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Abstract

1. The use of invasive species in ecological restoration is controversial and has

raised recent concerns. In Brazil, some ecosystem restoration and agroforestry
projects have proposed using white-popinac (Leucaena leucocephala (Lam.) de
Wit), a broadly distributed invasive species, as a promising option for areas where
the soil is severely degraded. This recommendation is based on the premise that
it may not necessarily disrupt natural regeneration processes, particularly in frag-

mented forests.

. To address this uncertainty, we investigated its effects on the functional diver-

sity of naturally regenerating forests dominated by invasive grasses within the

Paulo, Grant/Award Number: 20/14104-6

and 21/00619-7 Atlantic Forest domain. We conducted floristic surveys on the arboreal and her-

baceous strata in 29 regenerating areas invaded by white-popinac, each with a

Handling Editor: Lutendo Mugwed unique time since invasion, thereby creating a gradient of invasion duration. We
estimated the average seed mass of each regenerating area (CWM), as well as
species richness and abundance of trees/shrubs and animal-dispersed species,
and o and f functional metrics.

3. The progression of invasion led to (i) a major decrease in the average seed mass
of native species, contrasted by an increase of this metric for invasive species; (ii)
an increase in tree abundance, without increasing tree species richness; and (iii) a
reduction in the richness of animal-dispersed species. Collectively, these results
indicate that the natural regeneration trajectories of Atlantic Forest fragments
can be strongly compromised by the advance of white-popinac invasions.

4. Practical implication. Our results highlight the need for early control measures
and caution against using white-popinac in restoration, emphasizing the value of
functional metrics in monitoring. Therefore, management protocols for the pre-
vention and control of white-popinac must be implemented, and its use in resto-

ration projects should not be advised.
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1 | INTRODUCTION

The consequences of biological invasions for forest regeneration
can be severe and often irreversible (Chiba De Castro et al., 2019;
Dyderski & Jagodzinski, 2020; Londe et al., 2017). Invasive species
can drive native species to local and regional extinctions (Chase
et al., 2020; Flory & Clay, 2010), resulting in the loss of functional
traits (Flory & Clay, 2010; Guido et al., 2021; Loiola et al., 2018) and
contributing to the homogenization of local communities (Renault
et al., 2022). For example, larger-sized seeds may be lost in invaded
areas (Gioria & Pysek, 2015), and seed dispersal networks can be
severely disrupted (Spotswood et al., 2012). Despite efforts to eradi-
cate or control invasive species in forests or other vegetation types,
legacy effects (Elgersma et al., 2011) and invasional meltdowns
(Simberloff & Von Holle, 1999) are frequently observed, demonstrat-
ing that complete recovery from invasive species impacts is often
unachievable (e.g. Chen & van Kleunen, 2022; Reynolds et al., 2017).
In some cases, native species richness may not change substan-
tially in invaded areas (Hejda et al., 2017; Krieger et al., 2022; Peng
et al., 2019), leading to potential misinterpretations about the real
impacts that invasive species have caused. This highlights the limita-
tions of an exclusive taxonomical approach, which often overlooks
the nuanced effects of invasive species on ecosystem functioning,
underscoring the need for functional trait-based frameworks to fully
assess these impacts (e.g. Hewitt et al., 2016). Despite the grow-
ing recognition of functional assessments, a critical gap remains in
understanding how invasive species-driven alterations to functional
traits and processes shape forest regeneration dynamics (Langmaier
& Lapin, 2020; Lazaro-Lobo et al., 2021).

The use of non-native plant species in ecosystem restoration
has long been controversial (Dunwiddie & Rogers, 2017; Pysek
et al., 2020; Schlaepfer et al., 2011). Some argue that, in severely
degraded areas, non-native species may be the only viable option
to restore soil quality and ecosystem functions (e.g. D'Antonio &
Meyerson, 2002; Silva et al., 2023; Singh et al., 2022). In Brazil, one
species that has garnered both praise and concern is white-popinac
(Leucaena leucocephala (Lam.) de Wit; leucena, in Portuguese). Once
hailed a ‘miracle plant’ for its resilience, rapid growth and ability to
thrive in nutrient-poor soils (Ledo et al., 2011; Sharma et al., 2022), it
has since become a focal point of ecological debate. Introduced pri-
marily for its economic value as a forage species for cattle during the
dry season, white-popinac has become invasive in ecosystems such
as savannas, restingas and regenerating forests, causing significant
ecological disruption (Zenni & Ziller, 2011). Despite its invasiveness,
it continues to be recommended for certain forest restoration and
agroforestry projects (Bageel et al., 2020; Drumond & Ribaski, 2010;
Ishihara et al., 2018). Some even argue that white-popinac facilitates
forest regeneration, functioning similarly to other pioneer species
(Costa & Durigan, 2010; Wolfe & Van Bloem, 2012).

In Brazil, recent changes in environmental legislation have re-
quired landowners in rural areas to allocate portions of their property
to native vegetation, typically by abandoning former pasturelands
or plantations to facilitate natural forest regeneration (Brasil, 2012).

White-popinac is a prevalent invasive species in these areas, often
forming large, dense and homogeneous patches (de Melo-Silva
et al., 2014; Werema & Wilson, 2022). These patches typically sur-
round forest fragments, encroaching upon regenerating areas. Most
regenerating areas are dominated by invasive grasses (Zardetto &
Siqueira, 2024) and the density within white-popinac patches is so
high that, over time, grasses and herbaceous species are displaced
to the fragment edges (Hata et al., 2010; Osawa et al., 2016). This
displacement results from competitive effects, such as reduced sun-
light incidence, as well as known allelopathic effects (Kato-Noguchi
& Kurniadie, 2022). Recently, Zardetto and Siqueira (2024) demon-
strated that white-popinac invasions in naturally regenerating for-
ests lead to biotic homogenization, reduced native species richness
and increased susceptibility to further invasions by other non-native
species.

Despite growing concerns about the annual spread of white-
popinac and repeated failures in management efforts, the species
is still frequently regarded as promising and manageable. For many
decision-makers—including local politicians, landowners, agro-
forestry specialists and even some ecologists—it remains unclear
whether white-popinac functions like other pioneer species (Costa
& Durigan, 2010; Wolfe & Van Bloem, 2012), facilitating the estab-
lishment of secondary species, or whether it disrupts the expected
trajectory of forest natural regeneration. To address this uncer-
tainty, we investigated the effects of white-popinac invasions on the
functional diversity of naturally regenerating forests dominated by
invasive grasses within the Atlantic Forest domain.

Using a space-for-time substitution approach, we constructed
a chronosequence of white-popinac invasion to assess how the
progression of invasion over time influences natural regeneration,
with a focus on the functional aspects of these regenerating forests.
Specifically, we examined (i) the average seed mass in the regenerat-
ing areas, (ii) the balance between animal- and non-animal-dispersed
species, (iii) shifts in the dominance of trees versus shrubs and (iv)
the dynamics of functional a-diversity within the regenerating areas
and B-diversity among transects. We hypothesized that as white-
popinac invasion progresses, its impacts would increasingly disrupt
the expected pathways of natural forest regeneration. In particular,
we predicted that invaded sites would show a decline in large-seeded
and animal-dispersed species, a shift towards shrub dominance and
reduced functional a- and p-diversity; patterns that together would
indicate impaired recovery processes and potential losses in ecosys-

tem resilience.

2 | MATERIALS AND METHODS
2.1 | Sampling design

We conducted fieldwork on 38 private properties located in rural
and peri-urban areas in the interior region of the state of Sao Paulo,
southeastern Brazil. Each property contained naturally regenerating
forests adjacent to at least one major patch of old-growth native
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forest (Atlantic Forest domain) and one patch of white-popinac. Of
these 38 private properties, we selected 29 to establish a temporal
gradient of invasion for analysis. The other properties were not
selected due to cattle access, recent wildfires or land management
activities occurring during the surveys. Fieldwork was carried out
between March 2020 and September 2022. Fieldwork was permitted
via registration for collection of botanical, fungal or microbiological
material (permit number 82299-1; legal context in ICMBio (2014)),
and individual authorizations from owners of each private property.

All study areas consisted of abandoned pastures or agricultural
lands undergoing natural regeneration. These areas were initially
dominated by invasive grasses, primarily Urochloa brizantha (Hochst.
ex A.Rich.) R.D.Webster and Megathyrsus maximus (Jacq.) B.K.Simon
& S.W.L.Jacobs, shortly after abandonment. In pastures, these
grasses, particularly U. brizantha, served as the primary forage for
cattle, which contributed to their dominance in the region even prior
to abandonment. In agricultural lands, invasive grasses typically
proliferate along roads, firebreaks and the edges of forest patches.
After abandonment, these grasses quickly dominate the regenerat-
ing areas within a few years. This grass-dominated landscape creates
favourable conditions for the establishment and spread of white-
popinac. Although scattered individuals of white-popinac may be
present prior to abandonment, population growth and proliferation
only occur after invasive grasses become the dominant vegetation,
as white-popinac requires more time to reproduce and establish a
larger population.

Our sampling design incorporated two hierarchical scales of
sampling units: the regenerating area itself (1=29) and the transects
within each regenerating area (n=131). Both scales were systemat-
ically replicated to ensure consistent coverage. Regenerating areas
were defined as abandoned pastures or agricultural lands that sur-
rounded, at least partially, an old-growth forest patch and contained
at least one patch of white-popinac. Within each regenerating area,
we established four to five transects for sampling. Each transect
measured 14mx2m and was positioned at the interface between
the forest fragment and its adjacent regenerating area, with 7m ex-
tending into the forest fragment and 7 m into the regenerating area.

At each transect, we estimated the abundance of all species, in-
cluding both native and invasive species, in the arboreal and her-
baceous strata. The arboreal stratum included all tree and shrub
species within the transect area (14 mx2m), with all individuals re-
corded and counted. For the herbaceous stratum, each transect was
divided into 28 grids (1 mx 1 m). Seven evenly distributed grids were
selected within the transect for sampling. In these grids, we visu-
ally estimated the ground cover percentage of each species using
the Braun-Blanquet approach (Braun-Blanquet, 1964). The ground
cover of each species for the entire transect was calculated as the
average ground cover across the seven grids.

All recorded species were classified based on the following cri-
teria: (i) dispersal mechanism, as either animal or non-animal dis-
persed (Van der Pijl, 1972); (ii) growth habit (JBRJ, 2025); and (iii)
status as native or invasive in the study region, using information

from established invasive species databases, including the Invasive
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Species Compendium, the Global Invasive Species Database and the
Horus Institute for Environmental Conservation and Development.
Further methodological details are provided in the Supplementary

Information (SI) file.

2.2 | Response variables

We estimated species richness for animal- and non-animal-dispersed
species as well as for trees and shrubs (Figure 1) using sample-
coverage rarefaction and extrapolation methods in the iNext R
package (v3.0.0; Chao et al., 2014; Hsieh et al., 2016). This analysis
was conducted separately for the arboreal and the herbaceous
strata. The observed abundance of each species in both strata, used
to estimate species richness, was calculated as the sum of observed

abundances across all transects within each regenerating area.

2.3 | Seed mass—Community-weighted mean

For each recorded species, we obtained the average diaspore dry
mass (referred to here as seed mass) from trait databases (Bello
et al., 2017; Kattge et al., 2020) and bibliography (Lorenzi, 2016,
2020, 2021), with some measurements obtained directly from
our own samples. Detailed information on the databases and
measurement methods used for each species is provided in the S|
file. We estimated the community-weighted mean (CWM) seed
mass by calculating the average seed mass for each regenerating
area, weighted by their respective abundances. Since the abundance
metrics differed between the arboreal (individual counts) and
herbaceous (ground cover percentage) strata, the CWM was

calculated separately for each stratum.

2.4 | Functional a-diversity

Functional diversity indices were derived from the multidimensional
trait space of plant communities, using the R package MFD. Functional
a-diversity metrics were estimated with the alpha.fd.multidim
function, using as input the first three principal coordinates analysis
(PCoA) axes previously extracted from the multidimensional trait
space (see Sl: Trait space). We calculated the following functional
a-metrics: functional richness (FRic) representing the functional
diversity of traits within a single community (Mouillot et al., 2013);
functional dispersion (FDis) defined as the extent to which species in
acommunity functionally deviate from the centre of functional space,
weighted by the abundance of each species (Mouillot et al., 2013);
functional evenness (FEve) quantified as how regularly distributed
the species of a community are within the functional space (Mouillot
et al., 2013); and functional mean pairwise distance (FMPD)
quantified as the degree of functional dissimilarity between species
pairs, based on their ecological traits (Mouillot et al., 2013; Webb
et al., 2002). We tested Pearson's correlation among the observed
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FIGURE 1 Theresponse variables, representing functional components of forest natural regeneration. CWM, community-weighted
mean; FDis, functional dispersion; FEve, functional evenness; FMPD, functional mean pairwise distance; FRic, functional richness; JDI,

Jaccard's dissimilarity index.

alpha diversity indices but didn't find any strong correlation (see Sl:

Functional a-diversity).

2.5 | Functional g-diversity

We estimated beta functional diversity of each transect using
the function beta.fd.multidim of the MFD package (Magneville
et al., 2022). Metrics were calculated based on species occurrence
and the first three PCoA axes extracted previously (see Sl: Trait
space). We calculated Jaccard's dissimilarity index and its functional
turnover and functional nestedness-resultant components (Villéger
etal., 2013) (see Sl: Functional a-diversity). We estimated the median
functional B-diversity among the transects (four of five) within each
regenerating area, to obtain a single value of p-diversity for the
entire regenerating area.

2.6 | Predictor variables

We established chronosequences using a space-for-time substitution
approach, in which different stages of invasion were represented
through spatial replication. To quantify the progression of white-
popinac invasion over time, we used three variables related to the
white-popinac patch within each regenerating area: basal area (BA),
average diameter at breast height of the largest individuals (ADL)
and age proxy obtained by satellite imagery (AP). BA, measured
in square meters per plot, represents the total area occupied by

white-popinac tree trunks in each plot. Higher BA indicates older
trees and, therefore, longer established invasions. ADL (centimetres)
was calculated as the average diameter at breast height (dbh) of the
largest trees within the white-popinac patch, specifically those in
the top 25% of the dbh distribution (upper quantile). Larger ADL
values reflect older and more mature trees, indicative of extended
invasion timelines. AP (years) was estimated using historical satellite
imagery from Google Earth. By identifying the first appearance of
each patch, we assigned an approximate age to the invasion event.

2.7 | Data analysis

For each hypothesis, we built a set of alternative models to
represent potential relationships between a response variable and
each time-advance predictor variable, which was standardized prior
to inclusion in the models. Our models also included a categorical
predictor variable to account for strata (herbaceous or arboreal)
when diversity metrics were calculated differently for each stratum.
Additional categorical predictor variables were included to capture
interactions with the time-advance variable: one to describe
dispersal mode (animal-dispersed or non-animal-dispersed) and
another to differentiate growth habit within the arboreal stratum
(tree or shrub).

We employed generalized linear models (GLM) for each response
variable, selecting distribution families based on the nature of the
data (e.g. continuous, discrete or proportional). For example, for es-
timated species richness, we compared models using Gamma and
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Gaussian distributions. Model selection followed an information-
theoretic approach (Aho et al., 2014), using the corrected Akaike in-
formation criterion (AlCc) and derived metrics (e.g. Ai, AlCc weight)
to rank models. Additional details on model structures, distribution
families, selection criteria and the software and R packages used are
provided in the Sl file.

3 | RESULTS

In total, we recorded 328 plant species across both native and
invasive categories, with 178 species identified in the arboreal
stratum and 150 in the herbaceous stratum (Table S5). Twenty
species could not be identified due to the absence of key taxonomic
structures, particularly among deciduous species. The remaining
308 identified species were distributed across 218 genera and 73
families, with Fabaceae, Asteraceae and Malvaceae being the most
represented in terms of species richness.

The average observed species richness per regenerating area
was 46.5 species (range=25.4-84; SD=14.2; n=29). The progres-
sion of white-popinac invasions influenced several key aspects of
the regenerating areas: (i) the average seed mass; (ii) the propor-
tion of animal-dispersed species; and (iii) the dominance of trees
in older invaded areas. In contrast, white-popinac invasions did not
affect functional a-diversity (FRic, FDis, FEve, FMPD) or B-diversity
metrics.

Our analysis revealed a complex interplay between tree abun-
dance and species richness as the time advance of invasion pro-
gressed. We observed a consistent increase in the total abundance of
trees over time (model 1; Figure 2a; Table 1; Nagelkerke's R?=0.84),
suggesting that certain tree species (other than white-popinac) are

thriving in the invaded areas. However, this increase in abundance
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was not accompanied by an increase in tree species richness (model
2; Figure 3; Table 1; time advance coefficient [95% Cl]=-6.9 to 1.2;
Nagelkerke's R?=0.48). These findings highlight a potential trade-
off between abundance and diversity within the tree community.
While certain tree species may be benefiting from the altered condi-
tions, the overall diversity of the tree community does not seem to
respond in the same way.

When considering the average seed mass of all species (cal-
culated as CWM), we found no relationship with any of the time-
advance variables. However, when analysing native and invasive
species separately, we observed contrasting trends. For native
species, the CWM of seed mass decreased with increasing time
since invasion (AP) in both arboreal and herbaceous strata (model
5, Figure 3; Table 1; time-advance coefficient [95% Cl]=-15.2 to
-0.53; Nagelkerke—R2=0.83). Conversely, for invasive species,
the CWM of seed mass increased with increasing time since in-
vasion (BA) also in both arboreal and herbaceous strata (model 6,
Figure 3; Table 1; time-advance coefficient [95% Cl]=0.73 to 18.5;
Nagelkerke—R2:0.95).

Regarding the proportion of animal and non-animal-dispersed
species, two model structures were among the best-supported
models in the selection process (Ai<2): a model with an interaction
between the time advance of invasion and dispersal mode (animal vs.
non-animal) and a simpler additive model without this interaction.
The additive model (model 7) indicated a weak decrease in the over-
all species richness with increasing time since invasion (ADL) (model
7, Figure 3; Table 1; time-advance coefficient [95% Cl] =-14.7 to 3.5;
Nagelkerke-R?=0.19). The interactive model (model 10) showed a
clear decrease in the richness of animal-dispersed species, while the
richness of non-animal-dispersed species increased with time since
invasion (AP), irrespective of stratum (model 10; Figure 2b; Table 1;

Nagelkerke-R?=0.19). Both models were equally plausible (Ai<2)
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FIGURE 2 Interaction plots representing the response variable in function of time conditional on categorical variable. Values on x-axis
are standardized. (a) Predicted total abundance of trees and shrubs in regenerating areas (model 1, Table 1). (b) Predicted species richness

of animal and non-animal-dispersed species in the regenerating areas (model 10, Table 1). BA, basal area (m

2), is a time-advance variable

that represents the area occupied by white-popinac trunks within a standardized plot. AP, age proxy (years) is a time-advance variable that
represents when the white-popinac patch was large enough to be detectable in the satellite imagery.
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Distribution

Model structure family AlCc Ai
Abundance of trees and shrubs

(1) Time (BA) x habit Poisson 828.5 0
Species richness (trees and shrubs)

(2) Time (BA)+ habit Gamma 335.5 0

(3) Time (AP) + habit Gamma 336.4 0.94

(4) Time (ADL) + habit Gamma 336.9 1.47
Seed mass (CWM) of native species

(5) Time (AP) +strata Gamma 518.6 0
Seed mass (CWM) of invasive species

(6) Time (BA) +strata Gamma 388.4 0

Species richness (animal and non-animal-dispersed species)

(7) Time (ADL) +dispersal type + Gamma 722.3 0
strata

(8) Time (BA)+dispersal type + Gamma 722.5 0.18
strata

(9) Time (AP)+dispersal type + Gamma 723.8 1.48
strata

(10) Time (AP) x dispersal type + Gamma 724.0 1.75

strata

TABLE 1 Model selection statistics for
top-ranked models (Ai < 2).

AlCc (W) R*

0.99 0.84
0.35 0.48
0.22 0.47
0.17 0.46
0.79 0.83
0.78 0.95
0.28 0.19
0.26 0.19
0.14 0.18
0.19 0.19

Note: AlCc: corrected Akaike information criterion (AIC). Ai: difference between a given model's
AlICc and the AICc of the best-ranked model. AICc (W): Akaike weight, representing the relative
likelihood of a given model. R?*: pseudo-R? for Poisson and Beta models; Nagelkerke R? for Gamma
models. ADL=average diameter at breast height (dbh) of the largest white-popinac trees within a
regenerating area (cm). AP =age proxy of the white-popinac patch (years). BA=basal area of the
white-popinac patch (m?). Strata=herbaceous or arboreal. Dispersal type =animal-dispersed or

non-animal-dispersed species. Habit=trees or shrubs.

and provided valuable insights into the potential effects of inva-
sion on plant-animal interactions. Notably, both models suggest a
decline in the richness of animal-dispersed species with increasing

time since invasion.

4 | DISCUSSION

Our findings demonstrate that white-popinac (Leucaena
leucocephala) invasion exerts pervasive impacts on the functional
trajectory of regenerating Atlantic Forest fragments. By linking
invasion progression to declines in functional diversity, reduced
native species establishment and shifts in dispersal and growth
strategies, our analyses reveal a critical disconnect between
white-popinac's perceived role as a facilitator of regeneration
(Bageel et al., 2020; Wolfe & Van Bloem, 2012) and its actual
ecological effects. These results challenge assumptions that the
species functions analogously to native pioneer taxa (Wolfe & Van
Bloem, 2012), as its dominance alters the functional composition
of regenerating communities in ways that may hinder long-term
forest recovery. This underscores the risks of prioritizing short-
term vegetation cover over functional resilience in restoration
planning, particularly in systems already compromised by
biological invasions.

The reduction in the average seed mass of native species in
older invaded regenerating areas indicates an ongoing loss of large-
seeded native species. These large-seeded species play a critical
role in forest functioning by providing resources for animals (Galetti
et al., 2006), maintaining ecosystem services (Culot et al., 2017)
and ensuring the long-term continuity of forest regeneration (Costa
et al., 2012). Previous studies demonstrated that native large-
seeded species are particularly vulnerable to disturbances such as
fragmentation (Costa et al., 2012; Melo et al., 2007) and, potentially,
biological invasions (Gioria & Pysek, 2015), often exhibiting higher
extinction rates. Most large-seeded species in tropical forests are
shade-tolerant and more abundant in late-successional stages and
mature forests (Sonkoly et al., 2017; Werden et al., 2020). The con-
ditions that favour these species may be compromised by the pres-
ence of dominant invasive species such as white-popinac, which can
significantly alter resource availability and environmental conditions
(GISD, 2015). Our results indicate that they are increasingly being
replaced by invasive species, most notably white-popinac and other
less abundant invaders. Interestingly, it is not the functional trait of
large seeds that is being lost, as this dynamic was not evident in the
general model; rather, there is a shift in species identities from native
to invasive. To our knowledge, no previous research has documented
an invasive species causing the replacement of large-seeded native
species with invasive counterparts that also produce large seeds.
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Model 7 (ADL)

Model 6 (BA)

Model 5 (AP) ~ ———————

Model 2 (BA)

Estimate Cl (95%)

FIGURE 3 Confidence intervals (95%) from predicted estimates
on selected additive models. Once each model has its own
distribution family and link function, the values on x-axis are not
standardized and cannot be directly compared among models. The
plot shows whether the confidence intervals (Cls) include zero.
The dashed vertical line represents zero; predictor effects whose
Cls overlap this line are considered not statistically consistent.
ADL, average diameter at breast height (dbh) of the largest white-
popinac trees within a regenerating area (cm); AP, age proxy of the
white-popinac patch (years); BA, basal area of the white-popinac
patch (m?).

This finding underscores a unique aspect of white-popinac invasions
and warrants further investigation into the ecological implications of
these trait-specific yet identity-driven dynamics.

The decrease in the richness of animal-dispersed species is a
concerning effect of white popinac invasion, with potential cas-
cading consequences, such as local extinctions of dispersers, shifts
in species distribution and disrupted trophic interactions (Brodie
et al., 2024; Garcia & Martinez, 2012). This decline is partially driven
by the exclusion of large-seeded, animal-dispersed species, which
are replaced by small-seeded, non-animal-dispersed species, often
wind-dispersed. These changes create a feedback loop: fewer
animal-dispersed plants reduce local resource availability, leading
to declines in animal dispersers, especially specialists, which further
compromises seed dispersal processes (Culot et al., 2017; Wotton &
Kelly,2011). The remaining animal-dispersed species in older invaded
areas were either primarily invasive species (e.g. Psidium guajava L.,
Melia azedarach L. and Syzygium cumini (L.) Skeels) or ruderal natives
(e.g. Solanum spp., Celtis iguanaea (Jacq.) Sarg. and Piper aduncum L.).
While the long-term consequences of these changes are known, in-
cluding potential local extinctions of animal dispersers, the extent to
which these impacts can be reversed remains uncertain.

Our findings reveal that while tree abundance increases in older
invaded areas, the richness of both tree and shrub species does
not follow this pattern. Under normal forest natural regeneration
in the Atlantic Forest, an increase in tree abundance is expected
(Campanello et al., 2007), often surpassing the abundance of shrubs.
Once the richness of trees is not increasing, this pattern under-
scores that while tree recruitment occurs, it is not accompanied by
the establishment of new tree species as white-popinac invasion
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advances. In older invaded areas, dominant tree species are ruderal,
non-animal-dispersed or have smaller seeds (e.g. Tabernaemontana
catharinensis A.DC., Moquiniastrum polymorphum (Less.) G. Sancho
and Aloysia virgata (Ruiz & Pav.) Juss., respectively). This apparent
increase in tree abundance may contribute to misconceptions about
the ecological impacts of white-popinac. Although tree recruitment
may seem to indicate regeneration, the richness and functional di-
versity of tree species are not increasing, as expected in a naturally
regenerating forest (Siminski et al., 2021).

Our results indicate strong impacts of white-popinac invasions
on naturally regenerating Atlantic Forest patches, although other
factors likely contribute to these dynamics. A critical, unaddressed
issue is the chronology of grass invasion versus white-popinac inva-
sion. Invasive grasses (Megathyrsus maximus and Urochloa brizantha)
were present in all the areas before abandonment, but their interac-
tions with white-popinac—whether facilitative, synergistic or com-
petitive—remain unclear. While competition between these invasive
species has been indirectly explored (Zardetto & Siqueira, 2024), a
field-based study excluding grasses would be unfeasible as aban-
doned Atlantic Forest areas are invariably dominated by them. Other
invasive species were less abundant, with 16 herbaceous and 12 ar-
boreal species recorded, none approaching the dominance of white-
popinac or grasses. The inclusion of the herbaceous stratum in our
study was crucial, given its pivotal role in early-stage regeneration.
In fact, half of all recorded species were found in this stratum, com-
prising 66 forbs, 16 species of grasses and graminoids, 55 climbing
species and 6 other growth forms. These results underscore the
importance of prioritizing the herbaceous layer in studies of forest
natural regeneration.

Considering the 2-20-year time span encompassed by our chro-
nosequences (via AP), the expected forest regeneration appears to
be severely compromised, and potentially inhibited, in both strata.
While we cannot predict whether these conditions will persist in-
definitely, we found no clear evidence that the disruptive effects of
white-popinac invasions diminish over time in naturally regenerating
areas of the Atlantic Forest. We suggest that white-popinac inva-
sions deserve greater attention in terms of prevention and control
and that the use of white-popinac in restoration projects should be
discouraged. Given that white-popinac is rapidly spreading across
several Brazilian biomes, particularly in open areas, urgent imple-
mentation of management protocols for its prevention and control
is imperative.
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