.12424.

Ladouceur, E., Jiménez-Alfaro, B., Marin, M., De Vitis, M., Abbandonato, H., lannetta, P.
P., Bonomi, C., Pritchard, H.W., 2018. Native seed supply and the restoration species
pool. Conserv. Lett. 11, 1-9. https://doi.org/10.1111/conl.12381.

Legendre, P., Legendre, L., 2012. Ordination in reduced spaces. In: Legendre, P.,
Legendre, L. (Eds.), Numerical Ecology. Elsevier, Amsterdam, pp. 425-519.

McKinney, M.L., Lockwood, J.L., 1999. Biotic homogenization: a few winners replacing
many losers in the next mass extinction. Trends Ecol. Evol. 14, 450-453. https://doi.
org/10.1016/50169-5347(99)01679-1.

Muff, S., Nilsen, E.B., O’Hara, R.B., Nater, C.R., 2021. Rewriting results sections in the
language of evidence. Trends Ecol. Evol. 37 (3), P203-210. https://doi.org/
10.1016/j.tree.2021.10.009.

Nielsen, F.T., Sand-Jensen, K., Dornelas, M., Bruun, H.H., 2019. More is less: net gain in
species richness, but biotic homogenization over 140 years. Ecol. Lett. 22 (10),
1650-1657. https://doi.org/10.1111/ele.13361.

Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., O’Hara, R.,
Solymos, P., Stevens, M., Szoecs, E., Wagner, H., Barbour, M., Bedward, M.,
Bolker, B., Borcard, D., Carvalho, G., Chirico, M., De Caceres, M., Durand, S.,
Evangelista, H., FitzJohn, R., Friendly, M., Furneaux, B., Hannigan, G., Hill, M.,
Lahti, L., McGlinn, D., Ouellette, M., Ribeiro Cunha, E., Smith, T., Stier, A., Ter
Braak, C., Weedon, J., 2022. _vegan: Community Ecology Package_. R package
version 2.6-4. https://CRAN.R-project.org/package=vegan.

Olden, J.D., Rooney, T.P., 2006. On defining and quantifying biotic homogenization.
Global Ecol. Biogeogr. 15, 113-120. https://doi.org/10.1111/j.1466-
822X.2006.00214.x.

Oliveira-Filho, A.T., Fontes, M.A.L., 2000. Patterns of floristic differentiation among
Atlantic Forests in Southeastern Brazil and the influence of climate. Biotropica 32,
793-810. https://doi.org/10.1111/j.1744-7429.2000.tb00619.x.

Pohlman, C.L., Tng, D.Y., Florentine, S.K., 2021. Do primary rainforest tree species
recruit into passively and actively restored tropical rainforest? Forest Ecol. Manag.
496, 119453. https://doi.org/10.1016/j.foreco.2021.119453.

R Core Team, 2023. R: A Language and Environment for Statistical Computing.
Foundation for Statistical Computing, Vienna, Austria. http://www.r-project.org.

Reid, J.L., Holl, K.D., Zahawi, R.A., 2015. Seed dispersal limitations shift over time in
tropical forest restoration. Ecol. Appl. 25, 1072-1082. https://doi.org/10.1890/14-
1399.1.

Ribeiro, M.C., Metzger, J.P., Martesen, A.C., Ponzoni, F.J., Hirota, M.M., 2009. The
Brazilian Atlantic Forest: How much is left, and How is the remaining forest
distributed? Implications for conservation. Biol. Conserv. 142, 1141-1153. https://
doi.org/10.1016/j.biocon.2009.02.021.

Rodrigues, R.R., Lima, R.A.F., Gandolfi, S., Nave, A.G., 2009. On the restoration of high
diversity forests: 30 years of experience in the Brazilian Atlantic Forest. Biol.
Conserv. 142, 1242-1251. https://doi.org/10.1016/j.biocon.2008.12.008.

Rosindell, J., Hubbell, S.P., Etienne, R.S., 2012. The unified neutral theory of biodiversity
and biogeography at age ten. Trends Ecol. Evol. 26 (7), 340-348. https://doi.org/
10.1016/j.tree.2011.03.024.

Shoo, L.P., Freebody, K., Kanowski, J., Catterall, C.P., 2015. Slow recovery of tropical old
field rainforest regrowth and the value and limitations of active restoration. Conserv.
Biol. 30, 121-132. https://doi.org/10.1111/cobi.12606.

Suganuma, M.S., Durigan, G., 2015. Indicators of restoration success in riparian tropical
forests using multiple reference ecosystems. Restor. Ecol. 23 (3), 238-251. https://
doi.org/10.1111/rec.12168.

Suganuma, M.S., Durigan, G., 2021. Build it and they will come, but not all of them in
fragmented Atlantic Forest landscapes. Restor. Ecol. 30 (4), e13537. https://doi.org/
10.1111/rec.13537.

Viani, R.A.G., Vidas, N.B., Pardi, M.M., Castro, D.C.V., Gusson, E., Brancalion, P.H.S.,
2015a. Animal-dispersed pioneer trees enhance the early regeneration in Atlantic
Forest restoration plantations. Nat. Conservacao. 13 (1), 41-46. https://doi.org/
10.1016/j.ncon.2015.03.005.

Viani, R.A.G., Mello, F.N.A., Chi, L.E., Brancalion, P.H.S., 2015b. A new focus for
ecological restoration: management of degraded forest remnants in fragmented
landscapes. GLP News. 5-9.

Zwiener, V.P., Lira-Noriega, A., Grady, C.J., Padial, A.A., Vitule, J.R., 2018. Climate
change as a driver of biotic homogenization of woody plants in the Atlantic Forest.
Global Ecol. Biogeogr. 27 (3), 298-309. https://doi.org/10.1111/geb.12695.


https://doi.org/10.1016/j.pecon.2024.12.001
https://doi.org/10.1016/j.foreco.2023.121628
https://doi.org/10.1016/j.foreco.2023.121628
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/rec.13170
https://doi.org/10.1111/rec.13170
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1111/j.2041-210X.2012.00224.x
https://doi.org/10.1111/j.2041-210X.2012.00224.x
https://doi.org/10.1016/j.biocon.2015.12.040
https://doi.org/10.1002/ecs2.4099
https://doi.org/10.1002/ecs2.4099
https://doi.org/10.1080/10549811.2013.817339
https://doi.org/10.1111/conl.12454
https://doi.org/10.1111/conl.12454
https://doi.org/10.1111/rec.13535
https://doi.org/10.1111/rec.13535
https://doi.org/10.1126/science.1066854
https://doi.org/10.1126/science.1066854
https://doi.org/10.1007/s10531-015-0953-1
https://doi.org/10.1007/s10531-015-0953-1
https://doi.org/10.1038/s41467-020-20217-w
https://doi.org/10.1038/s41467-020-20217-w
https://doi.org/10.1098/rstb.2021.0073
https://doi.org/10.1016/j.foreco.2020.118304
https://doi.org/10.1038/s41586-020-2640-y
https://doi.org/10.1038/s41586-020-2640-y
https://doi.org/10.1111/rec.13035
https://doi.org/10.1111/rec.13035
https://doi.org/10.1126/sciadv.aax8574
https://doi.org/10.1111/j.1744-7429.1999.tb00135.x
https://doi.org/10.1111/j.1744-7429.1999.tb00135.x
https://doi.org/10.1111/1365-2664.12814
https://doi.org/10.1111/1365-2664.12814
https://doi.org/10.1016/j.tree.2022.05.002
https://doi.org/10.1016/j.tree.2022.05.002
https://doi.org/10.1111/conl.12424
https://doi.org/10.1111/conl.12424
https://doi.org/10.1111/conl.12381
http://refhub.elsevier.com/S2530-0644(24)00065-8/sbref0120
http://refhub.elsevier.com/S2530-0644(24)00065-8/sbref0120
https://doi.org/10.1016/S0169-5347(99)01679-1
https://doi.org/10.1016/S0169-5347(99)01679-1
https://doi.org/10.1016/j.tree.2021.10.009
https://doi.org/10.1016/j.tree.2021.10.009
https://doi.org/10.1111/ele.13361
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1111/j.1466-822X.2006.00214.x
https://doi.org/10.1111/j.1466-822X.2006.00214.x
https://doi.org/10.1111/j.1744-7429.2000.tb00619.x
https://doi.org/10.1016/j.foreco.2021.119453
http://www.r-project.org
https://doi.org/10.1890/14-1399.1
https://doi.org/10.1890/14-1399.1
https://doi.org/10.1016/j.biocon.2009.02.021
https://doi.org/10.1016/j.biocon.2009.02.021
https://doi.org/10.1016/j.biocon.2008.12.008
https://doi.org/10.1016/j.tree.2011.03.024
https://doi.org/10.1016/j.tree.2011.03.024
https://doi.org/10.1111/cobi.12606
https://doi.org/10.1111/rec.12168
https://doi.org/10.1111/rec.12168
https://doi.org/10.1111/rec.13537
https://doi.org/10.1111/rec.13537
https://doi.org/10.1016/j.ncon.2015.03.005
https://doi.org/10.1016/j.ncon.2015.03.005
http://refhub.elsevier.com/S2530-0644(24)00065-8/sbref0205
http://refhub.elsevier.com/S2530-0644(24)00065-8/sbref0205
http://refhub.elsevier.com/S2530-0644(24)00065-8/sbref0205
https://doi.org/10.1111/geb.12695

	High-diversity Atlantic Forest restoration plantings fail to represent local floras
	Introduction
	Material and methods
	Study region and database
	Data analysis

	Results
	Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


