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Abstract
Aim of study: To assess structure, recruitment and mortality rates of tree species over almost three decades, 14 years before and 15 years 

after a forest fire.
Materials and methods: All trees ≥ 5 cm in DBH were identified and measured in 12 permanent plots (50 m x 50 m), in 1983, 1987, 

1989, 1995, 2008, and 2012 of a dense ombrophilous forest in Eastern Amazon, Brazil. The analyses were carried out including all sampled 
species and their ecological groups: shade-tolerant, light-demanding, and pioneer species. Treatments were compared through a Linear 
Mixed Effect Model.

Main results: The 15-year post-fire period is not enough for the old-growth tropical forest to recover its pre-fire conditions of recruitment 
and mortality rates. The post-fire recruitment and mortality rates increased, mainly the recruitment of pioneer species (p-value < 0.05).

Research highlights: In a period of 15 years after the occurrence of a surface fire, the old-growth tropical forest still has high recruitment 
rates of shade-tolerant and light-demanding species and high incidence of pioneer species, confirming the persistent fire effects on forest 
dynamics and species composition in this ecosystem.
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Introduction
High humidity and rainfall are climate features of the 

tropical forests that prevent natural fires. However, the in-
crease of economic activities that require land use shifts 
from forests to crops and pastures have resulted in greater 
vulnerability of natural ecosystems to fires (Fernandes et 
al., 2011). In the Amazon, anthropogenic fires have be-
come increasingly recurrent, which represents a poten-
tial threat to the biome’s rich biodiversity (Barlow et al., 
2016).

In this century, the Amazon will probably face increa-
ses in average temperatures, as well as more frequent and 
spread drought events (Betts et al., 2016). The unsustaina-
ble tropical timber exploitation, the persistent use of fire 
in agriculture, and the establishment of large-scale infras-
tructure projects (Berenguer et al., 2014) will probably 
turn primary tropical forests in the Brazilian Amazon in 
relics. Studies on the post-fire regeneration and resilience 
of these old-growth forests become essential to unders-
tand their dynamics and long-term responses (d'Oliveira 
et al., 2011). Indeed, the knowledge of forest dynamics, 
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succession, and biological diversity make management, 
conservation, and restoration actions of these environ-
ments more efficient. 

After disturbances, recruitment rates of tree species 
tend to vary according to the disturbance severity (Amaral 
et al., 2019), where mortality is highest in the first years 
after the fire - 1 to 3 years (Barlow et al., 2003; Vascon-
celos et al., 2013) and normally concentrated in smaller 
trees - 10-30 cm in diameter (Cochrane & Schulze, 1999; 
Barlow & Peres, 2004) belonging to species with high 
densities of individuals (Slik et al., 2002). Disturbances 
also promote pioneer and light-demanding species that ra-
pidly colonize and establish themselves in altered forests 
(Monteiro et al., 2004; Amaral et al., 2019).

Depending on the disturbance severity, such events 
can promote changes in floristic composition (Barlow & 
Peres, 2008) and structure of the forests. So, in terms of 
fires, what is the impact of such disturbance over a fire 
sensitive tropical forest? How long does it take for an 
old-growth tropical forest to recover its original tree spe-
cies composition after a fire?

This study tackled the effects of fire on recruitment and 
mortality rates of tree species, considering the ecological 
groups of tree species, with data obtained from perma-
nent plots established in a tropical forest, defined as Den-
se Ombrophilous Forest. Plots were monitored during 29 
years (1983-2012), 14 years before and 15 years after a 
forest fire, in the Tapajós National Forest, Eastern Ama-
zon, Brazil.

The objective of this study was to answer these ques-
tions by testing the following hypotheses: (a) a 15-year 
post-fire period is not enough for the forest to recover its 
pre-fire tree species composition; and (b) pioneer and li-
ght-demanding species have faster dynamics (increased 
recruitment and mortality rates) in the post-fire period. 

Material and methods
Study area

The study was carried out in the Tapajós National Fo-
rest, a conservation unit that comprises nearly 527,000 
hectares of tropical forest. It is located in the west of Pará 
state, Brazil (Andrade et al., 2020). The experiment is 
located in a plateau region (3° 18′ S/ 3° 19′ S, 54° 56′ 
W/ 54° 57′ W), near km 114 of the BR-163 highway, and 
represented, up to 1983 (the year the site was selected), 
a Dense Ombrophilous Forest, also known as terra firme 
forest, typical of the region, characterized by a canopy do-
minated by large-sized (DBH > 60 cm) and few emergent 
trees (Carvalho, 2002).

The climate, based on data collected from the weather 
station of Belterra municipality (the closest station of the 
study, approximately 30 km in a straight line), is hot and 

humid, with an average annual temperature of 26 ºC, ave-
rage relative humidity of 87.3% and average annual ra-
infall of 1,780 mm (INMET, 2018). The relief is flat to  
slightly undulated, with an average altitude of 175 m abo-
ve sea level. The predominant soil type is yellow dystro-
phic latosol with texture ranging from medium to very 
clayey (Rodrigues et al., 2001).

Data collection

A total of 12 permanent sample plots of 0.25 hectare 
each (50 m x 50 m) were randomly installed, in 1983, in 
36 hectares of old-growth forest to monitor the dynamics 
of the floristic composition and structure of an unmana-
ged natural forest (Fig. S1 [suppl.]). The representative-
ness and precision of results in relation to the number 
and dimensions of these plots were tested by Castro et al. 
(2019), who considered them sufficient to generate results 
with high precision level. Other important studies have 
been carried out in this area, such as those reported by De 
Avila et al. (2018; 2019) and Andrade et al. (2020). All 
trees with a diameter at 1.3 m from the ground (DBH) ≥ 
5 cm were identified, numbered with aluminum tags, and 
measured in 1983, 1987, 1989, 1995, 2008, and 2012. 

Trees were identified in the forest through their ver-
nacular or scientific name by tree spotters and those 
non-identified had botanical materials collected for fur-
ther identification in the herbarium IAN of Embrapa Eas-
tern Amazon, in Belém, Pará, Brazil. Successive measure-
ments and other studies previously conducted in the study 
area (e.g., De Avila et al., 2018) have been important to 
improve the list of species and reduce mistakes in species 
identification. Species were classified according to APG 
IV (2016), and their names were standardized according 
to the classification of REFLORA (2018).

Sampling data

Data from permanent plots were set up through the 
Tropical Forest Monitoring (MFT) software, produced 
by Embrapa Eastern Amazon, and subsequently exported 
to electronic spreadsheets for analysis. In the first mea-
surement (1983), 3,360 trees belonging to 300 species of 
61 botanical families were recorded in the 12 permanent 
plots – equivalent to 1,120 trees ha-1 and a basal area of 
29.98 m2 ha-1 (Coefficient of Variation = 18.01%; Relative 
Sampling Error = 11.44%).

Identification of plots hit by the fire

From December 9th to 13th, 1997, an accidental fire 
burnt a 1200-m strip of the Tapajós National Forest along 
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km 114 of the BR-163 highway. The surface fire spread 
through some of the installed permanent plots of the ex-
periment. After two days of working, Embrapa staff was 
able to extinguish the fire and avoid larger forest losses 
(Andrade et al., 2020). In the control area, five of the 12 
plots were burnt (Fig. S1 [suppl.]). The fire did not affect 
the survival of large trees and has been considered, in 
other studies carried out in the same experimental area, as 
a surface fire (Andrade et al., 2019; 2020).

Data analysis

Forest structure was analyzed using tree density (D) in 
numbers of individuals ha-1, basal area (G) in m² ha-1, and 
the distribution of trees and basal area in diameter classes, 
considering a 10 cm interval between each DBH class. 
Small DBH interval classes were used to detect the maxi-
mum details in dynamics, considering tree size, according 
to Carvalho (2002).

Inventoried species were classified in ecological groups 
(EG) divided in shade-tolerant (ST), light-demanding 
(LD), and pioneer (Pi) species. Species with no ecological 
groups defined due to lack or inconsistency of information 
were assigned as "Ni" (non-identified ecological group). 
The criteria used to allocate species in ecological groups 
were based on field observations and literature review.

New individuals ≥ 5 cm DBH (the minimum diameter 
for measurements) were recorded as "recruited", dead or 
not found trees ≥ 5 cm DBH were recorded as dead, and 
alive trees inventoried in the first and end measurement 
of time assessed were recorded as survivor trees for cal-
culating recruitment and mortality rates. Percentage of 
mortality by species was calculated taking into account 
the number of dead trees by each species in relation to 
the total number of dead trees during each period over 
all 12 permanent plots. The same procedure was used to 
calculate the percentage of recruitment in each species 
population.

Mortality rates (MR) through time were calculated ac-
cording to Condit et al. (1999):

MR = (ln n0 - ln St)/t

where ln = Neperian log; n0 = population size at the 
initial of time assessed; St = number of survivor trees at 
the end of time assessed; t = time interval, between mea-
surements, in years.

Recruitment rates (RR) through time were calculated 
according to Condit et al. (1999):

RR = (ln nt - ln St)/t

where nt = population size at the end of time assessed; 
St = number of survivor trees at the end of time assessed; 

ln = Neperian log; t = time interval, between measure-
ments, in year.

Since different lengths of inventory intervals interfere 
in the computation of demographic rates (MR and RR), 
the estimates were standardized using the correction fac-
tor of Lewis et al. (2004):

rcorr= r * t0.08

where r = Recruitment rate or Mortality rate uncorrec-
ted; t = time interval, between measurements, in year. 
Lewis et al. (2004) proposed this correction factor by 
using the mean rate of decline, moving the estimate to a 
standardized interval of one year (De Avila et al., 2017).

The variables G, MR, and RR of plots hit by fire were 
compared with data from previous measurements and 
non-burnt plots. Non-burnt plots worked as control (T0), 
which would be expected for a non-burnt primary forest 
(Sit & Taylor, 1998). The wildfire is a not planned event 
in the original experimental design. Because of this, the 
measurements, ecological groups, and treatments were 
compared through a Linear Mixed Effect Model (LMM) 
to account for the unbalanced design (Pinheiro & Bates, 
2000). The treatments (T0 and T1), Ecological Groups 
(ST, LD, Pi, and Ni), and time (measurements – G varia-
ble - or periods - MR and RR) were considered as a fixed 
effect and the measurement units (permanent plots) were 
inserted as a random effect in the model. In the analyses 
in which significant differences were detected between 
independent variables (probability level α = 0.05), the 
averages were compared by the pairwise post-hoc Sidak 
test (probability level α = 0.05). Statistical analyzes were 
performed in the Software IBM SPSS 20, trial version.

Results
Mortality and recruitment rates were higher after fire 

in the burnt area (Fig. S2A [suppl.] and S2B [suppl.]; 
see Andrade et al. 2019), and recruitment rates of pio-
neer species increased in the post-fire period, indicating 
a divergent pattern observed in the non-burnt area (F8.21 = 
12.30; P < 0.01). In the post-fire period, the population of 
pioneer species increased in burnt area (Fig. S3 [suppl.]).

During the monitoring period, the basal area recorded 
for pioneers, in the burnt area, increased significantly (Fig. 
S2C [suppl.] and S2D [suppl.]; F1764.20 = 17.83; p-value < 
0.05). In 1995 in the non-burnt area, about 1.4% (0.45 m² 
ha-1) of the basal area was composed by pioneer species, 
while in the burnt area this percentage was 5.72% (1.67 m² 
ha-1). After the fire, in the non-burnt area, the pioneer spe-
cies continued to represent small fractions of the total basal 
area, 1.14% of the total (0.40 m² ha-1) in 2008 and 1.23% 
(0.43 m² ha-1) in 2012. However, in the burnt area, pioneer 
species represented 8.79% (2.70 m² ha-1) and 7.88% (2.42 
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m² ha-1) of the basal area in 2008 and in 2012, respectively. 
In both areas, shade-tolerant and light-demanding species 
together represented approximately 90% of the basal area 
(Fig. S2C [suppl.] and S2D [suppl.]).

In both areas, Inga spp., Duguetia echinophora, Ri-
norea guianensis and Protium apiculatum presented the 
highest percentage of mortality during 29 years of mo-
nitoring.  (Table S1 [suppl.]). Species with highest mor-
tality had also high recruitment of new trees, especially 
Rinorea guianensis and Protium apiculatum, which main-
tained elevated density of trees in both areas, before and 
after fire. In addition, in the burnt area, 15 years after fire 
(2012), four pioneer species and three light-demanding 
appeared among the 10 species with highest recruitment 
rates, which was not observed before the fire in both areas 
(Table S2 [suppl.]).

Discussion
Our results did indicate small changes in forest struc-

ture after fire (increase in the basal area of ​​pioneers and in 
the percentage of young trees), and helped to understand 
the effect of surface fires over a primary tropical forest. 
Recruitment rates, mainly of pioneer species, increased 
and divergent mortality patterns were found due to fire, 
especially for shade-tolerant species.

Numata et al. (2017) observed a higher presence of 
shade-tolerant species with low frequency of pioneer spe-
cies in the dynamics of mortality and recruitment in non-
burnt forests of Acre state, Brazil, Western Amazon. In 
the state of Roraima, Brazil, Northern Amazon, 12 years 
after a fire, Martins et al. (2012) reported that biomass 
stocks of a dense ombrophilous forest had recovered to 
pre-fire levels, but differences in floristic composition 
were still present. The fact the pioneer species were abun-
dant in burnet areas and very scarce in the unburned areas 
suggest that the density values of pioneer species are an 
indication of the degree of fire severity (Barlow & Peres, 
2004; Amaral et al., 2019). 

In Acre, Numata et al. (2017) reported that nine years 
after fire in a natural forest, the basal area and density of 
trees ≥ 10 cm in DBH attained similar values to those of 
a non-burnt forest. This suggests that, after fire, the high 
recruitment of tree species, mainly pioneers with high  
growth rates, directly impacts the recovery of plant bio-
mass in a short time. Shade-tolerant and light-demanding 
species had great influence on the dynamics of both areas, 
mainly because most of the inventoried species belonged 
to these groups. In tropical forests, however, high numbers 
of individuals belonging to pioneer species is expected af-
ter disturbances (Numata et al., 2017; Amaral et al., 2019). 
Pioneer species tend to be dominant in the understory of fo-
rests severely affected by fire (Cochrane & Schulze, 1999), 
where most of them are often short-lived (Carvalho, 2002).

The hypothesis that the forest post-fire conditions 
are favorable to the establishment of both pioneer and  
light-demanding species was corroborated by the results 
found in this study. Such species increased their basal 
area. The increase in abundance of pioneer species in the 
natural regeneration of the Amazonian forest disturbed 
by fire, with consequent increase in competition with 
non-pioneer species, was expected. Such fire effects were 
like those observed in forests after selective logging, with 
consequent increase in recruitment rates, mainly of fast-
growing pioneer species (Amaral et al., 2019).

Barlow & Peres (2004) and Cochrane & Schulze 
(1999) also observed that mortality was concentrated 
mainly in small and medium-size trees of shade-tolerant 
species. Although old-growth Amazonian forests have 
high concentration of smaller diameter trees, where the 
dynamics of mortality and recruitment is more intense 
(Barlow & Peres, 2004; Cochrane & Schulze, 1999), the 
death of large trees results in strong effects on the availa-
bility of light, water, and nutrients in the forest, enhancing 
the recruitment of new trees (De Avila et al., 2018).

In this study, the higher post-fire recruitment rates 
(Fig. S2D [suppl.]) were not associated with gaps due to 
the death of large trees (DBH > 60 cm) as demonstrated in 
Andrade et al. (2019), but mainly due to the loss of small 
and medium-size trees. Probably, seedbeds were activa-
ted, and regrowth increased after fire, which intensified 
competition and dynamics among small trees, but we did 
not measure such variables. 

Immediately after fire it is expected that numbers of 
species and individuals belonging to pioneer species in-
crease due to more intense solar radiation attaining the 
forest floor. In this study, the post-fire 15-year period 
was not enough for tree density and basal area of the pio-
neer species to be reduced to pre-fire levels, but it was 
enough to stabilize mortality rates. The current level of 
forest recovery, with high recruitment rates of both sha-
de-tolerant and light-demanding species, confirms that 
the intensity of the superficial fire was not enough to jeo-
pardize the forest’s resilience as well as the restoration 
of these species populations. The results of this study 
showed that old-growth tropical forests can be resilient 
to surface fire, but fire effects can persist for decades in 
species composition. It is evident, however, that mor-
tality rates and changes in forest are strongly linked to 
the disturbance severity and frequency (Barlow & Peres, 
2004; De Avila et. al. 2018; Amaral et al., 2019; Andrade 
et al. 2020).

Conclusions
During the post-fire monitoring period, changes in dy-

namics (mortality and recruitment rates) occurred. Our 
results showed increase in recruitment rates, mainly of  
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pioneer species, and divergent patterns of mortality rates in 
the burnt area, with higher rates in shade-tolerant species.

The post-fire 15-year period was not enough for tree 
density and basal area of the pioneer species to be reduced 
to pre-fire levels, but it was enough to stabilize mortali-
ty rates. The current level of forest recovery, with high 
recruitment rates of shade-tolerant and light-demanding 
species, confirmed that the intensity of the surface fire 
was not enough to undermine forest’s resilience and the 
population recovery of the species present in the area be-
fore fire.
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