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Abstract: As secondary forests become more common around the world, it is essential to understand

successional pathways to ensure their proper forest management. Despite optimism about secondary

forests in terms of landscape restoration, the influence of invasive species on their development

has been poorly explored. Here, forest plots in the Araucaria Forest, Southern Brazil, are used to

compare forest dynamics over a 14-year period between unmanaged bamboo forest development

(control) and the removal of bamboo. Six control plots (15 × 15 m) were monitored for all adult trees

since 2007 alongside six adjacent removal plots; after the initial measurement of the control in 2007,

all plots were measured bi-annually from 2010 to 2020. Comparisons were based on tree species

diversity, composition, and structure parameters. Removal plots show a trend towards developing

a forest composition with more secondary and late successional species while the control plots

demonstrate succession restricted to the pioneer trees that regenerated immediately after bamboo

die-off (2005–2006). Without the presence of bamboos, removal plots are mirroring the well-known

successional pathway typical of the Araucaria Forest. Conversely, bamboos are effectively arresting

successional development in the control, resulting in lower levels of diversity and less complex forest

structure. For the first time, this study presents a direct analysis of the influence of bamboos on forest

succession, providing evidence on which practices to manage bamboo forests can be developed so

these secondary forests can fulfill their ecological and economic potential.

Keywords: secondary forests; succession; invasive species; bamboos; forest management

1. Introduction

Natural ecosystems, especially forests, have been subjected to unprecedented degra-
dation that has reduced their overall land cover [1]; this has resulting in habitat reduction,
fragmentation, and biodiversity extinction [2,3], all of which have the potential to threaten
the well-being of future generations [4]. After forests are clear-cut and large tracts of
land are abandoned following improper agriculture and pasture management, secondary
forests are increasingly becoming part of the world’s landscape [1]. In this context, it is
essential to understand which successional pathways and mechanisms are taking place
to inform management policies and support the development of silvicultural practices
that will ensure effective and balanced conservation, ecosystem services and production
strategies of regenerating forests.

Secondary forests are described as being highly productive and resilient [5] with
potential for carbon sequestration and maintaining important levels of biodiversity [6].
They are integral to forest landscape restoration efforts [7] where forest diversity and
composition have the potential for recovery through long-term natural succession [8]. Al-
though some successional pathways have been studied [9], there is still the need for a better
understanding as to whether secondary forests can deliver the expected environmental and
economic benefits considering current challenges linked to climate change and invasive
species and to inform proper management practices [10].

One of the biggest current challenges in forest management is the increasing threat
to forest health due to invasive species (e.g., [11]). Bamboos have been shown to be an
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important ecological driver in different parts of the world, where its invasive behaviour is
hindering the natural succession of secondary forests and so causing losses to biodiversity
and productive opportunities. Previous studies have described the short-to-medium-term
effects of bamboos on forest regeneration and adult populations, showing that their pres-
ence as a dominant species hinders the ability of recruits from the seed bank to successfully
develop [12–16], ultimately leading to the impoverishment of forest structure and tree
diversity [17]. However, to date no study has tested the influence of bamboo dominance
on forest dynamics directly in the field by comparing forest dynamics in plots dominated
by bamboos to plots that are kept bamboo free.

Bamboos, as native invasive species (sensu [18,19]), have dominated many secondary
forests in Southern Brazil and other parts of the world, effectively arresting their succes-
sional development [17,20–23]. This can have important ecological implications that might
require active management [21,23]. Despite the information already gathered, no study
has used experimental data to directly test for such causality. This study aims to determine
the influence of bamboos on forest succession in the long-term. To test this, I monitored
forest succession over a 14-year period to compare tree species diversity and composition,
and forest structure between forests plots with bamboo presence (control) and plots where
bamboos were removed (removal).

2. Material and Methods

2.1. Study Area

This study was conducted in the Embrapa Research Station in Caçador (ERSC), Santa
Catarina State, Brazil (26◦50′32.69” and 26◦52′36.7” S, 50◦54′51.69” and 51◦58′40.36” W;
(Figure 1). The ERSC, covers an area of 1,157 ha and is characterized by the subtropical hu-
mid forest of Southern Brazil (locally known as Araucaria Forest) that occurs in subtropical
highland climates (Cfb) with high annual precipitation (~1694 mm) with elevation varying
from 800 to 1060 m asl [21]. Currently, around 5% of the original forest cover remains as
primary forest, with 20–25% as secondary forest [24,25]. Because of its unique flora and
high levels of deforestation, this ecosystem is considered a hotspot for the conservation of
biodiversity [26].

 

Figure 1. Location of the Embrapa Research Station in Caçador (ERSC), Santa Catarina State, Brazil.
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In the ERSC, some areas are still covered by old-growth forests, widely recognized
as the region’s late successional stage, in which bamboos are present at low densities in
the understory and are a natural, but not defining, element of the forest structure [27–29].
These forests are dominated by Araucaria angustifolia, Ocotea porosa and other Lauraceae
species, Ilex paraguariensis (yerba mate) and other Aquifoliaceae species, Cedrela fissilis,
and many Myrtaceae species, among others; in the ERSC, old-growth forest have a basal
area of ~45.24 m2 ha−1, a density of 201 trees ha−1 (DBH > 19.09 cm) [30] and a general
maximum number of tree species of 71 [31]. On the other hand, forests that were subjected
to more intense historical harvesting levels are dominated by secondary species such as
Cupania vernalis, Ocotea puberula, Matayba elaeagnoides, Clethra scabra, Lithrea brasiliensis,
among others [32], a typical pattern observed in the region [33].

The ERSC has been under government stewardship since the 1930s and was set aside
due to large populations of A. angustifolia and O. porosa, although logging continued for
some time resulting in some clear-cut areas, with selective logging occurring in the most
easily accessible areas until the 1990s [34]. After historical logging in the ERSC, large tracts
of previously clear-cut areas are currently covered by younger forests characterized by
pioneer species (primarily Mimosa scabrella Benth. and Piptocarpha angustifolia Dusén ex
Malme) with bamboos (mainly M. skvortzovii) dominating the understory (Figure 2A,B).
In these young forests, native bamboo species have shown intense population growth,
creating in some areas near monospecific forest stands [35].

  

  

Figure 2. Overview of the understory in a control plot in 2010 (A) and 2020 (B) showing consistent bamboo dominance, and

a removal plot in 2010 (C) and 2020 (D) depicting successional development in the absence of bamboos.
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This bamboo species has a life cycle of 30–32 years [36–38], and the last synchronised
flowering was observed between 2004 and 2006 when the entire ERSC bamboo population
died and subsequently recolonized through seed germination. Three years after germi-
nation, M. skvortzovii culms were fully recovered and reached about 1.5 m in height, by
year five they reached 2.5–4 m, and by year seven 5–8 m [21]. Bamboos were measured
periodically for reference but were not monitored for this study.

2.2. Methodology

I compared secondary forest development with and without the dominance of bam-
boos (control and removal, respectively) over a 14-year period (2007–2020) with data
collected in July and August in 2007, 2010, 2012, 2014, 2016, 2018, and 2020; the control
plots are dominated by bamboos and were not subjected to any interference; removal plots
had bamboo populations removed periodically upon resprouting. As removal plots were
installed in 2010, for some comparisons I used data from the control in 2007 as a proxy for
its diversity and structure.

Using a lottery system, I randomly chose six out of the 20 Bamboo plots set up in
2006-2007 in the ERSC as the control (see [21]) after which I established a companion
removal plot for comparison. In order to ensure that comparisons were based on similar
environmental conditions, the analysis was restricted to the six control-removal plot pairs.
All plots were established following cardinal orientation with the south-west corner as
the initial point of reference. Nearly adjacent to each control plot (about 5–10 m distant),
I established one removal plot, always parallel on the east side of its accompanying
control plot. The distance between control and removal plots were established to allow
for movement around and between plots, thus diminishing the impact of unnecessary
traffic inside plots (i.e., researchers trampling bamboo and tree seedlings), and to ensure
no reciprocal interference between treatments (i.e., light conditions from removal plots that
could influence the control treatment and vice-versa). Plot corners were marked with 1.5
m PVC water pipes for visibility and long-term durability. During monitoring, the team
verified that corner markers were still intact and when necessary, they were replaced. As
such, a total of 12 plots, each of 225 m2 (15 × 15 m), were monitored in which all trees
with a minimum height of 1.5 m (H) and diameter at breast height (DBH) of 3.18 cm were
botanically identified (based on the team’s field knowledge, and sampled when necessary
for later confirmation in the herbarium), tagged, and measured for height (using a Suunto
clinometer) and DBH (tape measure); the minimum values are the threshold for trees to
be considered adults. I also classified species into ecological groups (pioneer, secondary,
and late successional) based on Budowski [39], specialized literature (e.g., [40]), and the
team′s experience.

Bamboo forests (control) are young secondary forests with a simplified structure and
species composition where the canopy is dominated by pioneer tree species (mostly Mimosa
scabrella but also Vernonanthura discolor and Piptocarpha angustifolia) and the understory
is occupied by the bamboo species M. skvortzovii (regionally known as taquara-lixa). In
the study region, secondary forests tend to follow a predictable successional pathway
towards an increasingly complex diversity and structure. After an initial successional stage
dominated by pioneer species [41], the forest develops towards the typical Araucaria forest
that characterizes the Southern Brazil Plateau [27]. In this region, A. angustifolia dominates
the canopy and becomes an iconic feature that defines the landscape, developing its unique
crown in the shape of a flat-topped candelabra as it ages.

I assessed and compared the species diversity between control and removal and
among years for each forest type by using diversity parameters based on collected and
extrapolated data. For collected data I used EstimateS v9.1.0 [42] to calculate the number of
shared species between forest types (Sshared; without replacement configuration), number
of species exclusive to each forest type (SExcl), and the total number of species (Stotal). I also
used iNEXT Online software [43] to calculate empirical diversity as the effective number
of species based on Hill numbers described by their q-values (qD), where: 0D is species
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richness; 1D is the algebraic logarithmic transformation of the Shannon–Wiener Index;
and 2D is the inverse of the Simpson concentration [44]. The comparisons between forest
types and among years using Hill numbers was considered significantly different when
confidence intervals did not overlap. While Hill numbers allow for the comparison of
diversity between forest type, based on different aspects of their species composition and
abundance, SExcl and Sshared focus on the number of species that are exclusive to a forest
type and how their diversity influences overall diversity (Stotal).

Species diversity extrapolation curves were calculated using iNEXT to standardize to a
common sample size following Chao et al. [43]. Calculations were set up with 500 bootstrap
replications, a confidence interval of 0.95, and with an endpoint of twice the smallest
reference sample size or the maximum reference sample size, whichever is larger [43,45].

The differences in species diversity and composition over time between control and
removal plots were calculated through the nonparametric multi-response permutation
procedures (MRPP) statistical analysis (based on the Sorensen distance) with accompanying
indicator species analysis (ISA; Dufrêne and Legendre method with 4999 permutations) in
the software PC-ORD v7.08 [46]. MRPP tests the significance of the differences between two
or more groups of sampling units; it does not require distributional assumptions typical of
parametric tests which are uncommon for ecological data [46].

I used Mixed Models with Repeated Measures (MMRM) to assess significance between
treatments (control and removal) in relation to the available forest structure parameters
in the NCSS 2019 software [47] following the software recommendations and as applied
elsewhere [17,21] in which the Akaike Information Criterion (AIC) was used to compare
model covariance structures among analyses where the lowest AIC value was chosen.
Additionally, the settings were based on a single fixed factor (forest type, ecological group,
or size class, depending on the analysis), without covariates, and the type of likelihood
equation set to restricted maximum likelihood (REML). The forest structure parameters
analysed were: density (N, no. of trees. ha−1); basal area (G, m2 ha−1); mean height (H,
m); and mean DBH (DBH, cm). Results for forest structure were compared across the
2007–2020 period, between years for control and removal, and used to assess population
arrangement among species ecological groups.

3. Results

3.1. Species Diversity and Composition

The results based on empirical data show that species richness (0D) surged from 9
to 16 tree species in the control between the first year monitored after the bamboo die-off
(2007) and the second measurement (2010), after which the richness decreased continuously
reaching 12 in 2020 (Table 1; see Supplementary Figure S1 for extrapolated results). Further-
more, richness also surged in removal from 2007 to 2010 (based on 2007 control baseline)
increasing from nine to 20 species. From 2010, richness continued to increase until 2020
when 29 species were recorded. Such divergent trends rendered significant differences in
richness between control and removal beginning in 2014. The species diversity based on
the effective number of species (algebraic logarithmic-transformed Shannon–Wiever index;
1D) was relatively stable in control at around 4.7–5.2 species (after an increase in 2010).
Removal showed a different pattern where values increased quickly from 5.16 species
(2012) to 7.45 in 2014 and finally reached 18.02 in 2020 (all values from 2014 onwards were
significantly different between forest types). Finally, the effective number of species based
on the inverse Simpson concentration index (2D) increased consistently in both treatments,
although only slightly in control and more noticeably in removal, particularly from 2018
onwards (significant differences were observed starting in 2016).
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Table 1. Calculated tree species diversity for control and removal plots based on empirical Hill numbers (qD; q = 0 to 2),

number of species exclusive to one forest type (Sexcl), number of shared species between forest types (Sshared), and total

number of species in both forests (Stotal).

Year
0 D 1 D 2 D Sexcl Summary

Control Removal Control Removal Control Removal Control Removal Sshared Stotal

2007
9

(4.8)
[9

(4.8)]
3.14
(1.9)

[3.14
(1.9)]

1.92
(0.9)

[1.92
(0.9)]

- - - [9]

2010
16

(5.0)
20

(5.2) ns
5.07
(1.1)

5.19
(0.6) ns

3.08
(0.7)

3.8
(0.4) ns 7 5 9 27

2012
16

(4.3)
21

(3.8) ns
4.89
(0.9)

5.16
(0.9) ns

3.04
(0.6)

3.03
(0.5) ns 8 13 8 29

2014
15

(3.7)
26

(5.6) *
4.74
(1.1)

7.45
(1.5) *

3.01
(0.6)

3.87
(0.8) ns 4 15 11 30

2016
14

(3.9)
26

(3.9) *
4.93
(1.3)

9.89
(2.1) *

3.37
(0.7)

5.39
(1.3) *

3 15 11 29

2018
13

(3.9)
27

(3.6) *
4.85
(1.5)

14.4
(2.5) *

3.4
(0.9)

9.12
(2.3) *

3 17 10 30

2020
12

(5.5)
29

(3.9) ns
5.17
(2.0)

18.02
(2.6) *

3.7
(1.1)

13.61
(2.3) *

0 17 12 29

q = 0 is richness; q = 1 effective number of species where species are weighted in proportion to their frequencies; q = 2 effective number of
species where more weight is given to abundant species, discounting rare species. * and ns denote significant and non-significant differences
(respectively) for comparisons between treatments; ( ) standard deviation; [ ] are control values used solely as reference as no data is
available for removal in 2007.

Overall richness (Stotal) was basically stable during most of the study period (after
a sharp increase from 2007–2010) and varied between 29 and 30 species. However, the
distribution between treatments was quite different. While control showed more exclusive
species at the beginning of monitoring (2007), such a distribution was quickly inverted
where no exclusive species in the control treatment were found in 2020 (in contrast with 17
in removal); by 2020 all species found in control were also found in removal, resulting in a
greater number of shared species (Sshared).

Species composition analysed by MRPP resulted in significant A values (chance-
corrected within-group agreement; p < 0.05) ranging from 0.085 in 2012 to 0.156 in 2020,
except for 2014 in which A values reached 0.074 (p = 0.056). The complementary ISA
showed that in the control there were no species that differentiated its composition.
Removal, on the other hand, had three pioneers as indicator species in 2010, one pioneer
species for most of the monitoring period, and three detected in 2020 (one pioneer, one
secondary, and one late successional; see Supplementary Table S1 for list of species groups
by successional stage).

The statistical analysis for density showed an overall significant difference between
treatments (F(1, 90.1) = 140.3; p < 0.00000) with removal being consistently more diverse.
When analyzed on a yearly basis, there was a general reduction in p-values throughout the
study (Table S2), although 2012 and 2014 were not significantly different. The number of
trees showed a marked increase in both treatments in 2010 after which they declined but
with different trends. Removal tended toward stabilization where a reduction of only 0.4%
between 2018 and 2020 was observed by 2020; in the control, density reduced continuously
(33.3% less trees in 2020 compared with 2018; Figure 3 and Supplementary Table S2).
Consequently, the difference between forests reached around 200% in 2020 (1593 trees in
removal and 533 in the control) with significant differences in 2010 and from 2016 onwards
(Supplementary Table S2).
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Figure 3. Density (no. trees.ha−1, lines) and relative density (no. trees.ha−1%, columns) for control (A) and removal (B),

and richness (number of species—S, lines) and relative richness (% of number of species, columns) for control (C) and

removal (D) for the different species successional groups. Bars around values represent standard deviations. Values for

removal 2017 are from control as reference.

The analysis of density and relative density by successional group showed that pio-
neers increased in both treatments in the initial monitoring phase after which it declined
abruptly, but always maintaining levels above the initial values (Figure 3). Specifically,
density of pioneer species peaked in control in 2012 with an increase of 562% in relation to
2007 (311 and 2059 trees, respectively), and subsequently declined steadily until reaching
467 trees in 2020, a value still 50% higher than 2007. Similarly, in removal the number
of pioneer trees peaked in 2010 with an increase of 1,403% in relation to 2007 (4674 and
311 trees, respectively) and then declined continuously until 2020 when 911 were observed
(193% higher than 2007). The relative density (in relation to the total number of trees) of the
pioneer group also declined throughout the study after surging in 2010 when around 96%
of the trees were pioneers in both forests. Despite the initial similarity, by 2020 the density
of pioneers in removal were much lower than control (57.2 and 87.5%, respectively).

The secondary species group showed different patterns between treatments. In con-
trol, density decreased (after an initial increase in 2010) although its relative density was
considerably higher in 2020 (6.7% in 2007 and 12.5% in 2020). On the other hand, secondary
species showed a constant increase in density and relative density in removal, reaching
33.5% relative density by 2020 (compared with 6.7% in 2007 and 3.2% in 2010). Finally,
the late successional group was markedly different between forests with no individuals
observed in control, whereas an increase in both number of trees and species was detected
for absolute and relative density values in removal.

In relation to the number of species (richness) by successional group, the control
showed an initial increase of pioneer species after which it declined to reach its earliest
value (six species). Nevertheless, the relative richness showed a constant decline, ending at
50% after its peak in 2010 (Figure 3). In removal, pioneer species also increased initially,
maintaining higher levels (13 species) until 2016 and falling to 11 species by 2020. However,
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the relative richness values in most years were at 50% or lower (except for 2012 with 57.5%),
showing a tendency of decline (37.5% in 2020). The secondary species group increased in
both forests throughout the study reaching similar values of around 50% in 2020. Lastly,
late successional species diversity was absent in control while in removal they showed a
slight increase (two to three species) with relative richness varying between 8 and 11%.

3.2. Forest Structure

The overall statistical analysis for stand basal area (G) showed a significant difference
between treatments (F(1,15.9) = 117.3; p = 0.000118), although the yearly analysis showed
significance only in 2010 (Supplementary Table S2). Additionally, the yearly analysis for
each treatment independently only showed significant differences between 2010 and all
other years in control. No significant differences were found in removal. G in control
increased quickly to nearly double in the first three measurements (4.32 m in 2007, 9.91 in
2010, and 16.45 in 2012) after which values remained around 18 m2.ha−1 (Supplementary
Table S2). On the other hand, removal began with 20.98 m2.ha−1 in 2010 (assuming a
similar value to control in 2007) and varied from 19 and 22 m2.ha−1 until 2020.

The statistical analysis for mean height (H) showed that there is a significant difference
between treatments (F(1,106.1) = 185.8; p = 0.000000) and for all years with the exception of
2010 (Table S2). Furthermore, the yearly analysis for each treatment independently showed
significant differences between years in most cases for control (except for comparisons
between successive monitoring years). For removal, the differences were significant only
in relation to 2010. The mean height in control increased consistently throughout the study,
with a difference of around 297.5% between 2007 and 2020 (4 and 15.9 m, respectively;
Table 2, Figure 4). During the 2007–2014 period, there was an average increase of about
43%, which fell to 12% between 2016 and 2020. In contrast, H in removal was 50% higher
in 2020 in relation to 2010 (8.1 and 5.4 m, respectively), but varied throughout the study
period. There was a constant increase until 2018, after which the values began to decline,
averaging 8.1 m in 2020 after peaking at 9.3 m in 2018 (a decrease of 13.9%).

Table 2. Results of the analysis between control and removal for density (N, no. trees.ha−1), stand

basal area (G, m2.ha−1), mean height (H, m), and mean DBH (DBH, cm).

Year
CONTROL REMOVAL

N G
¯

H DBH N G
¯

H DBH

2007
400

(365)
4.32
(4.9)

4.1 (9.8) 6.6 (9.8)
[400]
(365)

[4320]
(4.9)

[4.1] (9.8) [6.6] (9.8)

2010
1956
(833)

9.91
(7.6)

5.6 (1.7) 6.6 (4.5)
4844

(1434) *
20.98
(4.5) *

5.4 (2.5) 6.1 (4.3)

2012
2178
(792)

16.45
(7.7)

9.4 (3.1) 8.3 (5.3)
2904

(1,012)
18.99
(4.5)

7.4 (3.5) * 7.4 (5.4)

2014
1474
(429)

17.69
(6.7)

11.6
(3.5)

10.7
(6.2)

2096
(433)

19.26
(4.5)

8.3 (3.9) * 8.7 (6.4) *

2016
978

(235)
19.01
(6.8)

13.4
(3.7)

13.8
(7.6)

1756
(506) *

20.39
(5.4)

9.1 (4.3) * 9.7 (7.3) *

2018
711

(141)
18.83
(4.7)

15.3
(3.8)

16.6
(7.9)

1600
(592) *

22.06
(4.5)

9.3 (5.0) * 10.4 (8.3) *

2020
533

(141)
18.05
(6.2)

15.9
(5.0)

18.6
(9.2)

1593
(526) *

20.81
(4.4)

8.1 (5.4) * 9.7 (8.5) *

( ) are standard deviation values; [ ] are control values used as reference as no data is available for removal in

2007. * Significant differences between treatments for α = 0.05.
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Figure 4. Population distribution based on DBH (m2) and height (m) for control (A,C) and removal (B,D) between 2007 and

2020. X indicates the mean and O indicates outliers.

The overall statistical analysis for DBH showed a significant difference between
treatments (F(1,90.1) = 140.3; p = 0.000000) and for all years after 2012 (Supplementary Table
S2). Furthermore, the yearly analysis for each treatment independently showed in general
significant differences between years for control (except for 2016–2018 and 2018–2020). For
removal, the differences were significant in most cases in comparison with 2010 and 2012.
DBH in control increased consistently during the study, with a difference of around 182%
between 2007 and 2020 (6.6 and 18.6 m, respectively) and a yearly average increase of about
23% from 2010 to 2020 (Supplementary Table S2, Figure 4). In contrast, DBH in removal was
59% higher in 2020 than 2010 (9.7 and 6.1, respectively), although the trend was variable.
DBH distribution in control showed a concentration of gradually higher values throughout
the study (Figure 4A). In contrast, values were concentrated in a much lower range (<10
cm; Figure 3B) for removal, yet with an increasing number of higher values that contrast
with the general distribution (outliers). Similarly, H showed a progressive concentration
in higher values in control in contrast to removal. In the latter, after an initial increase the
trend inverted, with the mean declining and the general distribution concentrated in a
lower range by the end of the study (Figure 4C,D).

4. Discussion

4.1. Species Diversity and Composition

The results show an initial increase (2007–2010) in species diversity (0–2D) in control,
which is consistent with rapid recruitment and tree development [17] after improved light
conditions due to bamboo die-off (2005–2006), as observed in other studies [17,20,21]. The
same process was detected in removal but with higher values. These trends begin to diverge
by 2014 when richness starts to decline in control as a response to the re-establishment of
bamboos. This process began to affect recruitment in 2012 [21] but is observed herein for
adults only in 2014. On the other hand, in removal, regeneration and adult development
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were not constrained by the presence of bamboos; therefore, the diversity of species
continued to increase.

In removal, as diversity increased over time, there was a change in species composition
in which pioneers decreased continuously both in terms of richness and density, while
secondary and late succession species consistently increased. In contrast, the density for
both pioneer and secondary species declined in control, along with an overall reduction in
diversity (with no late successional species observed).

These trends suggest that ecological succession was kickstarted with the removal of
bamboo. This should lead to further reductions of the pioneer population (in terms of den-
sity and diversity) and the development of a forest composition and structure dominated
by secondary and late successional species. Furthermore, as bamboos re-established in
control (see [21] for information on bamboo population) the results show a continuous
trend toward a forest with lower density and less richness where succession is effectively
arrested, as detected by Lacerda and Kellermann [17]. This trend also corroborates the
observations by Greig et al. [48] through remote sensing for the same area, in which the
bamboo-dominated forest is characterized by an open canopy with a declining density
of pioneer trees that typically have a short life span similar to the mid-term phase of the
bamboo cycle (i.e., approximately 15 years).

Successful bamboo re-establishment after die-off was also found in other studies
in South America and China indicating the capacity of bamboos to re-colonize young,
secondary, or logged old-growth forests, creating an environment in which tree seedlings
can only find ideal growth conditions during the short period immediately after bamboo
die-off [17,20,23,49–51].

4.2. Forest Structure

Forest structure also showed divergent patterns between control and removal for
all parameters. Density differed significantly as early as 2010 which likely shows that
the effects of bamboo recolonization in control was already affecting recruitment and the
number of plants that developed into adults. However, in removal, recruitment and adult
growth continue undisturbed. Furthermore, DBH and height distribution in control show
that the adult cohort was the result of an initial and isolated successful recruitment that
took place after bamboo die-off; in contrast, there was continuous recruitment in removal
throughout the study. As a result of such recruitment, a reduction in mean height and DBH
values began to occur in 2018 as the proportion of young trees increased in relation to the
more developed trees that established initially after bamboo die-off.

The increasing stand basal area pattern in control until 2018 was a result of rapid
pioneer tree growth in diameter and height until thinning and senility began to limit their
influence. This caused a reduction in stand basal area despite a continuous increase in
mean height and DBH. In contrast, removal showed higher overall density resulting from
the development of new adults that originated from successful recruitment. Along with
the growth of the initial surge of pioneers observed after bamboo die-off, this helped to
make up for the declining trend in density and therefore maintain a relatively stable stand
basal area.

Even though stand basal area showed no significant differences for most of the study,
with values within the expected range for natural young forest stands [52], species composi-
tion, density, and mean height and DBH distribution are already showing different succes-
sional mechanisms (competition, establishment) that drive the changes in both treatments.
Specifically, removal shows a more stable density which clearly indicates the influence of
new adults that are established increasingly from secondary (e.g., I. paraguariensis) and late
successional groups (e.g., O. porosa). In fact, these changes mirror the well-known succes-
sional pathway typical of the Araucaria Forest where vegetation composition changes over
time, transitioning from a young forest dominated by pioneer tree species (M. scabrella,
P. angustifolia and V. discolor) [32,41,48] into more diverse and complex stands that are
characterized by I. paraguariensis and O. porosa, among others (e.g., [27,28,53]).
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On the other hand, because successful recruitment in control is hindered by bamboos,
the observed forest structure is reliant solely on the initial tree regeneration that took place
immediately after bamboo die-off. As density decreases due to pioneer trees reaching the
end of their life span, the forest canopy becomes more open, creating even more beneficial
light conditions for bamboos. It is expected that this low-density open canopy forest [48]
structure will continue until the next bamboo die-off takes place, creating a closed cycle
in which the forest continues to return to the initial stages of development, effectively
arresting succession as has been suggested by Griscom and Ashton [15], Kellermann and
Lacerda [21], Lacerda and Kellermann [17], and others.

5. Conclusions

This study offers, for the first time, a comparative analysis to test the effects of bamboo
dominance on structure and diversity of young forests through the monitoring of forest
development in plots with and without the presence of bamboo. The 14-year study
corresponds to approximately half of the life cycle of M. skvortzovii and was sufficient
to show long-term trends and shed light on the two divergent successional pathways
that take place when bamboos are the main ecological driver: (i) bamboo dominance
sustains a self-perpetuating cycle determined by its life-history that is complemented
by the development of few pioneer tree species; and alternatively (ii) when bamboos
are removed, forest succession is not restricted and the natural successional process can
continue. As such, pioneer tree species are successively replaced by secondary and late
succession species, increasing forest diversity and structural complexity.

As the ecological impacts of bamboo dominance on species diversity and forest
structure are clear, this information can be used to develop better management policies
for conservation and production. Specifically, a deeper understanding about the differ-
ent successional pathways should allow for better ecosystem management which con-
siders biodiversity conservation in the region [34] and the wider landscape [54], forest
composition dynamics [48,55] and their relation to silviculture and forecasting of forest
products [56,57], carbon sequestration [58,59] as part of climate change mitigation and
adaptation efforts [60], nature-based solutions [61], and community-based forestry and
agroforestry [62], among others.

Current prohibitive environmental legislation in Southern Brazil is a response to
historical deforestation that almost completely eradicated old-growth Araucaria Forests.
The result of this legislation has been a resurgence of secondary forests in the region where
about 25% of the original forested area is now young forests. However, large tracks of such
forests are bamboo-dominated, which indicates reduced value in terms of conservation
and production. As we begin to fully understand the relationship between bamboos and
successional pathways and mechanisms in forests in Southern Brazil, it is becoming clear
that there is a need to establish new regulations and practices to restore forest resources.
Traditional ecological knowledge has long been integral to forest management, including
the control of bamboo, and should be integrated into public policies in order to transform
local communities into forest stewards. Evidence-based knowledge is now available to
support discussions around the need to manage bamboo-degraded forests that should
be brought out of the realm of academia and transferred into concrete public policies.
Maintaining the status-quo might lead to further forest degradation and impoverishment
of rural communities.
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for statistical significance (p-values) using mixed model statistics for comparisons between control
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