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Abstract

Secondary forests in the Amazon are important carbon sinks, biodiversity reser-
voirs, and connections between forest fragments. However, their regrowth is
highly threatened by fire. Using airborne laser scanning (ALS), surveyed
between 2016 and 2018, we analyzed canopy metrics in burned (fires occurred
between 2001 and 2018) and unburned secondary forests across different suc-
cessional stages and their ability to recover after fire. We assessed maximum
and mean canopy height, openness at 5 and 10 m, canopy roughness, leaf area
index (LAI) and leaf area height volume (LAHV) for 20 sites across South-East
Amazonia (ranging from 375 to 1200 ha). Compared to unburned forests,
burned forests had reductions in canopy height, LAI, and LAHV, and increases
in openness and roughness. These effects were more pronounced in early suc-
cessional (ES) than later successional (LS) stages, for example, mean canopy
height decreased 33% in ES and 14% in LS and LAI decreased 36% in ES and
18% in LS. Forests in ES stages were less resistant to fire, but more resilient
(capable of recovering from a disturbance) in their post-fire regrowth than LS
stage forests. Data extrapolation from our models suggests that canopy struc-
ture partially recovers with time since fire for six out of seven canopy metrics;
however, LAI and LAHV in LS forests may never fully recover. Our results indi-
cate that successional stage-specific management and policies that mitigate
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against fire in early secondary forests should be implemented to increase the
success of forest regeneration. Mitigation of fires is critical if secondary forests

are to continue to provide their wide array of ecological services.

doi: 10.1002/rse2.431

Remote Sensing in Ecology and
Conservation 2025;11 (4):394-410

Introduction

Secondary forests are forests that had their original vege-
tation removed by human or natural causes and are
regenerating through natural processes, resulting in signif-
icant differences in forest structure and composition when
compared to old-growth forests (Chokkalingam & De
Jong, 2001). Secondary forest regrowth on converted land
is extensive across the tropics, covering 28% of the Neo-
tropics alone (Chazdon & Guariguata, 2016). In Brazil,
the Amazon biome concentrates 56% of these recovering
habitats (Silva Junior et al., 2020). Tropical secondary for-
est regrowth plays an important role in climate change
mitigation (Chazdon & Guariguata, 2016), acting as a
carbon sink of 1.6+ 0.5 Pg C year ' (Pan et al., 2011).
These regenerating areas act as important reservoirs of
biodiversity, supporting up to 80% of species found in
primary forests when reaching 20years of regrowth
(Rozendaal et al., 2019). The conservation value of a sec-
ondary forest increases over time (Chazdon et al., 2009;
Dent & Joseph Wright, 2009), recovering 2.6% of its spe-
cies richness and 2.3% of its species composition per year
(Lennox et al., 2018). Secondary forests play an important
role in re-establishing connectivity in fragmented land-
scapes (Broggio et al., 2024; Metzger, 2003; Uriarte
et al., 2016).

Despite tropical forests not being a fire-prone environ-
ment (Feldpausch et al, 2022) because of their high
humidity (Pontes-Lopes et al., 2021), anthropogenic
activities combined with severe droughts create conditions
for fire ignition, spread and disturbances in these forests.
These are usually understory fires, which kill or weaken
the non-fire adapted tree species, causing reductions in
the carbon storage and vertical canopy structure of tropi-
cal forests. In old-growth forests, fires greatly reduce car-
bon stocks (Aragdo et al., 2018; Longo et al., 2016)
decreasing aboveground biomass (AGB) levels by 25%
(Silva et al., 2018). Burning old-growth forests creates
canopy gaps, increases the understory leaf area and
decreases maximum and mean canopy heights (de
Almeida et al., 2016; Sato et al., 2016). The recovery of
AGB after fires can take more than a decade in
old-growth forests (Sato et al., 2016; Silva et al., 2018).
Although some attributes such as openness and

understory leaf area index can fully recover within
nine years after the fire event, other canopy metrics such
as maximum and mean height, leaf area index (LAI), and
roughness can take more than a decade to reach an
unburned state (de Almeida et al., 2016).

Secondary forests are more susceptible to fire than
old-growth forests. Old-growth and secondary forests
have different forest structures, with secondary forests
having shorter trees, thinner bark, more open canopies,
lower basal area and lower maximum diameters (Beren-
guer et al,, 2018; Feldpausch et al., 2005), making trees at
greater risk of mortality with slow-moving ground fires.
Secondary forests typically have lower species richness
and a higher density of faster growing tree species with
low wood density and higher specific leaf area (Berenguer
et al, 2018; Feldpausch et al., 2004, 2005; Poorter
et al., 2021). Primary forests with lower carbon stocks are
more vulnerable to canopy structural changes after fire
than primary forests with high carbon stocks (Berenguer
et al., 2021). Since the structure and aboveground bio-
mass (AGB) of secondary forests is equivalent to low-
carbon-stocks primary forests, responses to fire in second-
ary forests may respond more like primary forests with
low-carbon-stocks than those with high carbon stocks.
However, secondary forests have different land manage-
ment histories before becoming secondary forests, which
may alter the way that fire impacts these forests and their
potential for recovery (Feldpausch et al., 2007).

Previously burned areas are more susceptible to fire
recurrence, especially during drought periods when flam-
mability increases (Alencar et al, 2004). Part of the
increase in flammability is driven by changes in forest
vertical canopy structure. Since the vertical structure of
the forest is responsible for regulating the microclimate in
the understory (Ray et al., 2005), changes to it also alter
the light availability, temperature and wind in the under-
story, affecting fuel moisture (Brown et al., 2021), and
determine whether shade tolerant or shade-intolerant spe-
cies are recruited (Laurance et al., 2006). Forests with a
history of five or more fire reoccurrences accumulate 50%
less carbon than forests without fire or forests that only
burned one to two times (Wandelli & Fearnside, 2015;
Zarin et al., 2005). In the Brazilian Amazon, the second-
ary forest carbon stock could be 8% higher if fire and
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deforestation were avoided (Heinrich et al., 2021).
Although studies of the effects of fire on secondary forest
biomass recovery are increasingly widespread (Heinrich
et al, 2021; Wandelli & Fearnside, 2015; Zarin
et al, 2005), knowledge is lacking on how fire impacts
the vertical structure of secondary forests, as well as the
pathways and recovery times to regenerate to equivalent
old-growth forest.

In this study, we evaluated the impact of fire on the
canopy structure of tropical secondary forests at a
regional scale, covering approximately 2440 hectares. We
focused on the South-East region of the Brazilian Amazon
where secondary forests and fire events are abundant
(Barros-Rosa et al., 2022; Smith et al., 2020). We used
canopy forest structure metrics derived from airborne
laser scanning (ALS) data to investigate the impacts of
fire on secondary forests in different successional stages
and their resilience for regrowth after fire by using a
paired analysis to compare burned areas with adjacent
unburned forests. Here, we defined resilience as the
capacity of the forest to recover from a disturbance. We
addressed the following research questions: (Q1) How
does fire impact the canopy structure of secondary for-
ests? (Q2) Does this impact differ by successional stage?
(Q3) Does the canopy structure return to pre-burned
values, and at what rate? and (Q4) Does the rate of forest
recovery differ between early successional (ES) and later
successional (LS) stages?

Materials and Methods

Study area and data

Our study spans secondary forests across the South-East
region of the Brazilian Amazon (Fig. 1). This combined
South-East region classification is based on Heinrich
et al. (2021), which is defined by shortwave radiation
(annual mean 181.7 W m™2), annual mean precipitation
(1913.0 mmyr ') and maximum cumulative water deficit
(MCWD) (—328.5 mmyrfl). The study was focused on
the South-East region as secondary forests are concen-
trated in this region and are not uniformly distributed
across the Amazon (Smith et al., 2020). This region has
intensified pressure of land use and land cover changes
associated with agriculture and pasture expansion (Bozzi
Zeferino et al., 2021; Marengo et al., 2022). We obtained
data from 20 ALS flight lines from the Sustainable Land-
scape project (dos-Santos et al., 2019) and Improving
Biomass Estimation Methods for Amazon (EBA) project
(Ometto et al., 2023), which surveyed both burned and
unburned secondary forests areas within the same site.
The extension of the surveys varied from 375 hectares at
EBA project surveys to 1200 hectares at Sustainable
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Landscape project surveys. The flight surveys were con-
ducted between 2016 and 2018, all within the months of
October, November or December, aligning with wet sea-
son. The ALS datasets had a minimum point density of 4
points m~% more ALS data acquisition information can
be found on Table S1.

To identify areas of secondary forests, we used the land
use and land cover classification data from MapBiomas
collection 5 with spatial resolution of 30 m (Mapbio-
mas, 2023), which covers the period from 1985 until 2018,
allowing analysis of secondary forests of up to 33 years in
age (Silva Junior et al., 2020). We applied a negative buffer
of 60m around our patches of secondary forests and
excluded unburned and burned areas smaller than 1ha to
ensure areas representing the core of secondary forests and
to reduce uncertainty. To identify the fire events in the
ALS surveyed secondary forests, we used the MODIS
burned area product (MCD64A1) with a spatial resolution
of 500 m (Giglio et al., 2021) and overlayed onto the buff-
ered secondary forests within our ALS sites. This process
is shown in Figure S1. We used a chronosequence
approach to assess changes in forest metrics with time
since the fire to the date of the ALS flight. As the burned
area product has a monthly temporal resolution, we com-
bined it annually from 2001 to 2018, allowing us to ana-
lyze the effects of fire for up 17 years after burning. The
frequency of fire occurrences by year can be found on
Figure S2. Then, we calculated for each polygon of burned
area the number of years from the fire event to the date of
the ALS flight. We removed from the analysis areas with
repeated fire events because reoccurrence of fire is known
to enhance changes in canopy structure (Balch et al., 2015;
Brando et al., 2014). In unburned forest areas, the mini-
mum size sampled was 1ha, the maximum area was
157.79 ha, and the mean and the standard deviation were
9.93 and 17.85 ha, respectively. In the burned forest areas,
the minimum size sampled was 1 ha, the maximum area
was 39.57 ha, and the mean and the standard deviation
were 7.36 and 8.78 ha, respectively (Fig. S3).

ALS metrics

We computed several ALS metrics to analyze the vertical
structure of unburned and burned secondary forests. The
pre-processing of ALS data were executed following
Almeida et al. (2019), including point classification, gen-
eration of a Digital Terrain Model (DTM) and height
normalization. After computing the normalized point
cloud, we extracted the canopy height model (CHM) at a
spatial resolution of 1 m-grid and calculated the following
metrics: maximum canopy height, mean canopy height,
canopy openness at 5 and 10m and canopy roughness.
The maximum and mean canopy height values were
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Figure 1. Study region. Black line represents the limits of the South-East region based on Heinrich et al. (2021). In green, secondary forest cover
from Mapbiomas in 2018. In orange, burned areas from 2001 to 2018. In blue is the location of the lidar flight surveys.

calculated by aggregating 1 m-grid CHMs to a 10 m-grid,
obtaining the maximum and mean values, respectively.
Openness at 5 and 10 m represents the fraction of pixels
at heights below 5 and 10 m, respectively, when aggregat-
ing 1 to 10 m-grid (de Almeida et al., 2020). Roughness
was calculated by the standard deviation divided by the
mean canopy height resulting from the aggregation of 1
to 10 m-grid. Besides the CHM-derived metrics, we also
calculated metrics derived from the Leaf Area Density
(LAD), a voxelized matrix (3D data), which corresponds

to the area of leaves and branches found at each height
interval per volume of canopy (m’m~>) (de Almeida
et al., 2019; Detto et al., 2015; Stark et al., 2012). From
the LAD product, we calculated the gridded leaf area
index (LAI), which is the sum of LAD along the vertical
profile; and the Leaf Area Height Volume (LAHV), which
is the sum of the products of height and mean LAD at
that height for each 1 m height interval in the LAD pro-
file (Almeida et al., 2019). The metrics derived from LAD
were also calculated at the 10 m-grid spatial resolution.

© 2025 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London. 397
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Early and Later Successional Stage
classification

We classified our dataset of secondary forests into early
and later successional stages (ES and LS, respectively) by
first calculating the mean value of mean canopy height
(8.5m) of all unburned areas inside each ALS site. Subse-
quently, we used this threshold to classify the unburned
secondary forest polygons as ES stage (average
height <8.5m) and LS stage (average height >8.5m)
(Fig. 2). The classification for burned areas followed the
same classification as the unburned areas within the same
ALS sites, since it is expected they would have the same
canopy structure as neighboring unburned forests if they
had not experienced fire. Figure 3 shows an example of the
differences in CHM for ES unburned (Fig. 3A), ES burned
(Fig. 3B), LS unburned (Fig. 3C) and LS burned (Fig. 3D).

The age of secondary forest is a traditional parameter used
to determine the succession stages of secondary forests (da

(A)  Early Successional Stage (ES)

L. B. Vedovato et al.

Silva et al., 2014; Vieira et al., 2003). However, we adopted
this height threshold as a more objective successional stage
classification since determining the age of secondary forest
from remote sensing data introduces additional uncertainty
as different previous land use and land management tech-
niques alter the rate of successional regrowth and, thus the
canopy structure recovery (Jakovac et al., 2021). For example,
abandoned areas may have intermittent grazing, confusing
the date of abandonment, and that can arrest succession and
alter successional pathways (Feldpausch et al., 2007; Jakovac
et al.,, 2015, 2021; Mesquita et al., 2001). However, these inci-
dents represented a small proportion of the data, meaning
the mean age of secondary forests in an ES stage was 7.4 and
6.5 years in unburned areas and burned areas, respectively,
while in LS stage it was 13.8 and 11.1years, respectively
(Table S2). Overall, forests classified as ES stage according to
their canopy height are younger than LS stage forests in our
dataset. The age of secondary forest for this analysis was cal-
culated following Silva Junior et al. (2020), which uses as

-
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Figure 2. Example of (A) early successional stage forest and (B) later successional stage forest. Dashed line represents the height threshold (8.5 m)

for the classification.
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(A) Unburned

Early Successional Stage (ES)

Later Successional Stage (LS)

Height (m)

Fire Effect on Structure of Secondary Forests

(B) Burned

Figure 3. Example of CHM of (A) unburned early successional stage forest, (B) burned early successional stage forest, (C) unburned later

successional stage forest and (D) burned later successional stage forest.

input land use and land cover data from a time series and
then calculates annual secondary forest increment, secondary
forest extent and secondary forest loss generating secondary
forest age maps.

Data analysis

To evaluate differences between unburned and burned
areas for each ALS metric (Q1), we used Mann—Whitney
U tests for non-normally distributed data (Openness at
5m, Openness at 10 m) and t-tests for the normally dis-
tributed data (maximum and mean height, roughness,
LAI and LAHV).

A linear mixed effect model was fitted to analyze differ-
ences between unburned and burned areas in the different
successional stages (Q2). Burned status, successional stage
and their interaction were included as fixed effects and

and mean canopy height and LAHV, and natural logarith-
mic transformation on openness at 5m and roughness to
normalize the data.

Canopy structure metric ~ Successional Stage”

Forest Status + (1|Site Effect) (1)

To evaluate the recovery of the canopy structure met-
rics over time (Q3) and differences in recovery rates
between ES and LS stages (Q4), we analyzed the ALS
metrics as a chronosequence. We applied an additional
linear mixed effect model using only the burned area data
(Equation 2). The year since the last fire, hereafter
referred to as YSLF, the successional stage and their inter-
action were included as fixed effects, and the ALS site was
again included as a random effect variable.

Canopy structure metrics ~ YSLF*Forest Status

ALS sites were included as random effect (Equation 1). (2)
We applied a squared root transformation on maximum + (1[Site Effect)
© 2025 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London. 399
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empirical data and modeling. In the ES stage, maximum
canopy height (P < 0.001), mean canopy height
(P < 0.001), openness at 5m (P < 0.01), openness at
10m (P < 0.001) and LAHV (P < 0.05) were recovering
to the unburned state (Fig. 5, Table 2, indicate in YSLF
(ES) column). In the LS stage secondary forests, only
maximum canopy height (P < 0.01), openness at 5m
(P < 0.05) and roughness (P < 0.001) were recovering to
the unburned state (Fig. 5, Table 2, indicate in YSLF (LS)
column).

Early and later successional stage secondary forests have
different rates of recovery for some canopy structure met-
rics. According to the adjusted linear models and extrapo-
lating beyond our 17 year time series, maximum canopy
height and openness at 5m had faster recovery rates in
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ES stages, reaching the unburned state in 12 and 14 years,
respectively (Fig. 5, Table 2 indicated in YSLF (ES) col-
umn, Table 3), while LS stages took 19 and 29 years to
recover these metrics to the unburned state, respectively
(Fig. 5, Table 2 indicated in YSLF (LS) column, Table 3).
The mean canopy height and openness at 10 m also had
significantly different rates of recovery between succes-
sional stages (Table 2, indicated in YSLF:Successional
Stage (LS) column). However, these metrics did not have
a significant rate of recovery in LS stages. Instead, only
forests in ES stages had significant rates of recovery for
these metrics, requiring 20 years for mean canopy height
to reach the unburned state and 17 years for openness at
10m. In ES stage forests, LAHV could recover to the
unburned state in 40 years. While in LS stage forest, we
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Figure 5. Recovery of canopy structure metrics with the year since last fire (YSLF). (A) Maximum height (m), (B) mean height (m), (C) openness at
5m (%), (D) openness at 10 m (%), (E) roughness (m), (F) leaf area index (m?>m~2) and (G) leaf area height volume (m). The y-axis is square root
transformed for maximum height, mean height and LAHV; and natural log transformed for openness at 5m and roughness. Purple lines indicate
forests in an early successional stage and yellow lines forests in a later successional stage. Solid lines refer to the predictions of mixed effects
models (Table 2). Dashed lines refer to mean values of unburned areas for each successional stage.
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Table 3. Recovery of canopy metrics by forest successional stage and
time to recover to the mean unburned state.

Early stage
Years to recover

Later stage
Years to recover

Maximum height 12 19
Mean height 20 NR
Openness at 5m 14 29
Openness at 10 m 17 NR
Roughness NR 70
LAl NR NR
LAHV 40 NR

Note: Recovery times are predicted from extrapolations from mixed
effects models (Table 2). NR=No statistically significant recovery
(P>0.05).

also found that roughness could reach the unburned state,
but only 70years after fire (Table 3). Overall, recovery
rates of different forest structure metrics were highly vari-
able and dependent on the successional stage.

Discussion

This study, using canopy structure metrics derived from
ALS, provides compelling evidence of the significant nega-
tive impact of fire on Amazonian secondary forests. Our
findings align with previous studies documenting the detri-
mental effects of fire on Amazonian forests (de Almeida
et al., 2016; Pontes-Lopes et al., 2021; Silva et al., 2018),
including secondary forests that are highly susceptible to
fire due to more open canopies, drier understories and high
abundance of pioneer species with low wood density that
are more likely to die after fire (Berenguer et al., 2021;
Wandelli & Fearnside, 2015; Zarin et al., 2005). Notably,
we demonstrate that fire affects ES and LS successional for-
ests in different ways, with an amplification of the negative
impacts of fire during ES succession. While ES were less
resistant to fire-induced changes than LS, they demon-
strated greater resilience in recovering canopy structure
after burning compared to LS forests.

Canopy structures changes due fire

The canopy structure of ES stage forests is affected more
by fires based on the overall mean of each metric, which
has important implications for forest recovery. Canopy
gaps at 5m height had the highest difference between ES
and LS stages, when comparing burned and unburned
areas, where ES stages had 83% more gaps than LS stage
forests. This pattern is consistent for canopy height,
roughness and leaf area height volume (LAHV). Early
successional stage forests have a greater dominance of
pioneer species with low wood density (Berenguer

L. B. Vedovato et al.

et al., 2018; d’Oliveira & Ribas, 2011; Park et al., 2005),
which have greater propensity to die within the first years
after a fire (Barlow et al., 2003; Berenguer et al., 2021;
Brando et al.,, 2012).

The higher frequency of canopy gaps in our studied for-
ests could potentially be attributed to contagiousness,
which is the tendency of new canopy gaps to form nearby
to previous gaps (Hunter et al., 2015; Jansen et al., 2008).
This contagiousness is driven by how fire changes interre-
lated microclimatic factors such as humidity, temperature
buffering and wind exposure (De Frenne et al., 2021). Fol-
lowing changes in the microclimate, these areas are prone
to more intense and recurrent fires that may cause more
damage to the forest structure, with declines of more than
50% of small, medium and large basal areas plants (Prestes
et al., 2020). LAI was equally affected in both ES and LS
forest stages. We hypothesize that this result may be driven
by the equivalent spread of fire over the vertical profile,
burning leaves and branches equally in ES and LS stages,
since the difference in mean canopy height was only 2 m
before burning. Moreover, the drop of leaves may be a
stress reaction of trees after fire which may not differ
between successional stages (Karavani et al., 2018). How-
ever, LAI may also not be a good metric to evaluate the ver-
tical effects of fire in canopy structure because LAI does not
differentiate between leaves and branches of different
heights in the vertical profile and because of the saturation
of the LAI, a well-known problem in optical remote sensing
data (Galvdo et al., 2011; Huete et al., 2002).

Stage-dependent fire vulnerability

Different attributes of the vertical canopy structure have
different potential to recover after fire. Fire and recurrent
fire in understory vegetation affect the forests by changing
species composition and forest structure (Prestes
et al., 2020). Following fire, the understory regrows quickly
in some forests, causing a rapid closure of the canopy at
5m height (d’Oliveira & Ribas, 2011). The presence of pio-
neer species in secondary forests, for example, Cecropia sp.
and Miconia sp. (Mesquita et al., 2001; Zambiazi
et al., 2021), allows the canopy to recover quickly owing to
their fast growth rates. We found that maximum canopy
height could recover quickly, probably because only one
single tree is required to grow to the top of the canopy.
This can happen more easily in secondary forests because
the open environment allows light-dependent pioneer spe-
cies to recruit (Laurance et al., 2006).

LAI was not able to recover within the timeframe of
this study (16 years). This finding is likely related to an
intense reduction in leaf and branch density across the
whole vertical strata caused by fire, followed by homo-
genization of the strata with even-aged forest regrowth
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(Feldpausch et al., 2005) and arrested succession (Feld-
pausch et al., 2007; Mesquita et al., 2001), and increased
long-term mortality due to damage by fire (Silva
et al., 2018). On the other hand, this finding may be a
limitation of ALS-derived LAI at detecting differences
over time as stated in section Canopy structure changes
due fire. Further studies are necessary to determine more
precisely the role of LAI in detecting the effects of fire on
the vertical forest structure.

Although maximum height and openness at 5 m recov-
ered in both ES and LS stage secondary forests, ES stage
forests recovered faster. For example, the recovery of
openness at 5m in LS stages takes more than twice the
time to recover than in ES stage forests (29 vs. 14 years,
respectively). This emphasizes the low resilience of LS for-
est compared to ES. This is probably related to a greater
dominance of nitrogen fixing species in ES stages (Batter-
man et al.,, 2013; Poorter et al., 2021), increasing the soil
fertility and providing a suitable environment for low
wood density tree species with higher specific leaf area
(Poorter et al., 2021; Quesada et al., 2012). These species
regrow faster and consequently decrease canopy openness
faster in ES forests. A lower density of stems in ES forests
(Feldpausch et al., 2007) is also likely to increase the rate
of canopy closure as competition for resources is reduced.
Secondary forests have a large density of low wood den-
sity trees and are highly vulnerable to drought conditions
(Berenguer et al., 2021; Feldpausch et al.,, 2016; Phillips
et al., 2009), which typically co-occur with fire, and there-
fore, the potential for regrowth is likely to be higher when
competition for water is reduced.

The post-fire recovery of mean canopy height to an
unburned forest state seems to be more challenging for a
LS stage forest because for this recovery to happen, LS
forests would need to achieve a higher number of trees
close to 10 m height than ES forests. However, tree mor-
tality after fires probably prevents this recovery within the
timeframe of this study (Silva et al., 2018). Meanwhile,
for forests in ES stages, mean canopy height in the
unburned state is shorter (8 m). Consequently, recovery
can happen within two decades as a lower density of
stems need to regrow after mortality to attain this mean
canopy height of 8 m. While our results suggest ES stage
forests recover faster after burning, this is explained by
both a faster growth rate and a shorter height to grow
when compared with LS forests.

Biomass is particularly slow to recover after disturbance
events since it is predominantly driven by the abundance
of large trees (Poorter et al., 2021) and secondary forests
lose biomass through self-thinning as dense even-aged
regrowing stems compete (Feldpausch et al., 2007). In
our study, we used the LAHV metric, which is closely
related to biomass (Almeida et al., 2019), and found that

Fire Effect on Structure of Secondary Forests

it was also slow to recover after fire. Forests in a LS stage
have greater biomass and could not recover within the
timeframe of our analysis. In contrast, ES stage forests are
populated by low wood density tree species with lower
biomass and faster growth rates (Poorter et al, 2021).
Therefore, these forests have greater resilience to recover
any reductions in biomass within approximately four
decades after fire.

Although ES stage forests have greater potential to
recover most canopy attributes, canopy roughness could
only recover in LS secondary forests. ES stages may not
recover canopy roughness during the study period due to
post-fire recruitment and competition among dense
even-aged individuals where canopy recovery occurs but is
dominated by many individuals of the same height (Feld-
pausch et al., 2007; Prestes et al., 2020). Recovery of can-
opy roughness in LS is particularly slow, taking an average
of 70 years. This is because canopy roughness results from
a heterogeneous mix of gap dynamics and tree size, form
and age classes that require time to develop and that are
often lacking in secondary forests experiencing severe or
multiple disturbances that create structural homogeneity
(Poorter et al., 2021). Our results are likely to underesti-
mate the effect of fire on canopy structure given some
dead trees will remain standing. ALS does not distinguish
between dead and alive trees, meaning some of the canopy
structures that we interpret as alive may, in fact, represent
dead trees. While we detect significant effects in changes
in canopy structure in ES and LS stages, it should be
noted that site variation explained more of the variation
in canopy structure metrics, highlighting the importance
of local conditions on forest structure.

Even with some uncertainties in the dataset about
burned areas owing to a coarse spatial resolution, our
results were consistent with field-based studies, showing
ES stage forests more vulnerable to fire effects (Berenguer
et al., 2021; Brando et al., 2012). However, it is likely that
many understory fires in these secondary forests were
underestimated. The use of a higher spatial resolution in
the burned area products would support a more precise
estimation of the impacts of fire on the vertical canopy
structure of secondary forests. It is also important to con-
sider that the majority of the data for ES used in this study
is from forests with only 2years after fire occurrence.
While modeling can bring insightful results, careful inter-
pretation of the results about recovery time for ES stage is
needed. Moreover, many of the metrics do not recover
within the period of our study, meaning the exact time for
recovery should be interpreted with caution given this is
estimated from extrapolations from our models. Although
we compared burned areas with adjacent unburned areas,
differences in soil types, slope and other environmental
factors may influence their rates of recovery, as they are
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not the same areas analyzed over time. Given that previous
land use and cover can influence recovery rates, we opted
to use a height threshold of 8.5 m to classify the early suc-
cessional (ES) and late successional (LS) stages.

While we also analyze the canopy structure metric
(mean canopy height) as an independent variable, using
successional stages as a dependent variable could introduce
some bias into the model. However, we evaluated the ages
of secondary forests based on Silva Junior et al. (2020) and
found that the mean ages for ES in unburned and burned
areas were 7.4 and 6.5 years, respectively, and for LS, 13.8
and 11.13years. These values confirm that our
height-based classification is consistent with the actual age
of these forests. Our results are representative of the
South-East Amazonian region (Fig. 1). Further studies
should take place in other parts of the Amazon to confirm
whether these results apply to other bioregions.

Implications of burning secondary forests

Secondary forests in Amazonia play an important role in
biodiversity conservation and mitigation of carbon emis-
sions (Chazdon & Guariguata, 2016; Lennox et al., 2018;
Pan et al,, 2011; Rozendaal et al., 2019). An increased fre-
quency of fire in these secondary forests, however,
threatens their potential to regrow. We show that fire dis-
turbances during secondary forest regrowth can delay the
regeneration of vertical structure for decades because they
are unable to fully recover from fires.

Later successional stage forests have low resilience
because the damage caused to their vertical structure is
rarely recovered within two decades. The recovery of ver-
tical structure and heterogeneity has important implica-
tions for flora and fauna biodiversity ensuring a
sufficiently complex canopy structure for species coexis-
tence and a microclimate that supports subcanopy spe-
cialists (Lindenmayer & Laurance, 2017). Policies that
mitigate against fire, therefore, should be implemented in
secondary forest to facilitate successful forest regeneration.
These policies are increasingly important as forest succes-
sion progresses because of their declining resilience to
recover from fire disturbances. Mitigation of fires in sec-
ondary forests is likely to be critical if they are to con-
tinue to provide their wide array of ecological services.

Conclusions

In this study, we investigate the impacts of fire on the
structure of secondary forests of different successional
stages and their ability to recover, with ES stages showing
heightened vulnerability. Our findings highlight the
importance for more research studying successional stage-
specific effects of fire impacts and stage-specific fire

L. B. Vedovato et al.

management strategies to reduce the negative impacts of
fire on secondary forests in Amazonia. Uncertainty could
be reduced about the variable effects of fire on secondary
forests by acquiring more ALS time series to confirm the
temporal patterns indicated by our chronosequences,
developing ALS-based equations for secondary forests,
and acquiring more field-base data that integrates with
ALS measurements over larger areas of secondary forests.
Our findings indicate that fire management policies need
to be introduced in secondary forests in ES and LS stages,
assuring protection for vulnerable ES stage forests and
sufficient time for LS forest to regenerate and provide key
ecosystem services.
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Table S1. ALS data acquisition information for the pro-
jects Sustainable Landscape (SL) and Improving Biomass
Estimation Methods for the Amazon (EBA).

Table S2. Mean values of secondary forest age for each
group of forest successional stage (Early Successional — ES
and Later Successional — LS), for unburned and burned
areas.

Figure S1. Example of all datasets used combined. The
dark green represents the secondary forest cover from
MapBiomas. The dark blue shows the boundaries of one
lidar flight survey. In orange, the burned area product
from MODIS. In red, are the burned areas of MODIS
product that overlap the secondary forest patches within
the lidar flight boundaries. In light blue, the unburned
secondary forest patches within the lidar flight bound-
aries. We only considered secondary forest patches bigger
than 1 hectare. In zoom, we show the negative buffer
applied to the patches to ensure the areas are representing
the core of secondary forests and to reduce uncertainties.
Figure S2. Frequency of fire occurrences by year.

Figure S3. Frequency of the sizes of secondary forests
patches in unburned and burned areas, with their respec-
tive minimum, maximum, mean and standard deviation
values.

Figure S4. Boxplots for the canopy metrics (A) Maximum
height, (B) Mean height, (C) Openness at 5 m, (D)
Openness at 10 m, (E) Roughness, (F) Leaf Area Index
and (G) Leaf Area Height Volume. Boxplots are divided
into unburned (blue) and burned (orange) categories.
Asterisks  represent  significant differences between
unburned and burned categories. Significance levels:
*P < 0.05, **P < 0.01, ***P < 0.001; ns, non-significant
relationships.

Figure S5. Frequency of secondary forest age by second-
ary forest successional stage. In (A) unburned areas in
early successional stage, (B) burned areas in early succes-
sional stage, (C) unburned areas in later successional
stage and (D) burned areas in later successional stage.
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