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Impact of fires on an open bamboo forest in years of extreme
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Abstract
In Brazil’s state of Acre, in southwestern Amazonia, wildfires mediated by extreme droughts in 2005 and 2010 affected more than
500,000 ha of forest, causing changes in their structure, species diversity, and aboveground biomass (AGB), and the expansion of
bamboo. Our objective was to analyze these changes in an open bamboo forest in Acre after forest fires occurred either in one of the
extreme drought years (2005 or 2010) or in both years (2005 + 2010).We sampled 9.75 ha (in 2016 and 2017), distributed in 18 0.5 ha
(100 m× 50 m) plots and three 0.25-ha (50 m× 50 m) plots. We identified a strong fire effect on the number of tree individuals per
hectare, which declined by 50% if the forest was burned in only one year (2005 or 2010) and by 74% if burned in both years. This was
inversely related to the expansion of bamboo stems, which increased in number by 7 to 9 times. Changes in forest structure and species
composition after the fire were characterized by a high importance value for pioneer tree species; reductions in the number of treeswith
logging potential, in the basal area of trees, and in the number of lianas; and an increase in the density of bamboo stems. AGB in the
burned forests was 51–73% that of the unburned forest.With the expansion of bamboo, its contribution to AGB increased from 1% in
the unburned forest to 27% in the twice-burned forest. These forms of degradation represent serious threats to Amazon forests.
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Introduction

Forest fire is a major concern in the Amazon due to the loss of
biomass (Anderson et al. 2015), drastic reduction of the bio-
diversity of flora and fauna (Barlow et al. 2016), and negative
impact on the formation of rainfall (Andreae et al. 2004). Fire
has been an important cause of degradation over the last
30 years, disturbing millions of hectares of forests
(Anderson et al. 2015; Morton et al. 2013; Silva et al. 2018).

In addition to forest fires and other ongoing disturbances,
such as deforestation and fragmentation (Numata and
Cochrane 2012), Amazon forests have been severely damaged
by the increasing frequency and intensity of extreme droughts
(Brando et al. 2020; Davidson et al. 2012). These droughts
have increased the occurrence of forest fires (Alencar et al.
2015; Barni et al. 2015;Morton et al. 2013) and tree mortality.
Previous studies in the southern and southwestern Amazon
found that forest fires in years of extreme drought represented
79 to 95% of the total area of forest fires mapped by Morton
et al. (2013) and Silva et al. (2018). In drought years, tree
mortality increases and a large amount of litter accumulates
on the ground (Balch et al. 2011; Brando et al. 2014). These
characteristics create conditions that trigger uncontrolled fires
that burn large areas of rain forest. The fires severely alter
forest structure and reduce both the number of trees and the
biomass (Barlow et al. 2003; Brando et al. 2014; Xaud et al.
2013), increasing the proportion of dead trees (Barlow et al.
2003) and favoring the proliferation of pioneer tree species
(Barlow and Peres 2008) and invasion of grasses (Balch
et al. 2011).

Due to the increasing frequency of extreme-drought events
and the large extent of forest-fire impacts, it is necessary to
understand the drought-induced changes in forest structure
and species composition at regional and pantropical scales
(Brando et al. 2020; Davidson et al. 2012). In a controlled-
fire experiment in Brazil’s state of Mato Grosso, the combi-
nation of extreme drought and fire resulted in an abrupt in-
crease in tree mortality by approximately 200%, when com-
pared to the fire experiment in years with normal dry seasons
(Brando et al. 2014). Impacts on the forest can last for a long
time period, affecting forest recovery. Barlow and Peres
(2008) found little or no recovery of forest structure and flo-
ristic composition: species common in unburned forest were
rare or totally absent even 9 years after a fire in Brazil’s Pará
State. This effect is further aggravated by recurrent forest fires.
For example, forest areas that burned multiple times within a
decade had up to 94% less aboveground carbon than intact
forests (Longo et al. 2016). These processes increase the emis-
sion of greenhouse gases (Fearnside 2012; Vasconcelos et al.
2013).

Acre was the epicenter of the 2005 and 2010 extreme
droughts, two of the most intense drought events ever record-
ed in the Brazilian Amazon (Lewis et al. 2011). More than

3500 km2 of forest fires occurred in 2005 and more than
1200 km2 in 2010, mainly in the eastern portion of the state
(Silva et al. 2018). Eastern Acre houses the largest native
bamboo forest in the Amazon, covering 15.5 to 16.15
million ha (Carvalho et al. 2013; Dalagnol et al. 2018).
However, few floristic studies, as well as studies of above-
ground biomass, have been done in these forests. These for-
ests are characterized by two predominant semi-scandent
(climbing) woody bamboo species: Guadua weberbaueri
Pilger and Guadua sarcocarpa Londoño & Peterson. These
species have rapid growth rates, with height increasing by
3.4 m month−1 on average (Silveira 2001). Due to their
semi-scandent characteristics, these bamboos cause physical
damage to the canopies of 40 to 70% of trees with diameter at
breast height (DBH) up to 29 cm (Griscom and Ashton 2006).
With the impact of fire, the bamboo population can occupy
adjacent bamboo-free forests by increasing the density of
stems per hectare (note that for bamboo, “stems” are not the
same as “individuals”). Once established in an area, bamboo
dominates the vegetation structure over historical timescales
(Dalagnol et al. 2018; McMichael et al. 2013).

Studies of the impacts of fire on species diversity show 17
to 27% higher densities of pioneer tree species and 4 to 21%
higher mortality in lianas in burned forests as compared to
unburned forests (Araujo et al. 2013; Numata et al. 2017).
With an increasing frequency of drought events, Amazon for-
ests are more subject to fires mediated by recurrent droughts
(Barlow and Peres 2008; Berenguer et al. 2014). Both the
degree of damage and the recovery of forest from fire vary
as functions of fire frequency and intensity (Balch et al. 2011).
However, our knowledge of the effects of fire recurrence on
forests with bamboo in the southwestern Amazon is still
limited.

The present study evaluates changes in the structure, flo-
ristic composition, and aboveground biomass of open bamboo
forests that were affected by forest fires in 2005 and 2010 in
southwestern Amazonia. We conducted forest inventories in
the eastern portion of Acre to study the impacts of fires that
occurred in two different drought years (2005 and 2010), con-
sidering impacts on forest structure, species composition, and
aboveground biomass. These sampled areas were used to ad-
dress different recovery processes and the impact of fire fre-
quency after the drought events.

Materials and methods

History of forest fire in Acre

Based on a 33-year series (1984–2016) of annual fire maps for
Acre (Silva et al. 2018), we found that the years with the
greatest areas of forest-fire scars were 2005 and 2010, with
impacted areas of 351,285 ha and 120,459 ha, respectively.

127    Page 2 of 13 Reg Environ Change (2020) 20: 127



Forest-fire scars in the years of extreme drought (1987, 1998,
2005, 2010, and 2016) represented 98% of the sum of the
areas of all forest fires that occurred in the 33-year series
(Fig. 1; Table 1). Dense forest was the most-affected forest
type, with 49% of its total area impacted by fire. This is ex-
plained by the fact that most of this forest type is located in
eastern Acre, which also has the most deforestation and, con-
sequently, the most burning.

The forest type with the greatest area burned was open
forest with bamboo, with this forest type representing 64%
of the total forest-fire area. This was followed by open
forest with palms and dense forest (Table 1). Information
on the years of the forest fires and the types of forest was
the basis for choosing the locations for the forest
inventories.

Study area

Based on the historical forest-fire maps, the study area was set
in an open forest with bamboo affected by fire either once (in
either 2005 or 2010) or twice (in both 2005 and 2010) (Fig. 1).
Our study area encompasses the municipalities (counties) of
Rio Branco and Bujari along the AC-90 road in eastern Acre
(Fig. 1). The climate is of the Am type in the Köppen classi-
fication, with annual precipitation of 1900–2200 mm and av-
erage temperature of 24–26 °C (Alvares et al. 2013). The
predominant forest type in the area is open forest with bamboo
according to Acre’s Ecological Economic Zoning (Acre
2010). This type of forest has an average of 302 trees ha−1

(Salimon et al. 2011) and 1242 to 2884 bamboo stems ha−1

with the most abundant tree species being Bertholletia
excelsa, Couratari sp., Tetragastris altissima, Aspidosperma
sp., and Acacia polyphylla (Rockwell et al. 2014; Silveira
2001). Soil types are yellow-red Ultisols and Alfisols with
expansive clays (Acre 2010).

The study area is in one of the portions of Acre where
forests are most fragmented as a result of logging and defor-
estation. The main land use in the study area is cattle pasture
(Almeida et al. 2016), which is the principal source of forest-
fire ignition in Amazonia, including the state of Acre (Silva
et al. 2018).

Forest inventories

The forest inventories were carried out between August
2016 and July 2017 in the western portion of the munici-
pality of Rio Branco (Fig. 2a, b). The plots were installed in
four fragments of upland open forests with bamboo and
palms. The selected fragments were at least 9 km apart in
a straight line, and the plots were located at least 100 m
from the nearest forest edge. Forest inventories for mea-
surement of trees, palms, and vines with diameter at breast
height (DBH) ≥ 10 cm were carried out in 21 plots totaling Ta
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9.75 ha in four areas with different fire histories: unburned
forest (UF) (three plots of 100 m × 50 m and three plots of
50 m × 50 m), burned forest in 2005 (BF05) 11 years after
the fire (six plots of 100 m × 50 m), burned forest in 2010
(BF10) 6 years after the fire (three plots of 100 m × 50 m),
and burned forest in both 2005 and 2010 (BF05–10) 11 and
6 years after the respective fires (six plots of 100 m × 50 m)
(Fig. 2b; Supplementary Material, Fig. S1). Three smaller
plots (50 m × 50 m) from UF were adapted as they were
placed in a small unburned area of 2 ha protected from a
10,000 ha forest fire. For counting and measuring the DBH
of bamboo stems, 8 subplots of 5 m × 5 m were installed in
three plots in each of the four areas (Fig. 2c).

Botanical identification to either the species or genus level
and the bamboo inventory were done in three of the plots in
each treatment (UF, BF05, BF10, and BF05–10). Scientific
names and families were confirmed based on online services
that are compatible with the main plant taxonomic databases
(Boyle et al. 2013). Thanks to the presence of flowers and
fruits during the inventory (Supplementary Material, Fig.
S2), the bamboo species was identified as Guadua
weberbaueri based on its morphological characteristics
(Olivier and Poncy 2009).

We recognize the limitation of our forest inventory due to
its lack of chronological data (i.e., before and after fire events
in the same plots). Nevertheless, our data show that the char-
acteristics (or conditions) of forests with bamboo differ be-
tween areas with and without fire impacts.

Analyses

In order to evaluate the impacts of fires in the structure, floristic
composition, and aboveground biomass of open bamboo forests,
we conducted several statistical analyses. We used R software for
all statistical analyses (R Core Team 2020). In these analyses, the
areas with different fire impacts were considered to be treatments
and the plots were considered to be replicates. For averaging tests
between treatments, we analyzed the normality of the data by the
Shapiro–Wilk test. Due to the lack of normality of the data, the

non-parametric Kruskal–Wallis method and the Dunn post hoc
test were used for test significant difference. To analyze the sim-
ilarity of diameter distributions between the areas, the
Kolmogorov–Smirnov testwas applied. To analyze the correlation
among variables studied,we applied the Spearman non-parametric
correlation test.

For analysis of different impacts of fire on forest structure, we
used the following parameters of the forest’s horizontal structure
(Magurran 1989; Mueller-Dombois and Ellenberg 1974): (1)
number of individual trees and species richness per area, (2)
basal area of trees (m2 ha−1), (3) DBH distribution of trees
among five diameter classes (10–19.9 cm, 20–29.9 cm, 30–
39.9 cm, 40–49.9 cm, and ≥ 50 cm), (4) density of all trees
(individuals ha−1), (5) density of all bamboo stems per hectare,
6) relative species density (DR = number of individuals of the
species/number of individuals of all species × 100); 7) relative
dominance (DoR = total basal area of the all species and pioneer
species are excluded /total basal area of all species × 100) and
frequency (FR = frequency of a species /sum of the frequencies
of all species); and 8) the importance value per species (IV =
DR+FR+DoR). The basal area is indicative of vegetation den-
sity and of the amount of commercially exploitable wood, so we
analyzed the total basal area ha−1 of all species and basal area
ha−1 excluding pioneer species.

To understand fire impacts on species composition, we
chose number of individuals ha−1 of the pioneer tree species
and species of commercial value as indicators of disturbances/
recovery (Barlow and Peres 2008; Numata et al. 2017) and the
economic importance (Brazil, SFB 2018; Supplementary
Material, Table S2), respectively. For pioneer species, we
used the parameters of relative density and selected the five
species with the highest importance values (Supplementary
Material, Table S1). Species of commercial value were iden-
tified according to the list of the Brazilian Forestry Service
(Brazil, SFB 2018).

We use the term “bamboo expansion” to represent the ex-
pansion of the spatial occupation of the bamboo population.
This is determined by analyzing the density of stems per hect-
are in areas impacted by fire.

Intact forest

Deforestation 

Forest fire in normal drought

50
km

Intact forest

Deforestation 

Forest fire in extreme drought

0 100 200 0 100 20050
km

12,444 ha 512,520 ha

(a) (b)

Fig. 1 Spatial distribution of area affected by forest fires in Brazil’s state of Acre in (a) years with normal dry seasons and (b) years with extreme
droughts (1987, 1998, 2005, 2010, and 2016)
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For analysis of differences in means forest aboveground
biomass (AGB) in burned and unburned areas, we estimated
means AGB by available allometric equations from litera-
tures. Allometric equations for AGB estimation (Mg ha−1) of
living arboreal individuals, palms, vines (lianas), and bamboo
are given below (Eqs. 1 to 4). A correction factor for logarith-
mic models (Sprugel 1983) was applied.

Trees Nogueira et al:2008ð Þ ¼ 0:188401 DBH2:413 ð1Þ
Palms Goodman et al:2013ð Þ ¼ 0:04175 DBH2:7483 ð2Þ
Vines lianasð Þ Schnitzer et al:2006ð Þ ¼ 0:37989 DBH2:657 ð3Þ
Bamboo Melo 2017ð Þ ¼ 0:636 DBH1:482 ð4Þ

We assessed the impacts of these variables on mean AGB and
on the forest structure (density of trees, density of pioneer trees,

and density of commercially valuable trees) as response variables
and fire and environmental variables as explanatory variables in
the generalized linear model (GLM) using GLM. Environmental
variables, including slope, distance to the nearest forest edge, and
altitude, were quantified from remote sensing, including digital
elevation data from the Shuttle Radar Topography Mission
(SRTM) and optical satellite data from Landsat images.
Variables related to fire included time after the first fire—TFF
(0, 6, or 11 years), time after the last fire—TLF (0, 6, or 11 years),
and number of occurrences of fire—NFF (0, 1, or 2 times). We
assessed multicollinearity of explanatory variables by generalized
variance inflation factors (VIF), excluding variables with VIF
values > 10, represent a multicollinearity problem (O’Brien
2007). We observed that TFF had high collinearity with other
variables, being excluded from the analysis. After checking the
nature of response variables and residual dispersion, we assumed
two types of distributions for response variables from models:

Fig. 2 Location of forest inventories carried out in 2016 and 2017. (a)
Location of Acre and of the Amazon region; (b) location of forest inven-
tory areas in the western portion of the municipality of Rio Branco; and

(c) illustration of a 100-m × 50-m plot for trees with diameter at breast
height (DBH) ≥ 10 cm and of the eight 5-m × 5-m subplots for bamboo
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gamma distribution for the AGB variable and negative binomial
for forest structure variables. Gamma distribution is adequate for
continuous and positive values (e.g., biomass) (Zuur et al. 2009),
whereas binomial distribution characterizes well rates values (e.g.,
individual trees ha−1) belonging to the Poisson family. However,
over-dispersion was found in the residual analysis of forest struc-
ture data; thus, the negative binomial error distribution was used
(Crawley 2012). Selection of models was performed by the back-
ward method. During this process, explanatory variables for the
prediction of the response variable were removed sequentially
from the models using likelihood ratio tests (LRT) assuming an
approximate χ2 distribution, less until no variable could be re-
moved without a significant loss of explanation (p< 0.05) (Ives
2015). We compared and ranked best-fitting models using
Akaike’s information criterion corrected for small sample size
(AICc) (Burnham et al. 2010).

Results

Differences in species diversity

We observed differences in the proportions of pioneer tree
species between the areas analyzed (Kruskal–Wallis test,
p < 0.01). In BF05–10, pioneer species accounted for 50 ±
14% of the tree species, while in the unburned forest they

accounted for only 11 ± 4% (Fig. 3a). Pioneer species differed
in terms of dominance between the study areas. Figure 3b
shows the five most frequent species in each area. The genus
in common between the areas was Cecropia, this genus being
most abundant in BF10, followed by BF05, BF05–10, and UF
(84 ± 43 ha−1, 17 ± 19 ha−1, 14 ± 21 ha−1, and 5 ± 5 ha−1, re-
spectively; Kruskal–Wallis test, p = 0.05). The species
Spondias mombin, Acacia polyphylla, and Inga thibaudiana
only occurred in unburned forest (Fig. 3b).

We analyzed the five species with the highest importance
values (IVs) for each area. In the unburned forest, only two of
the five species were pioneers with low IVs of 2.3 (Table 2). In
the areas affected by fire, the number of pioneer species was
higher (3 to 5), with IVs ranging from 2 to 16 (Table 2).
Pioneer species with the highest IVs, i.e., Ceiba samauma
and Spondias mombin, only occurred in the UF area, whereas
the most common genus in all burned-forest plots was
Cecropia sp. The species Ochroma pyramidale occurred only
in BF10 (the most recently burned forest). The species Urera
baccifera was identified in UF, BF05, and BF10 (Table 2).

The relative density (number of individuals of each
species ha−1) of the pioneer species differed significantly between
UF (2% of the individuals) and BFs (11% inBF05, 34% in BF10,
and 12% in BF05–10) (p< 0.05) (Supplementary Material, Fig.
S3). The number of commercially valuable trees with potential for
logging differed significantly among study sites (p< 0.01), being

Table 2 List of the five tree
species with the highest
importance values (IVs) for each
of the sampled areas

Species N DR DoR FR IV

UF Brosimum alicastrum subsp. bolivarense 5 0.6 11.7 0.8 4.4

*Ceiba samauma (Mart. & Zucc.) K.Schum. 2 0.2 6.2 0.5 2.3

*Spondias mombin L. 11 1 4.9 0.8 2.3

Drypetes variabilis Uittien 25 3 2.1 0.8 1.9

Astrocaryum murumuru Mart. 26 3 1.7 0.8 1.8

BF05 *Cecropia distachya Huber 48 11 6 2 6

Sapium marmieri Huber 43 10 4 2 5

Apeiba tibourbou Aubl. 30 7 3 2 4

*Urera baccifera (L.) Gaudich. ex Wedd. 30 7 2 2 3

Apuleia leiocarpa (Vogel) J.F. Macbr. 5 1 8 1 3

BF10 *Cecropia distachya Huber 126 32 16 2 16

Hura crepites L. 2 1 19 1 7

*Urera baccifera (L.) Gaudich. ex Wedd. 31 8 2 2 4

Bertholletia excelsa Bonpl. 3 1 9 1 4

Sapium marmieri Huber 15 4 2 2 2

BF05–10 *Cecropia sciadophylla Mart. 23 10 9 1 7

Tetragastris altissima (Aubl.) Swart 9 4 7 2 4

Apeiba tibourbou Aubl. 14 6 3 3 4

*Jacaranda copaia (Aubl.) D.Don 6 3 7 2 4

*Ochroma pyramidale (Cav. ex Lam.) Urb. 14 6 2 1 3

N number of arboreal individuals, DR relative density, DoR relative dominance, FR relative frequency, IV
importance value

*Pioneer tree species
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lower in burned forests (29% in BF05, with 37 ± 18
individuals ha−1; 54% in BF05–10, with 24 ± 10
individuals ha−1; and 72% in BF10, with 15 ± 6
individuals ha−1) than in UF (52 ± 15 individuals ha−1) (Fig. 6).

Differences in forest structure associated with forest
fire

Total basal area (m2 ha−1) differed significantly among study sites
(p< 0.01), indicating a decreasing trend in this parameter fromUF
to BF05, followed by BF10 and BF05–10 (Table 3). The largest
difference as compared toUFwas in the area affected by fire twice
(BF05–10), both for density of trees (67% less) and total basal area
(53% less), followed by BF10 with a density difference of 42%
and a total basal area difference of 36%. Even 11 years after the
fire, forest burned in 2005 showed strong reductions in absolute
density and in total basal area as compared to unburned forest
(45% and 12%, respectively).

Liana density decreased significantly (p< 0.05) in burned for-
ests. As compared to unburned forest (111 individuals ha−1), den-
sity was reduced by 79% (23 individuals ha−1) in BF-05, 89% (12
individuals ha−1) in BF10, and 95% (6 individuals ha−1) in BF05–
10 (Fig. 4). By contrast, the density of bamboo stems was 7 to 9
times higher in theBFs than inUF (Fig. 4). The density of bamboo
stems in the unburned forest was 667 stems ha−1, whereas much
higher densities were found in the burned forest: 5200 stems ha−1

inBF05, 4500 stems ha−1 inBF10, and 5930 stems ha−1 inBF05–
10 (p= 0.05). The densities of lianas and bamboowere negatively
correlated due to the effect of forest fires (p< 0.01, r= 0.81) (Fig.
4).

Since basal area is an indicator of the quantity of wood that
is commercially exploitable in the forest, we divided the data
on basal area into two subsets: all trees including pioneer
species (Fig. 5a) and trees excluding the pioneer species
(Fig. 5b). Basal areas all trees differed significantly
(p < 0.01) between the unburned forest (25 ± 3 m2 ha−1) and
the burned forest twice in 2005 and 2010 (Fig. 5a—BF05, 17

± 3 m2 ha−1; BF10, 12 ± 4 m2 ha−1; BF05–10, 9 ± 2 m2 ha−1),
with a reduction in basal areas by 33 to 65% between un-
burned and burned areas. In both analyses, UF differed signif-
icantly from the burned forests (p < 0.01). There was a reduc-
tion of basal area without the pioneer species by 3 to 16%
between UF and BFs, with basal areas for the trees being 21
± 5, 14 ± 5, 8 ± 4, and 7 ± 3 m2 ha−1 for UF, BF05, BF10, and
BF05–10, respectively.

Differences in aboveground biomass

Large differences were observed in the number of trees
(p < 0.01) and in the aboveground biomass (p < 0.05) between
the UF and the BFs. Compared to the mean tree density (in-
dividuals ha−1 ± SE) of the UF (548 ± 91), densities were low-
er by 51, 53, and 73% in BF10, BF05, and BF05–10 (254 ±
44, 267 ± 47, and 149 ± 23 individuals ha−1), respectively
(Fig. 7a). AGB was lower by 26 to 66% in BF05, BF10, and
BF05–10 (202, 146, and 92 Mg ha−1, respectively).
Aboveground biomass and tree density were significantly dif-
ferent (p < 0.05) between UF and BF in 2005 and 2010, with
the greatest effect of fire being on individuals in the 10–20-
cm-diameter class (Fig. 7b).

Densities of bamboo stems in BFs increased 7 to 9 times
the density in UF. Increase in the density of bamboo stems
after forest fires increases the contribution of bamboo to
forest aboveground biomass, representing 3, 26, 23, and
26 Mg ha−1 in UF, BF05, BF10, and BF05–10, respectively
(p = 0.05; Fig. 8a). The contribution of bamboo to the total
aboveground biomass of the forest increased from 1% in
UF to 13% in BF05, 15% in BF10, and 27% in BF05–10
(Fig. 8b).

Drivers of change in the forest after the fires

The numbers of occurrences of forest fire, time after the first
fire, and time after the last fire were the variables that best

Fig. 3 Relative density of individuals of pioneer tree species (a) and the five most-frequent pioneer species in each inventoried area (b). UF = unburned
forest; BF05 = burned forest in 2005; BF10 = burned forest in 2010; BF05–10 = burned forest both in 2005 and 2010
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explained our results on the forest aboveground biomass, the
number of commercially valuable trees, and the densities of all
trees and of pioneer species, either in isolation or in
combination (Table 4). Among the environmental variables,
slope and distance from the forest edge had the strongest ef-
fects. Altitude did not show any relation with the structure of
the forest. Secondary effects were not found in the models
with combinations of independent variables.

Discussion

We found that fire effects occurred with different timings un-
der different frequencies of fire events in open forest with
bamboo in southwestern Amazonia.

Changes in species composition

The changes in tree density and in floristic composition that
we found (which were especially great in BF05–10) corrobo-
rate results found in other parts of Amazonia, such as in Pará
(Barlow and Peres 2008; Barlow et al. 2016; Berenguer et al.
2014) and Roraima (Xaud et al. 2013).

Analyzing the change in species composition between
areas of burned and unburned forest, we found a significantly
larger number of pioneer species in the forest areas after the
fire than in unburned forest. This phenomenon is analogous to
the “secondarization” of primary forest reported by Barlow
and Pe r e s (2008 ) , who co ined the exp r e s s i on
“secondarization” to characterize the effect of fire-induced

Table 3 Parameters of the horizontal structure of the forest in the areas evaluated

Number of plots N DA
(individuals ha−1)

TBA
(m2 ha−1)

UF 6 1238 550 ± 49 19.3 ± 3

BF05 6 762 254 ± 24 17.0 ± 3

BF10 3 400 267 ± 67 12.3 ± 4

BF05–10 6 447 149 ± 21 9.0 ± 2

N number of individuals in all plots of the category;DA absolute density, or number of individuals ha−1 ± standard error (SE); TBA total basal area of all
tree species ha−1

Table 4 Summary of best-fit
generalized linear models for the
dependent variables: forest
aboveground biomass (AGB),
density of trees (DBH ≥ 10 cm),
density of pioneer trees (DBH ≥
10 cm), and density of commer-
cially valuable trees

Response variable Model description ΔAICc df wAICc

AGB (Mg ha−1) NFF* 0.0 3 0.6592

NFF + altitude 2.1 4 0.2297

NFF + altitude + TLF 4.0 5 0.0904

NFF + altitude + TLF + edge 7.1 6 0.0188

NFF + altitude + TLF + edge + slope 11.7 7 0.0019

Density of trees (individuals ha−1) NFF + slope* 0.0 4 0.536

NFF + slope + edge 0.8 5 0.356

NFF + slope + edge + altitude 3.4 6 0.097

NFF + slope + edge + altitude + TLF 7.9 7 0.010

Density of pioneer trees (individuals ha−1) TLF* 0.0 3 0.5160

TLF +NFF 1.3 4 0.2694

TLF +NFF + altitude 2.3 5 0.1606

TLF +NFF + altitude + edge 4.7 6 0.0489

TLF +NFF + altitude + edge + slope 9.2 7 0.0052

Density of commercially valuable trees
(individuals ha−1)

NFF + edge* 0.0 4 0.635

NFF + edge + slope 1.8 5 0.254

NFF + edge + slope + altitude 3.8 6 0.095

NFF + edge + slope + altitude + TLF 7.4 7 0.016

NFF number of occurrences of forest fire, TLF time after the last fire, ΔAICc difference in corrected Akaike
values, df degrees of freedom of the model, wAICc Akaike weights

*Represents top-ranked model
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mortality in leading to a rapid collapse in the abundance of old
trees and an increased abundance of pioneer species.

As observed in other studies (Barlow et al. 2003; Barlow and
Peres 2008;Xaud et al. 2013), the recurrence of fire causes a collapse
in the abundance of trees and leads to a secondarization of the forest,
with an increase in the number of pioneer species and in the
abundance of individuals of these species. Nobre and Borma
(2009) suggested that secondarization can occur from interactions
between longer dry seasons, forest fires, and forest fragmentation,
inducing substitution by fire-tolerant savanna plant species such as
grasses. Our results show strong secondarization, with high density
and relative dominance of pioneer species after forest fires, especially
after repeated fire.These factors change the structure of the forestwith
respect to basal area and biomass, which could pass a tipping point
leading to bamboo-dominated forests.

The impact of the fire is of economic concern due to its
effect on the forest’s potential for logging. Using the list of
species with commercial potential compiled by the Brazilian
Forest Service, there is a reduction by 29 to 72% in the number
of individuals with potential for exploitation in burned forest
compared to unburned forest. This scenario could modify the

perception of landowners regarding the value and use of these
forests, and could be a decisive factor in the choice between
forest management and deforestation. Silva et al. (2018)
showed that 26–27% of the forest that burned either once or
twice in Acre was cleared in later years.

Effect of forest fire on bamboo abundance

Bamboo expansion was the most dramatic change identified
in our study. We observed that there was an increase of 7 to 9
times in the number of bamboo stems and a decline in the
number of woody lianas in the burned forest (BF05, BF10,
and BF05–10). Our result for the density of bamboo stems per
hectare in unburned forest was similar to results reported by
Griscom and Ashton (2006) for forest with bamboo without
fire disturbance in the recent past in Peru’s department of
Madre de Dios, which borders on Acre. Evidence of bamboo
expansion in the forests of southwestern Amazonia has impor-
tant implications, since approximately 58% of the forests in
Acre do not have bamboo in their floristic composition or, when
present, bamboo is not dominant (Acre 2010; Salimon et al. 2011).

Fig. 5 Basal area in the inventoried areas considering all trees (a) and
excluding pioneer species (b). Different letters indicate significantly
different means (Kruskal–Wallis test, p < 0.01). UF = unburned forest;

BF05 = burned forest in 2005; BF10 = burned forest in 2010; BF05–
10 = burned forest in 2005 and 2010

Fig. 4 Density of bamboo stems
and woody lianas. UF = unburned
forest; BF05 = burned forest in
2005; BF10 = burned forest in
2010; BF05–10 = burned forest in
both 2005 and 2010. Differences
determined by the Kruskal–
Wallis test for bamboo (p < 0.01)
and for lianas (p < 0.05)
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Our study showed that the impact of fire caused a reduction by 33
to 65% in the basal area of trees in open bamboo forests and that it
can be maintained in the future due to the heavy occupation of
bamboo, a condition that can suppress tree-seedling recruitment.
Griscom and Ashton (2003) showed that the basal area of trees in
bamboo-dominated forest can be up to 8 times smaller than the
basal area of trees in adjacent forest without bamboo.

We observed an inversion of the relationship between liana and
bamboo densities after the fire. Because bamboos in the genus
Guadua are semi-scaling (climbing) species, they use trees to
reach the canopy and damage the crowns of trees with DBH ≤
30 cm (Griscom and Ashton 2006). Reduction in density of
woody lianas and increase in the density of bamboo are the com-
bined result of the increased mortality of lianas due to fire, de-
crease in the number of anchor trees, and the beneficial effect of
fire on bamboo growth and recruitment. Our data corroborate the
results of Gerwing (2002), who reported mortality of large-
diameter woody lianas and an increase of up to 8 times in the
abundance of vines with diameter < 1 cm after burning and

logging in forests in Pará. The rapid increase in height of
Guadua weberbaueri in Acre (3.4 m month−1; Silveira 2001)
may explain the high density of bamboo after forest fire.

Once bamboo is established in an area, it can dominate the
vegetation structure over historical timescales; for example,
McMichael et al. (2013) attribute current bamboo-dominated for-
ests in southwestern Amazonia to fires that left charcoal in the soil
1200 years ago. This has important implications for carbon
storage.

Fig. 7 Variation in the (a) density
of trees (individuals ha−1) and (b)
aboveground biomass (AGB) in
Mg ha−1 in different diameter
classes in UF, BF05, BF10, and
BF05–10. Different letters indi-
cate significantly different means
(Kruskal–Wallis test, p < 0.05)

Fig. 6 Number of tree individuals of species with commercial interest for
timber. Different letters indicate significantly different means (Kruskal–
Wallis test, p < 0.05)

Fig. 8 Variation in (a) aboveground biomass (AGB) of bamboo between
the analyzed areas and (b) AGB of trees (hatched bars) and bamboo (solid
bars) in UF, BF05, BF10, and BF05–10. Different letters indicate signif-
icantly different means (Kruskal–Wallis test, p < 0.05)
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Declines in aboveground biomass

Our results show declines of 51 to 73% of the aboveground
biomass in burned forest as compared to unburned forest, even
11 years after a fire event, demonstrating the slow recovery of
the forest. At a site near our study area, Ziccardi et al. (2019)
found 45% lower aboveground biomass in forests disturbed
by fire and logging 11 years after the fire event and nine after
logging. A study in Acre by Numata et al. (2017) found
aboveground biomass 34% lower than in undisturbed forest
4 years after the 2010 fire, and 23% lower than in undisturbed
forest 9 years after the 2005 fire. Longo et al. (2016) found a
55% reduction in aboveground biomass as compared to un-
burned forest at a site burned twice (2005 and 2010) 9 years
after the last fire event. Also in Acre, Sato et al. (2016) found a
reduction of 6 to 23% in aboveground biomass 4 to 10 years
after the fire as compared to unburned forest. In another study
in Acre, Vasconcelos et al. (2013) compared measurements in
permanent plots monitored before and after the 2005 fires and
showed a 14.4% loss of aboveground biomass 4 years after
the fire. Barlow et al. (2012a) compared burned and unburned
forests 3 years after the 2005 fires in the Chico Mendes
Extractive Reserve in Acre and were unable to detect a signif-
icant biomass change, although they found a significant re-
duction in the number of trees.

Among these studies in Acre, the highest biomass decline
(the 55% reduction found by Longo et al. 2016) was at
Fazenda Talismã, where the forest type is the same as at our
study sites: open forest with bamboo. Even without the impact
of recent fire, forests with bamboo can have 30 to 50% less
carbon than forests without bamboo (Silveira 2001). This
could be an indication of the long-term impact of fire in south-
western Amazonia.

Forest inventories in Amazonia have only considered trees and
palms and not included bamboo in estimates of aboveground
biomass after the impact of forest fires (e.g., Berenguer et al.
2014; Longo et al. 2016; Numata et al. 2017; Vasconcelos et al.
2013). In southwestern Amazonia (including portions of Peru and
Bolivia, in addition to Brazil), there are 15.5 to 16.15million ha of
native forest with bamboo (Carvalho et al. 2013; Dalagnol et al.
2018), but the contribution of bamboo to forest biomass has been
neglected. Our study provides the information on the contribution
of bamboo to forest biomass after the effect of fire.

We show that the contribution of bamboo to AGB is sig-
nificant in forests in Acre. In unburned open forest with bam-
boo, bamboo stems represent about 3% of the aboveground
forest biomass. With the impact of fire, our data show that
bamboo’s contribution to aboveground forest biomass can
reach 27%. Fire not only reduces forest biomass, it also facil-
itates the growth of tree species that had been less abundant
before the fire. This, together with the effect of fire in favoring
bamboo, can decisively change the structure of the forest.
Ziccardi et al. (2019) studied a forest in Acre where bamboo’s

contribution to unburned forest biomass was around 7%
(greater than in our study), with the contribution of bamboo
increasing to 13% after the impact of fire and fire + logging.
Our study and that of Ziccardi et al. (2019) show the impor-
tance of including bamboo in biomass accounting.

One of the unanswered questions concerns how bamboo
expansion in burned forests would impact forest recovery
(Ferreira et al. 2020). Future climate projections for
Amazonia suggest less rain and higher temperature in the
dry period (Faria et al. 2017; Fu et al. 2013), which would
increase the probability of forest fires. Brando et al. (2020)
modeled fire scenarios showing that forest fires could double,
affecting up to 16% of Amazonian forests by 2050. These
predictions would imply further bamboo expansion in south-
western Amazonia, altering forest conditions and recovery
processes in burned forests in the future.

The decrease by 51 to 73% in the aboveground biomass after
fire events, even 11 years after the forest fire, raises concern
about the ecosystem services of the forest. This is relevant to
public policies to reduce emissions from deforestation and for-
est degradation (REDD+) (Aragão and Shimabukuro 2010;
Barlow et al. 2012b; Fearnside 2012). This concern has been
raised by several studies, showing that, under future climate
scenarios with more extreme drought events, Amazonian for-
ests will be increasingly degraded and will have less carbon
stock and less resistance to fire events (Aragão et al. 2014;
Barlow et al. 2012b; Brando et al. 2020; Fearnside 2018).

Conclusion

Fires cause a substantial degradation of the Amazon forest. The
forests we studied in Brazil’s state of Acre differ in structure
and floristic composition as functions of both the time elapsed
after the fire events and of the recurrence of these events.
Burned forests had higher densities of pioneer tree species
and bamboo, lower basal area of trees, lower aboveground bio-
mass, and lower numbers of lianas and of individuals of tree
species with potential for commercial timber. Our forest areas
affected by repeated fires (burned both in 2005 and 2010)
showed the largest declines in forest biomass (reduction by up
to 73%) and the largest increases in the contribution of bamboo
to aboveground biomass (by 27% in the burned forest twice).

Given the trend to increasing occurrence of extreme
drought events and associated forest fires, much larger forest
areas are under this threat. Our results represent a harbinger of
changing forest conditions and potential forest transformation
in Amazonia due to repeated forest fires. The changes in forest
condition observed in this study are important indicators of
forest quality. For example, the combination of a reduction of
the number of trees with logging potential and the expansion
of bamboo may be decisive for rural property owners in choos-
ing whether to keep the forest standing or to fell the forest for
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agriculture and ranching.Widespread fire impact can also jeop-
ardize forest conservation and biodiversity. This level of deg-
radation represents a serious threat to the forest and to its po-
tential for sustainable management for timber.
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